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Size matters: asphaltenes with enlarged aromatic
cores promote heat transfer in organic
phase-change materialst

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2023, 25, 32196

© Sergey V. Larin,
*b

Artem D. Glova, (2° Victor M. Nazarychev,
Andrey A. Gurtovenko @2 ° and Sergey V. Lyulin

Recent experiments and atomistic computer simulations have shown that asphaltene byproducts of oil
refineries can serve as thermal conductivity enhancers for organic phase-change materials such as
paraffin and therefore have the potential to improve the performance of paraffin-based heat storage
devices. In this work, we explore how the size of the polycyclic aromatic cores of asphaltenes affects
the properties of paraffin—asphaltene systems by means of atomistic molecular dynamics simulations.
We show that increasing the size of the asphaltene core from 7-8 aromatic rings to ~20 rings drasti-
cally changes the aggregation behavior of asphaltenes. Instead of relatively small, compact aggregates
formed by small-core asphaltene molecules, enlarged cores promote the formation of extended single-
column structures stabilized in paraffin by asphaltene’s aliphatic periphery. Chemical modification of
the asphaltenes by removing the periphery leads to the formation of bundles of columns. In contrast to
small-core molecules, asphaltenes with enlarged cores do not suppress paraffin crystallization even at

Received 24th June 2023, high filler concentrations. Remarkably, asphaltenes with enlarged aromatic cores are able to increase the

Accepted 8th November 2023 thermal conductivity of liquid paraffin to a greater extent compared to their small-core counterparts.
DOI: 10.1039/d3cp02953k This effect becomes even more pronounced for modified asphaltenes without the aliphatic side groups.
Overall, our computational findings suggest that asphaltenes with enlarged aromatic cores can

rsc.li/pccp significantly improve the performance of heat storage devices based on organic phase change materials.

Recent experiments and computer simulations have sug-
gested that asphaltenes can be used as fillers for paraffin-based

Introduction

Asphaltenes represent a group of waste materials produced by
oil refineries." Depending on its origin, oil can contain up to
20% of asphaltenes.”™ As the global demand for oil is expected
to reach approximately 100 million barrels per day in 2023 and
continues to grow,” the accumulation of asphaltene byproducts
can become an essential environmental problem. A potential
solution to this issue is to utilize asphaltenes for various
applications such as the production of asphalt pavements,®
polymer composites,”® and solar cells."®™** Thus, diversifying
the applications of asphaltenes can aid in preventing their
accumulation in the environment as well as in developing
novel, high-value products.
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phase-change materials.'*'® These materials are promising for
developing domestic thermal energy storage systems, but their
low thermal conductivity limits their performance by reducing
charging and discharging rates. Adding asphaltenes to paraffin
has been found to increase its thermal conductivity, thus
enhancing the practical prospects of these materials.'>"®
Chemical modification of asphaltenes has also been shown to
affect their aggregation behavior and control the thermal con-
ductivity of the systems.**® Moreover, it has been established
that the sedimentation stability of paraffin-based blends filled
with asphaltenes can be improved using polymer compatibili-
zers such as poly(3-hexylthiophene)."”

Most previous studies considered asphaltenes of the so-
called “island” type, whose cores chemically resembled small
“flakes” of graphene.'® At the same time, “island”-type asphal-
tenes can also be classified as discotic liquid crystalline mole-
cules due to the presence of polycyclic aromatic cores in their
composition.'® It is well known that these molecules tend to
aggregate into ordered columnar rod-like stacks.'® Their aggre-
gation is driven by n-rn interactions, and these interactions can
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enable efficient heat transfer from one molecule to another in
the system.>>*" Therefore, increasing the size of the polycyclic
core can promote the self-assembly of asphaltenes into columnar
aggregates and enhance the thermal conductivity of paraffin-
asphaltene systems.

There are several experimental methods for modifying the
size of asphaltene polycyclic cores.”>** One of the simplest
approaches is solvent fractionation. Based on their solubility in
various solvents, asphaltenes can be separated from crude oil
into fractions with different polycyclic core sizes.>*>* Asphal-
tene samples can also be subjected to pyrolysis at high tem-
peratures to change the core sizes due to polymerization/
depolymerization reactions.>® In addition, Gorbacheva et al.*®
have shown that the pyrolysis of hydrocarbon feedstock can
yield so-called ““technogenic” asphaltenes with high condensa-
tion and an almost complete absence of heteroatoms in poly-
cyclic cores. Despite the availability of these methods, the
precise control of the chemical structure of asphaltene mole-
cules and the size of their cores remains an excessively complex
experimental task. As a result, the effect of core sizes on the
properties of asphaltene-containing systems remains largely
unknown.

To fill this gap, our work focuses on the impact of the sizes
of asphaltene cores on the structure and thermal properties of
paraffin-based systems filled with asphaltenes. For this pur-
pose, we performed molecular dynamics computer simulations
with the use of atomistic models. This theoretical approach has
been shown to give reliable results consistent with experiments
for paraffin-asphaltene systems.'” At the same time, unlike
experiments the simulations allow us to consider asphaltene
molecules of well-defined chemical structures and understand
how a subtle difference in cores may affect the asphaltene
behavior and system properties in real systems.

PCCP

Methods

Atomistic molecular dynamics simulations of paraffin-based
systems filled with asphaltenes were carried out. To model
paraffin, we used n-eicosane (CyoH,,, Fig. 1a) due to its
potential for use in domestic thermal energy storage.>® Three
different model asphaltene molecules were considered, see
Fig. 1. In our previous work,"* we studied the model asphaltene
molecule composed of 7 aromatic rings, 1 sulfur atom, and
several aliphatic groups, see Fig. 1b. We refer to this model as
ASP1. According to Mullins® and Li and Greenfield,?” the ASP1
structure is typical for asphaltenes. In this paper, we used this
molecule for our comparative analysis and for building a new
asphaltene model ASP2, see Fig. 1c. Namely, the ASP1 core was
modified by the deletion of the sulfur-containing cycle and by
transforming two rings to an aromatic form. The resulting
polycyclic core of an ASP2 asphaltene can be viewed as small
pyrene and phenanthrene fragments fused together. Therefore,
considering this molecule would allow us to better understand
the effect of core shape on the paraffin-asphaltene system’s
properties. It is noteworthy that the ASP2 molecule resembles
the structure of so-called “technogenic” asphaltenes isolated
from ethylene tar samples in ref. 16 and 28. The aliphatic
periphery of this molecule consists of several methyl and ethyl
groups, so that the ASP2 molecular weight amounts to about
500 g mol ! in accordance with a peak molecular weight value
observed through the matrix assisted laser desorption/ioniza-
tion (MALDI) spectroscopy for the most probable ‘techno-
genic” asphaltene molecules considered in ref. 16. To study
how increasing the core size affects the properties of paraffin-
based systems filled with asphaltenes, we considered the model
asphaltene molecule ASP3 with an enlarged core, which was
proposed in ref. 29, see Fig. 1d. The ASP3 core comprises 23

Fig. 1 The chemical structures of the constituents of the considered paraffin—asphaltene systems: (a) n-eicosane, (b) the ASP1 model with a typical
chemical structure for asphaltenes,*?’ (c) the ASP2 model with a core representing fused pyrene and phenanthrene fragments, (d) the ASP3 model with
an enlarged core,?® and (e)-(g) the corresponding models of modified asphaltenes ASP1-M, ASP2-M, and ASP3-M with peripheral alkane groups cut off.
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aromatic rings, which is about three times larger than that in
the ASP1 and ASP2 molecules. Notably, the ASP3 molecular
weight (~1600 g mol ') agrees well with a peak value in the
MALDI spectra for asphaltenes isolated from crude oil of the
Ashalchinskoye field.'® Since our previous study'* has shown that
chemically modified asphaltenes with the aliphatic periphery cut
off gave a larger increase in thermal conductivity compared to
pristine asphaltenes, the modified molecules of the three model
asphaltenes without aliphatic side chains (ASP1-M, ASP2-M, and
ASP3-M, see Fig. 1e-g) were considered in this work for the sake of
completeness.

The composition of paraffin-based systems and simulation
protocol are chosen to allow comparison with the results of our
previous work,"* where the ASP1 molecules were studied.
Details of all systems used in our study are listed in Table 1.
All systems were composed of 500 paraffin molecules and a
number of asphaltene molecules, N,q,, depending on the type
of asphaltenes. Based on ASP1-M-containing systems, we fixed
the weight concentrations of fillers and chose the N,g,-values in
our systems, see Table 1. The number of filler molecules was
consistent across systems containing pristine and modified
asphaltenes to preserve the molar concentration of polycyclic
cores. Thus, N,s, was equal to 44, 99, or 214 for the ASP1 and
ASP1-M molecules. In the case of ASP2 and ASP2-M asphal-
tenes, the system consisted of 214 filler molecules. Our focus is
on a single, relatively high filler concentration because, as we
proceed to show, this type of molecule demonstrates a limited
ability to increase the thermal conductivity of paraffin. For
the ASP3 and ASP3-M molecules, we considered several filler
molecules N, equal to 21, 44, or 88. In this case, the Ny
values are lower due to the enlarged sizes of these molecules
compared to their counterparts, but the weight concentrations
are comparable, see Table 1.

To generate the starting configurations of the systems,
paraffin and asphaltene molecules were evenly distributed
across the cubic simulation box with sizes of about 15 nm.
Three-dimensional periodic boundary conditions were applied.*

Table 1 Parameters of the simulated systems. Here Ny, is the number of
paraffin molecules, N, is the number of asphaltene molecules, Cyq, is the
weight concentration of asphaltenes, Ccore is the weight concentration of
asphaltene cores, L is the size of a simulation box edge, and N,ioms is the
total number of atoms

S)’Stem Npar Nasp Caspy wt%  Ceore, Wt% L, DM Natoms
PAR-ASP1-44 500 44 18 8.8 7.4 36016
PAR-ASP1-99 500 99 331 16.1 7.8 42286
PAR-ASP1-214 500 214 51.7 25.1 8.5 55396
PAR-ASP2-214 500 214 43.2 31.0 8.1 46 622
PAR-ASP3-21 500 21 19.2 9.4 7.4 35788
PAR-ASP3-44 500 44  33.3 16.3 7.7 41032
PAR-ASP3-88 500 88 499 24.4 8.3 51064
PAR-ASP1-M-44 500 44 10 9.7 7.2 32716
PAR-ASP1-M-99 500 99 20 19.3 7.4 34861
PAR-ASP1-M-214 500 214 35 33.9 7.7 39346
PAR-ASP2-M-214 500 214 36.3 34.7 7.7 40 844
PAR-ASP3-M-21 500 21 10.6 10.4 7.2 32806
PAR-ASP3-M-44 500 44 20 19.5 7.3 34784
PAR-ASP3-M-88 500 88 334 33.5 7.6 38568
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We then minimized the energy of each system using the steepest
descent algorithm.*° Next, isotropic compression was performed
for 10 ns at a pressure of 50 bar and a temperature of 450 K. The
time step was set to 2 fs.>° The pressure and temperature were
maintained using the Berendsen barostat and thermostat®® with
the same coupling constant of 1 ps. After the compression step,
the Nosé-Hoover thermostat®>** with a coupling constant of 1 ps
and the Parrinello-Rahman barostat** with a coupling constant of
5 ps were applied, and we ran simulations at 1 bar and 450 K. The
chosen temperature enables studying the paraffin-based systems
in the liquid state and reduces the simulation times required for
equilibration. Simulation data for ASP1 or ASP1-M systems were
taken from ref. 14. In the case of ASP2 and ASP2-M molecules,
systems were run for 600 ns. Most systems filled with ASP3
or ASP3-M asphaltenes were simulated for 1 ps, except for the
PAR-ASP3-44 and PAR-ASP3-88 systems, which were run for
2.5 ps and 3.3 ps, respectively. These simulation times were
needed to ensure proper equilibration. For the PAR-ASP2 and
PAR-ASP2-M systems, equilibration took about 100 ns of simula-
tions. Most PAR-ASP3 and PAR-ASP3-M systems reached their
equilibria during the first 0.5 ps of simulations. However, for the
PAR-ASP3-44 and PAR-ASP3-88 systems, the equilibration took
0.9 ps and 2.3 ps, respectively. The equilibration times were
evaluated from the time dependence of the average sizes of
asphaltene aggregates in the systems, see Fig. S1 and S2 in the
ESL{ Configurations of equilibrated systems were utilized to
evaluate their thermal conductivity.

The thermal conductivity k was computed from the heat flux
using the Green-Kubo relation.>®?® In its standard form the
Green-Kubo method does not account for partial enthalpy
terms that might be important when multicomponent hetero-
geneous systems are considered. However, the corresponding
correction to the thermal conductivity was shown to be rela-
tively small for liquid and solid systems.?” Because of that, the
standard Green-Kubo method is often used for multicompo-
nent composite systems.***! In practice, to evaluate the ther-
mal conductivity, we followed closely the Green-Kubo approach
employed and validated in our previous papers.'*'”**

Since asphaltene molecules could form elongated stacks of
arbitrary orientation in the simulation box, care has to be taken
to properly account for the anisotropic contribution to the
thermal conductivity k. Within the Green-Kubo method, we
first compute the per-atom stress tensor using the LAMMPS
procedure centroid/stress/atom.*® In general, this tensor has
nine non-zero components, so such an approach is applicable
to anisotropic systems. Based on the per-atom stress tensor,
the heat flux vector and the thermal conductivity tensor of
anisotropic paraffin—asphaltene systems are then computed.
Due to anisotropy, three diagonal components of the thermal
conductivity tensor differ,** as seen in Table S1 (ESI{). Because
experiments normally provide a single value for thermal
conductivity,'>™” in addition to Ky, Ky, and K, we also pre-
sented our results as an average over the values of the diagonal
components (x), see Table S1 (ESIY).

The heat flux was calculated from 1 ns-long NVE simulations
and saved every 1 fs. The autocorrelation functions of heat flux
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(HFACF) were calculated with the use of the correlation time of
10 ps.*® This correlation time was shown to be sufficiently long
for HFACFs and their running integrals to converge, see Fig. S3
and S4 (ESIt). For computing the HFACFs, we used a modified
formula for the virial, which properly accounts for the contri-
butions of the valent angles and dihedrals.*>*> The calculated
HFACFs were used for evaluating the thermal conductivity;
the outcome of the last 500 ps was taken for averaging, see
Fig. S5 (ESIY).

Equilibrated configurations of the systems were cooled
down to a temperature of 250 K with a cooling rate of
6 x 10° K min~". This cooling rate required a 10 K step change
in temperature every 100 ns, amounting to 21 steps or 2.1 ps
of simulation time for each cooling-rate simulation. While
computationally demanding, a cooling rate of this magnitude
has been previously demonstrated as being necessary to accu-
rately model the temperature-dependent changes in mass
density and thermal conductivity that occur in paraffin during
crystallization.*®

All simulations were performed using the all-atom CHARMM36
force field."””*® The aggregation of asphaltenes stems from n-n
interactions. The performance of a point charge all-atom model
in the description of these interactions, based on a proper force
field such as CHARMM36, is determined by both Lennard-
Jones and Coulomb potentials.”® Our previous study'* found
that the CHARMM36 parameter set successfully describes n-n
interactions. Moreover, for modified asphaltenes without per-
ipheral alkane groups, this force field reproduced extended
columnar aggregates typical for discotic liquid crystalline mole-
cules, e.g., coronene.* At the same time, CHARMM36 was also
shown to produce reliable results for the properties of
n-eicosane.>>* All these justified the use of the CHARMM36
force field for computer simulations of paraffin-asphaltene
systems. A 1.2 nm cut-off radius was set for the non-bonded
interactions. A switch function between 1.0 and 1.2 nm was
applied to treat the van der Waals interactions.*””*® The bonds
involving hydrogen atoms were constrained with the P-LINCS
algorithm.?>>® The long-range electrostatic interactions were
calculated with the particle-mesh Ewald method.>*

The analysis of thermal conductivity was carried out with the
LAMMPS package,” while molecular dynamics simulations
were performed using the GROMACS package.>® The force field
parameters were generated with the CHARMM-GUI web server.””
The InterMol software was employed to convert the force field files
from GROMACS to LAMMPS format.>® The VMD suite was used to
prepare all the snapshots.®

Results
1. Asphaltene molecules with small cores

To understand the role of the size of asphaltene cores in deter-
mining the properties of paraffin-asphaltene systems, we first
focus on the asphaltenes with relatively small cores and com-
pare the paraffin systems filled with ASP2 and ASP1 asphal-
tenes. In particular, we analyzed radial distribution functions

This journal is © the Owner Societies 2023
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Fig. 2 The radial distribution functions (RDF) for the centers of mass of
polycyclic cores of pristine (a) and modified (b) ASP2 and ASP1 asphaltenes
in liquid paraffin—asphaltene systems.

(RDFs) for the centers of mass of polycyclic asphaltene cores
in liquid paraffin-asphaltene systems, see Fig. 2. Physically, the
RDF qualitatively describes the probability of finding one
asphaltene core at a distance r from another core in the system.
Therefore, it allows us to shed light on the aggregation behavior
of the asphaltenes and the strength of interactions between
considered molecules.

Fig. 2a shows that at the largest considered filler concen-
tration, both ASP2 and ASP1 asphaltenes form small aggregates
in paraffin. A well-defined main RDF peak at r ~ 0.4 nm and
a subsequent second peak at r ~ 0.8 nm correspond to the
distances between adjacent molecules and molecules separated
by one asphaltene within the aggregates, respectively. It can be
seen that the RDF curve for ASP2 asphaltenes at r ~ 1.4 nm is
located above 1 in contrast to that for ASP1 asphaltenes,
i.e., ASP2 asphaltenes form aggregates slightly larger than ASP1
asphaltenes. This difference can be explained by the fact that the
ASP2 molecules have smaller aliphatic side groups responsible for
mixing asphaltenes with paraffin. More importantly, the first two
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RDF peaks for ASP1 asphaltenes are slightly higher compared to
those for ASP2 asphaltenes, see Fig. 2a. This indicates that ASP1
molecules interact stronger than their ASP2 counterparts.

If the alkane side groups of the asphaltene molecules are cut
off, the tendency of asphaltenes to aggregate increases, see
Fig. 2b. As it follows from the RDF-values above 1 atr > 0.7 nm,
ASP1-M and ASP2-M molecules form large aggregates. For
ASP1-M molecules, the RDF curve has a complex shape with
multiple maxima. This was previously shown to be due to the
self-assembly of these asphaltenes into a bundle of interacting
columnar stacks involving almost all of the filler molecules
in the system.'" In contrast, only a single prominent peak at
r ~ 0.4 nm corresponding to adjacent stacked molecules is
seen in the RDF dependence for ASP2-M molecules, see Fig. 2b.
Then, the RDF gradually decreases to 1. Thus, ASP2-M asphal-
tenes do not form extended columns, but their dimers ran-
domly assemble with each other into a disordered structure.
It is important to emphasize that both the shape of the RDF
and the height of its peaks clearly show that the interaction of
ASP2-M asphaltenes is much weaker than ASP1-M asphaltenes.

The insight gained from the RDF curves was confirmed by a
visual analysis of the system snapshots. Fig. 3a shows that the
ASP2 molecules are almost uniformly distributed throughout
the simulation box similar to the ASP1 molecules (Fig. 3c),
whereas large, disordered aggregates or columnar structures
can be formed in the case of the ASP2-M or ASP1-M molecules,
respectively, see Fig. 3b and d.

In addition to structural properties, the thermal conductivity
of systems filled with ASP2 or ASP2-M asphaltenes was evalu-
ated. Previous simulation studies have shown that the coeffi-
cient of the thermal conductivity k of pure liquid n-eicosane at

Fig. 3 Representative snapshots of asphaltene cores in (a) PAR-ASP2-
214, (b) PAR-ASP2-M-214 systems, (c) PAR-ASP1-214, and (d) PAR-ASP1-
M-214.
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T=450 K equals 0.197 + 0.002 W (m K)~'.*? It turns out that the
addition of ASP2 asphaltenes to the paraffin system increases
the x-value to 0.21 4+ 0.01 W (m K) ™%, which is 7% larger than
that for unfilled paraffin. A similar increase in the x-value was
previously reported for ASP1 asphaltenes.'* As far as the ASP2-M
molecules are concerned, they increased the x-value to
0.24 + 0.01 W (m K)™, ie., by about 22%. In turn, the use of
ASP1-M asphaltenes as a filler yielded x = 0.71 & 0.01 W (m K)~*."*
Thus, the less ordered structure of ASP2 and ASP2-M aggregates
resulted in their poorer performance as thermal conductivity
enhancers compared to the ASP1-M model.

2. Asphaltenes with enlarged cores: the structure of
paraffin-asphaltene systems

As is clearly seen from the previous section, the aggregation
behavior of asphaltenes with small cores can be greatly affected
by a subtle difference in the shape of the aromatic cores. While
the cores of ASP1 and ASP2 asphaltenes have comparable
sizes, the shapes of their cores differ. ASP1 asphaltenes are
characterized by a compact core, whereas the core of the ASP2
molecules is more extended and asymmetric, see Fig. 1. As we
showed above, such an asymmetry impairs the ability of ASP2
asphaltenes to form extended ordered aggregates and, corre-
spondingly, to enhance the thermal conductivity of paraffin-
asphaltene systems. A primary focus of our study is the impact
of the size of an asphaltene core on the properties of a paraffin—-
asphaltene mixture. Given the limitations inherent to atomistic
computer simulations, an enlarged core has to be chosen in
such a way that it would allow one to observe noticeable
changes in the aggregation behavior on spatial and time scales
accessible for simulations. To achieve this, one should avoid
extended, asymmetric cores, as is shown in the previous sec-
tion. Therefore, a molecule with a rather compact aromatic core
was chosen as a model for asphaltenes with enlarged cores,
see the asphaltene ASP3 in Fig. 1d. In the following, we will
compare the properties of paraffin systems with ASP3 and
ASP1, thereby focusing on the effect of the size of the core
(and not their shape).

In Fig. 4a-c we present the RDFs for the centers of mass of
ASP1 and ASP3 asphaltenes in liquid paraffin-asphaltene sys-
tems at different filler concentrations. It is clearly seen that the
first RDF peak at r ~ 0.4 nm originating from two stacked
asphaltene molecules is much higher for ASP3 molecules than
for their ASP1 counterparts. Thus, the enlarged core does lead
to stronger n-m interactions. One can also notice that the RDF
curves for the ASP3 molecule in Fig. 4a—c are characterized by a
larger number of peaks compared to those for the ASP1 model.
Based on the number of peaks, ASP1 asphaltenes mainly
aggregate into dimers and trimers, whereas ASP3 molecules
can form extended columns involving more than six molecules.
As their RDF-values approach 1 at large distances (r > 1 nm),
ASP1 molecules are uniformly distributed in the system, regard-
less of the filler concentration. In the PAR-ASP3-21 system,
multiple peaks whose height decreases with r indicate the
formation of a long columnar aggregate, see Fig. 4a. Increasing
the number of filler molecules from 21 to 44 and 88 leads to the
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Fig. 4 The radial distribution functions (RDF) for the centers of mass of polycyclic cores of pristine (a)—(c) and modified (d)—(f) ASP3 and ASP1
asphaltenes in liquid paraffin—asphaltene systems at various filler concentrations. Each figure shows RDF at the same weight concentration for

asphaltenes of different sizes.

emergence of a broad peak at r ~ 2.5 nm with RDF-values

above 1. This probably means that asphaltene columns interact

with each other at these filler concentrations.
The interaction and aggregation of modified ASP3-M mole-
cules with each other are stronger than both pristine ASP3 and

This journal is © the Owner Societies 2023

modified ASP1-M molecules at all considered filler concentra-
tions, see Fig. 4d-f. Again, multiple peaks indicate the for-
mation of columnar structures. Due to the enlarged core, ASP3-M
molecules form longer columns than ASP1-M molecules at a given

filler concentration. Moreover, high RDF-values at r > 1 nm
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suggest that ASP3-M molecules self-assemble into bundles of
several interacting columns, irrespective of the filler concen-
tration. This is in contrast with PAR-ASP3 systems, where the
columns dissolve in paraffin, possibly due to the presence of
aliphatic side chains in the asphaltene composition. In the case
of ASP1-M asphaltenes, the bundles are observed only at the
largest filler concentrations considered (the PAR-ASP1-M-214
system), see Fig. 4f.

Visual inspection of the asphaltene distributions in the
systems confirms the conclusions made from RDFs, see Fig. 5.
In particular, several columns are observed in most systems,
with the exception of the PAR-ASP3-21 system, where only
one column is present. The column length of both ASP3 and
ASP3-M molecules increases with the number of asphaltenes in
the system. It is important to emphasize that ASP3 molecules
are able to form extended structures, which is not the case for
ASP1 asphaltenes (Fig. 4). Due to the large size of the aromatic
cores, the presence of steric interactions between the aliphatic
side groups of ASP3 molecules does not prevent the formation
of extended stacks or columns. It is also seen that ASP3
asphaltenes form single-column structures, while ASP3-M
molecules can be surrounded by other asphaltenes in bundles.
Notably, ASP3 columns themselves and ASP3-M columns in
bundles can be oriented in a complex manner.

To get further insight into the aggregation behavior of
asphaltenes, we focus on the average size of the asphaltene
aggregates, N,,, as well as on their orientational order para-
meter S calculated for vectors normal to the asphaltene cores

(a) (b)

Paper

(see Fig. S6 in the ESIt for details) in analogy to ref. 61. The
results are presented in Table 2. It turns out that ASP1 mole-
cules form relatively small aggregates, whose size slightly
increases with filler concentration. At the lowest considered
filler concentration of 21 molecules, ASP3 asphaltenes form an
aggregate that includes all the filler in the system. An increase
in the number of ASP3 asphaltenes leads to an increase in
aggregate size, and N,,-values indicate the presence of several
aggregates. Meanwhile, the ordering of ASP3 and ASP1 asphal-
tenes varies in a similar fashion, it decreases with asphaltene
concentration.

Notably, the molecular ordering is much higher for ASP3
asphaltenes than for ASP1 molecules, see Table 2.

As for modified asphaltenes, the aggregate size N,, increases
with filler concentration for both ASP3-M and ASP1-M asphal-
tenes, with the former molecules self-assembling into a single
aggregate consisting of all the filler molecules in the system.
For ASP1-M molecules, the order parameter S remains almost
constant for 44 and 99 asphaltenes in the system and then
increases with the filler concentration. ASP3-M asphaltenes,
however, exhibit an opposite trend in the change of their
ordering. Namely, increasing the number of filler molecules
from 21 to 88 first does not change the S-value of about 0.9-1
and then drops it to about 0.6; this drop occurs since bundles
orient in different directions at the high filler concentration,
see Fig. 5d—f. Overall, the concentration of asphaltene cores is a
key parameter that determines the aggregation and ordering
of the filler. Meanwhile, increasing the core size not only

(c)

A

(d) (e)

[
Y

/%

!

Fig. 5 Representative snapshots of asphaltene cores in (a) PAR-ASP3-21, (b) PAR-ASP3-44, (c) PAR-ASP3-88, (d) PAR-ASP3-M-21, (e) PAR-ASP3-

M-44, and (f) PAR-ASP3-M-88 systems.
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Table 2 Average sizes of asphaltene aggregates N,,, the orientational
order parameter of asphaltenes S calculated for vectors normal to the
asphaltene cores, and the crystallization temperature T,

System N,,, molecules S T, K
PAR-ASP3-21 21.0 £ 1.0 0.98 + 0.01 310 + 10
PAR-ASP3-44 22.5 + 3.4 0.92 £+ 0.05 290 £+ 10
PAR-ASP3-88 44.0 + 1.0 0.70 + 0.10 295 + 10
PAR-ASP1-44 3.1+0.4 0.22 4+ 0.08 310 £ 10
PAR-ASP1-99 3.6 £ 0.3 0.16 £ 0.06 310 £ 10
PAR-ASP1-214 4.8 + 0.4 0.13 + 0.04 —
PAR-ASP3-M-21 21.0 £ 1.0 0.92 + 0.14 335 £ 10
PAR-ASP3-M-44 44.0 + 1.0 0.99 + 0.01 315 + 10
PAR-ASP3-M-88 88.0 £ 1.0 0.58 + 0.05 335 + 10
PAR-ASP1-M-44 5.2 +1.8 0.23 4+ 0.08 320 =+ 10
PAR-ASP1-M-99 14.0 £ 6.5 0.22 £+ 0.09 320 = 10
PAR-ASP1-M-214 72.3 £ 25.0 0.71 £+ 0.07 320 + 10

strengthens the interactions between asphaltene molecules but
also significantly enriches the aggregation behavior.

3. Asphaltenes with enlarged cores: thermal properties of
paraffin-asphaltene systems

After having described the structure, we turn to the considera-
tion of thermal properties. Our analysis is based on the
temperature dependence of mass density p for paraffin-asphaltene
systems with pristine and modified ASP3 and ASP1 molecules,
see Fig. 6. It has been found that these asphaltenes affect the
results in different ways.

In particular, in the high temperature domain at T > 330 K,
the density p of a PAR-ASP3 system at a given filler concen-
tration is greater than that for both pure paraffin and a
PAR-ASP1 system, see Fig. 6a. This is probably due to the
formation of densely packed aggregates whose density exceeds
the density of paraffin and ASP1 aggregates. An increase in
filler concentration leads to an increase in p-values as the
aggregates also become larger. At temperatures around 320 K,
an abrupt density increase of PAR-ASP3 systems upon cooling
is observed, indicating crystallization. A temperature in the
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middle of the interval of the abrupt change can be defined
as the crystallization temperature T,>' see Table 2. For pure
paraffin, T. = 320 K.>! One can also note that the magnitude
of the abrupt density increase is smaller compared to pure
paraffin. Meanwhile, the onset of crystallization is shifted by up
to about 20 degrees towards lower temperatures than that for
pure paraffin, see Fig. 6a. In other words, ASP3 asphaltenes
limit the crystallization of paraffin and can slightly reduce the
transition temperature, see Table 2. This effect can stem from
the mixing of paraffin with asphaltene side groups. They are
more extended compared to those of ASP1 asphaltenes and can
therefore more strongly mix with paraffin molecules and dis-
rupt their packing and paraffin density. As a result, the p-values
at T = 250 K for the PAR-ASP3-21 and PAR-ASP3-44 systems are
comparable to those of their counterparts, although they were
larger at higher temperatures. ASP3 asphaltene molecules,
however, do not suppress crystallization in contrast to what is
witnessed in the case of ASP1 asphaltenes at high filler con-
centrations, see Fig. 6a.

Fig. 6b shows that the addition of ASP3-M and ASP1-M
asphaltenes increases in a similar manner to the density at
high temperatures corresponding to the liquid state. It can also
be seen that although the presence of the ASP1-M molecules
does not affect the crystallization temperature, for the PAR-ASP3-
M-21 and PAR-ASP3-M-88 systems, the onset of crystallization is
slightly shifted towards higher temperatures. Such a behavior is
opposite to what was observed for PAR-ASP3 systems (Fig. 6a and
Table 2). No such shift is seen for the PAR-ASP3-M-44 system.
We note that more detailed insight into the ability of ASP3-M
asphaltenes to initiate crystallization requires extensive cooling
rate simulations of many independent system configurations.
Such analysis, being computationally very expensive for the
systems of the considered size, is beyond the scope of our paper.
It should be mentioned that the magnitude of the density increase
during crystallization for PAR-ASP3-M and PAR-ASP1-M systems
is lower than for pure paraffin. Thus, the presence of modified
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Fig. 6 Temperature dependence of density p for the paraffin systems filled with pristine (a) and modified (b) ASP3 and ASP1 asphaltenes.
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asphaltene molecules can slightly affect system crystallization.
This is a possible reason why p-values at low temperatures are
lower for PAR-ASP3-M systems with columnar aggregates com-
pared to paraffin. Nevertheless, crystallization is observed for
both types of modified asphaltenes at all considered filler
concentrations.

4. Asphaltenes with enlarged cores: thermal conductivity

Let us now proceed with an analysis of the thermal conductivity
x of the simulated systems. Our previous study'* showed that
the asphaltene-induced enhancement of the thermal conduc-
tivity of paraffin systems vanished upon cooling due to a
reduction in the overlap of adjacent asphaltene molecules in
the aggregate and structural changes of the columnar aggre-
gates with temperature. Therefore, here we do not consider low
temperatures and focus on comparing the thermal conductivity
coefficients for liquid paraffin-based systems filled with pris-
tine and modified ASP3 and ASP1 asphaltenes at 7 = 450 K.

As mentioned in the Methods section, the formation of
anisotropic asphaltene aggregates leads to a difference in the
diagonal components of the thermal conductivity tensor.
Indeed, as can be seen in Table S1 (ESIt), diagonal components
Kxxy Kyy, and rk,, differ for all considered asphaltene-paraffin
systems. It is noteworthy that this difference can be linked directly
to the degree of anisotropy of asphaltene aggregates. As discussed
above, the formation of elongated anisotropic aggregates is
promoted by the increase in the size of the asphaltene core and
in the asphaltene concentration, as well as by removing the
aliphatic side groups. All these factors lead to larger deviations
of diagonal components from the average values, see Table S1
(ESIY). Overall, this deviation varies from 10% (the PAR-ASP1-99
system) to almost 50% (the PAR-ASP3-M-88 system).

(a)12-

1.0
0.8+
= 0.6

< 0.4

Paper

To explore how asphaltene aggregation affects the thermal
conductivity of a system, we considered the average values of
the diagonal components of the thermal conductivity, see
Fig. 7. It has to be emphasized that such an approach is
an approximation for anisotropic systems and is used here
solely to link our computational results with experiments,
where a single value for the thermal conductivity is normally
measured.”>™” Real systems are much larger than those con-
sidered in our simulations, so anisotropic asphaltene aggre-
gates can be randomly oriented within a sample. This implies
that a system, being anisotropic on sufficiently small scales,
can be considered isotropic on larger scales, thereby justifying
our approach.

As evident from Fig. 7a, both ASP3 and ASP1 molecules
increase the x-values for paraffin-asphaltene systems in com-
parison with pure liquid paraffin. At the lowest considered filler
concentration, both asphaltenes increase thermal conductivity
by ~45%. When the asphaltene concentration reaches moder-
ate values, the x-value increases for the PAR-ASP3-44 system
and decreases for the PAR-ASP1-99 system. The opposite
change at this filler concentration can be associated with a
difference in the aggregation of asphaltenes: ASP1 molecules
form small, disordered aggregates, while ASP3 asphaltenes
aggregate into extended column-like ordered structures, see
Fig. 5 and Table 2. It should be emphasized that the thermal
conductivity in the case of ASP3 asphaltene exceeds that of
the PAR-ASP1 system and pure paraffin by about 80% and
90%, respectively. A further increase in filler concentration
does not result in a noticeable change in the k-value for a
system with ASP1 asphaltenes. However, for the PAR-ASP3-88
system a 20% decrease in thermal conductivity is observed
compared to the PAR-ASP3-44 system. At the highest considered

(b)1.2-

Fig. 7 Thermal conductivity coefficients k of systems filled with pristine (a) and modified (b) ASP3 and ASP1 asphaltenes at T = 450 K.
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filler concentration, several asphaltene columns are present in the
system. The slightly different mutual orientation of these columns
observed in Fig. 5 can be the reason for the lower order of
asphaltenes (Table 2) and therefore for the lower k-value
compared to the PAR-ASP3-44 system. Despite this decrease,
the paraffin systems filled with ASP3 molecules with an
enlarged core have a larger thermal conductivity than the
PAR-ASP1 systems.

Fig. 7b shows that the modified asphaltenes enhance ther-
mal conductivity even to a greater degree than the pristine
asphaltenes. The k-values increase with filler concentration for
both ASP3-M and ASP1-M molecules. At the same time, the
addition of ASP3-M asphaltenes yields a greater enhancement
in thermal conductivity at all considered concentrations. For
instance, the x-value for the PAR-ASP3-M-44 system exceeds
that for PAR-ASP1-M-99 by about 80%. When increasing the
number of ASP3-M molecules from 44 to 88, one can note an
increase in the thermal conductivity for the PAR-ASP3-M-88
system despite the decrease in the asphaltenes order (Table 2).
This can be associated with the fact that the size of aggregates
increases with the filler concentration. Thus, the thermal
conductivity can be a function not only of the filler concen-
tration, but also of the order parameter and aggregate sizes.
It should be stressed that due to the formation of aggregates of
complex shapes and orientations (Fig. 5), establishing a direct
correlation between thermal conductivity, system composition,
and asphaltene aggregation characteristics is a challenging task.

Conclusions

We have explored the effect of adding asphaltenes with poly-
cyclic aromatic cores of different sizes on the structural and
thermophysical properties of paraffin-based phase change
materials. Using atomistic molecular dynamics simulations,
three model asphaltene molecules (ASP1, ASP2, and ASP3) with
different sizes of the core were considered: (i) the previously
studied ASP1 model asphaltene with a 7-ring core typical for
petroleum asphaltenes; (ii) the ASP2 model asphaltene repre-
sented a modification of the ASP1 asphaltene consisting
of pyrene and phenanthrene fragments fused together; and
(iif) the ASP3 model asphaltene consisting of an enlarged core
of about 20 rings and several aliphatic side groups. For these
model asphaltenes, we also studied the effect of their chemical
modification and repeated simulations for asphaltenes with the
aliphatic side groups cut off. We found that the interaction of
ASP2 asphaltenes with each other is weaker than ASP1 asphal-
tenes, irrespective of the presence of an aliphatic periphery.
This is most likely due to the asymmetric, rather than the
extended shape of the aromatic cores of ASP2 asphaltenes. As a
result, the ASP2 molecules are not able to form ordered
structures and therefore demonstrate low efficiency as thermal
conductivity enhancers of paraffins. As far as the ASP3 mole-
cules with an enlarged core are concerned, their intermolecular
interactions are found to be much stronger as compared to
their counterparts with smaller cores (ASP1 and ASP2 asphaltenes).

This journal is © the Owner Societies 2023
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Correspondingly, the ASP3 molecules form extended single-column
aggregates in the case of pristine asphaltenes and self-assemble
into bundles of several columns when the aliphatic side groups of
ASP3 asphaltenes are cut off. The presence of asphaltenes with
enlarged cores can slightly shift the crystallization temperature
towards lower values for pristine fillers and higher temperatures for
modified ones. Notably, for these asphaltenes, the liquid-crystal-
line transition was observed at all filler concentrations considered,
whereas the smaller molecules suppressed crystallization at high
filler concentrations due to their uniform distribution and the
interaction of their aliphatic side groups with paraffin molecules.
Most importantly, adding the ASP3 asphaltenes with enlarged cores
to the liquid paraffin results in increased thermal conductivity
compared to the smaller molecules. At a concentration of aromatic
cores of ~20 wt%, these asphaltenes, both pristine and modified
ones, demonstrated an increase in thermal conductivity that was
about 80% higher than that for ASP1 asphaltenes. Compared to
pure liquid paraffin, the enhancement of thermal conductivity
was ~90% for pristine ASP3 molecules and ~335% for modified
ASP3-M asphaltenes with aliphatic side group cut off. Thus, our
results clearly show that the size of asphaltene aromatic cores is one
of the key parameters determining the effectiveness of asphaltenes as
thermal conductivity enhancers for paraffin. From a practical per-
spective, the application of experimental methods, such as fractiona-
tion, is highly desirable to obtain asphaltene samples with enlarged
cores and low aliphatic side chain content, as these fillers can
significantly improve paraffin-based heat storage devices.
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