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ABSTRACT: In this work several issues related to asphaltenes and
asphaltene aggregates such as isolation of real asphaltene molecules and
comparison of these with average structures obtained using regular analytics
laboratory techniques are presented. Several molecular organic models were
used to simulate asphaltene in solution and aggregates formation in the two
solvents toluene and THF employed. The results, obtained from simulation
calculations using molecular dynamics were compared with experimental
chromatography results obtained using the micro gel permeation chromatog-
raphy (μGPC), inductively coupled plasma (ICP) mass spectra (MS)
combined technique (GPC ICP MS for short). In this case reasonable
hydrodynamic ratios and size distribution were obtained for asphaltenes and
their corresponding subfractions A1 and subfraction A2. Comparison between
experimental sample profiles, transmission of electron microscopy (TEM)
data, and molecular dynamics allows for estimation of hydrodynamic ratios of around 8 nm. Highly aromatic and island type
molecular model A30 and continental type molecular model A40 were employed in the molecular dynamics to built colloids. In this
case open-like colloids (A40) and compact-like colloids A30 were obtained. Subjects such as trapped compounds (TC), metallic
porphyrins, and colloidal dipole moments were also studied. Studies of the adsorption behavior of asphaltenes on several
macroscopic and nanoscopic surfaces are presented and show the tendency of the asphaltene to adsorb in aggregate form.

■ INTRODUCTION
The present work is mainly devoted to the study of asphaltene
structure in THF solution both from the experimental and
theoretical point of view. As it is well-known the words island
and archipelago have been use to vaguely suggest a structure
with one core, as is the case for island-type, and several cores to
designate an archipelago-like structure. To our knowledge, and
setting aside the A1 and A2 asphaltene subfractions, there is no
experimental information consistent with the above archipelago-
and core-type structures. As it is described below, we collect
GPC results and other experimental data which are consistent
with flexible chains for A2 subfrations and consequently with
large hydrodynamic ratios which emerge at very short retention
times. These finding were discovered after studing several
asphaltene samples, and thus we could conclude that both
island- and archipelago-type structures are present in asphaltene
mixtures with different compositions. The average structure of
these subfractions has a decisive importance in the interaction of
the sufractions and the subsequent aggregation and adsorption
on surfaces, These phenomena are widely known and studied
using very general approximations that usually do not take into
consideration the impact that the island or archipelago
structures may have on these processes. In the present work a
review and analysis of this impact on the shape of the aggregates
and their interaction with surfaces is made. The density of these

structures and their capacity to trap crude constituent
compounds is another phenomenon of great interest in the
industry, due to the economic implications. The present review
provides information and analysis on the importance of the these
trapped compounds in the asphaltene aggregate, especially the
vanadium and niquel pophyrins-like molecules.

■ REAL AND HYPOTHETICAL STRUCTURE OF
ASPHALTENES

Asphaltenes, by definition, are the “fraction of crude oil soluble
in toluene and insoluble in heptane”. This is an operational
definition which paradoxically fits well for this highly complex
mixture. A good description of this material can be found in the
literature.1

Perhaps, the asphaltene definition would benefit from some of
its average characteristics such as low average H/C value (close
to 1.15), aromaticity close to 50%, and nitrogen with averages
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between 1 and 2%, usually with relatively high sulfur content. In
Table 1 some elemental analysis of samples from Venezuela are
shown.

Oxygen was measured directly affording lower than expected
values. As calculated recently oxygen content was a primer
source of sample aggregation (see below). H/C average values in
this table are a bit lower (1.07) than the one mentioned above
(1.15). This may be a consequence of samples in Table 1 being
obtained from extra heavy oil and consequently with a relatively
higher quantity of carbon.

Using values in Table 1 and an average molecular mass of 600
g/mol,2 the average molecular formula could be obtained as seen
in Table 2.

It is worth noting that the above formula is based on
experimental results corresponding to this particular mixture,
and any other similar formula corresponding to another
asphaltene mixture would be different. Fractionated atomic
indices are expected in any compound mixture, and asphaltenes
are not an exception.

Using the 13C nuclear magnetic resonance technique. it is
possible to obtain spectra from which the number of aromatic

and aliphatic carbons in the molecule could be obtained. In the
present case these values are both close to 50%. Combining the
above information, the structure shown below could be
proposed as coherent with the experimental data gathered.

Figures 1 and 2 collect the usual asphaltene sectors: functional
groups of the average structure such an aromatic core, dangling
aliphatic chains, pyridine type amine, phenol type OH, and
tiophene type sulfur.

Using a similar strategy other average or hypothetical
structures have been proposed in the past.2−10 Catalogs of
many structures have been reported.3 Use of these hypothetical
structures in structural aspects is now common place among
those interested in molecular and aggregation issues.

■ ATOMIC FORCE MICROSCOPY (AFM)
Using AFM methods, the isolation and the characterization of
asphaltene molecules have been achieved.11 We refer to these
asphaltenes as AFMAs. In Table 3 we collected atomic and
molecular indexes which could be compared with experimental
values corresponding to bulk-asphaltenes which we nominate as

Table 1. Elemental Analysis of Asphaltene Samples from Venezuelaa

Asphaltene 1 2 3 4 5 6 Mean Values

C 84.28 83.67 83.67 83.42 82.43 83.76 83.5
H 7.65 7.45 7.65 7.78 7.66 6.62 7.5
N 1.56 1.67 1.42 1.66 1.65 1.68 1.6
O 1.2 1.19 1.37 1.11 1.35 1.37 1.3
S 4.01 4.63 4.26 4.5 5.07 5.07 4.6

98.7 98.61 98.37 98.47 98.16 98.5 98.5
H/C 1.089 1.068 1.097 1.119 1.115 0.948 1.07
N/C 0.016 0.017 0.015 0.017 0.017 0.017 0.07
O/C 0.011 0.011 0.012 0.010 0.012 0.012 0.01
S/C 0.127 0.148 0.136 0.144 0.164 0.161 0.15

aThe similar atomic values reveal similar type of oil (extra heavy oil).

Table 2. Averages Molecular Weight Formula

C H N O S

42 46 0.67 0.6 0.75

Figure 1. Hypothetical molecular model or structure coherent with the
above molecular formula and coherent with the experimental data
described above. (AHS: asphaltene hypothetical structure)

Figure 2. Another view of the hypothetical structure depicted in Figure
1.
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BAs. Some AFMA structures, taken from reference 11 are
depicted in Figures 3 to 5.

Comparison with BAs shows that indexes H/C are too low.
On the contrary, aromaticity and DBE are too high for AFMAs.
Moreover, the presence of heteroatoms is low, and the absence

of oxygen is notorious in view of the importance of this atom in
the formation of aggregates (see below).

Figure 4 is interesting because being an asphaltene molecule it
contains no heteroatoms. Also shows that aliphatic chains could
be detected by AFM when the chain is long enough to be
adequately adsorbed by the surface.11 Compounds are named
using the original names reported.11

In summary in comparison with BAs, AFMAs have too low
H/C, too high aromaticity, and too low contents of nitrogen and
oxygen. In particular, the presence of phenols should be
considered which is coherent with the high capacity of
asphaltenes to form aggregates.

■ AGGREGATION OF ASPHALTENES AND
ASPHALTENE MODELS

Hydrogen Bondings. Formation of hydrogen bonding has
been mentioned as an important factor in the formation of
asphaltene aggregates. Thus, it was observed long ago that in
methylation experiments, where phenolic −OH is converted to
−OCH3, the number average molecular weight, when measured

Table 3. Description of Elemental Analysis and Other Indices of Asphaltenes Reported in the Literature (ARL)

Sample Title C H H/C MM N O S ALC % DBE

1 A1 0 49 32 0.653 680.87 2 0 1 5 89.80 35
2 A1. 3 52 33 0.635 719.9 1 0 0 6 88.46 37
3 A1.4 40 22 0.550 582.74 0 0 0 3 92.50 30
4 A1.9 39 29 0.744 511.6 1 0 0 8 79.49 26
5 A1.6b 93 104 1.118 1109.64 0 0 0 33 64.52 42
6 A1.14 49 32 0.653 652.85 0 0 1 7 85.71 34
7 A1.16 36 22 0.611 454.57 0 0 0 2 94.44 26
8 A1.22 29 20 0.690 400.54 0 0 1 3 89.66 20
9 A1.26 71 40 0.563 893.101 0 0 0 5 92.96 52
10 A1.29 34 22 0.647 430.55 0 0 0 6 82.35 24
11 A1.41 40 34 0.850 514.71 0 0 0 8 80.00 24
12 A1.43 44 36 0.818 564.77 0 0 0 11 75.00 27
12 A1.56 58 55 0.948 794.09 3 0 0 16 72.41 33
13 B1.2 53 40 0.755 692,90 0 1 0 7 86.79 34
14 B1.7 52 39 0.750 693.89 1 1 1 7 86.54 34
15 B1.25 52 36 0.692 692.92 0 0 1 4 92.31 35
16 C1 17 32 20 0.625 436.6 0 0 1 2 93.75 23
17 C1 28 39 24 0.615 524.69 0 0 1 3 92.31 28
18 C1.40 45 32 0.711 588.75 0 0 0 8 82.22 30
19 C1.3 28 18 0.643 386.500 0 0 1 2 92.86 20
20 B2.2 61 31 0.508 854 1 1 1 1 98.36 47
21 B2.4 37 29 0.784 487.64 1 0 7 81.08 24
Average 47 34 0.707 617.853 86.069 31

Figure 3. Molecule A1.4. C: 40; H: 22; H/C: 0.55. Low index values
(Table2) are probably an artifact of the AFM. Note that the molecule is
twisted. Compounds are named using the original names reported.11

For comparison purposes the naming used in reference 11 has been
kept.

Figure 4. Sample A1.6. C: 85; H:88; MM: 1221.

Figure 5. Sample: A1.10. Molecular Formula C 52H33N2S. H/C: 0.634;
MM: 719.9. Asphaltene structure determined by AFM methods.
Compounds are named using the original names reported.2
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in toluene at room conditions, dropped from about 10 000 Da to
about 2000 Da12 after methylation of OH functional groups.
Moreover, when dissolved in pyridine a vapor pressure
osmometry (VPO) was obtained which disclose the importance
of hydrogen bonding in asphaltene aggregation. However,
methylation and/or polar solvents (pyridine, THF, chloroform,
o-dichlorobenzene)13 afforded VPO values much higher than
the now known average close to 700 Da.2 Possible reasons for
such discrepancies are the limitation of VPO to measure at very
low concentrations. For instance, to obtain accuracy we should
be able to measure at concentrations below 100 mg/kg.
However, accurate measurements of asphaltene solutions are
possible only above 1 mg/kg.

Molecular Dynamics. To study from a theoretical point of
view the forces involved in the aggregation processes of
asphaltenes and resins in crude oil, molecular mechanics, and
dynamics calculations were carried out for asphaltenes and
resins from crude oils of different origins. Average structural
models of asphaltenes and their aggregates were used in order to
study the forces that determine the association process of
asphaltenes and resins in crude oils.14 Rogel and co-workers
found that the contribution of hydrogen bonding energies was
comparatively low.

Figure 6. Simulation of aggregation of molecular models in toluene,
calculated using molecular dynamics. Note that, in the section on the
left, corresponding to the HMW sector, aggregate A22 has the longest
hydrodynamics radii (see text).

Figure 7. Scheme to illustrate the separation of asphaltenes into subfractions A1, insoluble in toluene, and A2 soluble in toluene.

Figure 8. Molecular models used to simulate asphaltene behavior
during molecular dynamics within THF or toluene. Note that Model
A12 contains Model A1 with S, N, and OH. Similarly model A22 is model
A2 with S, N, and OH (aromatic models A30 and A40 are missing).
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The presence of metallic porphyrins alongside asphaltenes in
heavy fractions of crude oil is a key issue in petroleum
exploration and upgrading due to its negative impact on the
industry.15 In Santos and co-workers work,15 molecular
dynamics simulations were utilized to investigate complex
asphaltene mixtures comprising 10 different molecules; the
system was studied under different solvation conditions
(toluene/n-heptane/water). Authors added nickel and vana-
dium (under the form of vanadyl) porphyrins with occasionally
grafted polar lateral chains, in these mixtures. The authors found
that aggregation behavior and interaction with water molecules
(as a model to have insights from the interfacial activity of such
molecules) are intimately linked to the type of porphyrin and to
the molecular properties of the asphaltenes (mainly the presence
of polar lateral chains). Vanadium porphyrins, even without
polar lateral chains, can form H-bonds that can facilitate the
interaction with asphaltenes and might contribute to their
presence within asphaltene nanoaggregates. Moreover, when
polar lateral chains are present in asphaltene molecules or
aggregates, the systems display a supramolecular organization

with several distinct interactions at the same time. The shapes of
these systems do not totally agree with the traditional average
model presented by Yen−Mullins. In the first part of this work,
we finally propose that the complex asphaltene structure in
complex solvent mixtures seems to have a supramolecular
behavior with non-negligent colloidal behavior as well. This
should be indicative that Yen−Mullins and Gray’s models of
asphaltene self-assembly are neither conflictual nor antagonistic,
their models show an average behavior of asphaltene solutions.
They are two facets of a scale- and molecular structure-
dependent complex mechanism. It has been claimed that the
presence of water in the mixtures promotes the aggregation of
model asphaltenes in solution via hydrogen bonding.16

Using density functional theory (DFT), together with organic
chemistry molecular models, it has been calculated that
hydrogen bonding has a significant contribution to the
asphaltene aggregation.17 It has been suggested that vanadium
porphyrins, even without polar lateral chains, can form H-bonds
that might contribute to their presence within asphaltene
nanoaggregates. According to literature16 presence of water in
the media could increase the stability of aggregates by
reinforcing π−π interactions via water-bridged intermolecular
H-bonding between the pyridyl nitrogen and asphaltene
aggregate.

Reported by Headen18 was a classical atomistic molecular
dynamics simulation of four structurally diverse molecular
model of asphaltenes, a model resin, and their respective
mixtures in toluene or heptane under ambient conditions.
Relatively large systems (∼50 000 atoms) and long time scales
(>80 ns) were analyzed. Wherever possible, comparisons are
made to available experimental observations asserting the
validity of the models. When the asphaltenes are dispersed in
toluene, a continuous distribution of cluster sizes is observed
with average aggregation number ranging between 3.6 and 5.6,
monomers and dimers being the predominant species. As
expected for mixtures in heptane, the asphaltene molecules tend
to aggregate to form a segregated phase. In these experiments
there is no evidence of the multimodal distribution formation of
nanoaggregates, and the continuous distribution of clusters is
found in character.

Figure 9. SEC ICP MM chromatographic profile using sulfur detector
for asphaltene of Boscan. THF was the mobile phase.

Figure 10. GPC ICP MS profiles using sulfur and vanadium detector
corresponding to an asphaltene solution in THF.

Figure 11. Chromatographic SEC HR ICP MS profiles using sulfur
detector corresponding to Boscan samples of asphaltenes (square),
subfractions A1 (circle), A2 (triangle up), and trapped compounds
(triangle down).
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Headen reports the aggregation of asphaltenes studied for two
asphaltene molecule families, namely, PA3 and CA22
analogues.18 The chemical characteristics of these proposed
molecules were screened by changing the heteroatoms on the
backbone and the lateral chain-ends. These molecules were

mixed together at different relative concentrations, and for the
first time, the aggregation of different asphaltene molecules was
determined using molecular dynamics simulations (MDS). The
results show that the interaction energies vary depending on the
heteroatom arrangement within a given structure and depending

Figure 12. GPC ICP MS chromatography profiles for CN (a) and Hamaca (b) asphaltenes and subfractions A1, A2, and TC, including the super-high-
molecular weight (SHMW) zone. Figure reproduced from ref 35. Copyright 2020 American Chemical Society.

Figure 13. Plot of probability density against the longest hydrodynamic ratios. Arrangement of molecules to form big aggregates; on the left aggregates
formed with A12 and A22 molecular models and their 50% mixture; on the right aggregates formed with molecular models A30, A40, and their 50%
mixture (see Figure 7). Figure reproduced from ref 67.
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strongly on the type of asphaltene. Moreover, we showed that
the chain-ends have a crucial role in this phenomenon.

The physical chemistry behavior of the heavyweight fraction
of crude oil is still a subject of vivid discussions due to the
complications which arise in production, transport, and refining
from the tendency of this fraction to aggregate.19 Molecules, that

compose the largest part of this fraction, can be separated into
two subfractions, A1 and A2, through a treatment with p-
nitrophenol. In a recent paper published by Acevedo and co-
workers,20 starting from the molecule models suggested by
Acevedo, the chemical structure and composition of the two
subfractions were modeled and their aggregation mechanism

Figure 14. Aggregate distribution curves for A1 models according to their size, displaying three types of aggregates (large, medium, and small). It is
qualitatively similar to the experimental GPC-ICP-HR-MS profiles (this work). Figure reproduced from ref 35. Copyright 2020 American Chemical
Society.

Figure 15. Absorbance (left) figures A and B and fluorescence (right) signal as a function of concentration for solutions of asphaltenes and octylated
asphaltenes. Castillo et al.57 present a paper aimed to study the principal mechanism involved in the adsorption of asphaltene and its subfractions A1
and A2 on to a glass surface using a very sensitive technique as white light interferometry. The experiments were carried out using chloroform as a
solvent. This has proven to be is a very good solvent for asphaltene and sub- fractions A1 and A2, even at high concentrations. The use of chloroform
allows experiments at high concentrations with a minimum asphaltene aggregation effect. The results presented in this work clearly show first, the
importance of the A1 subfraction as responsible for the asphaltene aggregation and subsequent adsorption and, second, the effect of the surface on the
density of the molecules near it and consequent increase in the tendency to form aggregates, even using a good solvent. Figure reproduced with
permission from ref 56. Copyright 2004 Elsevier.
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was investigated using classical molecular dynamics simulations.
The results in the paper show that oxygen atoms, present as
hydroxyl or carboxylic groups, are a key factor in the formation
of large aggregate. From the analysis of the simulations, the size
of the aggregates was estimated and showed how the different
arrangements of the molecules may affect the size of the

aggregates. Finally, it was shown that in addition to the structural
differences (such as the H/C ratio and DBE) that distinguish the
A1 and A2 subfractions, the solubility of the subfractions is also
strongly dependent on the ability of the molecules to form
hydrogen bonds.

Asphaltene Separation: Subfractions A1 and A2 and
Col- Lection of Trapped Compounds. It is now well-known
that asphaltene, regardless of its source, could be clearly
separated in two subfractions A1 and A2 using the PNP method
or para-nitrophenol method.21 In summary a saturated solution
of asphaltenes in cumene is boiled and after some time a
precipitate of the complex PNP-A1 is formed and the rest (A2-
PNP) remains in solution. After removal of PNP the asphaltene
fractions A1 and A2 are obtained in such a way that fraction A2
retains its solubility in toluene whereas fraction A1 is now
insoluble in toluene and in other solvents where asphaltenes are
soluble.

A plausible mechanism for the separation of these
subfractions could be described as follows: In contact with
PNP, molecules of subfraction A1 are displaced from the
aggregate after formation of a strong hydrogen bonding complex
leading to the insoluble complex PNP-A1. Removal of the
phenol leads to an A1 subfraction with a solubility in toluene of

Figure 16. (Left, panels A and B) White light interferometry image of asphaltene subfractions A1 (serie A) and A2 (serie B) adsorbed onto glass surface
(blue strips are the clean region). (Right, panels A and B) asphaltene thickness adsorbed as a function of concentration of the solution. Figure
reproduced with permission from reference 57. Copyright 2013 Elsevier.

Figure 17. (Left) atomic force microscopy images of nanoparticles before (A) and after (B) asphaltene interaction. (Right) asphaltene recovered
thickness as a function of concentration. Figure reproduced with permission from ref 58. Copyright 2017 Elsevier.

Figure 18. Adsorption plot of asphaltenes onto nanoparticles fitted
with different models.
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barely 50 mg L−1. A2-PNP and phenol excess are recovered after
the usual workup;22 see Figure 7.

In Figure 8 the pair of models used for A1 and A2 subfractions
is depicted. Selection of these is largely arbitrary and based on
molecular weight, and elemental analysis (C, H, N, O, and S).
On the basis of differences in H/C we account for differences in
aliphatic rings or DBE. Placement of functional groups of
nitrogen and oxygen was arbitrary and based on the expected
capacity of asphaltenes for forming aggregates. Aromatic cores
were the same for these models and placement of N and OH was
done on the expected formation of the hydrogen bonding’s
(acid−base) interaction.

Trapped Compounds. Trapped or occluded compounds
are those which remain within the asphaltene aggregate and are
not asphaltenes. These compounds are soluble in n-heptane.23,24

We use the same PNP method to collect these compounds23 and
they have proven to be useful in geochemical and structurally
studies. For instance, Creux et al.25 found that from all 16
asphaltenes they analyzed, a series of n-alkaloid acid ethyl esters
were found from the fraction called occluded compounds, which
were generally dominated by the even-carbon-numbered n-
alkanoic acids in the esters. The above-reported compounds
inside asphaltene aggregates are interpreted as hydrocarbon

representatives of materials generated from kerogen at an early
stage.

Silva et al.26 reported that the structural features of
asphaltenes enable them to occlude other molecules such as
biomarkers. These properties of the aggregates could hinder the
secondary alteration of biomarkers that occurs in oil reservoirs;
these biomarkers could, therefore, could be considered the
remnants of the “original oil”. For example, in this report
asphaltenes from Brazilian crude oils were obtained and
submitted to oxidative treatment to disrupt their structure,
releasing the trapped oil. The released hydrocarbons after the
treatment were compared with those from the original crude oil,
and used to evaluate the alteration of the oils, especially as a
result of biodegradation. The authors suggest that occluded
saturated hydrocarbons represent the original oil derived from
kerogen, retained and protected against alteration inside
asphaltenes over geological times.26

Ganeeva and co-workers26 wrote that asphaltene aggregates
are made of a mixture of two fractions, the first a well-packed and
stable in benzene (toluene) solution core and the second a
loose-packed periphery, which can respectively occlude and
adsorb other oil fractions. It was proposed by other authors25

that the “occluded compounds have been well-protected from
the secondary alteration processes that occurred in the oil
reservoir and could be considered to be the original oil, whereas
the adsorbed compounds have been affected by the secondary
evolving processes”. In this paper,26 the compounds, adsorbed
and occluded in asphaltenes both, of the crude oils of the
multipay Bavly oil field (Russia) and bitumen extracted from the
source bed (Domanic formation) of the same oil field are
studied and compared. In this work it was found that the content
of adsorbed compounds can reach up to 20% and higher and the
composition is dominated by resin components (mostly the
polar resins).

Marzie et al.27 use the electron paramagnetic resonance
(EPR) technique to study the behavior of the asphaltenes from
the Merey crude oil (ASCM), its vacuum residue (ARVM), its
fractions, and trapped compounds (A1-ASCM, A2-ASCM, TC-
ASCM, A1-ARVM, A2- ARVM, and TC-ARVM). Asphaltenes
were precipitated from Merey heavy crude oil and its vacuum
residue. The posterior fractionation of the asphaltenes was
carried out using the para-nitrophenol (PNP) method. Two
fractions named A1 and A2 and trapped compounds were
obtained. The temperature dependence of the EPR spectra was
used to obtain a set of temperatures related to free radical (FR)
generation and recombination. From the analysis of the EPR
spectrum of the most intense signal of the vanadium, the
temperature ranges of the anisotropic-to-isotropic domains were

Figure 19. Fluorescence spectra for solutions before (A) and after (B) adsorption with Gaussian decomposition. Figure reprinted with permission
from reference 68. Copyright 2022 Taylor and Francis.

Figure 20. Isotherm adsorption of different types of asphaltenes onto
CaCO3. The symbols represent experimental data, and the solid lines
are from the SLE model. Figure reproduced from ref 63. Copyright
2014 American Chemical Society.
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found, and nonlinear behavior of the B parameter in the
temperature range was studied. The paper reports a proposed
functional relationship for parameter B as a function of the
temperature. On the other hand, we found the temperatures for
the slow-to-fast motion regime in these samples and correlated it
with the mobility of the fractions.28

As reported in the work of Gray et al., the trapping of PAHs
outside of the nanoaggregates during precipitation gave 7−14

times less of the quantity of PAHs in the solid precipitate. This
study shows that asphaltene aggregates can interact significantly
with PAHs and be included in their structure. The results are
consistent with the presence of open porous asphaltene
nanoaggregates in solutions, such as toluene.27

It was reported by Vargas et al.29 that metal compounds such
as vanadyl and nickel porphyrins present in crude oils are
associated with the asphaltenes. In their work we find a

Figure 21. Adsorption plot for nanoparticles with different surface modifications. Symbols: (+) raw nanoparticles, (●) polyethylene glycol , (×)
chitosan, (◆) carboximethyl cellulose (CMC).

Figure 22. Adsorption plot at different times of contact and the best fitting model. Figure reproduced from ref 61. Copyright 2020 American Chemical
Society.
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dependence of the quantity on origin, maturity, pressure, and
temperature. The findings suggest that during the asphaltene
colloid formation the metal porphyrins could be trapped,
occluded, or adsorbed, protected from aging, oxidation, or
chemical degradation. In this work the authors induce the
aggregation of asphaltenes by variations in the solubility
parameter of the media in the presence of metal porphyrins.
The UV−vis absorbance technique was use to monitored
asphaltene aggregation at 350 and 405 nm to follow the
porphyrin Soret band. The results showed that more than 50%
of the porphyrins were trapped inside the asphaltene aggregate
and posterior redissolution of the aggregates in toluene showed
very low release of the porphyrins, demonstrating the strong

interaction between the metallic porphyrin and asphaltenes
during the aggregation.29

In relation to the geochemical importance of trapped
compounds it has been claimed that30

• Asphaltenes incorporate chemical structures (trapped
compounds) useful for biomarker correlation.

• Asphaltenes act as host occluding hydrocarbons that
represent the original source character

• From the experiments asphaltene moieties and occlusions
may be obtained independently and unambiguously.

• Analytical approaches include oxidation, reduction, and
pyrolysis.

Figure 23. GPC-ICPHRMS plot showing the molecular size distribution before and after asphaltene adsorption. Figure reproduced from ref 61.
Copyright 2020 American Chemical Society.

Figure 24. Theoretical calculation of different aggregates with surface (unpublished work).
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• Well known analytical methods may constrain the
elucidation of asphaltene properties.

A report31 of Jing et al. conclude that asphaltenes are polar
macromolecules with complex structures in oils, usually forming
aggregates. The findings in this work point to inside the
macromolecular structures of asphaltenes, some other fractions
can be adsorbed/occluded, and the occluded compounds
contain important geochemical information. However, the
adsorption/occlusion phenomena of asphaltenes need verifica-
tion. Thus, in this work31 the results aimed to experimentally
study the adsorption/occlusion processes inside the asphaltenes,
using the deuterated paraffin n-C20D42 as the target compound
under the conditions of high temperature/high pressure, with
some chloride salts as additives to probe the mechanism of the
adsorption/occlusion inside asphaltenes.

In this contribution, Chac′on-Patiño et al.32 use high-
resolution mass spectrometry to, as they said, ”unveil” the
molecular composition of occluded compounds inside Colom-
bian asphaltenes macrostructures. They focus their efforts on the
fraction enriched with compounds interacting with asphaltenes
via strong intermolecular forces. The experiments used normal
phase column chromatography to fractionate it and atmospheric
pressure photo=ionization coupled to Fourier transform ion
cyclotron resonance mass spectrometry as de- tector to obtain a
detailed molecular description. Their results indicate that the
occluded compounds obtained in the last stage of the washing
process are by themselves a complex mixture, consisting mostly
of saturated compounds including molecular formulas corre-
spond- ing to biomarkers, alkyl aromatics with high heteroatom
content (up to four heteroatoms), vanadyl porphyrins, and
highly aromatic species, which we believe are low-molecular
weight asphaltenes transferred to the n-heptane during the
extraction process.

According to Liao and co-workers,33 within geomacromole-
cules, such as kerogen, asphaltene, and solid bitumen, other
compounds can be adsorbed and even occluded as free
molecules. According their analysis, the occluded components
have been well preserved by the macromolecular structure, and
retain some of the primary geochemical information. In their
work they try to probe a relationship of the geochemical
evolution of occluded hydrocarbons inside geomacromolecules
with the geomacromolecule evolution from kerogen →
asphaltene → solid bitumen. The results of their work show
that occluded hydrocarbons can be transferred steadily from
kerogen → asphaltene → solid bitumen. Later-evolved geo-
macromolecules not only inherit the occluded hydrocarbons
from the former ones, but can also occlude some new free
molecules. The results shown that occluded hydrocarbons are
subject to a relatively independent thermal evolution, whereas
the evolution of adsorbed molecules is constrained by other
factors besides thermal stress. The work concludes that
elucidation of the geochemical evolution of occluded hydro-
carbons inside geomacromolecules will be helpful in oil
(bitumen)−source correlation, identification of mixed-source
reservoirs, and characterization of hydrocarbon accumulation
and evolution.

Retention of alkane compounds on asphaltenes was carried
out in organic solutions and studied by Lopez and co-workers.34

In their work the distribution of retained and nonretained
alkanes was assessed by GC/MS and was interpreted from the
perspective of reverse phase liquid chromatography (RPLC).
Their results showed that asphaltenes from unstable and stable

Venezuelan crude oils behave like an alkyl-bonded phase to
retain alkanes. The retention of alkanes is influenced by the
structural features of the studied asphaltenes, as well as by their
own structure. Asphaltenes from the unstable Furrial crude oil
presented shorter but more abundant alkyl chains than
asphaltenes from the stable Ayacucho crude oil and,
consequently, a greater capacity to retain alkane compounds.
The order of retention preference was n-alkanes, followed by
cyclic isoprenoids (steranes and terpenes). Acyclic isoprenoids,
including pristane and phytane were the least retained of the
three alkane families. The exclusion of methylene groups, a
phenomenon observed in RPLC, was also observed in
asphaltenes. The authors propose this phenomenon as the
responsible for the appearance of liquid-crystal-like structures in
asphaltene−alkane composites and for the destabilization of
asphaltene assemblies. The approach used in this work opens a
new window to interpretation of the interactions of asphaltenes
and alkanes at a molecular level and to understand the roles of
both compound classes in the mechanisms of asphaltene
precipitation and wax crystallization.

Asphaltenes and Micro-GPC ICP MS. The combine
microgel permeation chromatography ion couple plasma mass
spectra or GPC ICP MS technique has been used as an analytical
tool in asphaltenes studies. Details of this technique have been
reported earlier.35 Before reviewing its use, it is instructive to
describe the concepts involved in this case.

Figure 8 depicts the profiles usually obtained for asphaltenes
in THF where it is divided in three sectors of high, medium, and
low molecular mass.35 To avoid possible confusion it is useful to
remember that the experimental parameter in this case is the
hydrodynamics ratio and is not the molecular mass. Here we use
the terms transport and detachment in connection with these
three sectors. After injection of the solution in the column, the
solute within the aggregate, which could be metallic porphyrins
(MP) or any other trapped compound (TC), is transported
from the beginning to the band maximum without any transfer
of solute from the aggregate to the media. In other words the
aggregate is so big that the solute MP/TC could not be detached
from the aggregate or colloid during the time required in going
from the beginning until the maximum. As suggested by Figure
9, and after the maximum of the band, detachment of MP/TC is
promoted by the medium size aggregates. Further detachment
of MP/TC increases its retention time (see Figure 9).

Figure 9 shows the SEC ICP MM chromatographic profile for
asphaltene of Boscan. THF was the mobile phase. The profile
could be divided in three sectors: First is the HMW from the
maximum to the left corresponding to high molecular weight
sector; next is the second sector or medium molecular weight,
MMW, and then is a third or low molecular weight (LMW)
sector.

Figure 10 GPC ICP MS profiles corresponding to an
asphaltene solution in THF with THF and Dionex as the
mobile and stationary phases, respectively, under room
conditions; when the detector is sulfur the signal is nearly
Gaussian, deformed at long times by the presence of TC and/or
MP and tailing. The profile measured with a vanadium detector
afforded extensive overlap with the one measured with a sulfur
detector until the maximum is achieved. In this retention time
lapse the aggregate acts as transport for the TC/MP sample
which acts as a passenger. At this maximum solute TC/MP
would be detached from the aggregates and as a consequence the
corresponding retention time will be longer, and when the
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retention time is close to 2000 s the solute moves along with the
mobile phase (red curve) and there is not more fractionation.

Metallic Porphyrines, Asphaltenes, and GPC ICP MS.
The above combined GPC ICP MS technique was used to
analyze Sulfur, Vanadium and Niquel in four asphaltenes and
their corresponding A1 (toluene insoluble), A2 (toluene
soluble), and trapped compound (TC, heptane soluble)
fractions.35 For three of the asphaltene samples, the normalized
μ-SEC ICP profiles for both nickel and sulfur were very similar,
showing that nickel porphyrins were distributed in almost all
types of asphaltene aggregates. Extensive overlapping with sulfur
profiles was observed for all vanadium and nickel profiles at
retention times below the maximum bands. This fact suggests
that large amounts of nickel and other organometallic or metal-
porphyrin-type (MP) compounds are interlocked with
asphaltene molecules, forming aggregates in solution. The
process of trapping compounds within geochemical macro-
molecules probably occurs during petroleum formation; in other
words from kerogen to oil (see above). Accordingly, no covalent
bonds or specific interactions appear to be required to account
for the presence of MPs within asphaltene aggregates.

Figure 11 shows chromatographic SEC HR ICP MS profiles
corresponding to Boscan samples. Note that the profile
corresponding to trapped compounds (TC) is shifted to the
high retention time sector suggesting prevalence of a relatively
low hydrodynamics ratio. The profile corresponding to A2 is
clearly displaced to the large hydrodynamic ratios or very low
retention time sector. Comparison of A2 with asphaltenes and
A1 strongly suggests the presence of three-dimensional 3D-A2
aggregates capable of adopting conformations of longer lengths.

All samples analyzed here for Boscan are shown in Figure 11,
and in reference to asphaltenes the subfraction A2 profile was
shifted toward the low retention time (HMW), whereas the A1
profile was equal but the section was close to 2000. These results
clearly show that when being alone subfraction A2 has the
longest hydrodynamics ratio. Presumable, this condition
increases the contact of A2 with the mobile phase and thus
increases A2 solubility. The split of the asphaltene band in A1
and A2 bands is somewhat unexpected. In this case A2 is shifted
to the lower retention times sector or large hydrodynamic ratios
to obtain the result shown in Figure 11 in which case the folded
A2 compound should unfold after separation from asphaltenes.

Figure 12 GPC ICP MS chromatography profiles for CN (a)
and Hamaca (b) asphaltenes and subfractions A1, A2, and TC,
including the super-high-molecular weight (SHMW) sector.
Note that in both Figures 10 and 11, A2 subfraction contains
material of very low retention time suggesting that this fraction
contains the largest hydrodynamic ratio.

Model aggregates, obtained using molecular dynamics, THF
as solvent, and the molecular models A12, A22, A30, and A40
are shown in Figure 13 The bands in this figure simulate the
bands obtained experimentally and the similarity is qualitative.
However, the results regarding the size of A2 and their possible
continental structure seen in Figure 12 are very important. Note
that for model A40 which is a continental type, aggregates with
very long hydrodynamics ratios are obtained. Moreover, the A40
and their mixture with A30 have large cavities, easing solvent
penetration and increasing solubility when compared with
aggregates A12, A22, and mixture A12−A22.

The effect of silver triflate (AgOTf) on the interaction
between vanadium and asphaltene nanoaggregates was inves-
tigated by gel permeation chromatography inductively cou- pled
plasma high-resolution mass spectrometry (GPC ICP-HR-MS)

by Bouyssiere et al.36 Their results showed that disaggregation of
some vanadium compounds linked to asphaltene nano-
aggregates occurred with the reaction with silver triflate. The
autors suggest that Ag+ can partially move some porphyrins from
the high-molecular-weight (HMW) region to the low-
molecular-weight (LMW) region. In the work, the authors
inferred that the interaction between Ag+ and the porphyrins
surroundings led to a decrease in the size of the nanoaggregates
(HMW region) and an increase in the “free” V porphyrin
compounds (MMW and LMW regions). Additionally shown
asphaltenes from a similar origin, presenting the same vanadium
GPC ICP-MS profile, gave different GPC ICP-MS profiles after
AgOTf addition, which could be linked to the difference in
geochemistry of the samples.

Note that these AgOTf results36 are coherent with the above
trapping of compounds in general23,24,35,37 and with the trapping
of porphyrins in particular.36

Super-high-molecular weight (SHMW) asphaltene aggre-
gates, called asphaltene clusters,38 have been observed for the
first time using the above described gel permeation chromatog-
raphy with inductively coupled plasma mass spectrometry
(GPC-ICP-MS);39 see Figure 12. Presumably these clusters are
composed by nanoaggregates joined by physical interactions
such as polar and dispersion forces forming larger aggregates.
These clusters were observed for three asphaltene samples
(Hamaca, Cerro Negro, and Boscan) and in their corresponding
subfractions, A1 (insoluble in toluene) and A2 (soluble in
toluene). Under the high dilution conditions, the experiments
showed no significant change of these profiles suggesting that
these clusters, as well as the other lower molecular weight
(LMW) aggregates and molecules are not in chemical
equilibrium with each other and behave as independent units.
These results are consistent by the presence of trapped
compounds within asphaltenes (TC) which are released after
the p-nitrophenol treatment

The results corresponding to sample (b) in Figure 12 suggest
the presence of large quantities of aggregates with very long
hydrodynamics radius. This is coherent with results depicted in
Figure 13 above which were calculated using the molecular
dynamics GROMAC program (see Methods section in
reference 20). According to these results and comments, the
very long hydrodynamics radius, certified by the significant
presence of SHMW components, as well as the porous structure
of A2 (here represented by the Ao structure in Figure 12)
supports the higher solubility of A2 or the archipelago-type
structure.

Characterization of petroporphyrins present in the crude oil
was performed by Acevedo et al. by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) and matrix-
assisted laser desorption ionization Fourier transform ion
cyclotron resonance mass spectrometry (MALDI FT-ICR
MS).40 The results presented in this paper demonstrate that
even with multiple separation steps, a large quantity of vanadyl
porphyrins remains inaccessible for molecular analysis by
MALDI FT-ICR MS, which raises the question of what portion
of a complex sample of asphaltene can be revealed by ultrahigh
resolution mass spectrometry. Furthermore, the results show
that easily accessible porphyrins migrate with the solvent front in
HPTLC. Thus, HPTLC can be used to isolate and identify ”free”
porphyrins not associated with asphaltene aggregates; however,
further development of separation methods is required to access
the most difficult and problematic asphaltene fractions, which do
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not migrate and impose analytical challenges due to their
stronger aggregation tendency.38

Multiscale characterization of asphaltenes and their extrog-
raphy fractions titrated with n-heptane was performed.40

Chemical characterization via FT-ICR MS and GPC ICP HR-
MS, stability monitoring via QCR, and AFM images of deposits
indicate that “island”-enriched samples tend to form fewer, well-
organized deposit aggregates, whereas samples with abundant
“archipelago”-like molecules produce larger aggregates and less
well-organized deposits. The combination of QCR and AFM
leads to the conclusion that “island”-enriched samples lead to
smaller deposits compared to “archipelago”-like molecules.

Figures 10 and 11 above suggest that when the A2 subfraction
is within the asphaltene aggregates, A2 is somewhat constrained
and cannot achieve the longest hydrodynamics ratio. These
could be available when this fraction is detached from asphaltene
in solution. These comments are coherent with an archipelago
or multicore structure for A2.40

Distributions shown in Figure 14 are qualitatively similar to
the experimental GPC-ICP- HR-MS profiles. Note that values
close to 7 nm, measured in THF were also very close to other
measurements in crude oil with other techniques such as SAXS41

and TEM combined with freeze fracture where average
diameters were about 10 nm.40

Asphaltene Adsorption. The adsorption of asphaltenes on
surfaces has been extensively studied from the experimental
point of view.41−47 Adams48 gives a fairly complete review of the
results of adsorption of asphaltenes on different surfaces. The
results show important peculiarities that are still under study,
since there is no agreement on the mechanism of adsorption of
asphaltenes and its dependence on the type of surface. A relevant
point in the process is that simultaneously to the adsorption,
aggregation processes are occurring in solution, and it is possible
that the adsorption mechanism is by the formation of multilayers
or that the adsorption is directly from aggregates.49 In the search
to determine a mechanism for the adsorption of asphaltenes on
different surfaces, efforts have been made to employ very novel
techniques that can provide additional information about the
adsorption process.44,50−55

Goncalves et al.56 use absorption and fluorescence techniques
to study the aggregation process in asphaltenes solutions at
relative low concentration regimes. The changes in the
extinction coefficient and peak shift in the fluorescence spectra
with concentration for the different samples, demonstrate the
beginning of aggregation of asphaltene at concentrations as low
as 50 mg/L. In Figure 15 the absorption and fluorescence
intensity as a function of concentration for asphaltenes and
asphaltene octylates were presented showing the aggregation at
concentrations as low as 50 mg/L. This result confirms that even
a low concentration of the aggregation in solution should be
considered when the adsorption is studied.

Figure 16 shows an image of the surface coated with
asphaltenes taken by white light interferometry. The blue stripes
are the clean surface and those on the sides are the adsorbed
asphaltenes. On the right are the thickness curves of the curve as
a function of concentration; the thickness is directly related to
the mass. As can be seen in both cases the adsorption curve
presents a stepwise coating, typical of multilayer formation, but
the layer thickness values indicate that the adsorbed layers are of
large aggregates. A clear difference was observed for A1 and A2
aggregates, the latter having more capacity to compact and settle
on the surface.

The nature of adsorbent has a critical impact in the asphaltene
adsorption.58 Comparing a raw Fe surface with an Fe
nanoparticle, the differences in interaction forces were studied
using atomic force microscopy. The interaction forces of
asphaltenes adsorbed onto macrosurfaces with an AFM tip is
8 times higher than the interaction forces between an AFM tip
and asphaltenes adsorbed onto Fe nanoparticles. This difference
on the behavior of macro- and nano-surfaces could be explained
on the basis of change in size and the spherical geometry of the
surface inducing a reordering in the interaction forces. This
results in a direct effect in the reduction of interaction between
asphaltene surfaces caused by the cancellation of the induced
dipole moments of the adsorbed molecules. The result of the
difference in the adsorption process is reflected directly in the
thickness of asphaltene adsorbed. In the case of nanoparticles
few layers can be adsorbed; in the case of macro surfaces
hundreds of layers can be expected.

The results in Figure 17 show the variation of the nanoparticle
properties due to the asphaltene adsorption (right image). At the
left, the nanoparticle size after adsorption as a function of the
asphaltene concentration in the equilibrium is shown. The plot
shows a saturation at low concentration and, more noticeable, a
minimum coverture of 3 nm, consistent with adsorption of
aggregates rather than adsorption of layers.

Asphaltene adsorption have been subject of theoretical
interpretation, different models have been used to fit the
experimental results of adsorption curves, from Langmuir-type
models to variations such as the Freundlich or Tempkin53,59−63

models that introduce adsorption in porous media. Farid64

proposes a model based on a modification of the Polanyi model
which is based in adsorption potential rather than physical
mechanism. The Polanyi theory with the Dubinin model
correlates in a good way with experimental values and is suitable
for predicting adsorption phenomena. Recent studies were
published by Castillo et al.61,65 on the asphaltene interaction
with SiO2 nanoparticles produced from rice husk ash using UV−
visible absorption and fluorescence spectroscopy. The adsorp-
tion vs concentration plot shows a curve well-fitted to a
Dubinin−Radushkevich empirical model. This fitting function
allowed the discrimination between multilayer or aggregate
adsorption. Figure 18 shows the experimental points fitted with
different models

The fluorescence spectra of solution before and after
adsorption are presented in Figure 19. A Gaussian decom-
position of the fluorescence spectra showed the preferential
adsorption of a fraction associated with aggregates of high
molecular weights of asphaltenes. The results presented in this
work showed that the interaction between nanoparticles and
asphaltenes aggregates in solution mostly occurred with larger
aggregates

Cortes et al.63 developed a solid−liquid equilibrium (SLE)
model based on the “chemical theory”, in their work. They claim
this model accurately described the experimental data regarding
different asphaltenes adsorption onto different solid surfaces
(porous and nonporous) at different temperatures. In addition,
according their study they found that the experimental data
obtained for asphaltene adsorption fit very well to the SLE
model with RSM% values lower than 10. The model was
validated by several authors using different solvents, types of
asphaltenes, and solid surfaces, which supposedly change the
formation of molecular aggregates, irregular packing, and
multilayer coverage. In Figure 20, the main results are presented
for different crude oils.
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Asphaltene adsorption onto raw and surface-modified SiO2
NPs was studied by Vargas et al.66 The results of their
experiments showed an enhancement in the adsorptive
properties of the NPs after the surface modification with organic
compounds. The magnitude of the enhancement strongly
depends on the molecular properties of the capping molecules;
e.g., a 10-fold enhancement was achieved with CMC. The results
in the paper show that an increment in the number of active
groups in capping molecules can enhance the absorptivity of
NPs. The results point to the NPs preferentially adsorbing
aggregates of asphaltenes, reducing their tendency to coagulate
in solution. Their result shows the possibility to increase the
adsorptive capacities of NPs by modifying their surfaces with
adequate molecules (Figure 21).

In recent experiments Castillo et al. employed the GPC-ICP
HR MS technique to develop a methodology for analyzing
changes in asphaltene in a solution in equilibrium during the
adsorption onto nanoparticles.61 In this work, variations in the
CPG-ICP HR MS elution profiles of S and V and Ni were
studied in samples of asphaltene in toluene before and after
adsorption onto nanoparticles (Figure 22). The results
presented in this paper with Ni are similar to those obtained
for V, except that the sensitivity of the detector used has lower
sensitivity for Ni and the signals are usually noisier. The profiles
showed important changes in the proportions of the different
subfractions of A1 and A2 with different molecular weights in
equilibrium in asphaltene solutions (Figure 23). For all of the
asphaltenes solutions analyzed, the main conclusion of the work
is a different and preferential adsorption of asphaltene
aggregates with a high molecular weight onto nanoparticles.
The authors claim that using their developed method, a detailed
information on the fractions of molecules adsorbed on
nanoparticles were obtained for the first time. The observation

of this preferential adsorption behavior leads to better
comprehension of the adsorption onto nanoparticles and allows
a plan for better methods for the mitigation of the asphaltene
adsorption problem. On the basis of these results, nanoparticles
have a propensity to adsorb large aggregates, and this
observation contributes to develop methodologies for minimiz-
ing the aggregation and formation of new aggregates.

Theoretical calculations support the fact that large aggregates
have a greater tendency to adsorb on the surface than small
molecules. The sum of the hydrogen-bridge-type interactions of
the aggregate surface interacts in a greater and more efficient way
with the surface than small molecules or aggregates with little
surface area interaction. Figure 24 presents a simulation of the
interaction of aggregates of different sizes with a surface, where it
is observed by the interaction energy, since the collective forces
of the aggregate generate a greater interaction with the surface.

■ RESULTS AND DISCUSSION
Asphaltenes, Molecular Dynamics, andMicro-GPC ICP

MS. The combination of these experimental and theoretical
methods opens doors to study both asphaltene and asphaltene
aggregates at molecular and colloidal geometric scales. To begin
with, closeness between the radii measured2 and calculated
affords support to the molecular dynamic’s method used here to
estimate geometric factors in the aggregate or colloidal bodies.
For instance, low retention times observed for A2 suggest that
molecular packing in this case in looser than the one for A1 (see
Figures 10 and 12). In particular for model A40, a continental-
type model, very long hydrodynamic ratios (longer than 10 nm)
were calculated. This was not the case for the highly aromatic,
one core, island model A30. (Figures 13 and 25).

Also, a high impact on aggregation was calculated when protic
hydrogen, either −OH or −COOH was included. Note that no

Figure 25. Histograms of the diameter of the aggregates for molecules including protic groups series labeled A1 (A12, A13, A30) and series labeled A2
(A22, A23 and A40) starting from a clustered configuration. Aggregate size increases from right to left for further comparison with GPC experiments.
See Figure 1 and Table 1 for structure definition. Figure reproduced from ref 67.
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clear trend was calculated when the solvent (toluene, THF) was
changed.43

Molecular Dynamics and Dipole Moments. Cancella-
tion of dipole moments (Figures 27 and 28) is a somewhat
unexpected and interesting result. Apparently as the molecules
in the colloid increase intermolecular forces become weaker and
comparable to to that at RT.

Figure 29, taken from the literature shows several features
relevant to adsorption in general and to the present work in
particular. First, stepwise adsorption is depicted clearly as well as

the time dependence of such adsorption. A glass surface is mild
enough so that curved isotherms are not destroyed by the
mineral adsorbent. With photothermal surface deformation
(PSD) the surface could be analyzed directly allowing for
accurate adsorption measurements. For convenience we choose
to study the Hamaca sample. Other studied samples afforded
similar results. As shown when the solution concentration is the
variable, and is high enough, sudden aggregate formation in
solution is followed by slow transfer of aggregates from solution
to the mineral surface.

In short, for solution concentration high enough aggregate
formation is collectively formed followed by a very slow
aggregate adsorption. These operations are shown in Figure 30

It should be noted that events occurring in solution, such as
the fast collective or sudden aggregate formation, are ”recorded”
by the slow transference of aggregates from the solution to the
surface.

Figure 26.Molecular structure of the asphaltenes molecules used in this
study for the subfractions A1 (a) and A2 (b). In addition, the A3 (c) and
A4 (d) molecules are presented. X1 = N; X2 = S; X3 = −OH; X4 = Me
or −COOH.

Figure 27. Illustration of dipole moments calculated by means of
molecular dynamics. This corresponds to a cluster of 80 molecules in
THF at room temperature. Arrows indicate dipole moment direction
which in this case is equal to zero. The molecular model in this
aggregate is A12.

Figure 28. Reduction of the dipole moment with the increase of the
number of molecules in the aggregate according to the simulation. Here
we observe similar results for models A12 and A22 in toluene and THF.
See also Figure 1 and Table1. Figure reproduced with permission from
ref 69. Copyright 2023 Elsevier.
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Structures of the molecules involved in the simulation are
shown in Figure 24. Note that aggregate structure is not
dissociated by the conditions used which is coherent with the
above experimental results where aggregates in solution are
transferred to the interface.
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