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ABSTRACT: Asphaltenes and their fractions A1 (lower solubility) and A2 (higher solubility) were dissolved (3%) in resins and
studied at three temperatures (T = 150, 200, and 250 °C), using the combined TEM FF (transmission electron microscopy
freeze fracture) technique. In this study, resins coprecipitated with asphaltenes during separation from crude oil were used as
solvents. In all solutions, asphaltene particles or nanoaggregates were observed in the range from about 2 to about 12 nm. While
for the A2 sample, all calculated average diameters (dn, dw, dz) decrease with temperature, for asphaltenes and A1, the dz(T) curve
have a minimum. For A1 such a minimum was also observed for dw. These results are coherent with the view in which asphaltene
colloids are porous bodies or fractals constituted by molecules of different structure and solubility. Most soluble molecules
(A2TM) and molecular aggregates (A2 and A1-A2 type) would prevail both in solution and at the porous colloidal periphery at
any T. Solvent held at the periphery would hinder flocculation. When T is raised, a fraction of molecules at the asphaltene
colloidal periphery dissolves, thus reducing dz; however, further increase in T thins the solvent layer, promoting flocculation and
thus increasing dz. Such flocculation is mainly promoted by A1TM. These results, as well as others previously reported, underline
the importance of considering asphaltenes as a mixture of compounds with very significant solubility differences, such as the one
determined for A1 and A2 fractions. For the temperatures examined, using TEM FF particle density for A1 sample was the
highest, which is consistent with its low solubility when compared to asphaltenes and A2.

■ INTRODUCTION
As suggested by research in the past few years, asphaltenes
are a complex mixture of thousands of compounds with mol-
ecular mass distribution covering approximately the 200−
1000 g mol−1 range.1,2 Though many “impurities” from crude
oils, such as paraffin, trapped resins, metal porphyrins, natural
surfactants among others have been found in asphaltenes,3−6

mainly, they are a mixture of similar polycyclic compounds con-
taining condensed aromatic rings and aliphatic rings, aliphatic
chains, and heteroatoms (S, N, O). The many components in
the mixture, as well as the molecular structure and molecular
mass of their components, are expected to determine their
colloidal and solubility properties. To illustrate the point of
present arguments, we recall that asphaltene colloids or
aggregates have been considered as fractals bodies,7 which,
among other considerations, means that they are not capable of
covering all the volume they are immersed in.8 In other words,
when the body (aggregate, colloid, or particle) is formed within
a media, voids are produced that are immediately filled with
media components. This is consistent with trapped compounds
isolated from asphaltenes3 and with the presence of large
amounts of coprecipitated resins during common asphaltene
isolation from crude oils,9 which resist complete removal.10

Using conductivity measurements, performed with toluene
solutions of asphaltenes doped with 0.1 M aqueous HCL, a
packing model for asphaltenes was proposed by Sheu.11 With
the HCL probe, linear conductivity−concentration plots were

reported, which were coherent with nanoaggregate structures
where asphaltenes molecules pack after interlocking each other,
leaving holes where solvent is entrapped. In our view,
asphaltene fractal colloid structure is the result of aggregate
formation by similar but different molecules; by being similar,
polar, and of low solubility (A1TM, see below), they promote
aggregation, and by being soluble and with differences in
structure (A2TM, see below), they promote fractal packing,
solvation, and colloidal dispersion.
As reported earlier, asphaltenes contain fractions A1 and A2,

where the first have a higher solubility parameter than the
second. More than 50 solvents were tested to obtain these
solubility parameters, and in all of them, solubility of A2
(measured by the RED parameter) was higher than solubility
for A1.12 In particular, whereas in toluene A2 have a solubility
similar to asphaltenes, solubility of A1 is negligible in this
solvent. This means that, in toluene solutions of asphaltenes,
A1 is solubilized by A2. This argument was found consistent
with a multistage aggregation model where low solubility A1
type molecules (A1TM) form aggregates at very low
concentrations (around 100 mg L−1) followed by incorporation
of A2TM to these aggregates.13 These arguments are coherent
with a model where asphaltenes colloids could be represented
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by means of particles with a core rich in A1-type molecules
(A1TM) and a periphery rich in solvent media and A2-type
molecules (A2TM). Loose or fractal packing, mainly promoted
by A2TM, allows for abundant penetration of solvent at the
colloidal periphery, and this solvent held at the periphery would
act as a barrier opposing flocculation. Some preliminary
features of this model have been described elsewhere.12

Besides the above difference in solubility and derived notions
about colloidal structure, consideration of asphaltenes as a
mixture of A1 and A2 fractions has been found very useful to
account for other phenomena such as trapping of compounds
(liberated after separation of A1 and A2 fractions3), floc-
culation,12 aggregation promoted by A1,14 asphaltene aggrega-
tion at very low concentration,13 and metal distribution.15 As
described below, changes in particle diameter with temperature,
measured with the transmission electron microscopy freeze
fracture (TEM FF) technique could be accounted for in terms
of the above A1-A2 fractal-type model.

■ EXPERIMENTAL SECTION
Materials. Extra-heavy crude oil, from Hamaca region in

Venezuela, with API gravity = 9 and asphaltene content close to
14% was used. Asphaltenes were obtained after heptane addition (40 v)
using a modified ASTM procedure.16 The oil was warmed until it was
easily agitated by a mechanical stirrer before heptane addition. The
precipitated asphaltene−resins mixture was filtered, washed with hot
heptane and transferred to a Soxhlet where resins were extracted with
boiling heptane until the emerging heptane became clear (about 5 days).
After this, asphaltenes were dried and weighed; the resin-heptane
solution was evaporated in a rotatory evaporator under vacuum to
obtain the oil resins.
Sample (asphaltenes or A1 or A2)−resins mixtures were prepared by

dissolving 800 mg of sample (3% resins) in 50 mL of chloroform. The
solutions were refluxed for 3 h, and corresponding sample−resins
mixtures were obtained after removal of chloroform, first with a rotatory
evaporator and then under vacuum at 60 °C. Complete removal of
chloroform was checked with 1H NMR using dichloromethane as solvent.
The reported p-nitrophenol procedure was employed for

fractionation of asphaltenes in fractions A1 and A2.17 About 92% of
sample was recovered with 59% A1 and 41% A2.
Methods. Thermal treatment of samples was carried out in an steel

closed reactor under nitrogen atmosphere. Between 100 and 200 mg
of sample−resins mixture was placed in vials within the reactor, along
with a bronze holder; after closing it, the mixture was heated at the
predetermined temperature during a period of 6 h. After this time, the
reactor, kept at the same temperature, was opened, and a tiny amount
of sample was transferred to the bronze holder, quickly frozen with
under cooled liquid nitrogen, and keep frozen until ready for freeze
fracture treatment and MET analysis.
Freeze fracture replicas were obtained using the JEOL JFD 9010C

apparatus and the procedure described elsewhere.18,19 Briefly, frozen
samples were placed within the apparatus chamber by clipping the bronze
holder in place; the chamber, kept at temperature by a liquid nitrogen
jacket, was evacuated at <10−5, where it was fractured with the an steel
blade kept at −200 °C. This was followed by shadowing, then by
evaporation of Pt/C atoms irradiated at 45° (to produce metallic contrast
and metallic surface), and after that by C atoms bombarded at 90° (to
avoid subsequent ruptures). The sample was then removed and immersed
in THF to dissolve all organic material; the replica was then removed with
a bronze grid, washed with THF, air-dried, and analyzed with the TEM.
A JEOL, JEM 1220, transmission electron microscopy (TEM)

instrument was utilized to view and photograph the sample
replicas.18,19 Photos were taken at 50000× augment, using Kodak
film 4489 and copied onto conventional photograph paper at a final
augmentation of 100000×. These photos were digitized, and the
diameter was measured by densitometry using the Image Tool
program with a procedure similar to the one described earlier.18,19

Briefly, digitizing in .bmp format is followed by calibration of the
image; the particle is then selected, and a straight line passing through
the particle is drawn; this generates a contrast profile where particle
diameter can be measured; the procedure is illustrated in Figure 1.

These microphotographs show homogeneous colloidal solutions in
which insoluble solids were not observed.

■ RESULTS

All asphaltene−resins mixtures resulted in homogeneous
solutions where no insoluble solids could be detected (see
the Experimental Section). Figure 2 shows an example of the
microphotographs used for both diameter and density
calculations.
On the basis of solubility parameters, all samples examined

here are expected to be soluble in resins.12 With the present
method, uncertainty in diameter measurement was estimated to
be better than ±0.2 nm.
Table 1 shows some statistical results obtained in this work;

as usual, these are equivalent diameters, which in our case
corresponds to the largest length of the particle being mea-
sured. As shown, a large number of particles were measured in
an effort to find representative values for samples; mean values
and standard deviations were found similar to others reported
elsewhere for crude oils using FFMET18,19 and SAXS20 mea-
sured at comparable temperatures. Standard deviations are large
because a wide range of size is being measured.
Table 2 shows results for three mean diameter measured in

this work; number (dn), weight (dw), and z-average (dz) radius
are usual averages defined by eqs 1 to 3; polydispersity p is
defined by eq 4.
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Figure 1. Electron photomicrograph showing how a particle size is
measured over a freeze-fracture replica. On the image, arrows are
pointing at both the particle and the contrast profile; a calibration bar
equal to 500 nm is clearly shown.
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These diameters are special cases of Sauter equivalent
diameters given by the general eq 5.
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In our case, we have the following: dn, p = 1, q = 0; dw, p = 2,
q = 1; and dz, p = 3, q = 2. These diameters are equivalent to
averages of sphere dimensions; for instance, diameter dn is
equivalent to length average; dw is equivalent to area−length
average; and dz is equivalent to volume−area average.
Application of these diameters can be found in the literature.27

Because eqs 1−3 have the same form as the ones corresponding
to number, weight, and z molecular mass, we use the same sub
index for them; for the same reason, we use eq 4 to define
polydispersity.
As expected, the usual trend dz >dw > dn was observed and

p > 1 in all cases; as one moves from number average to z-
average, the averages increases because it becomes more
sensitive to changes in the higher diameters. Standard
deviations for dw and dz were found to be similar to those
shown in Table 1 for dn. Diameters dw and dz are particularly
helpful in skew distributions such of one found for A1 where a
sort of bimodal distribution appears at 250 °C (see Figure 4).
Particle densities measured are shown in Table 3; these were

averages of three determinations. As shown, these values are

weakly dependent on temperature and values for A1 are the
highest. In this work, sample concentration used was the same
(3%, see the Experimental Section); hence, differences in ρ
among A1 and A2 samples is the consequence of important
solubility differences (see the Discussion section).

Figure 2. Microphotography corresponding to the asphaltene−resins
mixture heated at 250 °C and taken at an augmentation of 100000×.
Arrows points to selected particles that look like spheroids. Each
particle has a bright and a shadow zone, where the bright zone is the
one exposed to metal irradiation at 45°. Square surfaces of 100 nm2,
chosen at random, were used for density measurements. In these, and
all over the surface, aggregates of different dimensions and forms could
be seen. The white calibration bar, equal to 100 nm, is shown in the
inset at the bottom right of the photo.

Table 1. Statistical of Samples Analyzed at Different
Temperaturesa

sample T nb dn (mean)
c SDd min.e max.f

Aspg 150 119 6.3 1.4 3.2 10.6
A1 150 163 6.7 1.7 3.3 12.2
A2 150 136 5.6 1.6 3.1 12.4
Asp 200 91 6.2 1.8 3.2 10.4
A1 200 91 6.2 1.8 3.2 10.4
A2 200 109 6.0 1.6 3.1 9.5
Asp 250 107 5.1 2.7 2.2 12.0
A1 250 119 5.1 3.0 2.1 11.3
A2 250 146 3.9 1.3 2.1 6.7

aDiameters in nm and temperature in degrees centigrade. bNumber of
particles measured. cOrdinary average, equal to dn.

dStandard
deviation. eMinimum diameter. fMaximum diameter. gAsp: asphal-
tenes.

Table 2. Polydispersity p and Number, Weight, and z-
Average Particle Diameter Measured at Three
Temperaturesa

sample dn
b dw dz p

150 °C
Asp 6.3 6.9 7.3 1.10
A1 6.7 7.1 7.5 1.06
A2 5.6 6.0 6.5 1.07

200 °C
Asp 6.2 6.8 7.3 1.1
A1 6.2 6.5 6.9 1.07
A2 5.0 5.4 5.8 1.08

250 °C
Asp 5.1 6.4 7.9 1.25
A1 5.1 7.0 8.4 1.37
A2 3.9 4.4 4.8 1.13

aAll diameters in nm. bIdentical to the mean in Table 1, included here
for comparison.

Table 3. Temperature Dependence of Particle Density (ρ)a

particle density

T, °C A1 A2 Aspc A1/A2b

150 84 ± 13 49 ± 13 39 ± 6 1.7 ± 0.4
200 80 ± 15 45 ± 5 49 ± 7 1.8 ± 0.3
250 76 ± 15 34 ± 11 38 ± 11 2.2 ± 0.5

aNumber of particles found in an area equal to 104 nm2. bDensity
ratio. cAsphaltenes.
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As reported by Storm et al.28 and by Eyssautier29 et al.,
diameter reduction during heating would lead to a thinning of
solvation shell without significant changes in the number of
particles. Thus, the above weak temperature dependence of ρ is
expected.
Figures 3−5 show the temperature sequence of diameter

distribution for the samples examined. As shown by Figures 3
and 4, two main effects take place when temperature is raised:
first, in Figure 3, a shift to smaller diameters is evident, and
second, in Figure 4, particle distribution split into two sets of
diameters. Apparently, Figure 5, corresponding to asphaltenes,
is the result of these two effects combined.
When both dw and dz in Table 2 are plotted against

temperature, as shown in Figure 6, minimum values were found
for asphaltene and A1 samples. For convenience, plots were
fitted to second grade polynomials to underline the trends. As
shown, both in Figure 6 and Table 2, no minimum for any of
the diameter averages was found for A2 sample.

■ DISCUSSION

The observed increase in both dw and dz found for A1 is
consistent with lower solubility when compared to A2, where
all average diameters were found to decrease (see Table 2 and
Figure 3); for asphaltenes, the trend is consistent with the
combined effect of these fractions. Thus, again, an important
property of asphaltenes in general, and asphaltene aggregation
in particular, as is the change of aggregate size with
temperature, could be accounted for in terms of fractions A1
and A2. Other important phenomena,12−15 described above,
could be accounted for in the same way (see the Introduction).
In spite of this, and judging from publications dealing with
relevant colloidal issues, the presence of A1 and A2 is not even
mentioned in these works.
The results above suggest that thinning of asphaltene

particles during early heating stages is mainly due to removal
of A2TM and corresponding solvation resins from the particle
periphery; on the other hand, growing during later stages is due
to flocculation or molecular redistribution promoted by A1TM
present in the particle core. At low enough temperatures,
solvent media is held at the particle periphery mainly by A2TM,
thus avoiding colloidal flocculation. At higher temperatures,
such as 250 °C, the periphery thins, enabling particles to reach
interparticle distances close enough to allow for flocculation.
This proposition would be the combined temperature effects
observed for A1 and A2 (see Figures 3 to 5), that is, with the
shift to lower size diameter shown in Figures 3 and 6 observed
for A2 and with the increase of both dw and dz observed for A1.
Because sample concentration used was the same for the

samples studied, the ρ values shown in Table 3 are consistent
with lower solubility of A1TM; in other words, compared to
A1, a very significant amount of material in asphaltenes and A2
is in solution and can not be detected by the present technique.
These results are coherent with the reported solubility
parameter for these samples.12 Moreover, they underline the
fact that, even at these high temperatures and in a good solvent,
substantial aggregation is observed for a subfraction of A2, as
revealed by the significant ρ values measured.

■ FINAL REMARKS

The colloidal model described above, coherent with the
observed average diameter changes, is one of many proposed
in the literature21−26 (see ref 21 for a review). This gathers

several features that must be considered and included when
proposing colloidal models for asphaltenes: first, asphaltene

Figure 3. Comparison of diameter distribution for A2 sample: (A) 150 °C;
(B) 200 °C; (C) 250 °C. Shift of distribution to smaller diameters is
evident and leads to the decrease of all average diameters (see insets
and Table 2).
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molecules cover a wide range of molecular mass and structural
types; second, they also cover a wide range of solubility
parameters; third, they form loose or fractal aggregates allowing
solvent or media to disperse the colloids. Fractal structure is a
consequence of aggregation of molecules, similar enough to
form aggregates and different enough to lead to lose packing.

Low solubility of A1TM promotes aggregation, and high
solubility of A2TM promotes dispersion.
As shown elsewhere12 and corroborated by the density

results in Table 3, solubility of asphaltenes follows solubility of
A2. This strongly suggest that A1TM are in solution forming

Figure 4. Comparison of diameter distribution for A1 sample: (A) 150 °C;
(B) 200 °C; (C) 250 °C. As shown, at 250 °C, the distribution splits into
two sets, which leads to increase in dw, dz, and p (see insets and Table 2).

Figure 5. Comparison of diameter distribution for asphaltene sample:
(A) 150 °C; (B) 200 °C; (C) 250 °C. Changes in average diameters
(decrease in dw and increase in dz when changing from 200 to 250 °C)
are the combined result of changes for A1 and A2 (see Figures 1 and 2).
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aggregates with A2TM. One could speculate that such aggre-
gates would be similar to intercalation compounds where
melting, glass transition, and other solubility related properties
are closer to A2TM.
As described above, diameter changes observed are coherent

with the general solubility properties of A1 and A2 and, as such,
should not depend on asphaltene source. However, it would
interesting to perform similar experiments with asphaltenes
coming from oils with asphaltene precipitation problems.
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