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Abstract: The adsorption and desorption of asphaltene on silica is highly dependent on 11 

the heteroatoms present in its structure. Herein, model asphaltene molecules with 12 

different heteroatoms (N, O, S) at different positions (in the aromatic cores, in the 13 

middle and termination of alkane side chains) are chosen as the adsorbates to investigate 14 

their adsorption and desorption behaviors on silica through molecular dynamics (MD) 15 

simulation. Results reveal that the characteristic adsorption configuration of 16 

asphaltenes is ascribed to the competition between the asphaltene-silica interaction and 17 

π−π stacking interaction among the asphaltene polyaromatic rings. The presence of 18 

heteroatoms is found to be able to strengthen the interactions between asphaltenes and 19 

silica, depending on their type and location. For example, the terminal polar groups, 20 

especially the carboxyl (COOH), exhibit the greatest enhancement to the electrostatic 21 

interaction (increasing from -81 to -727 kJ/mol). The S atoms are also found to increase 22 

the van der Waals interaction energies by 25 %. According to the equilibrium desorption 23 

conformation and density profile, the presence of heteroatoms is found to significantly 24 

hinder the desorption of asphaltenes from silica due to the enhanced polar interactions. 25 

The impeded desorption is also confirmed by the slower detachment of asphaltenes 26 

based on the time-dependent interaction energies and center of mass (COM) distances 27 

analysis. Additionally, the terminal polar groups lead to extraordinary desorption 28 

properties of asphaltenes. It is observed that the strong asphaltene-silica and asphaltene-29 

water interactions coexist in these systems due to the high polarity and hydrophilicity 30 

of the terminal polar groups.  31 

Keywords: Asphaltene; heteroatom; adsorption; molecular dynamic simulation  32 
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1. Introduction  33 

Asphaltenes are defined as the insoluble fractions of petroleum in low-molecular-34 

weight paraffins such as n-heptane but soluble in light aromatics such as toluene. The 35 

structure of asphaltenes is complex and it is widely accepted that they consist of a 36 

mixture of polycyclic aromatic hydrocarbons, together with some pending aliphatic 37 

chains [1-2]. Asphaltenes are considered as the heaviest components of petroleum, with 38 

the highest molecular weight (500-2000 g/mol for asphaltene monomer [3-4]) and 39 

polarity. In addition, different kinds of heteroatoms (e.g., N, O, S) and a trace of heavy 40 

metals (e.g., Ni, V, Fe) are found in asphaltenes [5-6]. These heteroatoms and complex 41 

structure of asphaltenes cause complicated interfacial behaviors at the oil-solid and oil-42 

water interfaces [7].  43 

Asphaltene adsorption on solid surfaces is a ubiquitous phenomenon that occurs 44 

during unconventional oil production as well as the remediation of oil-contaminated 45 

soils (e.g., oil sludge) [7-9]. During the past few decades, many investigations have 46 

been conducted to understand the adsorption behavior of asphaltenes on different solid 47 

surfaces including silica, minerals, clays, metallic oxides [10-12]. It has been proved 48 

that the various interactions between asphaltenes and surfaces (e.g., van der Waals, 49 

electrostatic, hydrogen bonding, charge transfer, steric and hydrophobic interactions) 50 

are responsible for the adsorption [13-14]. Additionally, the strong tendency of 51 

asphaltenes to form self-aggregates, which is due to the intermolecular π–π overlap 52 

between aromatic planes and hydrogen bonding between functional groups [15-17], 53 

make it easier for asphaltenes to precipitate on mineral surfaces [18]. Both the 54 
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monolayer and multilayer adsorption of asphaltenes on mineral surfaces have been 55 

observed and studied [4, 19]. 56 

The heteroatoms in asphaltene structure play an important role in the adsorption 57 

process. Some experimental adsorption studies have been conducted using different 58 

sources of asphaltenes or model asphaltenes as adsorbates. It is found that the 59 

heteroatoms-containing polar moieties (e.g. pyridinic, pyrrolic, phenolic, carboxylic, 60 

and quinolic groups) significantly influence the surface adsorption [20-21]. The amount 61 

of adsorbed asphaltenes increases with increasing nitrogen content [4, 9], in some cases 62 

oxygen content [22]. Moreover, with the help of MD simulations, some studies have 63 

been conducted to understand the adsorption of some simple polar aromatic 64 

hydrocarbons to mineral surfaces [12, 23-26]. It is found that nitrobenzene compounds 65 

possess favourable adsorption enthalpies with mineral surface compared with xylene 66 

[23]. The carboxyl group also exerts strong adsorptive interaction to mineral with 67 

participation of electrostatic interactions [12]. When the heteroatoms are present in the 68 

side chains of model asphaltene molecules, the density of adsorbed asphaltenes from 69 

solvent is significantly enhanced according to the dissipative particle dynamics (DPD) 70 

simulations [24]. Besides, the self-aggregation mechanism of asphaltenes is also found 71 

to be strongly correlated to the N, O and S heteroatoms [16-17], which potentially 72 

affects the precipitation of model asphaltenes. These previous investigation suggests 73 

that the presence of heteroatoms greatly influence the interaction between asphaltenes 74 

and solid surfaces. However, little studies have been conducted to systematically 75 

compare the adsorptive interactions between mineral surface and asphaltene molecules 76 
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with different heteroatoms (N, O and S) at different locations (in the aromatic cores, in 77 

the middle and termination of alkane side chains).  78 

On the other hand, although the water solution has been widely applied to separate 79 

the heavy oil from different ore surface, the effect of heteroatoms in asphaltene 80 

molecules on water-based desorption processes are still unclear. This process could 81 

understood from two aspects: Asphaltenes at the liquid-mineral interface and oil-water 82 

interface. For the detachment of oil from mineral surface, generally, the asphaltenes are 83 

more likely to stay attached on the mineral solid surfaces compared with those light 84 

petroleum components (e.g., polycyclic aromatic hydrocarbons (PAHs)) in the 85 

desorption process [9, 27-28]. While for the oil-water separation stage, since the 86 

asphaltenes are surface-active components in crude oil, they often act as natural 87 

surfactants at the oil-water interface due to the presence of heteroatoms in the 88 

asphaltene molecules [29-30]. However, the effects of heteroatom type and location in 89 

asphaltenes on the above process at the interfaces are still unclear.  90 

To address the above issues, model asphaltene molecules with presence of 91 

heteroatoms (N, O, S) at different positions are chosen as the adsorbates to investigate 92 

their adsorption and desorption behaviors on silica through molecular dynamics (MD) 93 

simulation. The specific objective of the present study is to understand the effect of 94 

different heteroatoms as well as their positions on the adsorption and desorption 95 

behaviors of asphaltenes on silica, which allows potential suggestions for the 96 

enhancement of oil separation from real ores. 97 

 98 



6 
 

2. Simulation method 99 

2.1 Force field 100 

The MD simulations were carried out using the GROMACS (version 5.1.4) software 101 

package [31-32]. The GROMOS96 force field with the 53a6 parameter set was used in 102 

all calculations to compute the bonded and non-bonded potential of molecules [33]. 103 

This force field has already been proved to be credible to predict the dynamics of 104 

polyaromatic molecules [34]. 105 

2.2 Molecular models 106 

The construction of mineral surface and selection of asphaltene molecule are key steps 107 

of the MD simulation. Three-dimensional structures of silica and asphaltene models 108 

were built and preliminarily optimized using Material Studio 7.0. 109 

Here, the monoclinic α-quartz (0 1 0) surface was used as the initial input structures 110 

of silica. Then the (10 × 10) silica supercells were converted into the 3D periodic cells 111 

by building vacuum slabs. The cross-section of the surface was determined to be 5.402 112 

× 4.909996 nm2. To mimic the real state of the mineral surfaces, the silica surface was 113 

modified with hydroxyl groups. Each top silicon atom was connected with two 114 

hydroxyls, and the density of grafted hydroxyls amounted to 7.54 OH/nm2 (shown in 115 

Table 1). The structure of surface hydroxyls was optimized with energy minimization.  116 

Asphaltenes are the heaviest fraction in petroleum. During the past decades, large 117 

quantities of different asphaltene molecules have been reported through instrumental 118 

detection and many of them have been used as models in MD simulation [35]. The PA3, 119 

one proposed petroleum asphaltene structure on the basis of atomic force microscope 120 
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(AFM) measurements and scanning tunneling microscope (STM) orbitals images [36], 121 

was selected in this MD simulation (shown in Table 1). This PA3 molecule has been 122 

successively applied as a model asphaltene molecule in many MD simulations [10, 16-123 

17, 37]. In this study, to investigate the effect of asphaltene heteroatoms and their 124 

positions on the adsorption and desorption system, ten different molecular structures of 125 

asphaltenes were studied respectively. As shown in Table 1, the nitrogen (N), oxygen 126 

(O), sulfur (S) atoms were used to substitute the carbon atoms at different positions in 127 

these structures: in the aromatic core, in the middle of alkane side chain and at the 128 

termination of alkane side chain, respectively. The terminal polar groups include the 129 

amino (NH2), carboxyl (COOH), and thiol (SH). All the asphaltene molecules are kept 130 

neutral in this study. Herein, the hydrolysis of polar groups and relevant charged 131 

molecules are not involved. 132 

The coordinate files of silica surface and asphaltenes were exported and converted 133 

to GROMACS topology files through GROMACS command (gmx x2top) and 134 

PRODRG server [38]. Then the resulted topology files (including atom types, atom 135 

charges, bonds, angles and dihedrals) were manually adjusted according to the analogue 136 

structures in the force field library, which was elaborated in the supporting information 137 

(SI) [39-40]. The charge distribution in silica surface and asphaltene molecules were 138 

illustrated in Figure SI-1. The simple point charge (SPC) model was applied to model 139 

water molecules in the desorption system [39]. 140 

  141 
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Table 1. Molecular models of silica and asphaltene molecules used in this study 142 

Silica surface 

 

PA3 label R1 R2 X1 X2  X3 

 

C C-C-C-C-C-C— C6— CH2 CH2 CH2 

A_N   NH   

A_O   O   

A_S   S   

S_N C-C-C-NH-C-C—     

S_O C-C-C-O-C-C—     

S_S C-C-C-S-C-C—     

NH2 H2N-C5—     

COOH HOOC-C5—     

SH HS-C5—     

Note: Blanks are referred to the same structures with “PA3 (C)”. R1 and R2 are the alkane side chains 143 

containing heteroatoms. Xn (n = 1-3) represent the polar groups which can be NH, O, or S groups. 144 

2.3 MD simulation 145 

The goal of this study is to get to know how the heteroatoms influence the adsorption 146 

and desorption behaviors of asphaltenes on silica. Therefore, the MD simulation 147 

process was conducted in two stages: (i) the adsorption of ten different kinds of 148 

asphaltene molecules on silica respectively, and (ii) the desorption of these asphaltenes 149 

when these systems are filled with water. 150 

Prior to the adsorption, 20 asphaltene molecules were placed on top of silica in the 151 

simulation box. After the initialization, all the MD simulations were carried out under 152 

NVT ensemble. The simulation time used for the adsorption of asphaltenes was 5 ns. 153 

The asphaltene molecules were adsorbed on the silica surface steadily when the system 154 
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reached equilibrium. After the adsorption, the water molecules were added randomly at 155 

the top of the previous adsorption system (5.40 nm × 4.91 nm × 8.00 nm). Then the 156 

ternary system was applied to simulate the desorption process with a duration of 10 ns. 157 

During the adsorption and desorption simulation, the silica surface were considered as 158 

ideal planes and were frozen up.  159 

In all simulations, the energy minimization was conducted using the steepest descent 160 

approach with the convergence level of 1000 kJ (mol  nm)-1. The temperature of the 161 

systems was controlled and kept constant at 300 K by the V-rescale thermostat 162 

algorithm [41]. For the calculations of short-range van der Waals and electrostatic 163 

interactions, the cutoff distance was fixed at 1.4 nm. The particle mesh Ewald 164 

summation (PME) method was used to compute the long range electrostatics [42]. All 165 

simulations were carried out under periodic boundary conditions with the time step of 166 

1 fs. The trajectories were collected in an interval of 1 ps for further analysis. 167 

2.4 Data analysis 168 

To quantify the intensity of interactions between asphaltenes and silica, the interaction 169 

energies between them will be calculated. The more negative the interaction energy is, 170 

the stronger the adsorption is. The Lennard-Jones potential and Coulomb interaction 171 

between two particles are calculated using the following equations: 172 

 

( ) ( )

( )

12 6

ij ij

LJ ij 12 6

ij ij

C C
V r = -

r r
 (Eqn-1) 173 

 ( )
i j

C ij

r ij

q q
V r = f

r
 (Eqn-2) 174 

where, rij represents the distance between the particles i and j; Cij
(12) and Cij

(6) take the 175 
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average of the van der Waals terms of particles i and j; qi and qj represent the (partial) 176 

charges of the particles i and j respectively; f is the Coulomb's constant (f = 138.935 177 

kJ·mol-1·nm·e-2); εr represents the relative permittivity. The van der Waals and 178 

electrostatic interactions between the asphaltene and silica groups are calculated on 179 

basis of VLJ and VC, respectively. 180 

The number of hydrogen bonds and molecular contacts between asphaltenes and 181 

silica are also analyzed. Here, a contact is considered when the minimum distance 182 

between any atoms of the two groups is ≤ 0.3 nm. Additionally, the density distributions 183 

of asphaltene and water molecules along the z-axis are also analyzed in the desorption 184 

system. All these equilibrium properties are calculated by averaging over the last 1 ns 185 

of the simulations. Besides, the time-dependent distances between asphaltenes and 186 

silica are also used to characterize the desorption kinetics.  187 

3. Results and Discussions 188 

3.1 Adsorption of asphaltenes on silica surface 189 

The asphaltene molecules move closely towards the silica surface during the adsorption 190 

process. The equilibrium adsorption conformation of PA3 (C) molecules is shown in 191 

Figure 1. The asphaltene polyaromatic planes are found to appear different orientations 192 

to the silica surface at the equilibria state. Some molecules are nearly face-to-face 193 

contacting with the silica surface, while others are adsorbed on the surface with the 194 

edge of the polyaromatic planes or alkane side chains. Three single molecules are 195 

extracted to illustrate the three forms of orientations respectively (Figure 1). The 196 

different equilibrium conformations of adsorption is mainly attributed to the balance 197 



11 
 

between the asphaltenes-silica interaction and the intermolecular π-π stacking 198 

interaction among asphaltene molecules. Basically, the parallel orientation is mainly 199 

ascribed to the van der Waals and electrostatic interactions between the polyaromatic 200 

planes and silica, while some asphaltene molecules exhibit perpendicular orientations 201 

to the silica surface due to their intermolecular self-aggregation. It is worth noting that 202 

the distribution of different orientations is dependent on the loading of asphaltene 203 

molecules. When asphaltenes are at low loadings initially, the asphaltene-silica 204 

interaction plays the dominate role, thus more flat adsorbed molecules are observed. 205 

Increasing the initial loading of asphaltenes facilitates the asphaltene association and 206 

aggregation. More dimer, trimer and multiple aggregates of asphaltenes are formed, 207 

increasing the dihedral angles of asphaltene polyaromatic planes with respect to the 208 

silica. The equilibrium adsorption conformations of PA3 (C) molecules at different 209 

loadings (i.e., 5, 10, 20, 30) are compared in Figure SI-2. The corresponding interaction 210 

energies between asphaltenes (loading = 20) and silica have been calculated (Table 2). 211 

The total interaction forces could be divided into two parts: the van der Waals force and 212 

the electrostatic force. The van der Waals force is found to be the dominant force 213 

between asphaltenes and mineral surface, outweighing the electrostatic force. It is 214 

obvious that the asphaltene molecules, which adopt the parallel orientation, are 215 

adsorbed with more atoms directly contacting with the silica surface. Thus, they possess 216 

stronger affinity to the silica surface. The interaction energy between the parallel 217 

molecule and silica is more than three times higher than that of the perpendicular 218 

molecule. There are also some differences between the perpendicular asphaltene 219 



12 
 

molecules. It is noticed that the C-H bonds located at the edge of the polyaromatic plane 220 

possess higher polarity compared with those in alkane side chains. In this case, the 221 

electrostatic force is much higher when the edge of the polyaromatic plane is in contact 222 

with silica than alkane side chains. These results indicate that the adsorption intensity 223 

is highly dependent on the adsorption structure.  224 

 225 

Figure 1. (a) Equilibrium conformation of asphaltene molecules on silica surface after 226 

5-ns MD simulation; asphaltene is adsorbed on silica with (b) polyaromatic plane, (c) 227 

edge of the polyaromatic plane and (d) alkane side chain (red, oxygen; white, hydrogen; 228 

yellow, silicon; and cyan, carbon). 229 

 230 
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Table 2. Electrostatic energies, van der Waals energies, and total interaction energies 231 

between single-asphaltene PA3 (C) and silica 232 

Interaction energy (kJ/mol) Eele Evdw Etotal 

(a) average -4.06±0.52 -66.89±1.38 -70.95±1.46 

(b) parallel  

(contact segment: polyaromatic plane) 
-17.98±4.86 -244.65±8.82 -262.64±10.15 

(c) perpendicular 

(edge of the polyaromatic plane)  
-9.14±2.80 -64.97±6.16 -74.11±6.46 

(d) perpendicular  

(alkane side chain) 
0.84±0.25 -57.53±6.18 -59.69±6.16 

 233 

3.2 Effect of heteroatoms on the adsorption 234 

The interaction energies between the ten different kinds of asphaltenes (all asphaltene 235 

molecules in each system) and silica have been calculated, shown in Figure 2. It is 236 

worth noticing that the heteroatoms strengthen the interaction between asphaltenes and 237 

silica in all systems.  238 

Compared with the original asphaltene molecule (C), the terminal polar groups 239 

enhance the electrostatic interaction to a large extent (Figure 2a). Especially, the 240 

carboxyl (COOH) increase the electrostatic interaction energy from -81 to -727 kJ/mol, 241 

which is higher than that of amino (NH2) and thiol (SH) groups (-350 and -329 kJ/mol, 242 

respectively). While, the inside heteroatoms, distributed in the aromatic cores and 243 

middle of alkane side chains, raise the electrostatic energy up to -200 kJ/mol. The effect 244 

of inside heteroatom-containing groups on the electrostatic interactions declines in the 245 

order of: NH > O > S, as well as heteroatoms in alkane side chains > in aromatic cores. 246 

The stronger electrostatic interactions are motivated by the increased polarity of 247 

heteroatom-substituted groups. The carboxyl is known to possess the highest polarity, 248 
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followed by the amino and thiol groups [43]. When the heteroatoms are located inside 249 

the structures of molecules, the nitrogen atom bears the most negative charge compared 250 

with oxygen and sulfur. The increased dipole moment as well as the additional polar N-251 

H bond lead to N-containing molecules’ relatively higher polarity and thus, stronger 252 

electrostatic interactions with silica. On the other hand, the heteroatoms in aromatic 253 

cores exert relatively slighter influence on the adsorption energy compared with that in 254 

alkane side chains. This is ascribed to the steric hindrance, which reduces the contact 255 

of heteroatoms with the silica surface.  256 

  When the N and O atoms are present in asphaltene molecules, the hydrogen bonds 257 

are formed between the heteroatoms and hydroxyl groups on silica. The polar atoms 258 

would work as H-bonding acceptors in the adsorption process. For the terminal polar 259 

groups, about 23 and 14 hydrogen bonds in average are formed between the twenty PA3 260 

(COOH) and PA3 (NH2) molecules with silica, respectively (Figure 3a). When N and 261 

O atoms are located in the middle of alkane side chains, an average of 4 hydrogen bonds 262 

are formed, while the number of averaged hydrogen bonds for asphaltenes with polar 263 

aromatic cores is approximately 1.5. There is obviously no suitable groups to form 264 

hydrogen bonds in original asphaltene molecules PA3 (C) and those modified with S 265 

atoms. The hydrogen bonds contribute to the electrostatic forces between asphaltenes 266 

and silica. Accordingly, the trend of hydrogen bonds over different model asphaltenes 267 

is consistent with the electrostatic interaction energies. 268 

Additionally, these heteroatoms are found to be able to strengthen the van der Waals 269 

interactions between asphaltenes and silica surface as well (Figure 2b). Particularly, 270 



15 
 

the enhancement of S atoms is the most prominent compared with N and O atoms, 271 

increasing the van der Waals interactions by 25 %. This relatively higher van der Waals 272 

energy is motivated by the larger C(6) and C(12) van der Waals terms of the heteroatoms, 273 

especially the S atoms with the highest molecular weight. It can be concluded from the 274 

above interaction energy results that the heteroatoms enhance the polar interactions 275 

between asphaltenes and silica, including both the van der Waals and electrostatic 276 

interactions. The enhanced polar interactions contribute much to asphaltene adsorption 277 

on the silica surface. 278 

  The contact frequencies of asphaltenes with the silica surface at the equilibria state 279 

is another important factor in characterizing the interactions between asphaltenes and 280 

silica. As is shown in Figure 3b, an average 201 atoms in PA3 (C) molecules are found 281 

in the first adsorption layer, where atoms are directly contacted with the silica surface. 282 

Furthermore, the number of molecular contacts with silica is found to be increased 283 

when increasing the presence of heteroatoms in asphaltenes. The density of atoms 284 

adsorbed in the first adsorption layer is determined to be 7.6 ~ 10.9 atoms/ nm2, which 285 

is much lower than that of alkanes reported in literature [44-45]. The inhibited contacts 286 

of asphaltenes with silica are ascribed to the strong intermolecular interactions among 287 

asphaltene molecules. The π−π stacking interaction among the polyaromatic rings in 288 

asphaltene molecules competes with the attraction to the silica surface, leading to the 289 

formation of aggregates, thus decreasing the surface coverage (defined as the 290 

proportion of silica hydroxyls in contact with asphaltene molecules) to 46-61 %.  291 



16 
 

 292 

Figure 2. (a) Electrostatic energies and (b) van der Waals energies between asphaltenes 293 

(all asphaltene molecules in each system) and silica. 294 

 295 

Figure 3. (a) Hydrogen bonds and (b) molecular contacts between asphaltenes and 296 

silica. 297 
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3.3 Effect of heteroatoms on the desorption 298 

Effect of inside heteroatoms  299 

The adsorption of asphaltenes on silica surface turns the surface to be more hydrophobic. 300 

This decrease in wettability of silica surface weaken the oil-solid separation in real oil 301 

production. Herein, the aqueous phase is added on top of the asphaltene molecules and 302 

fill the system to initiate the desorption process of asphaltene. Part of the silica surface 303 

has not been occupied by asphaltene molecules, where water molecules are able to 304 

contact with silica directly. In these regions, the water molecules strongly bind to the 305 

hydrophilic silica surface through electrostatic interactions. Particularly, the hydrogen 306 

bonds formed between the water molecules and the hydroxyl groups on the silica 307 

surface contribute to the adsorption of water molecules. The hydrogen bonding network 308 

within these water molecules also facilitate the affinity and stabilization of the water 309 

layer on the silica surface [46]. 310 

Accordingly, the desorption of pre-adsorbed asphaltene molecules from silica is 311 

controlled by the balance between their interaction with silica and the solvation by water. 312 

The dynamic desorption process is observed as follows: at the three-phase contact line 313 

of asphaltene-water-silica, the water molecules gradually occupy more adsorption sites 314 

on the surface due to their closer affinity with silica, replacing the pre-adsorbed 315 

asphaltene molecules. With the water molecules approaching, the repulsion between 316 

water molecules and hydrophobic asphaltene molecules could promote the diffusion of 317 

asphaltene molecules on the silica surface and aggregate together. The boundary of 318 

asphaltene aggregates are observed to shrink and they are more likely to form a droplet. 319 
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When the water molecules continue driving the asphaltenes away, the water layer is 320 

formed between asphaltenes and silica. The asphaltene molecules are finally driven to 321 

partially detach from the silica surface [47-50]. 322 

The desorption of N-containing asphaltenes from silica surface in comparison with 323 

original PA3 (C) molecules are taken as examples to illustrate the effect of heteroatoms. 324 

Figure 4 shows the equilibrium conformation and the corresponding density 325 

distribution of the ternary desorption system after 10-ns simulation. Differing from the 326 

pre-adsorbed conformation, the asphaltene molecules are completely or partly desorbed 327 

from the silica surface. In addition, the asphaltenes are found to self-aggregate more 328 

tightly after the desorption simulation process. For the PA3 (C) desorption system, it is 329 

found that water molecules occupy most of the adsorption sites on silica, while the 330 

asphaltene molecules are distributed at larger distance from the surface. A stationary 331 

water layer with the thickness of ~ 0.4 nm is formed between asphaltenes and the silica 332 

surface, which is ascribed to the balance of the asphaltene-silica attraction and 333 

hydration force [51-52]. Compared with the original PA3 (C) molecules, the N-334 

containing asphaltene molecules concentrate closer with the silica surface. Both the 335 

PA3 (A_N) and PA3 (S_N) molecules are still partly adsorbed on silica with asphaltene 336 

segments contacting directly with the surface. Additionally, the center of mass of PA3 337 

(S_N) molecules is located at the bottom of the asphaltene group and closer to silica, 338 

while that of PA3 (A_N) and PA3 (C) is elevated to the central of the aggregates. 339 

Figure 5 presents the interaction energies between asphaltenes and silica as a 340 

function of simulation time. When the PA3 (C) molecules detach from the surface, the 341 
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interaction energy between asphaltenes and silica declines rapidly from -1419 to -40 342 

kJ/mol in the first 5 ns, while much stronger interaction energies and slower decrease 343 

are found in the PA3 (A_N) and PA3 (S_N) systems. After 10-ns simulation, the 344 

interaction energy between PA3 (A_N) and silica is observed to be -245 kJ/mol. The 345 

PA3 (S_N) molecules exhibit the strongest affinity with the silica surface, up to -832 346 

kJ/mol (electrostatic and van der Waals interactions are -92 and -740 kJ/mol, 347 

respectively). The reduction in interactions is also confirmed by the movements of 348 

asphaltene molecules at the molecular scale. Herein, the movements of asphaltenes are 349 

tracked by averaging the COM (center of mass) distance of them with the silica surface. 350 

It is clear that the asphaltene molecules move further away from the silica surface 351 

gradually in all simulation systems. The final COM distance in PA3 (C) system 352 

fluctuate at about 1.81 nm away from the surface. While, the final average COM 353 

distances are about 1.36 and 1.00 nm in PA3 (A_N) and PA3 (S_N) systems respectively. 354 

The above properties indicate that the stronger binding and more difficult desorption of 355 

the N-containing asphaltenes on silica, especially when the heteroatoms are distributed 356 

in alkane side chains.  357 

Due to the enhanced polar interactions in presence of heteroatoms, the affinity of 358 

heteroatom-containing asphaltenes to the silica surface becomes stronger, impeding 359 

their desorption from the silica surface. Basically, the strengthened asphaltene-silica 360 

interaction makes it more difficult for water molecules to penetrate through the 361 

asphaltene-silica boundary, thus slowing down the replacement process. As in the 362 

adsorption process, the effect of heteroatoms located in the alkane side chains on 363 
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asphaltene desorption is stronger compared with those located in aromatic cores. The 364 

similar phenomena occur to the O-containing and S-containing molecules. The similar 365 

conclusion could also be derived from the time-dependent interaction energies in these 366 

systems (Figure SI-3). The contributions of N atoms to asphaltene-silica electrostatic 367 

interaction, as well as S atoms to the van der Waals interaction, are still prominent in 368 

the desorption process. 369 

 370 

Figure 4. Equilibrium desorption conformation of asphaltene molecules (a) PA3 (C), 371 

(c) PA3 (A_N), (e) PA3 (S_N) on silica after 10-ns MD simulation; right side is the 372 

corresponding density distribution of asphaltene and water molecules along the Z-axis 373 
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over the last 1 ns. 374 

 375 

 376 

Figure 5. The interaction energies between asphaltenes (a) PA3 (C), (b) PA3 (A_N), (c) 377 

PA3 (S_N) and silica as a function of simulation time; Average distance between COM 378 

(center of mass) of asphaltenes (d) PA3 (C), (e) PA3 (A_N), (f) PA3 (S_N) and silica 379 

as a function of simulation time. 380 

 381 

Effect of terminal polar groups 382 

Differing from the inside heteroatoms, the terminal polar groups including amino (NH2), 383 

carboxyl (COOH) and thiol (SH) lead to extraordinary desorption properties of 384 

asphaltenes. These terminal polar groups have higher polarities and easier access to 385 

water molecules compared with the inside heteroatoms. They are able to interact closely 386 

with surrounding water molecules in addition to the enhanced interaction with the silica 387 

surface. 388 
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  Figure 6 shows the initial and equilibrium conformations of the three kinds of 389 

asphaltenes in the desorption process. The asphaltene molecules are still adsorbed on 390 

the silica surface after 10-ns simulation due to the strong interaction between their polar 391 

groups and silica. Especially, there are remaining hydrogen bonds formed between the 392 

amino and carboxyl groups with silica hydroxyls. On the other hand, the asphaltene 393 

aggregates are reconstructed by the surrounding water molecules as a result of strong 394 

interaction with water. Driven by the water replacement on the silica surface, some 395 

asphaltene molecules are detached from the silica surface, while some parallel 396 

asphaltene molecules are forced to be more perpendicular and aggregate with adjacent 397 

asphaltenes. Consequently, the contact area of asphaltenes with silica is contracting and 398 

the asphaltene aggregates are more likely to form a droplet. 399 

  The number of hydrogen bonds formed between asphaltenes and silica, asphaltenes 400 

and water during the desorption process are also analyzed (Figure 7). The hydrogen 401 

bonds between asphaltenes and silica surface gradually decline with time, which is 402 

consistent with the decreasing interaction energies and morphologic change of the 403 

asphaltene aggregates. On the other hand, it is worth noticing that an average of 33 and 404 

19 hydrogen bonds are formed between twenty PA3 (NH2) and PA3 (COOH) molecules 405 

with surrounding water respectively. The two types of hydrogen bonds also demonstrate 406 

the coexistence of strong asphaltene-silica and asphaltene-water interactions in the 407 

system containing terminal polar groups. 408 

Not only enhancing the asphaltene-silica interaction, the terminal polar groups would 409 

also accelerate the detachment of asphaltenes by a different mechanism. When the 410 
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terminal polar groups are present at the asphaltene/water interface, the interfacial 411 

tension will decrease quickly and the asphaltenes are more likely to detach.  412 

However, strengthening the asphaltene-silica interaction is the dominant role of 413 

terminal polar groups, outweighing their ability to enhance the asphaltene-water 414 

binding. This is confirmed by the much higher interaction energies between asphaltenes 415 

containing terminal polar groups and silica in comparison with the original asphaltenes 416 

(Table 3). The strong electrostatic and van der Waals interactions, especially 417 

contributed by carboxyl and thiol respectively, are the major barrier to the detachment 418 

of asphaltenes from silica. 419 

 420 

Figure 6. The initial (0 ns) and equilibrium (10 ns) desorption conformation of 421 

asphaltene molecules (a) PA3 (NH2), (b) PA3 (COOH), (c) PA3 (SH) on silica. 422 
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Hydrogen bonds are shown by dashed lines in the enlarged views. 423 

 424 

Figure 7. The number of hydrogen bonds between asphaltenes and silica, asphaltenes 425 

and water as a function of time: (a) PA3 (NH2), (b) PA3 (COOH). 426 

Table 3. The electrostatic energies, van der Waals energies, and total interaction 427 

energies between asphaltenes and silica over the last 1 ns 428 

Interaction energy 

(kJ/mol) 
Eele Evdw Etotal 

PA3 (NH2) -99.59±24.23 -321.79±20.10 -421.39±32.54 

PA3 (COOH) -184.32±21.29 -470.58±31.18 -654.90±36.27 

PA3 (SH) -62.53±9.04 -502.89±17.08 -565.43±20.55 

 429 

4. Conclusions 430 

The adsorption and desorption of asphaltenes containing heteroatoms (N, O, S at 431 

different positions) on the silica surface have been systematically investigated through 432 

molecular dynamics (MD) simulation. Different asphaltenes perform differently in the 433 

adsorption and desorption processes, depending on the type and position of heteroatoms. 434 

It is found that the terminal polar groups, especially carboxyl (COOH), significantly 435 

enhance the asphaltene-silica electrostatic interactions; while the S atoms mainly 436 
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contribute to the van der Waals interaction energies. Consequently, this enhanced polar 437 

interactions between asphaltenes containing heteroatoms and silica hinder their 438 

desorption from the surface. Both the equilibrium and dynamic properties including 439 

desorption conformation, interaction energies, hydrogen bonds and COM distances 440 

have confirmed the impeded partial desorption of asphaltenes with heteroatoms. 441 

Additionally, when the terminal polar groups are present, the asphaltenes are partly 442 

adsorbed on silica with remaining hydrogen bonds, while the asphaltene aggregates are 443 

reconstructed by the surrounding water. Basically, strengthening the asphaltene-silica 444 

interaction is the dominant role of terminal polar groups, outweighing their ability to 445 

enhance the asphaltene-water binding. These findings would provide fundamental 446 

information in understanding the influence of heteroatoms on the asphaltene adsorption 447 

and desorption, which would also serve for developing novel technologies to recover 448 

the unconventional petroleums or remediation of oil-contaminated soils. 449 

  450 
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