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ABSTRACT: 

Dyes are major water pollutants due to their large-scale industrial applications. Dyes adversely 

impact both aquatic and human health. Thus, they require efficient removal from water bodies. 

Adsorption is an effective method for removing dyes from polluted water. In this study, we 

simulated the adsorption of bromophenol blue, methylene blue, and methyl orange by asphaltene 

and its functionalized version. Adsorption was simulated using molecular dynamics (MD) and 

density functional theory (DFT) calculations. Our results indicated that functionalized and 

nonfunctionalized dyes have varying interaction energies depending on the nature of the dye. MD 

simulations indicated that methylene blue tends to have a stronger interaction with asphaltene than 

the other dyes. Methyl orange bound more strongly with the functionalized asphaltene (FASP) 

than with the other dyes. Bromophenol blue dye demonstrated weak interaction with both types of 

asphaltene. DFT calculations were conducted to understand the nature and strength of the 

interactions between the dyes and asphaltene. In this study, we also analyzed binding energy, 

electrostatic potential, frontier molecular orbitals, and noncovalent interactions. The DFT and MD 

analyses supported the experimental finding that FASP is a better adsorbent of dyes than 

nonfunctionalized asphaltene.  
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1. INTRODUCTION  

Solid deposition is a significant problem in crude oil production, transportation, and storage 

operations. It severely affects the petroleum industry and causes massive economic loss. Wax 

deposits comprise high molecular weight n-alkanes (n-paraffins), long iso- and cycloalkanes, and 

high molecular weight polyaromates. Asphaltene is a major component of petroleum fluids and 

heavy crude oils. Asphaltenes are polyaromate heterocyclic macromolecules consisting of carbon, 

hydrogen, and lesser quantities of other elements such as nitrogen, sulfur, and oxygen atoms [1].  

The self-aggregation of the polyaromates ring in asphaltene causes low solubility, high viscosity, 

and recovery problems. These issues lead to reservoir plugging and pipeline fouling [2-4]. The 

high molecular weights of the self-aggregates are soluble in toluene, pyridine, and benzene. 

However, they are insoluble in n-pentane and n-heptane and suspend in crude oil [5]. Asphaltenes 

are a highly polar portion of the petroleum crude matrix. Crude oil has extremely delicate ratios of 

polar to nonpolar atoms in which they are characterized by fused ring aromaticity, small aliphatic 

side chains and polar heteroatom containing functional groups with varying molecular weights [6]. 

The structure and properties of asphaltene depend on the type of employed n-alkane, precipitation 

timing, stirring time, and crude oil source. In general, n-heptane precipitates high molecular weight 

asphaltenes. Conversely, n-pentane precipitates low molecular weight asphaltene. In addition, 

asphaltenes contain trace concentrations (i.e., ppb levels) of V and Ni metals in the form of 

porphyrins. However, these porphyrins do not influence the functionalization and adsorption 

processes. 

 Asphaltene is widely used in roofing, road construction, corrosion inhibition, curing agents, and 

waterproofing [7]. Recently, asphaltene has been used in dye removal from aqueous media [8]. 

Industrial dyes and pigments are not usually biodegradable owing to their complex chemical 



 

structure. Thus, they are seriously harmful for the environment when they are directly released 

into the water. These dyes and pigments prevent sunlight from penetrating the water. Thus, they 

adversely affect both the phytoplankton and the aquatic habitat [9]. Moreover, carcinogenic effects 

have been reported for some of the dyes. Textile, food, painting, and tannery industries use dyes 

in large quantities and release them into the environment [10]. Numerous conventional physical, 

chemical, and biological methods have been employed to remove industrial dye wastes from water. 

These include adsorption [11, 12], photodegradation [13], electrochemical oxidation [14], 

electrochemical degradation [15], membrane filtration [16], reverse osmosis [17], 

coagulation/flocculation [18], and ion exchange [19]. Adsorption with activated carbon is the 

preferred technique for removing dyes from water [20]. However, adsorption with activated carbon 

is expensive. The use of alternative modified sorbents to remove dyes from water can be toxic, 

and biological methods for dye removal are extremely slow and inefficient [21, 22]. Thus, 

removing the dyes from aqueous media remains a major challenge. 

Asphaltene used as an adsorbent has shown promising results for removing bromophenol blue 

(BPB) and methyl orange dyes (MOD). Asphaltene has a high surface area and is easily 

functionalized with –COOH, –OH, and NH2 groups. These chemical properties enhance the 

electrostatic interaction between dyes and asphaltene [8]. Asphaltene as an adsorbent for dyes 

shows great potential for water treatment and environmental remediation of depositions from crude 

oil processing. Thus, asphaltenes are an economically viable material for dye removal from 

aqueous media.  

Recently, the functionalization of asphaltenes was used to remove organic pollutants from an 

aqueous solution. Various experimental techniques have been used to characterize the 

functionalization of asphaltenes. These techniques include Fourier transform infrared 



 

spectroscopy, scanning electron microscopy, and elemental analysis. Results from analyses by 

Siddiqui (2017) suggested that functionalized asphaltene contains a higher number of oxygen 

atoms, carbonyl, and hydroxyl functional groups than nonfunctionalized asphaltenes [8]. 

Thermodynamic parameters were calculated in these analyses, and an experimental ΔG° of –11.8 

and –14.1 kJ/mol was calculated for the BPB and MOD dyes, respectively [8]. The Siddiqui (2017) 

study reported that functionalized asphaltene showed a higher adsorption capacity with better and 

more efficient removal of BPB and MOD dyes than nonfunctionalized asphaltenes [8].  

Herein, we performed quantum mechanics (QM) calculations along with classical molecular 

dynamics (MD) simulations. The objective of our study was to complement the Siddiqui (2017) 

experimental study and to use QM and MD techniques to explain the chemical interactions 

between asphaltene and its functionalized counterparts with industrial dyes. Both QM and MD 

have proven to be effective methods for evaluating molecular interactions between two 

components [23, 24]. Numerous studies have employed computational methods to evaluate the 

characteristics of asphaltene [23, 25-37]. 

Herein, we used two different models with QM and MD to characterize the interactions among 

three dyes: bromophenol blue dyes (BPB), methyl orange dye (MOD), and methylene blue dye 

(MBD). The first model was nonfunctionalized asphaltene (ASP) and the second model was 

functionalized asphaltene (FASP). Results from our QM and MD studies complemented the 

experimental findings and identified asphaltene as a potential candidate for use in the adsorption 

of industrial dyes from aqueous media/wastewater.  

 

2. COMPUTATIONAL METHODS: 



 

2.1. Structure Building: 

Appropriately building the asphaltene structures for QM and MD simulations is an essential task. 

As asphaltene represents a whole class of molecules rather than as individual species, it is 

important to have representative structure that can provide accurate description of the molecular 

structure for successful simulation of the system containing it. Herein, we assumed that a molecule 

or a small group of molecules with similar chemical characteristics to asphaltene could represent 

the continuum of asphaltene molecular structures [23]. The goal herein is to obtain molecular 

structures that reasonably represent the entire asphaltene chemical family. Previous studies have 

reported that the structure of asphaltene is extremely complex and depends on several parameters 

[38, 39]. In this study, the asphaltene structures were constructed based on the Mullins template 

[40]. Long side chains were added for nonfunctionalized asphaltene. Different functional groups 

were added for functionalized asphaltene to ensure that the total ratio of elements matched with 

the elemental analysis. Hence, these structures were designed using a combination of experimental 

aspects and findings from published articles. Structures were further validated by considering 

physical properties, including density and solubility using MD simulations. This study also 

analyzed the Arab heavy asphaltene ratios with saturated carbon, aromatic carbon, and aromatic 

hydrogen using X-ray diffraction and nuclear magnetic resonance (NMR) [39]. Simulated 

annealing was performed to get low energy conformations. 

 

2.2. Force Field: 

All the structures were built using the GaussView 5.0 software package. The chemical structures 

of these molecules are displayed in Scheme 1. DFT calculations were performed with the 



 

Gaussian-16 program [43] using the B3LYP and 6-31G(d) basis sets to calculate the restrained 

electrostatic potential (RESP) [41, 42] charges for all of the molecules herein. The electrostatic 

potential surface was generated by the Merz–Kollman [44] method at the HF/6-31G(d) level of 

theory. This step was followed by fitting using a multiconfigurationally two-stage RESP. The 

software code RED-IV was used to estimate the electrostatic potential fit [45]. A generalized 

amber force field (GAFF) was used to generate the topology of the molecules. This was performed 

using the Amber antechamber software package [46, 47]. This study also included the estimation 

of charges using the AM1-BCC method [48]. 

2.3. Molecular Dynamics: 

Molecular dynamics simulations were conducted using the GROMACS 2018 program [49]. One 

molecule of dye and one molecule of ASP/FASP were used in the initial simulation. The initial 

distance between the dye and the ASP/FASP was set to ~ 20 Å (Figure S1). Water molecules 

solvated the ASP/FSAP–dye complex. After energy minimization, a standard protocol that 

includes the equilibration simulations was performed for 1 ns using constant number, volume, and 

temperature (NVT) conditions and constant number, pressure, and temperature (NPT) conditions. 

The temperature was maintained at 300° K using velocity rescaling with a coupling time of 0.1 ps. 

For the NPT simulations, pressure was maintained at 1 atm using a Parrinelo–Rahman [50] barostat 

with a coupling time of 2 ps. The equation of motions was integrated using a leapfrog algorithm 

with a time step of 2.0 fs. The total electrostatic interactions were evaluated using a particle mesh 

Ewald (PME) summation [51]. Coulomb and van der Waals cutoffs of 1.0 nm were employed. All 

bonds were constrained based on the LINCS algorithm [52]. A production run was conducted for 

100 ns. Analyses were conducted using GROMACS tools, and visualization was performed using 

the Visual Molecular Dynamics (VMD) software, version 1.9.3 [53]. Cluster analysis of dye-



 

ASP/FSAP complex was performed using GROMACS tools. The cluster analysis was performed 

to identify different initial conformations of the complex for subsequent energetic analysis using 

quantum chemical calculations. We previously reported having used a similar methodology [54-

58]. 

2.4. Quantum Chemical Calculations: 

Herein, the quantum chemical DFT calculations were performed using the Gaussian-16 

computational chemistry software [43]. These calculations used a dispersion corrected BLYP-D3 

functional (using empirical dispersion = GD3 keyword) and a def2-SVP basis set. The DFT 

calculations were verified using harmonic vibrational frequency calculations. Furthermore, the 

M06-2X/def2-SVP basis set was utilized for single-point energy calculations. The effect of the 

solvent environment was simulated using the Solvation Model based on Density (SMD) [59]. SMD 

simulated three different solvents: water, heptane, and toluene. Further, a zero-point energy 

correction was applied in all the calculations. The Interaction energy (ΔEINT) was calculated using 

equation 1 to obtain a reliable signifier for estimating the interaction strength between asphaltene 

and the dyes: 

EINT = Ecomplex − (EASP/FASP + Edye),  (Eq. 1) 

where, 

 Ecomplex is the energy of the ASP/FASP–dye complex, EASP/FASP is the energy of the isolated 

ASP/FASP, and Edye is the energy of the isolated dye molecule. The interaction energy (ΔEINT) is 

an indicator of the thermodynamic stability of the system. A negative ΔEINT value indicated a 

stable interaction between ASP/FASP and the respective dye molecule. 



 

The noncovalent interactions between the ASP/FASP and the dyes were analyzed using the 

NCIPLOT program [60-63]. The eigenvalue of the electron density Hessian and the magnitude of 

the density were used to determine the strength of a particular nonbonding interaction (e.g., van 

der Waals force, hydrogen bond, and steric repulsion). The NCI analysis was performed using 

default parameters for intermolecular interactions. Only the regions of 0.05 au were analyzed to 

focus on the weak NCIs. The NCI regions were visualized using the VMD program [53]. 

 

Scheme 1: A) Molecular structures of asphaltene (ASP) and functionalized asphaltene (FASP). B) 

Molecular structures of the bromophenol blue (BPB), methyl orange (MOD), and methylene blue 

(MBD) dyes used in this study. 

 

3. RESULTS AND DISCUSSION: 

3.1. Validation of the Force Field: 

(A)

ASP (C62H65NO2S2) FASP (C53H50N4O19S2)

(B)

BPB MOD MBD



 

The selection of force field parameters strongly affects the outcome of an MD simulation. Thus, 

validation of these parameters is essential. In the MD simulations, the predicted density of a 

molecule is a key factor for judging the reliability of the utilized force field. In this study, the 

densities of the pure component of ASP and FASP were calculated using MD simulations. Due to 

the absence of an exact crystal structure of asphaltene, Elkahky et al. (2019) evaluated different 

molecular structures of asphaltene using samples from an Australian oil field. This research 

predicted that the density of asphaltene varies between 1.1 to 1.5 g/cm3 [64]. In this paper, we built 

initial structures of ASP/FASP using experimental results such as elemental analysis, C/H ratio, 

aromaticity data based on an Arabian oil field [8]. Experimental elemental analysis for Arabian 

heavy residues of asphaltene and functionalized asphaltene are detailed in Table S1. Table S1 also 

details this study’s elemental analysis for the predicted theoretical models of ASP and FASP. The 

schematic structures of the ASP and FASP molecules are shown in Scheme 1A. We performed the 

MD simulations of pure ASP and FASP for both toluene (TOL) and heptane (HEP) solvents. The 

number of molecules and the final box sizes used in the MD simulations are detailed in Table S2. 

The results corresponding to the computer molecular densities from the MD simulations are 

reported in Table 1. An experimental study conducted by Siddiqui (2017) showed that Arab crude 

asphaltene has a C/H ratio of 1.19 [8]. Elkahky et al. (2019) determined that the experimental 

density of the C/H ratio ranged from 1.16 to 1.19 g/cm3 [64]. Only a difference of less than 8% 

was observed between the experimentally measured density and the calculated density from the 

MD simulations. These findings support the reliability of the chosen force field for use in the MD 

simulations and systems under investigation in this study.  

 



 

Table 1: Computed molecular density using MD simulations and literature reported experimental 

values of densities at 298° K and 1 bar. 

Compounds 

Computed 

Density(g/cm3) 

 Experimental Density 

(g/cm3) 

 RESP AM1-BCC  

ASP 1.092  0.01 1.095  0.01 1.0–1.5 [64] 

FASP 1.009  0.02 0.985  0.02 1.0–1.5 [64] 

Toluene 0.838  0.01 0.840  0.01 0.862 [65] 

Heptane 0.669  0.02 0.670  0.01 0.679 [66] 

 

Analysis of the solubility of ASP/FASP in HEP and TOL solvents is another method for evaluating 

the reliability of the selected force field parameters. For conducting this analysis, we performed 

the MD simulations to examine the effect of each solvent on the solubility of the ASP and FSAP 

molecules. A previous experimental study has demonstrated that ASP is soluble in TOL solvent 

and insoluble in HEP solvent [29]. Thus, we analyzed the partial density to observe the aggregation 

of ASP/FSAP to confirm the solubility of these solvents. Table S2 shows the number of 

ASP/FASP, TOL, and HEP molecules and their corresponding box sizes after MD simulations. 

Figure 1 shows the partial density of ASP in TOL and HEP solvents. Initially, we used RESP 

charges in our MD simulations. Although the densities of the pure ASP, TOL, and HEP were 

within the experimental limits, the predicted partial densities (and hence aggregation behaviors) 

did not show a clear trend. As ASP is soluble in TOL, the density of ASP was consistent throughout 

the box, which is shown in Figure 1. Conversely, ASP is insoluble in HEP. Thus, it was expected 



 

to show aggregation at some points during the simulation. However, this was not observed in our 

simulations. A recent study by Glova et al. (2019) reported the use of AM1-BCC charges to 

achieve improved aggregation behaviors of ASP in TOL and HEP compared with RESP charges 

[67]. Based on this study, we used AM1-BCC charges with a GAFF force field. These results are 

shown in Figure 1, indicating that ASP is soluble in TOL and the aggregation of ASP is soluble in 

HEP. These findings support the reliability of the GAFF force field with AM1-BCC charges and 

correlate with the experimental observations. 

 

Figure 1: Predicted partial densities of nonfunctionalized asphaltene (ASP) in two different 

solvents: toluene (TOL) and n-heptane (HEP). Two different charge schemes (RESP and AM1) 

were employed during these MD simulations. 
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Figure 2: Final snapshot of the system comprising aggregated nonfunctionalized asphaltenes after 

adding heptane molecules. Heptane molecules were shown in lines, whereas asphaltene molecules 

were shown with van der Waals spheres. The blue lines indicate the simulation cell. 

Based on Figure 2, ASP molecules are self-aggregated in HEP. Therefore, the use of AM1-BCC 

charges with a GAFF force field is a good approach to ensure that the solubility of ASP is 

consistent with the experimental results. Thus, we used AM1-BCC charges in the subsequent MD 

simulations. 

3.2. Molecular Dynamics Simulation of the ASP/FASP–Dye Complex 

We conducted an MD simulation for one molecule of ASP and one molecule of each of the 

respective dye to obtain a good conformation for the subsequent single point energy calculations 

of ASP/FASP and the dye complex using DFT methods. Table S3 shows the number of 



 

ASP/FASP, dye, and solvent molecules and the box size subsequent to MD simulations. Figure 3 

illustrates the interaction energy and the interaction strength between ASP and the different dyes. 

 

 

Figure 3: A) Top. Lennard Jones (LJ) contribution to the interaction energy between ASP and the 

dye. Bottom. Electrostatic (ELE) contribution to interaction energy between ASP and the dye. B) 

Top. Lennard Jones (LJ) contribution to interaction energy between FASP and the dye. Bottom. 

Electrostatic (ELE) contribution to interaction energy between FASP and the dye. 
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Three types of dyes were simulated in our MD simulations: BPB (with a neutral charge), MOD 

(with a negative charge), and MBD (with a positive charge). Figure 3 illustrates the interaction 

energy between ASP/FASP and each dye. Figures 3A and 3B indicated that the LJ contribution to 

the total interaction energy between the ASP–MBD and ASP–MOD complexes remained almost 

constant, with average values of −113.67  7.4 kJ/mol and −109.74  8.7 kJ/mol, respectively. 

However, a reasonable fluctuation of the LJ component was observed in the ASP–BPB dye 

complex, with an average LJ contribution of −116.17  11.2 kJ/mol (Table S4). For the 

electrostatic component of the interaction energy, Figure 3A indicated that the electrostatic 

contribution to the interaction energy fluctuated more in the ASP–BPB dye complex. However, it 

remained almost stable for the ASP–MBD and ASP–MOD complexes, with average values of 

−9.69  3.8 kJ/mol and −4.09  2.8 kJ/mol respectively. ASP–MBD showed a strong interaction 

with negative interaction energy. We concluded that NASP had a stronger interaction with 

positively charged dyes based on these results. The nonplanar BPB dye had several fluctuations in 

both the LJ and ELE components of the total interaction energy. This indicated that the BPB dye 

made several attempts to adsorb onto the ASP molecule.  

Figure 3B shows the interaction energy data for FASP with each respective dye to form an FASP–

dye complex. In this FASP–MOD complex, the LJ and the ELE components of the total interaction 

energy had average values of −103.02  7.4 kJ/mol and −19.76  9.1 kJ/mol, respectively. The 

negativity of the LJ and ELE components indicate a strong stabilizing interaction in the FASP–

MOD complex. A similar observation was reported in a recent experimental study, which found 

higher interaction strength in the FASP–MOD complex [8]. The FASP–BPB complex shows 

additional fluctuations for both the LJ and ELE components. However, these fluctuations were 

lower than those observed for FASP–MBD. Overall, FASP–MBD showed a lower interaction 



 

energy in both LJ and the electrostatic contribution with average values of −93.96  8.6 kJ/mol 

and −9.42  6.6 kJ/mol, respectively. To summarize, the observed interaction energy trend follows 

FASP–MOD > FASP–BPB > FASP–MBD. This trend indicates a strong interaction of the 

negatively charged dye with FASP and a weak interaction of the positively charged dye with FASP 

(Table S4). 

 

 

Figure 4: A) Distances between the centers of geometry for ASP and the dyes. B) Distances 

between the centers of geometry for FASP and the dyes.  

Figure 4 illustrates the distance between the centers of geometry for both ASP and FASP and the 

three dye molecules. The distance analysis results indicate that the BPB dye tends to have a larger 

distance and more fluctuations throughout the simulation for both the ASP and FASP molecules, 

with an average distance of 5.21  0.6 Å for ASP–BPB and 6.31  0.8 Å for FASP–BPB. The 

interaction between the MBD dyes and the ASP complexes is favorable at shorter distances 

compared with the other dyes, with an average distance of 4.20  0.4 Å. The average distance 

between ASP and MOD is 4.49  0.5 Å (Figure 4A, Table S5). However, the MOD dye tended to 



 

interact with the FASP with a lower average distance compared with other dyes. The average 

distance of the FASP–MOD complex was 4.89  0.5 Å (as shown in Figure 4B and Table S4), 

whereas those for FASP–MBD and FASP–BPB are 5.76  1.1 Å and 6.31  0.8 Å, respectively. 

Overall, the distance analysis compared well with the interaction energy (vide infra) and followed 

a similar trend.  

MD simulation trajectories were used to calculate the dominant cluster between the ASP/FASP 

and each dye. These trajectories were calculated to identify the most observed conformation of the 

ASP/FASP–dye complex. Cluster analysis was conducted using GROMACS tools. The selected 

conformation from the dominant cluster was subsequently used in energetic studies using DFT 

calculations. The dominane cluster of the BPB is nearest to ASP/FASP. This cluster was selected 

to represent the distance between clusters with >4 Å between BPB and ASP/FASP. Overall, we 

used a dominant cluster within 4 Å of ASP/FASP for further simulations herein. Figure S2 shows 

the probability distribution for the orientation of dye with respect to ASP. This probability 

distribution was calculated by measuring the improper angle between the planes of the dye and the 

ASP/FASP. From the orientation angle probability, dyes were observed to be parallel to 

ASP/FASP. However, the BPB dye was oriented differently owing to its nonplanar structure. 

3.3. Quantum Mechanical Calculations: 

Density functional theory calculations were performed to analyze ASP and the three dye 

interactions using quantum mechanics. Table 2 displays the change in Gibbs free energy in a 

vacuum calculated using two different levels of theory. Similar to the MD interaction energy, the 

MBD dye showed a stronger interaction with ASP. Also, the MOD dye showed a stronger 

interaction with FASP. The trend observed in available experimental data for FASP in complex 



 

with BPB and MOD dyes qualitatively agreed with our predicted energies from the DFT studies 

[8].  

Table 2: Change in Gibbs free energy (G) in kcal/mol. 

Dye/ASP ASP FASP Expt. 

 M06 BLYP M06 BLYP  

BPB −10.48 −27.64 −10.66 −26.40 −2.82 

MOD −17.69 −29.16 −36.66 −51.15 −3.36 

MBD −25.58 −29.66 −13.28 −24.96 - 

 

The binding energies between ASP/FASP with the three dyes calculated for different solvent 

environments are detailed in Table 3. Consistent with the vacuum Gibbs energy (see Table 2), the 

calculated binding energy of the MBD dye with ASP was the strongest of the three dyes, 

independent of the selected solvent environment (see Table 3). Conversely, the calculated binding 

strength of the MOD dye was stronger compared with BPB and MBD dyes for the FSAP molecule. 

The binding energies of FASP and MOD were much higher than other dyes in the 

nonfunctionalized ASP. This indicated that the FASP selectively adsorbed to the MOD dye. 

Similar binding energy trends were calculated using the BLYP-D3/def2-SVP level of theory 

detailed in Table 3. These binding energy trends support the reliability of the calculated binding 

strength between the selective adsorption of dyes and the ASP and FASP molecules. 

 



 

Table 3: Binding energy (E, kcal/mol) between dye and asphaltene in different solvent 

environments calculated at two different levels of theories: BLYP-D3/def2-SVP and M06-

2X/def2-SVP (level of theory in parenthesis). 

Dye ASP FASP 

 Water Toluene Heptane Water Toluene Heptane 

BPB 

−41.32 

(−24.85) 

−37.49 

(−20.43) 

−38.22 

(−21.20) 

−35.99 

(−21.94) 

−34.32 

(−20.52) 

−35.33 

(−21.65) 

MOD 

−39.25 

(−27.03) 

−34.43 

(−23.03) 

−35.50 

(−24.25) 

−44.53 

(−30.10) 

−47.38 

(−33.24) 

−50.03 

(−36.04) 

MBD 

−42.27 

(−28.00) 

−40.78 

(−26.82) 

−42.55 

(−28.69) 

−37.57 

(−25.11) 

−33.83 

(−20.93) 

−35.25 

(−22.31) 

 

Figure S3 shows the electrostatic potential (ESP) mapped Van der Waals surface along with the 

surface extrema. In this figure, red represents negative potential and the blue represent the positive 

potential regions. Both ASP and FASP had a negative ESP, indicating that the aromatic core rich 

-electron cloud and hydrogens attached to electronegative atom (e.g., N and O) are positively 

charged. The MOD and MBD dyes showed negative and positive potentials, respectively, owing 

to their respective charges. The BPB dye exhibited a negative potential within the ring and 

wasneutral outside the ring. A few hydrogen atoms attached to the oxygen showed a positive 

potential (Figure S3B). Table S6 shows the frontier orbitals and their gaps. Figure S4 illustrates 

the frontier molecular orbitals of the ASP, FASP, BPB, MOD, and MBD molecules at the BLYP-

D3/Def2-SVP level. 



 

To investigate the interaction between the three dyes and the ASP/FSAP molecules, we computed 

the binding energies of the complex without considering and considering the dispersion 

contribution using B3LYP and B3LYP-D3 methods, respectively. The B3LYP-D3 method is 

specifically tuned to include dispersion interactions. Within this framework, the total energy was 

separated into electrostatic and dispersion interactions (see Figure 5). Examination of Figure 5 

indicates that both ASP and FASP had dominant stabilization with the dyes due to dispersion 

interactions. The dispersion energy contribution of the ASP interaction with the dyes amounted to 

greater than 90%. However, the dispersion contribution for the functionalized FASP was still the 

major stabilization factor, amounting to >66% of the total binding energy for the three dyes. To 

investigate this interaction, we performed a noncovalent interaction (NCI) analysis using the 

approach developed by Contreras-Garcia et al. (2011) [60] (see Figure 6). As expected, the 

appealing interactions corresponding to the above interaction between the ASP/FSAP and the dyes 

(blue patches) were observed in addition to the repulsive interactions (red patches). Finally, our 

analysis from both DFT and MD clearly corroborate with experimental findings (MOD and BPB 

dyes) that the functionalized asphaltene to be a better adsorbent for dyes than non-functionalized 

asphaltene.   

A B 

  



 

Figure 5: Interaction energy (EINT), in green; dispersion energy (Edisp), in blue; and electrostatic 

energy (Eelect.), in red for A) ASP and the three dyes and B) FASP and the three dyes. The 

dispersion energy was calculated as the difference between energies calculated from the B3LYP 

and B3LYP-D3 methods.  

 

Figure 6: A) NCI isosurface of the interaction between ASP and the three dyes; and (B) interaction 

of functionalized ASP with the dyes along with a representation of the reduced density gradient 

isosurface, s = 0.5 a.u. The surface is colored on a blue-to-red scale according to values of 

sign(λ2)ρ, ranging from −0.03 to 0.02 a.u.  

 

4. CONCLUSION: 

We performed a computational investigation for the potential use of asphaltene to remove dyes 

from aqueous environments. We analyzed the adsorption of three different dyes on the ASP/FASP 



 

molecules using MD simulations and DFT studies. Next, the force field parameters for ASP were 

validated based on experimental observations. The results supported the use of AM1-BCC charges 

with a GAFF force field for studying the adsorption of ASP/FASP and dye complexes. 

Additionally, the solubility of ASP in toluene and n-heptane solvents was analyzed using MD 

simulations, and the results were consistent with the reported experimental findings.  

MD simulations were conducted to analyze the interaction energies and geometrical parameters of 

ASP/FASP-dye complexes. This analysis concluded that the charge of a dye plays an important 

role in the adsorption phenomenon. While the methylene blue dye was strongly adsorbed on ASP, 

the methyl orange dye was strongly adsorbed on FASP. Bromophenol blue has a neutral charge 

and thus a lower interaction with ASP and FASP. DFT studies predicted the importance of the 

dispersion interaction in the ASP/FASP–dye complex. Overall, the computational studies reported 

herein corresponded with the reported experimental findings. Thus, this study’s findings support 

using waste asphaltene for the adsorption of industrial dyes in wastewater treatment. 
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