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ABSTRACT 

Asphaltene stability can be perturbed during oil production and transportation, leading to 

asphaltene precipitation and deposition. Chemical inhibitors are usually added to the crude oil to 

postpone asphaltene deposition. The interaction and potential bonds between asphaltene and 

inhibitor molecules describe the mechanisms and efficiency of inhibitors during the prevention of 

precipitation and deposition. As the asphaltene type varies from oil to oil, screening, designing, 

and developing inhibitors for a target oil are necessary. The screening process of selecting an 

effective inhibitor will be much more efficient if actual inhibition mechanisms are known. 

Although chemical inhibitors have been used in the industry for a long time, understanding of 

interaction mechanisms between asphaltenes and chemical inhibitors is vital in developing an 

efficient inhibitor. Disclosing the interaction mechanisms using an experimental strategy needs 

high technology tools, and it is demanding and costly. This research aims to develop a simulation 

workflow to understand the interaction between asphaltene molecules, inhibitors, and surfaces, 

which will help to figure out the main prevention/aggregation mechanisms during precipitation 

and deposition. In this study, molecular dynamics (MD), an advanced computational chemistry 

method, is employed to analyze the inhibitory effect of n-octylphenol (OP) and two 1-Butyl-3-

methylimidazolium ionic liquids for three different asphaltene structures. The employed 

asphaltene structures include one archipelago and two continentals. Based on the knowledge gaps, 

we first study the impact of asphaltene structure, inhibitor concentration, pressure, and temperature 

on the efficiency of asphaltene aggregation inhibitors. Then, the impact of inhibitors on asphaltene 

binding arrangement during the aggregation process is investigated. Finally, we explore the 

inhibitory effect of chemicals on asphaltene deposition in the calcite pore. The asphaltene 
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aggregation, aggregate characterization, and deposit characterization are studied in oil bulk and 

confined oil systems (pore structure) to meet the objectives.  

This thesis begins with an extensive literature review, and the first sets of simulations focus on the 

impact of asphaltene structures during the precipitation process. In this section, systems with 

singular and binary asphaltene types in n-heptane are simulated in the absence and presence of OP, 

as a surfactant inhibitor. The results show that the OP can delay the aggregation of the continental 

asphaltene with the potential of forming hydrogen bonds. It is also concluded that the average 

aggregation number needs to be coupled with the gyration radius analysis to evaluate the 

hierarchical paradigm of asphaltene aggregation. After that, a sensitivity analysis is conducted to 

investigate important aspects such as the inhibitor concentration, thermodynamic condition, and 

computational hardware. This part aims to optimize the screening and designing of inhibitors from 

both technical and economic viewpoints. It is concluded that a minimum inhibitor concentration 

is needed so that the inhibitor appears to be impactful. It also shows that in the pressure range of 

1-60 bar, OP has the most inhibitory effect at 30 bar since the asphaltene-asphaltene aggregation 

energies are extremely high at 1 bar such that the asphaltene-inhibitor energy can not cope with 

this situation. In comparison, the asphaltene-asphaltene interaction energy is extremely reduced at 

60 bar such that the aggregates are already unstable even in the absence of OP. OP is most 

impactful at 360 K in the temperature range of 300-360 K. The significant impact of the inhibitor 

on aggregate shape in this study motivates us to study the detailed arrangement of asphaltene 

aggregation, which is directly related to the strength and stability of the aggregation. Therefore, 

we concentrate on more mechanistic details by investigating the impact of two types of inhibitor, 

including surfactant and ionic liquid, on the asphaltene binding arrangement. The outcome reveals 

the OP mainly forms bonding through hydrogen bonds, and the quadrupole-quadrupole interaction 
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between the OP benzene ring and asphaltene core is weaker than the quadrupole-quadrupole 

between asphaltenes. In contrast, the ionic liquid reduces the asphaltene stacking association as 

the cation part of ionic liquids approaches the aromatic core of the asphaltene and beats the 

quadrupole-quadrupole interaction between asphaltenes. In the next step, the asphaltene deposition 

is studied when asphaltene-heptane is placed in a calcite pore without/with chemical inhibitors. 

According to the results, the OP adsorbs on the calcite surface and reduces LJ and Coulomb 

energies between asphaltene and calcite by 400 and 1000 kJ/mol, respectively, which reduces the 

asphaltene deposition on the surface. The selected ionic liquid has a short alkyl tail on its cation, 

which cannot provide a hindrance layer near the calcite surface. The combination of two inhibitors 

minimizes the precipitation and deposition of asphaltene when OP to IL ratio is 3:1. At this ratio, 

the aggregation number reduces from 20 to less than 10, and the deposition rate reduces from 1 to 

0.8 compared to the case with no inhibitor. This thesis is a pioneering study to demystify the 

asphaltene-inhibitor behaviors during asphaltene precipitation and deposition, which can provide 

a useful workflow to screen, select, and design the effective inhibitor for the target crude oil (and 

asphaltene) besides saving time and money for the industry with effective pre-selection instead of 

conducting trial and error lab tests.  
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1.1  Background 

Asphaltene is the heaviest, most polarizable, and the best surface-active component among the 

crude oil constituents [1]. Asphaltene is defined as a specie that is soluble in aromatic solvents 

(such as toluene, benzene, or pyridine) but insoluble in alkanes (such as n-pentane or n-heptane) 

[2, 3]; this means asphaltene does not have a unique structure. Asphaltene fraction is made of a 

range of components, varying from oil to oil. For instance, if asphaltenes of different oils have a 

comparable solubility, the chemical properties can be completely different [4]. The precipitation 

and deposition of asphaltenes in the production and transportation of the crude oil cause production 

interruption via formation damage, and wellbore and production equipment plugging [5, 6]. The 

asphaltene damage can be handled using physical and chemical approaches before and after 

precipitation/deposition. Solvent wash and scrapers are typical examples of chemical and physical 

treatments for asphaltene treatment after its deposition. Nevertheless, prevention is always more 

effective than treatment since it reduces production interruption and costs. The application of 

chemical inhibitors in preventing asphaltene precipitation and deposition has been proven on the 

industrial scale; however, screening and designing an effective inhibitor for the target oil and 

asphaltene are still a challenge for the industry. Since the chemical treatment is a significant 

investment, such processes require detailed investigation before the operation to ensure the 

projectôs success. Systematic investigations can be conducted using experimental and 

computational approaches. The experimental works need high technology devices, and the 

experimental tests are usually expensive and time consuming, while the computational approach 

such as advanced computational chemistry tools can predict the material behaviors at molecular 

scale with an acceptable accuracy through an easy and inexpensive manner.  



 3 

The asphaltene molecules are known for having either one polycyclic aromatic hydrocarbon cores 

(named continental type) or two polycyclic aromatic hydrocarbon cores (named archipelago type). 

Two asphaltene molecules can have an attractive force through induced dipole-induced dipole (due 

to resonance bonds) and dipole-dipole (due to heteroatoms) [7]. Gray et al. [8] demonstrated that 

the ˊ-ˊ stacking is not the dominant force for asphaltene aggregation. They stated that Brønsted 

acid-base interactions, hydrogen bonding, metal coordination complexes, and interactions between 

cycloalkyl and alkyl groups (to form hydrophobic pockets) are also responsible for asphaltene 

aggregation forces. Therefore, asphaltenes bond to each other with either of three configurations, 

including face-to-face, edge-on, and offset ˊ-stacked. The chemical inhibitors also come in various 

types and structures. They can be surfactants, polymers, nanoparticles, ionic liquids, vegetable oils 

or oil derivatives. The chemical inhibitors, such as surfactants, can attach to asphaltene molecules 

through various bonding and prevent asphaltene self-aggregation. Inhibitors can be suspended in 

the oil environment, such as nanoparticles, and keep the asphaltene suspended for a longer duration 

by adsorbing them on their top. The inhibitors such as vegetable oil and oil derivatives can also 

postpone the asphaltene aggregation by changing the mixtureôs composition, and eventually 

changing the phase envelope and the asphaltene envelope of target fluids. Various inhibitors have 

different influential parameters, which are listed in Table 1-1. 

Table 1-1. Influential parameters on inhibition mechanisms: dependent parameters. 
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Recently, researchers put efforts into revealing the asphaltene aggregation mechanisms in different 

scenarios using molecular dynamics (MD). The knowledge gap in understanding the asphaltene-

inhibitor interactions, and the importance of component structure and functional groups in both 

asphaltene and chemical inhibitors need to be extensively investigated for better screening and 

designing of suitable chemical inhibitors for the target oil. Ideally, the asphaltene inhibitors should 

be able to adhere to the asphaltene particles and keep them suspended in the solution. For instance, 

the asphaltene polyaromatic core should bind to the chemical inhibitors instead of the asphaltene-

asphaltene self-aggregation and keep the asphaltene molecules separated [9]. Also, the 

heteroatoms in the asphaltene structure should form hydrogen bonds with chemicals, which have 

N-H, O-H, and F-H bonds, and keep the asphaltenes separated. The heteroatoms and metal 

particles that induce polarity on the asphaltene molecules allow acid-base interactions with the 

polar head of inhibitors which can be another inhibitory mechanism [9]. These characteristics and 

bonding properties are related to the asphaltene and chemical inhibitorsô structures. Therefore, 

both asphaltene and inhibitor should have suitable structures and functional groups to keep 

asphaltene suspended and dispersed in the carrying fluid [9]. 

The wide variations of inhibitor types in the market allow engineers and researchers to select the 

most efficient inhibitor, although the variations make the screening process complex when all 

aspects are considered. A few important aspects of asphaltene inhibitor selection are stated in the 

following. Some significant factors need to be considered; for instance, inhibitors such as polymers 

may lose their efficiency with increasing temperature, while the othersô efficiency may increase 

by increasing temperature, such as some ionic liquids. Also, fluid and asphaltene characteristics, 

including polarity and acidity, are key parameters when using ionic surfactant inhibitors [9]. Crude 

oil acidity and the asphaltene polarity can limit the applicability of the inhibitors with a particular 
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charge or acidity [9]. Therefore, the success of inhibitors application significantly depends on the 

pre-screening and designing suitable inhibitors for the target asphaltene and oil.  

MD simulation is a powerful tool for investigating physical phenomena at a molecular scale. MD 

considers molecular interactions and calculates the properties of (bio)chemical systems, such as 

temperature, pressure, and energy between molecules over the simulation period. In MD 

simulation, constituents of the physical systems and atoms interact through interatomic forces 

based on the atomic forcefield model. Each atom in the system is influenced by the potential energy 

(partial charge) of other atoms, and the system energy is calculated based on the relative positions 

of the particles and the selected forcefield.  This important feature considers the intramolecular 

energies as contributions of the potential energy from bondsô length, bend angles, and dihedrals 

angles; the intermolecular energies are accounted by van der Waals and electrostatic [10]. Various 

forcefields such as polymer-consistent forcefield (PCFF), constant valence forcefield (CVFF), 

condensed-phase-optimized molecular potential for atomistic simulation studies (COMPASS) 

forcefield, assisted model building with energy refinement (AMBER) forcefield, chemistry at 

Harvard macromolecular mechanics (CHARMM-27) forcefield, GROningen molecular 

simulation (GROMOS96) forcefield, and OPLS-AA forcefield have been developed. Among the 

mentioned forcefields, GROMOS96 and OPLS-AA are the most popular ones for modeling 

organic compounds. Not all the forcefields are available in every MD software, and the best 

forcefield may need to be selected based on the selected simulation software. The accuracy of the 

selected forcefield may need to be validated with either experimental results or previous valid 

simulation results.  In fact, MD has been used to estimate the equilibrium properties such as density 

or enthalpy of mixtures. It is practical to investigate the transport properties such as mass transfer 

(and/or diffusion) coefficients, heat transfer coefficient (thermal conductivity), and momentum 
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transfer coefficient (viscosity). MD can simulate physical properties such as interfacial tension, 

solubility, adsorption, and aggregation. However, it needs to be coupled with another modeling 

strategy, such as quantum mechanics, when a chemical reaction produces a new component 

(molecule) in the system. Typically, four statistical states are considered in MD, which can be 

implemented based on the test conditions, including 1) constant number of particles, volume, and 

energy (NVE), 2) constant number of particles, volume, and temperature (NVT), 3) constant 

number of particles, pressure, and temperature (NPT); and 4) constant chemical potential, volume, 

and temperature (µVT) [10].  

The molecular dynamics method has been developed to calculate the physical properties of the 

chemicals and their mixtures based on structures and molecular interactions (e.g., solubility and 

self-aggregation). There are various commercial and open-source software to perform MD 

simulations. Materials Studio, which belongs to the Biovia Company, is a commercial software. 

Other open-source software packages to implement MD simulation include NAMD, GROMACS, 

AMBER SUITE, and LAMMPS. MD has been successfully employed to model asphaltene 

precipitation [11-33], and asphaltene deposition on calcite [34-36] and silica [21, 35] surfaces. 

Also, MD is able to model interfacial properties in the presence of different substances such as 

asphaltene [23, 37-42], asphaltene and resin [43], emulsifier [43], and demulsifier of water/oil 

emulsion [44]. Recently, the MD approach has been used to model asphaltene aggregation during 

enhanced oil recovery (EOR) processes such as water injection [45-47] and gas injection [48]. 

However, the interactions of asphaltene and inhibitors have not been studied comprehensively. It 

is vital to disclose the inhibitory mechanisms of inhibitors; this helps in effectively screening and 

designing new chemical inhibitors. Also, the molecular interactions of asphaltene and inhibitor 



 7 

near surfaces have never been studied using computational methods to the best of our knowledge, 

while it is important to figure out the inhibitor efficiency during the asphaltene deposition. 

This research is dedicated to filling the above-mentioned knowledge gaps and providing a better 

understanding and approach for screening and designing chemical inhibitors. Therefore, as the first 

objective of this research, the MD technique is adopted to reveal the asphaltene-inhibitor 

interaction during the precipitation of various asphaltene structures in the presence of a chemical 

inhibitor. In addition, the same technique is adopted to explore the impact of an inhibitor 

concentration, temperature, and pressure during the asphaltene precipitation as the second 

objective of this research. During the previous simulation, the importance and impact of chemical 

inhibitors on asphaltene binding arrangement were indirectly realized. Therefore, the effects of 

various chemical inhibitors on the type of binding arrangements between asphaltene molecules 

during the precipitation process are studied as the third main objective of this research. Finally, 

the asphaltene-inhibitor interaction is studied for various asphaltene and inhibitor types during the 

deposition of asphaltene molecules in a calcite pore using the MD technique. To obtain the goal 

of this study, the energies between molecules and asphaltene aggregates characteristics are 

assessed during asphaltene precipitation and deposition.  

The current study shows the applicability of MD in revealing the effective mechanisms of real-

world problems, particularly in the asphaltene flow assurance concern. This method can be 

incorporated into screening, selecting, and designing effective and new inhibitors for asphaltene 

precipitation and deposition. This work is a pioneer study in screening and designing effective 

inhibitors for the target oil and asphaltene. This thesis consists of four manuscripts (either 

published or under review for publication), briefly described in Figure 1-1 and listed below: 
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The second chapter is published in the Journal of Energy & Fuels and is dedicated to studying the 

asphaltene-inhibitor interaction for the systems that carry individual and binary types of 

asphaltene, focusing on the impact of asphaltene type and structure. The results of this study are 

validated by a recent study [30]. The highlights of this study are the discussion of the aggregation 

criteria during the simulation, followed by discussing the research outcomes from two main 

research groups working on asphaltene and asphaltene-inhibitor interactions [7, 30, 31, 49]. The 

third chapter is published in the Journal of Molecular Liquids and is a follow-up to the first study 

by assessing the inhibitor concentration and thermodynamic conditions on the inhibitor efficiency 

and asphaltene-inhibitor interactions. In this work, parallel computing and GPU hardware are 

incorporated to minimize the simulation time compared to regular simulation using CPUs.  

The fourth chapter is submitted to the Journal of Chemical Engineering Science and is devoted to 

studying the coordination of asphaltene and asphaltene binding types during their aggregation. 

This study tries to fill the molecular knowledge gap of binding arrangements and intermolecular 

network formations between the asphaltenes and inhibitors, limiting the design and preparation of 

chemical inhibitors. This study uses the radial distribution function, the aggregate shape index, 

and the angle and distance between the molecules to explore the asphaltene binding arrangement 

manipulation in the presence of different inhibitors. This work introduces a new method of 

distinguishing the various types of asphaltene binding arrangements.  

The fifth chapter is a manuscript accepted to be published in the Journal of Industrial & 

Engineering Chemistry Research. This research manuscript focuses on asphaltene precipitation 

and deposition in the calcite pore when the carrying fluid is n-heptane in the absence and presence 

of inhibitors. This work studies the impact of two types of inhibitors, including surfactant and ionic 
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liquid, both individually and as a mixture, during the asphaltene deposition. The last chapter covers 

the summary, conclusions, and recommendations for future work. 

 

Figure 1-1. The summary of the main objectives and contributions of each chapter. The lighted chapters 

are published. 

1.2  Methodology 

In this research, we employed GROMACS, open-source software that is free and easy to access 

for future reference. It is also available on ComputeCanada, a huge cluster available in Canada, 

and we could run our simulation on numerous CPUs and GPUs depending on our need and cluster 

availability. AMBER, CHARMM-27, GROMOS96, and OPLS-AA are available forcefield on 

GROMCAS software. In the literature review, various molecular forcefields are assessed, 

including AMBER, OPLS, CHARMM, and GROMOS forcefields to predict and compare 
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thermodynamic properties of liquid benzene with experimental results. The results have 

demonstrated that OPLS-AA can produce more accurate results for organic compounds compared 

with other forcefields [50]. Also, based on our literature review, OPLS-AA forcefield has been 

used usually in asphaltene studies and generated trustable results. Therefore, we decided to use 

OPLS-AA forcefield with GROMACS software in our studies.  

The molecular structure of a component is required for any molecular level simulation. The 

asphaltene part of the crude oil consists of molecules with different structures. Two methods are 

suggested in the literature to find the representative chemical structure of the asphaltene molecules. 

The first analytical method is based on elemental analysis and NMR tests. In this technique, the 

hypothetical structure has a stronger association tendency [19]. The second method to develop 

asphaltene structures is generating structure using Monte Carlo simulation and quantitative 

molecular representation (QMR), in which the structure is chosen based on the least deviation from 

experimental data [51, 52]. Headen et al. [31] conducted a comprehensive survey about the types 

of asphaltene structures and introduced four structures and we adopted two of them in our study 

[20, 29, 30, 52].  

In this study, we used three different hypothetical asphaltene structures. The hypothetical 

asphaltene structure A1 is of archipelago type. The other two asphaltene structures, A2 and A3, 

are of the continental type. We use the asphaltene structures A1 and A3 from Headen et al. [31] as 

we could validate our results. Similar to the study by Goual et al. [53], we modify the asphaltene 

structure A3 by substituting an aromatic group with pyridine and replacing a methyl group with a 

hydroxyl group to create A2. Therefore, A2 can form hydrogen bonds, while the asphaltene 

structure A3 lacks such a capability. The asphaltene structures and more detail are demonstrated 

in Chapter 2.  
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To the best of our knowledge, surfactants (in particular, phenol-based) are known as a potential 

type of inhibitor based on techno-economic perspectives. Inhibitor screening studies show that 

octylphenol, nonylphenol, and ethoxylated nonylphenol are the most effective surfactants for 

preventing asphaltene aggregation [54]. The ionic liquid is a novel and more environmentally 

friendly type of asphaltene inhibitor. Phenols can form hydrogen bonds, and ionic liquids can have 

cation-quadrupole interaction with asphaltene polyaromatic cores. Therefore, we considered n-

Octylphenol (OP) and two ionic liquids including 1-butyl-3-methylimidazolium bromide 

([BMIM][Br]),  and 1-butyl-3-methylimidazolium chloride ([BMIM][Cl]) for further investigation.  

1.2.1 MD simulation in the bulk of fluid s 

The component structures can be built as a pdb file using various software such as Avogadro and 

Gaussview. We built the asphaltenes and Octylphenol structures and adopted the structure of ionic 

liquids from the literature [55]. Subsequently, the structures are optimized using Gaussian09 

software at the ground state and their atomsô partial charges are also calculated using ESP or 

electrostatic potential approach. Quantum mechanics calculation with density functional theory 

(B3LYP) method and 6-31g(d,p) basis set are applied for structural optimization [56]. The 

electrostatic potential is an accurate and standard method used to estimate the atomsô partial charge 

[57]. MKTOP [58] is used to generate topology files for the molecules based on the OPLS-AA 

forcefield. MKTOP considers all bonds, non-bonds, and improper dihedrals for the aromatic ring 

in the output file. However, the output results may need a few corrections on atom type and partial 

charge, which should be conducted manually. Finally, the optimized pdb file and topology file or 

itp files are ready to be imported to GROMACS software.  

A cubic box with 15×15×15 nm3 dimension is built for all simulation runs to reduce the possible 

overlap between molecules. The box size will change when we set temperature and pressure and 
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run NPT ensemble based on the material type, quantity, intermolecular interactions and the 

thermodynamic conditions that lead to convergence and precise estimation of physical properties 

(such as density). Afterward, the respective number of each molecule based on the designed 

concentration of asphaltene and inhibitor will  randomly be distributed in the box.  

After distributing the molecules in the box, the system is ready to start the simulation. The steepest 

descent method minimizes the initial configuration for 10000 steps to relax the system. A velocity 

rescaling thermostat [59] is used in NVT for 100 ps to reach the desired temperature. Velocity 

rescaling thermostat and Berendsen barostat [60] are used in NPT for 1 ns to adjust the box size 

and density at the designed temperature and pressure. The production runs are conducted using the 

Nose-Hoover thermostat [61, 62] and ParrinelloīRahman barostat [63] to maintain the system 

temperature and pressure for 120 ns. Leapfrog algorithm [64] is employed to integrate the equation 

of motion for all NVT, NPT, and production runs. The time step is fixed at 2 fs as an optimal time 

step in all simulation runs [29]. The outputs, including the atom position, energy, temperature, 

pressure, and density, are recorded every 10 ps. The long-range electrostatic interactions are 

governed by the particle-mesh Ewald (PME) algorithm [65, 66], for which the cutoff radius of the 

van der Waals and Coulomb interactions is fixed at 1.2 nm. Periodic boundary conditions are 

employed to approximate an extensive system, and all bond lengths are kept rigid using the LINCS 

algorithm [67]. Finally, suitable analyses will be conducted using energy and atomsô coordination 

as two main outputs of the simulation. The analyses related to each project are described in each 

chapter in detail.  

1.2.2 MD simulation in the pore filled with fluid (confined box) 

The simulation setting, when the box is confined, is generally similar to the case where there is no 

confinement with a few amendments. First, the solid atoms must be restrained as the solidôs 
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molecule will not move. As the box is confined, the box size cannot change, meaning the NPT 

ensemble is not applicable. Therefore, in our study, NVT simulation using a velocity rescaling 

thermostat will be used for 100 ps to adjust system temperature at the desired temperature, and the 

production run will be performed based on the NVT for 60 ns as the last step for data sampling. 

As mentioned, the box size is fixed in the confined simulation; hence, we need to adjust the space 

in the confined area with the correct volume for our fluid at the desired pressure and temperature. 

Afterward, we are able to design the surface slabô size based on the measured volume and target 

pore opening. Our approach to finding the correct volume was simulating the fluid out of a 

confined space at the designed pressure and temperature, similar to the bulk simulation and 

extracting the final volume as an input for simulation in the confined area. Hence, we will 

implement energy minimization, 100 ps NVT and 1 ns NPT, extracting the final volume and 

considering that as the volume of the confined area or the pore volume. Considering the measured 

volume and calcite pore opening, which we designed to be 10 nm, the calcite slab is constructed 

by splitting calcite along the (104) crystallographic surface of a calcite unit cell using Materials 

Studio software with 11.477 nm × 9.275 nm × 2.240 nm dimensions. The pore is constructed by 

placing one layer of slab on top of the other with a 10 nm pore opening. We also adopted the 

forcefield suggested by Xiao and co-workers as it was used to model the calcite surfaces in the 

literature with satisfactory results [68]. Finally, suitable analyses will be conducted using energy 

and atomsô coordination as two main outputs of the simulation. The analyses related to each project 

are described in each chapter in detail.  
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2. CHAPTER TWO 

New Molecular Insights into Aggregation of Pure and Mixed 

Asphaltenes in the Presence of n-Octylphenol Inhibitor  
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ABSTRACT  

Asphaltene stability can be perturbed during the oil production and transportation, leading to 

asphaltene precipitation and deposition. Chemical inhibitors are usually added to the oil phase to 

postpone asphaltene deposition. The chemical bonding between asphaltene and inhibitor 

molecules, and the steric hindrance are the key mechanisms of aggregation inhibition. 

Nevertheless, the interaction mechanisms between asphaltenes and chemical inhibitors still need 

more research investigations. In this paper, we use an advanced computational chemistry tool, 

molecular dynamics (MD), to analyze the inhibitory effect of n-octylphenol (OP) on three different 

asphaltene structures at 1 bar and 300 K. To meet the objectives, the asphaltene aggregation and 

aggregates characterization in both cases of pure and mixed asphaltenes are studied. It is concluded 

that the archipelago asphaltene (A1) does not aggregate appreciably in the absence of OP; 

nevertheless, OP reduces the aggregation. The OP is more effective in reducing the aggregation 

rate for the continental asphaltene with hydroxyl and pyridine groups (A2), which is due to the 

formation of strong hydrogen bonds between asphaltene-OP, compared to the aromatic stacking 

between asphaltene-asphaltene. The presence of hydrogen bonds significantly changes the 

characteristics of aggregates in both scenarios: in the absence and presence of OP. Hence, OP 

shows less efficiency for the continental asphaltene case without hydrogen bond privilege (A3). 

For the mixed asphaltene systems, OP considerably lowers the aggregation rate in the case of 

having A2 and A3; the higher relative portion of OP to A2 is the main reason for this behavior. 

This study reveals that the OP can be an effective inhibitor, depending on the portion of different 

types of asphaltenes in the crude oil. The same strategy can be used to screen proper inhibitors or 

inhibitor mixtures for various types of asphaltenes. 
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2.1  INTRODUCTION   

Although the governmental and international entities have promoted the use of renewable energy 

as an alternative to fossil fuels, a recent report by International Energy Agency 2019 predicts an 

increased oil demand of 106 mb/d in 2040 according to the Stated Policies Scenario [1].  

The production of oil is challenged by various factors such as sand production, water production, 

and the deposition of crude oil constituents such as asphaltenes, wax, and hydrates. Asphaltene is 

composed of a range of molecules with a variety of structures; it is commonly defined as a part of 

crude oil that is soluble in aromatic solvents and insoluble in aliphatic solvents. The asphaltene 

deposition occurs upon a change in thermodynamic conditions during hydrocarbon production and 

transportation [2]. Based on the solubility theory, the asphaltene is soluble in oil at reservoir 

conditions [3]. A decrease in pressure and temperature during the oil production, or a change in 

the composition during improved oil recovery/enhanced oil recovery (IOR/EOR) can destabilize 

the asphaltene, causing asphaltene precipitation and deposition [4, 5]. When the thermodynamic 

condition approaches the onset of asphaltene stability, the asphaltene molecules begin to 

agglomerate as nanoaggregates. The asphaltene nanoaggregates further aggregate to form 

asphaltene clusters. The entire process of solid phase formation from liquid phase is known as 

precipitation. Upon flocculation, larger asphaltene clusters deposit on a solid surface through 

sedimentation [6]. This process can happen at reservoir, near wellbore, or in tubing, and also in 

surface facilities; the asphaltene deposition imposes production and process challenges, such as 
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increased pressure drop, reduced oil production rate, and increased operating costs for the 

asphaltene removal.  

Different physical and chemical methods are used to inhibit or mitigate the problems originated 

from asphaltene precipitation and deposition. The preventive approaches are more cost-effective 

than the treatment methods to remove depositions because the preventative strategies allow oil 

production to some extent [7-9]. Although the chemical methods bring more environmental 

impacts (compared to the physical methods), they are commonly applied in practice as a preventive 

approach due to their higher performance and better economic perspectives. The chemical 

inhibitors are added to the crude oil before asphaltene precipitation (or deposition) to keep the 

asphaltenes suspended within a broad range of thermodynamic conditions. Different types of 

chemicals including surfactants [10], polymers [11], nanoparticles [12], ionic liquids [13], and 

organic solvents have been proposed as asphaltene inhibitors. Generally, the chemical structure of 

inhibitors includes polar moieties that attach to the asphaltene molecules; the non-polar moieties 

cause steric repulsion, hindering the aggregation of asphaltene molecules, and suspending them in 

the solution [14]. Surfactants are considered a promising type of chemical inhibitors for 

asphaltenes in the literature [14-16]. Although controversial behaviours have been noticed for 

some ionic surfactant inhibitors such as dodecyl benzenesulfonic acid (DBSA) [15, 16] and 

salicylic acid [9]; the nonionic surfactants such as phenols are an efficient and economical category 

of surfactants. Octylphenol, nonylphenol, and ethoxylated nonylphenol are usually considered as 

effective asphaltene inhibitors based on inhibitor screening [4, 10, 14, 17-22]. Although phenols 

are recognized as proper surfactants in terms of inhibition efficiency and economic prospect, they 

are not generally used as pure due to various technical and non-technical aspects, and usually, they 

will be mixed with specific asphaltene solvents and diesel to be used in industrial/field-scale [23]. 
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For instance, they should be used with solvents as dispersive media that facilitate the mass transfer 

to the oil phase due to a reduction in the viscosity 2,3. Another reason is that using a concentrated 

surfactant is prone to forming micelles that can be easily lost in the reservoir (through adsorption) 

without reaching the oil phase. Using a solvent helps inject it at concentrations below the critical 

micelle concentration (CMC). In addition, pure surfactants (e.g., phenols) are still relatively 

expensive  2,3.  Based on the Millipore Sigma, 500 mg of 4-octylphenol is 63.4 CAD [24], while 

100 mg of 4-nonylphenol is 87.9 CAD [25]. This shows that the 4-octylphenol is cheaper than 4-

nonylphenol. Please note that these quantities are far away from field sale requirements; the 

surfactant price (in terms of $/kg) is expected to decrease substantially for larger quantities. 

The asphaltene aggregation and inhibitory mechanisms have been mostly investigated using 

experimental studies and thermodynamic modeling methods such as equations of state (EoSs); 

however, both methods suffer from drawbacks. The laboratory tests require relatively expensive 

materials and tools and are prone to safety risks due to high pressure and temperature conditions. 

The EoS approach requires parameter tuning (through a fitting procedure) and often considers 

asphaltenes as pseudo-component with hypothetical properties. In addition, both methods are not 

able to properly explore the molecular mechanisms. Recently, the application of artificial 

intelligence has been revitalized in oil industry, including the prediction of asphaltene precipitation 

(and/or deposition) [26]. Although this method can provide promising results, it needs a large 

dataset for development of a reliable model, which is computationally demanding and expensive. 

Also, collecting enough reliable data under various process and thermodynamic conditions for 

training and testing phases of artificial neural network modeling is not always feasible. 

Molecular dynamics (MD) simulation has been employed to model different phenomena, such as 

asphaltene aggregation and the impact of inhibitors on the aggregation, at the molecular scale, to 
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better understand the governing mechanisms. In 1995, Rogel [27] used MD to simulate the 

asphaltene aggregation for the first time. Rogel considered a 3-asphaltene molecule model in both 

toluene and n-heptane (nC7) in a small cubic box (3 nm³3 nm³3 nm) for a simulation time of 45 

ps. They confirmed increasing tendency of asphaltene to form dimer when the amount of nC7 

increases. After significant improvement in the computational capability of computers, researchers 

are able to conduct simulation runs in larger scale and longer simulation periods. Table 2-1 shows 

a summary of the progress in the MD studies of asphaltene aggregation and their progress over 

time. There are only a few studies on the application of MD simulation on the inhibitory efficiency 

of surfactants in asphaltene aggregation in the literature. In 2011, Headen et al. [28] studied the 

effect of limonene as an aggregation inhibitor for asphaltenes within a range of temperature (300ï

400 K) and pressure (100ï200 bar) for the first time. They used GROMACS software and all-atom 

optimized potentials for liquid simulations (OPLS-AA) force-field. Six asphaltene molecules with 

7 wt% concentration in carbon dioxide (CO2) were considered, using a simulation time of 20 ns. 

Limonene reduced the aggregation of asphaltenes in the asphaltene-CO2 system, significantly. The 

minimum aggregation was observed at 350 K and 150 bar. Although they investigated the 

influence of temperature and pressure on the inhibition efficiency, the effects of asphaltene 

structure, inhibitor concentration, and solvent type were not studied. Goual et al. [10] studied the 

impact of n-octylphenol (OP) at 300 K and 1 bar on a similar asphaltene structure as that used by 

Headen et al. [28]. Changes in asphaltene structure include a substitution of an aromatic ring with 

a pyridine, and a methyl group with a hydroxyl group. In their study, GROMACS 4.5.5 software 

and OPLS-AA force-field were employed. Goual et al. [10] used 36 asphaltene molecules with a 

concentration of 6.6 wt% in nC7, and a simulation time of 150 ns. They concluded that the OP 

interacts with the hydroxyl group and restricts asphaltene self-aggregation; they found that it is 
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possible for the inhibitor molecules to self-aggregate, too. The self-aggregation of OP decreased 

its effectiveness as an asphaltene inhibitor. They also observed that the OP forms fewer hydrogen 

bonds with pyridine groups than the hydroxyl groups; this was in agreement with their 

experimental results [10]. Goual and Sedghi [16] compared the effect of dodecylbenzene acid 

(DBSA) and OP on the aggregation of a similar asphaltene structure used in their previous work 

(without hydroxyl group) at 300K and 1 bar. They used the same software, force-field, and 

asphaltene molecule number and concentration, and 80 ns simulation time. The main objective of 

their study was to find the reasons for the contradictory performances of DBSA as an asphaltene 

inhibitor at different conditions. The asphaltene-DBSA interaction energy was 15 times stronger 

than Asp-OP due to the formation of acid-base bonds between the asphaltene and DBSA as well 

as the formation of hydrogen bonds in asphaltene-DBSA system. They concluded that the high 

electrostatic attraction energy between the asphaltene-DBSA pairs is the main reason for the 

formation of larger asphaltene aggregation size in the presence of DBSA, compared to the case 

without inhibitor addition. Sedghi and Goual [29] studied the inhibitory efficiency of limonene 

and polyvinyl acetate (PVAc) with concentrations 10ï30% and 1ï5%, respectively, on asphaltene 

aggregation at 308 K and 300 bar. They employed GROMACS 5.1.0 and OPLS-AA force-field to 

simulate aggregation of 200 asphaltene molecules with 4 wt% concentration in CO2 for 80 ns 

simulation time. They used two continental asphaltene structures with and without hydroxyl group. 

Limonene was more effective for the case of asphaltene with hydroxyl group, while PVAc was 

more suitable for the asphaltene without the hydroxyl group. For both inhibitors, asphaltene 

aggregation decreased by increasing the concentration of inhibitors. Nevertheless, the solubility of 

PVAc in CO2 decreased by attaching to the asphaltenes, which revived with the addition of 

limonene.  In 2019, Tirjoo et al. [30] screened the effectiveness of six different inhibitors including 
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linear DBSA, limonene, oleic acid, stearic acid, diethylene triamine-penta methylene phosphonic 

acid (DETPMP), and poly-phosphino carboxylic acid (PPCA) for a continental asphaltene at 298 

K and 100 bar. In their study, Materials Studio 6.0 software and COMPASS force-field were 

employed to simulate the asphaltene aggregation for 100 ps simulation time. It was concluded that 

limonene is a weak inhibitor due to the lack of polar groups, but linear DBSA is a strong inhibitor 

due to the possession of the SO3 polar groups, causing an acid-base interaction with the asphaltene 

molecules. For the same reason, steric acid was a more effective inhibitor than oleic acid. DETPMP 

was considered as the strongest inhibitor among all tested inhibitors; it increased the minimum 

distance of asphaltene-asphaltene (Asp-Asp) from 3 Å to 7 Å. They found an optimum number of 

inhibitor molecules, using five molecules of asphaltene with 14.3 wt% in toluene. The optimum 

number of inhibitors for DBSA, oleic acid, DETPMP, and PPCA was five; this optimum number 

was three for limonene and ten for stearic acid. They claimed that the number of inhibitor 

molecules increases the chance of inhibitor to self-aggregate through hydrogen bonding.  

Despite MD simulation studies on asphaltene inhibitors, some effects are overlooked. For example, 

the effects of temperature, pressure, asphaltene structure, and polydispersity of asphaltene 

structure are expected to be significant on asphaltene aggregation, but they are not investigated 

adequately. To the best of our knowledge, the effect of inhibitor on asphaltene structure especially 

for the archipelago asphaltene type has not been explored yet. In addition, the polydispersity in 

asphaltene structures has not been studied yet, and needs to be considered in MD simulation studies 

of asphaltene-inhibitor for attaining more realistic and reliable simulation results [31-33]. Thus, 

more research investigations regarding the impacts of aggregate size, density, and shape on 

asphaltene-inhibitor behaviors should be conducted. 
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Table 2-1. Asp-Asp aggregation studies using MD 

Asphaltene source 
Type of 

asphaltene 
Space 

T (K) 

(P in bar) 
t (ns) 

Software  

(Force-field) 
Remarks Ref  

Venezuelan 

crude 
1 Continental Toluene, nC7 - 0.045 

Biosym Tech. Inc 

(PCFF) 
¶ Asp solubility parameter decreases with increasing the 

aggregation number 
[27]  

Ratawi vacuum residue 

Continentals with 

3 to 11 aromatic 

cores (mean 7 

rings) 

Toluene - 0.25 

Cerius2   

(DREIDING, 

MOPAC6) 

¶ No Asp self-aggregation at 0.15 wt% Asp 

¶ Offset-stacking configuration at 5% Asp 
[34]  

- 
Various types of 

continentals 

Vacuum, toluene, 

pyridine, tetrahydrofuran, 

naphthalene 

- 0.1 
Insight II  

(CVFF) 
¶ vdW ˊīˊ interactions are the major mechanism for Asp 

self-association 
[35]  

Average crude of 

Kuwait, California, and 

France 

1 Continental Vacuum system 298ï400 0.1 
Cerius2  

(COMPASS) 
¶ Lower aggregation number and Mw at a higher 

temperature 
[36]  

Average crude of 

Kuwait, California, and 

France 

1 Continental 
Toluene and  

nC5 

300 

(10ï

10000) 

- 
Cerius2  

(COMPASS) 
¶ Asp aggregates dissociate in toluene by decreasing but 

not in pentane 
[37]  

Khafji, Maya, and 

Iranian-light crudes 

Continental and 

archipelago 

Decalin and 1-

methylnaphthalene 
373ï673 0.1ï0.3 

Cerius2  

(DREIDING 2.02) 

¶ Peripheral alkyl chains and heteroatom functional 

groups stabilize the aggregates. 

¶ Decalin is more effective than 1-methylnaphthalene to 

dissociate Asp aggregates. 

[38]  

- 2 Continentals 
Toluene, i-butane, nC4, 

and nC7  
323ï573 0.1ï0.3 

Accelrys Discover 

Program  

(CVFF) 

¶ Asp-Asp aggregation in toluene<iC4<nC4< nC7  

¶ Aggregation decreases for all solvents when 

temperature is increased. 

[39]  

Hypothetical 
2 Continentals 

and 1 archipelago 
Toluene, nC7, and water 

298 

(1) 
10 

GROMACS 

(GROMOS) 
¶ Asp stacking affinity order: nC7>water> toluene [40]  

QMR Generated  
1 Continental and 

1 archipelago 
Toluene and nC7 300ï350 20 

GROMACS 

(OPLS-AA) 

¶ The Asp forms dimer and trimer reversibly in both 

toluene and nC7 while asphaltene aggregates and 

aggregate form were more persistence lasted longer in 

nC7  

[41]  

Hypothetical 8 Continentals Toluene and nC7  
300 

(1) 
80 

GROMACS 

(OPLS-AA) 

¶ The aggregation energy increases when the number of 

aromatic rings in Asp core increases  

¶ The number and length of the peripheral alkyl chains in 

asphaltene structures are not effective parameters. 

¶ Heteroatoms in the aromatic core increase the 

aggregation energy, compared to adding that to 

heteroatom in the side chain. 

[42]  

Based on Violanthrone-

78 
4 Continentals Water 

300 

(1) 
60 

GROMACS 

(GROMOS) 
¶ Asp with short and long side chains self-aggregate with 

different mechanisms. 
[43]  

Prototypical 2 Continentals 
Oil (alkanes and 

aromatics) 
298 200 

GROMACS 

(GROMOS) 
¶ Carboxyl group result face-to-face Asp aggregation 

configuration  
[44]  
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¶ Carboxylate groups result face-to-face and also T-shape 

configuration (due to steric repulsion of anionic group). 

Heavy Arabian crude 
2 Continentals 

and 1 archipelago 
Toluene and nC7  

350 

(1) 
15 

LAMMPS  

(PCFF) 

¶ The continental Asp type shows high aggregation in 

nC7 but not in toluene (larger core, higher attraction). 

¶ The archipelago type shows no aggregation in either 

solvents. 

[45]  

Kuwait crude, 

Indonesian coal 

2 Continental 

categories 
Toluene 

298 

(1) 
60 

GROMACS 

(GROMOS) 

¶ Substituting heteroatoms does not change Asp 

aggregation.  

¶ Adding carboxylic group changes the Asp aggregation 

affinity due to hydrogen bond. 

[46]  

Prototypical 
1 Continental 

category 
Toluene 

298 

(1) 
150 

GROMACS 

(GROMOS) 

¶ The sulfur heteroatoms in the side chain cause long-

range interactions.  

¶ The sulfur heteroatoms in the core reduce aggregation. 

[47]  

Venezuelan crude 1 Continental 

Oil (a saturate, an 

aromatic, and a resin) and 

CO2 

323 

(150) 
20 

GROMACS 

(CHARMM) 

¶ CO2 affects Asp aggregation in crude mixture.  

¶ CO2 extracts other molecules prevents other oil 

molecules (saturates, aromatic and resins) to be 

involved in asphaltene aggregation, causing a denser 

aggregate. 

[48]  

QMR generated, 

Arabian heavy crude 

2 Continentals 

and 2 

archipelagos 

Toluene and nC7  
300 

(1)  

80 & 

500 

GROMACS 

(OPLS-AA) 

¶ Considering Asp polydispersity improves modeling 

results. 

¶ The archipelago type Asp has lower solubility in 

toluene than the continental type. 

¶ Resin reduces the cluster density and radius of gyration, 

increasing Asp solubility. 

[31]  

Hypothetical 1 Continental Resin, dodecane, and CO2 

373 

(200ï

400) 

10 
Materials Studio 

(COMPASS) 
¶ The Asp aggregation energy reduces when increasing 

pressure. 
[49]  

Hypothetical 
Various types of 

continentals 
nC7  

300 

(1) 

20 & 

200 

GROMACS 

(OPLS-AA) 

¶ Considering Asp polydispersity improves results on the 

size, shape, and configuration of aggregates.  

¶ The minimum number of Asp is 375 molecules to 

observe all possible aggregates 

configurations/structures. 

[32]  

QMR generated  
1 Continental and 

1 archipelago 

C1, C3, CO2, nC7, and 

toluene 

285ï400 

(300ï

500) 

100 
GROMACS 

(GROMOS) 

¶ The solubility of the continental Asp type increases in 

pure toluene and binary solvent mixtures of toluene.  

¶ The solubility of the archipelago Asp type is not 

affected by methane or propane in the system. 

¶ Aggregation become larger with pressure and become 

smaller with temperature. 

[50]  

QMR generated, 

Arabian heavy crude 

2 Continentals 

and 1 archipelago 

Vacuum and 1-

methylnaphthalene 

300ï453 

(1)  

80 

&400 

GROMACS 

(OPLS-AA) 
¶ The accuracy of the MD simulation results is limited by 

the cell size and run-time. 
[33]  
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In this study, we conduct MD simulation runs to investigate the effect of OP, as a surfactant 

asphaltene inhibitor, for three different structures of asphaltenes at 300 K and 1 bar. The selected 

asphaltenes include archipelago, continental, and modified continental type that are simulated as 

individual and binary systems. In all systems, nC7 is considered as the base fluid and the 

concentration of asphaltene is constant and equal to 7 wt%. In systems containing OP, the 

concentration of OP is 7 wt%. To analyze asphaltene-inhibitor interactions, we consider 

visualization, interaction energy including Lennard-Jones (LJ), Coulomb and hydrogen bond, 

number of aggregations, gyration radius (for the aggregates), aggregate density, and aggregate 

shape. The cluster analysis is used for the first time in asphaltene-inhibitor simulation.  

The structure of this manuscript is organized as follows: after the Introduction, in Section 2.2, we 

review the theory of molecular dynamics, different force-fields, and analysis methods. Section 2.3 

is dedicated to the methods for building asphaltene molecules in the simulation framework as well as 

the assumptions and settings considered to build the simulation box itself and to conduct MD 

simulation runs. Section 2.4 includes the validation phase, verification of the scripted code with built-

in tools in GROMACS, and the results and discussions for both single- and binary- types of 

asphaltenes. In both cases, the asphaltene aggregation analysis and aggregate characterization analysis 

are performed. Finally, Section 2.5 summarizes the main conclusion remarks from our study. Our 

findings can help researchers to design more effective inhibitors for asphaltene-crude oil systems. 

2.2  THEORY OF COMPUTATIO NAL APPROACH   

MD simulation is a powerful tool to investigate physical phenomena at a molecular scale. It can be 

combined with quantum mechanics/molecular mechanics to model various chemical reaction 

systems for broad ranges of process and thermodynamic conditions. MD considers molecular 

interactions and calculates the properties of (bio)chemical systems, including temperature, pressure, 
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energy, and the distribution of moleculesô positions and velocities over the simulation period. The 

intra- and inter-molecular potentials are assigned to the atoms and molecules based on the selected 

force-field, and the coordination and velocity changes are calculated based on the Newton motion 

law. MD has been successfully employed to model asphaltene precipitation [27, 31-52], and 

asphaltene deposition on calcite [53-55] and silica [49, 54]. Also, MD is able to model interfacial 

properties in the presence of different substances such as asphaltene [40, 56-61], asphaltene and 

resin [62], emulsifier [62], and demulsifier of water/oil emulsion[63]. MD has been used to 

estimate the solubility parameter for asphaltenes in different solvents [30, 64], diffusion 

coefficients [40, 55, 65, 66], and hydrate stability and dissociation [67-69]. Recently, the MD 

approach has been used to model asphaltene aggregation during enhanced oil recovery (EOR) 

processes such as water injection [70-72] and gas injection [73]. The focus of the current study is 

on the inhibition of asphaltene aggregation. There are a few research studies about surfactants [10, 

16, 28-30] and polymers [11, 29, 30, 74] as asphaltene aggregation inhibitor, using MD.  

2.2.1 Force-field 

Researchers use different force-fields to simulate hydrocarbon interactions at various 

thermodynamic conditions while performing MD simulation runs. The common force-fields used 

for the hydrocarbon systems include polymer-consistent force-field (PCFF) [27, 45], constant 

valence force-field (CVFF) [35, 39, 63], condensed-phase-optimized molecular potential for 

atomistic simulation studies (COMPASS) force-field [30, 36, 37, 49, 64], assisted model building 

with energy refinement (AMBER) force field [75], chemistry at Harvard macromolecular 

mechanics (CHARMM-27) force-field [48], GROningen molecular simulation (GROMOS96) 

force-field [40, 43, 44, 46, 47, 50, 57, 58, 62], and OPLS-AA force-field [10, 11, 16, 28, 29, 31, 

33, 41, 42, 53-56, 59, 60, 70-74, 76]. GROMOS and OPLS-AA are the most common force-fields 
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while dealing with hydrocarbons. In 2011, Fu and Tian [77] assessed a variety of molecular force-

fields, including OPT-FF, AMBER 03, general AMBER force field (GAFF), OPLS-AA, OPLS-

CS, CHARMM27, GROMOS 53A5, and GROMOS 53A6 in prediction of the experimentally 

available thermodynamic properties of liquid benzene; the OPLS-AA was recommended as the 

best force-field. Based on the results of Fu and Tianôs study and previous studies on asphaltenes 

[10, 16, 29, 42, 70, 77-79], we choose OPLS-AA force-field, which is available in GROMACS 

software. The total energy in this force-field is based on the summation of three intramolecular 

potentials related to the stretching of bonds, bending of angles, and torsion of dihedral angles. The 

force-field also considers contributions from intermolecular interactions, namely; vdW (that is 

represented by Lennard-Jones 6-12 potential), and electrostatic (ES) (that is represented by 

Coulomb potential). The force-field is given below [80]: 
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where k is the atomic potential energy; kij refers to the force constant for bonds; kijk introduces the 

force constant for angle; and kijkl represents the force constant for dihedral angles. r0, ɗ0, and mű 

denote the initial bond length, angle, and dihedral, respectively; the parameter  adjusts phase 

degree in the dihedral potential; ů is the radial distance (from a molecule) where the potential 

energy is zero ; r ij is the distance between charges; Ůij resembles the potential well depth; ‐ is the 

permittivity of vacuum; and q refers to the charge of each atom. 

2.2.2 Molecule Trajectory 

One of the MD outputs is the trajectory of molecules in the simulation box throughout the 

simulation run-time (reported in .xtc and .trr  file). This file can be used to measure any position-
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related calculation and to visualize moleculesô movement versus time using Visual Molecular 

Dynamics (VMD) software [81] and NGLview package [82]. The visualization of the moleculesô 

movement can provide researchers with better insights into interactions between molecules at a 

molecular scale.   

2.2.3 Energy Calculation 

One of the simulation outputs is energy file (.edr file), which includes box dimension, 

thermodynamic properties, and contributions from different types of energy in the system. Van der 

Waals (vdW), electrostatic (ES), and hydrogen bond (HB) are the main intermolecular energies 

between the asphaltene molecules. The vdW force is a non-bonding interaction that is related to 

the geometry and polarizability of molecules. Molecules with a larger size and surface area have 

a greater polarizability and more chance to form vdW interactions. This implies that the electron 

cloud for larger molecules tends to be distorted as a change of electrostatic environment. ES is 

another non-bonding interaction form, which is related to the polarity of interacting molecules. 

The existence of heteroatom (in asphaltene) shrinks the electron cloud and significantly affects 

polarity [83]. Hydrogen bond is a type of vdW interaction (dipole-dipole interaction), which occurs 

between a hydrogen (an electropositive atom) attached to oxygen, nitrogen, or fluorine, and a 

nearby and highly electronegative atom. Hydrogen bond is an attractive interaction, which is 

stronger than vdW interactions; it is, however, weaker than covalent or ionic bonds [84]. These 

three intermolecular interaction energies between Asp-Asp and Asp-inhibitor (OP) can be 

calculated using the built-in tools in GROMACS; these energies explain the interaction 

preferences between inhibitor and different asphaltene molecules, and aggregation mechanisms. 

The vdW and ES energies are calculated with gmx energy, and HB is calculated with gmx hbond. 
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2.2.4 Aggregation Number 

The aggregation of the asphaltene molecules can be quantified in terms of a criterion for a binary 

distance between them. There are three possibilities for such criteria: 1) the distance between the 

closest atoms on two adjacent molecules; 2) the distance between a certain atom of two adjacent 

molecules; and 3) the distance between the center-of-mass (COM) of two molecules. Researchers 

have commonly used the first criteria [31] or the third one [42]; they employed a certain cut-off 

distance for systems including asphaltene and crude oil. In this study, we use the distance between 

the closest atoms and apply a cut-off threshold of 0.35 nm as a criterion for asphaltene aggregation. 

This particular cut-off was used previously for similar asphaltene structures but without hydrogen 

bonds [31, 50]; it is applicable in our study because the range of hydrogen bond length is between 

0.27ï0.33 nm [85]. The gmx clustsize module in GROMACS calculates the number-averaged 

aggregation number gn (see Eq. (2)). Here, we use z-averaged aggregation numbers, gz, to calculate 

the aggregate size (see Eq. (3)), which is more reliable and accurate. We script a code in python 

using the MDAnalysis package [86, 87] that takes .gro and .xtc files as the outputs of GROMACS 

simulation, and calculates the aggregation number. The results of the code are compared with 

GROMACSô results for validation purpose. The corresponding formulas for determination of 

aggregation number are given below: 
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In the above equations, ni denotes the number of aggregates containing gi monomers. i starts from 

2, implying it does not consider monomers individually. 
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2.2.5 Aggregate Size 

The radius of gyration (Rg) represents the size of macromolecules in a solution. It is used to 

measure the aggregate size independent of its shape during the simulation. In this study, 

MDAnalysis and the following equation are used to calculate the radius of gyration: 
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where rk is the position vector of atom k; and rcm introduces the position vector of the aggregate 

COM.  

2.2.6 Aggregate Shape 

The shape of aggregates is an important factor, showing how the inhibitors bond the asphaltenes; 

it also identifies the aggregate shape in the presence of an inhibitor. Three indices can be used to 

identify the 3D morphology of the aggregates including: 1) relative shape anisotropy (asphericity); 

2) shape factor; and 3) ratio of principal moments (shape index), which are related to the principal 

moments of the gyration tensor (ɚ1, ɚ2, and ɚ3) [31]. The dimensionality and symmetry of the 

aggregates are estimated with the relative shape anisotropy, ə2 (see Eq. (6)). The range of relative 

shape anisotropy is between 0 and 1; ə2=0 applies for a perfectly spherical chain, while ə2=1 

applies for a linear chain. The shape factor (S), which is defined by Eq. (5), is another measure to 

characterize the shape of aggregates. This parameter can be between -0.25 and 2. Negative values 

refer to oblate shapes, while positive values indicate prolate shapes; a shape factor of zero value 

shows a spherical shape for aggregates. The definitions of the shape factor (S) and relative shape 

anisotropy (ə2) are provided below: 
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The two indices r1 and r2 are defined as r1 = (ɚ1/ɚ2)
0.5 and r2 = (ɚ2/ɚ3)

0.5; while the principal moment 

is in the following order ɚ1>ɚ2>ɚ3. Aggregates are considered spherical if both r1 and r2 are equal 

to one; they are of oblate shape if only r1 is equal to one, and they are of prolate shape when only 

r2 is equal to one. 

2.2.7 Aggregate Density 

The density of aggregates is an index to understand how much the inhibitors have penetrated into 

the asphaltene aggregates. The mass of the aggregates is calculated from the mass of each atom of 

asphaltene molecules (mi) in the aggregates. The volume of each aggregate is approximated by an 

ñeffectiveò ellipsoid with the same principal moments of the gyration tensor [31]. Based on this 

definition, ellipsoid axes would be considered equal to 5ɚ1, 5ɚ2, and 5ɚ3. Therefore, the aggregate 

volume (Vaggregate) and density (raggregate) respectively, are obtained as follows:  
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It is worth noting that since the target is the investigation of asphaltene aggregates, only asphaltene 

molecules (not nC7 and OP) are considered to determine the asphaltene aggregation number, 

aggregate size, aggregate shape, and aggregate density. 
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2.3  SIMULATION/MODELING METHODOLOGY  

2.3.1 Choosing Asphaltene and Inhibitor Structure 

The molecular structure of a component is required for any molecular level simulation. There are 

two general structural types for the asphaltenes: continental and archipelago. Both structure types 

include unsaturated polar aromatics, heteroatoms (e.g., nickel, vanadium, nitrogen, oxygen, and 

sulfur), and alkyl chains either in the molecule (archipelago structure) or around the molecule 

(continental structure) [88]. The continental type has one core, consisting of 4ï15 aromatics rings 

with one or more aliphatic chains. The archipelago structure has multiple small cores that are 

connected with aliphatic chains. The asphaltene part of the crude oil consists of molecules with 

different structures. Two methods are suggested in the literature to find the representative chemical 

structure of the asphaltene molecules. The first analytical method is based on elemental analysis 

and NMR tests. In this technique, the hypothetical structure is the one with a stronger association 

tendency [39]. The second method to propose the asphaltene structures is automatically obtained 

from Monte Carlo simulation and quantitative molecular representation (QMR); thus, it is chosen 

based on the least deviation from experimental data [89, 90]. Headen et al. [31] conducted a 

comprehensive survey about the types of asphaltene structures and introduced four different 

structures [41, 42, 45, 90].  

In this study, we adopt three different hypothetical asphaltene structures as shown in Figure 2-1. 

The hypothetical asphaltene structure A1 that is shown in Figure 2-1(a) is of archipelago type. The 

other two asphaltene structures are of the continental type, A2 and A3, in Figure 2-1(b) and (c), 

respectively. We use the asphaltene structures A1 and A3 from Headen et al. [31]. Similar to the 

study by Goual et al. [10], we modify the asphaltene structure A3 by substituting an aromatic group 

with pyridine and replacing a methyl group with a hydroxyl group, to create A2 (as seen in Figure 
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2-1(b)). Therefore, A2 is able to form hydrogen bonds, while the asphaltene structure A3 lacks 

such a capability.  

 
(a) A1 (Mw = 1250 g/mol,  

dipole moment = 3.64 Debye) 

(b) A2 (Mw = 730 g/mol, dipole 

moment = 4.44 Debye) 

(c) A3(Mw = 727 g/mol, 

dipole moment = 1.2 Debye) 

 

  

Figure 2-1. Chemical structure of the asphaltenes used in this study: (a) A1, (b) A2, and (c) A3. 

The asphaltene part of the crude oil comprises a range of molecules with different structures. We 

need to include various types of molecules that exist in the oil to generate more reliable results 

from molecular simulation runs.  In fact, it is impossible to define all asphaltene structures in oil 

phase while conducting MD simulation. Thus, a few common structures (three structures in the 

current study) are suggested in the modeling. Based on the literature [41-45], the MD simulation 

results are more accurate and logical if we consider a mixture of asphaltene molecules as more 

possible interactions between molecules can be taken into account. 

We choose n-octylphenol (OP) as an asphaltene inhibitor. OP has a polar head, which is capable 

of forming aromatic stacks, and hydrogen bonds (from hydroxyl group). It also contains an alkane 

tail that is long enough to provide steric repulsion. Also, we consider nC7 as a good precipitant for 

asphaltene. 

2.3.2 Building Molecular Structure and Topology  

Avogadro software [91] is a software for building, editing, and visualizing molecules. Indeed, the 

software is used to generate molecules. Then, the Gaussian09 software is employed to obtain the 
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optimal structure of each molecule at the ground state and their atomsô partial charge. Quantum 

mechanics calculation with density functional theory (B3LYP) method and 6-31g(d,p) basis set 

are used for structural optimization [92]. Also, the electrostatic potential, which is an accurate and 

common method, is used to estimate the atoms partial charge [93]. MKTOP [94] is used to generate 

topology files for the molecules based on the OPLS-AA force-field.  MKTOP considers all bonds, 

non-bonds, and improper dihedrals for the aromatic ring in the output file. However, the output 

results usually need a few corrections on atom type and partial charge, which should be conducted 

manually for further use. 

2.3.3 Setting Initial Configuration  

We conduct two sets of simulations: 1) asphaltene-precipitant and 2) asphaltene-inhibitor-

precipitant. Both single and binary types of asphaltenes are placed in the box to analyze the effect 

of polydispersity on inhibitor efficiency. For all simulation runs, a cubic box is made with 

dimensions of 15×15×15 nm3 to reduce the possibility of molecular overlap. It should be noted 

that the simulation cell box size will change in NPT stage based on the material type, quantity, 

intermolecular interactions and the thermodynamic conditions that lead to convergence and precise 

estimation of physical properties (such as density). Thus, the lower box size is limited by the MD 

estimation accuracy and the upper limit is controlled by computation time capacity. 

The concentration of asphaltene in the simulation box is 7 wt%, and the asphaltene molecules are 

randomly distributed throughout the simulation box. For asphaltene-inhibitor-precipitant system, 

the concentration of asphaltene is still 7 wt% and the concentration of OP equals 7 wt% as well. 

The simulation pressure and temperature are assumed to be 1 bar and 300 K, respectively. Table 

2-2 lists the number of molecules in each simulation and properties of each asphaltene. 
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Table 2-2. Asphaltene characteristics and the number of asphaltene and inhibitor molecules in simulation 

box. 

Asphaltene 

type 

Number of asphaltene 

molecules  

Number of OP 

molecules  

A1 50 0, 303 

A2 50 0, 164 

A3 50 0, 176 

A1+A2 25 + 25 0, 240 

A2+A3 25 + 25 0, 177 

2.3.4 Running Molecular Dynamics Simulation 

All molecular dynamics (MD) simulations in this study are conducted with GROMACS 2019 [95, 

96] and OPLS-AA force-field. Figure 2-2 describes the algorithm to conduct MD simulation runs 

for asphaltene-inhibitor aggregation. The initial configuration is minimized by the steepest descent 

method for 10000 steps to relax the system. A velocity rescaling thermostat [97] is used in NVT 

for 100 ps to reach the desired temperature. Velocity rescaling thermostat and Berendsen barostat 

[98] are used in NPT for 1 ns to adjust the box size and density at the designed pressure. The 

production runs are conducted by utilizing the Nose-Hoover thermostat [99, 100] and 

ParrinelloīRahman barostat [101] to maintain the system temperature and pressure for 120 ns. 

Leapfrog algorithm [102] is used to integrate the equation of motion for all NVT, NPT, and 

production runs. The time step is fixed at 2 fs as an optimal time step in all simulation runs [41]. 

The outputs, including the atom position, energy, temperature, pressure, and density, are recorded 

every 10 ps. The long-range electrostatic interactions are governed by particle-mesh Ewald (PME) 

algorithm [103, 104] for which the cutoff radius of the van der Waals and Coulomb interactions is 

fixed at 1.2 nm. Periodic boundary conditions are employed to approximate a large system and all 

bond lengths are kept rigid using the LINCS algorithm [105]. 
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We script a python code using MDAnalysis package to define the asphaltene aggregates in each 

time step and to obtain the aggregation number, aggregate size, aggregate shape, and aggregate 

density. It is worth noting that after the MD simulation run, we remove the periodic boundary 

conditions for post-processing; otherwise, the aggregate characteristics are prone to uncertainties 

such as a part of molecules or aggregates being on each side of the adjacent boxes. The accuracy 

and reliability of the scripted code are verified using the GROMACS built-in tools in the next 

section. Figure 2-3 depicts the flowchart of the python script that is used for post-processing. 

 

 
Figure 2-2. A flowchart to simulate asphaltene-

inhibitor interactions using MD. 

 
Figure 2-3. A flowchart of python scripted code 

that is used for post-processing. 

Choose representative asphaltene molecules and 

suitable inhibitors. 

Minimize system energy, NVT, NPT, and 

production run. 

 

Build box and insert molecules. 

Calculate the number of molecules 

representing concentrations. 

 

Select suitable software and force field, and 

build topology. 

 

Build molecules and optimize the structure. 

Conduct post-processing with software 

built-in tools and script a code with python 

and MDAnalysis packages. 

 

Import MDAnalysis, numpy modules 

plus gro, and .xtc files. 

Calculate the minimum distance 

between every two asphaltene 

molecules in the box for each frame. 

Find the attached molecules in every 

aggregate for each frame. 

Neglect the monomers and calculate 

aggregate properties and asphaltene 

aggregation number. 

Start 

End 
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2.3.5 Challenges and Limitations 

One of the main challenges in molecular-scale simulation of asphaltene systems is to discover the 

dominant asphaltene structure for a target oil. Also, the intramolecular forces should be defined in 

the selected force-field for the asphaltene structure chosen for MD simulation; alternatively, the 

relative parameters can be found in the literature and inserted into force-field manually. 

Constructing the topology file is commonly challenging in MD analysis; researchers simplify this 

stage by developing computer codes such as MKTOP. However, the code might not always be 

accurate for different systems, and usually needs fine-tuning. Another challenge is analyzing the 

MD outputs. There are built-in tools in MD software packages such as GROMACS that enable a 

preliminary analysis. Auxiliary packages (or software) such as MDAnalysis or MDtraj are 

developed to help with detailed analysis of the MD outputs.  

Although the MD simulation has a huge benefit in terms of understanding molecular-level 

interaction mechanisms, it is limited by system size, simulation time, and computational costs. The 

periodic boundaries are suggested to cope with the limitations in the system size. The simulation 

time is on the scale of nanosecond, which is far from an industrial perspective. The MD simulation 

strategy is considered an advanced chemistry computation; however, the MD computation time 

usually is long, and depends on the number of atoms in the system, simulation run time, and 

computer storage capacity (and speed). 

2.4  RESULTS AND DISCUSSION  

2.4.1 Result Validation and Code Verification 

Result validation: Headen et al.[31] simulated an asphaltene similar to A1 and A3, using nC7 as 

a precipitant. Similar to the case study by Headen et al., we use asphaltene concentration of 7 wt%. 

However, we increase the number of asphaltene from 27 molecules (in their study) to 50 
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molecules. The simulation time is also increased from 80 ns to 120 ns in our study. Figure 2-4 

compares the average aggregate gyration radius for A1 and A3 in both studies. As it is evident, 

there is an overall similarity between the trends. The reason for the differences is due to the longer 

simulation time for a larger system (in terms of number of molecules and volume), causing bigger 

aggregates over the simulation run time, and eventually a higher probability of forming aggregates 

with a certain size.   

 
(a) (b) 

  

Figure 2-4. A comparison between the results of our modelling and the study by Headen et al.[31]; (a) 

average aggregate gyration radius of A1-nC7, and (b) average gyration radius of A3-nC7. 

Verification of scripted code: As mentioned in the previous section, the simulation outputs are 

recorded every 10 ps in this work. Since the aggregates can be formed and dissociated, the average 

aggregation number can fluctuate in short time steps. Therefore, we only report data every 500 ps 

in all average aggregation number plots to decrease the number of fluctuations and make them 

more understandable. The scripted code enables us to determine the average aggregation number, 

aggregate size, aggregate shape, and aggregate density. In Figure 2-5, the average aggregation 

number is shown using both scripted code (indicated with scatter data points) and the built-in gmx 

clustsize module in GROMACS. Since both match each other, the code can recognize the 

aggregates perfectly; the code is valid for using in any calculations related to the aggregates. It 
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should be mentioned that the gmx clustsize considers the asphaltene monomers in the calculation 

of average aggregation number; we do not consider monomers in our calculations except to verify 

the code in this section.   

 

 
Figure 2-5. Comparison of average aggregation numbers using GROMACS and python scripted code for 

A3 without inhibitor. 

2.4.2 Asphaltene Aggregation 

Single-type asphaltenes: Six MD simulation runs are considered for three single-type asphaltenes 

(only one among A1, A2, and A3) for 120 ns, with and without the inhibitor (OP). The z-average 

aggregation number (gz) is used as a preliminary analysis of the asphaltene aggregation. Figure 2-6 

demonstrates the aggregation intensity for three different simulations. Without the inhibitor, the 

asphaltene A1 molecules aggregate and dissociate during the simulation, showing agreement with 

previous research works [31]; the OP addition reduces the asphaltene aggregation (see Figure 

2-6(a)). The main interaction energy for self-aggregation of A1 and A1-OP is aromatic stacking, 

which is characterized with LJ and Coulomb energy. The average values for Asp-Asp, Asp-OP, 

and OP-OP interaction energies for the final 20 ns simulations are presented in Table 2-3. The 
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negative values in Table 2-3 show the attraction energy, and positive values represent the repulsion 

energy. The LJ energy among the asphaltenes is an attraction type, and the Coulomb energy is a 

repulsion type, which is nearly twice the value of the LJ. The high repulsive energy between the 

asphaltene molecules causes the A1 to exhibit a low aggregation tendency, for which the 

asphaltene aggregates dissociate during the simulation even without OP. Upon the addition of OP, 

the LJ energy between the Asp-Asp significantly decreases, and the LJ energy between Asp-OP 

becomes considerably high. Moreover, the Coulomb energy accounting for the repulsion between 

Asp-Asp pair increases significantly after adding OP (becomes more repulsive). The energy 

changes due to OP addition verify the efficient inhibitory effect of OP for A1. Figure 2-7 illustrates 

frames at 60 ns and 120 ns for both the pure asphaltene and asphaltene-OP simulations. The 

asphaltenes do not aggregate appreciably; nevertheless, the aggregation rate decreases after OP 

addition, confirming that the inhibitors reduce the asphaltene aggregation rate.  

In the simulation of A2, the z-average aggregation number is calculated (Figure 2-6(b)). Although 

the asphaltene aggregates dissociate over time, the aggregates grow and eventually reach the 

maximum number of asphaltenes in the simulation box. The addition of OP lowers the asphaltene 

aggregation significantly at the beginning of the simulation, until 80 ns; after that, the z-average 

aggregation number increases and eventually becomes stable. The asphaltene A2 can form 

hydrogen bonds with itself and with OP due to having hydroxyl and nitrogen in its chemical 

structure. Table 2-3 reports the values of Asp-Asp, Asp-OP, and OP-OP interaction energies. 

Furthermore, Table 2-4 lists the average hydrogen bond number of Asp-Asp and Asp-OP in three-

time spans. Because both LJ and Coulomb energies are the attraction types between the 

asphaltenes, the asphaltene A2 molecules aggregate gradually and persistently. In addition, the 

average number of hydrogen bonds of Asp-Asp increases over the simulation. The OP addition 
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reduces the LJ attraction energy between the asphaltenes; also, the LJ energy for Asp-OP is higher 

than that for OP-OP. The Coulomb energy of Asp-Asp is slightly reduced after the addition of OP, 

but it is comparable with Asp-OP Coulomb energy. The addition of OP dramatically reduces the 

average number of hydrogen bonds between adjacent asphaltenes, while it monotonically increases 

the average number of hydrogen bonds for Asp-OP. Therefore, OP enables aromatic stacking and 

hydrogen bonds with asphaltene A2; consequently, OP can be considered an effective inhibitor.  

The hydrogen bonds are formed in the peripheral of the asphaltene molecules due to the orientation 

of the hydroxyl group and nitrogen; also, the aromatic stacking force for Asp-OP is weaker than 

the Asp-Asp force due to the small aromatic core in OP. Hence, OP prefers to form hydrogen 

bonds with asphaltene and can only postpone the asphaltene aggregation, as seen in Figure 2-6(b), 

which is in agreement with previous results by Goual et al. [10].  Figure 2-8 verifies that the 

existence of OP in the system decreases aggregation at 60 ns; however, aggregation eventually is 

increased during the simulation, and there is no difference in the aggregation behavior with and 

without OP at 120 ns. As it is obvious, at 120 ns, the OP will be inside and around the aggregates. 

It means that OP reduces the aggregation of A2 at the beginning; but, the A2 and OP agglomerate 

and form larger aggregates.  In this case, OP will not reduce deposition; in fact, it will cause more 

severe asphaltene deposition. 

In the system of A3/nC7, the molecules of asphaltene A3 can aggregate and dissociate during the 

simulation (Figure 2-6(c)). Hence, the Asp-Asp interaction for asphaltene A3 is weaker, compared 

to that of A2, due to less dipole moment (Figure 2-1) and the lack of a hydroxyl group. The 

asphaltene A3 is more prone to self-aggregation than A1 due to having a larger aromatic core. 

Table 2-3 reports the LJ energy and Coulomb energy between the molecules of asphaltene A3, 

which are attractive and repulsive, respectively, with a similar value. The repulsive Coulomb force 
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is related to the absence of nitrogen in the aromatic core for asphaltene A3, compared to A2 [73]. 

Additionally, the lack of a hydroxyl group on the asphaltene A3 eliminates the capability to form 

hydrogen bonds. It explains why the asphaltene A3 has less affinity for aggregation than the 

asphaltene A2. Therefore, for this asphaltene type, OP is not an effective inhibitor because the LJ 

energy of Asp-OP is significantly lower than that of Asp-Asp; the OP addition even increases the 

Asp-Asp energy. 

 
(a) (b) 

  

(c) 

 

Figure 2-6. z-average aggregation number versus time for (a) A1, (b) A2, and (c) A3 with and without the 

OP. 
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Table 2-3. Average of LJ and Coulomb energy between asphaltenes and OP for different types of 

asphaltenes in the final 20 ns of simulations. 

Energy 

(kJ/mol) 

Asphaltene 

system 

  No inhibitor    With inhibitor (7% OP) 

Asp-Asp Asp-Asp Asp-OP OP-OP 

LJ 

A1 -10998.13 -9943.34 -3147.15 -4175.83 

A2 -9968.93 -9007.86 -3953.06 -2600.55 

A3 -8957.19 -9221.79 -1454.49 -2463.85 

Coulomb 

A1 17395.80 17414.50 -147.63 -1057.64 

A2 -2499.03 -2137.00 -1475.26 -616.43 

A3 8903.77 8938.92 -101.68 -623.29 

 

Table 2-4. Average number of hydrogen bonds for Asp-Asp and Asp-OP for three time spans. 

Time span 

(ns) 

No inhibitor  With inhibitor (7% OP) 

A2-A2 A2-A2 A2-OP OP-OP 

0ï50 14.3 7.1 46.7 16.0 

50ï100 22.7 12.7 51.5 15.3 

100ï120 22.7 9.7 58.7 15.3 

 
(a) no inhibitor (b) with inhibitor (7% OP) 

  

Figure 2-7. Visualization of molecular coordination for asphaltene A1 (black) with and without 

inhibitor (OP, in red) after 60 ns and 120 ns. The precipitant (nC7) molecules and OP molecules with 

more than 6 Å distance from asphaltenes are not shown for clarity. 

Binary-type asphaltenes: In the binary system, consisting of asphaltenes of two different types 

(from A1, A2, and A3), the asphaltene molecules can aggregate with each other. Figure 2-9 shows 

the z-average aggregation number for binary-type asphaltenes with and without the inhibitor (OP). 

Based on Figure 2-9 (a), OP does not significantly change the aggregation intensity for a system 

including asphaltenes A1 and A2 , which is reasonable in regards to the energy changes (Table 2-5 
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and Table 2-6). The LJ and Coulomb energies of Asp-Asp decrease slightly after OP addition, 

especially between similar types of asphaltene. The Asp-OP interaction is attractive and 

comparable with Asp-Asp energy, which gives asphaltenes a choice to bond with either asphaltene 

molecules or OP. The average number of hydrogen bonds between the asphaltenes decreases 

significantly after OP addition over the simulation time, and has an increasing trend for Asp-OP. 

It is thus confirmed that the addition of OP can postpone asphaltene aggregation because it 

decreases the Asp-Asp aromatic stacking and Asp-Asp hydrogen bonds. Figure 2-10 illustrates 

that in the case of OP addition, the aggregates become smaller at 60 ns compared to the case 

without OP, but this trend is reversed at 120 ns. The comparison of Figure 2-6(a), Figure 2-6(b), 

and Figure 2-9(a) shows that the z-average aggregation number for the mixed asphaltene types lies 

between the z-average aggregation number for pure components, which is in good agreement with 

previous research 31. The OP appears less effective, which can be due to decreased asphaltene 

molecules that can form hydrogen bonds.  

(a) no inhibitor (b) with inhibitor (7% OP) 

  

Figure 2-8. Visualization of molecular coordination for asphaltene A2 (black) with and without 

inhibitor (OP, in red) after 60 ns and 120 ns. The precipitant (nC7) molecules and OP molecules with 

more than 6 Å distance from asphaltenes are not shown for clarity. 

Figure 2-9(b) depicts the z-average aggregation number for the system with asphaltenes A2 and 

A3. The aggregation number trends are similar for both cases with and without OP up to 60 ns. 
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The z-average aggregation number has a monotonic trend for the second half of the simulation 

(60ï120 ns) without the inhibitor OP, but fluctuates sharply when OP is present. Although the 

presence of OP does not change the Coulomb energy between the molecules, it reduces the LJ 

energy between asphaltenes A2 and A3 (Table 2-5). Additionally, in the presence of OP, the 

average number of hydrogen bonds for A2-A2 reduces (compared to the case without OP) and 

fluctuates (Table 2-6), which can be the main reason for the considerable fluctuations in z-average 

aggregation after OP addition. Figure 2-11 visualizes the Asp-OP coordination, which shows less 

aggregation with adding OP compared to the system without the inhibitor. Comparing Figure 

2-6(b), Figure 2-6(c), and Figure 2-9(b) reveals that OP has a greater efficiency when asphaltenes 

A2 and A3 are mixed rather than that with either of these asphaltenes (alone). Based on the results, 

there are several possibilities that could be improved with a combination of asphaltenes A2+A3; 

A2 brings the advantage of forming hydrogen bonds with OP, and A3 could restrict the attraction 

between A2-OP pairs. In addition, as the number of A2 molecules becomes half when mixed, OP 

can curb the aggregation much more effectively. A system containing a mixture of asphaltenes is 

inherently more complex than that containing a pure component; therefore, extensive mechanistic 

investigations are required for a realistic interpretation of the system.  

Table 2-5. Average of LJ and Coulomb energy for the binary mixture of asphaltenes with and without OP 

in the final 20 ns of simulations (x is 1 and 3 in A1+A2 and A3+A2 systems, respectively). 

Energy 

(kJ/mol) 

Asphaltene 

system 

No inhibitor  With inhibitor (7 wt% OP) 

Ax-Ax A2-A2 Ax-A2 Ax-Ax A2-A2 Ax-A2 Ax-OP A2-OP 

LJ 
A1+A2 -4386.93 -3269.26 -3205.80 -3990.97 -2717.82 -3109.27 -1972.84 -1524.17 

A3+A2 -2937.30 -3291.42 -3580.24 -3347.67 -3344.04 -2170.49 -895.92 -1551.06 

Coulomb 
A1+A2 8722.58 -1114.84 -57.27 8710.41 -954.15 -42.67 -78.72 -738.20 

A3+A2 4470.21 -1055.21 -66.03 4463.20 -951.56 -40.87 -54.70 -683.06 

 






























































































































































































































































































































