N

N

Study of asphaltenes and sub-fraction nanoaggregates by
AFM force spectroscopy

Vicmary Vargas, Jimmy Castillo, Brice Bouyssiere, Carrier Hervé, Sadia Radji

» To cite this version:

Vicmary Vargas, Jimmy Castillo, Brice Bouyssiere, Carrier Hervé, Sadia Radji. Study of asphaltenes
and sub-fraction nanoaggregates by AFM force spectroscopy. Colloids and Surfaces A: Physicochem-
ical and Engineering Aspects, 2024, 701, pp.134638. 10.1016/j.colsurfa.2024.134638 . hal-04672408

HAL Id: hal-04672408
https://univ-pau.hal.science/hal-04672408v1
Submitted on 30 Sep 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://univ-pau.hal.science/hal-04672408v1
https://hal.archives-ouvertes.fr

Study of asphaltenes and sub-fraction

nanoaggregates by AFM force spectroscopy

Viemary Vargas “°, Jimmy Castillo®, Brice Bouyssiere “°, Herve Carrier ?, Sadia Radji “*".

“Universite de Pau et des Pays de 1’Adour, E2S UPPA, CNRS, IPREM, Institut des Sciences
Analytiques et de Physico-chimie pour I'Environnement et les Matériaux, UMRS5254, Hélioparc,

64053 Pau, France.

®Joint Laboratory C2MC: Complex Matrices Molecular Characterization, Total Research &

Technology, Gonfreville, BP 27, F-76700 Harfleur, France.

¢ Laboratorio de Espectroscopia Laser, Escuela de Quimica, Facultad de Ciencias, Universidad

Central de Venezuela, Caracas, 1053, Venezuela.

dUniversite de Pau et des Pays de I’ Adour, E2S UPPA, CNRS, TOTAL, LFCR, UMR 5150, 64012

Pau, France.

1. INTRODUCTION.

Crude oil is a valuable, but extremely complex natural matrix resource. Asphaltenes are
considered to be not only the most complex component but also the most troublesome. As the most
aromatic and polar portion of crude oil, they have low solubility in low molecular weight paraffins

such as pentane or n-heptane ', but are soluble in benzene or toluene .



Furthermore asphaltenes, being the constituent of crude oil with the highest in molecular
weights, possess a pronounced inclination to aggregate and form flocculates *.

Understanding the structures at the nanometer scale can help understanding asphaltene
deposition. The correlation between the configuration of asphaltene molecules and their influence
on the adhesion and mechanical characteristics of deposits is not well understood °. The structure
and molecular mass of asphaltene aggregates are not fully characterized at present. This is mainly
due to the great heterogeneity of the molecules that compose them, as well as to the variations
observed depending on the origin of the crude oil *. See for example the remarkable work by
Schuler and al, from IBM and Princeton University, on isolated asphaltene molecules, at the
molecular level, using scanning tunneling microscope (STM) coupled to atomic force microscope
(AFM). However, this was under extreme conditions corresponding on an ultrahigh vaccum (~10°
19 mba) at low temperature ¢5 K). This study, focusing on the structure of the molecules composing
asphaltene aggregates, showed that molecules of asphaltenes structures, depending on the origin
of the crude, could be structured in the form of islands or archipelagos ¢ °. The island-type structure
has a large nucleus and few branches, while the archipelago with aliphatic chains gives it greater
flexibility and mobility.

"Island" type asphaltenes are the first proposed by Yen in 1961'° and refined by Dickie and Yen
in 1967, 12 It consists of a single polyaromatic core that may or may not be stabilized by alkyl
side chains. The second "archipelago" class, introduced by Strausz et al. in 1992 314 features
multiple aromatic cores cleaved by alkyl, aryl-aryl or cycloalkyl linkage'®. Recent research has
validated the coexistence of both the "island" and "archipelago" structures in asphaltenes, with the

prevalence of one structure over the other being contingent upon the origin of the sample '>-17.



Two complementary mechanisms models currently are employed to describe the aggregation of
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asphaltenes. The Yen-Mullins colloidal mode and the supramolecular model proposed by
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Gray et a are hierarchical suggesting that asphaltenes have a tendency to form compact

nanoaggregates consisting of approximately ~6 molecules. These nanoaggregates then further

combine to create clusters composed of approximately ~8 nanoaggregates 22.

Gonzalez et al.
specifically investigated the presence of asphaltene aggregates in Tetrahydrofuran (THF) solution
and support the existence of small aggregates in the nanometer range®’. The aggregation of
asphaltenes is primarily driven by n-7 stacking interactions between the aromatic cores, as well as
van der Waals and dipole-dipole interactions.?* These interactions are influenced by the presence
of alkyl side chains, which contribute to steric repulsions and control the size of the
nanoaggregates. However, according to Gray et al. 2! the Yen-Mullins model is unable to capture
the complete complexity of the physical-chemical behavior exhibited by the asphaltene fraction.
To address this, they proposed a supramolecular model that considers additional factors such as
van der Waals interactions between alkyl groups, Coulomb-driven interactions, and hydrogen-

bond networks. This supramolecular model provides a more comprehensive understanding of the

aggregation process +?!.

2527 ytilizing complex formation with p-nitrophenol (PNP), showed that

Earlier work
asphaltenes can be separated into two subfractions with comparable molecular characteristics but
contrasting solubilities in toluene. One subfraction, referred to as A1, is insoluble in toluene, while
the other subfraction, A2, is soluble. These two subfractions exhibit distinct aggregation behaviors,
highlighting the impact of solubility on their respective properties 2*. The fractionation process

involves the formation of complexes with p-nitrophenol, which selectively solubilizes certain

components and not others. The resulting insoluble fraction (A1) is considered a subfraction of



asphaltenes. Fraction Al retains the characteristics associated with asphaltenes, such as high
molecular weight and aggregation tendencies. Gutierrez et al.?” describes the procedure in detail
and showed that there is no chemical change in the components after separation. The method
focuses on structural studies and stability analysis of asphaltene colloids. As discussed, Gutierrez
et al, recovery yield close to 100% when done properly and following the proposed methodology.
The analysis of each of the steps in the methodology shows that there is no chemical change in the
fractions. A charge transfer complex is formed, which is then separated and the original molecules
are recovered without chemical transformation. This leads to the separation of two fractions whose
chemical composition is very similar but with important differences in macrocopic behavior such

as solubility, which plays a very important role in the formation and stability of the aggregates.

On a molecular scale, multiple characterization techniques indicate that the A1 subfraction
possesses a pronounced structural nature resembling islands. On the other hand, the A2 subfraction
exhibits a character akin to archipelagos. These findings suggest that the two subfractions differ in
terms of their molecular arrangements and the connectivity of aromatic cores within the asphaltene
molecules °. According to Acevedo 2® the A1 subfraction, which is insoluble in toluene, plays a
crucial role in initiating the nucleation of asphaltene aggregation through a Yen-Mullins
mechanism. In their work they propose that the A2 subfraction, soluble in toluene, has the ability
to stabilize small aggregates. Interestingly, when a few A2 molecules are introduced into nuclei
primarily composed of A1 molecules, it hampers the growth of asphaltene aggregates and prevents
phase separation. Therefore, A2 can be considered a stabilizing agent that induces a colloidal
behavior in the system*. Recent work *° presents a review of the experimental evidence supporting
the existence of the so-called Al and A2 fractions, as well as the spectroscopic data supporting

their insular and archipelagic character.



Recent studies using molecular dynamic simulation show that asphaltenes with predominantly
island characteristics (A1) form aggregates with strong n-n interactions which generate a dense
and compact aggregate, while in archipelago-type asphaltenes (A2) van der Waals and hydrogen

bonding’s are important, due to the heteroatoms in their structure®.

Atomic force microscopy (AFM) technique is a valuable tool for investigating surface
phenomena. It offers a visual analysis of the structures formed by molecules under various
conditions, providing information on their behavior at the nanoscale. AFM makes it possible to
observe and characterize molecular structures, aggregates, and interactions with high resolution,
contributing to a deeper understanding of surface-related phenomena 233!, AFM provides the
ability to obtain three-dimensional images with extremely high spatial resolution, measuring in

subnanometer scales 2. AFM opers windows on both the structure ** and the interactions of
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asphaltenes with various metallic and mineral substrates , across diverse environmental
circumstances, including aqueous, emulsion, and organic media, as well as different temperature
settings °. In this work, we used an AFM to confirm the existence of nanoaggregates at very low
dilutions in a good solvent as THF. Force spectroscopy mode was then used to probe the interaction
of single asphaltenes and A1 and A2 subfraction nanoaggregates with the AFM tip. All three types
of aggregate deposited on silica surface have different mechanical and structural properties. The
results show an important difference in the structure of the asphaltene aggregates formed by Al
compared to those formed by A2, being the Al aggregates are more compact than the A2
aggregates. These results, agree with those, obtained using molecular dynamics in recent studies®.

This difference in their structures and interaction mechanisms is associated with the possibility of

interaction with the solvent and thus with the formation and stability of the aggregates, and also



sheds light on the possible interaction mechanisms that allow changes in the stability of the

aggregates in different solvents.

2. MATERIALS AND METHODS.

2.1.Reagents and Materials. The following solvents were used for the asphaltaene
precipitation: toluene (99.8% purity, Scharlau), n-heptane (99% purity, Scharlau). For
fractionation into the Al and A2 subfractions: cumene (99%, Alfa Aesar), sodium
hydroxide (synthesis grade, 98%, Scharlau) and p-nitrophenol (PNP, synthesis grade, 99%,
Scharlau) were used. Finally, tetrahydrofuran (THF, ACS, stabilized with 250 mg L-1 of
2,6-di-tert-butyl 4-methylphenol (BHT), 99.9% purity, Scharlau) was used for the

preparation of the solutions.

2.2.Asphaltene Separation. Whole asphaltenes in this study were acquired from three
Venezuelan crude oils, specifically Hamaca, Cerro Negro, and Furrial, employing the
method previously described 23?4041 (based on the ASTM standard D6560-17). In
summary, we induced precipitation by adding n-heptane to the crude oil in a volume ratio
of 1:40. The mixture was then filtered, and a Soxhlet extraction was performed using n-

heptane as the solvent for one week to eliminate any coprecipitated substances.

2.3.Asphaltene Fractionation. The asphaltenes fractionation here is based on the procedure

reported by Acevedo 23274042,

Asphaltenes subfractions Al and A2 were obtained by dissolving asphaltenes in a saturated

solution of p-nitrophenol (PNP). The resulting mixture was refluxed for 6 hours and left to stand



at room temperature for a week. During this time, the Al subfraction formed an insoluble
asphaltene-PNP complex and precipitated out, while the A2 subfraction and trapped compounds

(TC) remained in solution.

After filtration to separate the Al subfraction, cumene was removed by distillation at reduced
pressure. The resulting residue was washed with hot n-heptane to obtain the TC and A2
subfractions. Successive washings with 5% NaOH solutions were performed to remove PNP until
colorless washings were obtained for both the Al and A2 subfractions. This separation
methodology involves successive washes and solvent evaporation, which can lead to small

differences, especially in the trapped compounds, leading to errors of up to 10% in the total.

2.4.Preparation of asphaltene and fraction solution. Solutions of asphaltenes and their
subfractions Al and A2 from Hamaca, Cerro Negro and Furrial crude oils were prepared
in THF at concentrations of 0,1 and 0,0lmg L—1, and left to stand for 24 hours to ensure
that the aggregates in solution are stable. Table 1 presents the previously reported

asphaltene contents of the crude oils.>*’

Table 1. Crude oil samples and percentage of recovery in their fractionation.

CRUDE OIL HAMACA CERRONEGRO FURRIAL
API 9.0 8.5 24

% ASPHALTENES 13.7 8.0 4.0

% Al 38.0 20.0 48.0

%A2 58.0 72.0 46.0

% TRAPPED COMPOUNDS | 3.0 6.0 3.0




2.5.AFM imaging and force spectroscopy modes. One A drop of each solution was
evaporated on a previously cleaned silicon plate. THF was used as a good solvent and
ensured that the evaporation process was rapid. To ensure, that the distance between the
nanoaggregates, formed in the solution was sufficient, the solution was prepared at a very
low concentration. Thus, the possibilities of aggregation during evaporation were
minimized. This should make it possible to maintain the same structure of the aggregates
in solution and on the substrate. The low surface tension of THF further discouraged the
formation of aggregates. This method has been used successfully in previous work.>*
Surface AFM images were acquired with a Multi-Mode VIII instrument (BRUKER) and
Nanoscope 8.15 software. The Scan Assist Air mode was chosen for imaging the samples, with
silicon nitride cantilevers with a calibrated spring constant of 0.72 + 0.03 N/m and a typical tip
radius of around 10 nm. Height was taken as a measure of size due to the challenge of correcting
the X-Y dimensions for the size of the AFM tip (10 nm). All experiments were carried under air
at room temperature. Force spectroscopy mode was performed on 5 nanoaggregates in each

sample. All force spectroscopy measurements were performed at the same loading rate of 2,5uN/s.

3. RESULTS.

AFM imaging and Force spectroscopy revealed differences in the size distribution, and
morphological and structural features of Al and A2 asphaltene aggregates. We found that
asphaltenes and their subfractions form 2-10 nm aggregates height, even at very high dilutions.
The structure of these aggregates depends on their molecular organization, which depends of the
crude oil’s origin. Force spectroscopy was used to determine the mechanical response of the

nanoaggregates, and to study the mechanical properties of the asphaltene subfraction segments.



For these experiments, aggregates with dimensions outside the common range (around 300 nm),
were selected. This is to avoid the phenomena of sliding, of the AFM tip, on the surface of the

aggregates.

3.1. AFM Images. Asphaltenes and their subfractions Al and A2, were imaged in different
region of the surface.

Figure 1 shows representative height images (1,5 um x 1,5 um) of the A1 and A2 Cerro Negro
and Hamaca samples deposited on the silica substrate at low concentrations in THF. This solvent
efficiently disperses asphaltenes and their A1 and A2 subfractions. Aggregates from all samples
were of similar size, their heights ranging are mostly between 2 and 10 nm (Supplementary

materials, Figure S1-S3). Some aggregates were larger up to 300 nm.
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Figure 1. Representative AFM images height (1,5 pm % 1,5 um), and cross-sections (white lines
in the topography panels) and the height distributions of aggregates for a) A1 Cerro Negro sample
and b) A2 Cerro Negro samples both deposited from 0,1ppm solution, ¢) A1 Hamaca and d) A2

Hamaca both deposited from 0,01ppm.

Distribution of size were similar at both concentrations used to deposit aggregates. The higher
concentration used in all subsequent measurements was more convenient in providing a higher
surface density of aggregates.

Figure 2 shows aggregate cross section extracted from the images. The intensity profile, in the
plots, shown different characteristics, depending on the studied sample. For figure 2a a profile with
flat zones is observed, these flat zones are associated with plane layers and consistent with the pi-
pi interaction. In figure 2b the profile is continuum consistent with agglomeration of aggregates.
The figure 2¢ present a mixture of both behaviors. Similar behavior was observed for the rest of

the samples (Supplementary materials, Figure S4-S5).
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Figure 2. AFM images of different aggregation types a) in layers (Al Hamaca sample), b)
agglomeration of small spherical (A1 Furrial sample), ¢) mixture of layers and spheres (A1 Cerro

Negro sample).

3.2. Mechanical properties of nanoaggregates. In this section, both mechanical
characterization of various systems, and the determination of molecular of asphaltene
subfraction segment elasticity, are discussed. In the AFM force spectroscopy experiments,
a force curve was recorded, as function of the height of the tip, relative to the top of the
aggregates. To avoid the tip for sliding, we selected broad nanoaggregates of 50-300 nm
diameter, to force spectroscopy measurement.

Force spectroscopy is widely employed for evaluating local mechanical properties at the
nanoscale **. In this mode, the piezoelectric scanner moves the cantilever base relative to the

sample with a predefined vertical speed profile, the same during approach and retract phases. These
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experiments are provided F-Z force curves, the relationship between the applied force and the
displacement of the scanner. After processing, these force curves can be represented as force versus
indentation (F-9) curves, where the indentation depth is determined from the scanner displacement.
Experiments were realized on all of the sample types. Two different behaviors were evidenced for
A1l and A2 Furrial samples (Figure 3). Indeed, the force spectroscopy experiments conducted on
the A1 Furrial samples demonstrated a distinct viscoelastic behavior, which was evident from the
pronounced hysteresis observed between the approach and retract force curves (Figure 3). This
hysteresis indicates that the sample exhibits time-dependent mechanical responses, characteristic
of viscoelastic materials. On the contrary, for A2 Furrial samples, the approach and retract force
curves were superimposed indicating the purely elastic response of samples (Figure 3b). In this
case, no dissipative processes such as viscoelastic one is involved into the A2 samples. All other
samples showed the classical mechanical profile (Figure S6), as obtained in Figure 3b. These two
distinct behaviors indicate that the mechanical responses of Al and A2 Furrial networks,
composing the nanoaggregates compressed by the AFM tip during indentation, were significantly
different.

Indeed, the stiffness of the network composing the structure of the aggregates, through the
entanglement of asphaltene’s segments, as indicated by the slope of the approach force curve in
Figure 3, is higher for the A2 Furrial sample (40,37 N/m) than for the A1 Furrial sample (21,41
N/m). The dissipative characteristic observed in Al Furrial samples likely originates from
interactions between the segment within the network. Stress relaxation measurements could help

unravel the molecular origin of this dissipation, but this topic falls beyond the scope of this study*.
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Figure 3. AFM force curves performed on a) Al Furrial sample and b) A2 Furrial sample, realized

with 2,5 uN/s loading rate.

In the second step, in order to compare the mechanical properties of individual segment of Al
and A2, using force spectroscopy mode, several cycles of approaching and retracting of the AFM
tip on the bottom of nanoaggregates were realized. In the context of our study, the term "segment"
here refers to an indefinite number of asphaltene molecules, e.g. at least 20 nm long in figure 4a.
Some of these segments are present on the surface of the nanoaggregates, with one end free. Figure
4 shows the two types of profiles obtained from force spectroscopy experiments performed on the
surface of nanoaggregates of asphaltene subfractions. The profile shown in Figure 4a corresponds
to a force curve, performed on a surface with presence of free segment, and profile 4b corresponds
to a force curve, performed on a surface without presence of free segment.

During the approach of the tip towards the surface of A1 and A2 nanoaggregates, the free end
segments are in contact with the surface of the AFM tip. Then, the end of the segment physisorbs
on the tip (Figure 4a). During the retract phase of force curve, the AFM cantilever moves away
from the sample surface while having the end of the segment adsorbed on the tip. The segment is

first unrolled, then stretched and finally desorbed from the AFM tip. Several (at least 50 for each

13



nanoaggregate) force curves have been recorded in the different sample. Only individual segments
have been selected for the treatment to determine their molecular elasticity.

To begin, force peaks were observed during the retract phase from nanoaggregates, attributed to
the detachment of a single segment attached to the AFM tip for A1 and A2 subfractions, as can be
seen, on the peak surrounded by a blue circle, in Figure 4(a). The force measured through this
peak, corresponding to the physisorption force of the segment on the AFM tip %.

Then the same force curve profile, obtained in the same case of illustrated experiments in Figure
4(a), were fitted to obtain the elastic properties of individual segments. Precisely, the part
corresponding of the unrolling and the stretching of individual segment, on the retract force curves,
were fitted to an extended wormlike chain (WLC) model (Equation 1). The WLC model is
commonly used to describe elastic properties of segments of organic assembly (DNA, Protein,
polymer, etc), that exhibit behavior similar to that of wormlike polymer chains when subjected to
an external load. In the context of asphaltene and asphaltene subfractions segments, their formation
has been modeled using mechanisms that resemble linear polymerization. This involves linking
small aromatic clusters together through aliphatic chains, analogous to the process of
polymerization in linear polymers. The WLC model helps to explain the mechanical properties

and behavior of asphaltene aggregates under external forces °.

1(,_D F\* D F 1
4 L o L o 4

In equation 1, L is the contour length of the individual segments, related to the length of the

F(D) = kpT
Iirju

Equation (1)

segment, D is the tip displacement, lp is the persistence length and ¢ is the specific stiffness of the
segment. Persistence length (lp) is measured in units of length. It represents the smallest non-
deformable length that can constitute the segment. It quantifies the local stiffness of the segment.

The parameter @ corresponds to the overall stiffness of the segment. T is the absolute temperature,

14



corresponding to the room temperature (25°C) and kg is the Boltzmann constant. The fit

parameters are Ip, ¢ and L.

a)

Force (nN)
Force (nN)

T T T T T T -4 T T T T T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Separation (nm) Separation (nm)

Figure 4. AFM retract force curves, obtained at the top of nanoaggregates a) A2 Cerro Negro

profile with stretched segments and b) A1 Cerro Negro without stretched segments.

All retracted force curves realized on individual A1 and A2 subfraction segments could be fitted
by the extended worm like chain model (WLC), giving an estimate of the contour length L. The
elastic properties of a segment of the aggregate were well described by the WLC model >%, at
least in a highly stretched region, and the adhesive force at the AFM tip was strong enough to
extend the segments to approximately 94% of L. The distribution of L thus approximates the
segment length distribution *’.

The parameter Ip represents the local flexibility (or bending stiffness) of the segment. It is mainly
determined by the lower part of the relatively flat part of the force curves. On the other hand, @
primarily affects the upper portion of the curves, i.e., where force increases rapidly with extension
until rupture. Therefore, Ip and @ are relatively independent of each other, and thus for each force

curve, well defined values of Ip and @ are obtained*. By fitting the retract force curves with the
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extended WLC model, as show in Figure 5, a specific stiffness (@) and a persistence length (Ip)

were obtained for Al and for A2 segments.

Force (nN)

Separation (nm)

Figure 5. Retract A2 Cerro Negro force curve (red line), fitted with the extended WLC model

(blue line).

Table 2 shows average results obtained by fitting the WLC model to retract force curves, which
have the profile shown in Figure 4(a). Values of @ and lp for A1 segments, are higher than for A2
segments, indicating that the former are stiffer. Acevedo and al*®. propose that the structure of Al
is rigid and planar, whereas A2 is flexible and with branched aliphatic chain2s. They also suggest
that A1 can form more stable hydrogen bonds. Combination of both interactions (n-r stacking and
hydrogen bonds)*®, could explain the observed greater stiffness of A1 segments than that of A2.
Pekerar and al*’, proposed two types of structures, to illustrate the difference in mobility of the
supramolecular of asphaltenes, thus explaining their difference in rigidity. In this study, it was
suggested that the rigidity is not due to a longer number of rings (aromatic groups), but rather to
the way these rings are assembled together by aliphatic chains. In the case of a low mobility, the
ring groups are larger and the number of aliphatic chains linking them would be lower, resulting
in a more rigid structure. This rigid structure corresponds to the A1 segments. And in the case of
easy mobility, clusters of small rings are attached together by longer aliphatic chains, resulting in

a more flexible structure, with ease of rotation around C-C bonds. This flexible structure
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corresponds to A2 segments. The structural models proposed by Acevedo and Pekerar “4*°, could

explain the observed greater stiffness of A1 segments than that of A2.

Table 2. Mean and standard deviation of the adjustable parameters obtained in the fitting of the

retract force curves with the extended WLC model.

SAMPLE Specific stiffness, @ (N/m)  Persistence length, Ip (nm)
Al ~9+0,02 ~0,45+0,05

A2 ~5,73+0,64 ~0,2140,04

4. DISCUSSION.
Except for the critical concentration, there is little information in the literature on asphaltene
nanoaggregation. Fluorescence techniques revealed that even at low concentration, asphaltene

molecules in toluene tend to form associations®’

. Extensive information on asphaltene
nanostructures has been provided by techniques like small-angle X-ray scattering (SAXS) and
small-angle neutron scattering (SANS) 2. Consistent with the Yen-Mullins model'**, Figure 1
shows the presence of nanoaggregates and clusters at very low concentrations for both A1 and A2
solutions, as well as for asphaltene at high dilution in THF, where a size distribution from
approximately 2 to 10 nm was shown previously 2* .The relative stability of the aggregates in
solvents such as toluene, chloroform, and the original petroleum mixture has been exhibited.
Heterogeneity has been evaluated by various analytical methods, revealing an average aggregate
size ranging from 2 to 20 ©, as found here by AFM. Evidence suggests a polydisperse distribution

5!, Additional theories suggest the presence of supramolecular assemblies. Our data support, this

hypothesis. Gray et al.>! proposed distinct driving forces for supramolecular assembly involving

17



polar and aromatic group interactions. It is widely acknowledged that asphaltenes form aggregates,
even in highly diluted solutions of compatible solvents like toluene or THF, as demonstrated in
this study at concentrations of 0,1 mg/L in THF. Based on the available literature, it has been
observed that asphaltenes appear in solution as aggregated structures at concentrations lower than
100 mg/L ° which corresponds to our experimental observations. The small size of these
nanoaggregates is believed to be due to steric hindrance caused by the alkyl chains surrounding
the aromatic cores. From a colloidal standpoint, the critical nanoaggregate concentration represents
the concentration at which the formation of nanoaggregates initiates. At higher concentrations (2-
10 g/L), these nanoaggregates further associate to form clusters or micelles. These aggregates and
clusters are commonly referred to as nano-colloidal and colloidal structures 27, respectively, and it
is for this reason that we have chosen to work at really low concentration.

Different aggregation types were reported in the literature, aggregation in layers, by
agglomeration of small spherical nanoaggregates and finally a mixture of layers and spheres. As
shown in Figure 2a, aggregation is well-organized in layers, suggesting that the main interaction
molecules might be n- © stacking between the aromatic cores. Conversely, spherical aggregates
(Figure 2b), exhibit a lower level of spatial organization, suggesting that their aggregation is less
influenced by n-m interactions. Instead, it aligns more closely with the supramolecular network
structures proposed by Gray et al. >!. These results are consistent with those reported in previous
work>?, where predominant structures or their mixtures were observed. Depending on the
separation process used and the origin of the samples, the structure of the aggregate depends if the
process is controlled by diffusion of the small aggregates in the solution or instead for interaction

of actives groups in the surface of the aggregates 6.
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Rheological studies of, asphaltene and separated asphaltene fractions are rare. The studies
carried out, have shown, that the rheological properties of asphaltenes, are influenced by the
concentration, composition, precipitation/agglomeration and emulsification, the level of oxidation,
as well as by time and pH 3¢, These studies are still being researched in the literature at present.
Here viscoelastic behavior (hysteresis of force curves), was observed only for the Al Furrial
samples. This observation allows us to infer that the viscoelasticity of asphaltenes depends on the
origin of the oil and more particularly on the rate of presence of one of the sub-fractions.

The measurable properties of asphaltenes and their subfractions Al and A2 from different
sources, including elemental composition, functional group content, and density, have been
observed to be similar. However, their molecular structure may vary. Figure 6 shows a hypothetical
structure for asphaltenes Al and A2 and asphaltene aggregates by mixing the hypothetical
structures of Al and A2 at 50%.°"°® These molecular models were used by Villegas et all to study
the interparticle interaction using the molecular dynamics calculations to model the aggregation of
asphaltene and their subfractions. The paper describes in detail the interactions between the
molecules to form aggregates and the importance of hydrogen bonding in the aggregate formation.
Figure 6 shown the employed models showing the heteroatoms responsible of the charge
interaction and the aromatic core responsible of pi-pi interaction. The figure illustrates that
asphaltene aggregates are formed by different intermolecular forces, which include van der Waals
forces as well as hydrogen bonds, as discussed in the previous works °”-*8, The aggregate illustrated
in the Figure 6, shown a low-density structure, with polar groups in the surface, this characteristic
allows the interaction of the aggregate with the AFM tip and the availability to deform the

aggregate structure.
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Model type A1 - A12

/Aggregate A12-A22 50 %

Model type A2 - A22

Figure 6. Molecular models of A1 and A2, and molecular dynamics simulation results, by mixing

the hypothetical structures of A1 and A2 at 50% in THF *’.

All the mechanical properties are directly related to the aggregate structure, which depends on
the aggregation mechanisms. Therefore, the present results provide information on the structure of
the aggregates of subfractions Al and A2. The data presented are in the order of magnitude
reported in previous work *®, and are consistent with literature on the structure of Al and A2
fractions, indicating that A2 is more flexible than A1 *23284°_ According to the findings of Acevedo
etal.?®  NMR analysis did not reveal significant distinctions between asphaltenes and their A1 and
A2 subfractions. This study show that the resemblances observed in the Molecular Modeling
distributions and the 13C NMR analysis, along with minor differences detected in the elemental
analysis, indicate the presence of structural variations. The molecular models propose the opening
of two aliphatic rings in Al to form A2, highlighting that the 13C NMR technique is unable to
differentiate between aliphatic (open chains) and alicyclic (ring chains) carbons. The sample data

and the proposed mean structure are consistent with the experimental data obtained 5.
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If A1 aggregates are formed by stacking flat structures as asserted Acevedo et al 2, they could
be more difficult to stretch when picked up by the AFM tip, compared to A2. Aggregates of this
type (Al) behave like a rigid object during stretching force from the AFM lever, which was
conducted during the retract phase of force curve. Stretch-force curves obtained for the undefined
A1 and A2 subfraction segments, were well fitted by the WLC model, in the same way as reported
in other studies >*¢. The values of the persistence length, representing the flexural stiffness and the
stiffness @ of A2 subfraction segment, are lower than that of Al, as is shown in table 2. These
results are consistent with what is shown in the literature*®, showing that the A1 segments are more

rigid than those of A2, which presents greater flexibility.

5. CONCLUSION.

In the present study, the AFM technique was used to observe and confirm the different types of
aggregates in asphaltene samples of different origins, as well as their A1 and A2 subfractions,
finding important differences that can be related to the different aggregation mechanisms. Using
force spectroscopy in AFM, viscoelastic behavior was observed in some samples depending on
the origin of the crude oil. Stress relaxation measurements could help unravel the molecular origin
of this behavior, but this topic falls beyond the scope of this study**.

Force curves representing the stretching of individual segments of A1 and A2 subfractions were
obtained and were well fitted by the Worm Like Chain model, indicating that some of these
aggregates acted as long-chain polymers under the pull of an external force. A2 segments showed
lower flexural stiffness than Al segments. This difference could be explained by the structural
differences, proposed by Pekerar and al.*’ In the case of low mobility (A1), the cyclic groups are

larger and the number of aliphatic chains connecting them would be lower, which would result in
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a more rigid structure. And in the case of easy mobility (A2), groups of small rings are linked
together by longer aliphatic chains, resulting in a more flexible structure, with easy rotation around
the C-C bonds. Acevedo et al*® also suggests that A1 is rigid and planar, with a predominance of
n-1 type bonds, with more stable hydrogen bonds than in A2. The combination of the two
interactions (m-m stacking and hydrogen bonds) could also explain the greater rigidity of Al

compared to that of A2.

As part of this study, we chose to use a silicon substrate for the deposition of the aggregates,
because silicon has a surface of low polarity and orientation. In order to continue to elucidate the
mechanism of formation of asphaltene aggregates, and in order to understand how the nature of
the substrate can orient the shape, size and structure, as well as the mechanical properties of the
aggregates, we are currently continuing this study, in using substrates with different surface

properties.
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Asphaltenes, which are the most polar components found in crude oil, pose numerous
challenges to the oil industry, during production, transport, and refining operations. In order to
better understand their behavior and properties, specially the tendency to form aggregates,
different methods have been tested to separate asphaltenes into subfractions. Among them,
treatment with p-nitrophenol produces two subclasses: the A1 and A2 subfractions. These
subclasses are similar in elemental composition but differ in solubility, structure and
physicochemical behavior. In this work we study the difference in structuring between A1 and
A2 at nanometer scale, confirming that in all cases the aggregates formed at very low
concentrations (0.1 mg/L) have dimensions mostly between 2 and 10 nm. We measured the
interaction between the atomic force microscope (AFM) tip and the aggregates, using force
spectroscopy mode. In this study, the mechanical properties of the A1 and A2 nanoaggregates

have been determined, as well as the mechanical properties of asphaltene subfraction segment.
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6. SUPPORTING INFORMATION

Representative AFM images height (1,5 um x 1,5 um), and cross-sections (white lines in the
topography panels) and the height distributions of aggregates; AFM images of different
aggregation types and force curves of the AFM force curves performed to determine the

viscoelasticity for Cerro Negro, Hamaca and Furrial sample.
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