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The aggregation behavior of asphaltene in the toluene-hexane mixture is systematically investigated
using experimental techniques such as optical microscopy and Fourier-transform infrared spectroscopy
(FTIR) combined with molecular dynamics (MD) simulations. The optical images of various asphaltene
concentrations are processed to determine the size of asphaltene aggregates. FTIR is performed within
our work in order to understand the formation of aggregates and its interaction with the solvent mixture.
MD simulations are employed to achieve atomistic insights into the aggregation behavior of asphaltene.
The end-to-end distance of the asphaltene molecule is calculated for various asphaltene concentrations in
the toluene-hexane mixture. The dynamical properties of the asphaltene aggregates such as the diffusion
coefficient and shear viscosity are calculated. Further, an in-depth analysis of the density contours is per-
formed to probe the clusterization of asphaltene. Thus obtained structural and dynamical properties of
the asphaltene aggregates in the toluene-hexane mixture are compared with our experimental findings.
Our results thereby highlight the importance of the combined experimental and theoretical study to
achieve deeper and better insights into the aggregation behavior of asphaltene in toluene-hexane
mixture.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Asphaltene is one of the most important ingredients of crude oil
together with saturates, resins and aromatics. It is the heaviest
component of the crude oil and holds the highest fraction [1] con-
sisting of aliphatic chains, polycyclic aromatic hydrocarbons and
polar-hetero atoms [2]. Asphaltenes can be dissolved in aromatic
solvents like toluene, benzene and pyridine but are insoluble in
normal alkanes like pentane, hexane and heptane [3,4]. Asphalte-
nes form aggregates in normal alkanes, water and oil–water emul-
sion [5] and are responsible for the high viscosity of crude
petroleum [6,7]. Destabilized asphaltenes cause numerous prob-
lems in the transportation of heavy oils, catalyst deactivation,
emulsion destabilization etc. [8,9,7]. It has a severe impact in pet-
roleum productivity due to high viscosity in crude oil caused by its
presence [10,11]. Also, the release of asphaltenes into the aqueous
environment can have drastic effect on aquatic life and soil
because of their not-decaying nature [12,13].

A better understanding of the asphaltene aggregation is a key to
design efficient oil recovery mechanisms [14]. Numerous experi-
mental studies and theoretical investigations have been conducted
to probe the asphaltene aggregation mechanisms and the nature of
the aggregates in various solvents [15–17,14]. The widely accepted
Yen-Mullins model reveals that the asphaltene molecules tend to
form nanoaggregates when their number is below 10. Further,
these nanoaggregates adhere together to form the macroaggre-
gates [18,19,15]. This model also suggests that the polyaromatic
core is surrounded by the aliphatic side chains and the p-p inter-
actions between the polyaromatic cores are responsible for the
aggregation [20].

Mullins et al. [15] discussed various critical aspects related to
asphaltene such as their molecular structure and the aggregation
of nanoaggregates to form clusters. The equation of state to inves-
tigate oil field reservoir’s asphaltene gradients has been imple-
mented for the various types of crude oil reservoirs such as
condensates, black oil, and heavy oil. Further, the analysis of the
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unimolecular decomposition revealed that a single polycyclic aro-
matic hydrocarbon favors island type of molecular architecture.
Aslan et al. [21] performed flow-line experiments on 1 mm stain-
less steel conduit to study the water-asphaltene interactions. The
size of asphaltene aggregates is measured using differential inter-
ference contrast microscopy and dynamic light scattering tech-
niques. The viscosity of solutions are investigated using the
rheometer by varying the concentration of deionized water in pet-
roleum fluids. In their work, the hydrogen bonds between the
asphaltene and water are extensively analyzed. Cyran et al. [22]
probed the structure of polycyclic aromatic hydrocarbon com-
pounds, i.e., Violanthrone-79 and anthrone using 2D infrared spec-
troscopy. The spectral region of 1550–1700 cm�1 is investigated to
probe the carbonyl stretching for understanding the effect of sol-
vent on aggregation. The molecular structure of asphaltene aggre-
gates is characterized using the atomic force and scanning
tunneling microscopy techniques by Schuler et al. [23]. Zhang
et al. [24] probed the asphaltene molecular interactions in weight
ratio of toluene to heptane using the surface forces apparatus
(SFA).

Li et al. [17] investigated the asphaltene aggregation kinetics in
the capillary tubes. The aggregate size and its distribution versus
flocculation time are analyzed at various concentrations of asphal-
tene. Further, in their work, the diffusion-limited-aggregation and
reaction-limited-aggregation models are systematically analyzed.
Duran et al. [25] performed size and fractal measurements of
asphaltene aggregates using micrographic methods and focused
beam reflectance at different n-heptane concentrations. In their
work, the micrographic images and the fractal measurements
revealed close-packed linear and planar aggregate structures at
the onset of precipitation. Further, it is observed that the asphal-
tene aggregates remain closely packed.

Headen et al. [19] investigated the radial distribution function
of asphaltenes aggregates and resins in heptane and toluene sol-
vents using MD simulations. It is observed that dimers and trimers
of aggregates in toluene solvent are formed, broken and once gain
formed with other molecules. Santos et al. [26] performed MD sim-
ulations on asphaltene in toluene, heptane and water and also
investigated asphaltene aggregation in binary and ternary solvent
mixture. The effect of the lateral side chains is investigated in
detail in this study. MD simulations were also performed by Jian
et al. [27] on Violanthrone-78 based asphaltene model with differ-
ent ratios of aliphatic and aromatic ratios in toluene solution. The
study concluded that the p-p interactions between polyaromatic
cores play a key role for asphaltene aggregation. Further, it is found
that both the aliphatic and aromatic regions of asphaltenes show
attractive interactions in contrast to water. Jian et al. [28] investi-
gated four representative polyaromatic compounds in a mixture of
toluene and n-heptane using MD simulations. The study showed
that single type of polyaromatic compound form short cylinder-
like aggregates in parallel stacking arrangement leading to the for-
mation of one-dimensional (1D) rod-like structure. Wang et al. [29]
performed coarse-grained modeling of three different asphaltene
molecular structures. Their results explain the formation of 1D
rod-like aggregates followed by the formation of the
nanoaggregates.

Bian et al. [30] investigated the disaggregation of asphaltenes
using experimental and atomistic techniques viz. MD and quantum
chemical simulations. It is concluded from this study that methy-
lation favours disaggregation of asphaltene aggregates by increas-
ing the distance between p-p stacks. Tirjoo et al. [31] studied
asphaltene aggregation for two different asphaltene models with
one containing two lateral side chains and the other containing
two methyl groups. Recently, Soulgani et al. [32] studied asphal-
tene aggregation in toluene and n-hexane mixture by performing
experiments and theoretical investigation using hydrodynamic
2

modeling. The aggregate sizes in solution are investigated using
optical microscopy and the settling time of the aggregates is calcu-
lated. In their work, the mechanism of asphaltene aggregation is
investigated by both general reaction-limited and diffusion-
limited aggregation theories.

In the present work, we present an in-depth analysis of the 1D
rod-like asphaltene aggregation in toluene-hexane mixture com-
bining experiments and MD simulations for the first time in the lit-
erature. The optical images of the asphaltene aggregates and the
Fourier-transform infrared spectroscopy (FTIR) spectra of the
aggregates in solution are analysed. We report the viscosity of
the asphaltene molecules in toluene and hexane mixture for the
first time to the best of our knowledge. We have also calculated
end-to-end distance and diffusion coefficient of the asphaltene
molecules in toluene and hexane mixtures. Furthermore, we have
analyzed the time averaged density contour of the aggregates to
achieve a deeper understanding of the aggregate position and the
nature of interaction.
2. Experimental details

In this study, one of the model compounds of asphaltene,
Violanthrone-79, is used for the investigations of asphaltene aggre-
gation. Amorphous Violanthrone-79 with purity up to 95% is pro-
cured from BLD Pharmatech Limited. Based on the Hansen
solubility results of earlier work [33], toluene and n-hexane are
selected as the solvent and precipitating titrant, respectively. Four
samples of asphaltene of different weights, (i.e. 0.02 g to 0.08 g) are
considered for the study. Toluene is added to asphaltene till it dis-
solves completely. This is considered as the base solution for the
study. Titrant, n-hexane, is added to this solution incrementally
(starting from 0.1 mL) till the formation of aggregates is observed.
Starting from the base solution, the asphaltene at every concentra-
tion of titrant is thoroughly mixed to ensure that the asphaltene
particles are uniformly distributed. The aggregation phenomenon
at different concentrations of titrant has been investigated using
two methods, the filter paper method [34] and the microscopic
method [17,32]. In the filter paper method, Whatman grade 41 fil-
ter paper is used to observe the aggregation phenomenon. At every
concentration of the titrant, 20 lL solution is pipetted out and
dropped on the filter paper. The solution spreads on the filter paper
and creates a spot. The created spots at different concentrations of
titrant are observed for notable changes, like a ring with asphal-
tene particles. The solutions at these different concentrations are
transferred to petri dishes to capture the images. Further, the petri
dishes are covered with lid to prevent the vaporization of solvent
and the titrant. The images are captured using inverted micro-
scope, Olympus IX73, and the microscopic images are analysed
for the size distribution of the aggregates. Fourier Transform Infra-
red Spectroscopy (FTIR) characterization is carried out using FT/IR-
6300 (Jasco). Herein, the samples are scanned in the wavenumber
range of 400 to 4000 cm�1 with a scanning resolution of 0.07 cm�1.
3. Computational Details

Violanthrone-79 (C50H48O4) asphaltene model has a molecular
weight of 712.9 g/mol. It contains nine aromatic rings, two linear
aliphatic side groups, and four oxygen heteroatoms in the polyaro-
matic core of the molecule as shown in Fig. 1. In addition, toluene
and hexane explicit molecules are considered as organic solvent
mixture. The bonded and Lennard-Jones interactions in the simu-
lated systems studied are described using the Optimized Parame-
ters for Liquid Simulations (OPLS3e) [35] force field. The
Desmond [36] package within Schrödinger simulation software
[37] is used to perform the molecular dynamics simulations. The



Fig. 1. 2-dimensional structure of the asphaltene model compound, i.e.,Violan-
throne-79 considered within this study. Aromatic core, polar-hetero-atoms, i.e.,
oxygen and two side chains are shown.
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equations of motion are integrated with a time step of 2 fs. Nose–
Hoover thermostat is used, and non-bonded interactions are trun-
cated at 9 Å. We have considered three different concentrations
viz. 12, 36, and 60 of asphaltene molecules in toluene and hexane
mixture as shown in Table 1. The toluene to hexane weight ratios
for the 12, 36, and 60 asphaltene molecules are 0.64, 0.76, and 0.9,
respectively. Snapshots of the asphaltene aggregation for 36
asphaltene molecules in hexane and toluene mixture before and
after aggregation collected at 0.07 ns and 9.19 ns time frames are
shown in Fig. 2.
4. Results and Discussion

4.1. Optical Microscopy

We have analyzed three key steps of the aggregation process,
i.e., asphaltene particles formation (before on-set), the on-set of
aggregation (at on-set), excess aggregation (after on-set) using
the optical microscope. The concentrations of n-hexane are
observed as 4, 12 and 22 vol.% at the three key steps for 0.06 g of
asphaltene in the solution. Fig. 3 shows the microscopic images
at the key steps respectively for 0.06 g of asphaltene in the solu-
tion. In Fig. 3(a), an optical image of the base solution is shown
for comparison of the case when there are no aggregates in solu-
tion to the one where there are large size aggregates in the solu-
tion. In Fig. 3(b), the aggregates start to form at 4 vol.% hexane
concentration. It is evident from the figure that the separation of
the asphaltene particles from toluene increases with increase in
the concentration of the titrant. The aggregates are observed to
be directional in nature at the lower concentration of the asphal-
tenes. The formation of aggregates from separated particles is thus
well explained by our experimental study as evident in Fig. 3(c),
where a pure polyaromatic asphaltene compound is observed to
Table 1
The number of asphaltene, toluene and hexane molecules are presented in the table
below for three different asphaltene concentrations.

Asphaltene
molecules

Toluene
molecules

Hexane
molecules

Simulation box size
(Å3)

12 1500 2488 93.8�93.8�93.8
36 1652 2312 94.2�94.2�94.2
60 1804 2136 94.6�94.6�94.6

3

form 1D rod-like structures. With further addition of n-hexane,
we observed cylinder-like aggregates as shown in Fig. 3(d), with
no preferred stacking direction. This observation is well supported
by our MD simulations as evident from the snapshot of a single
aggregate as shown in Fig. 4. Further, a clear stacking arrangement
of the single aggregate, where p-p interactions domination can be
seen in the figure.

In order to increase the accuracy of the image analysis, several
images are captured at each level of titrant concentration. These
images are analysed to check the intensity of aggregates formation
in terms of length, thickness, and the number of asphaltene parti-
cles at the key steps. The image analysis of 0.06 g asphaltene in
solution is presented in Table 2. The obtained results clearly show
that the length, thickness, and the number of asphaltene particles
increase with the increase in the titrant concentration. The major
difference between the on-set and after on-set images is the thick-
ness of particles, i.e., 6.55 lm and 10.86 lm for the on-set and after
on-set images respectively.

We have calculated the total area of the aggregates and the
average length and thickness of the particles using ImageJ analysis
[38]. The approximate total number of particles is calculated using
the following Eq. 1.

Total number of particles ¼ total area of all the aggregates
average particle area of aggregate

ð1Þ

It is important to note that few particles overlap in Figs. 3(c) and 3
(d). To account for the overlapping particles, we have assumed 15–
30 % excess total area for all the aggregates in Figs. 3(c) and 3(d).
The approximate number of particles before on-set, at on-set and
after on-set are found to be 45, 83 and 100 respectively. Moreover,
using this quantitative analysis, it can be explained that the
increase in the titrant concentration increases the number of
particles.

4.2. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the four samples under investigation are
shown in Fig. 5. This technique provides information about the
functional group associated with a molecular bond, and the peaks
at different wavenumbers show the type of bonds. The red line in
the Fig. 5 indicates the spectra for the fully dissolved asphaltene in
toluene. The green line indicates the spectra for the asphaltene-
toluene mixture along with hexane, where on-set of the aggrega-
tion is observed. The blue line represents the spectra for the
asphaltene-toluene mixture together with higher amount of hex-
ane, where the aggregates are clearly visible and the orange line
is the spectra for the pure asphaltene compound. The sharp peak
located at around 3100 cm�1 is assigned to the aromatic C-H
stretch and the one at 2910 cm�1 to the asymmetric C-H stretch.
The small peak observed at 2850 cm�1 is due to symmetric CH3

stretch. Most importantly, carbonyl stretching (C = O) is in the
range of 1700–1550 cm�1. Further, 1600 cm�1 is for conjugated
C = C, 1570 cm�1 for aromatic ring stretching C = C-C, 1480 cm�1

for the asymmetric CH3 bend, 1380 cm�1 for symmetric CH3 bend,
1080–1020 cm�1 for alkyl substituted C-O stretch, and finally, at
750–700 cm�1 for the mono substituted aromatic ring C-H
(toluene). The deepest peak is observed at 750–700 cm�1 where
aggregates are pronounced and clearly visible in the solution,
thereby providing clear indication of the separation of the asphal-
tene particles from toluene.

The infrared spectra provide insights into the vibrational modes
which are coupled in the aggregates. The carbonyl stretching mode
can be critical in understanding the aggregation behavior using the
infrared spectra. We observe a clear change in the peak intensity in



Fig. 2. Initial (left) and final (right) snapshots of the MD run of asphaltene aggregates in toluene-hexane mixture are shown for 36 asphaltene molecules. The initial and final
snapshots are for 0.07 ns and 9.19 ns time frames, respectively. For the clear visibility of aggregates, only asphaltene aggregates (green) are shown and hexane-toluene
molecules are hidden.

Fig. 3. Optical images of 0.06 g asphaltene in solution (a) completely dissolved asphaltene in toluene, (b) asphaltene particles formation in solution (4 vol.% hexane), (c) on-
set of asphaltene aggregation (12 vol.% hexane), (d) excess aggregation (22 vol.% hexane). The length scale of optical images is 50 lm as indicated in each of the sub figures.
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the range of 1700–1550 cm�1 due to the carbonyl (C = O) stretch-
ing as shown in Fig. 6. Similar to our work, Cyran et al. [22] probed
the 2D infrared spectra of Violanthrone-79 compound and used
carbonyl stretching vibrational modes (1700–1550 cm�1) to
explain the aggregation effects. It is evident from the spectra that
there is a difference in the transmittance among peaks present at
the same wavenumber. This difference in the peak intensities can
be explained by the presence of solid aggregates in the solution.
In general, the blue line in the figure has maximum peak intensities
4

across the considered range of wavenumber indicating the pres-
ence of maximum number of solid aggregates owing to the pres-
ence of the highest amount of n-hexane in the solution. The
increase in the concentration of n-hexane in solution leads to pro-
nounce formation of the aggregates. As the concentration of n-
hexane reduces in the solution, the peak intensities reduce as
depicted by the green line in the figure. To briefly summarize,
the peak intensities keep on increasing as more number of aggre-
gates start to precipitate out of the solution.



Fig. 4. A single aggregate of Violanthrone-79 in toluene and n-hexane mixture is
shown for 36 asphaltene molecules. For clear visibility of the stacking arrangement,
toluene and n-hexane are hidden.

Table 2
The average length and thickness of asphaltene particles as calculated from the
optical images at the key steps are presented for 0.06 g asphaltene in solution.

Key steps Length (lm) Thickness (lm)

before on-set 30.95 2.43
at on-set 164.03 6.55

after on-set 168.28 10.86

Fig. 5. FTIR spectra of the samples are shown. The red line represents fully
dissolved asphaltene in toluene, the green line is for asphaltene-toluene mixture
after the addition of the hexane (on-set of aggregation), the blue line represents
asphaltene-toluene mixture with the excess amount of hexane (aggregation is
evident) and the orange line denotes pure asphaltene sample.

Fig. 6. FTIR spectra of the four samples are shown in the range of 1680–1560 cm�1.
The red line represents fully dissolved asphaltene in toluene, the green line denotes
asphaltene-toluene mixture after the addition of the hexane (on-set of aggregation),
the blue line is for asphaltene-toluene mixture with excess amount of the hexane
(aggregation is evident) and the orange line denotes pure asphaltene sample.
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4.3. Interaction Energy between Asphaltene-Toluene and Asphaltene-
Hexane

We have investigated the total interaction energy to understand
the asphaltene interaction with the solvent molecules. The total
interaction energy is evaluated as the sum of the non-bonded
5

interactions, i.e., electrostatic and van der Waals (vdW) interaction
energies. The electrostatic and vdW interaction energies evaluated
for different pairs of molecules are summarized in Table 3. The
time-averaged electrostatic and van der Waals interaction energies
between asphaltene-toluene are found to be �0.009258 kJ/mol and
�0.10296 kJ/mol, respectively, in 36 asphaltene molecule system.
The corresponding energies between asphaltene-hexane are
�0.00068 kJ/mol and �0.23155 kJ/mol, respectively. The total
interaction energy, which is the sum of the electrostatic and van
der Waals interaction energies for asphaltene-toluene and
asphaltene-hexane, are found to be �0.112 kJ/mol and �0.232 kJ/-
mol, respectively. The corresponding energies for 12 and 60
asphaltene molecules can be found in the Table 3.The negative
total interaction energies for all three cases suggest attractive
interactions among the different pairs of molecules considered
within the study. The total interaction energy value of
asphaltene-toluene indicates weaker attraction with respect to
asphaltene-hexane. It is worthwhile to mention here that, Yaseen
et al. [39] studied the interaction energy of asphaltene with sol-
vents like ortho-xylene and water. It is observed within the study
that there is a weak attractive interaction between asphaltene and
ortho-xylene, whereas strong attractive interaction is observed
between asphaltene and water.

4.4. End-to-End Distance

The distance between one end of the aliphatic side chain to the
other end is termed as the end-to-end distance. This distance is
crucial in understanding the aggregation behaviour of asphaltenes
in aqueous solution as established by one of our previous works
[40]. In this study, we probed the end-to-end distance to under-
stand the aggregation behavior of asphaltenes in hexane and
toluene mixture considering the semi-flexible side chains [41]
within the worm-like chain model [42]. The end-to-end distance
of the asphaltene molecule averaged over all asphaltene molecules
is evaluated over the entire MD production run using the following
Eq. 2 [41,40]:

h2
D E

¼ 2LPL0 1� LP=L0ð Þ 1� exp �L0=LPð Þð Þ½ � ð2Þ

Here h2
D E

is the mean squared end-to-end distance, LP is the persis-

tence length and L0 is the extended chain length.
Fig. 7(a) shows the averaged end-to-end distance for 12 asphal-

tene molecules as a function of time which varies between 8–15 Å.
Fig. 7(b) shows a histogram of the mean end-to-end distances over
all 12 asphaltene molecules in 10 ns simulation run. It is evident



Fig. 7. (a) Time series of end-to-end distance of asphaltene molecules is shown for
the 10 ns of the production run for 12 asphaltene molecules in toluene-hexane
mixture. (b) Frequency as a function of mean end-to-end distances over all
molecules is shown for 12 asphaltene molecules in toluene-hexane mixture.

Table 3
The average interaction energies between asphaltene-toluene and asphaltene-hexane pairs in three different asphaltene concentrations are presented below.

Interaction Pair Asphaltene-Toluene Asphaltene-Hexane

Electrostatic van der Waals Electrostatic van der Waals

12 Asphaltene molecules system

Interaction Energy (kJ/mol) �0.01016 �0.07840 -0.00138 �0.50652

Total Interaction Energy (kJ/mol) -0.089 -0.508

36 Asphaltene molecules system

Interaction Energy (kJ/mol) �0.00926 �0.10296 �0.00068 �0.23155

Total Interaction Energy (kJ/mol) -0.112 -0.232

60 Asphaltene molecules system

Interaction Energy (kJ/mol) �0.000217 �0.002191 �0.00352 �0.84035

Total Interaction Energy (kJ/mol) -0.00241 -0.844
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from the figure that the maximum frequency is at the end-to-end
distance of 13.42 Å, whereas the averaged end-to-end distance is
found to be 11.7 Å. The end-to-end distance and the persistence
length for the three different asphaltene concentrations under
investigation are summarized in Table 4. The extended chain
length for asphaltene is found to be 24.5 Å. The aliphatic side-
chains can change the persistence length in aqueous solution
[40] and in organic solvents. The stiffer aliphatic side chains are
found on shorter length scales and the longer length scale side
6

chains bend to participate in the aggregation process. The end-
to-end distance of the asphaltene molecules is approximately same
and within the standard deviation limit with respect to the concen-
tration of asphaltene in toluene-hexane mixture. Our results
clearly show the aggregation of asphaltene molecules in toluene-
hexane mixture and that the aggregate size increases with increase
in the hexane concentration. Further, a persistence length of
approximately 3.6 Å is observed for the all the considered concen-
trations. This length indicates that beyond this distance there will
be no correlation, i.e., the aliphatic side chains are stiff for ca. 3.6 Å.
This is due to the fact that formed aggregates are stable and no fre-
quent disaggregation is observed during the production run.
4.5. Density Contours

The asphaltene aggregate cross-section contours are calculated
by taking layers of a specified thickness perpendicular to a selected
axis. The cross-section density is evaluated using the layer parti-
tioned into cubes. The volume fraction of each atom that overlaps
each cube is determined and weighted by the atomic mass,
summed and divided by the cube volume to obtain the density in
the cube.

The asphaltene aggregate densities for three different concen-
trations are shown in Fig. 8. The density contour for 12 asphaltene
molecules is shown in Fig. 8 (top). The middle and bottom sub-
figures of Fig. 8 show density contours for 36 and 60 asphaltene
molecules, respectively. It is evident from the figure that the
asphaltene aggregates are delocalized for the highest asphaltene
concentration considered within the study, whereas for the lowest
concentration, these aggregates are localized.
4.6. Diffusion Coefficient

The diffusion coefficient of the asphaltene molecules is evalu-
ated using the following Eq. 3 [43]:

D ¼ 1
6
lim
t!1

d
dt

~rðtÞ �~rð0Þj j2
D E

ð3Þ

where ~rðtÞ �~rð0Þj j2
D E

is the mean-square displacements. The calcu-

lated diffusion coefficients are presented in Table 5 for the consid-
ered concentrations of asphaltene. There is a clear trend that the
diffusion coefficient decreases with increase in the asphaltene con-
centration in hexane and toluene mixture. This observation can be
explained by the restricted motion of asphaltene molecules owing
to the formation of several aggregates at high asphaltene concentra-
tions which is supported by the density contours for different
asphaltene concentrations as discussed before.



Table 4
The calculated end-to-end distance, persistence length, extended chain length (in Å) averaged over 10 ns of production run, the standard deviation of time series and molecular
distribution standard deviation (Å) with respect to three considered asphaltene concentrations are presented in the table.

Concentration End-to-end Persistence Extended chain Time series Molecular distribution
distance (Å) length (Å) length (Å) standard deviation (Å) standard deviation (Å)

12 Asphaltene Molecules 11.70 3.69 24.5 1.24 4.12
36 Asphaltene Molecules 11.57 3.60 24.5 0.69 4.13
60 Asphaltene Molecules 11.49 3.54 24.5 0.50 4.10

Fig. 8. The density contours for (top) 12, (middle) 36, and (bottom) 60 asphaltene
molecules in toluene-hexane mixture are shown in the figure.

Table 5
The obtained diffusion coefficients (in m2/s) of asphaltene in toluene and hexane
mixture along with the standard deviation (r) are presented in the table.

Concentration Diffusion Coefficient (m2/s) r (m2/s)

12 Asphaltene Molecules 6.55�10�10 2.15�10�13

36 Asphaltene Molecules 4.94�10�10 7.70�10�13

60 Asphaltene Molecules 3.38�10�10 2.49�10�13
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4.7. Viscosity

Finally, we calculated the shear viscosity of the solution using
MD simulations in association with the Green–Kubo formalism
as given by the following Eq. 4 [44]:

g ¼ V
kBT

Z 1

0
PabðtÞ � Pabð0Þ
� �

dt: ð4Þ

where V is the volume of the system, kB is the Boltzmann constant, T
is the temperature and Pab is the off-diagonal pressure tensor.

In order to calculate the viscosity, 25 independent MD runs are
performed starting with different atomic velocities. The viscosity
as function of time is calculated at each MD simulation run using
the obtained pressure tensor. The average viscosity curve is
obtained by averaging over multiple viscosity curves and then an
exponential function is used to fit the average curve data. The
asymptote of the fitted functions is considered as the final shear
viscosity. The viscosities for the three different asphaltene concen-
trations are summarized in Table 6. The viscosity values of 0.43 cP,
0.52 cP and 0.61 cP are obtained for 12, 36 and 60 asphaltene mole-
cule systems in toluene and hexane mixture, respectively. Our
results clearly show that there is an increase in the viscosity with
increase in the asphaltene concentration.

5. Conclusion

In this study, the aggregation behaviour of asphaltene
(Violanthrone-79) in toluene-hexane mixture is thoroughly inves-
tigated by combining experiments with MD simulations. Both
experiments and the MD simulations support formation of the
1D rod-like aggregates. From the optical images, it is clear that
with an increase in the concentration of the titrant (n-hexane),
the stacking of the aggregates become non-directional and an
increase in the thickness of the aggregates is observed. FTIR spectra
show an increase in the intensity of the peaks after formation of
Table 6
The obtained viscosities (in cP) along with the standard deviation of the fit (r) for
asphaltene in toluene-hexane mixture for the three different concentrations are
presented in the table.

Concentration Viscosity (cP) r (cP)

12 Asphaltene Molecules 0.43 0.036
36 Asphaltene Molecules 0.52 4.39�10�5

60 Asphaltene Molecules 0.61 0.03016
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the aggregates and also a clear increase in the carbonyl (C = O)
stretching intensity in the presence of aggregates. The uniform
end-to-end distances of asphaltene molecules at considered con-
centrations indicate that the end-to-end distance is purely solvent
dependent and also suggests that the aggregates are stable. Our
theoretical investigations clearly show that with increase in the
concentration of asphaltene, larger and numerous nano-
aggregates are formed as evident from the density contours. We
also observe that the increase in concentration of the asphaltene
leads to decrease in the diffusion coefficient. Finally, the obtained
viscosity values increase with the rise in the asphaltene concentra-
tion and the solution with lowest viscosity indeed has the highest
diffusion coefficient of asphaltenes due to the presence of lesser
number of aggregates in the solution.
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