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a b s t r a c t

High content of asphaltenes and waxes leads to the high pour point and the poor flowability of heavy oil,
which is adverse to its efficient development and its transportation in pipe. Understanding the inter-
action mechanism between asphaltene-wax is crucial to solve these problems, but it is still unclear. In
this paper, molecular dynamics simulation was used to investigate the interaction between asphaltene-
wax and its effects on the crystallization behavior of waxes in heavy oil. Results show that molecules in
pure wax are arranged in a paralleled geometry. But wax molecules in heavy oil, which are close to the
surface of asphaltene aggregates, are bent and arranged irregularly. When the mass fraction of asphal-
tenes in asphaltene-wax system (uasp) is 0e25 wt%, the attraction among wax molecules decreases and
the bend degree of wax molecules increases with the increase of uasp. The uasp increases from 0 to 25 wt
%, and the attraction between asphaltene-wax is stronger than that among waxes. This causes that the
wax precipitation point changes from 353 to 333 K. While the uasp increases to 50 wt%, wax molecules
are more dispersed owing to the steric hindrance of asphaltene aggregates, and the interaction among
wax molecules transforms from attraction to repulsion. It causes that the ordered crystal structure of
waxes can't be formed at normal temperature. Simultaneously, the asphaltene, with the higher molec-
ular weight or the more hetero atoms, has more obvious inhibition to the formation of wax crystals.
Besides, resins also have an obvious inhibition on the wax crystal due to the formation of asphaltene-
resin aggregates with a larger radius. Our results reveal the interaction mechanism between
asphaltene-wax, and provide useful guidelines for the development of heavy oil.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The rapid industrial development causes the global energy de-
mand to constantly increase, but light crude oil resources are
decreasing sharply (Wang et al., 2017; Ahmadi et al., 2020; Meyer
et al., 2007; Zhao et al., 2022). Simultaneously, heavy oil is
becoming an alternative resource due to the wide distribution and
abundant reserves. The reserves of heavy oil, ultra-heavy oil, and
native bitumen are about 1 � 1012 t worldwide (Yu, 2001; Guo and
H.-B. Wang), wuyining@126.

y Elsevier B.V. on behalf of KeAi Co
Zhang, 2014). Compared with light crude oil, higher content of
asphaltenes andwaxes in heavy oil is identified (Guo et al., 2016; Xu
et al., 2021; Dong et al., 2009; Liu et al., 2006; Zhao et al., 2023),
which leads to the poor flowability of heavy oil in pit shaft and
seriously restricts the development of heavy oil (Su et al., 2019;
Ghanavati et al., 2013; Argillier et al., 2002; Luo and Gu, 2005;
Huang et al., 2021). The investigation of the interaction between
asphaltenes and waxes and its effects on the crystallization
behavior of waxes is quite crucial for achieving the economic and
effective development of heavy oil.

The effect of asphaltenes on the crystallization behavior of
waxes has been widely studied in recent years (Passade-Boupat
et al., 2018; Lashkarbolooki et al., 2011; Taheri-Shakib et al.,
2020a, 2020b; Li et al., 2019). Xue et al. (2019) investigated the
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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effect of asphaltenes and resins on the pour point of waxy oil. They
found that asphaltenes and resins could reduce wax precipitation
temperature, wax precipitation amount, gelation temperature, and
yield stress of waxy oils. Jahnke et al. (2007) and Venkatesan et al.
(2003) explored the effect of asphaltenes on the crystal structure of
waxes. It was found that the crystal structure of waxes changes
from a rod-shaped structure to an elliptical structurewith the effect
of asphaltenes. Wang et al. (2023) also discussed the effect of
asphaltenes on the self-crystallization behavior of waxes. The
research results show that asphaltenes can promote the formation
of the three-dimensional network structure of waxes and increase
the size of wax crystal clusters. The above studies show that
asphaltenes have a significant effect on the crystallization behavior
of waxes. However, it is unknown that the mechanism of asphal-
tenes changing the crystallization behavior of waxes.

Currently, there are four main proposals: co-crystal theory
(Alcazar-Vara et al., 2012), nucleation (García and Carbognani,
2001; García, 2000; Lei et al., 2016), adsorption (Jahnke et al.,
2007), and steric hindrance (Alcazar-Vara and Buenrostro-
Gonzalez, 2012). Alcazar-Vara et al. (2012) reported that the wax
precipitation point inwaxy oil was reduced by the co-crystal which
is formed by the alkyl side chains of asphaltene molecules and wax
molecules. García and Carbognani (2001, García, 2000) and Lei et al.
(2016) proposed that asphaltene aggregates could act as the crystal
nuclei to affect the crystallization behavior of waxes, and the ag-
gregation behavior of asphaltenes would be influenced by the
three-dimensional network structure of waxes. Jahnke et al. (2007)
found that asphaltenes adsorbed on the surface of wax crystals can
inhibit the growth of wax crystals. Alcazar-Vara and Buenrostro-
Gonzalez (2012) indicated that asphaltenes (with high aroma-
ticity) hindered the interaction between asphaltenes and waxes,
then a bigger solubility of waxes and a lower wax precipitation
point would be induced. But Lei et al. (2016) considered that the
impact of the steric hindrance of asphaltenes on the crystallization
behavior of waxes could be ignored. The interaction mechanism
between asphaltene-wax is still controversial until now and further
research is essential.

In this work, molecular dynamics simulation was used to
investigate the interaction between asphaltene-wax and its effects
on the crystallization behavior of waxes in heavy oil. The effects of
the asphaltene content and the asphaltene molecular structure on
the crystallization behavior of waxes were investigated in detail. In
addition, the effect of resins on the interaction between
asphaltene-wax was also considered. This work clarifies the inter-
action mechanism between asphaltene-wax in heavy oil at the
molecular level. The results can provide the theoretical guidance for
the molecular design of pour inhibitors and the efficient develop-
ment of heavy oil.
2. Simulation method

2.1. Force field and simulation model

Molecular dynamics simulation was carried out using OPLS-AA
force field (Ambrose et al., 2012; Jorgensen et al., 1996) via
GROMACS-4.6.7 software package (Frenkel and Smit, 1996; Griebel
et al., 2010). The force field has been widely applied to research the
organic substance. A cubic box with periodic boundary conditions
in the XYZ direction was constructed. Waxes (tetracontane), satu-
rates (n-heptane and n-octane), aromatics (p-xylene, o-xylene, m-
xylene, and naphthalene), resins (resin 1e5) and asphaltenes
(asphaltene 1e3) were used to construct different systems. The
specific molecular structure is shown in Fig. 1.
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2.2. Simulation process and parameter

The Packmol software (Martínez and Martínez, 2003, 2009) was
used to construct the simulation systems and the detailed molec-
ular components of different systems were described in Section 3.
The molecular dynamics simulation process mainly included the
energy minimization, the simulation under NPT and the simulation
under NVT.

Firstly, The energy minimization of simulation systems was
carried out via the steepest descent method to obtain the reason-
able Initial configurations. The system was considered reasonable
until the maximum energy of the system was below 100 kJ/mol.
The cut-off was 1.0 nm and the long range electrostatic interactions
was treated by PME. Then a 10 ns NPT simulationwas performed to
scale the volume of the system. During the NPT simulation, the
Berendsen method was used to control temperature (293 K) and
pressure (1 bar). The time step was 2 fs and the cut-off was 1.4 nm.
Finally, a 100 ns NVT simulation was carried out at 293 K to obtain
the balanced systems. The Berendsen method was used to control
temperature, the time step was 2 fs, and the cut-off was 1.4 nm.

3. Results and discussion

3.1. Asphaltene-wax interaction in heavy oil system

The pure wax system (System 1) and the heavy oil system
(System 2) were first constructed to compare the crystallization
behavior of waxes in System 1 and System 2. System 1 was built
only containing 60 wax molecules. System 2 included saturates,
aromatics, resins, asphaltenes, and waxes with the same mass ratio
(see Table 1).

The crystallization behavior of waxes in System 1 and System 2
was researched via a 100 ns NVT simulation. The end-to-end dis-
tance (EED) refers to the distance between the first and the last
atom in the same carbon chain (Rubio et al., 1991). The radius of
gyration (Rg) indicates the distance from the center of the differ-
ential mass of a molecule to the rotation axis (Affholter et al., 1994;
Migliardo et al., 2003). Here, the crystal structure of waxes was
analyzed using EED and Rg in System 1 and System 2. Fig. 2(a)e(b)
indicate thermodynamically stable geometries for System 1 and
System 2, respectively.

Carbon chains of wax molecules are straight in the final struc-
ture of System 1, and are arranged in a paralleled geometry (see
Fig. 2(a)). By comparison, carbon chains of some wax molecules in
System 2 were bent to different extents (see Fig. 2(b)). In System 2,
the wax molecules, which are close to the surface of asphaltene
aggregates, are evidently bent. The other wax molecules avoiding
asphaltene aggregates remain straight. As shown in Fig. 2(c), the
EED of System 2 is 3.74 nm, which is less than 4.54 nm of System 1.
And the Rg of System 2 is 1.22 nm, which is also less than 1.39 nm of
System 1 (see Fig. 2(d)). This indicates that asphaltene aggregates
cause a hindrance to affect the ordered arrangement of wax mol-
ecules and to inhibit the formation of wax crystals.

Mean square displacement (MSD) refers to the deviation of the
molecular space position in the simulation system at a specific
time, and the diffusion coefficient (D) of particles is proportional to
MSD, and the specific formula is as follows (Allen and Tildesley,
2017; Zhang et al., 2022):

MSD¼2dDt (1)

where d is the dimensionality of space. MSD of waxes with the
simulation time in System 1 and System 2 is plotted in Fig. 3. MSD
of waxes is used to calculate the diffusion coefficient of waxes. The
results show that the diffusion coefficient of waxes in System 2 is



Fig. 1. Molecular structure of waxes, saturates, aromatics, resins and asphaltenes (Song et al., 2018).

Table 1
Molecular components of System 2 and System 2’

Component Molecule System 2 System 20

Saturates N-heptane 160 160
N-octane 160 160

Aromatics P-xylene 77 77
O-xylene 77 77
M-xylene 77 77
Naphthalene 77 77

Resins Resin 1 22 22
Resin 2 23 23
Resin 3 23 23
Resin 4 23 23
Resin 5 23 23

Asphaltenes Asphaltene 1 16 16
Asphaltene 2 18 18
Asphaltene 3 17 17

Waxes C40H82 60 /
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about 20 times more than that in System 1. In System 1, wax
molecules form a regular crystal geometry and the interaction
among wax molecules is strong. Wax molecules are limited in
location and are difficult to diffuse. In contrast, some wax mole-
cules, which are close to asphaltene aggregates, can diffuse
following the asphaltene aggregate migration in System 2.

Based on the above analysis, it is concluded that the steric
hindrance induced by asphaltene aggregates can make the carbon
chains of wax molecules bend and inhibit the formation of wax
crystal. It could reduce the wax precipitation point of heavy oil.
Fig. 2. (a) Stable geometry of waxes in System 1; (b) stable geometry of waxes in System 2; (
and System 2.
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Based on the above research, System 20 was built, which
included saturates, aromatics, resins and asphaltenes with an
average mass ratio (see Table 1). The aggregate behavior of
asphaltenes in System 20 and System 2 was compared via a 100 ns
NVT simulation. The final stable geometries of asphaltenes in Sys-
tem 2’ and System 2 were shown in Fig. 4(a)e(b). The radial dis-
tribution function (RDF) is a distribution function that gives the
probability of finding a particle around the certain particle (Netzloff
and Gordon, 2004). It can be used to analyze the aggregation level
of asphaltenes in two systems (see Fig. 4(c)).

As RDFs of asphaltene-asphaltene shown, there are four peaks at
r ¼ 0.31, 0.43, 0.50 and 0.62 nm in two systems (see Fig. 4(c)). Peak
values of System 2 is about 1.5 timesmore than them of System 2’. It
means that the aggregation level of asphaltenes is higher by the
restriction of wax crystal. Besides, the cluster number of asphal-
tenes is 7.0 and 6.5 in System 2’ and System 2, respectively (see
Fig. 5). This indicates an increase in asphaltene molecules of an
asphaltene aggregate.
3.2. Effects of asphaltene contents

Systems 3, 4, and 5 were constructed using only waxes and
asphaltenes (see Table 2), in order to further investigate the
asphaltene-wax interaction. Mass fractions of asphaltenes (uasp) in
the three systems were 10, 25, and 50 wt%, respectively. Then they
were calculated using the 50 ns NVT simulation at 293, 313, 333,
353, and 373 K, respectively. The final geometries of different
asphaltene-wax systems were shown in Fig. 6. The total energy of
c) EED of wax molecules in System 1 and System 2; (d) Rg of wax molecules in System 1



Fig. 3. MSD of wax molecules in System 1 and System 2.

Table 2
Molecular components of systems 3, 4, and 5.

System Molecule Molecular number uasp, wt%

System 3 Wax 60 90
Asphaltene 1 2 10
Asphaltene 2 2
Asphaltene 3 2

System 4 Wax 60 75
Asphaltene 1 5 25
Asphaltene 2 6
Asphaltene 3 6

System 5 Wax 60 50
Asphaltene 1 16 50
Asphaltene 2 18
Asphaltene 3 17
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various asphaltene-wax systems was analyzed, and the change of
the total energy with temperatures in various asphaltene-wax
systems was shown in Fig. 7.
Fig. 4. Final stable geometries of asphaltenes in (a) System 20 and (b)

Fig. 5. Cluster number of asphaltene
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For System 1 and System 3, the ordered wax crystal transforms
to a disordered structure when the temperature is higher than
353 K. The change temperature declined to 333 and 293 K in Sys-
tem 4 and System 5, respectively. It shows that the arrangement of
wax molecules tends to become disordered and the change tem-
perature become lower as the uasp increases. This indicates that the
increase of uasp can inhibit the wax crystal formation. Fig. 7 shows
that the total energy increases linearly following the increase of
temperature for System 5. But in systems 1, 3 and 4, the total energy
grows slowly and then rapidly as temperature increases. The
transition temperature of systems 1, 3 and 4 is 353, 353 and 333 K,
System 2; (c) RDFs of asphaltene-asphaltene in system 20 and 2.

molecules in system 20 and 2.



Fig. 6. Final stable geometries of various asphaltene-wax systems.

Fig. 7. Change of the total energy over temperatures in asphaltene-wax systems with
different asphaltene contents.
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respectively. This shows that temperature can lead to the thermo-
dynamical instability of aphaltene-wax systems. Meanwhile, the
total energy increase with the increase of uasp at the same tem-
perature, which indicates the increase of aphaltenes results in the
thermodynamical instability of aphaltene-wax systems.

The EED of each wax molecule is analyzed, and the distribution
curves of EED are drawn in Fig. 8(a)e(d). The weighted mean value
2843
of EED (AEED) can be calculated as:

AEED ¼
X10

i

EEDi �
ni
N

(2)

where AEED is the weighted mean value of EED of wax molecules in
one certain system. EED ofwaxmolecules is in the range of 0e5 nm,
and it is divided into 10 segments at the interval of 0.5 nm. EEDi is
themid value of EED in i segment (i¼ 1, 2, 3,…, 10), ni is the number
of wax molecules in i segment (i ¼ 1, 2, 3, …, 10), and N is the total
number of waxmolecules in one certain system. The change of AEED
with temperature in various asphaltene-wax systemswas shown in
Fig. 8(e).

The ranges of AEED of waxes in regular and irregular crystal
structures are 4e5 nm and 2e4 nm, respectively (see Figs. 6 and
8(a)e(d)). As shown in Fig. 8(e), AEED of waxes slowly increases at
first and then drops to a low value following the increase of tem-
perature for systems 1, 3 and 4. By contraries, AEED of waxes is in the
range of 2.75e3.00 nm in System 5. There isn't an evident change in
AEED of waxes as the increase of temperature. It is because the
arrangement of waxmolecules is irregular and thewax crystal can't
be formed at 293e373 K in System 5. This indicates that the high
asphaltene content can affect the crystallization behavior of waxes.
When the uasp is lower than 25 wt%, asphaltenes don't have an
obvious inhibition on the formation of wax crystals and the wax
precipitation point is 353 K. Once the uasp reaches 25 wt%, the wax
precipitation point decreases to 333 K. While the uasp increases to
50 wt%, the ordered wax crystal can't be formed at normal tem-
perature (293 K).

Fig. 9(a) shows that the interaction energy among wax



Fig. 8. Distribution curves of EED in (a) System 1, (b) System 3, (c) System 4 and (d) System 5; (e) change of AEED of waxes with temperature in systems 1, 3, 4, and 5.

Table 3
Electrostatic interaction energy and van der Waals interaction energy between
asphaltenes and waxes in systems 3, 4 and 5.

System Temperature, K Eelectrostatic, kJ/mol EVDW, kJ/mol Einter, kJ/mol

System 3 293 15.82 �1259.18 �1243.36
313 8.93 �1640.75 �1631.82
333 1.64 �1379.24 �1377.60
353 12.92 �1432.42 �1419.50
373 45.20 �1317.26 �1272.06

System 4 293 69.51 �4511.82 �4442.31
313 52.53 �4260.99 �4208.46
333 42.20 �3159.96 �3117.76
353 96.19 �3627.18 �3530.99
373 103.59 �3701.03 �3597.45

System 5 293 160.50 �9488.59 �9328.09
313 87.51 �8937.91 �8850.40
333 196.01 �9335.30 �9139.29
353 189.48 �8182.74 �7993.26
373 191.14 �7437.25 �7246.11
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molecules changes with the increasing temperature in systems 1, 3,
4, and 5. The interaction energy amongwaxmolecules of systems 1,
3, and 4 is below�500 kJ/mol, which presents an attraction among
wax molecules. Moreover, the attraction keeps rising as tempera-
ture increases. However, the interaction energy among wax mole-
cules of System 5 is more than 500 kJ/mol, which indicates a
repulsion among wax molecules. This repulsion is basically not
influenced by temperature. Fig. 9(b) shows the change of the
interaction energy between asphaltenes and waxes versus tem-
perature in systems 3, 4, and 5. It presents that the effect of tem-
perature on the interaction between asphaltenes and waxes
becomes greater with the increase of uasp. The thermal motion of
asphaltene molecules is more intense as the increase of tempera-
ture for one system, which then leads to a higher system enthalpy.
The uasp is higher, the temperature effect is greater. The electro-
static interaction energy and the van der Waals interaction energy
between asphaltenes and waxes are calculated (see Table 3). This
result shows that the interaction between asphaltenes and waxes is
mianly dominated by the van derWaals interaction. By comparison,
the attraction among wax molecules is stronger than that between
asphaltenes and waxes in System 3, so asphaltenes have no obvious
Fig. 9. (a) Change of the interaction energy among wax molecules versus temperature in as
waxes versus temperature in asphaltene-wax systems.
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effects on the crystallization behavior of waxes. As the uasp in-
creases, the attraction between asphaltenes and waxes becomes
stronger and is stronger than that among wax molecules, which
phaltene-wax systems; (b) change of the interaction energy between asphaltenes and



Fig. 10. Change of the total energy over temperatures in wax-asphaltene systems with
different asphaltenes.
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lead to the change of the wax crystallization and the reduction of
the wax precipitation point.
3.3. Influences of the asphaltene geometry

As known, heavy oil is a complicated mixture consisting of
different chemical components. Thus, asphaltenes contain various
molecular geometries, which affect the interaction between
Fig. 11. Distribution curves of EED in (a) Systems I, (b) System II, and (c) System III; (d) cha
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asphaltenes and waxes. Asphaltene-wax systems I, II, and III were
established using asphaltene 1, 2, and 3, respectively. Comparing
asphaltene 1 with 2, asphaltene 1 has more heteroatoms.
Comparing asphaltene 1 with 3, asphaltene 3 has the higher mo-
lecular weight and the larger steric hindrance. The molecular dy-
namics simulationwas performed under NVTensemble at 293, 313,
333, 353 and 373 K, respectively. The change of the total energy
with temperature in various asphaltene-wax systemswas shown in
Fig. 10.

Fig. 10 shows that the change curves of the total energy over
temperatures in System I and System II are almost overlapped.
Compared with the two systems, the total energy of system III is
higher. This illuminates that asphaltene 3 has the greater effect on
the thermodynamical instability of aspaltene-wax systems and the
crystallization behavior of waxes.

Fig. 11(a)e(c) show the distribution curves of EED of wax mol-
ecules in systems I, II and III under different temperatures,
respectively. EED of wax molecules ranges from 4 to 5 nm at
293e353 K and is in the range of 2e4 nm at 373 K in three systems.
The final computed configuration at 373 K is also presented in
Fig. 11(a)e(c), respectively. Carbon chains of wax molecules are
bent or twisted to some extent and the arrangement of wax mol-
ecules becomes disordered at 373 K in three configurations. The
change of AEED of waxes is similar to a para curve as the increasing
temperature in three systems (see Fig. 11(d)). All max peak values
correspond to 353 K, which indicates the transformation temper-
ature of the wax crystal configuration. AEED of waxes in System I is
maximal, and that in System III is minimum. Consequently, the high
molecular weight of asphaltenes can benefit the bending or
twisting of wax molecules below 353 K. As the temperature rises,
the thermos motion makes asphaltenes run away from waxes and
nge of AEED of wax molecules versus temperature in different asphaltene-wax systems.



Fig. 12. (a) Change of the interaction energy among wax molecules with temperature in different systems; (b) change of the interaction energy between asphaltenes and waxes
with temperature in different systems.

Table 4
Electrostatic interaction energy and van der Waals interaction energy between
asphaltenes and waxes in systems I, II, and III

System Temperature, K Eelectrostatic, kJ/mol EVDW, kJ/mol Einter, kJ/mol

System I 293 9.93 �1469.08 �1459.15
313 4.67 �810.71 �806.05
333 9.30 �995.16 �985.85
353 8.77 �1057.93 �1049.16
373 22.81 �1094.22 �1071.41

System II 293 30.30 �1553.10 �1522.80
313 37.12 �1504.06 �1466.94
333 37.30 �1367.33 �1330.03
353 33.88 �682.33 �648.45
373 40.54 �1382.92 �1342.38

System III 293 42.85 �2538.89 �2496.04
313 31.99 �1993.41 �1961.42
333 42.49 �2128.05 �2085.56
353 32.15 �1446.42 �1414.27
373 54.11 �2033.05 �1978.94

Fig. 13. Final computed configurations of System 6 at (a) 293 K, (b) 313 K, (c) 333 K, (d)
353 K, and (e) 373 K, respectively; (f) change of AEED of wax molecules versus tem-
perature in System 4 and System 6.
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reduces the effect of asphaltenes on the arrangement of wax mol-
ecules. AEED achieves the similar lowest value at 373 K for three
systems, which indicates the influence of the asphaltene geometry
on the arrangement of wax molecules nearly disappears at 373 K.

Fig. 12 shows the change in the interaction energy versus tem-
perature. Wax molecules generate a significant attraction to each
other in three systems, and it is enhanced when temperature de-
creases. The attraction of System I is the largest, and that of System
III is the lowest at the same temperature (see Fig. 12(a)). On the
2846
contrary, the interaction between asphaltenes and waxes of System
III is the largest, and that of System I is the lowest (see Fig. 12(b)). As
shown in Table 4, the electrostatic interaction between asphaltenes
and waxes is repulsive and the van der Waals interaction between
asphaltenes and waxes is attractive in the three systems. The van
der Waals interaction is much greater than the electrostatic inter-
action. Comparing asphaltene 1, 2 and 3, the van der Waals inter-
action between asphaltene 3 and wax is strongest, and the
electrostatic interaction between asphaltene 1 and wax is weakest.
Thus, asphaltenes with the higher molecular weight or the more
hetero atoms can cause a stronger interaction with waxes and have
a more obvious inhibition on the formation of wax crystals. How-
ever, it induces only a limited influence on the intermolecular
interaction among wax molecules.

3.4. Effects of resins

Besides asphaltenes and waxes, resins are generally an impor-
tant factor contributing to the poor flowability of heavy oil. System
6 consists of 50 wt% waxes, 25 wt% asphaltenes, and 25 wt% resins.
Compared with System 4, the influence of resins on the interaction
between asphaltenes and waxes is investigated. The molecular
dynamic simulation is then carried out at 293, 313, 333, 353, and
373 K, respectively. Final configurations of System 6 at different
temperatures are shown in Fig. 13(a)e(e). As the temperature in-
creases, waxes is more dispersive and the asphaltene-resin aggre-
gate becomes more tight.

The change of AEED of wax molecules versus temperature is
shown in Fig. 13(f). The two AEED curves have the highest peaks at
333 K, and the temperature is an order-to-disorder transition
temperature. AEED of wax molecules in System 4 is in the range of
2.7e4.5 nm. AEED of wax molecules in System 6 ranges from 2.7 to
3.3 nm. It is because resins tightly embrace around asphaltene
aggregates to form novel asphaltene-resin aggregates with a larger
radius. These aggregates induce a higher steric hindrance and
disperse wax molecules, which can decrease the wax precipitation
point of heavy oil.

Fig. 14(a) presents the interaction energy among wax molecules
in System 4 and System 6. Wax molecules induce an attraction in
System 4. As the increase of temperature, the attraction amongwax
molecules increases before 333 K and then decreases. However, the
interaction among wax molecules transforms into a repulsion in
System 6 under the influence of resins. The temperature has little
impact on the repulsion amongwaxmolecules. As Fig. 14(b) shown,
resins only induce a light influence on the asphaltene-wax inter-
action. In conclusion, resins can further enhance the level of ag-
gregates to influence the arrangement of wax molecules and to
reduce the wax precipitation point of heavy oil.



Fig. 14. (a) Column charts of the interaction energy among waxes of System 4 and System 6 at different temperatures; (b) column charts of the asphaltene-wax interaction energy
of System 4 and System 6 at different temperatures.
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4. Conclusions

Molecular dynamics simulation is performed to investigate the
interaction between asphaltene-wax and its influence on the
crystallization behavior of waxes in this study. According to
computational results, carbon chains of wax molecules are bent or
twisted to some extent due to the attraction between asphaltenes
and waxes in heavy oil. The steric hindrance of asphaltene aggre-
gates limits the formation of the wax crystal and reduces the wax
precipitation point of heavy oil. When the asphaltene content in
asphaltene-wax systems is 0e25 wt%, the attraction among wax
molecules decreases as the increasing asphaltene content. But the
interaction among wax molecules transforms from attraction to
repulsion in the asphaltene-wax systemwith 50wt% asphaltenes. It
is more difficult to form the ordered wax crystal under the effect of
asphaltenes with the higher molecular weight or the more hetero
atoms. Moreover, resins can form bigger aggregates with asphal-
tenes, so the obvious inhibition on the formation of the wax crystal
is observed. This work can provide theoretical guidance for the
efficient development of heavy oil.
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