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Abstract

This study is focused on the understanding of n-C; asphaltene-aggregates oxidative behavior at high-pressure conditions. For this aim,
different asphaltene model solutions were prepared using different solvents with similar solubility parameters but with different chemical
structures, including p-xylene, m-xylene, and o-xylene, to evaluate the location of a methyl group of the solvent molecule on asphaltene
aggregate size, solution viscosity and thermo-oxidation reactions. Small-angle X-ray scattering (SAXS) measurements were performed
to estimate the aggregate size in different solvents, and rheological measurements were evaluated for varying concentrations of
asphaltene between 0.1 and 10 % in mass fraction. For both low and high asphaltene concentrations, the viscosity (pr) and the asphaltene
aggregate size increase in the order o-xylene < m-xylene < p-xylene. Also, molecular dynamics (MD) simulations were carried out to
explain the aggregation differences, representing the asphaltenes as an average molecular structure dissolved in each xylene isomers.
Radial distribution function (RDF), interaction energies, and aggregates size analysis were calculated. For this aim, it was found that
the -CHs location in the xylene has a substantial impact on the aggregation and the viscosity. The MD results indicate that the o-xylene
molecules surrounding the asphaltene aggregates oriented their -CHs groups towards the aggregates, increasing their interaction energy
and reducing the aggregation size. Thus, a strong entropic volume effect was determined as a driving force due to the location of -CHj,
which has a strong impact on aggregation and rheological behavior. Further, high-pressure thermogravimetric analyses were performed
to assess the thermo-oxidative behavior of asphaltene aggregates. In the first set of thermogravimetric experiments, the concentration of
asphaltenes varied between 0.1% and 10% in mass fraction to evaluate its effect on the reactivity of the model solutions, using p-xylene
as a reference solvent. The results showed that the oxygen chemisorption decreased as the asphaltene concentration increased in the
system, and therefore, the reactivity was reduced. For a concentration of 0.1% by a mass fraction, there is no significant change in the
thermogravimetric profiles in the different solvents used. However, with increasing the concentration to 1.0 and 10.0%, the mass gained
by oxygen chemisorption increased in the order: p-xylene < m-xylene < o-xylene. This result indicates that the larger the size of the
asphaltene aggregate, the lower the interactions with O, because of a reduction in active sites of the asphaltene structure due to the
reduction in the surface area.

Keywords: Asphaltene aggregates, high-pressure, oxidation kinetics, thermo-oxidation reactions, solvents.

Introduction

Extra-heavy (EHO) and heavy crude oil (HO) are commonly subjected to thermal treatments from production to refining operations,
involving asphaltene conversion under a wide range of operating conditions of pressure and temperature. Depending on the crude oil
chemical nature, asphaltenes present different aggregation states that could affect the rheological behavior and subsequent thermal
conversion.r3.# Thus, the study of the asphaltene fraction and aggregates is relevant to understanding their rheological properties and
determining the best upgrading scheme for HO and EHO during thermal treatments.>:

Most of the studies’*? have been focused on evaluating the thermo-oxidative behavior of asphaltene molecules at low and high pressure.
The found thermograms suggested that the asphaltene thermal oxidation is pressure-dependent and occurs in four mainly thermal events,
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namely i) oxygen chemisorption (OC), ii) oxygen decomposition of chemisorbed oxygen functional groups (DCO), iii) the first
combustion (FC), and iv) second combustion (SC) or high-temperature oxidation, for pressures higher than 0.7 MPa.® The OC and DCO
disappear for pressures < 0.7 MPa.

Nevertheless, asphaltenes have high polarity and complex structure; they present a high self-association degree during heavy oil
processing. Thus, further efforts are needed to provide more comprehensive knowledge and understand the processes of asphaltene
decomposition, considering the complexity of the aggregation state of asphaltenes in the crude oil matrix.

Molecular dynamics (MD) simulations have become a valuable tool in that regard. Some authors have used representative asphaltene
model solutions to study variables such as viscosity and asphaltene aggregate size, among others.! 12 13.14 Moncayo et al.'* studied the
methyl substituent (-CHs) effect on the rheological behavior of model solutions of asphaltenes at different concentrations, comparing p-
xylene and toluene. In addition, MD simulations evidence that solvent characteristics strongly influence asphaltene aggregation.'1’
They determined an increase in the viscosity as the asphaltene concentration increases, 739 % higher in p-xylene than toluene. Also,
Larichev et al.'* evaluated the influence of various organic compounds on the aggregation of asphaltenes, obtaining a higher length of
13.6 nm for a consisting solution of 20 % in mass fraction of asphaltene diluted on furfural. In this current context, solvents can affect
the aggregation phenomenon and rheologic behavior of asphaltene model solutions. However, the relationship between asphaltene
aggregation state and rheologic behavior has not been studied or reported in the literature. Furthermore, solvents might differ in their
maximum oxygen solubility, which might impact the oxygen transfer reaction of asphaltenes, affecting their reactivity.'® Indeed,
depending on the identity of the solvent, several mechanistic routes are possible, including hydrogen abstraction from the solvent and
radical accepting capability.*

Regarding the mechanism, several factors influence the aggregates interactions, including thermo-oxidation of labile bonds, asphaltene
structure, asphaltene condensation degree, and thus, the aggregate structure.

Hence, this work aims to understand for the first time the thermo-oxidative behavior at high pressure of different asphaltene model
solutions varying states of aggregation. This study includes the effect of other solvents, including o-, m-, and p-xylene, on asphaltene-
aggregate size and viscosity of asphaltene model solutions. The analysis was done experimentally through SAXS and rheological
measurements and theoretically using molecular dynamic simulation. Then the reactivity was analyzed by high-pressure
thermogravimetric experiments. In the first set of thermogravimetric experiments, the effect on the reactivity of the concentration of
asphaltenes varied between 0.1% and 10% in a mass fraction was evaluated, using p-xylene as a reference solvent. Then, three aromatic
solvents (p-xylene, m-xylene, and o-xylene) have similar solubility parameters but different chemical structures. This is the first work
that addressed the effect of aggregation state on asphaltene reactivity at high-pressure conditions. It is hoped that a new landscape can
be open to deepening knowledge and understanding of thermo-oxidation reactions of asphaltene aggregates.

Experimental.

Materials. A Colombian extra-heavy crude oil was employed for n-C; asphaltene isolation following the ASTM standard.'® The crude
oil has 6.7 ° API, a viscosity of 6 x 10® ¢cP at 25 °C, and SARA content of 13.0, 16.9, 49.9, and 20.2% w-w?, respectively. n-heptane
(99.5%, Sigma-Aldrich, St. Louis, MO, USA) was used for asphaltene extraction. The chemical and physical properties are summarized
in detail in a previous study.?

For the thermogravimetric analyses, the reacting gas employed consists of synthetic air NTC 2561 (CRYOGAS, Bogota, Colombia)
composed of 20.93% balanced O,. p-Xylene, m-xylene, and o-xylene (98%) were purchased from ITW Reagents (Chicago, USA). The
basic properties of the selected diluents provided by the supplier are summarized in Table 1.

Table 1. General properties of the diluents used for preparing asphaltene model solutions.
Solubility parameter & (y-V**°

. . . Molecular i3, -2
- Density Viscosity . N . dyn-mol**-cm™)
Diluent K eight (g'mol” Purity (%
(mg-L 1)a (Cp)a I’;’ 1g (g y( 0)
p-xylene 0.864 0.644 106.17 98.0 5.7
m-xylene 0.860 0.617 106.17 98.0 5.8
o-xylene 0.880 0.809 106.17 98.0 6.1

&Measured at 25 °C.

Solution model preparation. n-C; Asphaltene model solutions were prepared by slowly adding the asphaltenes to the respective diluents
while the mixture was magnetically stirred at 300 rpm for 30 min. Different model solution consisting of mass fractions of 0.1 %, 1.0
%, and 10.0 % of n-C; asphaltenes were prepared. The total dilution of the samples was confirmed by optical microscopy.
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Aggregate size measurements. Asphaltene aggregate sizes on the different solvents were registered by Small-angle X-ray scattering
(SAXS) using an S3-MICRO diffractometer (Hecus, Austria) with a Cu anode (Acuko= 1.541 A). The patterns were analyzed in the wave
factor range (h) between 0.01 and 0.6 A, which is defined by the expression (1):

h=4zsin(@)/ 1 1)

where 28 are the scattering angle and A the wavelength of the applied radiation using 1.5 mm quartz capillaries. The patterns
for asphaltenes were obtained by subtracting the corresponding SAXS of the initial solvents to the asphaltene solutions, considering the
X-ray absorption coefficients.® 2!

The radius of gyration (R;) of the particles was assessed by the slope of the small-angle curve of the graph (In( I (%)) against hz),
whereas the radius of gyration of the cross-section (R (cross)) Of the particles was obtained by the slope of the plot (In(1(4)) X h

against ) aslongas R; X h < 1.3.2%
Finally, the fitting of the SAXS results was analyzed via the ellipsoid model (Equation (2)):

I(h) = J, F(h,R) % D,(R)dR )

where F(h, R) is an average form factor and D, (R) is the volume size distribution of the dispersed particles. Considering that HP-

TGA measurements were performed after flash solvent evaporation, the aggregate size of the asphaltenes after the process was estimated
to corroborate that the size of the asphaltene aggregate is not affected during flash evaporation of the solvent. Flash evaporation was
carried out at the evaporation temperature of each solvent using a rotary evaporator with a speed of 70 rpm for 5 min. Data were
processed in the ATSAS program package (version 2.4).24

Viscosity determination. The viscosity of the n-C; asphaltene solutions was determined by rheological measurements using a Kinexus
Pro rotational rheometer (Malvern Instruments, Worcestershire — UK) at 25 °C in a shear rate range between 1 and 100 s*. For samples
with mass fractions of 0.1% and 1.0% of n-C; asphaltenes, concentric cylinders geometry was employed, whereas for solutions with

10.0%, a 20 mm plate-plate geometry was with a gap of 0.3 mm. Also, results are reported as relative viscosities ( Hr = Hsolution / Hsolvent

), i.e., the viscosity of the n-C; asphaltene (/“l solution ) goytion divided by the solvent's viscosity (ﬂ solvent ) - \easurements were done by
triplicate to ensure repeatability.

High-Pressure Thermogravimetric Analysis. High-pressure thermogravimetric analyzer HP-TGA 750 (TA instruments Inc.,
Hullhorst, Germany) containing a magnetically levitated balance was employed to appraise the thermal behavior of different n-C;
asphaltenes under an air atmosphere at high pressure (6.0 MPa). Details of the system equipment are reported elsewhere.? Flash
evaporation was realized before TGA measurements to avoid diffusional effects on thermal profiles so that the impact of the state of
aggregation of asphaltene is achieved. The tests were carried out using a heating ramp of 10 °C-min from 100 °C to 800 °C under an
airflow of 80 mL-min™. The pressure was maintained at 6.0 MPa, while the sample mass was set at 1 mg after flash solvent evaporation
to avoid diffusional effects of mass and heat transfer, according to the results obtained in a previous study.?® The evaporation process
was done at the boiling point of the respective solvent used and at vacuum pressure to ensure that the asphaltenes did not oxidize.

Each test was performed by triplicate to ensure repeatability of the results, obtaining a + 0.01 °C uncertainty.

Molecular dynamics methods. To obtain some physical insights into the effect of the methyl group (-CHs) location on the aggregation
behavior in xylene isomers, molecular dynamics (MD) simulations were carried out. For this, asphaltenes were represented by a single
average structure dissolved in each xylene isomer (ortho, meta, and para). The theoretical evaluation was carried out for the concentration
of 10% in the asphaltene fraction. To this aim, 27 molecules were used to represent the experimental model solutions computationally
since this number allows obtaining a reliable representation of the state of aggregation according to results reported in the literature and
previous studies.*™ 2”28 Then, the number of xylene molecules necessaries was calculated to represent an asphaltene concentration of
10 %, i.e., 2086 molecules of xylene were employed. Asphaltene and solvents were simulated using the optimized potential for liquid
simulations (OPLS),? 30 widely used to describe organic compounds such as crude oil and asphaltenes. Lennard-Jones (12-6) and
Coulombic models were used to describe intermolecular interactions, van der Waals type, and electrostatic, respectively. In the case of
bonds and angles flexions, they were represented by harmonic models, whereas the model proposed by Watkins and Jorgensen 3 was
used to describe the torsions.
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To obtain an adequate explanation of the aggregation behavior of asphaltenes, the three stages were carried out, used to study the
aggregation of asphaltenes in a previous study,** satisfactorily describing the experimental measurements. First, the initial configuration
was simulated in an NVT (i.e., at volume, temperature, and number of molecules constant) ensemble was used at 400 K and an initial
density of 0.4 g-cm? (simulation box expanded), during 0.5 ns with a time step of 1 fs. Then, at the same density, other 1.5 ns were
conducted using an NVT ensemble at 298 K. This first stage was carried out to guarantee that the initial configuration corresponds to
minimum energy, preventing it from dropping into a local minimum. In the second stage, the density of equilibrium was determined.
An NPT (i.e., pressure, temperature, and number of molecules constant) ensemble was used during 3 ns at 298 K and 1 atm. Finally,
after the equilibrium density was reached in the third stage, an NVT ensemble was conducted to fully equilibrate the system during 25
ns of simulations with a time step of 2 fs. Hence, 30 ns were simulated for each asphaltene solution. In addition, periodic boundaries
were considered in all directions.

To evaluate the effect of the -CHs location on the aggregation behavior, radial distribution function (RDF), asphaltene-asphaltene
interaction energies, and root mean square displacement (RMDS) calculations were carried out. A detailed description of how these
calculations were carried out can be found elsewhere.

MD simulations were performed using LAMMPS.% In addition, VMD % was used to visualize the simulations, obtain images, and
calculate the radial distribution function. The Nosé-Hoover thermostat and barostat were used to fix the temperature and pressure,
respectively. The cross-interaction parameters between atoms of different species were determined using geometric mixing rules. The
cutoff radius was set at 16 A for both van der Waals and electrostatic interactions. Whereas long-range electrostatic interactions were
calculated using the particle-particle-particle mesh method.

Kinetic analysis of asphaltene oxidation
Thermal behaviour analysis is performed to obtain information about the kinetic parameters of thermo-oxidation of asphaltene
aggregates at high-pressure conditions in different temperature regions. 3% Effective activation energy is calculated using the slope of

—In(1—x 1
the In w against ﬁ obtained from Equation 3. Details of the kinetic model are shown in several works.
0,
il BEINA-x) | | (kR)_E, ©
P! T2 E RT
0, a

where sz (bar) represents the partial pressure of the reactant gas (O2), n the order of reaction, R (Jxmol*K™) the universal gas

constant, E, (kJxmol™) the effective activation energy, k0 (s*xbar™) the pre-exponential factor. The volumetric model for a radial
consumption of the n-C; asphaltenes is represented in the expression f (6) = (1—8) *.

Results.

Asphaltene Characterization. Briefly, carbon, hydrogen, oxygen, sulfur, and nitrogen content were 81.7, 7.8, 3.6, 6.6, and < 0.5 % in
mass fraction, respectively. The molecular weight v, of n-C7 asphaltenes was 907.3 g-mol™. Using X-ray diffraction (XRD) it was

obtained the inter-aromatic layer distance (d, ), and inter-chain or inter-naphthenic layer distance (d,) in n-C7 asphaltenes were 3.47

A and 5.61 A, respectively. The average height of the stacked aromatic sheets perpendicular to the sheet plane ( L, ) was found at 13.93
A, and the average diameter of the aromatic sheet ( L,) was equal to 19.06 A. Finally, according to M value, there are approximately 5

aromatic sheets in the stacked cluster. The results are similar to the reported for asphaltenes isolated from EHO.% 3" From *H-NMR was
obtained the proportional distribution relationship of aromatic hydrogen (Ha), aliphatic hydrogens o, B, and y linked to aromatic rings,
named H,, Hg, and H,, respectively. Results show a relative amount of H, of 23.49%, attributed to the high aromaticity degree reported
by bulk tests. Aliphatic hydrogen follows the order: H, (4.79%) < H, (8.98) < Hg (62.72%). Through the **C-NMR analysis, the total
content of 35.51% for aliphatic carbon (C,) and 64.48% for aromatic carbon (Cy) as was identified, which agrees with the reported in
the literature.’® 383 Through the modified Brown-Ladner method, *° average structural parameters (APS) were quantified using results
from *H-NMR, elemental analysis, and vapor pressure osmometry. Table 1 of Appendix A summarizes the results obtained.

The average molecular structure for the asphaltene studied was reported in a previous study, % with a proposed molecular formula of
C52H708202..

Asphaltene aggregates characterization. Experimental results of SAXS and rheological measurements are presented in this section.
Figure 1 shows the results from a) SAXS and b) experimental relative viscosity (u;) for different asphaltene concentrations dissolved in
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p-, m-, and o- xylene. Similar trends were found for asphaltene aggregate size and relative viscosity for solution models. As the
asphaltene concentration in the model solution increases, the asphaltene aggregate size and the viscosity rise. Therefore, as the asphaltene
aggregate size increases, the viscosity of the solution model is increased too, which agrees with the trends reported in the literature >4
These results are associated with the overlapping ability of asphaltenes, which increases the elasticity of the fluid.*? Furthermore,
viscosity is also affected by the diluent used. For both low and high asphaltene concentrations, i increases in the order o-xylene < m-
xylene < p-xylene, indicating that the position of a methyl group affects the asphaltene size and viscosity of the model solution prepared.
Some differences were found in both variables as the concentration of the asphaltene changed. In the first instance, for a mass fraction
of 0.1% of asphaltenes, the relative viscosity for all solutions was similar between 3 and 5 a.u. When asphaltene concentration increased
up to 1.0% in mass fraction, viscosities vary from 69 a.u. (o-xylene) to 89 a.u. (p-xylene), correlated with a higher variation in asphaltene
aggregate size (8.19 nm to 8.99 nm). For the systems with 10.0% in mass fraction of asphaltenes, the viscosity varies by more than 1700
u.a. between the system with the lowest viscosity (0-xylene) and the system with the highest viscosity (p-xylene). In particular, the
aggregate size in systems at the concentration of 10.0% by mass fraction varies to a greater extent. This behavior is closely related to
the asphaltene aggregate sizes, promoted by the heteroatom content (N, O, and S) in the chemical structure and the self-association
behavior of asphaltenes.*® The aggregation mechanisms gain importance at high concentrations, increasing the interactions between the
aromatic cores forming aggregates by full stacking.** Hence, the results indicate that the asphaltene solution models behave as
concentrated suspensions, considering that an increase in volumetric fraction promotes an increase in viscosity.!

It is expected that its state of aggregation strongly influences the interaction energies between asphaltenes molecules. This evidence that
the position of the -CHjs substituent in the xylene structure can modify the fluid's internal network from a volume entropic effect, as
shown later in MD results. 't 4!
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Figure 1. Average length ( L ) of n-C7 asphaltenes particles in different organic solvents and b) relative viscosity (W=Lsolution/Hsolvent), fOr
asphaltene solution in different aromatic solvents. The viscosity was taken for a shear rate of 10 s,

Molecular dynamic simulation. MD simulations were carried out to estimate the effect of the —-CHj3 location on the aggregation
behavior. To this aim, RDF, the average size of asphaltene aggregates, asphaltene-asphaltene, and asphaltene-xylene interaction
energies, and the root mean square displacement (RMDS) were calculated. Figure 2 shows the final configuration of the asphaltenes
after the system was fully equilibrated. Figure S1 of the supplementary material shows the RMSD results, indicating that the time
simulations conducted were enough to guarantee that the aggregation state converged to an equilibrium state. 44

a.
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Figure 2. Asphaltenes aggregates at the final configuration at an asphaltene concentration of 10 % in mass fraction dissolved in (a) o-
xylene, (b) m-xylene, and (c) p-xylene. For clarity, solvent molecules are hidden. Carbon atoms are shown in gray, hydrogen in white,
sulfur in yellow, and oxygen in red.

Figure 3 shows the RDF results between the center of mass of the asphaltenes molecules in each solution evaluated in MD simulations,
at an asphaltene concentration of 10 % in mass fraction. The results indicate significant differences in the internal structure of each
asphaltene solution. The RDF curve of the asphaltenes dissolved in p-xylene evidence the highest coordination peak at 6.35 A, whereas
the RDF curves for m-xylene and o-xylene are displaced to the right at 7.05 A and 7.35 A, respectively. This result suggests that the
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aggregation behavior is altered due to the location of the methyl substituent in the xylene molecular structure. To corroborate this, the
average of the asphaltene aggregate size was calculated.
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] - — — o0-Xylene
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Figure 3. Radial distribution function (RDF) between the center of mass of the asphaltene molecules dissolved in each solvent at a
concentration of 10% in mass fraction.

Figure 4 shows the average size of the asphaltene aggregates, corroborating that the aggregation behavior is affected by the location of
the methyl in the xylene molecular structure. The results indicate that the state of lowest aggregation corresponds to asphaltenes
dissolved in o-xylene, followed by m-xylene and p-xylene, in that order. An increase of 6% is obtained in the average size of aggregates,
comparing m-xylene with o-xylene, and an increase of 23% concerning p-xylene. In all cases, the size of the aggregate does not exceed
2.1 molecules per aggregate. This value is significantly higher when compared with the data reported in the literature. Headen et al.®
obtained aggregate sizes of 4.35 molecules per aggregate, evaluated in toluene at an asphaltene concentration of 7%. At the same
asphaltene concentration, an average size of 4.5 molecules per aggregate was obtained in previous work. Considering that the
aggregation increases as the concentration of asphaltenes increases,! these results indicate that xylene isomers can dissolve asphaltenes
than toluene, the most widely used solvent in asphaltene solution models.
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Figure 4. Average size of asphaltene aggregates of each solution evaluated by MD simulations at an asphaltene concentration of 10 %
in mass fraction.
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Figure 5 shows the asphaltene-asphaltene and asphaltene-solvent interaction energies for each solution model evaluated by MD
simulations. It is worthing to note that positive energies denote repulsion, whereas negative interaction energies denote attraction. As
mentioned above, these calculations are carried out as an average over molecules pairwise considered. This means that it considers all
contributions, and thus, despite Figure 5-a showing that asphaltene-asphaltene interaction energies denote repulsion, this does not imply
that asphaltenes are not aggregated. Still, it indicates that, on average, the asphaltene trend to keep dispersed compared to the molecules
aggregated. Previous work found that these asphaltene-asphaltene interaction energies are positive for low asphaltene concentrations,
and it becomes negative as the asphaltene concentration increases.!* * For toluene, it was found that the asphaltene-asphaltene
interaction energy is -2.45 kcalxmol™, at an asphaltene concentration of 7 % in mass fraction, which is due to the difference of the
aggregation state shown above. As higher is the aggregation state of the asphaltene, higher will be their interaction energy on average.
On the other hand, the asphaltene-xylene interaction energies are negative, denoting attraction in all cases. A clear tendency can be
observed comparing both interaction energy results. As more positive are the asphaltene-asphaltene interaction energies, more negative
are the asphaltene-xylene interaction energies (0-xylene < m-xylene < p-xylene in that order). This behavior is directly correlated with
the aggregation state of the asphaltenes in the solution. As the asphaltene molecules remain dispersed, they are surrounded by a
determined number of xylene molecules (coordination number). Hence the surface area contact of an asphaltene with the solvent

molecules is higher than asphaltene molecules aggregated. This indicates that o-xylene allows that asphaltenes remain more dispersed
compared to the other two xylene isomers.
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Figure 5. Average of the interaction energy between (a) the asphaltenes and (b) asphaltene-solvent pairwise.

Finally, the RDF between the center of mass of the asphaltene molecules and the carbon atoms of the methyl substituent of each xylene
isomer were calculated to determine what structural changes are due to the location of the —CHs. Figure 6 shows the results obtained
indicating significant differences in the xylene molecules located around the asphaltene molecules. This showed that the methyl

substituents are oriented towards asphaltenes, in the case of o-xylene, increasing the number of near and far neighbors compared to the
other two cases.
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Figure 6. RDF between the center of mass of the asphaltene molecules and the carbon atoms of the methyl substituent of each xylene
isomer.
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Therefore, a strong entropic volume effect is observed due to the location of the -CHs, which increases the asphaltene-xylene interaction
energies impacting the aggregation behavior. Figure 7 shows how xylene molecules are distributed around two asphaltenes aggregated,
located at 2.5 A. This illustrates the results reported in Figure 6, indicating that the —CHjz substituents are mainly oriented toward the
asphaltene molecules, increasing their interaction energy and thus reducing the aggregation trend. For this reason, both experimentally
and theoretically, it was found out that o-xylene reduces the aggregation compared to the other two xylene isomers.

Figure 7. Asphaltene aggregate composed of two molecules surrounded by (a) o-xylene, (b) m-xylene, and (c) p-xylene. The whole
asphaltene molecule is shown in red, carbon in gray, and hydrogen in white.

High-Pressure experiments. The thermo-oxidative reactivity of the different samples was evaluated in different steps, including i) the
effect of the concentration of asphaltenes diluted in p-xylene as a reference solvent, and ii) the impact of the addition and position of a
methyl group in the model solutions (p-, m-, and o-xylene) for different asphaltene concentrations.

Effect of n-C7 asphaltene content. The effect of the n-C; asphaltene content was assessed by estimating the oxidation profiles at a
fixed pressure (6.0 MPa) to different model solutions containing mass fractions of 0.1%, 1.0%, and 10.0% of asphaltenes diluted in
p-xylene. Figure 8 a-b shows the mass change and rate for mass change profiles obtained, while the thermogravimetric characteristics
are found in Table 2 of Appendix A. As a first instance, it is observed that regardless of the asphaltene concentration, when the
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system is subjected to high pressure, the thermograms are described by the four thermal events i) oxygen chemisorption (OC), ii)
oxygen decomposition of chemisorbed oxygen functional groups (DCO), iii) first combustion (FC), and iv) the second combustion.
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Figure 8. Mass percentage and rate for mass change for the thermo-oxidation of n-C- asphaltene model solutions in p-xylene for different
asphaltene concentrations of 0.1% 1.0% and 10.0% at 6.0 MPa. Sample weight: 1 mg, heating rate: 10 °C-min, and airflow: 80 mL-min-
1

Interestingly, substantial differences were found in the different thermal stages as the asphaltene content increases in the model
solutions. Notwithstanding, it is essential to mention that p-xylene is the solvent in which the size of the asphaltene aggregate was
affected to a greater degree with the increase in asphaltene concentration than the rest of the aromatic solvents considered in this
study.

The thermograms show that the amount of oxygen chemisorbed increases as the asphaltene concentration decreases, which is
intrinsically attributed to the size and surface area of the aggregates and the subsequent thermal expansion. The results suggest that
the smaller aggregates present a higher surface area/volume ratio. Therefore, they offer more active sites for interacting with O,
representing a more representative adsorbed mass fraction than larger agglomerates. Furthermore, its thermal expansion occurs
naturally, having immediate exposure to the gas phase. Moreover, by increasing the aggregate size, there is a reduction in the active
sites for oxygen anchoring.'? % 46 Aromatic structures are less exposed to oxidation. For example, pyridines, pyrroles, and
thiophenes, which in previous works were shown to play a fundamental role in OC, would now be clogged in the aggregate
complexes.’® Other groups such as COO-, could also reduce their interaction with O since they depend on the ionizing of carboxyl,

which in turn, depends on the activation of -OH groups.*” Scheme 1 shows a representative scheme for OC of different asphaltene
aggregate sizes.
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Scheme 1. Mechanistic representation of asphaltene aggregation considering = -stacking interactions at different concentrations (0.1%,
1.0%, and 10.0% in mass fraction) diluted in p-xylene and subsequent oxidation at high-pressure conditions.

DCO zone is also affected by the asphaltene aggregate state because subsequent thermal events depend on the structures created in
OC. In this sense, the systems that formed structures with higher reactivity spread DCO at higher temperatures than those with low
oxygen chemisorption. The system with 0.1% by the mass fraction of asphaltenes in p-xylene ends DCO at lower temperatures,
further losing more mass than the systems with 1.0 and 10.0% by a mass fraction. In this context, combustion zones also show
differences between each system. According to panel b of Figure 8, the system with 0.1% presents low intensities for FC and SC
zones, whereas the systems with 1.0 and 10.0% present the opposite behavior. The trend is clearly observed; the intensity of the two
last peak increases with increasing aggregate size (0.1% < 1.0% < 10.0%). It has been shown that the critical nanoaggregate
concentration (CNC) of asphaltenes in p-xylene is between 0.1 - 3.4 gxL*, which is similar to critical micelle concentration in
surfactant solutions.*® In this sense, it is evident that the systems with 1.0 and 10.0 % in mass fraction of asphaltenes are higher than
CNC. Therefore, thermo-oxidative reactions require higher temperatures to produce complete oxidation of the organic matter. This
is a consequence of the low reactivity that samples present due to the low OC and the more condensed structure resulting after DCO.
The following Figure (Figure 9a-b) shows the change in oxygen chemisorption and length of the second combustion peak of the rate
for mass change as a function of the viscosity and aggregate length. From panel a, the trend is clear. At a larger asphaltene aggregate
size, chemisorption is reduced in response to the reduction in the area/volume ratio of the system. The active sites available for the
anchoring of oxygen in the molecular structure of asphaltene are reduced when the aggregate is larger. Similarly, solutions with a
higher degree of viscosity follow the same trend. The viscosity of the system is related to the size of aggregate formed in it. The
systems with the highest viscosity were the systems with the largest aggregate size of asphaltenes. Also, the length of the SC peak
increases as the aggregate size decreases. The width of a peak on a rate for mass change curve is a characteristic property in the
decomposition of asphaltenes. As the width of the peak decreases, there is a greater distribution of the molecular weight of the
molecules. In this case, the largest aggregates have a homogeneous molecular weight, and their decomposition takes place violently
and at very high temperatures. In systems with the largest width, their decomposition is generated progressively from low
temperatures for smaller aggregate sizes, as in 0.1 and 1.0% in mass fraction.
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Figure 9. Relationship between asphaltene aggregate size and viscosity of the model solutions with a) oxygen chemisorption and b)
length of the SC peak for systems with 0.1, 1.0, and 10.0 % in mass fraction of asphaltenes in p-xylene.

Effect methyl position. It has been shown that the addition of methyl groups and its position in the xylene molecule affect the
asphaltene aggregate size and the viscosity of the system. Hence, this section is focused on studying their effect on oxidative
reactivity at high-pressure conditions. The tests were done for three asphaltene concentrations (0.1, 1.0, and 10.0% in mass fraction).
The results are shown in panels a-f of Figure 10, and thermogravimetric characteristics are shown in Table 3 of the Appendix A. The
results indicate that the thermal profiles are influenced by both properties; notwithstanding, it also depends on the asphaltene
concentration used. Panels a-b shows the mass change and rate for mass change for an asphaltene concentration of 0.1% in mass
fraction, from which it is observed that the thermograms can be divided into four regions: OC, DCO, FC, and SC for all cases (o-
xylene, m-xylene, and p-xylene). Each region ends at similar temperatures for this concentration, and the mass lost in DCO, FC, and
SC does not differ significantly.

The differences in thermogravimetric profiles become more noticeable as the concentration of asphaltenes in the system increases.
In the case of 1.0% in a mass fraction of asphaltenes, the limits of each region and the mass change are affected. Remembering that
for a concentration of 1.0% of asphaltenes, the aggregate size presents greater variations than at 0.1%, this parameter is correlated
with the profiles obtained. The mass gained in OC for the three systems increases in the order: p-xylene < m-xylene < o-xylene. This
result indicates that the larger the size of the asphaltene aggregate, the lower the interactions with O, because of a reduction in active
sites of the asphaltene structure. Most of the asphaltenes in crude oil are polycyclic aromatic hydrocarbons capable of interacting
with neighboring asphaltene molecules through several intermolecular forces, including London dispersion forces between aliphatic
moieties, n-stacking of aromatic cores, hydrogen bonding between nitrogen-hydrogen and oxygen-hydrogen-containing
functionalities, and acid/base interactions between carboxylic acids and pyridine rings.*® That is, aromatic core-dominated
interactions (n-stacking) drive asphaltene aggregation; however, it has been proven that heteroatom-based intermolecular forces also
significantly affect the overall solubility and aggregation behavior.* These sites, in turn, are the main sites for oxygen chemisorption.
The main difference is found in the mass gain during OC for a concentration of 10.0% in mass fraction of asphaltenes, which for the
systems with o-, and m-xylene, the mass growth was higher in 7.2% and 6.5%, respectively, than p-xylene. This generates minor
differences in the other regions since the reactivity of the systems depends on the structures formed during OC. In this sense,
asphaltene model solution with a mass fraction of 10.0% in the p-xylene system completes the total decomposition 17 °C, and 11 °C
after o-xylene, and m-xylene, respectively.

In this sense, depending on the solvent used, asphaltenes have greater or lesser interactions between them and the solvent. The
reduction in OC as the aggregate size increases suggests a considerable increase in the interactions by alkyl-alkyl, hydrogen bonds,
and acid/base.
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Figure 10. Mass percentage and rate for mass change for the thermo-oxidation of n-C; asphaltene model solutions in o-xylene, m-
xylene, and p-xylene at different asphaltene concentrations of 0.1% (a-b), 1.0% (c-d), and 10.0% (e-f) at 6.0 MPa. Sample weight: 1
mg, heating rate: 10 °C-min, and airflow: 80 mL-min™.,

Due to the mass gained in OC, the thermal events DCO, FC, and SC change to a greater extent. First, the DCO region in systems
with 10% in a mass fraction of asphaltenes ends at lower temperatures in p-xylene than m- and o-xylene due to the few oxygenated
structures formed. Afterward, both FC and SC end up at higher temperatures. The main change is observed for the SC region, where
the profiles for the model solutions of asphaltene with m- and o-xylene present a small peak between 400 and 500 °C, while in p-

xylene, this is the predominant peak of the curve. Finally, a greater change is observed between the three curves for a concentration
of 10.0% in mass fraction (panels e and f).
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Furthermore, in previous work,* it was demonstrated that the size of the cluster of asphaltenes directly influences the rate of mass
loss during FC and SC.%° Asphaltenes with high Lc tend to present a violent exothermic reaction, resulting from the dealkylation of
the structure.® According to the thermograms, all the systems offer a controlled loss of their mass, given that in all cases, the size of
the added system is greater than those evaluated in previous works.

Kinetic analysis. Previous sections corroborated that the thermo-oxidation of asphaltene aggregates occurs throughout many competing
complex reactions. The thermal profiles were described mathematically under four Gaussians, representing OC, DCO, FC, and SC.
Kinetic fitting was successfully done by assuming a first-order kinetic model, i.e., n=1, obtaining R? > 0.99 for all cases.*® The estimated
effective activation energy of each thermal event for the different systems evaluated at 6.0 MPa are reported in Figure 11a-c.

As a first instance, it is observed that the effective activation energy is affected by the asphaltene aggregation state. Panel a shows the
results for asphaltene aggregates formed with a content of 0.1% in mass fraction of n-C; asphaltenes. The values for OC region are
similar in all cases following the incremental order: o-xylene < m-xylene < p-xylene. This behavior suggests that as the size of the
asphaltene aggregate increases, the structure requires more energy for the chemical anchoring of oxygen. Notwithstanding, the difference

between each system does not change greatly, as in the case of DCO, where the difference of E, between the systems is much larger
and follows the opposite order of OC. The different final structures can explain this at the end of OC in each system. Apparently, in the
asphaltene aggregation state in p-xylene, less reactive structures are formed than in m- and o-xylene, so the value of E_ is much lower

than the rest of the systems. Then, during the first combustion zone, E_ increases for all systems, meanwhile in SC is reduced in o-

xylene. These results agree with the thermogravimetric profiles, where for the p-xylene aggregation state, the mass to decompose in SC
is greater than for the rest of the systems. When the asphaltene concentration in the systems increases to 1.0% in mass fraction, there
are similar trends to the previous systems. This is because the aggregate sizes do not differ much from each other. However, some
important changes occur. The first is that the activation energy increases for OC in all systems, while DCO decreases for all systems,
except for p-xylene. The latter is because, in this state of aggregation, all systems begin to lose reactivity since there is less oxygen
chemisorption. Therefore the structures predominate their decomposition into FC and SC. That is the reason for these last two regions

present values of E_ slightly higher than by 0.1%:
Something crucial for the systems with 0.1% and 1.0% of a mass fraction because OC is the most thermodynamically favorable event
since lower E, is always obtained.

Finally, panel ¢ shows the results for the model solutions with 10.0% in mass fraction of asphaltenes. It is observed that the values for
OC increased compared to the other two concentrations for all model solutions, confirming once again that in the larger aggregate

complexes, the spontaneity of the asphaltene-oxygen interactions is decreased. Interestingly, in DCO, the value of E_, compared to OC,
for p-xylene decreases, and in systems formed with m- and o-xylene, E_ remains almost constant.

In the case of FC, all systems increased the E_ since for these systems, in this region, there is still a high amount of mass for

decomposing. The order increased as follows: p-xylene < m-xylene < o-xylene. 0-Xylene presents the highest values because this model
solution decomposes higher during this zone, whereas in SC, it decreases its value, while the other three systems behave differently. For
all cases, it was obtained that the asphaltene aggregation state modifies the activation energy in each region, obtaining a global negative
effect as the asphaltene size increases due to the increase in energy expenditure at higher temperatures.
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Figure 11. Estimated effective activation energy for the thermo-oxidation aggregates of n-C; asphaltenes with concentrations of a)
0.1%, b) 1.0%, and c) 10.0% in mass fraction, discretized in different thermal events named oxygen chemisorption (OC),
desorption/decomposition of chemisorbed oxygen (DCO), first combustion (FC) and second combustion (SC) at 6.0 MPa.

Conclusions.

This work was done with the aim of understanding for the first time the thermo-oxidative behavior at high pressure of different asphaltene
model solutions varying states of aggregation. As the first instance, the viscosity increases as the size of the asphaltene aggregate
increases, and in turn, the viscosity increases as the asphaltene concentration in the model solution rise. For both low and high asphaltene
concentrations, iy increases in the order o-xylene < m-xylene < p-xylene. MD simulations were carried out to understand why the
location of the methyl substituent in the xylene structure modifies the rheological behavior from understanding the changes of the
aggregation states. The RDF curves indicate a strong difference in the internal structure of the asphaltenes dissolved in each xylene
isomer, obtaining that the asphaltene molecules are more structured (RDF peak of high intensity) for p-xylene than the other two xylene
isomers. Hence, the asphaltene molecules tend to be more aggregated in p-xylene. This was corroborated by the analysis of the aggregate
size, the asphaltene-asphaltene, and asphaltene-xylene interaction energies, which showed that the asphaltenes are less aggregated in o-
xylene, followed by m-xylene and p-xylene in that order. RDF between the asphaltenes and the carbon atoms of the methyl substituents
demonstrated that the methyl substituents are oriented towards asphaltenes, in the case of o-xylene, increasing the number of near and
far neighbors, compared to the other two cases. Therefore, a strong entropic volume effect is determined as a consequence of the location
of the —CHjs, which increases the asphaltene-xylene interaction energies impacting the aggregation and rheological behavior.

The second section includes the high-pressure thermogravimetric analysis to assess the thermo-oxidative behavior of asphaltene
aggregates. In the first set of thermogravimetric experiments, the concentration of asphaltenes varied between 0.1% and 10% in mass
fraction to evaluate its effect on the reactivity of the model solutions, using p-xylene as a reference solvent. The results showed that the
oxygen chemisorption decreased as the asphaltene concentration increased in the system, and therefore the reactivity was reduced.
Finally, three aromatic solvents (p-xylene, m-xylene, and o-xylene) of similar solubility parameters but with different chemical structures
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were chosen so the effect of the location of a methyl group on the solvent molecule on thermo-oxidation reactions can be analyzed.
There is no significant change in the thermogravimetric profiles for a concentration of 0.1% by a mass fraction in the different solvents
used. However, with increasing the concentration to 1.0 and 10.0%, the mass gained by oxygen chemisorption increased in the order:
o-xylene <m-xylene <p-xylene <toluene. This result indicates that the larger the size of the asphaltene aggregate, the lower the
interactions with O because of a reduction in active sites of the asphaltene structure.
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Appendix A.
Table 1. Average molecular structure parameter of n-C; asphaltenes, obtained through the chemical elemental analysis and *H-NMR
spectra

Parameter Description n-C7 Asphaltenes

fa Aromaticity Factor 0.645

o Hydrogen periphery replacement rate in 0.093

the aromatic ring system
HAU Condensation degree parameter of the 0.388
C A aromatic ring system

H; Total hydrogen numbers 70.746

C, Total carbon numbers 74.102

C, Aromatic carbon numbers 47.788

Cs Saturated carbon numbers 26.314

C Carbon numbers on the & position of 1.696

“ an aromatic ring
C Peripheral carbon in a fused aromatic 18.320
ap ring

C, Internal carbon in a fused aromatic ring 29.468

R,, Aromatic rings 15.734

R Total rings 15.835

R, Naphthenic rings 0.101

n Average alkyl chain length 15.956

Table 2. Thermogravimetric characteristics for the thermo-oxidation of n-C; asphaltene model solutions in toluene at different

asphaltene concentrations of 0.1%, 1.0%, and 10.0% discretized in the different regions: i) oxygen chemisorption (OC) ii) decomposition
of the chemisorbed oxygen (DCO) region, iii) first combustion (FC) region and iv) second combustion (SC) region at 6.0 MPa.

OC Region DCO Region FC Region SC Region

Asphaltene
Concentration .nMass o Mass o Mass Mass
(% mass Temperature ?;'ass Temperature (mS:SS Temperature (mS:SS Temperature loss  (mass
fraction) range (°C) fraction range (°C) fraction range (°C) fraction range (°C) Z/roa;ctlon in

in %) in %) in %)

0.1 100-226 11.0 227-314 131 315-425 75.9 426-443 22.0

1.0 100-241 9.3 242-312 105 313-415 53.8 416-455 45.0

10.0 100-248 2.3 249-325 5.9 326-375 18.0 376-477 80.0
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Table 3. Thermogravimetric characteristics for the thermo-oxidation of n-C; asphaltene model solutions in o-xylene, m-xylene, and
p-xylene at different asphaltene concentrations of 0.1%, 1.0%, and 10.0% discretized in the different regions: i) oxygen chemisorption
(OC) i) decomposition of the chemisorbed oxygen (DCO) region, iii) first combustion (FC) region and iv) second combustion (SC)
region at 6.0 MPa.

OC Region DCO Region FC Region SC Region
Asphaltene
Solvent ~ Concentration (% _ Mass Mass Mass Mass loss
mass fraction) Temperature gain (mass Temperature loss (mass Temperature loss (mass Temperature (mass fraction
range (°C) fraction in range (°C) fraction in range (°C) fraction in range (°C) in o
%) %) %) in %)
01 100-228 12.9 229-317 18.1 318-399 80.5 400-440 14.3
o-xylene 1.0 100-230 10.0 231-320 17.2 321-402 76.6 403-445 15.9
10.0 100-215 9.5 216-330 11.6 331-409 48.9 410-450 47.0
0.1 100-227 12.7 228-315 15.9 316-412 77.3 413-442 19.5
m-xylene 1.0 100-232 10.1 233-314 16.5 315-410 65.9 411-450 21.7
10.0 100-218 8.8 219-328 10.2 329-394 49.4 395-456 475
0.1 100-226 11.0 227-314 13.1 315-425 75.9 426-443 22.0
p-xylene 1.0 100-241 9.3 242-312 10.5 313-415 53.8 416-455 45.0

10.0 100-248 2.3 249-325 5.9 326-375 18.0 376-477 80.0




