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Abstract  

  The asphaltene precipitation around the wellbore will result in formation 

damage, leading to a positive skin factor and an excess pressure drop 

during oil flow toward a production well or during water/gas flow away 

from an injection well. There are two solutions against asphaltene 

precipitation: treatment and inhibition. The conventional treatment 

methods are expensive and face limitations. Thus, the prevention of 

asphaltene precipitation is a much better solution. In recent years, there has 

been a growing interest in using nanoparticles (NPs) for asphaltene 

adsorption. Due to the unique properties of NPs in asphaltene adsorption 

(such as high surface-to-volume ratio and high adsorption tendency), they 

can inhibit the precipitation of asphaltene in the porous media, potentially 

mitigating the adverse effects of asphaltene precipitation on reservoir 

performance. This research employed molecular dynamics simulations to 

examine the influence of Fe3O4 NPs on the adsorption of asphaltene from 

heavy and ultra-heavy materials. A simulation duration of 10 ns was 

sufficient to achieve thermodynamic equilibrium in the initial atomic 

sample, with potential and total energy (TE) stabilizing at 5.16 and 6.06 

kcal/mol at 300 K, indicating average attractive forces among the atoms. 

Based on the results, increasing Fe3O4 NPs concentration from 2.5 to 7% 

raised the diffusion coefficient from 0.51 to 0.61 Å²/fs and the mean square 

displacement (MSD) from 4.99 to 5.33 Å². However, further increasing the 

concentration to 10% resulted in a drop in the diffusion coefficient to 0.53 

Å²/fs and a decrease in MSD to 5.06 Å². The maximum density profile of 

atomic structure rose from 0.0049 to 0.0055 atoms/Å³ at 7% concentration, 

but decreased to 0.0051 atoms/Å³ at 10%. Finally, the asphaltene 

adsorption rate improved from 72 to 79% as the concentration increased 

from 2.5 to 7%, but then dropped to 73% at 10%. These results highlight 

the optimal NP concentration for enhancing asphaltene adsorption without 

causing agglomeration issues. 
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1. Introduction 

    Crude oil, a vital energy source, comprises several compound groups, including paraffins, Naphthenes, 

aromatics, resins, and asphaltenes [1, 2]. Resins and asphaltenes, unlike the pure hydrocarbons of paraffins and 

aromatics, contain other elements like nitrogen (N), sulfur (S), oxygen (O), and metals like nickel and vanadium, 

forming NSO compounds. Asphaltenes are the heaviest constituents, prone to aggregation. Particles of asphaltene 

precipitate and aggregate into bigger structures known as clots under particular thermodynamic circumstances, 

such as temperature (Temp), pressure, and oil content. These clots deposit on rock surfaces and affect qualities 

like permeability and porosity [3, 4].  

http://cnj.araku.ac.ir/contacts


Colloid & Nanoscience Journal  original Article 

 

 

   Colloid Nanosci. J. 2(4) (2025) 447-461. 

 
 

   Chemical additives like surfactants, polymer inhibitors, and adsorbents are effective in mitigating asphaltene 

deposition [4]. Adsorbents, such as beta zeolite, mineral surfaces (kaolin, calcite, dolomite), clay, reservoir rocks, 

and metal oxide nanoparticles (NPs) (e.g., MgO and titanium oxide) were employed [5, 6]. NPs are especially 

preferred for asphaltene adsorption because of their high surface-to-volume ratio, functional surface, and smaller 

size. This is because they boost transport in porous media and improve fluid flow performance during extraction 

[7-9]. The amount of asphaltene adsorbed on NPs hinges on NP’s type, surface chemistry, and interaction forces 

with asphaltene [10, 11]. These forces encompass van der Waals force and polar acid-base interactions between 

NPs surfaces and asphaltene particles [12, 13]. Recent interest in NPs stems from their ability to efficiently adsorb 

asphaltene, contributing to enhanced crude oil properties [14, 15]. Nassar et al. [16] conducted a comprehensive 

investigation into the effect of six distinct NPs, namely ferrite, cobalt oxide, titanium oxide, MgO, CaO, and NiO, 

on asphaltene precipitation via the thermogravimetric method. Their findings revealed intriguing insights, 

particularly regarding the adsorption properties of CaO, which exhibited a notable adsorption capacity. However, 

intriguingly, it did not demonstrate the highest adsorption affinity under identical conditions. This observation 

suggests a lack of direct correlation between the highest adsorption capacity and the highest adsorption affinity 

within this context. Shojaati et al. [39] delved into the effects of ferrite NPs, nickel oxide, and γ-Al2O3 on the 

initiation of asphaltene precipitation. Their investigation highlighted the distinct behavior exhibited by NPs with 

varying chemical natures. It is important to note that NPs with Brønsted–Lowry acid sites and acidic chemical 

properties, as exemplified by γ-Al2O3, exhibited a greater propensity to delay the onset of asphaltene precipitation 

than NPs with an amphoteric chemical nature, such as ferrite. Sayyad Amin et al. [17] focused on examining the 

breadth of unstable and supersaturated zones of tarballs in the absence of NPs, employing the anti-solvent 

precipitation technique. The research conducted a thorough analysis of the effect of many elements on the 

supersaturation phenomena, such as the breadth of unstable zone, initial solute concentration, mixing area, and 

anti-solvent addition rate. Kulkarni and Myerson [18] conducted research centered on using functionalized NPs 

to modulate solubility within a given system. Their findings underscored a notable reduction in system solubility 

upon the addition of functionalized NPs, thereby elucidating the efficacy of such NPs in controlling solubility 

dynamics within the system. Lu et al. [19] embarked on an investigation into the effect of solvent composition on 

asphaltene adsorption behavior onto silica surfaces, employing molecular dynamic simulation techniques. In the 

framework of the SARA (saturation, aromatic, resin, asphaltene) model, their results provide insight into the 

complex interactions between asphaltene molecules and silica surfaces. They noticed, among other things, that 

asphaltene molecules had a propensity to interact in a T-shaped fashion with silica surfaces, which eventually 

resulted in the creation of thick asphaltene aggregates and provided important information about the mode of 

occurrence of base heavy oil. In petroleum engineering and materials science, investigating asphaltene adsorption 

processes in heavy and super-heavy materials is critical. Asphaltenes, complex organic compounds inherent in 

crude oil, play pivotal roles across various sectors of the petroleum industry, from production to transportation 

and refining. Understanding the behavior of asphaltenes, particularly their interaction with NPs, holds immense 

significance for optimizing industrial processes and enhancing resource utilization efficiency. Molecular 

dynamics (MD) simulation has become a potent instrument for investigating the complex dynamics of asphaltene-

NPs interactions at the atomic level in recent years. Researchers acquired invaluable insights into the mechanisms 

that underlie asphaltene adsorption onto NP surfaces and have identified the factors that affect this phenomenon 

by utilizing MD simulations [20]. In this context, the present research aimed to explore the effect of Fe3O4 NPs 

on the asphaltene adsorption process in heavy and super-heavy materials using MD simulation techniques. By 

delving into this investigation, the study tried to shed light on the nuanced interactions between Fe3O4 NPs and 

asphaltene molecules, providing novel insights into the kinetics, thermodynamics, and mechanisms governing the 

adsorption process. Using advanced simulation techniques, this research tried to enhance the fundamental 

comprehension of asphaltene adsorption dynamics in heavy and super-heavy materials through innovative 

exploration. Consequently, it provided potential opportunities for the optimization of industrial processes within 

the petroleum industry [21]. In brief, the novelty of the research lies in examining the impact of various factors 

on the interaction between asphaltenes and surfaces using MD simulation methods. Specifically, this research 

investigates the following: 1) Change in the atomic ratio of nanoparticles: By altering the atomic ratio of 

nanoparticles, it is feasible to investigate how different compositions affect the adsorption of asphaltenes. This 

provides insight into the optimal configuration of NPs to prevent asphaltene precipitation; 2) Change in initial 

temperature: Studying the effect of different initial temperatures allows researchers to understand how 
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temperature influences the interaction between asphaltenes and surfaces. This knowledge can be used to optimize 

temperature conditions for controlling asphaltene aggregation and precipitation. By examining these 

aforementioned factors, this study contributes new insights into the behavior of asphaltenes at the atomic level 

and provides innovative approaches for mitigating the challenges associated with asphaltene aggregation and 

precipitation in the petroleum industry. 

 

2. Molecular Dynamics Simulation 

  MD simulation utilizes computational modeling to represent particle interactions based on classical physics 

principles, providing a dynamic view of particle motion. This approach addresses the complexities inherent in 

molecular systems by employing computational techniques that harmonize experimental data with theoretical 

models. By solving Newton's equations of motion, MD simulations recreate the behaviors of particles as they 

evolve over time. This method involves calculating the forces acting on each particle, enabling detailed 

characterization and analysis of how systems change [22].  
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a = − −= =                                                                                                      (1) 

The complex structures of molecules present significant challenges for traditional analytical methods due to their 

dynamic nature, influenced by factors, such as Temp, pressure, and chemical interactions. Therefore, numerical 

methods are essential for accurately modeling molecular dynamics. One of the most prominent approaches is the 

velocity-Verlet algorithm. Unlike simpler integration techniques, the velocity-Verlet algorithm excels in precisely 

tracking the trajectories of individual atoms over time. This high level of precision is achieved by using Taylor 

series expansions and Newton's laws of motion, allowing for a detailed depiction of particle movements and 

interactions within complex and dynamic molecular environments. Moreover, the velocity-Verlet algorithm is 

renowned for its stability and efficiency, making it ideal for long-term simulations where small errors can 

accumulate and distort results [23-25]: 
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The accuracy of MD simulation relies heavily on the quality of the force field, which must be well-parameterized 

to model realistic physical and chemical behaviors. This force field evaluates particle interactions based on their 

spatial configurations and mutual effects, serving as the computational framework for the simulation. It 

meticulously calculates the forces acting on each particle, including electrostatic interactions, van der Waals 

forces, and covalent bonds, ensuring that particle movements and interactions align with real-world physical 

principles. [23]. 

 

   total bonded nonbondedE E E= +                                                                                                   (4) 

 

This study delved into the intricate dynamics of particle interactions using discrete potential functions, notably 

focusing on the application of Lennard-Jones (LJ) and Coulomb potentials to model non-bonded interaction 

energy [26-28]. Within the LJ potential, a widely applied model in MD simulations, both repulsive and attractive 

components are encompassed, offering insights into the energy between neutral atoms or molecules relative to 

their spatial arrangement. While the repulsive aspect prevents particle overlap by accounting for electron cloud 

repulsion, the attractive facet captures van der Waals forces at extended distances [28]. 
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The εij and σij parameters play a pivotal role in unraveling the complexities of intermolecular interactions, serving 

as metrics for gauging the intensity and extent of attraction among the particles. These parameters are derived 

through meticulous computations and experimental investigations, offering invaluable insights into the intricate 

behaviors of molecules at a molecular level. A profound understanding of εij and σij not only guides the design of 

materials but also empowers the development of strategies aimed at finely tuning molecular interactions [29, 30]. 

 

ij i j  =                                                                                                                                            (6) 
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The concept of electric potential energy, often referred to as electrostatic potential energy, is rooted in Coulomb's 

law, a fundamental principle in electromagnetism. According to Coulomb's law, the force between two charged 

particles is directly proportional to the product of their charges and inversely proportional to the square of distance 

among them. This principle governs the interactions among static electric charges within a given system. When 

multiple charged particles are present in a system, their positions relative to each other affect the distribution and 

magnitude of electric potential energy within that system. The electric potential energy represents the work 

performed by the electrostatic force in arranging these charges from their initial positions to their final 

configuration. Essentially, it quantifies the amount of energy stored in the system due to the arrangement of 

electric charges [26] : 
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2.1.  Present simulation details 

   This study took a comprehensive approach to investigate the process of asphaltene adsorption within a simulated 

environment. The simulation box, representing the system under study, was set to the dimensions of 100 Å. 

Initially, key components of the system were modeled individually using specialized software tools. A substrate, 

mimicking a quartz crystal, was created at the bottom of the simulation box using Avogadro software. The solvent, 

consisting of water molecules, was modeled with the TIP3P model using LAMMPS software. Moreover, the 

structures of asphaltene (composed of 5S1N2O90H73C), Fe3O4, and zeolite ZSM-5 were constructed using 

Avogadro software. Subsequently, a mixture containing water, asphaltene, Fe3O4, and ZSM-5 zeolite was 

assembled on top of a quartz crystal surface using Packmol software. To achieve a realistic depiction, periodic 

boundary conditions were imposed in all directions, simulating an endless system. Following the initial setup, the 

conjugate gradient method was used to reduce the system's energy over 100,000 time steps, with the NVE 

ensemble keeping the volume, number of particles, and energy constant. Upon achieving energy minimization, 

the simulation transitions to the NVT ensemble, where the Temp was controlled using a Nose-Hoover thermostat.  

   The equilibrium of the modeled structure was then verified to ensure atomic stability. Once stability was 

confirmed, the focus shifted to investigating the process of asphaltene adsorption within the simulated system. 

Physical quantities relevant to the adsorption process were carefully monitored and reported. To capture the 

system's thermal behavior, atomic structures were sampled at regular intervals, with each time step set to 1 

femtosecond. Thermal sampling occurred every 10,000-time steps to analyze changes in the system's 

configuration and behavior over time. Fig. 1 shows the schematic of the studied asphaltene structure. 
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(a) (b) 

  

Fig. 1 (a) Schematic of the studied asphaltene structure (grey, white, and blue colors represent carbon, 

hydrogen, and nitrogen atoms), and (b) expanded asphaltene structure in the simulation box. 

 

3. Equilibration Process 

   Temporal changes in potential energy and the entire prototype were meticulously calculated to investigate the 

equilibrium process within the simulation box thoroughly. The numerical results of these quantities are depicted 

in Figs. 2-3. Fig. 2 reveals the changes in potential energy of the initial atomic sample at a Temp = 300 K, serving 

as the initial conditions for the molecular dynamics simulation. Numerically, the potential energy value within the 

simulated sample converged to 5.16 kcal/mol after 10 ns. This numerical convergence signified the presence of 

an average absorbent force across different regions of the simulation box, elucidating its structural integrity. 

Furthermore, the convergence of potential energy indicated saturation, implying stability in the atom positions 

within the simulated sample under the desired initial conditions. Consequently, it suggested the physical stability 

of the proposed atomic sample for practical applications. 

 

 

 

Fig. 2 Changes in the 

potential energy of the atomic 

sample as a function of time 

in the initial conditions at the 

initial  

Temp = 300 K. 

 

 

 

 

   In the following, the total energy (TE)  changes were calculated according to the simulation time to better 

examine the thermodynamic equilibrium process in the primary atomic structure. The structure's TE value 

converged to approximately 6.06 kcal/mol as the simulation time progressed (Fig. 3). The sum of kinetic and 

potential energies in an atomic sample was the TE from a computational perspective. Consequently, the 

stabilization of the simulated sample was a result of the convergence of this parameter, which suggested an 
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equilibrium among the changes in kinetic and potential energies. This equilibrium was crucial for ensuring the 

reliability of simulation results. Another critical factor affecting the convergence of TE in atomic samples was the 

adjustment of Temp and pressure damping during the simulation. Proper calibration of these parameters ensured 

that the simulated sample reached a stable state, reflecting its structural stability under real-world conditions. The 

findings from this analysis demonstrated the effectiveness of the simulation setup in capturing the thermodynamic 

equilibrium process within the atomic structure. This process can be leveraged in practical applications, 

particularly in the adsorption and removal of asphaltene in industries, such as oil and petrochemicals. 

 

 

Fig. 3 TE changes of the initial 

atomic sample at Temp= 300 K 

as the initial conditions of MD 

simulation. 

 

 

4. Radial Distribution Function 

   After achieving equilibrium in the atomic sample, the Radial Distribution Function (RDF) of the water 

environment within the simulation box was calculated and reported. The RDF is a crucial metric in atomic 

structures, indicating how atoms are spatially arranged under specific conditions and providing insights into the 

system's structural behavior. In this study, the RDF of the aqueous region at equilibrium, maintained at a Temp = 

300 K, is depicted in Fig. 4. This function illustrates the probability of locating a particle at various distances from 

a reference particle, thereby mapping the spatial arrangement within the atomic structure. A comparison of the 

RDF obtained in this study with those from previous research showed a notable similarity. This consistency 

validated the appropriateness of simulation settings employed in the present study. The similarity between the 

RDF which resulted from this study and those from prior investigations confirmed the reliability of simulation 

parameters and methodologies. Such alignment served as a validation of the current calculation methods, 

demonstrating their accuracy. This validation via RDF analysis indicated that the simulation accurately captured 

the structural properties of the water environment under the specified conditions. 
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Fig. 4 The radial distribution 

function of the aqueous 

environment after 

equilibration in the sample 

during 10 ns. 

 

 

5. Results and Discussion 

5.1. Asphaltene adsorption process in atomically equilibrated samples 

   Various factors affect the efficiency and dynamics of adsorption in the structural adsorption process of 

asphaltene in an absorbent matrix. Mean square displacement parameters reflect asphaltene molecule movement 

within the matrix, impacting adsorption rate and quantity. Additionally, the diffusion coefficient controls 

asphaltene molecule speed within the matrix, while density changes affect molecule packing and distribution. The 

adsorption rate directly dictates how quickly asphaltene molecules are absorbed by the matrix. During post-

equilibrium structure creation, the adsorption process is elucidated through mean square displacement, diffusion 

coefficient, density changes, and adsorption rate calculations. These parameters collectively shape the efficiency, 

kinetics, and extent of asphaltene structural adsorption, which is crucial for designing effective adsorption 

processes in industrial applications. The numerical outputs of the mean square displacement at different times at 

a Temp = 300 K and in a period of 10 ns are presented in Fig. 5. These results indicate successful structural 

transformation of asphaltene compared to the primary absorbent matrix, thus preventing phenomena such as 

asphaltene particle adhesion. In the process of asphaltene structural adsorption within the matrix absorber, the 

mean square displacement parameter characterizes the average squared distance traveled by individual atoms or 

molecules within the system over a specified time period from their original positions. This parameter offers 

valuable insights into the mobility and diffusion behavior of the atomic structure during the adsorption process. 

A higher mean square displacement value signifies greater mobility and diffusion of the atomic structure, 

indicating increased movement and potential diffusion of asphaltene molecules into the matrix. Numerically, the 

mean average displacement reaches 4.81 Å after 10 ns, highlighting the significant mobility and diffusion of the 

atomic structure during this period. 
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Fig. 5 The mean square 

displacement of the atomic 

structure at a Temp = 300 K 

and in a period of 10 ns. 

 

 

   The diffusion coefficient of atomic structure at a Temp = 300 K over a period of 10 ns is illustrated in Fig. 6. 

The velocity and extent of asphaltene molecules' interaction with the matrix materials are influenced by this 

parameter, which also determines their capacity to diffuse in the absorbent matrix. A higher diffusion coefficient 

indicates faster movement and diffusion of asphaltene molecules in the matrix, facilitating their adsorption and 

distribution throughout the material. Understanding and controlling the diffusion coefficient parameter is 

necessary to optimize the adsorption process, increase the efficiency of asphaltene removal, and design effective 

adsorbent materials for industrial applications. On the other hand, based on the obtained results, it can be said that 

the passage of more simulation time leads to a more intense transformation of the structure and a more effective 

separation of asphaltene from the initial solution. Based on the results of molecular dynamics simulation, the 

numerical value of the diffusion coefficient quantity reaches 0.482Å2/fs after 10 ns. 

 

 

Fig. 6 The diffusion 

coefficient of the atomic 

structure at a Temp = 300 K 

and in a period of 10 ns. 

 

 

     The density profile and asphaltene adsorption rate were calculated and reported in the subsequent section to as 

effectively investigate the asphaltene adsorption process by the designed matrix. The asphaltene density profile is 

depicted in Fig. 7 at a Temp = 300 K and after 10 ns. Based on the obtained numerical profile, it can be said that 

the maximization of this profile in the middle part indicates the effective adsorption and placement of asphaltene 

in the vicinity of the absorbent matrix, so that the maximum density value in this simulation is equal to 0.0039 

atm/Å3. Therefore, the increased agglomeration of asphaltene molecules near the matrix surface is a result of the 

intense interaction between asphaltene molecules and absorbent matrix materials. This interaction can lead to the 

adsorption and agglomeration of asphaltene molecules in the middle part. 
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Fig. 7 Density profile of 

asphaltene molecules in 

the atomic structure at a 

Temp = 300 K and in a 

period of 10 ns. 

 

 

   

Fig. 8 displays the level of asphaltene adsorption inside the atomic structure under the conditions of a Temp = 300 

K and a period of 10 ns. To quantify the adsorption of asphaltene, a region with a detection boundary of 12 Å was 

identified and the quantity of asphaltene deposited was measured relative to the original matrix. The temporal 

progression of this measure with respect to the duration of the simulation is shown in Fig. 8. Numerically, the 

amount achieves a value of 69% during a time span of 10 ns. This numerical number will quantify the degree of 

asphaltene adsorption in the specified system during real-world operations. Over time, asphaltene molecules have 

more opportunities to contact the absorbent matrix, allowing for a greater number of interactions and adsorption 

events to occur. This long-term exposure leads to the gradual agglomeration of asphaltene molecules near the 

absorbent matrix, and as a result, adsorption increases in the vicinity of the matrix. 

 

 

 

Fig. 8 The amount of 

asphaltene adsorption in 

the atomic structure in 

the present study at a  

Temp = 300 K and a 

duration of 10 ns. 

 

 

 

5.2. The effect of Fe3O4 NPs on asphaltene adsorption process in equilibrated atomic 

samples 

   Previous studies showed that the presence of NPs may greatly affect the adsorption of different molecules by 

the absorbent matrix. To achieve this objective, Fe3O4 NPs with a 2.5% atomic ratio were introduced into the main 

absorbent matrix, and the simulations were then repeated. The results of MD simulations at this stage indicated 

the presence of proper physical equilibrium in these samples with the passage of time. As a result, it will be 

possible to use NPs in real cases without structural instability. Fig. 9 reveals the evolution of the simulated sample 
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structure in the presence of Fe3O4 NPs in the equilibration stage at the initial Temp = 300 K and in the presence 

of 2.5% of NPs. 

 

 

 

a)   b)   

c)   d)    

 

 

Fig. 9 The evolution of the simulated sample structure in the presence of Fe3O4 NPs in the equilibration stage 

and in the presence of 2.5% of NPs in different time steps a) 2.5 ns, b) 5 ns, c) 7.5 ns, and d) 10 ns. 

 

 

   Similar to the preceding section, the initial numerical assessments involved calculating the mean square 

displacement and diffusion coefficient to monitor structural evolution in the samples. Fig. 10 depicts the mean 

square displacement of the atomic structure in the presence of 2.5% NPs, at a Temp = 300 K, spanning a period 

of 10 ns. According to the graph in Fig. 10, the mean square displacement value increased steadily over time in 

the simulated sample, reaching 4.99 Å after 10 ns. MD simulations indicated that introducing NPs into the initial 

matrix amplified this mean square displacement value. The augmented mean square parameter of asphaltene 

displacement near the absorbent matrix, attributed to Fe3O4 NPs, arose from their size and surface properties 

impacting asphaltene molecule diffusion behavior. As Fe3O4 NPs integrated into the system, they interacted with 

asphaltene molecules, altering their movement and distribution around the absorbent matrix. Consequently, an 
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enhanced time evolution of asphaltene molecules was anticipated, leading to heightened proximity to the 

absorbent matrix, thereby improving their adsorption and removal. With the NPs concentration increasing from 

2.5 to 7%, the mean square displacement parameter escalated from 4.99 to 5.33 Å. However, further NPs 

increment, up to 10%, induced a decrease in this parameter due to NPs concentration and clustering phenomena. 

 

 

 

 

Fig. 10 The mean square displacement of the atomic structure in the presence of 2.5% NPs at a Temp = 300 K 

and in a period of 10 ns. 

 

 

   Fig. 11 portrays the diffusion coefficient of the atomic structure in the presence of 2.5% Fe3O4 NPs, at 300 K, 

over a duration of 10 ns. As depicted in Fig. 11, the diffusion coefficient in the devised sample amounts to 0.512 

Å2/fs, indicating a numerical increase compared to the preceding simulated sample. A more intricate and 

heterogeneous environment emerged upon the introduction of Fe3O4 NPs into the system, affecting the diffusion 

behavior of asphaltene molecules. The heightened diffusion coefficient parameter can be attributed to the NPs' 

ability to generate multiple pathways for asphaltene molecule movement. These NPs served as carriers or 

facilitators for asphaltene release, fostering unhindered and swifter molecule movement within the system. 

Increased movements led to a corresponding augmentation in the asphaltene diffusion coefficient parameter, as 

molecules covered greater distances within a given timeframe. Numerical findings revealed that by increasing 

Fe3O4 NPs from 2.5% to 7%, the diffusion coefficient in the analyzed sample escalated from 0.51 to 0.61 Å2/fs, 

with the maximum value attained in the presence of 7% NPs. 
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Fig. 11 The diffusion coefficient of the atomic structure in the presence of 2.5% of NPs at a Temp = 300 K and 

for a period of 10 ns. 

 

 

The atomic structure's density profile at 300 K with 2.5% nanoparticles present is shown in Fig. 12. From a 

numerical perspective, the maximum density profile in the vicinity of the absorbent matrix's surface converged to 

0.0049 atm/Å3 by adding Fe3O4-NPs to the main matrix. This structural and temporal process led to an increase 

in the adsorption of asphaltene molecules. However, the improvement in the adsorption process expressed by 

helping NPs defined in the simulation box was more intense by increasing the amount of these NPs to 7%. This 

behavior occurred as a result of improving and optimizing the interaction energy (adsorbing force) between the 

designed matrix and asphaltene molecules. 

 

 

 

Fig. 12 Density profile of the atomic structure in the presence of 2.5% of NPs at a Temp = 300 K and for a 

period of 10 ns. 

 

 

   The quantity of asphaltene adsorption in the atomic structure is illustrated in Fig. 13 for a period of 10 ns at a 

Temp = 300 K and the presence of 2.5% of NPs. According to the diagram provided, the quantity of asphaltene 

adsorption increased as time passed. Additionally, the adsorption rate parameter increased from 72 to 79% as a 

result of the presence of NPs and the gradual increase in the quantity of Fe3O4 NPs from 2.5 to 7%. The 

concentration of NPs resulted in a decrease in the quantity of asphaltene adsorption to 73%, as a result of the 
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presence of larger quantities of NPs (10%). The increase in asphaltene adsorption in the structural adsorption 

process in an adsorbent matrix due to the presence of Fe3O4 NPs can be attributed to the increase in adsorption 

capacity and surface interactions facilitated by NPs from a technical perspective. When Fe3O4 NPs are introduced 

into the system, they can create a more favorable environment for asphaltene molecules to adhere to the adsorbent 

matrix and increase the overall adsorption capacity of the system. Besides, the presence of Fe3O4 NPs changes the 

surface properties of the adsorbent matrix and makes it more favorable for asphaltene adsorption. 

 

 

 

Fig. 13 The amount of asphaltene adsorption in the atomic structure in the presence of 2.5% of NPs at a Temp = 

300 K and for a period of 10 ns. 

 

 

The numerical outputs from molecular dynamics simulations, which include the mean square displacement, 

diffusion coefficient, maximum asphaltene density profile, and asphaltene adsorption rate during the adsorption 

process, are summarized in Table 1. These results are related to different atomic percentages of Fe3O4 NPs at 300 

K over a duration of 10 ns, under the initial conditions specified in the study. 

 

 

Table 1 Numerical outputs obtained in asphaltene adsorption process for different atomic values of Fe3O4 NPs. 

 

Atomic ratio of 

Fe3O4 NPs 

(%) 

Mean Square 

Displacement 

(Å²) 

Diffusion 

Coefficient (Å²/fs) 

Maximum 

Density Profile 

(atoms/Å³) 

Asphaltene 

adsorption rate (%) 

2.5 4.99 0.51 0.0049 72 

5 5.12 0.56 0.0052 76 

7 5.33 0.61 0.0055 79 

10 5.06 0.53 0.0051 73 

 

6. Conclusion 

  The conventional treatment methods of asphaltene precipitation are expensive and face limitations. Thus, the 

prevention of asphaltene precipitation is a much better solution. Owing to the outstanding properties of NPs in 

asphaltene adsorption (including high surface-to-volume ratio and high adsorption tendency), they can hinder the 

precipitation of asphaltene in the porous media, potentially mitigating the adverse effects of asphaltene 

precipitation on reservoir performance. In the present study, the MD method investigated the adsorption of 

asphaltene from heavy and ultra-heavy materials in the presence of Fe3O4 NPs. The simulations were performed 

for a total time of 20 ns and in the form of two main parts of equilibration of atomic samples and adsorption of 

asphaltene molecules. The results of the equilibration phase of the present study are summarized as follows: 

• A duration of 10 ns was sufficient to achieve thermodynamic equilibrium in the initial simulated atomic 

sample. 
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• At 300 K, the potential energy and TE of the sample stabilized at 5.16 and 6.06 kcal/mol, respectively, 

indicating an average attractive force among the atoms in various regions of the simulation box. 

After establishing equilibrium in the initial atomic sample, which indicated its structural stability, the simulation 

of the adsorption process of asphaltene molecules was carried out using a small focal ensemble for 10 ns, and the 

following results were obtained: 

• Increasing the concentration of Fe3O4 NPs from 2.5 to 7% resulted in the diffusion coefficient rising from 

0.51 to 0.61 Å²/fs. 

• Increasing the concentration of Fe3O4 NPs from 7 to 10% resulted in the diffusion coefficient dropping 

from 0.61 to 0.53 Å²/fs. 

• With an increase in Fe3O4 NPs from 2.5 to 7%, the Mean Square Displacement of atomic structure rose 

from 4.99 to 5.33 Å². 

• With an increase in Fe3O4 NPs from 7 to 10%, the Mean Square Displacement of atomic structure 

decreased from 5.33 to 5.06 Å². 

• The maximum density profile of the atomic structure increased from 0.0049 to 0.0055 atm/Å³ when the 

Fe3O4 NPs concentration increased from 2.5% to 7%. 

• However, increasing the Fe3O4 NPs concentration from 7 to 10% led to a decrease in the Max density 

profile from 0.0055 to 0.0051 atoms/Å³. 

• The asphaltene adsorption rate improved from 72 to 79% as the concentration of Fe3O4 NPs increased 

from 2.5% to 7%. 

• The asphaltene adsorption rate decreased from 79 to 73% as the concentration of Fe3O4 NPs increased 

from 7% to 10%. 
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