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ABSTRACT 

 

Asphaltenes play a key role on the oil production and exploration from natural 

reservoirs. In carbonate reservoirs, the calcite (10.4) surface retains asphaltenes. 

However, the aggregate structure and deposition processes are not fully understood. 

By first-principles calculations based on density-functional theory (DFT) with van der 

Waals (vdW) dispersion, we studied the adsorption of asphaltene, resin and resin-

asphaltene dimer molecular models on the CaCO3 surface in the presence of water 

and toluene dielectric environment. These large molecules impose a challenging 

description at electronic level. Our calculations indicate that there is steric hindering 

for the effective interaction of the aromatic region of the asphaltene on the calcite 

surface. However, the aliphatic chains with sulphide groups can play a significant role 

on the adsorption process and its availability to receive electronic charge density from 

the surface. Accordingly, the preferential LUMO localized in the aromatic region of 

the asphaltene may also allow the adsorption on the calcite surface by π-π stacking. 

The resin molecule tends to be firstly trapped in the dimer formation with the 
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asphaltene, whereas a significant intramolecular charge rearrangement due to the 

heteroatoms is necessary to increase the π-π stacking. For the dimer, the adsorbed 

form of the asphaltene favors more available electronic states to increase the 

likelihood of nanoaggregation. For this reason, changes on the continuum dielectric 

constant only had a minor effect on the calculated adsorption energies. Experimental 

works related to oil-water interface in presence of toluene show similar behavior of 

asphaltene adsorption. Our studies indicate that nanoaggregates are grown through 

resin and the calcite (10.4) surface selectively adsorbs the less polar asphaltenes from 

oil. 
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1- INTRODUCTION 

 

Asphaltenes are the macromolecular part of natural crude oil, defined by its 

insolubility in n-heptane and solubility in aromatic solvents such as toluene1-4. The 

molecules aggregate in good solvents forming ~10nm sized aggregates1-3. Asphaltene 

molecules have a relatively high molecular weight and are heteroatom-rich. They are 

the densest part of the oil with polar and non-polar groups giving some amphiphilic 

character. Furthermore, these compounds possess the ability to aggregate and adsorb 

to oil-water (hydrophobic-hydrophilic) interfaces to stabilize water-in-oil emulsions 

even at low concentrations.  

The presence of high concentrations of asphaltene aggregates at the reservoir 

bottom can provide more complex upgrading technologies of many types of by-

products in the refining of heavy crude oils, such as the bitumen5-7, or yielding a 

lighter crude oil. Furthermore, some precipitating agents for asphaltenes, such as 

high-pressure reservoir gases, light paraffins and resins, may cause the partial or 

complete blockage of flow in the recovery and movement of petroleum through pipes, 

causing problems in the well and extraction facilities. For this reason, many structural 

features of these organic compounds have been extensively studied4,8-11.  

Mainly due to their chemical composition, including a polyaromatic and 

polycyclic ring containing heteroatoms (N, O, S and metals), asphaltene molecules 

are susceptible to intermolecular forces responsible for their strong propensity to self-

associate, form aggregates and to adsorb on mineral surfaces of rocks11,12. In this 

context, resin molecules may play an important role in bridging the gap between the 

solubility of asphaltenes in polar and non-polar oils.  

The resins consist of molecules of intermediate polarity similar to asphaltenes, 

differing by a reduced number of aromatic structures. They may be regarded as an 

important component for stabilizing asphaltenes due to the solubility of the 

asphaltenes with greater polarity and the non-polar moieties in the saturated oil 

matrix13. These forces of attraction are mainly acid-base interactions, hydrogen bonds 

by the presence of water, coordination complexes, π-π stacking and van der Waals 

(vdW) interactions in hydrophobic regions3,14. The π-π stacking is the most dominant 

force for asphaltene aggregation. This type of interaction could be inhibited in 

adsorption on the rock surface because of significant steric hindrance.  
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Minerals are able to retain asphaltenes, and therefore play an important role in 

the development of enhanced oil recovery (EOR) operations, mainly in natural 

reservoir rocks15-18. Even in the absence of water, asphaltene adsorption on the 

mineral surfaces is driven by polar interaction, surface precipitation and H-bond 

formation17,18. The adsorption process produces marked changes in the wettability of 

the solid and reduces oil production from the reservoir3,19-22. 

Compared to the bare mineral surface, González et al19 observed an increase 

of the contact angle in the mineral-water-toluene solution interface for asphaltene-

covered surfaces, such as calcite. On the other hand, for low asphaltene 

concentrations in toluene, there was a decrease of the contact angle despite the 

adsorption of asphaltene on the mineral surface and the consequent purification of the 

organic solvent. An earlier study20 shows the increase of the contact angle measured 

at the calcite-water-toluene interface from the greater calcite surface covered by 

asphaltene than by resin molecules. 

 Asphaltenes are the primary species that adsorb on the surface of calcite 

(CaCO3)
12, in which the most stable cleavage plane is denoted by the (10.4) surface. 

Accordingly, highly aromatic and polar asphaltenes are thought to be more prone to 

adsorb through the natural chemical composition in the asphaltene and resin 

molecules. It is believed that asphaltenes adsorb primarily by interactions between 

their aromatic and heteroatom groups and the ����  and �����  sites present in the 

calcite (10.4) surface. This adsorption phenomenon may be associated with the 

colloidal interactions responsible for the adsorption of nanoaggregates17,18. The 

adsorption processes may also be influenced by organic solvents in crude oil15,23. 

 Computer simulation techniques have been used to study the main molecular 

representations of nanoaggregates of asphaltenes and resins from their adsorption on 

the mineral surfaces1,2. The adsorption of asphaltenes, resins and their aggregates onto 

solid surfaces is focused on the understanding of the process phenomenology that 

leads to the formation of these organic nanoaggregates. This aggregation process in 

solution could compete with adsorption16. In order to simulate natural conditions, we 

used asphaltenes from water and toluene as solvent and calcite as adsorbent of the 

rock component. 

Our aim is to study at the electronic level, by first-principles calculations with 

vdW forces included, the major oil interaction mechanisms between the asphaltene 

and resin molecules and the surface of CaCO3 as well as the adsorption process of the 
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dimers formed. We are interested in evaluating the electrostatic arrangement from the 

adsorption processes of an isolated molecule and dimer of asphaltene on the calcite 

surface in the absence of collective effects seen in asphaltene clusters. Therefore, the 

adsorption mechanisms of these molecules on the surface of minerals can be the basis 

for understanding a proper chemical mechanism for the different association 

nanoaggregates of asphaltene and resins molecules on the carbonate rock present in 

oil reservoirs. 

 

2- COMPUTATIONAL PROCEDURE 

 

 The calcite (10.4) surface with asphaltene and resin models was investigated 

at the density-functional theory (DFT)24 level with the generalized gradient 

approximation (GGA)25,26 implemented in the Quantum Espresso27-29 package. We 

used a plane wave basis set, periodic boundary conditions30 and Vanderbilt ultrasoft 

pseudopotentials31. We used here the exchange-correlation functional revised by 

Perdew, Burke, and Ernzerhof (revPBE)32-34. In the revPBE, it is allowed to properly 

apply vdW density functional (vdW-DF)35-37, including dispersion interactions to 

better describe the long-range vdW forces at the molecule-surface and dimer-surface 

interfaces. 

 Calcite bulk is a trigonal crystal system with space group R3C. The CaCO3 

structure was built from a hexagonal unit cell with the lattice parameters calculated in 

a = b = 4.98 Å, c = 17.06 Å, α = β= 90.00° and γ= 120.00°. From the cleavage of this 

structure, the cubic unit cell of area (2 × 1) was replicated for the adsorption of the 

asphaltene molecules and the their dimer on the most stable plane (10.4). The lattice 

parameters were calculated in a = 29.94 Å, b = 23.47 Å and c = 38.63 Å. We used the 

tested vacuum layer with a little more than 30.00 Å to isolate the top of the asphaltene 

molecules from the bottom of the next calcite layer. The surface was thus represented 

as a three-layer super-cell (side view in Figure 1A). 

 Asphaltenes are very complex mixtures. However, in order to make the 

problem tractable for simulation methods one must assume some representative 

structures. The asphaltene (Figure 1B) and resin (Figure 1C) models were obtained 

from the work of Boek et al1. They used the Quantitative Molecular Representation 

(QMR) method to build asphaltene molecules from aromatic, aliphatic groups and 
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 6

heteroatoms such as sulfur and nitrogen. Furthermore, these molecules were selected 

by best match with experimental data, including mass spectroscopy, nuclear magnetic 

resonance and elemental analysis38,39. This approach is widely used in other 

simulation papers that use the same or similar molecular structures for asphaltenes 

according the Yen-Mullins model. In particular for the sulfur position, the sulphide 

group is of potential interest by interacting with the calcite surface to a greater extent 

than thiophene. 

 Our calculations were performed with a converged kinetic energy cutoff of 

640 eV and charge density of 4,400 eV at the Γ point. Based on the trust radius 

procedure for the Broyden-Fletcher-Goldfarb-Shanno (BFGS)40 algorithm, the sites 

are allowed to relax along the calculated Hellmann-Feynman41 forces until residual 

force components were smaller than 0.05 eV/Å. In the calcite, just the first surface 

layer is allowed to relax, i.e., all the surface sites displayed in top view in Figure 1A. 

Thus, the two bottom surface layers are fixed in the bulk positions. Regarding the 

asphaltene and resin molecules, all the sites are also allowed to relax. 

 The adsorption energies 	
��  and 	���  were calculated from the electronic 

energy differences between the molecule/dimer and the surface �	��������
�������

 or 

	 �����
�������

�  and the pristine surface (	���� !)	 and the isolated molecule/dimer 

(	$%&! �&! or 	�'$!�) through: 

 

	
�� = �	$%&! �&!���� ! � −	(	$%&! �&!) − (	���� !)	 
and 

	��� = �	 �'$!����� !� −	(	�'$!�) − *	���� !+. 
 

 The charge density differences at the adsorption interfaces were calculated 

according to: 

 

∆. = . /01234523
6578�43 9 − 	.:01234523; − .:6578�43; 

and  
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∆. = . < �'$!�
���� != − 	.:>?037; − .:6578�43;, 

 

where . <$%&! �&!
���� ! = , .:01234523; , .:6578�43; , . < �'$!�

���� !=  and .:>?037;  are 

respectively the charge densities of asphaltene or resin on calcite, the isolated 

asphaltene or resin, the isolated calcite surface, dimer on calcite and isolated dimer.  

The charge analysis was done by Bader's definition available in the Bader 

Charge Analysis Code42-45, for the following valence electronic configurations for 

each pseudopotential: C 2s22p2, Ca 3s24s23p6, H 1s1, N 2s22p3, O 2s22p4 and S 3s23p4. 

Then, the charge for each element was obtained by the difference between the 

calculated Bader charge and number of electrons established at the valence electronic 

configuration of the pseudopotential cited above. Particularly for nitrogen in resin, it 

was compared to the charge of this element in the pyridine molecule with the same 

computational procedure to show the accuracy of the calculated charge. 

 Electrostatic effects due to periodic boundary conditions in the first-principles 

quantum-mechanical simulations were calculated in vacuo and in combination with 

the continuum dielectric environment by the Environ46-48 package. From this, it is 

possible to obtain a better performance with the environment effects, in particular for 

applications in surface science and materials design from first-principles 

calculations49-50. In these calculations, we used toluene and water with dielectric 

constants of 2.38 and 80.00, respectively. In these environment situations, the 

calculations were done without a new structural relaxation. 

 

3- RESULTS AND DISCUSSION 

 

Structural optimization was performed using the most stable coordinates of the 

asphaltene and resin molecules obtained from classical molecular dynamics1. As 

shown in Figure 2 in our first-principles calculations, the average distances for the 

aromatic and non-aromatic dC-C, dC-S and dC-N bonds and for the dmolecule-surface and 

dmolecule-molecule interaction distances, and the ∠C-S-C angles were obtained for isolated 

asphaltene, resin and their dimer, as well as both molecules and their dimer adsorbed 

on the calcite (10.4) surface, as shown in Table 1. Regarding the dmolecule-surface and 
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dmolecule-molecule interaction distances, we used the center of mass of the ring island in 

the asphaltene and resin molecules.  

From molecular dynamics calculations, the potential energy surface for the 

dimer of resin-asphaltene led to a small number of energetically stable structures 

derived by the rotation of the resin on the asphaltene molecule. Accordingly, we 

chose the resin-asphaltene dimer structure shown in Figure 3. The dimer was 

obtained from previous work with a potential energy surface survey with classical 

molecular mechanics, using the LAMMPS software51. The force field employed was 

CHARMM52,53. The resin was placed parallel to asphaltene at a distance of 5.00 Å. 

The resin was rotated by 10° to 350°. Then, the resin was translated by 0.50 Å. The 

same procedure was repeated until 14.00 Å. We present complete details regarding 

this and other sets of structures elsewhere54. 

In this first analysis, we can observe that the analyzed structural parameters 

are rather similar in both the studied molecules even after the molecular interaction 

and surface adsorption. Particularly, the dmolecule-surface distance was the parameter most 

affected due to the interaction influence onto the aromatic region in the asphaltene 

and resin molecules and in the dimer on the calcite surface. For the asphaltene and 

resin molecules, the molecule-surface distances were 6.17 and 4.72 Å respectively. 

For the dimer, dmolecule-surface = 10.09 Å in the asphaltene-calcite interface. In turn, this 

increase in the molecule-surface distance is associated through resin-asphaltene 

interaction with the influence of the resin molecule in the dimer. Although not large, 

the variation in the ∠C-S-C angles may also show that the chains influence the 

molecule-molecule interface. 

The asphaltene molecule has more aromatic rings and fewer heteroatoms than 

the resin molecule. According to the calculated Bader charges, there is a charge 

difference mainly in the aromatic region between the asphaltene and resin molecules, 

as shown in Table 2.  We calculated the sum of square module of the Kohn-Sham 

states at the bottom of the conduction band, at the lowest unoccupied molecular 

orbital (LUMO), and at the top of the valence band, at the highest occupied molecular 

orbital (HOMO), of the studied molecules to analyze the regions related to the 

energetic levels more easily accessible for the surface and molecular interactions. The 

aromatic carbon sites are in the more reactive region (Figures 2A, B, C and D), being 

indeed responsible for the surface adsorption and the formation of the asphaltene and 
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resin nano-aggregates on the natural reservoir rock surface. Although the energetic 

levels more easily accessible are due to the π-π stacking, this does not eliminate the 

visible intramolecular contribution from the sulfur sites in LUMO (Figure 2C) and in 

HOMO (Figure 2D) of resin. 

From the projected density of states (PDOS) analysis for the asphaltene and 

resin (Figure 2E), it is possible to confirm that the sulfur sites display a significant 

contribution mainly in the valence band of the resin molecule. The aromatic carbon 

sites are present at the bottom of the conduction band of the asphaltene molecule; 

although the region of non-aromatic carbons is not adding electronic states at the top 

of the valence band in both molecules, the energy levels of these carbon sites 

contribute with the unoccupied states in the resin molecule. Therefore, in addition to 

the contribution of the aromatic region, the S sites and the carbon chains where these 

heteroatoms are present can take part in the interaction processes including the resin. 

The more energetically stable faces to adsorption of the asphaltene and resin 

were determined. Then, after the chemisorption of isolated asphaltene and resin on the 

calcite surface, respectively with adsorption energies of -58.22 and -35.39 kcal/mol, 

there is no charge rearrangement in these molecules, as shown for the Bader charges 

in Table 2. For the charge density calculations in the molecule-surface interfaces, the 

aromatic rings take part in both surface adsorption processes of the asphaltene 

(Figure 4A) and resin (Figure 4B) molecules. Particularly in the case of the 

asphaltene adsorption, even when displaying steric hindrance due the aliphatic chains, 

there is still an interaction between the region of the aromatic rings and the calcite 

(10.4) surface. This is energetically more favorably than in the resin-calcite 

interaction, even though the resin displays less steric hindrance and greater 

contribution of the S site in the interaction from the aliphatic chains.  

The electrostatic effects with the inclusion of the implicit water (using water 

dielectric constant) did not show a significant influence on the adsorption energies, 

being -51.01 and -29.52 kcal/mol for the asphaltene-calcite and resin-calcite systems, 

respectively. In the case of the toluene dielectric constant, this influence is even less 

marked compared to water (-50.30 and -31.20 kcal/mol). This indicates that the 

inclusion of water or toluene dielectric environment has a minimal effect toward the 

surface adsorption processes from the interactions with both aromatic and non-

aromatic regions in the asphaltene and resin molecules.  
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The electrostatic effects with a correction of dielectric in absence of explicit 

solvent, which is not so easy to calculate, afford to indicate a possible outside vacuum 

vulnerability toward the electrostatic arrangement emerged in asphaltene-calcite 

interaction from a long variation of dielectric constants (toluene and water). Our 

results are thus important to show the solution electrostatic effects may be indeed 

somewhat a minor effect for the adsorption of asphaltene on the calcite surface. This 

proposition is consistent with experimental works related to oil-water interface in 

presence of toluene55-57. In these conditions, the interaction between asphaltene and 

water tends to be similar to our results found in the asphaltene-calcite interface, which 

is somewhat experimental difficult/limited to be analyzed due to the complex 

composition in liquid-solid interfaces. Therefore, we indirectly validated our 

theoretical results owing to the experimental adsorptive behavior of asphaltene on the 

water surface. Ruiz-Morales et al58 also obtained similar results from dissipative 

particle dynamics calculations of asphaltene in the oil−water interface.  

In general, the main experimental findings are: the interaction in a parallel 

way between the region of aromatic rings and the water surface, with aliphatic chains 

positioned toward the oil bulk where the π−π stacking is favored, and too high 

jamming at the oil−water interface by asphaltene monomers leads to asphaltene 

desorption. This last statement has been particularly concluded from the experimental 

works of González et al19,20 studying the mineral-water-toluene interface. Here, we 

showed in a similar way to calcite that the steric hindrance of asphaltene might be 

overcome through the strong electrostatic attraction between the aromatic region and 

the surface of the carbonate. Although the initial formation of the nano-aggregate 

(asphaltene-resin dimer) has favored the π−π stacking between the aromatic regions 

rather than the calcite, particular aliphatic chains with heteroatoms (S) may take place 

to keep the adsorption process on the surface possibly outside of oil bulk with toluene. 

It would also explain the possible less influence of water molecules over the 

asphaltene adsorption on the calcite surface due the no interference of the water 

surface toward the aliphatic groups as seen experimentally55-57. 

The results of LUMO and HOMO of the asphaltene (Figures 4C and D) and 

the resin (Figures 4E and F) molecules adsorbed on the surface of calcite ensure that 

the aromatic region remain accessible for the possible formation of the resin-

asphaltene agglomerates. From the PDOS results shown in Figure 4G for asphaltene 

and for resin, the electronic states are more affected in the conduction band region of 
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the resin-calcite system, decreasing the available electronic states. Despite being 

energetically adsorbed on calcite, the resin adsorption process should not lead to 

further aggregation and therefore the not formation of nano-aggregates because the 

delocalized LUMO in the resin molecule. This is according to the significant charge 

density mainly observed in the aliphatic chains and calcite interface after the charge 

redistribution seen in Figure 4A. Indeed, the difference between the total Bader 

charges obtained in the aromatic region of the molecules leads preferentially to 

decreased resin adsorption with respect to the asphaltene molecule. 

The next step of our study was to select the molecular dimer formed by 

asphaltene and resin, so that the adsorption process on the surface of calcite is started 

with the asphaltene molecule to form the resin-asphaltene-calcite system. The 

interaction energy in the dimer was found to be similar to the adsorption of the resin 

on the calcite surface. For the interface in the isolated dimer, LUMO (Figure 3C) and 

HOMO (Figure 3D) indeed show that π-π stacking is favored in the molecular 

interaction between the aromatic regions of the resin and the asphaltene with no 

effective steric hindrance. This may also lead to the resin chemisorption on the calcite 

surface, as seen from the charge density mainly present in the resin-calcite interface 

(Figure 4D). However, it was observed that a significant charge density change in the 

aliphatic regions occurs in both the molecules, particularly after the their interactions 

in the dimer (Figure 3A). This indicates that, although the interaction between the 

asphaltene and resin molecule tends to be mainly by π-π stacking, there is a possible 

charge rearrangement induced by the heteroatoms; these sites are not kept in the 

frontier of the Fermi level, according to PDOS in Figure 3B for the isolated dimer. 

Finally compared to adsorption of the asphaltene molecule (-58.22 kcal/mol), 

the magnitude of the dimer adsorption energy shows small aggregates may take place 

on calcite before the growth of the resin-asphaltene interactions on the surface 

(Figure 5). This can also be concluded from the similar interaction energies between 

resin-calcite (-35.39 kcal/mol) and resin-asphaltene (-25.77 kcal/mol), in which the 

resin molecule tends to agglomerate with asphaltene molecules in the absence of the 

calcite influence. Besides increasing the available electronic states in the conduction 

band, the dimer allows for the formation of more electronic states occupied to the 

total system affording a possible increase in nano-aggregate on calcite. Taking into 

account the slightest influence of the correction of dielectric upon adsorption of the 

isolated molecules, we leave the assumption that it would be even more irrelevant the 
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variation of dielectric constants upon the dimer adsorption, in which the π−π stacking 

is favored toward to oil bulk58. 

The charge density at the interface between the resin-asphaltene dimer and the 

calcite surface is mainly related to the same interactions observed between the 

aromatic rings and the chain S in the asphaltene-calcite system (Figure 5A). 

Particularly, the charge density difference can be seen from calcite to the aromatic 

rings, while the sulfur in the asphaltene molecule leads to the surface. Furthermore, 

due the influence of the resin molecule upon the asphaltene molecule previously 

discussed, the asphaltene molecule also is able to interact by π-π stacking of the 

adsorbed dimer, even in the absence of water. Despite the increase in the charge 

density presence seen in Figure 5A, the LUMO (Figure 5C) and HOMO (Figure 

5D) representations display the regions of electronic states related to the asphaltene 

association and further formation of hemi-micelles on the CaCO3 surface. In both 

resin and asphaltene (Figure 5B) molecules, the sulfur energetic levels are shifted 

considerably. 

Our aim was to study the implicit solvent effect upon the asphaltenes adsorbed 

on the surface from the absence of the water-calcite interaction. However, some 

considerations can be made regarding the possible effect of “real” solvent molecules 

on surface aggregation. Regarding the value of the adsorption enthalpy of water 

molecules on the calcite surface, this should be much lower if it is compared to 

asphaltene adsorption obtained. For example, experimental adsorption enthalpies of 

ethanol show this molecule is able to displace water from the pure calcite surface59,60. 

Regarding the entropy for the release of solvent molecules upon asphaltene 

adsorption, Freeman et al.61 showed by molecular dynamics (MD) that the adsorption 

of mannose and methanoic acid molecules are favored by an increase in the entropy 

due to the displacement of water molecules from explicit solvent on the calcite (10.4) 

surface. 

As a result of the adsorption of the asphaltene molecule and resin-asphaltene 

dimer, the hydrophilic character of the calcite surface may change to hydrophobic 

with implications on the system (e.g. reservoir) behavior. The charge of S in the 

aliphatic chains is different in asphaltene and resin molecules, even before the 

adsorption. For this reason, we can say that there is a greater rearrangement between 

the aromatic region and the aliphatic chains (due to S) in resin, increasing the 

interaction region on this molecule in the dimer. This could favor the adsorption of 
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more nonpolar-molecules with greater influence of solvents, such as toluene. 

Therefore, small nanoaggregates can adsorb in a way similar to single asphaltene 

molecules until the CaCO3 surface is fully covered. 

 

4- CONCLUSIONS 

 

Our simulations are based on first-principles calculations with van der Waals 

(vdW) inclusion. We showed that the selectivity difference between more polar resin 

and less polar asphaltene on the CaCO3 (10.4) surface is present in natural reservoir 

rocks. Due to self-association of nanoaggregates containing resin and asphaltene, the 

adsorption process of such dimers is important to understand the description of the 

interactions at the molecular level for the asphaltene association on the calcite surface. 

Moreover, in order to approach the simulation of natural conditions, we used water 

and toluene as an implicit solvent, changing the dielectric constant. 

The formation of nanoaggregates may be enhanced on the surface compared 

with the dimer. This leads to further laying of asphaltenes on the surface; higher 

electronic states available for π-π stacking interaction are induced by charge 

rearrangement and are therefore an important consideration for the asphaltene 

adsorption. Accordingly, the inclusion of water and toluene dielectric environment 

does not influence the adsorption process, since the dimer is formed on the calcite 

surface with less influence of the more polar molecules of resin. The influence of the 

solvent on the resin (mainly on the heteroatoms) may control the formation of the 

aggregates before interacting with the surface rather than of the growth of the 

agglomerates on the surface from the asphaltene molecule. 

Although there is steric hindering in the interaction of the aromatic ring region 

on the surface, our results indicate how asphaltene interacts at the particular calcite 

surface. Therefore, the calcite (10.4) surface can selectively adsorb the asphaltene 

molecules from oil or model solutions, as a first step in the formation of 

nanoaggregates. The aliphatic organic chains also are fundamental to the adsorption 

process, displaying the effect of vdW forces used in our calculations. In parallel, the 

increase of polarity through the heteroatom content could activate specific portions of 

the resin molecules, in order to favor the interaction with asphaltene molecules in the 

agglomerates and the growth of the aggregates on the calcite surface. Future studies 
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will look into a wider range of molecular structures for asphaltene and specific effects 

of functional groups. 
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Figure 1: (A) Side and top views of the super-cell of calcite on the surface 

(10.4). Projections along the of ring region of the molecular models parallel to calcite 

(10.4) surface (in the absence of hydrogen) of (B) asphaltene and (C) resin models. 

The five and six-membered rings are light purple and pink, respectively. The sulfur 

sites are showed as S1 and S2.  
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Figure 2: Isolated asphaltene and the resin molecules. Sum of square module 

of the Kohn Sham states is at the bottom of the conduction band (LUMO) and at the 

top of the valence band (HOMO). (A) LUMO and (B) HOMO for asphaltene, (C) 

LUMO and (D) HOMO for resin. Isosurface of -0.0007 to 0.0007 electrons/Bohr−3. 

(E) Projected density of states (PDOS) for asphaltene and resin. 
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Figure 3: Isolated asphaltene and resin dimer. (A) Top view in up and charge 

density difference in down for resin-asphaltene. The red and blue colors indicate 

increase and depletion of charge density, respectively. (B) Projected density of states 

(PDOS) for resin-asphaltene. Sum of square module of the Kohn Sham states is (C) at 

the bottom of the conduction band (LUMO) and (D) at the top of the valence band 

(HOMO) for resin-asphaltene. Isosurface of -0.0007 to 0.0007 electrons/Bohr−3.  
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Figure 4: Adsorbed asphaltene and the resin molecules. Top views in up and 

charge density differences in down for (A) asphaltene-calcite and (B) resin-calcite. 

The red and blue colors indicate increase and depletion of charge density, 

respectively. Sum of square module of the Kohn Sham states is at the bottom of the 

conduction band (LUMO) and at the top of the valence band (HOMO). (C) LUMO 

and (D) HOMO for asphaltene-calcite, (E) LUMO and (F) HOMO for resin-calcite. 

Isosurface of -0.0007 to 0.0007 electrons/Bohr−3. Projected density of states (PDOS) 

for (G) asphaltene-calcite and resin-calcite. 

 

 

 

Figure 5: Adsorbed asphaltene and resin dimer. (A) Top view in up and charge 

density difference in down for resin-asphaltene-calcite. The red and blue colors 

indicate increase and depletion of charge density, respectively. (B) Projected density 

of states (PDOS) for asphaltene and resin in resin-asphaltene-calcite. Sum of square 

module of the Kohn Sham states is at the bottom of the conduction band (LUMO) and 

at the top of the valence band (HOMO). (C) LUMO and (D) HOMO for resin-

asphaltene-calcite. Isosurface of -0.0007 to 0.0007 electrons/Bohr−3.  
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Table 1: Structural parameters of distances (d) and angles (∠) for isolated asphaltene, 

resin and their dimer, as well as both molecules and their dimer adsorbed on the 

calcite (10.4) surface. The distances and angles are in Å and °, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Structural 

Parameters 

Molecules Dimer 

Asphaltene 
@6Aℎ�2C3D3
��24?C3  Resin 

E36?D
��24?C3 

E36?D
@6Aℎ�2C3D3 

E36?D
@6Aℎ�2C3D3��24?C3

 

Asphaltene Resin Asphaltene Resin 

aromatic 
dC-C 

 
1.42 1.43 1.41 1.41 1.47 1.41 1.42 1.41 

aliphatic 
dC-C 

1.55 1.54 1.54 1.54 1.54 1.54 1.55 1.54 

dC-S 1.84 1.85 1.84 1.85 1.85 1.85 1.84 1.85 

dC-N - - 1.40 1.40 - 1.40 - 1.40 

dmolecule-surface - 6.13 - 4.72 - - 10.09 - 

dmolecule-molecule - - - - 5.45 5.45 6.19 6.19 

∠C-S1-C 102.47 102.60 101.40 100.98 101.48 100.41 104.95 100.88 

∠C-S2-C - - 102.80 102.90 - 100.61 - 100.77 
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Table 2: Charges (e-) obtained by the Bader method for isolated asphaltene, resin and 

their dimer, as well as both molecules and their dimer adsorbed on the calcite (10.4) 

surface. 

*The nitrogen charge in resin is similar to one calculated for the pyridine molecule (-

2.83). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Charge 

Region 

Molecules Dimer 

Asphaltene 
@6Aℎ�2C3D3
��24?C3  Resin 

E36?D
��24?C3 

E36?D
@6Aℎ�2C3D3 

E36?D
@6Aℎ�2C3D3��24?C3

 

Asphaltene Resin Asphaltene Resin 

aromatic 
C 

-0.01 -0.01 0.20 0.19 -0.01 0.21 -0.01 
 

0.22 
 

aliphatic 
C 

0.07 0.06 0.07 0.05 0.06 0.05 0.06 0.05 

S -0.10 -0.10 -0.06 -0.05 -0.06 -0.06 -0.10 -0.06 

N* - - -2.24 -2.19 - -2.24 - -2.29 
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