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ABSTRACT: Cashew nut shell liquid (CNSL), its extract, cardanol, and polycardanol, are known to influence the dispersion
behavior of asphaltenes in model solvent mixtures. CNSL and cardanol act as dispersants, while polycardanol can act as both
dispersant or flocculant depending on its molecular architecture, concentration, and asphaltene source. In this work, the
preaggregation of asphaltenes in model solvents (toluene, n-heptane, and their mixtures) has been studied by atomistic molecular
dynamics simulation. The influence of cardanol, addition polycardanol, and condensation polycardanol as additives has been
addressed. The simulation results remarkably reproduce the experimental trends, thus contributing to a better understanding of the
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molecular processes underlying the stabilization or precipitation of asphaltenes by cardanols and their polymers.

1. INTRODUCTION

Asphaltenes are often considered the heaviest and the most
polar fraction of crude oil' and are particularly abundant in
heavy oils, which have been increasingly used as raw materials
in the last few decades.” Being a complex mixture of thousands
of compounds,” their definition is rather practical in nature:
asphaltenes are the fraction of crude oil that is insoluble in n-
alkanes, such as n-pentane and n-heptane, and soluble in
aromatic solvents, such as benzene and toluene.”® This
behavior is often the basis of asphaltene stability studies.

Two main models have been proposed to describe the
molecular structure of typical components of asphaltene
fractions.” The island (or continental) model®’ considers the
asphaltene molecule as a unique large core of condensed
aromatic rings with aliphatic side chains; the archipelago
model'”"" describes the asphaltene molecule as containing two
or more small aromatic cores connected by aliphatic chains. In
both models, heteroatoms (N, S, and O) are present both in
the aromatic rings and in the aliphatic chains, as well as metals,
such as Vanadium and Nickel. Although the archipelago model
has been able to describe some details of asphaltenes’ behavior
in solution,"” the island model is the most widely accepted."
Asphaltenes display, on average, between 4 and 10 aromatic
rings in their core, lateral aliphatic chains with 6—7 carbon
atoms, and molecular weights between 400 and 1000 g
mol ™"

According to the Yen—Mullins model,"~"” asphaltenes tend
to assemble in aliphatic media forming nanoaggregates with
less than 10 molecules, which in turn are able to form larger
structures (clusters) with diameters of about 5 nm.'® It is
thought that the main driving force of aggregation is the 7—x
stacking or aromatic interactions between the aromatic cores,
while the steric hindrance caused by aliphatic side chains tends
to limit aggregation.'” Three different spatial configurations
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have been proposed: face-to-face or parallel, offset stacking or
offset parallel, and edge-to-face or T-shape.'® Naturally
stabilized in oil, asphaltene molecules tend to flocculate and
precipitate as a consequence of subtle changes in composition,
temperature, or pressure during oil extraction or processing.
Asphaltenes adsorb to the internal pipeline surfaces changing
their wettability and tend to stabilize water-in-oil emulsions,”’
making the separation of oil from naturally occurring water-in-
oil wells more difficult. Asphaltene deposits formed in this
process cause clogging of pipelines and wellbores, reducing oil
flow and production rate, with high economic and environ-
mental costs.’

The problem has been addressed using chemical additives to
prevent or minimize the precipitation of asphaltenes in oil.
According to early studies, asphaltene dispersions in oil are
stabilized by naturally occurring resins. These are perceived as
amphiphilic molecules containing aromatic and aliphatic
moieties’’ that are able to “peptize” asphaltenes,”>””
preventing their stacking and subsequent precipitation. Recent
simulation and experimental studies,"****> however, were not
able to identify significantly strong interactions between
molecular models of asphaltenes and resins. In general,
amphiphilic additives have been chosen to try to mimic
natural systems. Alkylphenols, alkylbenzene sulfonic acids, fatty
acids, amino alcohols, ionic liquids (ILs), and surface-active
polymers are among the most tested substances. They are
expected to interact significantly with the asphaltene
molecules, which are considered to be weak electron donors
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and strong hydrogen bond (HB) acceptors,”*~** due to the
presence of heteroatoms. Chang and Fogler™”*” experimentally
studied the asphaltene stabilization potential of alkylbenzene-
derived amphiphiles, such as alkylphenols and alkylbenzene
sulfonic acids, concluding that stabilization is enhanced by
increasing the polarity, hydrogen-bonding capacity, and mainly
the acidity of the amphiphile’s head group. The efficiency of
the additive also increases with the chain length, and a
minimum length seems to be necessary to create a hydro-
phobic steric stabilization layer that decreases the tendency to
aggregate. More recent studies’*” confirmed that the addition
of alkylphenols and alkylbenzene sulfonic acids decreases the
average dimension of asphaltene clusters in toluene/n-heptane
solvent mixtures.

Ionic liquids (IL) are another important class of substances
that have been tested as additives for asphaltene stabilization.
Hu and Guo™ studied the stabilizing potential of pyridinium
and isoquinolinium-based IL with different side-chain lengths
and anions in CO,-injected oil samples at high pressures. It is
important to note that the presence of carbon dioxide in the
system promotes asphaltene aggregation and flocculation,”
and finding an effective stabilizing agent for these conditions is
a more difficult task.

Asphaltene aggregation has been extensively studied by
computer simulation. These studies confirmed the stacking of
aromatic cores™ forming dimers, trimers, and tetramers>® and
the existence of different orientations: face—face, offset
stacked, and T-shaped. Pacheco-Sanchez et al.”” also showed
that aliphatic side chains tend to hinder asphaltene
aggregation, while Carauta et al.>® found that the asphal-
tene—asphaltene distance in aggregates is smaller in n-heptane
than in toluene. Sedghi et al."” reported that the asphaltene
dimerization energy increases with the number of aromatic
rings in the aromatic core, but remains almost constant with
different sizes of the alkyl side chains. Studies of asphaltene
aggregation in the presence of dispersing additives by
computer simulation are scarce in the literature. Headen and
Boek,” for example, used molecular simulations to study
asphaltene aggregation in supercritical CO, using limonene as
an additive and concluded that 50% (w/w) of limonene
significantly reduces asphaltene aggregation. More recently,
Headen et al.'” studied asphaltene aggregation, with and
without resins, in n-heptane and toluene, using both island and
archipelago models.

The properties of asphaltenes and their behavior in oil have
also been modeled by molecular-based equations of state, such
as PC-SAFT.*”*' Good agreement was found between
theoretical predictions and experimental results for phase
equilibria and the pVT properties of oil rich in asphaltenes.

The Lucas research group has long been using polymers as
additives with dispersin%/ flocculating action on asphaltene
dispersions. They tested*”** cashew nut shell liquid (CNSL),
its fraction cardanol (a mixture of phenolic compounds
containing 15-carbon aliphatic chains with variable unsatura-
tion degrees, meta-substituted in an aromatic ring) and
polycardanol (from the cardanol polymerization) as additives
for asphaltene stabilization in model mixtures. A dispersion
effect was found for CNSL and cardanol comparable to
nonylphenol, and a flocculating effect was observed for
addition polycardanol. According to the authors, the number
and steric hindrance of hydroxyl groups prevent their
interaction with the asphaltene heteroatoms, granting a
significant polarity to the surface of the asphaltene-additive
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nanoaggregates, which tend to precipitate in apolar solvents.
The same group™* used polycardanol obtained by two different
synthetic routes (addition and condensation)® to perform
asphaltene stability tests and assess the influence of additive
molecular architecture. Their main conclusions were as
follows: (1) addition polycardanol stabilizes asphaltenes
more efficiently than condensation polycardanol, probably
because the molecular structure of the former allows hydroxyl
groups to be more accessible to interact with asphaltenes; (2)
for both polymers, there is a concentration at which the
stabilizing effect is maximum; (3) condensation polycardanol
displays flocculating effects; (4) polycardanol stabilizes
asphaltenes more efficiently than the cardanol monomer; (5)
the stabilizing effect of the additives correlates with their
demulsifying ability in water-in-oil emulsions; and (6) both the
stabilizing effect and the demulsifying action depend on the
molecular weight of the additive. More recently, poly(ionic
liquids) obtained from cardanol*® were found to stabilize
asphaltenes and induce separation of water/oil emulsions.

In this work, we have studied asphaltene preaggregation
phenomena in typical model solvents (n-heptane, toluene, and
an n-heptane/toluene mixture) by atomistic molecular
dynamics simulation. Additionally, the influence of three
additives in preaggregation has been addressed: cardanol,
addition polycardanol, and condensation polycardanol. The
simulation results remarkably reproduce the experimental
trends obtained by Lucas et al., thus contributing to a better
understanding of the molecular processes underlying the
stabilization or precipitation of asphaltenes in relevant media
by cardanols and their polymers.

2. SIMULATION DETAILS

Molecular dynamics simulations of asphaltenes in n-heptane,
toluene, and an n-heptane/toluene mixture have been carried
out with and without dispersing/precipitating agents, such as
cardanol and polycardanol obtained by addition and
condensation. The interaction between asphaltene and
additives as well as preaggregation events, have been studied
based on the structural and dynamic properties of the systems
obtained from the analysis of simulation trajectory output files.

2.1. Models. An atomistic approach was employed in this
work, being the optimized potentials for liquid simulations all-
atom (OPLS-AA) force-field*” framework used to model all of
the studied compounds. This force-field models each atom as
an interaction site, and the potential energy is written as the
sum of contributions due to bond stretching, bond angle
bending, dihedral angle torsion, improper dihedral angles, and
nonbonded interactions (van der Waals plus electrostatic
interactions). For both solvents (toluene and n-heptane), the
parameters from the OPLS-AA original papers were used,
except for the atomic partial charges of toluene, for which the
reparameterization by Udier-Blagovi¢ et al.*® was employed.
The validation of the chosen parameters was done by
determining pure liquid densities and self-diffusion coefficients
of each solvent at one temperature, and the results are
presented in Table 1. The agreement between simulated and
experimental density is excellent for n-heptane. For toluene, a
deviation of 2.3% is well within the generally accepted range
for this property, which is 4%. As for the diffusion coeflicients,
it is well known that the simulation of transport properties is a
very challenging task. Large deviations are frequent, even for
simple fluids using force fields that accurately reproduce the
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Table 1. Comparison between Simulated and Experimental
Results of Density and Self-diffusion Coeflicient for Toluene
and n-Heptane at 298.15 K

p (sim. (exp. D (sim.) exp.)

kg m 2 (kg 2 (m*s7h) (mg s )
toluene 882.0 862.3%" 103 x 107 218 x 1077
n-heptane 671.1 679.9% 238 x 107 3.12x 107

equilibrium properties. The predicted diffusion coeflicients can
thus be considered to be quite good.

A single molecular structure was chosen to model asphaltene
(Figure 1). The molecule was designed in such a way that its
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Figure 1. Molecular structure of the asphaltene model used in this
work (atoms whose code name begins with: C, carbon; H, hydrogen;
and N, nitrogen).

main molecular characteristics match those experimentally
obtained for a real asphaltene subfraction by Ferreira et al.*” A
comparison between experimental and model properties is
shown in Table 2. A model for the pyridine ring from Caleman

Table 2. Comparison of Some Key Properties between the
Chosen Asphaltene Model for Simulations and One of the
Experimentally Obtained Subfractions by Ferreira et al.*’:
Molecular Weight, Aliphatic and Aromatic Hydrogen
Percent and Nitrogen Percent

model experimental
M,, (g mol™) 4497 445
% Hﬂ]iphatic 77 78
% H, omatic 23 22
% N 3.11 1.14
et al.>” was used as a starting point, the partial charges of the

atoms from alkyl side chains were chosen according to the
OPLS-AA model for alkanes*” and those of the atoms from
internal aromatic rings were adjusted to keep the whole
molecule neutral.

Cardanol was considered as a meta-substituted phenol, with
an alkyl side chain comprising 15 carbon atoms and containing
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a single unsaturation between carbons 8 and 9 (Figure 2). It
was modeled using a phenol ring as a starting point following
the reparametrization by Caleman et al.>® The partial charge of
the first carbon atom of the aliphatic chain was also adjusted to
keep the molecule neutral. Simple models of polycardanol were
used, taking into account the two main polymerization
methods of cardanol (Figures 3 and 4). For polycardanol
obtained by addition (monomers connected by double bond
opening), a trimer was considered, for which steric hindrance
is already apparent. In the case of polycardanol obtained by
condensation (connection by the aromatic ring, usually
experimentally obtained using formaldehyde as the polymer-
ization agent), a heptamer was considered.

Following the OPLS-AA parameterization, geometrical
combining rules were used to compute the nonbonded
Lennard-Jones interactions between sites of different types

& = &€ (1)
% = /%0 (2)

For nonbonded interactions between sites in the same
molecule, only sites separated by three or more bonds are
considered. Nonbonded interactions between sites separated
by three bonds are scaled by a factor of 0.5. In this work, all
bonds involving hydrogen were treated as rigid, with the
respective length ﬁxed at the equilibrium distance using the
SHAKE algorithm.>

2.2. Methods. Molecular dynamlcs simulations were
performed using both DL_POLY Classic®® and GROMACS
5.1.5°7°% packages, in cubic boxes containing approximately
between 300 and 500 molecules, with periodic boundary
conditions in all three directions. The initial liquid box sizes
were established according to the experimental densities. For
each system, the following simulation protocol was applied: an
initial short simulation for system relaxation, followed by a
NpT equilibration run of 3 ns and a SO ns long NVT
production run, which was used to obtain the structural and
dynamic properties of the system. These simulations were
performed at 298.15 K and, for equilibration, 1 atm. The
equations of motion were solved using the leapfrog integration
algorithm, with a time step of 2 fs. All of the systems were
coupled to the Nosé—Hoover thermostat®”*® with a coupling
constant of 0.5 ps and, for simulations in NpT ensembles, also
coupled to the Nosé—Hoover or Parrinello—Rahman barostat
with a coupling constant of 0.2 ps. An initial velocity obtained
from a Maxwell distribution at the desired initial temperature
has been assigned to all atoms.

Both nonbonded Lennard-Jones and electrostatic potential
were truncated using cut-offs of 12 A, and analytical tail
corrections to dispersion terms were added. The long-range
electrostatic (Coulombic) interactions beyond the cutoff were
calculated using the Ewald sum method.®’ The obtained
trajectories were visualized using the Visual Molecular
Dynamics®® program; the nanoaggregation analysis and radial
distribution functlon calculations were performed using the
TRAVIS software.®® In the simulation protocol, the attainment
of the equilibrium is confirmed by the analysis of the variations
of all of the energy components of the systems. A maximum
energy variation of 0.4% is considered for equilibrium testing.
The conformational energy of the different molecules was
obtained from the simulation trajectories and confirmed to
remain constant within the simulation time, an indication that
very probably conformational equilibrium has been reached.

https://dx.doi.org/10.1021/acs.energyfuels.9b03703
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Figure 2. Molecular structure of the cardanol model used in this work (atoms whose code name begins with: C, carbon; H, hydrogen; and O,
oxygen).
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Figure 3. Molecular structure of the polycardanol model obtained by addition used in this work (atoms whose code name begins with: C, carbon;

H, hydrogen; and O, oxygen).
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Figure 4. Molecular structure of the polycardanol model obtained by condensation used in this work (atoms whose code name begins with: C,

carbon; H, hydrogen; and O, oxygen).

2.3. Systems. The asphaltene/additive preaggregation
studies by simulation were carried out in toluene/n-heptane
solvent mixtures with the same volumetric proportion: 70:30
(v/v) for all of the systems. For comparison purposes, pure
toluene or pure n-heptane were also used as solvents in some
cases. The systems studied are listed in Table 3.

3. RESULTS AND DISCUSSION

3.1. Asphaltene Aggregation in Toluene, n-Heptane,
and Their Mixtures. Before addressing the aggregation

1584

process itself, an attempt was made to characterize the
molecular interactions between the asphaltene molecules and
the studied solvents in terms of the structure/composition of
the asphaltene solvation sphere. This was probed simulating a
single asphaltene molecule in a box containing a 2:1 molar
(70/30 volumetric) toluene/n-heptane mixture. In Figure S,
the radial distribution functions (rdf), g(r), between two
asphaltene carbons (an aromatic and an aliphatic) and terminal

aliphatic carbon atoms of each solvent are presented.

https://dx.doi.org/10.1021/acs.energyfuels.9b03703
Energy Fuels 2020, 34, 1581-1591


https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig4&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.9b03703?ref=pdf

Energy & Fuels pubs.acs.org/EF

Table 3. Number of Molecules of Each Compound and Mass Fractions of Asphaltene and Additive for Each Mixture Studied

system number of molecules mass composition (%)
1A200T100H asphaltene: 1
toluene: 200 asphaltene: 1.6
n-heptane: 100
10A200T100H asphaltene: 10
toluene: 200 asphaltene: 13.6
n-heptane: 100
10A300T asphaltene: 10 asphaltene: 14
toluene: 300
10A300H asphaltene: 10 asphaltene: 13
n-heptane: 300
10A300T20C asphaltene: 10
cardanol: 20 asphaltene: 11.8
toluene: 300 cardanol: 15.8
10A200T100H20C asphaltene: 10
cardanol: 20 asphaltene: 11.5
toluene: 200 cardanol: 15.5
n-heptane: 100
10A300H20C asphaltene: 10
cardanol: 20 asphaltene: 11.1
n-heptane: 300 cardanol: 14.9
10A300T6PCA asphaltene: 10
addition polycardanol: 6 asphaltene: 12
toluene: 300 addition polycardanol: 14.5
10A200T100H6PCA asphaltene: 10
addition polycardanol: 6 asphaltene: 11.7
toluene: 200 addition polycardanol: 14.2
n-heptane: 100
10A300H6PCA asphaltene: 10
addition polycardanol: 6 asphaltene: 11.2
n-heptane: 300 addition polycardanol: 13.6
10A300T3PCC asphaltene: 10
condensation polycardanol: 3 asphaltene: 11.6
toluene: 300 condensation polycardanol: 17.1
10A200T100H3PCC asphaltene: 10
condensation polycardanol: 3 asphaltene: 11.4
toluene: 200 condensation polycardanol: 16.7
n-heptane: 100
10A300T3PCC asphaltene: 10
condensation polycardanol: 3 asphaltene: 10.9
n-heptane: 300 condensation polycardanol: 16.1
1.6
14 | (a) (b)
1.2
1
S 0.8
5o 0.6
0.4
0.2
0

2 3 4 5 6 9 10 11 12 2 3 4 5 6 10 11 12

7.8 7 8 9
rl A r/A
Figure S. Radial distribution functions of the terminal aliphatic carbon atom from n-heptane (black curves) and toluene (gray curves) around
asphaltene atoms. (a) Aromatic carbon atom (CSA) and (b) terminal aliphatic carbon atom.

As can be seen, the asphaltene aromatic carbon atoms are asphaltene aromatic core and the toluene aromatic ring and
preferably surrounded by toluene, whereas the aliphatic carbon also the affinity between the asphaltene alkyl side chains and
atoms by n-heptane. These results are in agreement with the aliphatic solvents. It is also interesting to note that the g(r)
experimental evidence of 7—7 interaction between the involving asphaltene aromatic carbon atoms presents values
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smaller than unity in almost the entire distance range studied, s
which is an indication of a relatively hindered interaction 400
between asphaltene and each solvent. This effect can also be 350
observed in Figure 6, where spatial distribution functions 200 C110A300T
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Figure 6. Spatial distribution functions of n-heptane (terminal carbon
atom, yellow) and toluene (meta-carbon atom, silver) around
asphaltene showing the isodensity surfaces with isovalues of 0.01
nm™ for n-heptane and 0.04 nm™ for toluene.

between asphaltene molecules and specific atoms of n-heptane
and toluene in the solvent mixture studied are shown. As can
be seen, n-heptane shows a clear preference to surround the
asphaltene hexyl chain.

The asphaltene preaggregation in each solvent was studied
simulating 10 asphaltene molecules in pure toluene, pure n-
heptane, and the same 2:1 mixture of toluene/n-heptane. The
process of dimerization of the asphaltene molecules was first
checked. The detection of dimers during the simulation was
subjected to an asphaltene—asphaltene distance criterion as
used by Goual et al.:*' taking a central aromatic carbon from
the asphaltene molecule, a dimer is considered to form when
the distance between any pair of such atoms of different
asphaltene molecules becomes less than 8.5 A and deform
when this distance exceeds 10 A. Using this criterion,
asphaltene dimerization events were counted in pure toluene,
pure n-heptane, and their mixture. The results are presented in
Figure 7 as a function of the dimer lifetime. As expected,
asphaltene dimers of almost all lifetimes are much more
frequent in n-heptane than in toluene, in agreement with the
different solubility of asphaltenes in each solvent. The dimer
frequency shows intermediate values for the toluene/n-heptane
mixture, although closer to that of pure n-heptane, which can
be an indication that the n-heptane fraction used (0.33 mole
fraction) is enough to perturb the asphaltene dispersion. In
fact, a volume fraction of 30% in n-heptane is frequently
reported in the literature as the stability limit for asphaltene
dispersions in this kind of model systems.”'

Aggregates larger than dimers were also evaluated, and the
aggregation number distribution of asphaltene molecules in
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Figure 7. Frequency of asphaltene dimer formation as a function of its
lifetime in toluene (white bars), n-heptane (black bars), and a 2:1
molar toluene/n-heptane binary mixture (gray bars), for a SO ns
production simulation (simulation box contained 10 asphaltene
molecules and 300 solvent molecules).

each solvent was calculated. As before, a distance criterion was
used: starting with a dimer, larger aggregates were counted
whenever the central atom of a third, forth,... asphaltene
molecule approaches within 8.5 A. The calculations were
performed using the program of Bernardes et al.®*®> The
occurrence probability of asphaltene aggregates for each size
(in the number of molecules) is represented as a histogram in
Figure 8. As can be seen, while monomers are more frequent in

90
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60 m10A200T100H

50
40
30

20

Occurrence probability (%)

4

5 6 7
Aggregate dimension ()

Figure 8. Occurrence probability of asphaltene aggregates as a
function of aggregate size (number of asphaltene molecules) in
toluene (white bars), n-heptane (black bars), and the binary mixture
toluene/n-heptane (2:1 molar, gray bars). Boxes with 10 asphaltene
molecules and 300 solvent molecules.

toluene, larger clusters are, in general, more frequent in n-
heptane. In particular, clusters of 6 or more asphaltene
molecules (out of a total of ten) are almost absent in toluene
but quite frequent in n-heptane. The model predicts the
formation of larger asphaltene clusters in n-heptane than in
toluene. Again, the behavior in the binary mixture is
intermediate between that observed in the pure solvents,
although much closer to pure n-heptane. It is important to
stress that molecules located within 8.5 A from each other are
considered to belong to the same aggregate. The “stronger”
interaction between asphaltene molecules in n-heptane is
turther proved by the inspection of radial distribution functions
between central atoms (CSA) of asphaltene molecules (Figure

https://dx.doi.org/10.1021/acs.energyfuels.9b03703
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9) in each pure solvent and their binary mixture. As can be
seen, the g(r) obtained in n-heptane is much more intense than
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Figure 9. Radial distribution functions (g(r)) between internal
aromatic carbon atoms of asphaltenes (CSA) in toluene (dashed
gray), n-heptane (black), and in 2:1 molar toluene/n-heptane mixture

(gray).

that obtained in toluene. Again, in the binary mixture, the
results are intermediate between those of the pure solvents,
although closer to n-heptane. All of the g(r) present two major
peaks at distances of approximately 4—5 A and 7—8 A, which
suggests two different orientations of asphaltene molecules
around each other, a parallel one and a perpendicular one. The
figure shows that the most probable configuration of
asphaltene molecules in n-heptane and in the mixture
corresponds to the smaller distance (4.4 and 4.7 A,
respectively), and in toluene, it corresponds to the largest
distance (7.3 A). It can also be seen that the first peak appears
at a shorter distance in n-heptane (4.4 A) than in the mixture
(4.7 A) and that at a shorter distance than in toluene (4.8 A).
However, the second peak is located at a shorter distance in
toluene (7.3 A) than in n-heptane or in the mixture (8 A).
These observations seem to indicate that: (1) asphaltene
molecules are on average nearer to each other in n-heptane
than in toluene; (2) in n-heptane, asphaltene molecules prefer
the parallel orientation, while the perpendicular orientation
seems to be preferred in toluene.

3.2. Influence of Additives on Asphaltene Preag-
gregation in Toluene, n-Heptane, and Their Mixtures.
The influence of additives on asphaltene aggregation was
studied using a simulation box containing 10 asphaltene
molecules and 20 cardanol molecules, or 6 addition
polycardanol or 3 condensation polycardanol in pure toluene,
n-heptane, and in a toluene/n-heptane mixture. The lifetime
distribution of the asphaltene dimers in the absence and
presence of each additive in each solvent is shown in Figure 10.
As can be seen, cardanol seems to reduce the formation of
asphaltene dimers of almost all lifetimes acting as a dispersing
agent. The effect of polycardanols depends on the nature of the
solvent. They clearly reduce the number of asphaltene dimers
of all lifetimes in n-heptane and in the n-heptane/toluene
mixture. In toluene, however, the additives seem to promote
the formation of dimers. The competition between asphaltene
and additives by the solvent molecules can be viewed as the
reason for this phenomenon. For almost the same number of
aromatic rings in the systems involving each additive, the
enhanced steric hindrance presented by the polymeric
additives may require more solvent molecules to adequately
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Figure 10. Histogram showing the frequency of asphaltene dimer
formation as a function of its duration in (a) n-heptane, (b) n-
heptane/toluene and (c) toluene, for a S0 ns production simulation in
the absence of additive (black); with cardanol (gray) with
polycardanol by addition (dark red) and with polycardanol by
condensation (yellow). Boxes containing 10 asphaltene molecules,
300 n-heptane molecules, and 20 cardanol molecules or 6 addition
polycardanol molecules or 3 condensation polycardanol molecules.

solvate them, which may lead to a solvent depletion around
asphaltene units and promote their dimerization. Polycarda-
nols seem to be more efficient as aggregation preventing agents
than cardanol in n-heptane, less efficient in toluene, and
comparable to it in the solvent mixture. On the other hand,
addition polycardanol is more eflicient than condensation
polycardanol in n-heptane and less efficient in n-hexane/
toluene.

The occurrence probability of asphaltene aggregates larger
than dimers was also calculated in all solvents, with and
without additives. It is shown in Figure 11 as a function of
aggregate size. In n-heptane, condensation polycardanol seems
to promote the formation of asphaltene clusters containing
between 3 and S molecules and prevent the formation of larger
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Figure 11. Occurrence probability of asphaltene aggregates as a function of aggregate dimension (number of asphaltene molecules) in n-heptane
(a), a toluene/n-heptane mixture, (b) and toluene (c) for a S0 ns production simulation in the absence of additive (black); with cardanol (gray);
with polycardanol by addition (dark red) and with polycardanol by condensation (yellow). Boxes containing 10 asphaltene molecules, 300 solvent
molecules (200 toluene molecules and 100 n-heptane molecules in the case of b), and 10 cardanol molecules or 6 addition polycardanol molecules
or 3 condensation polycardanol molecules.
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Figure 12. Radial distribution functions (g(r)) between aromatic CSA asphaltene atoms in n-heptane (a), a toluene/n-heptane mixture (b), and
toluene (c) with no additive (black); with cardanol (gray); with addition polycardanol (dark red) and with condensation polycardanol (yellow).
Boxes containing 10 asphaltene molecules, 300 solvent molecules (200 toluene molecules and 100 n-heptane molecules in the case of b), and 20
cardanol molecules or 6 addition polycardanol molecules or 3 condensation polycardanol molecules.

aggregates. Both cardanol and addition polycardanol seem to presence of cardanol and addition polycardanol seems to lower
contribute to reduce the occurrence of the largest aggregates the first two peaks, which means a lower probability of
with six or more molecules. In the solvent mixture, additives asphaltene CSA—CSA interactions. This correlates with the
seem to promote the formation of asphaltene dimers and trends previously described for these additives, namely,
prevent aggregates with 3 or more molecules, in particular, reducing the lifetime of asphaltene dimers and the number
addition polycardanol. However, in toluene, all additives seem of larger aggregates. On the other hand, condensation

to promote the formation of small aggregates with less than
seven molecules. In brief, all additives seem to have a
dispersing effect in n-heptane and n-heptane/toluene mixtures
but to promote the formation of small aggregates in toluene.
The comparison between the three different additives is not
easy because their performance depends on the solvent
composition. Nevertheless, condensation polycardanol seems
to be the most effective in reducing asphaltene precipitation,
especially reducing the largest aggregates. Addition poly-
cardanol seems more effective than cardanol in n-heptane,
while the opposite is observed in the n-heptane/toluene
solvent mixture.

In agreement with the present simulations, the experimental
results of Lucas et al.”~* have shown the asphaltene

polycardanol seems to produce a slightly different effect on
the system: it considerably reduces the intensity of the rdf
(which becomes a shoulder) but induces a new intense peak at
a longer distance. Therefore, condensation polycardanol seems
to contribute to change the preferential orientation between
asphaltenes, probably favoring the T-shape orientation
relatively to the parallel. This is also consistent with the
tendency seen above to favor the formation of aggregates of
intermediate size.

In the n-heptane/toluene mixture, a different picture is
observed. The first two peaks of the rdf are clearly reduced by
the presence of cardanol, but remain unchanged with addition
polycardanol. In the case of condensation polycardanol, the

dispersion ability of cardanol and the flocculating effect of ﬁrst pleak remains unchanged, but the s.econd peak‘ disappears,
addition polycardanol in toluene. Moreover, experiments implying the absence of second shell neighbors. This correlates
revealed a more efficient dispersion effect of addition with the observation that, in the presence of condensation
polycardanol than the monomer, while the action of polycardanol, asphaltenes practically do not form aggregates
condensation polycardanol usually depends on the type and with more than 4 molecules.
source of the asphaltene studied. Finally, in toluene, the probability of asphaltene CSA—CSA
In Figure 12, radial distribution functions (rdf) between interactions is higher in the presence of all additives, in
asphaltene CSA carbon atoms are shown for asphaltenes in particular, addition polycardanol. This is an expected result
pure n-heptane, pure toluene, and in toluene/n-heptane since, as previously described, in this solvent, the formation of
mixtures with and without additives. In pure n-heptane, the dimers is promoted by all studied additives.
1588 https://dx.doi.org/10.1021/acs.energyfuels.9b03703
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Table 4. Average Number of Hydrogen Bonds (HB) between Hydrogen (HOC) and Oxygen (OHC) of the Hydroxyl Group
from Cardanol or Each Polycardanol and between the Same Hydrogen and Nitrogen Atom from Asphaltene (NAA), Along
with the Ratio between the Two Types of Hydrogen Bond in Asphaltene Solutions in Pure Toluene, Pure n-Heptane, and the

Toluene/n-Heptane Mixture, Using an Additive

cardanol polycardanol by addition polycardanol by condensation
n-Heptane
number of HB (HOC—OHC) 9.6 7.9 17.9
number of HB (HOC—NAA) 7.0 6.9 1.9
HOC—-NAA/HOC—-OHC ratio 0.73 0.87 0.11
n-Heptane + Toluene
number of HB (HOC—OHC) 4.7 4.1 18.1
Number of HB (HOC—NAA) 4.0 4.1 12
HOC—-NAA/HOC—OHC ratio 0.84 1 0.066
Toluene

number of HB (HOC—OHC) 3.7 3.8 13.7
number of HB (HOC—NAA) 2.4 3.5 0.88
HOC—-NAA/HOC—-OHC ratio 0.64 0.94 0.064

The asphaltene model molecule used in this work contains
only one polar heteroatom, a “pyridinic” nitrogen atom whose
ability to form hydrogen bonds in toluene or n-heptane as
solvents is almost null. One of the possible interaction
mechanisms between asphaltenes and the type of additives
studied is the formation of hydrogen bonds between the
heteroatom of asphaltene and the hydroxyl group of cardanol,
both monomers and polymers. The number of hydrogen
bonds between the asphaltene nitrogen atom and the hydrogen
atom of OH groups from cardanol and polycardanol were
calculated (integrating the corresponding rdfs) and are
presented in Table 4. The number of hydrogen bonds between
hydroxyl groups of cardanols or polycardanols was also
calculated. As can be seen, the results show the existence of
hydrogen bonds, both between hydroxyl groups of cardanol
units (in the case of polycardanol, both inter and intra-
molecular) and between the nitrogen atom of asphaltene
(NAA) and the OH group of cardanol. In almost all cases, the
former are more important than the latter. It can also be seen
that the ratio between the number of cross hydrogen bonds (H
from cardanol with N from asphaltene) to hydrogen bonds
between cardanols reaches its highest values for addition
polycardanol, followed by cardanol, while condensation
polycardanol presents the lowest values. In this latter case,
the number of hydrogen bonds is particularly high, mostly of
the HOC—OHC type and the intramolecular type.

On the other hand, it is also apparent that as the fraction of
n-heptane increases, the number of hydrogen bonds of both
kinds increases. It seems that the action of cardanol and
addition polycardanol as dispersant additives is based on the
interaction with asphaltenes by hydrogen bonds. For
condensation polycardanol, this is not so apparent, as the
total number of cross hydrogen bonds is quite low in all of the
solvents. This can be caused by steric hindrance in the vicinity
of hydroxyl groups of condensation polycardanol (Figure 13).
The “tree” structure of condensation polycardanol can
promote the aggregation of asphaltene molecules in small
clusters, while the exposed alkyl chains can serve to interact
with the aliphatic solvent preventing the formation of higher
aggregates.

Figure 14 shows the spatial distribution functions of
cardanol and both polycardanols around asphaltene. In the
case of cardanol and addition polycardanol, the average close
proximity and orientation between the asphaltene nitrogen and
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Figure 13. Representations (van der Waals radii) of (a) polycardanol
by addition, (b) polycardanol by condensation.

the OH group of the additive is clear from the figure, most
likely establishing hydrogen bonds. In the case of condensation
polycardanol, the proximity between these groups is much less
visible, probably due to the steric hindrance of condensation
polycardanol.

4. CONCLUSIONS

Preaggregation phenomena of asphaltene in n-heptane,
toluene, and n-heptane/toluene mixtures were studied by
molecular dynamics simulation. The influence of dispersion
additives such as cardanol, addition polycardanol, and
condensation polycardanol was also investigated. The simu-
lation results, namely, the frequency of asphaltene dimer
formation, their lifetime, and the distribution of aggregates in
the three solvents follow the trends observed in experimental
work: a higher frequency of dimer formation and with a longer
lifetime, as well as a higher probability of larger aggregates in n-
heptane than in toluene. In n-heptane/toluene mixtures, the
behavior of asphaltenes is intermediate, although closer to pure
n-heptane.

The simulation results also revealed that all studied additives
have a dispersion action in n-heptane and in n-heptane/toluene
mixtures. In toluene, the additives, in particular, polymeric
cardanols, seem to favor the formation of asphaltene dimers.
The dispersion action of addition polycardanol and cardanol
are comparable in magnitude. In the case of condensation
polycardanol, it seems to promote small aggregates, preventing

https://dx.doi.org/10.1021/acs.energyfuels.9b03703
Energy Fuels 2020, 34, 1581-1591


https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03703?fig=fig13&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.9b03703?ref=pdf

Energy & Fuels

pubs.acs.org/EF

Figure 14. Spatial distribution functions of (a) cardanol (C1C atom),
(b) addition polycardanol (C1P atom), and (c) condensation
polycardanol (CIP atom) around asphaltene showing the isodensity
surfaces with isovalues of 1.0 nm™,

large ones. Radial distribution functions between the central
atoms of the asphaltene aromatic core confirmed the trends
observed as a function of solvent composition and additive
nature, since it is possible to correlate the intensity of the first
peaks with the probability of asphaltene dimerization or the
occurrence of larger asphaltene aggregates.

Hydrogen bonds seem to be the fundamental interaction
between asphaltene and both cardanol and addition poly-
cardanol, explaining the dispersion action of these additives.
Condensation polycardanol, owing to high steric hindrance,
has a very low tendency to form hydrogen bonds with
asphaltene molecules.
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