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SUMMARY 

Increasing worldwide demand for energy and depletion of the conventional oil sources has 

created demand, economic feasibility and new technological challenges for tapping 

tremendous unconventional oil sources including heavy, extra-heavy oils, bitumen and oil 

sands. However, using these resources is associated with several challenges such as 

aggregation and deposition of heavy organics and low mobility arising from their high 

viscosities. Most of the industrial problems and challenges are associated with heavy 

organics deposition and especially asphaltene. Thus, this dissertation summarizes the 

asphaltene problems; the asphaltene behavior in the petroleum industry, highlighting 

asphaltene aggregation and precipitation during composition change; asphaltene deposition 

on solid surfaces; and the effect of magnetic fields on asphaltene aggregation. This 

dissertation reports on the successful fulfillment of the research objectives as follows: 

(1) Asphaltene aggregation and precipitation is a function of the medium where asphaltene is 

soluble in aromatics and insoluble in paraffins. Composition change is one of the important 

parameters that cause asphaltene flocculation and precipitation. However, not all asphaltenes 

aggregate and flocculate due to their structures. In this work, molecular dynamics (MD) 

simulation was employed to investigate aggregation and flocculation of different asphaltene 

structures dissolved in different mixtures of normal heptane and ortho xylene. The roles of 

interaction energies on the onset of asphaltenes aggregation due to the changes in the 

composition (aromaticity) were investigated. The results showed that asphaltene behavior 

was affected by the aromaticity of the medium and asphaltene architecture, thus each 

structure behaved differently from one another. At high paraffine content, it was shown that 

asphaltene preferred face-to-face stacking, where the planes of the aromatic ring systems 

were aligned in parallel between two asphaltene molecules due to the high interactions 
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SUMMARY (continued) 

between these aromatic cores. In addition, it was observed that flexible asphaltenes had low 

aggregation affinity comparing to the rigid asphaltene even with its high hydrogen bond 

interactions. Form the results it could be concluded that the major factor in asphaltene 

aggregation is the architecture of each asphaltene molecule, where the number and length of 

the side chains, the number and distribution of heteroatoms, and the size and number of the 

aromatic cores are connected in representing asphaltene behavior.  

(2) Asphaltene aggregation and precipitation is one of the concerns during enhanced oil 

recovery (EOR) that may happen inside reservoir porous media which could cause formation 

damage. There are several reports about supercritical nitrogen injection. However, this 

process may be may be costly if huge quantities of nitrogen are required. Accordingly, the 

economically promising method is an injection of supercritical air which contains about 79% 

nitrogen. In this work, asphaltene aggregation during miscible nitrogen/air flooding at 

reservoir conditions was investigated using MD simulation. The effect of injected 

misciblized gas concentrations and the role of interaction energies on different asphaltene 

structures were investigated. The results showed that the asphaltene aggregation process was 

highly affected by the content of injected fluids due to the solubility effects. Also, the 

aggregation was a function of asphaltene structure where structures with long aliphatic chains 

and archipelago architecture showed low association affinity than other flat asphaltenes. In 

the comparison of the use of misciblized nitrogen and air, there were no appreciable 

differences on asphaltene aggregation. The results of interaction energies showed that van der 

Waals interactions were affected by the concentration of the injected fluid. 

(3) Recent experimental studies have shown that magnetic treatments reduce oil rheological 

properties and reduce heavy organic deposition. Most of these studies have focused on wax 



 xiv 
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crystallization and there is little information about the effect of magnetic fields on asphaltene 

aggregation. In this work, asphaltene aggregation, under the influence of the magnetic field, 

was investigated using MD simulation. Local molecular structures, simulation trajectory, and 

hydrogen bond interactions were also investigated. The simulation results indicated that 

asphaltene aggregation in different mediums was influenced by the magnetic field and it was 

a function of its intensity. In a paraffinic solvent, the magnetic field could reduce the onset of 

asphaltene aggregation in the range of 20–35% and 25–70% in aromatic medium. Hydrogen 

bonds were also affected by magnetic treatments and these alterations were due to changes in 

the distances and the orientation of asphaltene molecules. It could be concluded that the 

effect of magnetic treatment on the onset of asphaltene aggregation was dependent on the 

intensity of the applied magnetic field, the medium, and the architecture of asphaltene. 

 (4) Asphaltene deposition could cause severe blockages in the reservoirs, wells, pipelines, 

and production and processing facilities. It is an insidious phenomenon and affected by 

different parameters such as changes in pressure, temperature, or composition, nature and 

distribution of reservoir fluids, the mineralogy of the rocks, ...etc. It was reported that 

asphaltene molecular structure such as the presence of different heteroatoms and its polarity 

play roles in asphaltene adsorption to the solid surfaces. In this study, molecular dynamics 

simulations were conducted to investigate the onset of asphaltene adsorption on smooth and 

rough calcite surfaces. The results showed an immobile and high dense layer of xylene 

rapidly adsorbed on the calcite while asphaltenes showed different adsorption affinities. The 

calculations and trajectory visualization showed that the morphology of the solid surface had 

a key role in the asphaltene adsorption whereas the adsorption of asphaltene was higher on 

the rough surface than that on the smooth surface. It was observed that asphaltene molecules 



 xv 

SUMMARY (continued) 

accumulated as one aggregate on the protrudes of the rough calcite and randomly distributed 

and adsorbed on the smooth surface where the aromatic cores were parallel to the surface. 

Also, it was shown that asphaltene aggregation in the bulk was enhanced by air injection. 

Intermolecular energies showed higher interaction energies between asphaltene-rough calcite 

than asphaltene-smooth calcite. The interactions of asphaltene atoms with calcite showed that 

heteroatoms have an immense contribution to the adsorption process. Interaction energies of 

asphaltene heteroatoms showed that oxygen and nitrogen had either attraction or repulsion to 

the calcite surface. While sulfur had a high attraction to the calcite, and it may work as an 

adsorption site that could be enhanced by other heteroatoms. 
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 Heavy Organics 

Crude oil is a complex mixture of different hydrocarbons in a wide range of molecular 

weights. It also includes other polydisperse organic compounds such as resins, asphaltenes, 

and organometallic compounds. Their structures are composed of carbon, hydrogen, metals, 

nitrogen, oxygen, and sulfur. In addition, there is a presence of inorganic oxides; salts; and 

metals (Khalaf and Mansoori, 2018, 2019). One of the ways to characterize heavy-end 

organic constituents of crude oils is to separate them through column chromatography into 

four groups: saturates, aromatics, resins, and asphaltenes known as SARA (Escobedo and 

Mansoori, 2010; Kim et al., 1990). 

Saturates are also known alkanes which consist of normal-alkanes, iso-alkanes that are 

known as paraffines and cyclo-alkanes, which are known as naphthenes. The first four kinds 

of paraffins are gases under normal conditions. As the molecular weight increases, the 

boiling point and melting point increase as well. However, the volatility decreases by 

increasing the carbon number. Paraffins with +C18 are solid under normal conditions and 

known as waxes. They are completely dissolved in petroleum mixtures at normal conditions 

(Bagdat and Masoud, 2015; Johnsen et al., 2011).  

Aromatics are unsaturated hydrocarbons and characterized by one or more planar rings of 

atoms that are connected by double bonds. Benzene is the best-known aromatic hydrocarbon 

and counted as the base of different aromatic compounds. 

Asphaltenes are the polar and heavier fraction of the crude oils. They are insoluble in 

paraffins and are soluble in aromatic and polar hydrocarbons like xylene (Khalaf and 

Mansoori, 2018). The molecular structure and detailed molecular behavior of asphaltene 

molecules are not fully known yet. The asphaltene fraction of petroleum fluids may also 
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contain some metals such as iron, nickel, and vanadium (and/or their oxides) (Khalaf and 

Mansoori, 2019). Asphaltenes present in petroleum fluids are polydispersed and contain a 

broad molecular weight distribution similar to polymers (Kawanaka et al., 1991; Pacheco-

Sánchez and Mansoori, 1997).  

The precursors of asphaltenes are resins which are soluble in a crude oil mixture. Resins 

are known to have much lower molecular weights than asphaltenes in addition to their low 

polarity and aromaticity (Mansoori, 2009). They also have a high tendency to be connected 

with large asphaltene aggregates (Mansoori, 2009; Mousavi-Dehghani et al., 2004).  

 

 Heavy Organics Precipitation and Deposition 

Increasing worldwide demand for energy and depletion of the conventional oil sources has 

created demand, economic feasibility, and new technological challenges for tapping 

tremendous unconventional oil sources including heavy, extra-heavy oils, bitumen and oil 

sands. Simultaneously, by using these resources, the inevitable problem becomes the 

deposition of heavy organics (Luo and Gu, 2007). Most of the reservoirs, wells, pipelines, 

and production and processing facilities blockages are due to the precipitation and deposition 

of heavy organics. It is important to illustrate the variation between precipitation and 

deposition. Precipitation is the formation of a solid phase that comes out of the liquid phase 

as a function of thermodynamic variables (Ru and Alta’ee, 2015). However, deposition is the 

formation of a scale of precipitated solids on solid surfaces as a function of hydrodynamics, 

heat and mass transfer, solid-surface interactions (Hammami and Ratulowski, 2007). One of 

the serious problems in the oil industry is the deposition of heavy organics ( Kawanaka et al., 

1991). It causes complete clogging of pipes; serious damages of lines and/or production and 

processing equipment; and increasing the cost of production, transportation, and refining 

processes (Vazquez and Mansoori, 2000; Grijalva-Monteverde et al., 2005; Escobedo and 
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Mansoori, 2010). For example, Prions field in the North Aegean Sea had some wells were 

shut down within a few days of production due to heavy organic deposition (Adialalis, 1982). 

In Venezuela, stimulating treatments using acid resulted in complete plugging of the well due 

to heavy organic slug (Lichaa, 1977). The Ventura Avenue field in California experienced 

heavy organic deposition during acidizing and CO2 injection which resulted in the re-drilling 

of many wells (Leontaritis and Mansoori, 1988). Tecominoacan and Jujo oil fields in Mexico 

had heavy organic deposition that caused complete blockage in some of the wells which 

required crucial aromatic wash to remove deposits. In the oil filed of Gulf of Mexico there 

was heavy organic deposition in under-sea pipelines causing high production rates to 

decrease which was associated with a high economic loss (Escobedo and Mansoori, 1992).  

Petroleum heavy organics are classified as paraffine/wax, resins, asphaltenes, 

diamondoids, mercaptans, and organometallic compounds (Pacheco-Sánchez and Mansoori, 

1997). The deposition of these compounds happen due to various reasons that depend on the 

molecular nature of these materials. For example, mercaptans and organometallic deposit due 

to solubility effects. Diamondoids and paraffine/wax deposit due to temperature changes 

(lowering oil temperature). Resins are usually associated with asphaltenes and they are not 

known to deposit alone (Mansoori, 2010). Asphaltenes deposit due to various reasons, the 

major parameters that controlling asphaltene precipitation and deposition are: (1) Nature and 

distribution of reservoir fluids, (2) Injection of fluids (composition changes), (3) Temperature 

changes, (4) Pressure changes, (5) The mineralogy and properties of the rocks, (6) Flow 

regimes, (7) Wall effect and electrokinetic phenomena, (8) Asphaltene/resin ratio, (9) and 

The brine amount and composition  (Mansoori, 2010; Branco et al., 2001; Mirzayi et al., 

2008).  

Asphaltene deposition could occur in primary, secondary, and tertiary oil recovery and 

may occur in three steps (Mansoori, 2001). The first step is the formation of very small 
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particles that become suspended in the petroleum fluid. The second step is the flocculation of 

these particles. The third step is the deposition of these large particles due to their large size, 

or sticking of these particles onto solid surfaces and building a solid carbon layer on the 

internal walls of oil facilities (Abouie et al., 2015).  

 

 Research Objectives/Motivation 

The crude oil production provides more than 80 million barrels a day (Energy Information 

Administration, 2019). This is a high energy demand all over the world which encourages the 

use of unconventional oil sources. However, using these resources is associated with several 

challenges such as aggregation and deposition of heavy organics and low mobility arising 

from their high viscosities. Most of the industrial problems and challenges are associated 

with heavy organic deposition, and especially asphaltene.  

Asphaltene aggregation and deposition is a very insidious phenomenon. The laboratory 

studies suggested that the solution of asphaltene precipitation and deposition requires 

detailed analyses of asphaltene properties and its structure to understand its behavior in 

hydrocarbon solvents. The connection between asphaltene molecular structure and the 

asphaltene aggregation in different solvents is not well understood. Thus, to understand, 

predict, and develop a microscopic model of asphaltene there needs to be a lot of 

investigation on a molecular level. Thus, the main goal of the current study is to demonstrate 

and highlight the asphaltene problems and asphaltene behavior in the petroleum industry. To 

build a whole picture of asphaltene behavior at different length scales, one needs to 

understand and find a structure-function relationship. To achieve that, the work is divided 

into two folds. The first part includes studying the asphaltene aggregation and asphaltene 

behavior at different conditions and mediums. The second part involves investegating the 

effect of external forces (magnetic field) on the asphaltene aggregation and disaggregation as 
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well as observing the behavior of the other heavy organics in petroleum fluids. In both folds, 

molecular dynamics (MD) simulation technique was used to probe the microscopic behavior 

of asphaltenes.  

The aim of using MD simulation in the current research is to fill an important gap in the 

understanding of asphaltene aggregation behavior, the nature of the association of 

asphaltenes in mixed (paraffinic and aromatic) solvents and/or during enhanced oil recovery 

(EOR) processes. The important parameter that leads to asphaltene flocculation and 

precipitation are the composition changes due to vaporization, blending with other oils, 

and/or EOR. The current study investigates the effects of asphaltene chemical structure, the 

composition changes on the asphaltene behavior, and aggregation processes during the 

blending or EOR. Studies proved that gas injection enhances asphaltene aggregation and 

promotes phase separation, which finally leads to asphaltene deposition; the problem being 

more severe for heavy oils. Transport of asphaltene aggregates within reservoir fluids inside 

the pores may block some of the pores leading to formation damage. Accordingly, asphaltene 

aggregation and deposition on calcite surface during air flooding is investigated. 

Understanding the interactions between asphaltenes, injected gases, and mineral surfaces is 

important to clarify asphaltene deposition affinity and reduce the possibility of asphaltene 

precipitation during EOR. 

Moreover, MD simulation is used to investigate the effect of the external magnetic field 

on asphaltene aggregation/disaggregation. Few scientific evidences are available in the 

literature about the role of the magnetic field on asphaltenes’ behavior. Some of the studies 

claimed that polar species (e.g., asphaltenes) were affected by magnetic fields, while others 

focused on paraffines. Due to the presence of different heteroatoms in asphaltene structures 

and their asymmetrical charge distribution, asphaltenes are affected by magnetic fields. It is 

believed that magnetic treatments change asphaltenes’ intermolecular interactions which lead 
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to forming new associative structures (Loskutova et al., 2008). Therefore, asphaltene 

molecules may aggregate or disaggregate due to the effect of the applied magnetic field.  

 

 Outline  

The dissertation is organized in the following style: 

Chapter 2 introduces the basic knowledge about asphaltenes such as definitions, behavior 

properties, and remediation of asphaltene deposition. Chapter 3 presents a brief description of 

molecular dynamics simulation, whereas it explaining the used algorithms, interaction 

functions, and thermodynamic ensembles. Chapter 4 contains a study focused on the effects 

of the asphaltene chemical structures, the composition changes on the asphaltene behavior, 

and aggregation processes. This was published in the Journal of Petroleum Science and 

Engineering as “A new insight into asphaltenes aggregation onset at a molecular level in 

crude oil (an MD simulation study)”. Chapter 5 contains a study focused on the effects of air 

injection and asphaltene chemical structure on asphaltene aggregation processes. This was 

published in the Journal of Petroleum Science and Engineering as “Asphaltenes aggregation 

during petroleum reservoir air and nitrogen flooding”. Chapter 6 presents a brief 

description of the magnetic treatments of petroleum fluids. It contains a study focused on the 

effects of magnetic field, asphaltene chemical structures, and the medium on asphaltene 

aggregation processes. This was published in the Journal of Petroleum Science and 

Engineering as “Magnetic treatment of petroleum and its relation with asphaltene 

aggregation onset (an atomistic investigation)”. Chapter 7 contains a study focused on the 

effects of air injection and asphaltene chemical structure on the adsorption of asphaltene on 

calcite surfaces. “Molecular Dynamics Simulation of Asphaltenes Adsorption on Calcite 

surfaces”. Chapter 8 summaries the major findings of the dissertation and discusses future 

related research 
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 The History of Asphaltenes 

The term asphaltene was proposed by Boussingault in 1837 when he defined the constituent 

of France’s bitumen that was turpentine soluble and alcohol insoluble (Boussingault, M., 

1837). According to Nellensteyn, asphaltene is the petroleum fraction that is insoluble in low 

boiling point, paraffines but soluble in tetrachloride (Nellensteyn, 1924). This was a jump in 

the separation method that led to the use of heptane and pentane for asphaltene separation. 

Nellensteyn also suggested that asphaltene was a pure high molecular weight hydrocarbon. In 

1931, Marcusson assumed that asphaltene was not a pure hydrocarbon petroleum fraction, 

but contained a small amount of sulfur, nitrogen, and oxygen (Marcusson, 1931). This 

assumption was followed from modification by Hillman and Barnett, (1937) who suggested 

that asphaltene composed of a chain structure and was formed by aromatic and saturated 

rings connected by short chains. In 1961, Yen with others, found that short-range order 

existed in solid asphaltene. They assumed that the diffraction patterns were due to the 

stacking of aromatic rings (Yen et al., 1961). To date, Yen’s model is confirmed by different 

measurements and shown to be valid for asphaltene.   

From the structural point of view, asphaltene is a multipolymer component that contains 

different building blocks. The molecular structures of asphaltenes are not yet fully known. 

Throughout the references, asphaltene fraction could contain more than 105 different 

molecular structures (Rogel and Carbognani, 2003). However, asphaltenes that are known are 

composed of polycyclic clusters, alkyl groups, nitrogen, oxygen, and sulfur (Khalaf and 

Mansoori, 2018). Because of their associating affinity, asphaltenes have a broad range of 

molecular weights, varying from hundreds to thousands. Recently, researchers suggested that 

the molecular weight of asphaltene monomer is in the range of 500-1000 Da with an average 

of about 750 Da (See for example Boek et al., 2009), and a molecular size varing between 
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1.2–2.4 nm (Ganeeva et al., 2011). Researchers classified asphaltene according to their 

separation into two groups, heavy and light asphaltenes. Asphaltenes that are separated by 

adding a minimum amount of n-alkanes are called heavy, polar, and insoluble. However, 

asphaltenes that are separated by adding a maximum amount of n-alkanes are called light, 

nonpolar, and soluble (Mansoori et al. 1988; Tojima et al., 1998).  

Recent studies suggest that asphaltene molecular architecture could be found in two main 

structures (Murgich, 2003). The first is called island asphaltene which is composed of a large 

central aromatic core, and in some cases, is called rigid asphaltene. The second is called 

archipelago asphaltene which is found in several places all over the world. Archipelago 

asphaltene has separated aromatic cores connected by alkyl chains. The size of aromatic 

cores and length of alkyl chains help archipelago asphaltene to be more flexible than island 

asphaltene. Some studies show that island asphaltene forms strong and thermally stable 

aggregates (~ 400 ˚C, where bonds being in cracking). These aggregates are stabilized by 

adsorption of archipelago asphaltene where this adsorption is thermally stable up to 200 ˚C. 

These colloids adsorb free radicals, resins, metals, …etc. (Storm et al., 1996; Liao et al., 

2006). In the literature, there are many different proposed asphaltenes for different reservoirs. 

Figure 2-1 shows three different model asphaltenes proposed by different researchers for 

different oils. Models A1 and A2 represent island asphaltene, and model A3 represents 

archipelago asphaltene (Takanohashi et al., 2003; Pacheco-Sánchez et al., 2004). 
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Figure 2-1. Three different model asphaltene reported in the literature. 

A1 

A2 

A3 
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 Asphaltene Behavior  

Asphaltenes are a heavy fraction of crude oils with density ranges from 1.1 to 1.2 gm/ml, 

H/C ratio between 1 to 1.2, and a wide range of solubility parameters 19-24 Mpa0.5 

(Hirschberg et al., 1984). Besides the density and polarity, asphaltene has high effects on the 

crude oil rheological properties which are a function of the asphaltene concentration (Barré et 

al., 2008). Oils that have high asphaltene content have higher viscosities which are costly in 

production, transportation, and refining (Ghanavati et al., 2013). 

The existence of asphaltenes in the crude oil results in many consequences. For example, 

it has been reported that asphaltene influence wax crystallization. It could act as a site of 

nucleation for wax and diamondoids crystallization (Mansoori, 2010). It may work as a 

surfactant by introducing its aliphatic chains into the wax crystal structures which leads to a 

lower crystallization (Ganeeva et al., 2011). The rate of wax deposition is profoundly 

affected by the degree of dispersed asphaltene (Lei et al., 2016). This was pproved by the 

presence of asphaltene in paraffine deposit. The analysis of Hassi−Messaoud paraffin deposit 

showed 6% alkylated asphaltene that has more heteroatoms in comparison with asphaltene in 

the system (Daaou et al., 2008). Also, asphaltene is a high polar compound, and due to that, it 

could act as a glue and mortar during the heavy organic deposition process resulting in a high 

barrier to the flow (Pacheco-Sánchez and Mansoori, 1997). Asphaltene is responsible for the 

dark color of most crude oils. Dissolving asphaltene in benzene at very low concentration 

gives a red color, after 3 ppm the color becomes yellow (Kawanaka et al., 1991).   

Asphaltene aggregates could form a nanometer scale particle which imposes a significant 

impact on both the upstream and downstream processes. They may cause fouling, foaming, 

erosion, corrosion, etc. (Pacheco-Sánchez and Mansoori, 1997). The difficulty of dealing 

with heavy organic deposits is directly related to the amount and nature of asphaltene 

presence in the system (Branco et al., 2001). As mentioned before, asphaltene has high sticky 
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properties, and has a high affinity for solid surfaces. Due to that, asphaltene clusters deposit 

on solid surfaces and could partially or totally plug the conduit (Branco et al., 2001). 

The main variable that controls the asphaltene aggregates formation is the molecular 

structures of the asphaltenes. The wide range of polar groups and molecular weight 

distribution caused asphaltenes to be partially dissolved and partially in colloidal and/or 

micellar state. The dispersion degree depends on the chemical composition of the crude oil 

system (Kawanaka et al., 1991; Pacheco-Sánchez and Mansoori, 1997; Branco et al., 2001). 

However, other studies have shown that asphaltene solubility is mainly related to the fusion 

mode of the aromatic rings rather than aromaticity, molecular weight, and the presence of 

heteroatoms (Ganeeva et al., 2011). Studies reported that asphaltene is in a dissolved state 

when its concentration is less than 2 mg/L (Akhmetov et al., 2002). Researchers reported that 

when the asphaltene concentration range is 50 – 200 mg/L, the size of asphaltene 

nanoaggregates could be 10 nm. Increasing the concentration to more than 2 g/L leads to 

clusters formation with a fractal dimension that is composed of 8-10 nanoaggregates (Lisitza 

et al., 2009). In the letter of size, Anisimov et al., (1995) reported that the size of asphaltene 

particles could reach 1 µm and aggregated particles could be 4 – 5 µm. One may classify 

asphaltene aggregates into three categories: Stable asphaltenes when the size is < 0.1 µm; 

colloidal asphaltene when the size is 0.1 – 1 µm; and flocculated asphaltene when the size 

is > 1 µm. While asphaltenes that stabilized by resin are electrically charged and have a 

diameter of 3 – 4 nm (Escobedo and Mansoori, 1995a). Durand et al., (2009) reported that 

asphaltenes form nano and micro-aggregates when its concentration is about 3%. Asphaltene 

aggregates could be in different shapes. Small angle x-ray (SAXS) and neutron scattering 

(SANS) showed that asphaltene aggregates could be elongated cylindrically, rod-like, disk-

like, or elongated ellipsoids, while the rheological properties interpreted it to disk-like 

(Ganeeva et al., 2011).  



 

 

12 

These studies indicate that small asphaltene particles could be dissolved in the crude oil 

system, whereas relatively large particles could aggregate and flocculate due to the solubility 

and high paraffin content. Because of the large size of flocculated asphaltene and the sticky 

properties of asphaltene, these clusters cause irreversible asphaltene deposition. Murgich, 

(2003) reported that organic molecules that have favorable contact area (core) form 

aggregates between them instead of other molecules. This will produce a core of aggregated 

large molecules with smaller outer molecules. The outer layers of asphaltene aggregates are 

mainly alkyl side chains; thus, adding more molecules becomes difficult due to the steric 

repulsion. It is worth to mention that asphaltene aggregates need to go through structure 

deformation of the aromatic cores and side chains to produce stable stackings. Thus, the 

formation of large stable aggregates is less favorable due to the steric repulsion of the chains. 

This was approved by Murgich et al., (1996) where they found that alkyl chains slightly 

deformed from free molecules to give better aromatic-aromatic interactions. Also, Rogel, 

(1995) found that aggregated asphaltenes under vacuum conditions were in energetically 

favored structures. This means asphaltene has the potential to be in the aggregated state 

rather than the dispersed state. Pacheco-Sánchez et al., (2003) placed two identical 

asphaltenes in parallel to study the interaction energies as a function of separation distance. 

They found that attraction was very high at close distances 4 – 5 Å and with high repulsion 

when the distance reached 3 Å. Also, they reported the geometries of asphaltene stackings. 

They claimed that face-to-face stacking was due to π-π interactions; T-shape and offset 

stackings were due to π-σ and σ-σ interactions respectively. Asphaltene aggregation and 

flocculation in paraffinic crudes are described in Figure 2-2 which represents the aggregation 

of asphaltene starting from a molecular level. 
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Figure 2-2. Asphaltene aggregation and flocculation in paraffinic crude oils. 

 

 In the presence of a sufficient amount of resin in the mixture, asphaltene could form 

steric colloids where resin works as a peptizing agent. When adding asphaltene molecules to 

asphaltene aggregates, it becomes unfavorable due to the energy barriers, resin molecules 

start stacking. At the right conditions, resin covers the surface of asphaltene aggregates and 

extends their aliphatic chains into the crude oil (aliphatic-phase) which makes a protection 

layer that prevents other colloids from approaching each other. In this case, resin neutralizes 

the polar charge, thereby making the micelle more soluble in the crude oil. Lichaa (1977) 

suggested that there is a critical resin concentration in the crude oil mixture. Below this 

concentration, asphaltene aggregates may flocculate and precipitate, while above that 

concentration, they may not flocculate or precipitate. If the resin can not fit and blocks the 

vacancy sites on asphaltene aggregates, asphaltene flocculation will happen. For stable 

colloidal asphaltene, other factors may contribute and enhance the precipitation and 

deposition of asphaltene colloids. These factors are heating, agitating, pressurizing, and/or 

changes in composition (Branco et al., 2001). Figure 2-3 shows asphaltene steric colloids’ 

formation. Generally, asphaltene and resin molecules have 3D structures; thus, asphaltene 

steric colloids are in complex shapes.  
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In the case of the excess amount of aromatic solvents, several studies were done to 

investigate the asphaltene in the micellar form where asphaltenes can self-associate similar to 

surfactants (Pacheco-Sánchez and Mansoori, 1997). Most of these studies focused on the 

critical micelle concentration of asphaltene in aromatic solvents. Similar to surfactants, the 

surface tension measurements were utilized to detect the asphaltene critical micelle 

concentration (CMC). Sheu (1996)  showed that an asphaltene below CMC is in a molecular 

state and when it is above CMC is in the micellar form. CMC of asphaltene is about 0.3 mg 

asphaltene/gm solvent (Priyanto et al. 2001a) while others reported asphaltene CMC is about 

0.05 wt%. There are several studies focused on the shape of these micelles in the aromatic 

solvents. Some of these studies suggested that asphaltene forms are disk-like, sphere-like, 

and/or cylindrical-like.  

 

Figure 2-3. Asphaltene steric colloidal formation.  

 

Figure 2-4. Asphaltene micelle formation. 
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Asphaltene precipitation and deposition are usually found in light crude oils even when 

the heavy crude has more asphaltene. This is because light crude oils are rich with light (low 

boiling point) components that asphaltenes are insoluble in. Asphaltene deposition around 

different locations showed that its problems are not related to its concentration. All over the 

world, asphaltene content ranges from traces to ~20 %, see Table 2-1.  In Venezuela, Boscan 

crude oil has 17 wt% asphaltene and does not have any deposition problems. While Mata-

Acema crude oil that has 0.4 wt% asphaltene suffers from asphaltene deposition (Leontaritis 

and Mansoori, 1988). Table 2-1 shows asphaltene and resin concentration of different fields 

over the world. 

 

Table 2-1. Asphaltene and resin content (wt%) of different crude oils (Mansoori, 2010). 

     Crude oil Resin Asphaltene Asphaltene/Resin 

Canada, Athabasca 14 15 1.07 

Canada, Alberta 8.5 5.3 0.62 

Canada, Cold Lake 25 13 0.52 

USA, MS, Baxterville 9.9 17.2 1.93 

USA, LA, Brookhaven 4.6 1.65 0.36 

Mexico, Panucon 26 12.5 0.48 

Mexico, Tecoaminocan 8.8 1.5 0.17 

Mexico, Isthmus 8.1 1.3 0.16 

Brazil, Campos, Atabasca 21.55 2.8 0.13 

Venezuela, Boscan 29.4 17.2 0.58 

Russia, Balachany 6 0.5 0.08 

Russia, Kaluga 20 0.5 0.025 

India, Mangala crude 20-30 <0.5 <0.02 

Iraq, Kirkuk 15.5 1.3 0.08 

Algeria, Hassi Messaoud 3.3 0.15 0.05 

France, Lagrave 7.5 4 0.53 
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 Remediation of Asphaltene Deposition 

A Proper understanding of asphaltene behavior during petroleum processes can help and 

reduce the heavy organics aggregation and deposition problems. Heavy organic deposition 

happens in flow lines, productions facilities, and/or downstream. It has high economic 

impacts where the remediation causes substantial loss to the oil production, or the damage in 

the wells and equipment. Modifications and changes in the operation process could help 

eliminate and reduce heavy organic deposition better than chemical additives and/or 

mechanical means. The presence of asphaltene in the heavy organic deposits makes the 

deposit hard to deal with. There are several remediation methods reported in the literature 

which include: (1) Production alternation techniques such as shear reduction, elimination of 

incompatible materials, reduction of the pressure-drop, and neutralization the electrostatic 

forces; (2) Chemical treatments such as dispersants, antifouling, coagulants (their roles are 

similar to resins), adding polar solvents, etc,; (3) Mechanical treatments such as pigging, 

mechanical vibration, manual stripping, etc.; (4) Thermal treatments such as in-suite 

composition, steam or hot water injection, circulating hot solvents, etc.; (5) and Applying 

external forces such as electric field, magnetic field, ultrasound, microwave techniques, etc., 

(Mansoori, 2010; Pacheco-Sánchez and Mansoori, 1997). 
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 Introduction 

Computer Simulation is a powerful research tool used in science today. For complex systems, 

computer simulations became a useful tool to understand and investigate these systems. In 

the recent development of computers, large and complex systems can be deeply explained 

through computer simulations. Now, computer simulation is a connection between the 

microscopic length scale and the macroscopic properties of targeted systems. In some cases, 

experiments are impossible, too dangerous, and/or expensive examples include flighting, 

explosions, high-pressure experiments. Thus, computer simulation is a handy tool to 

complete these investigations. They are also bridges between the experimental and theory by 

testing the theoretical models and comparing them with experimental results. In the 

experiment, systems are subjected to measurements, and the results are in numeric forms. A 

theoretical model is a set of mathematical equations, and it is valid when it can describe the 

systems’ behavior.  

The use of computational techniques in chemistry is known as computational chemistry, 

which includes quantum mechanics of molecules and the dynamics of large molecular 

systems. One of the computational chemistry simulations is molecular dynamics (MD) 

simulation. It describes the movements of interacting particles (atoms or molecules) for a 

period of time. Molecular dynamics simulation is a technique where the time evolution of a 

set of interacting atoms is followed by integrating their equations of motion (Newton’s 

equation of motion).  

Computations involve following the motion of a large number of interacting particles 

(Abraham, et al., 2014). They involve a long series of time-steps, at each of which Newton’s 

equation is solved to calculate the new positions and velocities from the previous positions 

and velocities and the forces (Van Der Spoel et al., 2005). This process is quite simple, but 
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there are many of them at each time-step. Since the simulation is at the atomic level and for 

accuracy, the time-step must be very small which is usually a femtosecond (10−15 seconds). 

The total computation may results in ∼10−8 seconds which could take a few days of computer 

time (Abraham, et al., 2014). Figure 3-1 shows a simple MD algorithm. 

Understanding the MD simulation results requires carefully visualization of the results 

carefully, which contain millions of numbers that represent the history of the velocity, 

position, and forces. The visualization of the molecular movements can give a quite 

description of the process and the behavior of the specific molecules under corresponding 

conditions. 

  

 

Figure 3-1. A simple MD algorithm 

 

 Equation of Motion 

It is mentioned before that force on each particle is a function of the position of the particle. 

By definition of Newton’s second law, the force could be changed if the position of other 
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particle are changed. MD simulations are based on solving  Newton’s equation of motion for 

a system composed of N interacting atoms as follows: 

 

𝑚𝑖
𝜕2𝒓𝑖

𝜕𝑡2
= 𝑭𝑖                                                                                                (2-1) 

 

where 𝑚𝑖, 𝒓𝑖 and 𝑭𝑖 are the mass of atom i, position vector of atom i and the force acted on 

atom i. Beside the force computing, the potential energy is also computed which is the 

negative derivative of the potential function U (r1, r2, ………., rN): 

𝑭𝑖 = − 
𝜕𝑈

𝜕𝒓𝑖
                                                                                                (2-2) 

This equation is solved simultaneously for all atoms in small time steps, and the coordinates 

are written on an output file at regular intervals. Computing the forces and potentials as 

functions of the position generates the trajectory over a time period.  

In MD simulations, different integrating algorithms are used to integrate the equation of 

motion. The famous algorithms are verlet, velocity verlet, and leap-frog integrators. In this 

work, the leap-frog algorithm is used which is the default integrator in GROMACS package 

(Van Der Spoel et al., 2005). It uses position at time 𝑡 and velocity at time 𝑡 −
1

2
∆𝑡. The 

position and velocity are then updated using the force that is calculated from the position and 

time. The sum of interactions with other particles give the total force on each particle at a 

particular time. The leap-frog integrator is given by these equations: 

𝒓(𝑡 + ∆𝑡) = 𝒓(𝑡) + ∆𝑡 𝒗(𝑡 +
1

2
∆𝑡)                                                             (2-3) 

 

𝒗 (𝑡 +
1

2
∆𝑡) = 𝒗 (𝑡 −

1

2
∆𝑡) +

∆𝑡

𝑚
𝑭(𝑡)                                                         (2-4) 

Molecular dynamics is a statistical mechanics method. Thus, configurations are 

distributed according to some statistical distribution function. According to statistical 
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physics, physical quantities are represented by averages over configurations (Abraham, et al., 

2014). When the system reaches equilibrium, many macroscopic properties can be extracted 

by averaging the trajectories (Van Der Spoel et al., 2005). The property 〈𝑋〉 can be calculated 

as following: 

 

〈𝑋〉 =  
1

𝑡
 ∫ 𝑋 (𝑡) 𝑑𝑡

𝑡

0
                                                                                     (2-5) 

 

 Interaction Functions and Force Fields  

In MD simulations, both intermolecular (non-bonded) and intramolecular (bonded) 

interactions are employed to calculate the potential, 𝑈. The equation to calculate the force 

acting on a particle to solve equation (2-2) is as follows: 

 

𝑈 = 𝑈𝑖𝑛𝑡𝑒𝑟𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 + 𝑈𝑖𝑛𝑡𝑟𝑎𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟                                                      (2-6) 

 

Where 𝑈𝑖𝑛𝑡𝑒𝑟𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 is the potential that arises from the interaction of two distinct atoms 

and 𝑈𝑖𝑛𝑡𝑟𝑎𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 is the potential in the same molecule that comes from the interaction 

between the atoms connected by bond, angle and dihedral.  

 Force field  

Force fields are a set of mathematical expressions that describe the dependence of system 

energy on the coordinates of its particles. It consists of a set of parameters of interatomic 

energy in an analytical form. Force filed parameters are the bond length, angle, dihedral, 

Lennard-Jones parameters, and the atomic charges. These parameters are usually obtained 

either from a proper quantum mechanical calculation, or by fitting to experimental data such 

as X-ray and NMR results. Several force fields are used in MD simulations to describe 
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specific molecules such as AMBER, CHARMM, OPLS, etc (Van Der Spoel et al., 2005). The 

parameters of the force fields are available in most of the open source simulation packages. 

Also, several online servers provide all the parameters for targeted systems. One of the web 

servers that generates all OPLSAA parameters is LigParGen which is managed by professor 

Jorgensen’s group at Yale University (Dodda et al., 2017).  

 Intermolecular interactions 

The intermolecular interactions were calculated from van der Waals (vdW) interaction, which 

is represented by Lennard-Jones (LJ), and the electrostatic interaction, represented by 

Coulomb (Abraham, et al., 2014) as the following: 

 

𝑈𝑖𝑛𝑡𝑒𝑟𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 = 𝑈𝐿𝐽 + 𝑈𝐶                                                                       (2-7) 

 

where 𝑈𝐿𝐽 and 𝑈𝐶 are Lennard-Jones and Coulomb potential, respectively.  

Lennard-Jones potential between atoms i and j is given by: 

 

𝑈𝐿𝐽(𝑟𝑖𝑗) = 4𝜖𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)
12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)
6

]                                                               (2-8) 

 

Where 𝜖𝑖𝑗 and 𝜎𝑖𝑗 are LJ potential parameters and 𝑟𝑖𝑗 is the distance between the atoms. 

Coulomb interaction between two charged atoms is given by:  

 

𝑈𝑐(𝑟𝑖𝑗) =
1

4𝜋𝜖0

𝑞𝑖𝑞𝑗

𝜖𝑟𝑟𝑖𝑗
                                                                                       (2-9) 

 

where 𝑞𝑖 and 𝑞𝑗 are the charges on atom i and j, respectively, and 𝜖𝑟 is the dielectric constant.  

 Figure 3-2 shows the LJ potential of two atoms as a function of the separation distance.  
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Figure 3-2. LJ potential between two approaching atoms. 

 

 Intramolecular interactions   

The intramolecular potentials were calculated for two-body (bond stretching, b), three-body 

(angle, a), and four-body (dihedral, d) interactions as follows: 

 

𝑈𝑖𝑛𝑡𝑟𝑎𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 = 𝑈𝑏 + 𝑈𝑎 + 𝑈𝑑                                                      (2-10) 

 

where 𝑈𝑏, 𝑈𝑎, 𝑈𝑑 are the potential comes from bond stretching, bond angle, and dihedral 

angle, respectively.  

Bond stretching potential describes the chemical bond between two covalently bonded 

atoms and it is a function of the interatomic distance. There are different forms of bond 

stretching potential. The default function in OPLS-AA in GROMACS is Harmonic potential; 

it is given and illustrated in Figure 3-3. 

Angle bending potential describes the bending (vibration) of three (i,j,k) atoms and it is a 

function of the angle between them. The default form of angle potential in the OPLSAA 

force field is Harmonic potential; it is given and illustrated in Figure 3-3. 

𝜎 

𝜖 
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The dihedral angle potentials (sometimes referred to 4-body torsion potentials) describe the 

interaction arising from torsional forces in the molecules. They come from torsion of the 

angle between four atoms (i, j, k, l). The default form of dihedral potential in GROMACS for 

OPLS-AA force field is Ryckert-Bellemams potential; it is given and illustrated in Figure 

3-3. 

 

 

Figure 3-3. Intramolecular potentials. 

 

 Periodic Boundary Condition 

In molecular simulations, the number of simulated particles is negligible in comparison with 

the macroscopic system. To overcome this, the periodic boundary condition (PBC) is used. 

This means putting the atoms of the targeted system in a small box (usually nm size) which is 

replicated to the infinity in the three dimensions. PBC is very useful in MD simulations 

which allows the calculation of bulk thermodynamic properties in a small size box 

(Abraham, et al., 2014).  
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For the system of N interacting particles, each particle in the box interacts not only with 

other particles, but also with their images. Since the potentials are a finite (short) range, a 

cut-off distance is used where the atoms interact with the nearest atoms or their images. To 

avoid more than one image in the cut-off distance, the cut-off must exceed half of the short 

box vector. The cut-off and the simulation box size are very important, especially when 

dealing with macromolecules (e.g. polymers or asphaltene). If this is the case, a solvent 

molecule (e.g. water) could interact with both sides of the macromolecule. Thus, the box 

vectors should be at least two times the cut-off plus the length of the macromolecule (Adams, 

et al., 1979).  

 

 Energy Minimization  

The forces between the molecules in the initial system are extremely high; therefore an 

energy minimization is essential before performing the simulation. There are three famous 

energy minimization methods used in MD simulations which are the steepest descent, 

conjugate gradients, or lbfgs (limited-memory Broyden-Fletcher-Goldfarb-Shanno) 

(Abraham, et al., 2014). Steepest descent method was employed in our simulations for the 

energy minimization step. In this method, the initial forces and potential are calculated 

(Abraham, et al., 2014). The new positions are calculated as follows:  

 

𝒓𝑛+1 = 𝒓𝑛 + 
𝑭𝑛

𝑚𝑎𝑥(|𝑭𝑛|)
ℎ𝑛                                                                         (2-11) 

 

where ℎ𝑛 is the maximum displacement and 𝑭𝑛 is the force. The new position is accepted or 

rejected as follows: 

If 𝑈𝑛+1  <  𝑈𝑛, the new position is accepted and ℎ𝑛+1 = 1.2ℎ𝑛. 
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If 𝑈𝑛+1  >  𝑈𝑛, the new position is rejected and ℎ𝑛+1 = 0.2ℎ𝑛. 

The algorithm stops when the maximum of the absolute values of the force components is 

smaller than a specified value.  

 

 Thermodynamic Ensembles  

The choice of simulation parameters (algorithm, ensemble, temperature or pressure) is based 

on simulation efficiency reproducibility of experimental data, thermodynamic, and transport 

properties. In MD simulation, there are several thermodynamics ensembles depending on the 

collection of microscopic states that are similar to macroscopic states. The macroscopic state 

of a system is typically described by a group of parameters such as temperature, T, pressure, 

P, number of interacting particles, N, volume, V, energy, E, and the chemical potential, µ. The 

ensembles that are used in MD simulations are as follows: (1) Microcanonical Ensemble 

(NVE) which is characterized by a fixed number of particles, N, a fixed volume, V, and fixed 

energy, E. (for isolated systems); (2) Canonical Ensemble (NVT) which is characterized by 

fixed number of particles, N, fixed volume, V, and fixed temperature, T; (3) and Isobaric-

Isothermal Ensemble (NPT): which is characterized by fixed number of particles, N, fixed 

pressure, P, and fixed temperature, T.  

 

 Temperature and Pressure Couplings 

The system configurations that come from integrating the equation of motion help in 

estimating the standard and dynamic properties of the system. MD simulations are similar to 

actual experiments where they need the system to be prepared; the temperature and pressure 

are controlled. Thus, to control the temperature and the pressure of a system, there are several 

temperatures and pressure couplings is used which are related to the desired ensemble. In this 
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dissertation, velocity-rescaling temperature coupling, and Parrinello-Rahman pressure 

coupling are employed (Van Der Spoel et al., 2005).  

 Velocity-rescaling temperature coupling 

Velocity-rescaling mimics strong temperature coupling and produces a correct canonical 

ensemble. It ensures a correct kinetic energy distribution by modifying the velocity 

(Abraham, et al., 2014).  

 

𝑇(𝑡) =
1

𝐾𝐵𝑁𝑓
∑𝑚𝑖𝑣𝑖

2(𝑡)                (2-12) 

𝑇𝑛𝑒𝑤 − 𝑇(𝑡) = (⋋2− 1)𝑇(𝑡)                          (2-13) 

⋋= √
𝑇𝑜

𝑇(𝑡)
                                                    (2-14) 

 

𝐾𝐵 is Boltzmann’s constant, 𝑁𝑓 is the number of degrees of freedom. 

 Parrinello-Rahman pressure coupling 

This coupling is used for constant pressure simulations when the pressure (or volume) 

fluctuations are important, especially for small systems. The box vectors obey the equation of 

motion and are represented by matrix 𝒃 (Abraham, et al., 2014). 

 

𝑑2𝒃

𝑑𝑡2 = 𝑢 𝑾−1𝒃′−1(𝑷 − 𝑷𝑟𝑒𝑓)                                      (2-15) 

(𝑊−𝟏)𝒊𝒋 =
4π2𝛽𝑖𝑗

3𝜏𝑃
2𝐿

                                                               (2-16) 

 

𝛽𝑖𝑗 is the approximate thermal compressibility which determines the strength of coupling and 

how the box deforms. 𝜏𝑃 is the pressure time constant, and 𝐿 is the largest box matrix 

element.  
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 Abstract 

The findings reported here are to understand the nature of asphaltenes aggregation behavior 

at the molecular level in crude oil. Previous studies have been rich with the statistical and 

macroscopic aspects of heavy organics behavior in petroleum fluids. Molecular dynamics 

simulations of three different model asphaltene molecules in a "modeled crude oil" composed 

of n-heptane and o-xylene were conducted. The roles of van der Waals (vdW), hydrogen 

bond (HB), and electrostatic (ES) interaction energies on asphaltenes aggregation were 

investigated. Trends in aggregations, radial distribution functions (RDFs), vdW, HB, and ES 

interactions were produced and analyzed. Our studies indicated that asphaltenes with 

different molecular structures behaved differently from one another. At high paraffinic 

conditions, the preferred stacking of asphaltene molecules was face-to-face. The presence of 

HBs enhanced the stability of the aggregate. The number of HBs varied in each model of 

asphaltene, depending on their detailed structures. The ES interactions between asphaltenes 

were either attraction or repulsion depending on the molecular structure. Overall, the major 

factor was the architecture of each asphaltene molecule, such as the number and length of 

chains, the number and position of heteroatoms, and the number and size of the aromatic 

cores where they are linked together to represent asphaltene behavior.  
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 Introduction  

Asphaltene constituents are the polar and heavy part of the SARA analysis. While they are 

insoluble in paraffins, they are soluble in aromatic and polar hydrocarbons like toluene, 

xylenes, etc. Asphaltenes are known to have a high tendency to be associated together and 

form aggregates that eventually may deposit, causing fouling in porous media of the reservoir 

and flow lines.  

Numerous molecular dynamics (MD) simulation studies regarding asphaltene 

aggregations already exist. Here are examples of a few of these studies: Takanohashi et al., 

(1994, 1998) used molecular mechanics and MD simulations to investigate the association of 

coal-derived asphaltene-like molecules relation with coal rank. They claimed that non-

bonded interactions depended on the coal rank, where vdW interactions increase when the 

coal rank increased. Also, they used benzene, methanol, and pyridine as solvents to study the 

association of coal-derived molecules. They found that dissociation of molecules occurred in 

pyridine, but not in benzene or methanol. They reported that pyridine could provide both 

HBs and aromatic-aromatic interactions, while other compounds could only provide one kind 

of interaction which was not enough for dissociation. Rogel (1995) used MD simulation to 

study the aggregation process and the calculations of solubility parameters of two model 

asphaltenes. The simulation results showed a decrease in solubility parameters as the 

aggregation state increased. Also, interaction energies were higher in heptane than in toluene. 

Later, Rogel (2000) studied the association of asphaltene and resin and found that the main 

force in the association process was vdW.  Then, claimed that the contribution of HBs in the 

association process was low and there were few structural changes in the association. Also, 

Rogel reported that asphaltenes with a low H/C ratio, high aromaticity, high aromatic 

condensation, and high molecular weight have a greater tendency to associate. These results 

agreed with experiments, where deposited asphaltene was found to have low H/C, high 
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aromaticity, and high molecular weight. To study asphaltene aggregation morphology, 

Pacheco-Sánchez et al., (2004a) used molecular simulation geometry optimization for three 

different model asphaltenes. They found that asphaltenes aggregate in different morphologies 

(face-to-face, T-shape, and offset stacking). Later, Pacheco-Sánchez et al., (2004) used MD 

simulation to study the effect of pressure on asphaltene immersed in n-heptane and toluene. 

They found that dissociation of asphaltene aggregates immediately occurred in toluene as a 

function of the pressure. They reported that the dominant stacking was offset with a 

separation distance that matched with what was reported in the literature. Carauta et al., 

(2005) used molecular mechanics and quantum mechanics to find the mean distance between 

the asphaltene molecules which was about 4.1 Å and the shortest distance was about 3.6 Å, 

thus agreeing with the Yen's model. Vicente et al., (2006) used Monte Carlo and MD 

simulation methods to estimate the Hildebrand solubility parameter of a model asphaltene. 

Their results closely matched experimental results. Alvarez-Ramirez et al., (2006) used 

molecular and quantum mechanics to calculate the binding energy of asphaltene-asphaltene, 

asphaltene-resin, and resin-resin compounds in a vacuum through different orientations (face-

to-face, T-shape, edge-to-edge, and random). They found that face-to-face configuration had 

the deepest potential, which was the same as reported in the literature. Zhang and 

Greendfield (2007) used an MD simulation to analyze a model asphalt (i.e., A mixture of 

asphaltene represented by a model of asphaltene, a resin represented by 1,7-

Dimethylnaphtha-lene, and a maltene represented by n-C22). They found that the orientations 

of the nearest asphaltene molecules were affected by the molecular structure of asphaltene as 

well as the temperature. At low temperatures, asphaltenes with high aromaticity and short 

aliphatic chains tended to remain almost parallel, whereas at high temperatures, they were 

more likely to be in a T-shape orientation. For asphaltenes with low aromaticity and long 

aliphatic chains, they tended to be in either a T-shape or parallel at high temperatures. Boek 
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et al., (2009) developed a computer algorithm to generate asphaltene molecular structures 

depending on experimental data (molecular weight, elemental analysis and NMR 

spectroscopy). Later, they used an MD simulation to study the asphaltene aggregation 

process of the model asphaltenes constructed by their algorithm in n-heptane and toluene. 

They found that asphaltenes were associated in parallel and T-shapes (Headen et al., 2009). 

Yaseen and Mansoori (2017) used MD simulation to study the interactions between 

asphaltenes and solvents. They reported that inter- action energies increased with the pressure 

and decreased with increasing the temperature. Finally, De León et al., (2015) used an MD 

simulation to calculate asphaltene solubility parameters and studied the asphaltene 

aggregation of four asphaltenes. Their findings showed that asphaltene molecules had a lower 

energy in the aggregation state than in the monomer state. They also reported vdW energy 

was due to an aromatic core, and electrostatic energy was due to the presence of heteroatoms 

where they equally contributed in asphaltene aggregation. 

Because of asphaltene solubility, the onset of its aggregation process is affected by the 

crude oil composition. Previous simulation studies of asphaltenes were performed in pure 

aromatic and pure paraffinic solvents. However, there is a need to understand and evaluate 

the onset of aggregation of asphaltene in media with varied aromaticity, mixed solvents its 

molecular nature, and its interaction energies that are responsible for the behavior of 

asphaltene.  

The aim of the present study is to fill an important gap in the understanding of 

asphaltene aggregation behavior, which is the nature of the association of asphaltenes in 

crude oil at the molecular level. To understand the asphaltene aggregation onset in crude oil, 

mixtures of normal-heptane and ortho-xylene as "modeled crude oil" were used. By varying 

composition of n-heptane and o-xylene (in the concentration range of 0 –100 wt% in 20% 

increment), aromaticity of the "modeled crude oil" was varied. Ortho- xylene and n-heptane 
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were chosen because they represent good solvent and bad solvent for asphaltene, 

respectively. A 7 wt% asphaltene concentration (10 asphaltene molecules) was used to 

represent the asphaltene concentration found in many crude oils. As demonstrated, this study 

reveals a great deal about the nature and the detailed roles of vdW, ES, and HBs on the onset 

of asphaltenes aggregations.  

 

 Model Asphaltenes 

Asphaltene appears in crude oils with different structures, depending on the nature of 

petroleum and how it was formed. Due to their associating nature, asphaltene molecules in 

petroleum span a wide range of molecular weights, varying from a few hundred to thousands. 

Recent studies suggested that the monomer molecular weight of asphaltene is in the range of 

500-1000, with an average of about 750 (Boek et al., 2009). Regarding structure, asphaltene 

monomers with a single aromatic region are called continentals. Alternatively, asphaltene 

monomers that have a number of aromatic regions connected by bridging groups are called 

archipelagoes. The main challenge during the simulation is the choice of proper model 

asphaltenes to represent the real asphaltene molecules. In this study, three different model 

asphaltenes, as proposed by Boke et al., (2009) were chosen. Figure 4-1 shows model 

asphaltenes labeled as A1, A2, and A3, where A1 and A3 represent continental (island) 

asphaltenes, while A2 represents an archipelago asphaltene. Their specifications are 

presented in Table 4-1. 

The intermolecular interactions that are responsible for asphaltene association are van 

der Waals (vdW), electrostatic charge transfer, and hydrogen bonding (Takanohashi et al., 

1998). Thus, an investigation of each kind of interaction is necessary. For these reasons and 

to have a good representation of asphaltenes, three structures were chosen. These asphaltenes 
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have different aromatic rings, different heteroatoms, and different numbers and lengths of 

aliphatic chains.  

 

 

 

Figure 4-1. Model asphaltenes used in the present study. 

 

Table 4-1. Specifications of model asphaltenes reported in Figure 4-1 

Property A1 A2 A3 

Chemical formula C40H30O2 C44H40N2OS C51H60O3S3 

Molecular weight 542.665 644.866 817.215 

Aromaticity 0.7 0.68 0.55 

No. of aromatic rings 8 7 7 

No. of side chains 2 1 4 

 

A1 A2 

A3 
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 Simulation Details    

The MD simulation studies used in this work were conducted by using a GROMACS 5.1.2 

simulation package (Van Der Spoel et al., 2005). In every simulation, an Optimized 

Potentials for Liquid Simulations All Atom (OPLS-AA) force field was used to describe the 

intra-intermolecular interactions. The total energy in this force field was then calculated 

based on the sums of both bonded (bending, stretching, and torsion) and nonbonded (vdW, 

represented by Lennard-Jones, and electrostatic, represented by coulomb) energies. OPLS-

AA is shown to work well for organic liquids in reproducing experimental data and has been 

successfully used for asphaltene aggregation simulations (Boek et al., 2009; Yaseen and 

Mansoori, 2017).  

Energy minimizations were conducted to eliminate any high-energy structures. These 

were followed by 100 ps NVT and 500 ps NPT simulations to bring the system to the 

equilibrium temperature and pressure. In each simulation, periodic boundary conditions were 

applied to represent the bulk in a small box, using two-femtosecond time steps. A Particle 

Mesh Ewald (PME) method was applied to the coulomb intermolecular forces. In all 

nonbonded interactions, the cutoff is set to 1 nm. The simulations were done at a constant 

temperature and pressure (300 K and 1 bar). The LINCS algorithm was utilized to constrain 

all bond lengths in the simulation. V-rescale thermostat and Parrinello-Rahman pressure 

coupling were used to keep the temperature and pressure constant. Throughout the simulation 

(50 nm), the atomic positions were recorded every 10 ps so that the position of molecules 

could be tracked. In the simulations, a 7 wt % asphaltene concentration (10 asphaltene 

molecules) was used to represent the asphaltene concentration found in many crude oils. The 

concentration of the solvents was varied from o-xylene only to n-heptane in 20% increments.  
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 Results and Discussions  

Ten molecules of each of the three kinds of asphaltenes A1- A3 (Figure 4-1) were used in 

each simulation. The data obtained from the simulations were analyzed to check how the 

three model asphaltenes behaved in different solvent mixtures. Radial distribution functions 

(RDFs), trajectory movies, hydrogen bonds (HBs) and interaction energies were investigated 

to understand the behavior of the asphaltene molecules. The data reported here are for 0, 40, 

80, and 100 wt% n-heptane concentrations. 

 Radial distribution functions 

 Radial distribution function (RDF) is employed to identify the aggregation of the 

asphaltenes. Figure 4-2 (a) shows the RDFs of A1 asphaltenes calculated from the molecules’ 

center of mass in different n-heptane plus o-xylene mixtures. At 100% n-heptane, the figure 

shows peaks at 0.5, 0.78, 0.88, and 1 nm. The first highest peak represents the association of 

A1 molecules in face-to-face stacking, and the second peak represents their T-shape stacking. 

Reported in the literature, the shortest distance between solid asphaltene is about 0.37 nm. 

From the simulation trajectories and the distance between the molecules, the face-to-face 

stacking was about 0.5 nm, and the T-shape stacking was more than 0.6 nm. It agreed with 

the distances reported by Headen et al., (2009). In the case of 80% n-heptane, RDF 

calculations showed the same behavior as in 100% n-heptane with slightly lower peaks. This 

indicates that there was less asphaltene association than in 100% n-heptane. In the case of 

40% n-heptane, calculations showed only two peaks (at ~0.5 and ~0.75 nm). This indicates 

less aggregation where stacking occurred in face-to-face and T-shaped formations. When the 

solvent was 100% o-xylene, there was only one small peak at 0.5 nm in comparison with 

high n-heptane concentrations (4 times lower than 100% n-heptane). 

Figure 4-2 (b) shows the RDFs of A2 asphaltenes in different n-heptane and o-xylene 

mixtures. At 100% n-heptane, the A2 RDF curve shows two high peaks: one at 0.5 nm which 
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represents face-to-face stacking; and the other at 0.62 nm, which represents T-shape or offset 

stacking. At 80% n-heptane, the curve shows two peaks: one at 0.56 nm, representing face-

to-face stacking, and the other at 0.68 nm, representing T-shape or offset stacking. In the case 

of 40% n-heptane, the curve has a similar trend to the tendencies found in 100% n-heptane, 

but with a lower association probability. At 0.56 nm, the stacking is face-to-face and at 0.61 

nm the stacking is T-shape or offset. When the solvent is pure o-xylene, A2 shows zero 

association. 

As shown in Figure 4-2(c), in all n-heptane plus o-xylene mixtures, RDF curves show almost 

the same behavior throughout; the only differences being the peak heights and the distances 

of the nearest molecules. At 100%, 80%, and 0% n-heptane, the stacking seemed to be face-

to-face; at 40% n-heptane, this model seemed to prefer T-shaped or offset stacking. That 

might explain why the height of the peak at 0% n-heptane appears higher than that of 40% n-

heptane.  

 Number of aggregates 

Table 4-2. The fractions of asphaltene molecules in various associations. It reports the 

number of aggregates for three model asphaltenes as a function of the n-heptane 

concentration. According to this table, generally, A1 has a higher aggregation tendency than 

A2 and A3. In addition to the contribution of HB attraction and the small side chain steric 

repulsion, A1 has a large aromatic core that leads to higher aromatic-aromatic interactions 

than A2 and A3. A2 and A3 did not tend to form large aggregates even when the solvent was 

pure n-heptane. 
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Figure 4-2. RDFs for the three model asphaltenes in different n-heptane plus o-xylene 

mixtures. (a) is A1, (b) is A2, (c) is A3. 

 

Table 4-2. The fractions of asphaltene molecules in various associations. 

 

 

Figure 4-3, Figure 4-4, and Figure 4-5 report snapshots of the final simulation 

configurations from the simulation of the three model asphaltenes in different mixtures, 

starting from pure n-heptane to pure o-xylene. According to Figure 4-3 (a-d), A1 had face-to-

face formation as the dominate stacking. Figure 4-4 (a-d) indicates that A2 did not associate 
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in pure o-xylene and gave limited association in pure n-heptane. Figure 4-5 (a-d) indicates 

that A3 had limited association in all cases studied. 

While A1 and A2 have almost the same aromaticity, A1 associated more than A2. A3 had 

lower aromaticity than A2, but A3 showed higher association than A2. These indicate that 

aromaticity alone may not have been the controlling role on the association, contrary to what 

has been reported that the driving forces for asphaltene association are mainly aromatic-

aromatic interactions (Boek et al., 2009; Rogel, 2000; Takanohashi et al., 1994). The 

simulations indicated other factors that play a role in the aggregation such as the number and 

location of the side chains, number, and locations of heteroatoms that contribute in hydrogen 

bond interactions, as well as the geometry of the aromatic core.   

 

 
Figure 4-3.  Snapshots of the final configuration from the simulation of A1 asphaltene in 

different mixtures of n-heptane and o-xylene. a- in pure n-heptane, b- in 80% n-heptane, c- in 

40% n-heptane, and d- in pure o-xylene. 
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Figure 4-4. Snapshots of the final configuration from the simulation of A2 asphaltene in 

different mixtures of n-heptane and o-xylene. a- in pure n-heptane, b- in 80% n-heptane, c- in 

40% n-heptane, and d- in pure o-xylene. Asphaltene molecules only are shown. 
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Figure 4-5. Snapshots of the final configuration from the simulation of A3 asphaltene in 

different mixtures of n-heptane and o-xylene. a- in pure n-heptane, b- in 80% n-heptane, c- in 

40% n-heptane, and d- in pure o-xylene. Asphaltene molecules only are shown. 

 

 Hydrogen bond (HB) interactions 

 Hydrogen bond is an attractive interaction between a hydrogen atom that is bonded to a 

highly electronegative atom (oxygen, nitrogen or fluorine) and another highly electronegative 

atom. In this study, the HBs are mainly between asphaltenes only. The solvents (o-xylene and 

n-heptane) do not have sites for HBs interactions. The number of HBs in every simulation 

were calculated. The maximum numbers of HBs were 11 in the case of A1 at 100% n-

heptane; 17 in the case of A2 at 80% n-heptane; and 11 in the case of A3 at 100% n-heptane. 

The average number of HBs at different n-heptane plus o-xylene mixtures for the three 

models is shown in Figure 4-6. According to Figure 6, A2 model has a higher number of HBs 
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than those of A1 and A3. This seems to be due to the higher number of heteroatoms that 

produce HBs between the ten A2s. Also, A2 has an archipelago structure, giving it a better 

chance to have more HBs (as a result of the main aromatic cores interacting with the 

secondary aromatic cores). Also, the two OH and one NH segments of A2 are distributed on 

its three sides, increasing the possibility of having more HBs. 

 
 

Figure 4-6. The average number of HBs of different asphaltenes ln different n-heptane plus 

o-xylene mixtures. 

 

 Electrostatic (ES) and van der Waals (vdW) interaction energies  

The ES and vdW interaction energies for the three model asphaltenes during the simulations 

in different solvent mixtures are reported in Figure 4-7. According to the figure, increasing n-

heptane concentration led to a decrease in ES repulsion between asphaltene molecules. This 

is due to the reduction of ES interactions between o-xylene and asphaltenes, which 

eventually leads to an increase in the asphaltene-asphaltene interactions. The ES interactions 

were different for different asphaltenes. Where ES interactions of A1 and A3 were repulsion, 

while for A2 were an attraction. The ES attractions in A2 were due to the heteroatoms bonded 
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to the aromatic core. Similarly, vdW interactions increased with n-heptane concentration due 

to the reduction in asphaltene-o-xylene interaction. Furthermore, the association of A2 and 

A3 were limited in comparison with A1, despite high attraction. The low association can be 

attributed to their structures. 

 

Figure 4-7. ES and vdW interaction energies for the three model asphaltenes in different n-

heptane concentrations versus simulation time. ES interactions of A1, A2, and A3 are 

represented by a, b, and c respectively; while vdW interactions of A1, A2, and A3 are 

represented by d, e, and f respectively. 

 

 

 Conclusions 

A molecular dynamics simulation of three different model asphaltenes in different mixed 

solvents of n-heptane and o-xylene were conducted. The roles of van der Waals, hydrogen 

bond, and electrostatic interaction energies on the interaction between asphaltenes were 

investigated. At a high n-heptane concentration, the preferred stacking of asphaltene 

molecules was face-to-face because of high aromatic interactions between the aromatic cores. 

The presence of hydrogen bond interactions enhanced the stability of the aggregate, even in 

pure o-xylene. The electrostatic interactions were either attraction due to the presence of the 
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heteroatoms in the aromatic core, or repulsion due to aliphatic chains that do not contribute to 

hydrogen bond interactions. Overall, the important thing is the architecture of the asphaltene 

molecules (such as the number and length of the chains), the number and position of the 

heteroatoms, and the number and size of the aromatic cores where they all contribute to 

representing the asphaltene behavior. The above findings of the role of the mixtures of  

paraffinic (n-heptane) and aromatic (o-xylene) solvents on three unique asphaltene models 

may help to understand the behavior of asphaltenes in complex petroleum fluids better.   
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 Abstract  

Aggregation onsets of seven different asphaltenes dissolved in model oils due to the effects of 

misciblized compressed air or nitrogen injections were studied through molecular dynamics 

simulation. Natures of aggregations, cumulative coordination numbers, and interaction 

energies were investigated. Onsets of aggregation were highly affected by injected gas 

concentration. In more cases, little differences were observed between using air and pure 

nitrogen. However, asphaltene aggregation onset was highly affected by its molecular 

architecture. Asphaltenes with long aliphatic chains and archipelago structure showed low 

aggregation affinities.  

 

 Introduction 

In producing petroleum from underground reservoirs, there are primary, secondary and 

tertiary oil recovery techniques. In primary oil recovery, the location of the producing well is 

carefully chosen, as petroleum would flow out as a result of the reservoir gas-cap pressure.  

To maintain the gas-cap amount and pressure it is recommended to reinject the separated-gas 

from the produced petroleum. For various reasons that are not achieved, in order to maintain 

the gas-cap amount and pressure one may inject air/nitrogen in the reservoir. There is the 
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question whether the asphaltene content of the oil will aggregate, grow in size and plug the 

porous media and production facilities as a result of the gas-cap’s air/nitrogen dissolution in 

the oil (Dehghani et al., 2007). 

The secondary oil recovery process (Water-Injection) is used after the gas-cap pressure is 

reduced to such low levels where it cannot be maintained to force the oil out of the reservoir. 

Forced water-injection forces the oil out of the reservoir. Upon completion of primary and 

secondary recovery stages, a substantial fraction of the oil (60-70%) remains in the reservoir, 

primarily in the form of being adsorbed in the porous media of the reservoir formation. That 

is when the tertiary or enhanced oil recovery (EOR) process would be used to get the oil out 

of the reservoir (Mansoori and Jiang, 1985; Kawanaka et al., 1988). One of these EOR 

methods is done by injecting dense (supercritical) gases (e.g., natural gas, separated gas, flue 

gas/carbon dioxide, air/nitrogen). Supercritical fluids (sc-fluids)  have densities near that of a 

liquid and low viscosity, since they are gases. Also, an sc-fluid has solvent potential, the 

same as hydrocarbon solvents so that it could dissolve even solids (Park et al., 1987). 

Therefore, sc-fluids are used in EOR to reduce the viscosity and improve the mobility of the 

oil due to its swelling by being miscibilized with the injected sc-fluids toward the wells.  The 

sc-fluids and the bulk (crude oil) are considered miscible when there is no interface between 

them and the pressure at this point is known as minimum miscibility pressure (MMP) 

(Benmekki and Mansoori, 1988). To ensure that sc-fluids are dissolved in the bulk, the 

injected pressure should be higher than MMP. Natural gas has become less favorable for gas 

injection because it is highly sought as a clean transportation fuel and residential and 

commercial use for heating. Carbon dioxide is another good option, but it has several 

drawbacks which include its lack of purity, unavailability in large volumes, causing 

unnecessary oil/water emulsions, and the corrosion it may cause in the well-surface facilities 

(Mohammed and Mansoori, 2018b; Mungan, 2003). 
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One of the economically promising methods of EOR for underground petroleum 

reservoirs is an injection of high pressure (supercritical) air. Literature is rich in discussing 

nitrogen injection. However, purification of nitrogen for huge underground reservoirs is 

economically prohibitive. Accordingly, the use of pure nitrogen and air are compared (which 

contains ~79% nitrogen) in this report. This process is particularly attractive for off-shore 

reservoirs and other remote locations where separated-gas, natural gas, and other more proper 

gases, which would miscibilize with oil at lower pressure, are not available and/or 

economically not attractive (Mungan, 2003).   

In the process of compressed air or nitrogen injection, when miscibility is reached, there 

is always the question whether the asphaltene content of the oil will aggregate, grow in size 

and plug the porous media and production facilities as a result of its interaction with 

compressed air or nitrogen (Jamaluddin et al., 2002). This is a problem which requires much 

research to understand the conditions under which asphaltenes may start to aggregate due to 

compressed air or nitrogen flooding and the factors which may contribute to its aggregation.  

The instability of asphaltene during compressed gas flooding is attributed to the changes 

in the solubility of asphaltene and heavy fractions, where the injected fluids modify the 

composition and conditions of the reservoir fluids. Experimental investigations showed that 

nitrogen injection influences the aggregation and deposition of asphaltenes, and the problem 

is more severe for heavy oils. Most of the investigations focused on asphaltene aggregation 

during hydrocarbon gas and CO2 injection (Mohammed and Mansoori, 2018a, 2018b) and 

there was little or no MD simulation of asphaltene aggregation during air or nitrogen 

flooding. Thus, understanding the behavior of asphaltene during the high-pressure gas 

flooding is required to reduce the possibility of asphaltene precipitation during such EOR.  

One of the promising methods to study the onset of asphaltene aggregation during EOR is 

the use of molecular dynamics (MD) simulation. MD simulation of the sc-fluids injection and 
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its interaction with the live oil (oil in the reservoir) is computationally challenging at the 

present time due to the tremendous number of components in the oil and requirement of huge 

computational resources. For these reasons, asphaltenes dissolved in ortho-xylene (their best 

hydrocarbon solvent) and then pressurized it with compressed air or nitrogen to study the 

onset of asphaltenes aggregation. 

This study aims to use the MD simulation technique to investigate the onset of asphaltene 

aggregation during air or nitrogen flooding, since ortho-xylene is being used to represent the 

oil phase, of which asphaltenes are completely miscible. The intention to examine the impact 

of sc-fluids concentration on the process and find the difference between the use of 

compressed air and pure nitrogen. 

 

 Molecular Structures  

This study is conducted to understand the effect of the molecular structure of the asphaltenes 

and the presence of different heteroatoms on the aggregation during air and nitrogen 

injection. In the present study, seven different well-known asphaltenes were chosen. Figure 

5-1 shows seven different asphaltenes named A1-A7. A1-A3 are reported in Boek et al., 

(2009), A4 and A5 are reported in Pacheco-Sánchez et al., (2004), A6 is reported in Zhang 

and Greendfield, (2007) and A7 is reported in Takanohashi et al., (2003). The asphaltenes in 

this study were extracted from Athabasca (A1-A3), Venezuelan (A4), Mayan (A5), Kuwait 

(A6), and Khafji (A7).  
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Figure 5-1. The seven asphaltenes (A1- A7) used in the present study. 

 

 Simulation Methodology 

 Initial configurations  

Twenty-four molecules of each asphaltene model were used in this study. Asphaltene 

molecules were randomly distributed in the simulation box to study the onset of asphaltene 

aggregation. In each simulation, the dimensions of the simulation box were varied depending 

on the asphaltene and compressed gas concentration. To a better representation of asphaltene 

in real systems, these asphaltenes were placed in o-xylene at a constant concentration (7 

wt%). Four different concentrations, 20, 40, 60, and 80 wt% of compressed air or nitrogen, 
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were added to the system to better visualize the effect of compressed air or nitrogen on the 

onsets of asphaltenes aggregation. The ingredients of air are based on 79% nitrogen and 21% 

oxygen only (neglecting the effects of small concentrations of other gases). The minimum 

miscibility of nitrogen in crude oil system is about 360 bar, thus in all the simulations, 400 

bar of injection pressure was chosen. Simulations temperature of 350 K was chosen based on 

the reservoir’s conditions (Dehghani et al., 2007). 

 

 Force fields 

Lennard-Jones parameters and partial atomic charges of nitrogen and oxygen were used as 

described in Vujić and Lyubartsev (2016) and reported in Table 5-1. For other molecules 

(asphaltenes and o-xylene), OPLS-AA force field had been employed. The total energy was 

calculated based on the summation of bonded (bending, stretching, and torsion) and 

nonbonded (van der Waals represented by Lennard-Jones and electrostatic represented by 

coulomb) energies. In addition, OPLS-AA works well in calculating and producing hydrogen 

bonds between all possible donors and acceptors interactions. OPLS-AA is shown to work 

well for organic liquids in reproducing experimental data and therefore used successfully for 

asphaltene aggregation simulations (Khalaf and Mansoori, 2018; Yaseen and Mansoori, 

2017). 

 

Table 5-1. Partial atomic charges and Lennard-Jones parameters for Nitrogen and Oxygen. 

 
Atom Charges  (kJ/mol)  (nm) 

N -0.482 0.3026 0.332 

M-Na 0.964 0 0 

O -0.112 0.4217 0.305 

M-Ob 0.224 0 0 

a: massless charge point in nitrogen. 

b: massless charge point in oxygen. 
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 Simulation details and algorithm  

A series of classical MD simulations were carried out using GROMACS 5.1.2 simulation 

package. After preparing the simulation box in the desired concentrations, energy 

minimizations were conducted using “steepest descent” method to eliminate any high-energy 

structures. Energy minimization was followed by 100 ps NVT and 500 ps NPT ensemble 

simulations to bring the system to equilibrium temperature and pressure. In all the 

simulations, the leapfrog algorithm was used to integrate the equation of motion. The 

periodic boundary conditions were applied to represent the bulk in a small box and two-

femtosecond time steps were applied. The Particle Mesh Ewald (PME) method was applied 

to calculate long-range Coulomb interaction forces. In all nonbonded interactions, the cutoff 

was set to 1 nm. The simulations were performed at constant temperature and pressure (350 

K and 400 bar). To constrain the bond lengths in the simulations, the LINCS algorithm was 

utilized. To keep the temperature and pressure constant, V-rescale thermostat and Parrinello-

Rahman pressure coupling were used. Throughout the simulation (50 ns of NPT), the atomic 

positions were recorded every 10 ps, which allowed the tracking of the position of the 

molecules. 

 

 Results and Discussions        

In EOR processes, compressed air or nitrogen is injected in different quantities depending on 

the reservoir conditions. To simulate real systems, different air and nitrogen concentrations 

were used to investigate the impact of injected fluids on asphaltene aggregation. Twenty-four 

asphaltene molecules of each structure were used in the simulation box with periodic 

conditions. The effect of injected fluids concentrations on the asphaltene aggregation process 

at 350 K and 400 bar were analyzed through: (i). Cumulative coordination number, N, 
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(Equation 1), (ii).  the van der Waals (vdW) interaction energies, (iii). The electrostatic 

interaction energies (ES), and (iv). The hydrogen bond (HB) interaction energies.  

 Effect of misciblized air and nitrogen on asphaltene aggregation  

The effect of injected sc-fluids concentration on asphaltene aggregation was analyzed 

through the use of asphaltene cumulative coordination number N(r), defined by the following 

equation (Headen and Boek, 2011). 

 

𝑁(𝑟) = ∫ 𝜌𝑔(𝑟)4𝜋𝑟2𝑑𝑟
𝑟

0
                                (5-1) 

 

 

𝑁(𝑟) represents the number of asphaltene molecules in a sphere of radius 𝑟. Where 𝜌 is the 

local density of asphaltene molecules and 𝑔(𝑟) is the asphaltene radial distribution function. 

Figure 5-2 shows the N(r) of asphaltene molecules (A1-A7) at four different misciblized 

nitrogen and air concentrations (20, 40, 60, and 80 wt%). In both compressed gasses, the 

onset of all seven asphaltene aggregation remains almost the same when the injected gases 

concentration is below 60%. At 20% misciblized gases concentration, dissolved A1 becomes 

unstable and shows a high aggregation affinity in comparison with other asphaltenes.  

Increasing the concentration of misciblized gases to 40 wt% enhanced the aggregation of 

all 7 asphaltenes. A1 showed higher aggregation onset than other asphaltenes. Aggregation 

onsets of A2-A7 were slightly increased from 20% concentration. This clarifies that A2-A7 

have lower aggregation affinity than A1 due to their molecular structure and size. According 

to the results of misciblized gas flooding, injection of 40% misciblized gas is applicable for 

A2-A7 asphaltenes and is not preferred for A1 asphaltene.  

Stability of asphaltenes was highly affected when the injected sc-fluids concentration 

reached 60%. Similarly to the previous case, A1 showed higher aggregation onset, and other 

asphaltenes started alternating. A5-A7 asphaltenes showed big changes in their aggregation 

onset and their aggregation affinities were higher than A2-A4 asphaltenes.  
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When the misciblized gas was 80%, the aggregation onset was high: A1 and A6 showed 

higher aggregation onsets, while the others stayed in between. A2 and A3 did not show high 

aggregation affinity, due to their molecular structures. A2 asphaltene has an archipelago 

structure which gives it the ability to interact with itself through its aromatic and hydrogen 

bonds. A3 has long aliphatic chains in comparison with its aromatic core size, where they 

participate in steric repulsion. 

 

Figure 5-2. Cumulative coordination numbers of the 7 used asphaltenes at different 

concentrations of injected gases. a, c, e, and g are the cumulative numbers at 20, 40, 60, and 

80% of air injection. b, d, f, and h are the cumulative numbers at 20, 40, 60, and 80% of 

nitrogen injection.   

 

In addition to cumulative coordination number, the average size of aggregates (average 

number of asphaltene molecules in the aggregates) was analyzed and reported in Figure 5-3 

and Figure 5-4. The reported results are in both compressed gases for the last 10 ns of the 
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simulations. At 20% of compressed gases, A1 was unstable and reached clustering point 

(more than 8 molecules in the aggregate). A2-A7 were in nanoaggregate ranges (less than 8 

molecules in the aggregate). Increasing the concentration of injected gases to 40% enhanced 

the affinity of aggregation of other asphaltenes, such as A4. When the concentration became 

60%, the asphaltenes were unstable except for A2 and A3 due to their structures. A2 and A3 

showed stable behavior in all the cases, and even at 80% injected gases.  

 

 

Figure 5-3. Average cluster size of the 7 asphaltenes at different air concentration where a, b, 

c, and d represent 20, 40, 60, and 80% of air respectively.  
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Figure 5-4. Average cluster size of the 7 asphaltenes at different nitrogen concentration where 

a, b, c, and d represent 20, 40, 60, and 80% of nitrogen respectively. 

 

The results show that the general trends of the onsets are the same in both injected 

compressed gases. This means there are no differences between the use of compressed air or 

compressed nitrogen. Out of all the concentrations, trajectory visualization and N(r) 

calculations showed that A1 affinity to aggregate was higher than other asphaltenes. When 

the injected high-pressure gas was 40%, A1 showed very high aggregation onsets. For A2-

A7, the aggregation onset increased with the increase of the misciblized gas concentration. 

A4 had almost constant behavior, where the onset of aggregation was slightly affected by 

increasing the concentration. For A1 and A4-A7, when the concentration of misciblized gas 

was high (80%), the aggregation was severe and happened immediately. This is because 
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to phase separation. We can conclude that an asphaltene with a chemical structure similar to 

A1 will have a higher tendency to aggregate than the other asphaltenes at low and moderate 

nitrogen and air concentrations. Figure 5-5 shows snapshots of seven model asphaltene 

placed in 20% misciblized nitrogen. According to the snapshots, A1 had the highest 

aggregation affinity. The detailed analysis of trajectories, which are not reported here, and the 

calculated results, conclude that the aggregation affinities of the seven model asphaltenes 

with respect to each other are as follows: 

A1 >A7>A6> A4 > A5 > A2 > A3 
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Figure 5-5. Snapshots of seven model asphaltenes in 20% misciblized nitrogen. O-xylene and 

nitrogen molecules were removed for clarity. 
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 Interaction energies   

Reported in the literature, the driving force for asphaltene aggregation is the core-core 

attraction which is represented by vdW energies. In our previous study (Khalaf and 

Mansoori, 2018), we showed that the energies were affected by the medium and asphaltene’s 

molecular structure. To understand the effect of compressed gases on electrostatic (ES), van 

der Waals (vdW), and the average number of hydrogen bonds (HB) interaction energies, we 

report the interaction energies between asphaltenes at different compressed gas 

concentrations. The results are reported in Figure 5-6 and Figure 5-7 for the last 10 ns of 

simulations.  

 

 

Figure 5-6. vdW interactions of the 7 asphaltenes at different miscible gas concentrations. 
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Figure 5-7. ES interactions of the 7 asphaltenes at different miscible gas concentrations. 

 

In both compressed gases, the results showed that increasing misciblized gas 

concentration leads to increase in the vdW interactions (increase the attraction energy) 

between the asphaltene molecules in all the 7 cases, see Figure 5-6. This is due to the 

reduction in the aromatic-aromatic interactions between asphaltene and o-xylene. For 

example, in both gases, the vdW attractions of A2 and A3 doubled when the concentration of 

compressed gases increased from 20% to 80%. Basically, vdW interactions are related to the 

size and geometry of the aromatic core of asphaltenes. Thus, the aggregation affinity of A1 

was the highest in comparison with the other 6 asphaltenes. On the other hand, ES 

interactions are affected by the presence of heteroatoms connected to the aromatic core, 

which contribute to the reduction of 𝜋 electron clouds. Due to that, the ES interactions of A2, 

A4, A5, A6 and A7 were attraction, while A1 and A3 were repulsion, see Figure 5-7. From 

the interactions results and the aggregations trends, the ES interactions have low effects on 

the aggregation process in comparison with the effects of vdW interactions. The interaction 
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because of the injected air has 79% nitrogen which dominates on the interactions.  
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The average numbers of HBs between asphaltenes with increasing the concentrations of 

misciblized gases are reported in Figure 5-8. According to this figure, the average number of 

HBs between A2 molecules was higher than other asphaltenes. A1, A2, A3 were almost the 

same in misciblized nitrogen and air. In the case of A4, there was a difference between 

misciblized nitrogen and air flooding. A5 has only an accepter position with no donor 

position and A6 has no sites for HBs, thus they do not have the potential to participate in HB 

interactions. In addition, HBs may affect the shape of aggregated asphaltene (Yaseen and 

Mansoori, 2018). Overall, there were slight differences in the average number of HBs of 

some asphaltenes. However, even with these differences, the general trends of aggregation of 

these asphaltenes in misciblized air and nitrogen were the same. Due to this, we can conclude 

that HBs had small effects on the aggregation process in comparison with vdW interactions.  

 

 

Figure 5-8. The average numbers of HB interactions at different gas concentrations.  
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 Conclusions 

Molecular dynamics simulations of different asphaltenes in different concentrations of 

misciblized nitrogen and air were conducted. The effect of injected misciblized gas 

concentrations and the role of interaction energies were investigated. The asphaltene 

aggregation process is highly affected by the concentration of injected gases due to the 

solubility effects. Asphaltenes with long aliphatic chains and archipelago architecture showed 

low association affinity than other flat asphaltenes. Overall, there are no appreciable 

differences between the use of misciblized nitrogen and air on asphaltene aggregation during 

enhanced oil recovery. Additionally, the architecture of asphaltene plays an important role in 

the aggregation process. 
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 Abstract 

Magnetic treatment is often used in certain oil industries for alterations in petroleum 

rheological properties. In this report, we introduce the scientific basis for the role of magnetic 

treatment on the onset of asphaltenes aggregation from petroleum fluids. Molecular dynamics 

simulations are used to study the effect of magnetic fields that are applied to three different 

model asphaltenes (A1-A3) in paraffinic and aromatic oil media. Radial distribution 

functions, hydrogen bond interactions, and the simulation trajectories are produced and 

analyzed. Our simulation results show that the onset of asphaltene aggregation in petroleum 

fluids is affected by the magnetic field and it is a function of its strength. In a paraffinic 

medium, magnetic field reduced aggregation of the model asphaltenes studied in the range of 

20-35%. Where the magnetic field of 1.5T caused a high disruption of A1 aggregation and 

changed the dominated stacking. However, the highest disruption of A2 and A3 asphaltenes 

was at 1.0T. In an aromatic medium, magnetic field reduced the association of the model 

asphaltenes studied in the range of 25-70%. Where 0.5T diminished the association of A2 

and A3 asphaltenes while 1.0T was able to do that for A1 asphaltene. The stacking modes 

and distances between asphaltene molecules were also affected by magnetic field. For 

example, in paraffinic medium, 0.5T enhanced the aggregation of A1 and A2 asphaltenes 

with multiple-layer stacking where some of the peaks appeared farther than the reported 
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cutoff of asphaltene stacking. Hydrogen bond results showed that magnetic fields did 

changes on the average number of hydrogen bonds. These changes were due to changes in 

the orientation and the distances between asphaltene molecules. The difference in asphaltene 

response to the magnetic treatment was due to the differences in their structures. Overall, the 

effect of magnetic field on the onset of asphaltene aggregation is dependent on the magnetic 

field strength, asphaltene architecture, and the medium.   

 

 Introduction 

Heavy, extract heavy crude oils and oil sands are known to have high viscosity and a high 

chance of heavy organics deposition. There are several processes to fight heavy organic 

deposition. Such as (1) Pigging of the pipelines. (2) Exothermic chemical reactions which 

generate heat causing softening and melting of heavy organics. (3) Paraffin and asphaltene 

deposition inhibitors which are used to fight such depositions in oil fields, pipelines, etc. (4) 

There is also literature in which they claim a magnetic field could inhibit heavy organic 

deposition and could make a viscosity reduction (Marques and Rocha, 1997; Tao and Xu, 

2006; Gonçalves et al., 2011). Magnetic fields have become of major interest in certain parts 

of the petroleum production technology. It is claimed that crude oils under magnetic 

treatment get improvements in their viscosity, volatility, electrical conductivity, etc (Morozov 

et al., 1978). 

 

 Previous Studies 

There are several industrial reports available about modifying crude oil rheological properties 

and eliminate heavy organics deposition when crude oils are exposed to a magnetic field. For 

example, Marques et al. (1997) studied the paraffin crystallization under magnetic 
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treatments. They concluded that pure paraffin in hydrocarbon solutions showed susceptibility 

to a magnetic field and there was a fair relation between magnetic field strength, exposure 

time, and the oil rheological properties. Also, they did a field test on producing wells of high 

and mild paraffinic oils and found a high reduction in oil viscosity and heavy organics 

deposition rate. Gonçalves et al. (2011) claimed a 39% viscosity reduction in one of six oil 

samples. Their analysis on that sample showed the viscosity reduction was due to the 

presence of paramagnetic species, a high aromatic/aliphatic ratio, and a high water content. 

Also, they reported that paraffin could not be responsible for the viscosity reduction under 

the effect of a magnetic field. Morozov et al. (1978) studied the effect of magnetic field on 

the physical properties (volatility, dielectric constant, electrical conductivity, optical density, 

and electrical charging tendency) of a kerosene sample. Their results showed that the 

magnetic field influenced the physical properties of kerosene. They claimed that aromatic 

materials were sensitive to a magnetic field. Loskutova and co-workers (Loskutova and 

Yudina, 2003; Loskutova et al., 2008) studied changes in crude oil rheological properties due 

to magnetic fields. They concluded such changes were due to the presence of free radicals 

and vanadium complexes that concentrated in the resinous-asphaltic fraction as well as the 

ratio between neutral and acidic resins. The orientation of free radicals and vanadium 

complexes due to a magnetic field lead to structural transformations and changes in oil 

rheological properties. They explained the high activity of acidic resin by its polarity in 

comparison to the neutral resin. Lesin et al. (2010) investigated the magnetic properties of the 

wax deposit sample from an oil producing well. They concluded that wax deposit sample had 

superparamagnetic properties due to the presence of iron oxide nanoparticles, Also, reported 

the presence of sulfur, oxygen, nickel, vanadium and other atoms in asphaltene-resin colloids 

caused higher magnetic susceptibility. Tung et al. (2001) studied the influence of magnetic 

field on paraffinic oil viscosity and deposition rate. They found that oils with high 
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asphaltene-resin content were highly affected due to their polarity. Also, found that 

magnetically treated oils behaved as Newtonian fluids and there were reductions in wax 

crystals size and wax deposition rate. 

In addition to experimental investigations, there are several simulations about the effect 

of magnetic fields. Kulkarni and Wani (2013) discussed the alignment of wax magnetic 

dipoles with external magnetic field leading to disturbing the crystal agglomeration process. 

They argued that wax magnetic dipoles generated a repulsion force between them, preventing 

their aggregation and deposition. Moosavi and Gholizadeh (2014) used MD simulation to 

investigate the effect of a constant magnetic field on solvent properties. They found that the 

magnetic field influences the number of hydrogen bonds, solvent structure, diffusion 

coefficient, viscosity, and surface tension. They reported that the magnetic field increased the 

force of hydrogen bonds. They claimed that solvent molecules were distributed along the 

magnetic field direction. In another study, Chang and Weng (2006) investigated the effect of 

magnetic field and liquid water using MD simulation. They reported that the number of 

hydrogen bonds increased slightly as the strength of the magnetic field increased while 

diffusion coefficient decreased. Recently, Chen et al. (2018) investigated the effect of 

magnetic field on waxy crude oil using MD simulation. Their results showed that the 

magnetic field had different effects on waxy crude oil. The density decreased and increased 

with increasing magnetic field strength; diffusion coefficient increased at the low magnetic 

field and decreased at high magnetic field; viscosity reduction appeared in a specific range of 

magnetic fields; aggregation and molecular morphology were affected by magnetic field. 

In most of the studies, there is a discrepancy among experimental results of the influence 

of magnetic fields on crude oils. It can be seen that some of the studies mentioned that 

magnetic fields have effects only on polar species (asphaltenes) while others focused on 

paraffines. Even in paraffinic oils, there is a discrepancy between the results. Some of them 
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found that magnetic field reduced wax crystallization. However, others reported that 

magnetic field enhanced wax crystallization. It is shown that most of the studies were about 

wax, and there is little scientific information about the role of magnetic treatment of 

petroleum on asphaltenes. Some of the studies reported that the magnetic field has effects on 

polar species (Loskutova and Yudina, 2003; Marques et al., 1997; Tung et al., 2001).  

In crude oils, the polar and charged particles are asphaltenes or other particles associated 

with asphaltene aggregates (Leontaritis and Mansoori, 1992; Ganeeva et al., 2011). Thus, we 

believe asphaltene molecules present in oils are influenced by magnetic fields due to their 

asymmetrical charge distribution and polarity. To our knowledge, there is no MD simulation 

about the effects of magnetic field on asphaltene aggregation or deposition. The only 

available MD simulation is about waxy oil and they did not include asphaltene in the system 

(Chen et al., 2018). Therefore, we were motivated to undertake the present study. Molecular 

dynamics (MD) simulation technique is used to investigate the onset of asphaltenes 

aggregation with and without the effect of an external magnetic field in well-defined media. 

We examine the impact of the magnetic field strength and the medium on the onset of 

asphaltene aggregation/disaggregation at the molecular level. 

 

 Simulation Methodology 

 Molecular models 

 To study the effect of asphaltene molecular structure on asphaltene behavior under magnetic 

treatment, three different asphaltene structures were chosen. They are named A1, A2, and A3 

and are shown in Figure 6-1. A1, A2, and A4 are island asphaltenes while A3 is an 

archipelago asphaltene. These three asphaltene models, as were used in some other studies, 

they exhibited different behaviors (Khalaf and Mansoori, 2018, 2019; Yaseen and Mansoori, 

2017). 
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It is known that asphaltenes are soluble in aromatics and insoluble in paraffins. Thus, o-

xylene and n-heptane are used. It is believed the studies performed here for the onset of 

asphaltene aggregation is also valid in the case when the same kinds of asphaltenes are 

present in real crude oil. Of course, the nature of aggregations beyond onset point will be a 

strong function of the medium. 

For all the molecules in the system (asphaltenes, n-heptane, and o-xylene), the OPLS-AA 

force field was used. OPLS-AA was shown to work well for organic liquids in reproducing 

experimental data and was used successfully for asphaltene aggregation simulations  (Khalaf 

and Mansoori, 2018; Mohammed and Gadikota, 2019; Mohammed and Mansoori, 2018b, 

2018c; Yaseen and Mansoori, 2017). 
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Figure 6-1. Model asphaltenes used in this study. 

 

 Magnetic field implementation  

It is well known that magnetic field, as well as electric field, exert a force on charged species, 

known as Lorentz force (Valle et al., 2017; Griffiths, 1999). The expression for the Lorentz 

force that is exerted by a magnetic field on a moving electric charge is given by: 

 

�⃑� = 𝑞�⃑⃑� + 𝑞�⃑� × �⃑⃑�                                       (6-1) 
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where F is the Lorentz force, q is the charge of the particle, E is the electric field, 𝑣 is the 

velocity, and B is the magnetic field. This force is perpendicular to the velocity and the 

magnetic field. When the angle between magnetic field lines and the particle velocity are 

perpendicular, the particle will experience helical motion.  

The asymmetrical charge distributions in materials are the reasons for a magnetic field 

effect on the re-distribution of such materials. This may change their interactions, resulting in 

manipulating, aggregation, and disaggregation. Lorentz force may cause various effects on 

the configurational and transport properties of affected species.  

In this study, all MD simulations were conducted using DL_POLY_4 simulation package 

(Todorov and Smith, 2016). In addition to the molecular force field, DL_POLY_4 allows the 

use of external forces (such as electric, magnetic, gravitational, etc.). The total energy in 

DL_POLY_4 package is calculated based on (Todorov and Smith, 2016): 

 

𝑈 = ∑𝑈𝑏𝑜𝑛𝑑𝑒𝑑 + ∑𝑈𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑 + ∑𝑈𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙                                           (6-2) 

 

𝑈𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 represents different external energies that DL_POLY_4 can apply them to the 

system, such as magnetic interactions. Magnetic force will introduce additional acceleration 

to the acceleration that is caused by molecular forces. 

  

𝐹𝐵
⃑⃑⃑⃑ = 𝑞(�⃑� × �⃑� ) = 𝑎 𝐵 𝑚𝑖                                                                        (6-3) 

 

𝑎 =
𝑞

𝑚
(�⃑� × �⃑� ) + 𝑎 𝑐                                                                              (6-4) 
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Where 𝑎 𝑐 is the original acceleration due to molecular forces (in the absence of magnetic 

field). The change in the molecular forces due to magnetic forces will cause several effects 

on the structural and transport properties of the investigated system.  

MD simulation is based on integrating the equation of motion of interacted particles. If 

these particles carry an electric charge, applying a magnetic field to the system generates a 

magnetic force which is known as Lorentz force (Chen et al., 2018; Moosavi and 

Gholizadeh, 2014).  

 Simulation details 

After preparing the simulation box in the desired concentrations, energy minimizations were 

conducted to eliminate any high-energy structures. Energy minimization followed by 50 ps 

NVE and 100 ps NPT ensemble simulations, to bring the system to equilibrium temperature 

and pressure. In all the simulations, periodic boundary conditions were applied in all 

directions to represent the bulk in a small box, two-femtosecond time steps were applied. The 

Particle Mesh Ewald (PME) method was applied to calculate long-range Coulomb interaction 

forces. In all nonbonded interactions, the cutoff was set to 1 nm. The simulations were 

performed at constant temperature and pressure (300 K and 1 bar). All hydrogen-containing 

bonds were constrained using the SHAKE algorithm. To keep the temperature and pressure 

constant, Nose-hoover NPT coupling was used. Throughout the simulation (20 ns of NPT), 

the atomic positions were recorded every 10 ps, which allowed the tracking of the position of 

the molecules. 

A 7 wt% asphaltene concentration (10 asphaltene molecules) was used to represent the 

asphaltene concentration found in many crude oils. In each simulation, asphaltene molecules 

were placed in o-xylene or n-heptane at normal conditions (300 K and 1 bar) with and 

without magnetic field. Magnetic fields were applied along the z-direction. Four different 

magnetic field strengths (0.0, 0.5, 1.0, and 1.5), measured in Tesla (T), were applied to the 
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system. Topology parameters of the system and input files were generated using DL_FIELD 

(Yong, 2016). All the collected data were analyzed using DL_ANALYSER (Yong and 

Todorov, 2017). The molecular configurations and trajectories were visualized by VMD 

package (Humphrey et al., 1996). 

 

 Results and Discussions  

 The effect of magnetic field on asphaltene aggregation 

Ten molecules of each of the three kinds of asphaltenes (A2, A3, A4) reported in Figure 6-1 

were used in each simulation. Radial distribution functions (RDFs), and hydrogen bond (HB) 

interactions, and trajectories were investigated to understand the effect of magnetic fields on 

various asphaltene’s behavior. 

Radial distribution function is an indication of local molecular structure arrangement and 

it is a good measure of the onset of asphaltene aggregation. A series of regular peak is a good 

indication of the extent of molecular aggregation. On the other hand, the RDF becomes 

homogeneous if the asphaltene molecules are completely dissolved and dispersed in solvents. 

All the calculated radial distribution functions (RDFs) are based on the distances between the 

center of mass of asphaltene molecules. Hydrogen bonds (HBs) analysis was also carried out, 

to investigate how these may affect the size and shape of asphaltene aggregates.  

6.5.1.1 Radial distribution functions 

Figure 6-2 shows the RDF curves for the A2 asphaltene at different magnetic fields. In the 

paraffinic medium and magnetic-free environment, the RDF curve shows a clear peak at 

around 5 Å, and a second smaller and broader peak around 7 Å – 9 Å. Visual inspections of 

the molecular configurations show that the first peak refers to the face-to-face (F) stacking, 

where the planes of the aromatic ring systems are aligned in parallel between two asphaltene 

molecules. The F-stacking distances of about 5 Å were in agreement with the reported 
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distances from other works (Khalaf and Mansoori, 2018). On the other hand, the second peak 

was due to the next-nearest neighbor molecules that were loosely stacked to the F-stacked 

molecules. The much broader peak was because these molecules were either orientated in a 

parallel-displaced (PD) stacking or a T-shaped stacking. In the latter case, the planes of the 

aromatic ring systems were approximately orthogonal to each other. In summary, the A2 

molecules formed a stable F-stacked two-molecule cluster, with the third molecule loosely 

stacked to the cluster. 

 

Figure 6-2. RDF curves of A2 asphaltene at different magnetic fields in both mediums. 

 

When the magnetic field was applied, at 0.5 T, three RDF peaks of approximately regular 

intervals become visible. Also, the second peak was more clearly defined when compared 

with that of the second peak without the magnetic field application. This indicates the 

enhancement of the molecular aggregation, with multiple-layer stacking as a result of the 

magnetic field effect. This was confirmed by visual inspections of the molecular 

configurations, which show the appearance of much larger clusters, of which, the third peak 

in the RDF curves were due to the fourth-layer stacking of molecules. Note that the third 
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peak was centered around 12 Å, which was farther than the reported cutoff of asphaltene 

stacking (Yaseen and Mansoori, 2018).  

Surprisingly, when the magnetic field was increased to 1.0T, there was a clear reduction 

of peaks, both regarding the number and intensity of peaks. In fact, by comparing the 

intensities of the first peaks between 0.0 T and 1.0 T, it can be seen that the 1.0T field 

strength reduced the onset of asphaltene aggregation by about 25%. The disruption of 

molecular aggregates became even more evident at a higher magnetic field strength of 1.5T. 

In this case, the second peak was significantly reduced, leaving only one predominant peak at 

around 5 Å.  

In summary, we can conclude that the A2 asphaltene molecules naturally forms 

aggregates in the magnetic-free environment in paraffinic medium, due to the strong 

quadrupole interactions between the extensive -aromatic ring systems of the molecules. A 

weak magnetic field (0.5 T) can enhance the aggregate size, whereas, stronger magnetic field 

(> 1.0 T) could disrupt the aggregates. 

It is known that asphaltene is soluble in aromatic medium due to the - interactions 

between asphaltene’s aromatic core and the aromatic solvent molecules. It is known that the 

asphaltene molecules tend to form micelles (Pacheco-Sanchez and Mansoori, 1998) in such 

mediums. Thus, in the absence of a magnetic field, two RDF peaks of much weaker 

intensities were formed, when compared with those of paraffinic medium in, Figure 6-2. This 

means that the A2 solute is less likely to form a stable two-molecule core cluster since it can 

also interact competitively with the aromatic solvent molecules.  

In aromatic medium and at 0.5T, the A2 asphaltene showed a clear, higher association 

affinity with each other in an F- stacking fashion. Visually, this means a noticeable increase 

in the formation of two-molecule clusters. However, most of these clusters were disrupted 

when the magnetic strength was increased to 1.0 T. Further increase of the magnetic strength 
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(1.5 T) results in almost complete disruption of the F-stacking clusters. The resulting clusters 

were now loosely associated with one another via a mix of T-shape and F- stacking modes. 

Figure 6-3 shows RDF curves of the A3 asphaltene in paraffinic medium at different 

magnetic fields. From previous studies (Khalaf and Mansoori, 2018), the A3 asphaltene has 

low aggregation affinity when compared to A2. This is because A3 is topologically a more 

flexible molecule with two separate aromatic systems: a small benzene-base structure and the 

other a fusion of phenanthrene and naphthalene polyaromatic sheet. Conversely, the A2 

molecule contains a single, large aromatic coronene-like core structure. For this reason, in the 

magnetic-free environment, A3 does not readily form the typical F-stacking cluster as would 

be the case for A2. The RDF curve does not provide a clear indication of the structure of the 

molecular cluster. This may be because unlike the A2 molecule, the center of gravity of the 

A3 molecules was less well-defined and likely to have located off the aromatic ring systems, 

of which the location is depending on the conformational structure of the molecules.  

 

 

Figure 6-3. RDF curves of A3 asphaltene at different magnetic fields in both mediums. 
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The A3 structure is archipelago and the distribution of the heteroatoms are all around the 

aromatic cores. Thus, the magnetic field will be on all sides, rather than the core or a single 

side. For instance, a magnetic field of 0.5 T could have shifted the F-stacking and created two 

RDF peaks beyond the reported stacking limits. Even then, some form of cluster associations 

was still evident with or without a magnetic field, as the first prominent RDF peaks occurred 

at around a close-packing distance of 5 Å. 

The highest effect on the aggregation disruption was at 1.0T magnetic field, where the 

aggregation onset was reduced by ~35% with compared with the magnetic-free model. In 

general, the effects of other magnetic field strengths were only on the preferred stacking and 

the separation distances.  

Once again, A3 is shown to be more soluble in the aromatic medium than the paraffinic 

medium, as shown in Figure 6-3 with much lower peak intensities when compared with those 

in the paraffinic solvent. In the absence of magnetic field, the molecular association was low 

and visual inspection of the molecular configurations showed were mainly due to a mix of 

PD and T-shape stacking, instead of the F stacking. As a result, this gave rise to the 

appearance of the first peak at a larger distance, of around 6.3 Å.  

Applying 0.5T and 1.5T result in the aggregates being completely dispersed, with no 

discernable RDF peak at close distances. However, when the magnetic field was at the 

moderate strength of 1.0 T, the association increased and shifted the stacking to be mainly 

some form of F-stacking, as evident by the appearance of the peak at around 5 Å.  

Figure 6-4 shows RDF curves of A4 asphaltene in both mediums at different magnetic 

fields. The A4 asphaltene molecule contains a smaller center aromatic core when compared 

with that of A2 molecule but contains longer side chains when compared with that of A3 

molecule. This means that the core packing is more well defined when compared with that of 

A3, although the long and large number of side arms may disrupt such packing from taking 
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place. This is evident in the RDF curves, where A4 generally produced broader peaks 

concerning the other asphaltene molecules when comparing Figure 6-2, Figure 6-3, and 

Figure 6-4 for the paraffinic mediums.  

 

 

Figure 6-4. RDF curves of A4 asphaltene at different magnetic fields in both mediums. 

 

The effect of side chain flexibilities in A4 was also evident in the molecular 

configurations. In the absence of a magnetic field, A4 showed moderate aggregation affinity 

with face-to-face and T-shaped stackings, with some structural hindrances due to the flexible 

sulfide chains.  

Applying 0.5T and 1.5T increased the F-stacking aggregation by ~65% when comparing 

the intensity of the first prominent peaks in Figure 6-4. However, at the moderate magnetic 

strength of 1.0 T, the aggregation effect was decreased by ~17% and reduced the peak of T-

shape stacking. Such a varying trend may be due to the opposing competitive effect between 

the aromatic plane and the sulfide side chains. A4 has 4 side chains and some of these chains 
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have heteroatoms which may reduce the effect of the magnetic field. It is known that side 

chains play a role in hindering the aggregation process. The magnetic field may have the 

potential to control the movement and directions of these chains, which finally enhance or 

reduce the onset of the aggregation.  

 Once again, similar to the previous cases, the RDF curves show that A4 is more soluble in 

the aromatic medium when compared with the paraffinic one. In the absence of a magnetic 

field, the association of A4 asphaltene was low and the F-stacking appears to be the preferred 

mode of stacking. By applying 0.5 T, the aggregated structure was diminished. When the 

applied field was increased to 1.0T, the molecular association was restored and doubled in 

the amount when compared with the magnetic-free case. The clusters were mostly packed in 

the F-stacking mode. However, at the highest strength of 1.5 T, the association was reduced 

and changed the preferred stacking to be a T-shape. 

Trajectory visualization and RDF calculations showed that the onset of asphaltene 

aggregation was changing with magnetic field strength and the medium as well as asphaltene 

molecular structure. Figure 6-5 shows snapshots of asphaltenes in paraffinic and aromatic 

mediums at different magnetic fields. It shows the effect of magnetic field on stacking and 

aggregate size.  
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Figure 6-5. Snapshots of A2-A4 asphaltenes in paraffin and aromatic mediums at different 

magnetic fields. Where:  I represents A2 in paraffin at 1.5T, II represents A2 in aromatic at 

1.5T, III represents A3 in paraffin at 1.0T, IV represents A3 in aromatic at 1.0T, V represents 

A4 in paraffin at 0.5T, and VI represents A4 in aromatic at 0.5T. 

 

 

 



 

 

77 

6.5.1.2 Hydrogen bonds  

Hydrogen bonds (HB) are due to a high charge difference between a hydrogen atom that 

bonded to a highly negative atom with another highly negative atom (oxygen, nitrogen or 

florin). In this study, hydrogen bond interactions predominantly occur among the carboxylic 

groups (COOH) between asphaltene molecules because o-xylene and n-heptane do not have a 

polar site for such interactions. However, it is reported that HB interactions play a minor role 

in asphaltene aggregation, which is mainly due to - interactions (Khalaf and Mansoori, 

2018). On the contrary, HB may affect the structure of aggregated asphaltene (Yaseen and 

Mansoori, 2018). The asphaltene models that were used in this study have a different 

distribution of HB sites that could participate in asphaltene aggregation. As reported above, 

magnetic fields have effects on a highly charged particle. In asphaltene, the highly charged 

atoms are polar functional groups such as amino (NH) and carboxylic groups. Thus, magnetic 

fields may have effects on the orientation and interactions of these atoms which may affect 

HB interactions. The average number of HB between asphaltene molecules at different 

magnetic fields in paraffinic and aromatic mediums are reported in Figure 6-6. It can be seen 

that magnetic fields have effects on HB interactions in both mediums, where it caused an 

increase and decrease in the average number of HB interactions. For example, at 0.5T, the 

average number of HBs increased in a similar way of RDF curves. The changes in HBs are 

due to the changes in the separation distances and/or the orientations of asphaltene 

molecules. Note that there is no discernable trend in HB counts with respect to magnetic 

strength and this may strongly indicate the magnetic field strength predominantly affect the 

main aromatic systems of asphaltene and that the change in HB counts is merely due to weak 

coupling of geometrical rearrangement of these aromatic systems with respect to the side 

chains where HB interactions occur. 
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Figure 6-6. The average number of hydrogen bonds of asphaltenes in both mediums. 

 

 The effect of magnetic field on asphaltene disaggregation 

Twenty-four molecules of each of the four kinds of asphaltenes (A1, A2, A3, and A4) 

reported in Figure 1 were dissolved in an equimolar of xylene and heptane. Radial 

distribution functions (RDFs), and hydrogen bond (HB) interactions, transport properties, 

and trajectories were investigated to understand the effect of magnetic fields on various 

asphaltene’s behavior and asphaltene disaggregation. 

6.5.2.1 Radial distribution functions  

Figure 6-7 shows the RDF curves for the A1 asphaltenes at different magnetic fields. In the 

magnetic-free environment, the RDF curve shows multiple peaks at different distances. The 

first clear peak is at 5.2 Å, and a second larger peak around 6.3 Å. Trajectory inspections of 

the molecular configurations show that the first peak refers to due to face-to-face stacking. In 

this stacking mode, the planes of the aromatic ring systems are aligned in parallel between 

two asphaltene molecules. Moreover, the second peak is due to the parallel-displaced or T-

shaped stackings where the aromatic cores are approximately orthogonal to each other. The 
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stacking distances agreed with the reported distances from our previous works (Khalaf and 

Mansoori, 2018; Khalaf et al., 2019). In summary, the A1 molecules showed high 

aggregation affinity and formed a big aggregate where it was beyond clustering point, see 

Figure 6-8. 

 

 

Figure 6-7. RDF curves of A1-A4 asphaltenes at different magnetic fields. 

 

When the magnetic field was applied, at 1 T, a reduction in the RDF peaks at 5.2 and 6.3 

Å became visible. The reduction in the first peak was more clear than the second peak. This 

means that magnetic field changed the dominated stacking to be parallel-displaced or T-

shaped stacking. In addition, a wide peak from 8.5 to 10.5 Å was appeared which was due to 

the loosely stacked layer to the stacked molecules when compared with that of the peak 

without the magnetic field application. Increasing the magnetic field to 2 T showed 
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interesting results. It showed a clear reduction in both peaks in comparison with magnetic 

free case. In fact, by comparing the intensities of the first peaks between 0 T and 2 T, the 2.0 

T field strength could reduce asphaltene aggregation by about 22%. The disruption of 

molecular aggregates become even more evident at this magnetic field strength where the 

second peak shifted from 6 Å to be at around 9 Å. In this case, the second peak was 

significantly reduced, leaving only one predominant peak. These results are agreed with our 

recently published work (Khalaf et al., 2019) where magnetic field has effects on asphaltene 

aggregation.  

In conclusion, we can see that A1 asphaltene molecules have an affinity to form stable 

and large aggregates in the magnetic-free systems, due to the strong quadrupole interactions 

between the aromatic ring systems of the molecules. Moderate magnetic fields can disturb 

could disrupt the aggregates and may help in reduce asphaltene problem. 

For A2 asphaltene in the absence of a magnetic field, the RDF curve shows multiple 

peaks at different distances where they represent multiple stackings. The first clear peak is at 

5.2 Å, and a second smaller and border peak is at 8 Å. Tracking the molecular configurations 

show that the first peak is due to face-to-face stacking which is dominated stacking while the 

second peak is due to parallel-displaced or T-shaped stackings. In general, A2 asphaltene 

showed a high aggregation in two modes of stacking and formed big aggregates of different 

sizes. The stacking distances and aggregation behavior of A2 asphaltene are in agreement 

with our previous study (Khalaf and Mansoori, 2018).  

When the magnetic field of 1 T strength was introduced into the system, an increase and 

decrease in RDF peaks became clear in comparison with the magnetic-free system. The 

calculations showed that the first peak reduced by about 22% while the second peak 

increased by about 35%. This could be explained by the changes in molecular orientations 

and stackings due to magnetic interactions. The ability of magnetic field to change molecular 
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orientations of asphaltene was proved in another study (Khalaf et al., 2019). This was also 

reported by Loskutova et al., (2008) where the concluded that magnetic fields change polar 

species interactions and producing new structures. Surprisingly, applying a magnetic field of 

2 T showed a clear reduction in the second peak in comparison with the magnetic field of 1T. 

Comparing RDF peaks of the magnetic-free system and 2 T field strength showed that 2 T 

could cause asphaltene disaggregation. It could be seen that higher magnetic field reduced 

the size of aggregation and slightly changed the preferred stacking. It is clear that A2 

asphaltene attends to produce large aggregates in the absence of magnetic field due to π-π 

interactions in the same way of A1 asphaltene. Moderate magnetic fields (1 and 2 T) could 

increase and reduce asphaltene aggregation trends and the highest effects were on the 

stacking modes. 

For A3 in the absence of magnetic field, the RDF curve shows multiple peaks at different 

distances where they represent multiple stackings. The first clear and higher peak is at 6.5 Å, 

a second border peak is about 7.7-10.5 Å. 8.2 Å, with a third peak at round 12.5 Å. 

Inspection of the molecular configurations show that the first peak is due to face-to-face 

stackings and the second and third peaks represent two layers of parallel-displaced or T-

shaped stacking molecules that are stacked to the first peak. Moreover, the whole aggregate 

is a complex structure due to the different and the multilayer stackings. A3 asphaltene is 

archipelago asphaltene and its structure is more flexible than other used asphaltenes. Thus, 

A3 may have hydrogen bond and aromatic-aromatic interactions in the same molecule which 

could allow A3 to form multi-layer of stacking asphaltenes.  

Applying 1 T to the system slightly reduced the first peak and changed and shifted the 

distance of the second peak. The other peaks were enhanced and became more visible 

comparing with magnetic free system. Increasing magnetic field strength to 2 T showed a 

high change in the second peak where it was almost faded while the first peak did not show 
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change. Unlike to A1 and A2, applying magnetic field strength of 1 T and 2 T did not show 

any reduction in A3 aggregation. It changed the molecular configurations and stacking 

distances. The response of A3 to the magnetic fields showed that not all asphaltene 

aggregations could be broken by magnetic fields. In general, the aggregation trend of A3 

asphaltene did not show changes as was observed in A1 and A2 asphaltenes. We believe the 

behavior of A3 during magnetic treatments is due to its archipelago structure. The flexibility 

of the molecules and the bridging chain played a role during molecular orientations providing 

better core-core interactions. 

For A4 in the absence of magnetic field, the RDF curve shows two peaks at different 

distances where they represent multiple stackings. The first clear peak is at 3.9 Å followed by 

a wider peak that exceeded 10 Å. Inspection of the molecular configurations show that the 

first peak is due to face-to-face stacking and the second peak is because of a compensation of 

parallel-displaced and T-shaped stackings. The wider peak is because the series of stacked 

molecules in this stacking mode, as shown in Figure 6-8. Even with the long side chains, A3 

asphaltene showed moderate aggregation affinity comparison with A3 with some structural 

hinderance due to flexible sulfide chains. 

In a similar observation of previous asphaltenes, introducing the magnetic field of 1 T 

strength into the system showed a small change in the orientation and stacking. Besides 

shifting the second peak, a small third peak appeared at 11.5 Å which was due to loosely 

stacked molecules. Increasing the magnetic field to 2 T showed a 7% reduction in the RDF 

curve which means a reduction in the aggregation mode and the reduction in the first peak 

was more clear than the second peak. The structure of A4 is long core connected to three long 

chains may help in reducing the effect of magnetic forces because of the flexibility of the 

sulfide bond in comparison with the aromatic core. 
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Figure 6-8. Snapshots of different asphaltenes at different magnetic fields. Where: I 

represents A1 at 0 T, II represents A2 at 1 T, III represents A3 at 2 T, and IV represents A4 at 

0 T.  

 

6.5.2.2 Hydrogen bond 

In this study, hydrogen bond interactions predominantly occur among the polar groups that 

have the ability for HB interactions between asphaltene molecules (o-xylene and n-heptane 

do not have polar sites for such interactions). According to Lorentz force and magnetic field 

application, highly charged particles will be affected more than other particles in the system. 

In asphaltene, the highly charged atoms are polar functional groups such as amino (NH) and 

carboxylic groups. The used asphaltenes have different sites that could participate in HB 

I II 

IV III 
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interactions, thus magnetic fields may have effects on the orientation and interactions of 

these atoms which may affect asphaltene aggregation. It is reported that HB interactions may 

affect the morphology of aggregated asphaltene (Yaseen and Mansoori, 2018).  

The average number of HB between asphaltene molecules at different magnetic fields are 

reported in Figures 7. It shows the magnetic field effects on HB interactions where it caused 

an increase and decrease in the average number of HB interactions. The changes in HBs are 

due to the changes in the separation distances and/or the orientations of asphaltene 

molecules. Note that there is no discernible trend in HB counts with respect to magnetic 

strength and this may strongly indicate the magnetic field strength predominantly affect the 

main aromatic systems of asphaltene and that the change in HB counts is merely due to weak 

coupling of geometrical rearrangement of these aromatic systems with respect to the side 

chains where HB interactions occur.  

 

Figure 7. Average number of hydrogen bonds (HBs) of asphaltenes at different magnetic 

fields. A1 does not have any donor and acceptor thus it has zero HB interactions. 
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 Conclusions 

In this study, we have investigated the effect of different magnetic field strengths concerning 

the asphaltene aggregation behavior in paraffinic and aromatic mediums. Radial distribution 

functions and hydrogen bond interactions were investigated through molecular dynamics 

simulation. Our MD results indicated that magnetic field has effects on the onsets of 

asphaltene aggregation in different mediums. In paraffinic medium, 0.5T increased the onsets 

of aggregation and changed the kind and distances of preferred stacking for all the used 

asphaltenes. Besides that, the effect of 1.0T, as well as the effects of 1.5T, were different 

depending on the asphaltene molecular structure. In aromatic medium, 0.5T increased the 

association of A1 and decreased the association of A2 and A3.  

The different behaviors of asphaltenes could be explained as magnetic fields have a high 

effect on polar species and the effects become higher with increasing the polarity of the 

molecules. Thus, we see different behaviors in different mediums and with increasing the 

magnetic fields. 0.5T is a moderate magnetic field. Thus its effect on asphaltene is higher 

than other molecules in the system due to its polarity. This means the effects on asphaltene 

are more observable than other molecules, which increased the onset of aggregation in 

paraffinic mediums. The interactions between asphaltene molecules and magnetic field of 

0.5T strength were not high enough to control the movement and rotation of asphaltene 

molecules. We believe that magnetic forces due to 0.5T helped in the rotation of asphaltene 

molecules which helps in better - interactions.  

This study clearly shows the complex relationship of the topological structures of 

asphaltene concerning magnetic field strength. In our future studies, we intend to look into 

details the role of solvents and their interactions with asphaltene molecules to investigate 

their influences on the asphaltene aggregation with and without the presence of magnetic 

field. Also, this study also highlights that center of gravity base RDF analysis may not be 
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able to reveal the packing structure, especially for those molecules with flexible topological 

structures. A more localized structural analysis would be needed to quantify the molecular 

packing of such structures.  

Hydrogen bond results indicated that magnetic field did change the average number of 

the interactions depending on the medium and asphaltene architecture. These changes are due 

to the changes in the orientation and the distances between asphaltene molecules (as reported 

in RDFs). Also, trajectory visualization showed different changes due to the magnetic field. 

Generally, the effects of magnetic field on the onset of asphaltene aggregation are due to 

Lorentz force. Asphaltene is the most polar species in the system. Thus the effects of 

magnetic field on its onset of aggregation are high. The effects of magnetic field are 

dependent on the strength of the applied magnetic field, the medium, and the architecture of 

asphaltene, where the number and position of heteroatoms are very important.  

The results showed 1 T could break up A1 aggregation by 22% while 2 T showed a 

reduction in A2 RDF curve. Because of the flexibility of the bridge chain in A3 and the 

distribution of heteroatoms, A3 showed small changed due to magnetic treatments in 

comparison with the previous two cases. The aggregation trend of A4 asphaltene was 

affected by 2 T field intensity. The reduction in A4 was less than A1 and A2 due to the 

flexibility of the long three sulfur-containing chains. Hydrogen bond results indicated that 

magnetic field did change the average number of the interactions depending on asphaltene 

architecture. These changes are due to the changes in the orientation and the distances 

between asphaltene molecules (as reported in RDFs). Moreover, the diffusivities of used 

asphaltenes were influenced by magnetic field. Magnetic field changed the diffusivities of all 

the used asphaltene even when they had low aggregation status. Also, trajectory visualization 

showed different changes due to the magnetic field. Generally, the effects of magnetic field 

on asphaltene aggregation are due to Lorentz force which is high for polar species. Since 
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asphaltene is the most polar species in the system, the effects of magnetic field on 

aggregation are high. The effects of magnetic field are totally dependent on the strength of 

the applied magnetic field and the architecture of asphaltene, where the number and position 

of heteroatoms are very important. It was observed that asphaltene with large single aromatic 

core changed more than others during magnetic treatments and the archipelago structure was 

less affected. This study clearly shows the complex relationship of the topological structures 

of asphaltene concerning magnetic field strength. Also, it highlights that magnetic field could 

be used for asphaltene aggregation alteration. More studies of different structures and in the 

presence of resins at different temperatures are required to predict the general trends of 

asphaltene disaggregation process.  
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 Abstract   

In enhanced oil recovery, asphaltene instability is due to the changes in pressure, 

temperature, and composition of the reservoir fluids. Molecular dynamics simulations were 

conducted to investigate the onset of asphaltene adsorption on calcite surfaces. The results 

showed that a fixed layer of ortho-xylene rapidly adsorbed on calcite. The onset of asphaltene 

adsorption was a function of its structure and the distribution of the heteroatoms. The 

morphology of the solid surface had a key role in the asphaltene adsorption, whereas the 

adsorption of asphaltene was higher on the rough surface than that on the smooth surface. In 

the absence of air, asphaltenes showed a high adsorption affinity on calcite than in the 

presence of air. The presence of different heteroatoms enhances the adsorption of asphaltene 

to the surface. Sulfur works as an adsorption site where the sulfur atoms pull the asphaltene 

molecules toward the surface. The trajectory showed that the first stacked Asphaltene and 

hypothetical structures’ atoms to the surface were sulfur. In general, the results demonstrated 

a reduction in asphaltene adsorption on calcite in the presence of air. Also, more 

investigations about different surfaces and large-scales are required for robust predictions and 

observations. 

 

 Introduction 

During petroleum production, asphaltenes may aggregate and deposit in the porous media 

and production facilities. The adverse effect of asphaltene deposition in reservoir pores is 

pore clogging and alteration of pore surface wettability. Deposition of asphaltenes may lead 

to significant reservoir damage, reduced oil flow in the reservoir pores, and deterioration of 

oil recovery efficiency. To understand and correct this problem, much research has been 
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performed on conditions under which asphaltenes may start to aggregate due to miscible gas 

flooding, and the factors which may contribute to its deposition and adsorption on reservoir 

surfaces (Khalaf and Mansoori, 2018, 2019; Kim et al., 1990; Mansoori, 1997). For example, 

experimental results of a Middle Eastern core flooding indicated high asphaltene 

precipitation in carbonate cores (Dehghani et al., 2007; Leontaritis and Mansoori, 1988; 

Takahashi et al., 2003). It has been shown that calcite (CaCO3) is a highly active mineral for 

asphaltene adsorption (Jada and Debih, 2009; Tu et al., 2006). Studies of the stacked 

asphaltenes on the calcite surfaces showed irreversible adsorption which is more significant 

compared to the silica surfaces (Gonzalez and Travalloni-Louvisse, 1993). Other studies 

showed a rapid adsorption on silica. However, the solvent plays a key role in determining the 

strength of asphaltene adsorption due to the difference in asphaltene solubility in these 

solvents (Adams, 2014; Mohammed and Gadikota, 2019). 

Our interest in this research is to understand the molecular nature of asphaltene 

adsorption on reservoir rocks forming the petroleum reservoirs porous media. To our 

knowledge, there are little or no fundamental studies on the molecular basis of asphaltene 

adsorption on solid surfaces. Because calcite is the main fraction of limestone rocks in many 

oil reservoirs around the world, the present study focuses on asphaltenes adsorption on 

calcite (Taheri-Shakib et al., 2018). Understanding asphaltene adsorption on calcite may give 

an indication about the process at the molecular level and help in identifying the main factors 

that lead to the adsorption. 

Accordingly, MD simulations were carried out to investigate the molecular nature of 

asphaltene adsorption on the calcite surface. The intention was to examine the impact of 

different heteroatoms on asphaltene adsorption on calcite. Thus, various structures containing 

different heteroatoms were used. The aromatic cores and length of aliphatic chains are the 



 

 

90 

same in all the used structures. This helps in focusing on the effects of location and type of 

heteroatoms on the onset of asphaltene adsorption on different solid surfaces.  

 

 Asphaltene Structures 

The asphaltene molecular structure used in this study, Asphaltene (A) in Figure 1, is proposed 

by Takanohashi et al., (2004) for Khafji crude oil in Saudi Arabia. This asphaltene is 

extensively used in various studies and has all the reported heteroatoms in asphaltenes. In 

order to understand the effect of asphaltene molecular structures and the presence of different 

heteroatoms on the onset of asphaltene adsorption on calcite surface, four additional 

hypothetical structures similar to A were proposed and used. These additional structures are 

named M1-M4, respectively. The main shape (aromatic core and length of aliphatic chains) is 

the same in all structures shown in Figure 1. This helped in focusing on the effects of 

location and type of heteroatoms on the onset of asphaltene adsorption on calcite surface. 
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Figure 7-1. Structure of asphaltene (A) and the four hypothetically modified structures M1-

M4 used in this study. 

 

 

 Simulation Method 

 Initial configurations  

Every simulation system was composed of a mixture of Asphaltene A (or one of the 4 

hypothetical structures in Figure 1) originally dissolved in the crude oil and located next to a 

calcite surface. The crude oil was represented by a mixture of ortho-xylene and normal-

heptane. Then a miscible injectant was introduced that would cause the separation of 

asphaltene from the oil phase and its possible adsorption on calcite.  For the miscible 
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injectant, we used air at high pressure. Then, through MD simulation, we studied the onset of 

stacking of the separated asphaltene on solid calcite surface was studied. 

The calcite surface was constructed by cutting along the (104) crystallographic surface. 

The obtained surface initially had dimensions of 9.28 nm x 7.63 nm x 2.40 nm which was 

composed of 6 calcite layers. The simulation box was expanded in the z-direction to get the 

desired size. An equimolar mixture of n-heptane and o-xylene in which 7 wt% of asphaltene 

(or the four hypothetical molecules) was used in all simulations. Twenty-four molecules of 

asphaltene (and the four hypothetical molecules) were randomly distributed in the simulation 

box. Then, all the remaining molecules of n-heptane and o-xylene were sequentially placed in 

the box. To study the effects of the miscible injectant, 20 wt% of air was added to the system. 

The ingredients of added air were based on 79% nitrogen and 21% oxygen only (neglecting 

the effects of small concentrations of other gases). 

 Force fields 

The calcite surface was modeled using a force field developed by Xiao et al. (2011). For air 

(nitrogen and oxygen), the force field developed by Vujić and Lyubartsev (2016) was used. 

For other molecules (asphaltene, the four hypothetical molecules, n-heptane, and o-xylene), 

OPLS-AA force field was employed.  

The total energy was calculated based on the summation of bonded (bending, stretching, 

and torsion) and non-bonded (van der Waals represented by Lennard-Jones and electrostatic 

represented by coulomb) energies. The OPLS-AA is shown to work well for organic liquids 

in reproducing the experimental data. In addition, it is shown that the OPLS-AA works well 

in calculating and producing hydrogen bond interactions between all possible donors and 

acceptors (Khalaf and Mansoori, 2019; Mohammed and Mansoori, 2018; Yaseen and 

Mansoori, 2017, 2018). 
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 Simulation details and algorithms  

A series of classical MD simulations were carried out using GROMACS 5.1.2 simulation 

package (Van Der Spoel et al., 2005). After preparing the simulation box in the desired 

dimensions, energy minimizations were conducted to eliminate the effect of the assumed 

energy of the initial configurations. To relax the system at reservoir conditions (389 K and 

472 bars), energy minimization was followed by 100 ps canonical (NVT) ensemble using V-

rescale thermostat. This NVT was followed by 500 ps isothermal-isobaric (NPT) ensemble 

using Berendsen pressure coupling. To study asphaltene deposition on one solid-fluid 

interface, the periodic boundary conditions were applied in x-y directions. In all the 

simulations, leapfrog algorithm with a timestep of 2 fs was used to integrate the equation of 

motion. The Particle Mesh Ewald (PME) method was applied to calculate the long-range 

Coulomb interaction forces. In all non-bonded interactions, the cutoff was set to 1.2 nm. 

After reaching the desired temperature and pressure, the simulations were performed in NVT 

ensemble for 40 ns. The bond lengths were constrained using LINCS algorithm. Over the 

course of simulations, the atomic positions were recorded every 100 ps which allowed the 

tracking of the position of the molecules. 

 

 Results and Discussions  

To understand the adsorption of asphaltene and the four hypothetical structures shown in 

Figure 1 on calcite surface in the absence and presence of air, two kinds of solid surfaces 

were considered. In reality, rocks are not smooth and straight. There are a lot of protrudes and 

pore constriction inside the porous media. To understand the adsorption of asphaltene 

molecules on pore entrances and the edge of the rock surfaces, rough calcite was used.  
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 Asphaltene adsorption on solid surfaces 

To understand the stacking of the different structures reported in Figure 1 on rough and 

smooth calcite surfaces in the absence and presence of air, density profiles of system species 

were calculated along the z-direction (perpendicular to the solid surface). It provides the 

distribution of asphaltene molecules on the surface. Also, trajectory inspections were 

considered in this section to find out which kind of stacking and which segments were close 

to the surface.  

Figure 7-2 shows the density profile of Asphaltene (A) in the presence (black line) and 

absence (red line) of injected air on smooth and rough surfaces. It shows that asphaltene 

molecules tend to be adsorbed on the calcite surface. Visual inspection showed that 

Asphaltene was stacked in two modes, adsorption of single molecules and adsorption of 

asphaltene aggregates. On a smooth surface, the dominated stacking were single molecules 

adsorption and the molecules were distributed all over the surface. However, on the rough 

surface asphaltene molecules were all stacked and accumulated on protrudes of the calcite, 

see Figure 7-3, where asphaltene molecules appeared to adsorb more. These results showed 

that the geometry of the surface is an important factor during asphaltene adsorption into solid 

surfaces. 

Adding air to the system enhanced the onset of asphaltene aggregation of A and reduced 

its adsorption on both kinds of surfaces. It can be seen that air reduced the stacking and 

displaced asphaltene molecules from the surface. In the case of smooth surface, the distance 

between Asphaltene (A) and the surface before adding air was less than in the presence of air. 

The displacement was due to the air layer between the highly adsorbed xylene layer and 

asphaltene. In the case of rough calcite, the distance between asphaltene and the surface did 

not show much change as compared with the smooth surface. This is due to the fact that air 

could not cause detachment of all the asphaltene molecules, but it disturbed the stacked 
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layers. Inspection of the simulation trajectory confirmed the difference in the close distances 

as shown in Figure 7-3.   

 

Figure 7-2. Density profile of A asphaltene in the presence (black line) and absence (red line) 

of injected air, on smooth (a) and rough (b) surfaces.  

 

 

 
Figure 7-3. Snapshots of the final configurations of onset of adsorption of Asphaltene (A) in 

the absence (left-side figures) and presence (right-side figures) of injected air, on smooth (top 

figures) and rough (bottom figures) surfaces. 
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Investigation of other systems (M1-M4) showed similar behavior. The adsorption of 

asphaltene molecules on rough calcite was higher than the adsorption on smooth calcite.  In 

addition, air could reduce asphaltene adsorption on calcite surface, Figure 7-4, Figure 7-5, 

Figure 7-6, and Figure 7-7. It was reported that aggregated asphaltenes adsorbed less than 

individuals on rock surfaces. In the results, it is shown that asphaltene stacking and 

desorption are independent of the aggregation, especially in the cases of the rough surface. 

For example, visualization showed that M1 aggregation behaviors in the presence and 

absence of air were almost the same. While in the case of M1 stacking, the results showed a 

high reduction in asphaltene adsorption on rough and smooth calcite surfaces. Moreover, air 

reduced M2 aggregation and a high change in the adsorption on the rough surface. However, 

M3 asphaltene showed different behavior than previous asphaltenes. It was shown that air did 

not enhance M3 aggregation, but did show a high improvement in its desorption on smooth 

surface. It is reported that polarity is the driving force for asphaltene adsorption on solid 

surfaces (Piro et al., 1996). It is known that heteroatoms increase the polarity of asphaltene. 

Surprisingly, M3 showed similar adsorption affinity to other asphaltenes. In all other 

asphaltenes (A, M1, M2, and M4), air could reduce asphaltene adsorption onto calcite. In the 

M3 case, the reduction was higher than others in the case of smooth calcite. This behavior is 

because M3 has less interaction affinity with air and calcite surface that comes from 

heteroatoms. 
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Figure 7-4. Density profile of M1 asphaltene in the presence (black line) and absence (red 

line) of injected air, on smooth (a) and rough (b) surfaces. 

 

 

 
Figure 7-5. Density profile of M2 asphaltene in the presence (black line) and absence (red 

line) of injected air, on smooth (a) and rough (b) surfaces. 
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Figure 7-6. Density profile of M3 asphaltene in the presence (black line) and absence (red 

line) of injected air, on smooth (a) and rough (b) surfaces.  

 

 
 

Figure 7-7. Density profile of M4 asphaltene in the presence (black line) and absence (red 

line) of injected air, on smooth (a) and rough (b) surfaces. 
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Figure 7-8. Density profiles of xylene, heptane, and air in z-direction away from the surfaces.  

  

 

 Interaction energies  

To evaluate the driving forces for the onset of asphaltene aggregation and adsorption on 

calcite surface, interaction energies between asphaltene structures and smooth and rough 

surfaces in the presence of air were analyzed and reported in Figure 7-9. The results showed 

that both vdW and ES interactions were attractions to the calcite which suggested that the 

chemistry of the surface had a role in these interactios. In addition, the interactions between 

the surfaces and the structures were different even with the similar architecture of the used 

asphaltenes. This means that the distribution and the kind of heteroatoms have roles in the 

adsorption of asphaltene to the surfaces. The Figure also showed that the attraction energies 

between asphaltene-rough calcite were much higher than between asphaltene-smooth calcite. 

Both vdW and ES interactions of A, M1, and M3 and rough calcite were much higher than 

the interactions with smooth calcite. M2 showed different behavior from other structures 

which may have been due to the distribution of the heteroatoms, where they might equally 

interacte with the calcite surfaces. 
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Figure 7-9. Intermolecular interactions between asphaltene molecules and smooth and rough 

surfaces. (A) vdW interactions (B) Electrostatic interactions.  

 

In addition to the molecular interactions shown in Figure 7-9, the total interactions of 

selected atoms of asphaltenes with calcite were calculated and analyzed. The selected atoms 

were chosen all around the used structures (A, M1, M2 and M3) to closely look into the 

contribution of heteroatoms during asphaltene adsorption. It is reported that asphaltene 

adsorption on calcite is due to the polarity of the asphaltene and the chemistry of the surface. 

The results here showed that heteroatoms have high contributions during asphaltene 

adsorption in the absence and presence of injected air, see Table 7-1, Table 7-2, Table 7-3, 

Table 7-4, and Table 7-5. In each structure, comparing the contribution of the selected atoms 

showed that heteroatoms had very high attraction energies to the calcite. Also, comparing the 

structure with no heteroatoms with other structures shows that hydrocarbons have low 

interaction affinity to the surface. It supports the fact that asphaltene behavior is highly 

affected by the presence of heteroatoms. Generally, sulfur helps in the stacking, and the 

results here showed the sulfur has a high attraction to the calcite in smooth and rough 

surfaces. Trajectory visualization showed that the first atoms that sticked to the surfaces were 

sulfur atoms, see Figure 7-3. This suggests that sulfur works as a site of adsorption on calcite 



 

 

101 

and other surfaces. The attraction energy of sulfur to the surface was much higher than other 

atoms. This confirms the role of sulfur in the adsorption on solid surfaces. 

 

Table 7-1. Total interactions (kJ/mol) between selected atoms of asphaltene A and smooth 

and rough calcite. The chosen atoms are shown on the structure.  

 
 

 

 

Table 7-2. Total interactions (kJ/mol) between M1 hypothetically selected segments and 

smooth and rough calcite. The chosen atoms are shown on the structure.  

 
 

 

Table 7-3. Total interactions (kJ/mol) between M2 hypothetically selected segments and 

smooth and rough calcite. The chosen atoms are shown on the structure. 
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Table 7-4. Total interactions (kJ/mol) between M3 hypothetically selected segments and 

smooth and rough calcite. The chosen atoms are shown on the structure. 

 

 

 

 

Table 7-5. Total interactions (kJ/mol) between M4 hypothetically selected segments and 

smooth and rough calcite. The chosen atoms are shown on the structure. 

 

 

 

 Conclusions 

Molecular dynamics simulation provides the advantage of predicting the behavior of 

asphaltene molecules at reservoir conditions which is very challenging to be experimentally 

determined. Different simulations were conducted to predict the adsorption of asphaltene on 

rough and smooth calcite surfaces. The effect of injected air on different asphaltenes 

dissolved in an equimolar mixture of n-heptane and o-xylene was studied. An immobile and 

high dense layer of o-xylene adsorbed on calcite first. Asphaltenes showed different 

adsorption affinities to the calcite. On the smooth surface, the high adsorption affinity was 

observed in the air-free system and the dominated stacking was a molecular mode. A 
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reduction of asphaltene adsorption was achieved by injection 20 wt% of high-pressure air. A 

layer of air adsorbed to the immobile o-xylene layer next to calcite surface. Air layer 

displaced asphaltene molecules away from the surface. On rough calcite, the adsorption was 

much more than smooth surface. The adsorbed molecules were accumulated on the edge of 

the rough surface. Adding air disturbed some of this accumulation and displaced some of the 

molecules to the bulk of the system. Intermolecular energies showed higher interaction 

energies between asphaltene-rough calcite than asphaltene-smooth calcite. The interactions 

of asphaltene atoms with calcite showed that heteroatoms have a high contribution to the 

adsorption process. Sulfur may work as a stacking site that may be enhanced by other 

heteroatoms. Visualization showed that sulfur atoms were stacked to the surface before other 

atoms. Overall, this study found that air reduced asphaltene adsorption on calcite regarding 

the asphaltene structure. The results here showed the need to consider the roughness of the 

solid surfaces during asphaltene calculations where it had a high impact on the asphaltene 

accumulation. These findings support the use of air in enhanced oil recovery. More 

investigations about the effect of injected air concentrations, different asphaltene 

architecture, and different surfaces will be addressed in the future.  
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 Conclusions 

The main goal of this dissertation was to demonstrate and highlight the asphaltene problems 

and asphaltene behavior in the petroleum industry. The investigations were on asphaltene 

aggregation due to composition changes, the effect of external magnetic fields on the onset of 

asphaltene aggregation and disaggregation, and the effect and role of different heteroatoms 

on asphaltene adsorption on calcite surfaces. The thesis has shown the following results: 

In chapter 4, the onsets of asphaltene aggregation of three different model asphaltenes in 

different mixtures of n-heptane and o-xylene were propped. The roles of van der Waals, 

hydrogen bond, and electrostatic interaction energies on the interaction between asphaltenes 

were investigated. The preferred stacking of asphaltene molecules was face-to-face at high 

paraffin content due to the high aromatic interactions between the aromatic cores. The 

electrostatic interactions were either attraction due to the presence of the heteroatoms in the 

aromatic core, or repulsion due to aliphatic chains that do not contribute in hydrogen bond 

interactions. The results of this study showed that the number and length of the chains, the 

number and position of the heteroatoms, and the number and size of the aromatic cores were 

all contributants in the asphaltene behavior.  

In chapter 5, the effect of injected misciblized gas concentrations and the role of 

interaction energies were investigated. The asphaltene aggregation process was a function of 

the concentration of injected gases. Asphaltenes with long aliphatic chains and archipelago 

architecture showed low association affinity than other flat asphaltenes. Generally, there were 

no appreciable differences between the use of misciblized nitrogen and air on asphaltene 

aggregation. Additionally, the architecture of asphaltene played an important role in the 

aggregation process.  
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Chapter 6 includes investigations about the effect of different magnetic field strengths on 

the onset of asphaltene aggregation and its behavior in paraffinic and aromatic mediums. In 

paraffinic mediums, low magnetic fields increased the onsets of aggregation and changed the 

types and distances of preferred stacking. In aromatic mediums, low magnetic fields 

increased the association of A2 and decreased the association of A3 and A4. The different 

behaviors of asphaltenes could be explained as magnetic fields having effects on polar 

species. These effects could become higher with increasing the polarity of the molecules. 

This study clearly reveals the complex relationship of the topological structures of asphaltene 

concerning magnetic field strength. This study also highlights that center of gravity base 

RDF analysis may not be able to reveal the packing structure, especially for those molecules 

with flexible topological structures. Hydrogen bond results indicated that the magnetic field 

did change the average number of the interactions depending on the medium and asphaltene 

architecture. These changes are due to the changes in the orientation and the distances 

between asphaltene molecules. The effects of the magnetic field are completely dependent on 

the strength of the applied magnetic field, the medium, and the architecture of asphaltene, 

where the number and position of heteroatoms are very important.  

In chapter 7, different simulations were conducted to predict the adsorption of asphaltene 

on rough and smooth calcite surfaces. The effect of injected air and the morphology of the 

surface on the adsorption of different asphaltenes were studied. Asphaltenes showed different 

adsorption affinities to the calcite. On a smooth surface, the high adsorption affinity was 

observed in the air-free system, and the dominated stacking mode was molecular mode. On 

the rough calcite, the adsorption of asphaltene was much higher than on the smooth surface. 

The adsorbed molecules were accumulated on the edge of the rough surface. Adding air 

could disturb some of this accumulation and displace some of the molecules to the bulk of 

the system. Intermolecular energies showed higher interaction energies between asphaltene-
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rough calcite than the asphaltene-smooth calcite. The interactions of asphaltene atoms with 

calcite showed that heteroatoms have a high contribution in the adsorption process. Overall, 

this study found that air enhanced asphaltene aggregation and reduced asphaltene adsorption 

on calcite regardless of asphaltene structure. The results here revealed the need to consider 

the roughness of the solid surfaces during asphaltene calculations where it had a high impact 

on the asphaltene accumulation. 

It is important to mention that the author is aware that molecular dynamics (MD) 

simulations in general, and what is done in this research, are incapable of predicting the 

behavior of complex petroleum fluids and no such calculations are reported here. What was 

done and reported here are the onsets of interaction/aggregation of two individual dissolved-

in-oil asphaltene molecules as a result of the presence or absence of miscible injectants (i.e. 

high pressure nitrogen or air in a model oil). There is confidence that the results reported in 

this dissertaion are applicable to onsets of asphaltenes’ behavior in real crude oils.  

 

 Recommendations for Future Research 

The investigations about asphaltene aggregation and deposition at molecular level opened up 

several research opportunities. These ideas may help in better understanding and fill up an 

important gap in asphaltene behavior. Here is a list of the suggested future researches: 

A- The results in chapters 4 and 5 showed that asphaltene aggregation was affected by 

asphaltene architecture, the aromaticity of the medium, and the concentration of 

injected fluids. These results have suggested that there is a need to do more 

simulations of different asphaltenes in different mediums. As reported in the 

literature, asphaltene could be found in different architectures in the same crude oil. 

Thus, simulations of mixtures of different asphaltenes (polydisperse) from the same 

crude oil are required to give a better understanding of the effects of asphaltene 
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molecular structure on its aggregation path. Also, simulations of asphaltenes in 

aromatic, paraffinic and/or their mixtures do not include the effects of other important 

species in the real crude oil mixtures. Thus, studies of asphaltene aggregation in the 

presence of a wide range of species that are reported in the same crude oil of used 

asphaltene are encouraged. These studies will include the interactions of asphaltene 

with different species and may show different aggregation paths, especially if these 

species provide acid-base interactions with asphaltene. 

B- The effects of external magnetic field on asphaltene aggregation showed interesting 

results where magnetic fields could disturb asphaltene aggregation. However, more 

and deep investigations are required to investigate the effect of magnetic field on 

heavy organics aggregation and deposition. Simulations of mixtures of different 

species, including asphaltene (and a mixture of asphaltenes), are suggested to include 

the effect of magnetic field on the aggregation/disaggregation. It is suggested to do 

annealing simulations in the presence of magnetic field to investigate the effects of an 

increase or decrease of system temperature on the aggregation/disaggregation 

process.  

In addition, it was reported that resins and asphaltenes factions possess 

paramagnetic properties (Retcofsky et al., 1979; Unger, 1997; Yen et al., 1962; Yen, 

Tynannet al., 1970). When metals like iron, nickel, cobalt, and vanadium are present 

in petroleum fluids, the metals increase oil’s paramagnetic properties (El-Mohamed et 

al., 1986; Ivakhnenko, 2012; Khristoforov, 1971; Lesin et al., 2010; Miller, 2002; 

Veciana, 1996; Yen et al., 1962). The metals that are present in the crudes are usually 

associated with asphaltenes. Different studies reported that metals and free radicals 

were concentrated in asphaltene fraction aggregates (Chen et al, 2016; Ganeeva et al., 

2011; Ivakhnenko, 2012; Loskutova and Yudina, 2003). For example, the asphaltene 
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fractions of Boscan and Bachaquero crudes have 9700 and 2700 ppm vanadium 

respectively (Yen et al., 1970). Dickie and Yen (1967) showed that vanadium 

complexes were not a part of asphaltene, but they worked as a site for aggregation. 

This means most of asphaltenes aggregates have metals if there are metals in the 

system. However, there is no clear conclusion about the magnetic properties of 

asphaltene or asphaltene aggregates that include metals and how these aggregates 

behave in the presence of magnetic fields. Thus, experimental and theoretical 

calculations of wide ranges of heavy organic species (including organometallic 

species) are required to find out the exact magnetic properties of these compounds 

and connect them with asphaltene aggregation and deposition in the presence and 

absence of magnetic fields. These investigations have to investigate each fraction 

separately before mixing them to build up a model oil and compare their behaviors. 

C- It is very important to focus on asphaltene deposition and the consequences with it. 

The simulations of asphaltene adsorptions on calcite surfaces have shown that 

heteroatoms play roles in the adsorption.  These results have suggested that there is a 

need for more simulations of different asphaltenes that have a different distribution of 

heteroatoms. Also, the simulations should consider different rock surfaces to 

investigate all the possibilities of asphaltene deposition on these rocks (calcite, silica, 

and clay). Also, the studies have to consider different species that are found in 

reservoir fluids. The interactions with water, ions, injection fluids (such as air or CO2) 

should also be investigated during these simulations to probe the role of these species 

on asphaltene deposition that may cause wettability reversal of the rocks. Moreover, 

one of the oil industry problems is the deposition of asphaltene and/or heavy organics 

in production and transportation lines. Almost all of the pipelines are made of carbon 

steel which may help asphaltene deposition. However, with the development of 
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nanotechnology and coating of solid surfaces, these pipes could be coated by a thin 

layer of a material that may reduce or eliminate asphaltene deposition. Thus, 

simulations of different asphaltenes on metals or polymer surfaces are encouraged to 

find out a good coating material and understand asphaltene deposition on different 

surfaces.   
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