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Abstract 

This research provides an atomic-level insight into the synergic contribution of mono- and 

divalent ions to interfacial characteristics of calcite surface exposed to electrolyte solution 

containing organic compounds. The emphasis was placed on the ionic interactions 

responsible for charge developing mechanisms of calcite surface and also the capacity for 

polar hydrocarbons adsorption, represented by Benzoic acid (BA), at different brine 

compositions. For this purpose, Molecular dynamics (MD) simulation was employed to 

explore the interplay of the main constituent ions of natural brines (Na+, Cl-, Mg2+, and SO4
2-) 

and BA at the interface of CaCO3. It was observed that surface accumulation of Na+ cations 

produces a positively charged layer immediate to the basal plane of calcite, validating the 

typical positive surface charge of carbonates reported by laboratory experiences. Meanwhile, 

a negatively charged layer appears beyond the sodium layer as a result of direct and solvent-

mediated pairing of anions with Na+ cations lodging on the calcite substrate. In this process, 

sulfate adsorption severely diminishes surface charge to even a negative value in the case of 

SO4
2--rich solution, providing an interpretation for the measurements reported in the literature. 

Our results revealed the inhibition of direct binding of BA molecules onto the calcite surface 

through complexion with protruding oxygen atoms of basal carbonates by the residing Na+ 

cations. Further, we noticed the sulfate-mediated pairing of BA molecules to the Na+ layer, 

which in effect intensifies surface adsorption of BA. However, BA-SO4
2- interaction is 

considerably reduced by magnesium cations shielding sulfate sites in the Mg2+-augmented 

brine. The findings presented in this study are of fundamental importance to advance our 

microscopic understanding on interfacial interactions in brine/oil/carbonate systems; with 

broad scientific and applied implications in the context of mobilizing organic contaminants 

trapped in aquifer sediments and enhancement of hydrophilicity of subsurface oil-bearing 

carbonate reservoirs by injecting ion-modified brine solutions. 

Keywords: Calcite; Brine; Interface; Molecular dynamics simulation; Surface charge; 

Adsorption; Wettability.  
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1. Introduction 

Minerals are known to develop surface charge upon immersion in an aqueous solution1. Such 

charging processes lead to specific interfacial interaction affecting the structure and 

arrangement of the nearby surrounding fluids 2. In particular, the capacity of natural minerals 

to adsorb organic molecules is strongly salinity-dependent, controlling processes such as bio-

mineralization, contaminant migration in subsurface aquifers and wettability alteration of 

hydrocarbon reservoirs 3. Among numerous types of mineral, calcite (CaCO3) is of paramount 

importance in diverse fields of science and technology 4. Many rocks naturally occurring in 

the Earth’s crust and ocean sediments, including limestone and chalks, are comprised of 

calcite 5. To date, numerous investigations have shed light on the importance of surface-

specific interactions of calcite-aqueous solutions, for instance, in bio-mineralization 6, binding 

strength of organic molecules, such as methanoic acid 7, poly acrylic acid 8, and various 

alcohols 9,10. Calcite-water interface has been the matter of extensive research since last 

decade 11,12. Nevertheless, a complete understanding of the surface properties of carbonate 

minerals remains elusive, especially in contact with brines of varying compositions.  

To date, a body of laboratory evidence has demonstrated the ion-specific interfacial 

characteristics of carbonates13; of practical consideration in retention of  non-aqueous phase 

liquids (NAPLs) in aquifers, transport of organic contaminants through soil, and also 

increasing the oil recovery efficiency through injection of ion-modified saline solutions into 

petroleum reservoirs14. The latter, known as ion-tuned waterflooding (ITW), has emerged as 

a promising and environment-friendly technology for enhancing oil production from 

underground reservoirs 15. Through this approach, the surface characteristics of rock-oil-brine 

systems, such as wettability, are optimized for oil release by adjusting (modifying) the ionic 

composition of the injecting brine solution 16. Up to now, numerous investigations have been 

performed on ITW 2,13,17; nevertheless, a detailed atomistic picture of that process remains 

unclear18. This lack of knowledge mainly stems from the inherent challenge in direct probing  
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nano-scale features of rock-brine interfaces 18. Owing to limits of analytical methods, atomistic 

simulation has utilized as a powerful tool for scrutinizing contribution of ions to interface of 

rock/oil/brine systems with sub-nanometer resolution19–22. By applying molecular dynamics 

(MD) simulation, Badizad et al. figured out distinct propensity of ions for approaching and 

localizing in the hydrocarbon-brine interfaces 23. Concerning calcite-brine systems, MD 

simulations carried out by Koleini et al. revealed the monotonic decrease of calcite surface 

charge upon diluting brine salinity 24. Chen et al. demonstrated that ions could effectively 

screen attachment of carbohydrate monomers to the calcite surfaces,25 while Liu et al. 

showed that organic molecules are less prone to be adsorbed on the surface of Mg-doped 

calcites26. By performing first-principle calculations, Liu et al.27 suggested that surface 

population of Na⁺ and Cl⁻ ions nearby the calcite could potentially enhance detachment of 

organic molecules, hence  turning wettability to weakly water-favoring condition 27. In an 

analogous study, Sanchez and Miranda showed the ability of Mg2+ to destabilize 

hydrocarbons pre-adsorbed onto CaCO3 surfaces28, which was then verified by experimental 

study 29. 

The above-mentioned studies underline the utility of atomistic modelling for exploring surface 

characteristics of ion-mineral-hydrocarbons. However, given the potential complexity of such 

systems, fully resolving the role of individual ions at calcite-brine interfaces is still an ongoing 

research area. To our knowledge, no systematic investigation has ever been carried out to 

resolve in atomic detail the mutual interplay of ions and polar organic compounds at calcite 

surfaces exposed to multi-component electrolyte solutions. Here, MD simulation was 

undertaken to recognize how major constituting ions of natural saline waters regulate the 

charge density and adsorption capacity of the calcite surface. In what follows, firstly, the 

simulation methodology is concisely explained. Then, the surface structuring, distribution and 

pairwise interaction of different species are evaluated through several analyses, followed by 

discussing implications of this study. We hope the results obtained in this work provide 
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fundamental insight into the importance of water chemistry in the mechanism of charge 

development at calcite surfaces in geochemical environments and also ion-specific binding 

of polar organic constituents onto calcite surface naturally found in porous rocks constituting 

subsurface aquifers and oil resources.  

2. Simulation  

2.1 Model construction 

Molecular dynamics simulation (MD) was employed to study symbiotic behavior of ions and 

polar hydrocarbons inside a calcite slit at various brine compositions. Two CaCO3 slabs, with 

dimensions of 56.67 Å x 54.89 Å x 19.77 Å (Lx x Ly x Lz), were placed 6 nm apart parallel to 

each other (orthogonal to z-direction) to form interfaces with the aqueous solution. Each slab 

was cleaved at the (1014) plane, which is the most stable and abundant polymorph of 

CaCO3 in the nature 30–32.  

In this study, Benzoic acid (BA) represents the polar fraction of natural organic matters, like 

crude oil, found in underground petroleum and water resources. BA has been typically utilized 

as in empirical and numerical investigations for modeling adsorption of polar hydrocarbons 

onto mineral surfaces 33–35. Having both aromatic ring and carboxylic functional group, BA 

accounts for key characteristic of polar fraction of crude oil 36–38. In each simulated model, 24 

BA molecules were placed in an ordered arrangement in the middle of the slit pore (Figure 

S1, Supporting Information). Next, the interlayer spacing was filled in by 6183 water 

molecules, using the PACKMOL package, to achieve a water density of approximately 1 

g.cmˉ³ 39. Ions were introduced randomly to attain desired brine composition.  

In line with typical composition of aqueous solutions used in field scale tests and lab-scale 

investigations 29, seawater (SW, salinity of ~54.9 g.dm-3) was taken as the base solution. The 

exact composition of SW used in this study was adopted from the frequently cited 
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experimental study by Yousef et al 40. The role of divalent ions (Mg²⁺ and SO₄²⁻) was 

examined by modifying their concentrations with respect to a reference solution. Following 

the common experimental convention 41–43, the concentration of divalent ions was individually 

increased fourfold to attain two different brines, namely, SW4Mg2+ and SW4SO4
2-, 

respectively. To decouple the contribution of divalent ions, a solution solely containing Na⁺ 

and Cl⁻, called SWNaCl, was also utilized here in the simulation. It is important to note that 

the total salinities of all solutions were kept constant by regulating (increasing/reducing) the 

NaCl concentration, as necessary. The values of ions’ concentrations for each solution are 

listed in Table 1. As a complement, an ion-free solution (deionized water, DW) was 

considered to compare BA interaction with an ion-free CaCO3 surface.   

2.2 Interatomic potentials 

The LAMMPS package was utilized to perform the MD simulations, using the velocity-Verlet 

scheme with a time-step of 1 fs 44. The van der Waals and electrostatic interactions were 

calculated within the cut-off radius of 1 nm using the Lennard-Jones 12-6 (LJ) and Coulomb 

expressions, respectively 45 : 

where rij  is the distance between atoms i and j. q is the partial charge valence and ε₀ (8.854 

× 10⁻12 C.V⁻¹ m⁻¹) is the vacuum permittivity.  The non-bond LJ parameters (Aij and Bij in Eq. 

1) between unlike atoms were described through the geometric mixing rule, that is, 𝐴𝑖𝑗 =

√𝐴𝑖𝑖𝐴𝑗𝑗 and 𝐵𝑖𝑗 = √𝐵𝑖𝑖𝐵𝑗𝑗 46. Long-range electrostatic interactions were resolved using the 

particle-particle/particle-mesh (PPPM) method in the reciprocal space with the accuracy of 

10⁻⁵. The interatomic potentials developed by Xiao et al. were adopted for modelling calcite 

slabs 46. Consistent with the original parameterization of this force field, the water molecules 

were represented by the flexible TIP3P model 47. Also, BA, Na⁺, Clˉ and Mg²⁺ were modeled 

using OPLS-AA force field 48,49. Sulfate anions were described by the parameters developed 

𝐸𝐿𝐽+𝐶𝑜𝑢𝑙 = [
𝐴𝑖𝑗

𝑟𝑖𝑗
12 −

𝐵𝑖𝑗

𝑟𝑖𝑗
6 ] +

𝑒2

4𝜋𝜀0
∙
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
, (1) 
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by Williams et al. 50. Throughout, bond stretching, angle bending and dihedral rotation were 

described by 49: 

𝐸𝑏𝑜𝑛𝑑 =∑𝐾𝑖
𝑟

𝑖

(𝑟𝑖 − 𝑟𝑖0)
2 (2) 

𝐸𝑎𝑛𝑔𝑙𝑒 =∑𝐾𝑖
𝜃

𝑖

(𝜃𝑖 − 𝜃𝑖0)
2 (3) 

𝐸𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 =
1

2
∑∑𝐾𝑛,𝑖

𝜑 [1 + (−1)𝑛+1𝑐𝑜𝑠(𝑛𝜑𝑖)]

4

𝑛=1𝑖

 (4) 

where r0 and 𝜃0 are equilibrium bond lengths and angles, with corresponding stiffnesses of 

𝐾𝑟 and  𝐾𝜃. φi  and 𝐾𝑛
𝜑

denote dihedral angle and stiffness constants, respectively. Note that 

all force field parameters taken in this study are reported in Table S1 of Supporting 

information. 

2.3 Simulation methodology 

Each confined solution was set to 80 °C and 30 MPa, consistent with the prevailing 

thermodynamic conditions of many underground hydrocarbon reservoirs and aquifers 51. 

Following the protocol described by Koleini et al. 52, equilibration began by spatially 

constraining the bottom calcite slab and BA molecules. Brine and the top slab were coupled 

to the Nosé-Hoover thermostat with a damping constant of 0.1 ps. In this manner, the top 

calcite slab behaves as a cap floating on the beneath solution. After relaxation for 0.5 ns at 

80 °C, the brine solution was compressed at the same temperature by applying a uniaxial 

and uniform pressure equivalent to 30 MPa at the upper calcite slab for 1.5 ns. Finally, BA 

molecules were allowed to move and simulation was continued for 20 ns NVT (constant 

number of particles, volume and temperature). Throughout, the atomic trajectories were 

collected every 0.5 ps and statistics extracted within the last 10.0 ns were used for post-

analysis. Note that atomic configurations were captured and processed using OVITO software 

53.  
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3. Results 

In the following, we present various statistical analyses obtained by processing atomic 

trajectories. First, the equilibrium timeframe for collecting data are inferred on the basis of the 

mean square displacement (MSD) of BA molecules. Then, we explore the distribution and 

localization of water, ions and BA nearby the calcite surface; followed by radial distribution 

graphs to verify pairwise interactions. Finally, the spatial arrangement of ions is compared 

over the area of calcite-brine interfaces. Throughout, we aim to unravel the impact of brine 

composition on the interplay between different species in the vicinity of calcite surfaces.  

3.1 Mean square displacement  

MSD of BA was calculated to ensure the sufficiency of the simulation timespan, given by 54: 

𝑀𝑆𝐷𝛼(𝑡) =
1

𝑁
⟨∑|𝑟𝛼,𝑖(𝑡 + 𝑡₀) − 𝑟𝛼,𝑖(𝑡₀)|

2
𝑁

𝑖=1

⟩

𝑡0

 (5) 

where 𝑟𝛼,𝑖 is the position of a particle i along the 𝛼-direction at a given instance. Summation 

runs over total N benzoic acids and angular brackets denote ensemble average over t0 

timesteps. MSD in the parallel (MSDx and MSDy) and perpendicular (MSDz) directions to 

calcite slabs were obtained for the whole timespan of the production simulations (Figure 1).  

It can be seen in Figure 1 that MSDx and MSDy increase linearly and concurrently against 

time, showing diffusive motion of BA molecules parallel to the solid slabs. Conversely, MSDz 

diagram exhibits a sub-diffusive behavior up to ~1 ns and levels off to a constant value at 

approximately 10 ns. This particular trend arises by restricted movement of BA molecules 

normal to the confining calcite walls. For this reason, MSDz curves attain eventual values 

smaller than those of parallel counterparts, MSDx and MSDy. It is evident in Figure 1 that BA 

molecules move around diffusively and steadily within the last 10 ns of each simulation and, 

hence, statistics collected during that timespan were used for further analysis.  
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3.2 Density distribution profiles 

In this section we scrutinize arrangement of water, BA and ions in the calcite-brine interface 

on basis of density distribution profiles obtained normal to the calcite slabs (z-direction) at 

different compositions. Note the plane passing through the basal calcium atoms of each solid 

slab serves as the reference position, i.e. with z = 0. 

3.2.1 Water  

For any saline solution, water density profile appears oscillatory within ~1 nm of the calcite 

surfaces (Figure 2) and beyond that, it takes a constant value, in agreement with the bulk 

water density, ~ 1 g.cm-3. The anomalous parts of distribution profiles identify the near-surface 

layering of water molecules as a result of interaction with the confining calcite slabs. 55,56. In 

these regions, localization and distribution of solutes (ions and BA) are controlled by both 

interplay with solid substrates and discrete water mono-layers. Snapshots captured at the 

end of simulation (Figure 3) exhibit some sort of species localization in the calcite-brine 

interface.  Hence, in the following we analyze distribution and interaction of ions and BAs by 

focusing on the 1 nm-thick zone of each brine solution nearby the calcite surfaces, hereafter 

defined as interface region (Figure 2). As stated by Eslami and Muller-Plathe, the interface 

zone for a solid-liquid contact is not uniquely defined, rather it is determined on the basis of 

the structural or dynamical property under investigation 57. This mainly originates from the 

conformational complicacy associated with macro-molecules, like proteins or polymers, which 

is irrelevant to a water molecule of simple, small structure. Furthermore, we mainly dealt with 

species distribution perpendicular to the calcite surface, so water density profile is a natural 

and consistent choice for discerning interface regions.  

3.2.2 Ions 

The single, sharp peak of sodium in the number density profiles (Figure 4) shows that Na⁺ 

cations densely accumulate on the calcite substrate in any brine solution, between the first 
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and second water monolayers (indicated by vertical dashed lines in Figure 4). Sodium cations 

adhere on the calcite by inner-sphere complexion with the protruding oxygen atoms of the 

basal carbonates, while partly maintaining their hydration shell (note inset of Figure 4). By 

comparing height of the sodium peaks in Figure 4 and corresponding number of comprising 

ions (Table 1), it is clear that the extent of Na+ adsorption on the calcite (SWNaCl > SW ≈ 

SWSO4
2- > SW4Mg2+) is directly proportional to its concentration in the electrolyte solution. 

Chloride anions form three adsorption layers nearby the calcite surface, as distinguished in 

Figure 4a. The primary peak of Cl- distribution (labeled 1) lies between the first and second 

wetting layers, overlapping the layer formed by adsorption of sodium cations on the solid 

substrate. Beyond that, chloride anions preferentially appear within the third water monolayer, 

giving rise to a further adsorption layer (labeled 2 in Figure 4a). In both cases, chloride anions 

adhere on the calcite slabs through contact ion pair (CIP) 58 with the pre-adhered Na+ cations. 

We also noticed a further peak in Cl- distribution diagram (labeled 3), that is ~7.4 Å above the 

calcite basal plane. As shown in the Inset of Figure 4a, Cl- linkage to Na+ cations in this mode 

is mediated by peripheral water molecules, known as solvent-shared ion pairing (SSIP) 58.  

Overall, accumulation of chloride anions in the calcite-brine interface region is tied to Na+ 

cations already lodged on the calcite surface. Surface loading of chloride anions could be 

interpreted by thinking of the electrostatic force induced by Na+ cations covering the calcite 

surface. In this view, Cl- anions are attracted towards the surface and pair with Na+ ions. 

Chloride anions residing beside and above the adsorbed Na+ cations lead to the first and 

second Cl- layers distinguished in Figure 4a. We expect stronger adsorption of Cl- ions by 

larger surface coverage of Na+ cations. Supporting this argument, Figures 4a,b and d show 

surface loading of chloride ions in brine solutions follows the order: SWNaCl > SW > 

SW4Mg2+, despite nearly equal amount of Cl- ions in all cases (Table 1).  

Analogous to chlorides, sulfate anions approach the calcite surface by forming two distinct 

adsorption layers, as discerned in Figure 4b. However, peaks of sulfates are about 1 Å 
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beyond that of Cl-, which is possibly due to the larger size of polyatomic SO4
2- anion, i.e., 1.8 

compared to 2.4 Å 59. Corresponding snapshots shown in Figure 4b suggest that, similar to 

Cl-, surface positioning of SO₄²⁻ is regulated by sodium ions covering the calcite surface. It 

is well reflected in greater adsorption of sulfate in case of SW (Figure 4b) than SW4Mg2+ 

(Figure 4d), because of the higher content of Na+ in the former solution. Note that both 

solutions carry same amount of sodium cation (Table 1).  

Amongst ions, Mg²⁺ cations do not approach very near to the calcite surface and stay at most 

~7.5 Å above the solid surface. Having a tightly bound hydration shell, penetration of 

magnesium cations into the compact wetting layers (Figure 2) incurs a large energy penalty 

for redistribution of its peripheral water molecules 24. Moreover, the positively charged layer 

formed by surface coverage of Na+ cations repel Mg2+ ions, thus reducing their affinity for 

visiting the calcite-brine interface. Distribution profiles (Figures 4c-d) show that Mg2+ ions 

enter the interface by especially appearing above the sulfate adsorption layers, with greatest 

intensity observed in the SW4Mg2+ solution. Visual inspection of atom’s arrangement 

indicates sulfate-mediated sorption of Mg2+ to pre-adsorbed Na+ ions (notice the inset of 

Figure 4d). Therefore, we expect the surface affinity of magnesium cations is related to 

number of SO4
2- adsorbed on the calcite substrate. The role of sulfate is well realized by not 

detecting magnesium in the interface of calcite-SW (Figure 4b). It comes with SW while 

having nearly same amount of Na+ and Mg2+ cations as SW4SO4
2- solution (Table 1).  

3.2.3 Charge density profile 

Charge density profile (Figure 5) quantifies the net contribution of ions, i.e., combination of 

concentration and valence, nearby the calcite surface. It was simply obtained for each solution 

through valence-weighted sum of the distribution profiles of ions already presented in Figure 

4. Despite the inherent charge neutrality of the CaCO3 slabs considered in this study, the 

surface localization of Na+ cations effectively generates a positively charged layer immediate 

to the calcite surface (the primary peak in Figure 5), with charge intensities following the 
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order: SWNaCl > SW ≈ SW4SO4
2- > SW4Mg2+. The formation of such positively charged 

sodium layers could explain the positive zeta potential typically reported for carbonate 

minerals exposed to aqueous solutions 60. It should be noted that calcite-brine systems 

modeled in this study correspond to the point of zero charge of an intact CaCO3 surface, i.e., 

pH = 8-9 61, which is the prevailing state of laboratory measurements and underground 

resources 62. Therefore, at this condition, surface charge of calcite-brine arises by selective 

adsorption of ions.    

In physical term, the adsorbed Na+ layer induces a positive electric potential and as a result, 

attracts anions (Cl- and SO4
2-) toward the wetted substrate. This way, a diffuse-like negatively 

charged layer turns out immediate to the sodium layer (Figure 5). We expect the strength of 

the resulting negative layer is connected with the positively charged layer immediate to the 

calcite surface. Respecting this argument, the negative layer in SW4Mg2+ solution is weaker 

than that of SW (Figure 5), although both possessing nearly equal number of anions (Table 

1). This disparity comes with the lower charge density of the positive layer in the SW4Mg2+ 

(Figure 5). This comparison demonstrates the extent of the negative layer is a function of the 

number of sodium cations covering the calcite surface. Furthermore, the lesser extent of the 

negative layer in the SW4Mg2+ solution could be partly attributed to the weaker surface activity 

of sulfates in the interface. This is simply inferred by absence of the doublet negative layer in 

the case of SW4Mg2+. Varying appearance of the negative layer, for example dual peak in 

the case of SW and SW4SO4
2- solutions, is due to different modes of surface loading of Cl- 

and SO4
2-. In sum, Figure 5 verifies the formation of an electrical double layer (EDL) in the 

vicinity of the calcite substrate caused by biased population of anions and cations, already 

reported in Figure 4.  

3.2.4 Benzoic acid 

Like ions, specific interactions in the interface region lead to the adherence of BA molecules 

on the calcite surface. Near surface anomalies of distribution profiles of BAs (Figure 4) reveal 
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the tendency of those molecules for directly binding on the solid surface. The dual peaks 

identified in Figure 4c reflect different linkage modes of BA molecules on the solid walls. In 

either case, an H-bond is established between carboxyl hydrogen of a BA molecule and a 

protruding oxygen atom of basal carbonates, which is illustrated in the pertinent snapshots 

(inset of Figure 4c). Likewise, Chen et al. pointed out H-binding adsorption of carbohydrate 

monomers confined within a calcite slit 25.  BA molecules could touch closer the calcite 

substrate by having their carbonyl oxygen bending towards the nearest calcium atom of the 

basal CaCO3 plane, denoted by secondary peak in Figure 4c.  

Varying peak heights of near-surface BA profiles (c.f. panels of Figure 4) means brine-

dependent likelihood of that specie for entering the interface region and subsequently, 

attaching on the surface. Despite equal salinity of brine solutions (Table 1), it seems the 

surface propensity of BA molecules is connected with the ionic composition; with greatest and 

lowest BA adsorption occur for SW4SO4
2- and SW4Mg2+, respectively. From this evidence, it 

can be conjectured that sulfate anions enhance BA tendency for visiting the interface, 

whereas Mg2+ acts against that affinity.   

3.3  Radial distribution function  

Radial distribution function (RDF, g(r)) analysis was employed to verify pairwise interactions 

speculated earlier on the basis of distribution profiles and selected snapshots. For calculating 

RDF profiles, we followed the procedure suggested by Afandak and Eslami, and Eslami et al 

63,64, who proposed considering those pairs falling in a cone of specified opening angle (herein 

180o, or in effect a semi-spherical). Above, we argued that Na+ cations tend to cover the 

calcite surface and meanwhile, chlorides reside in the CaCO3 interface region by either 

adsorbing next to or above the Na+ ions. RDF profiles of Na+-Cl- (Figure 6a) indicate that 

sodium and chloride ions could interact within the interface in two distinct ways. Given RDF 

diagram of Na+-Ow (inset of Figure 6a), the first and second peaks labeled in Figure 6a are 

ascribed to CIP (1st and 2nd peaks Figure 4a) and SSIP (3rd peak in Figure 4a) of Na+-Cl-, 
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respectively. Note the MD-predicted shell radii (inset of Figure 6a) are consistent with 

hydration structure of Na+ obtained by X-ray measurements and first-principle calculations 65.  

It is evident in Figure 6a that the intensity of Na+-Cl- pairing in the interface is evidently related 

to the electrolyte composition. Based on the height of RDF peaks (Figure 6a), the strongest 

sodium-chloride complexion happens in the calcite-SWNaCl interface which solely consists 

of Na+ and Cl- ions. Noteworthy, the degree of Na+-Cl- pairing reduces upon introducing other 

ionic species (Mg2+ and SO4
2-) into brine solutions, following the order: SWNaCl > SW > 

SW4Mg2+ > SW4SO4
2- . The weakest Na+-Cl- interaction observed for SW4SO4

2- suggests 

that SO4
2- anions could effectively compete with chlorides for pairing with Na+ cations in the 

interface, which is noticed based on Na+- SO4
2- RDF (Figure 6b). Sulfates link to the pre-

adsorbed sodiums via two intimate fashions, which is reflected in the broad (dual shoulder) 

peak of Na+- SO4
2- RDF (Figure 6b). Accompanying pictures display different pairing types 

with sodium-sulfate in the interface, namely: bidentate (1st  peak) and  monodentate (2nd peak) 

ionic association 66. As expected, the strongest sulfate-sodium binding takes place in the case 

of SW4SO4
2- solution in which abundant sulfates have greater chance for connecting to the 

Na+ cations on the surface. 

It was notified earlier in Figures 4 that Mg2+ ions subtly load above the adsorption peak of 

sulfate in the distribution profiles. Visual inspection of simulation frames (Figure 4d) suggests 

that Mg2+ cations likely bind to sulfates in the interface. RDF profile (Figure 6c) demonstrates 

the potential interaction of Mg2+-SO4
2- in the interface, with a sharp peak at ~4.8 Å which is 

nearly at the second solvation shell of magnesium (inset of Figure 6c). Therefore, the Mg2+-

SO4
2- is meditated by at least a layer of peripheral water molecules, which was earlier called 

SSIP. This type of pairing arises by the strong hydration shell of Mg2+ cations which in turn 

inhibits their direct adsorption on CaCO3 slabs, as previously pointed out by Koleini et al. 67. 

Overall, sulfate anions bridge Mg2+ cations to the Na+ ions already residing on the calcite 

surface. 
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From distribution profiles (Figure 4) we realized the extent of BA adsorption on the calcite 

substrate is a function of brine composition. Given greatest surface attachment of BA in case 

of SW4SO4
2-, one may think of the favoring interplay of BA-sulfate in the interface. This 

conjecture is substantiated by BA-SO4
2- RDF which provides a quantitative evidence on the 

tendency of BAs for pairing with sulfate anions already linked to Na+ cations on the calcite 

surface (Figure 6d). It is evident in the clear peak of BA-SO4
2- RDF at ~2.8 Å. Visual 

inspection of timeframes further illuminates the BA-SO4
2- complexion on the calcite surface 

through binding of carboxyl hydrogen of a BA to the oxygen of a sulfate ion, as elucidated in 

the inset of Figure 6d. Comparing RDF profiles at varying compositions (Figure 6d), it can 

be seen that increasing sulfate concentration promotes the BA-SO4
2- interaction in the 

interface, or in other words, BA molecules are more likely to approach the calcite surface. On 

the other hand, BA-SO4
2- binding entirely disappears in the SW4Mg2+ solution, which contains 

highest Mg2+ concentration. Recalling the Mg2+-SO4
2- pairing in the calcite-brine interface 

(Figure 6c), one could deduce the Mg2+ cations and BA molecules compete for sulfates 

lodging on the calcite surface. This way, magnesium cations tend to shield uncomplexed 

sulfate sites at the surface and hence, inhibit attraction of BAs towards the SO4
2- sitting on 

the mineral surface. This argument is supported by having minimum amount of BA adsorption 

in the SW4Mg2+ brine, as shown earlier in Figure 4d. 

3.4  Lateral density map 

Various analyses carried out thus far signify a connection between tendency of anions (Cl- 

and SO4
2-) for localizing in the interface and the existence of a positively charged layer of Na+ 

ions on the CaCO3 surface. Lateral density map was employed as a further statistical analysis 

to gain an in-depth understanding of relative positioning and population of ions with respect 

to each other nearby the solid substrate. For this purpose, 2D distribution profiles of Na+, Cl- 

and SO4
2- ions were obtained and superimposed for different brine solution, shown in Figure 

7.  
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Dense blue marks panels of Figure 7 indicate that sodium cations firmly and individually cover 

the calcite surface. It is in accordance with the earlier discussion that Na+ ions prefer to reside 

on the protruding carbonate oxygen atoms of calcite slabs. Also, Figure 7 clearly shows that 

that surface population of sodium cations correlates with the number of those ions in each 

brine solution (Table 1).  As learned earlier from the ions distribution profiles (Figure 4), Cl- 

anions partly reside immediate to the calcite surface, forming an adsorbed layer in 

coincidence with that of Na+ cations. This comes unexpectedly because the neutral plane of 

CaCO3 lacks any adsorption site for accommodating anions. Accompanying snapshots 

suggest the surface accumulation of chloride is assisted by pre-adsorbed Na+ cations. From 

a statistical viewpoint, lateral distribution maps (Figure 7) demonstrate Cl- ions (yellow spots) 

exactly appear in portions of calcite surface populated with Na+ cations (blue spots). Together 

with Na+-Cl- RDF profile (Figure 6a), we conclude the primary peak of the chloride distribution 

profile (Figure 4) is due to sodium-chloride contact ion pairs formed on the calcite surface.  

Analogous to Cl- ions, spreading maps of sulfates (red points) within the interface fairly 

overlap with those of Na+ ions. However, unlike dense population of chlorides (yellow spots), 

sulfates exhibit fairly smearing distribution over the calcite surface. In conjunction with RDF 

(Figure 6b) and density distribution profiles (Figure 4b), this provides complementary 

evidence on the role of adhered sodium ions for holding sulfates in the interface region. It is 

worth noting that Cl- was not detected in the lateral distribution map of SW4SO4
2- (Figure 7c). 

In a same way, we shall recall that the 1st peak of Cl- vanishes in the corresponding density 

distribution profile (Figure 4c). These together mean chloride anions in SW4SO4
2- solution 

are not able to penetrate into the primary wetting layer of the calcite surface. It is ascribed to 

the negatively charged layer formed by adsorption of sulfates covering the calcite surface and 

consequently, repelling the chlorides from the interface region.  
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4. Discussion 

So far, various analysis were employed to recognize the synergic contribution of ions to 

surface charging of a calcite surface and capacity of adsorbing carboxylic compounds. We 

focused specifically on the so-called interface region, where a few compact water layers 

appear in response to interaction with the calcite substrate. The MD-predicted water layering 

(location of maxima in the water density profile, Figure 2) is consistent with experimental data 

pointed out by Heberling et. al. 32, who observed two ordered water monolayers at 2.35 and 

3.34 Å above the surface calcium ions. We further noticed the appearance of charged layers 

by ions populating over the calcite surface. In accordance with our recent study and also 

learned from the MD investigation by Eslami and Muller-Plathe 57, ions behavior (both spatial 

distribution and translation) in close to the calcite surface is expected to deviate from a 

homogenous bulk medium.  

The open literature, particularly those concerning engineering disciplines, has been vastly 

devoted to experimental inspection of the contribution of divalent ions (mostly, Mg2+ and SO4
2-

), on the wetting state of CaCO3. In this context, special attention has been paid to divalent 

ions which termed potential determining ions (PDI) 68. Conversely, Na+ and Cl- ions have been 

widely deemed to be indifferent to the calcite surface, merely intervening in the action of PDIs 

69. As a major departure from this long-standing perception, the current study highlights the 

central role of sodium cations in regulating behavior of other ions in the calcite-brine interface. 

Strongly hydrated divalent ions (Mg2+ and SO4
2-) cannot directly bind to calcite slabs owing to 

a large energy penalty to be incurred upon disturbing their solvation shell and surface 

compact hydration layers as well 70. On the contrary, a positively charged inner Helmholtz 

layer develops by Na+ cations penetrated into the calcite hydration layers and sitting over the 

oxygen atoms of the basal carbonate, as already pointed out by Ricci et al. by utilizing AFM. 

They observed direct attachment of Na+ ions over the topmost oxygen atoms of CaCO3 

surface 71. We realized surface adsorption of Na+ ions as the key for interpreting ion-specific 
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properties of calcite-brine interface. Despite the being inherently charged neutral, an electrical 

double layer is established next to the calcite surface with anions electrostatically drawn to 

the positively charged Na+ layer.  

Surface charge density (SCD) quantifies the net contribution of ions over the calcite surface 

(in units of Coulomb per square meter, C.m-2), which was obtained by integrating 

corresponding charge distribution profiles, already presented in Figure 5. As seen in Figure 

8, the large and positive SCD of calcite-SWNaCl solution is in accord with the general notion 

that carbonate minerals typically carry positive charges upon contacting a saltwater 16. Figure 

8 shows that the magnitude and even sign of the surface charge critically depends on the 

brine composition. This turns out while having saline solutions of same salinity (Table 1). 

Noticeably, SCD reduces upon introducing sulfates into the brine (for SW and SW4Mg2+), and 

even becomes negative for SW4SO4
2-. In an exhaustive empirical investigation by Mahrouqi 

et al., they pointed out that zeta potential of CaCO3 inversely correlates with the sulfate 

concentration of the electrolyte solution 72. Considering both numerical and empirical 

evidence, we realize the overscreening of calcite surface by adsorption of SO4
2- could turn 

the SCD negative, Figure 8. Surface charge reversal of CaCO3 surface at extra concentration 

of SO4
2- possibly acts in favor of EDL. Throughout this mechanism, changing SCD towards 

negative values results in expansion and stabilization of the thin (nano-sized) brine film 

separating crude oil contained occupying the underground rocks from the pore walls 19. Future 

works will assess the molecular details of EDL expansion in response to brine composition. 

MD simulations showed that direct binding of BA onto calcite is connected with the number 

of free adsorption sites on the solid surface, that is, the protruding oxygen atoms of basal 

carbonates not occupied by Na+ cations. In support of this argument, we observed excessive 

adsorption of BA on a calcite surface exposed to DW, (Figures S2-3). Our deduction is 

qualitatively consistent with the recent study by Zhao et al., who pointed out smaller contact 

angle of an n-decane droplet residing on a CaCO3 substrate upon increasing salinity of the 
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surrounding NaCl solution 73. They concluded that introducing more NaCl promotes 

hydrophilic virtue of a calcite surface. Also, a recent theoretical study by Li et al. demonstrated 

the key role of sodium ion in controlling wettability of calcite surfaces 74. Chen et al. pointed 

out a so-called screening effect whereby salt layers formed on a calcite surface diminishes 

the adsorption capacity of the substrate for carbohydrate monomers 25.  In practical terms, 

using too diluted (or sodium-deficient) electrolyte solutions might give rise to severe retention 

of polar oil compounds into the porous carbonate minerals.  

To further evaluate surface affinity of BA, the average number of the molecule visited the 

interface region was obtained for each brine solution and presented in Figure 9. This was 

achieved for each brine by counting and time-averaging number of benzoic acids entered into 

the interface regions (already defined in Figure 2). Note that each benzoic acid was spatially 

described by the positional coordinates of the carbon atom bonded to oxygen atoms of the 

carboxylic functional group. As seen, the tendency of BA for visiting the interface clearly 

depends on the ionic composition of the brine, with strongest and weakest intensities due to 

SW4SO4
2- and SW4Mg2+, respectively. BA-SO4

2- pairing is a major incentive for driving BA 

molecules to the interface. However, there would be less number of vacant sulfates on the 

calcite surface upon introducing extra Mg2+ to the solution, by having the lowest number of 

BA detected in the interface of SW4Mg2+ (Figure 9). 

Altogether, sulfate takes the role of adsorption site for holding BA in the calcite-brine interface, 

whereas magnesium goes against this action by shielding free sulfates. It should be 

emphasized the present nanoscopic results are in line with empirical observations made in 

previous studies. For instance, Karoussi and Hamouda probed adhesion of a fatty acid on 

carbonate surfaces and pointed out that increasing magnesium content alters rock wettability 

towards more water-wet state 75. This provides us with the practical implication that the brine 

solution injected into carboxylic dominated oil reservoirs should be enriched with magnesium 

cations.  
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5. Conclusions 

This research is an attempt to gain atomistic insight into interplay of ions and polar 

hydrocarbons at the interface of CaCO3-electrolyte solutions, with technical relevance to ion-

tuned waterflooding: an operation for improving oil recovery by modulating wettability of 

underground reservoirs. Molecular dynamics simulation was applied to scrutinize distribution 

and pairwise interaction of water, ions and BA molecules nearby a calcite (1014) plane in 

contact with various saline solutions of equal salinity.  

Our study revealed the ability of sodium cations for penetrating into the compact wetting 

layers over the calcite surface and sit at apical oxygen atoms of basal carbonates. The 

resulting Na+ layer provides an explanation for positively charged surface of carbonates 

typically reported by experimental measurements. Also, the surface-lodging sodium cations 

act as anchoring sites for hosting Cl- and SO4
2- at the interface, whereas diminishing the 

likelihood of direct linkage of BA molecules to the basal carbonate groups. Thus, in contrast 

to the long-standing perception, Na+ cation is not indifferent to the calcite-brine interface, 

rather it critically contributes to the surface character of hydrated carbonates. In keep with 

empirical observations, sulfate adsorption drastically reduces surface charge and even 

renders calcite surface negatively charged in case of extra concentration of SO4
2-, i.e., 

SW4SO4
2-. Moreover, sulfate promotes adsorption of carboxylic hydrocarbons on calcite 

substrates, while magnesium mitigates this effect. In practical terms, injecting an Mg2+-

enriched brine solution into carbonate reservoirs would potentially shift the wetting state 

towards water-favoring condition.  
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Figure 1 Different components of mean square displacement (MSDx: green, MSDy: blue, and 

MSDz: red) of BA molecules confined within the calcite slit at different brine solutions: (a) 

SWNaCl, (b) SW, (c) SW4Mg2+, and (d) SW4SO4
2-. All plots are in the log-log scale. 
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Figure 2 Distribution of water density normal to the calcite slabs (z-direction). An exemplified 

snapshot of the system is shown in the background. Interface regions are identified by double 

arrows.  
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Figure 3 Final snapshots taken for different brine solution confined within the calcite slit. 

Regions highlighted in blue indicate the interface, defined in the text body. The color scheme 

of snapshots are specified as follows. Calcite slabs are comprised of carbon (gray), oxygen 

(red), and calcium (green) atoms. Ions are depicted as finite size spheres, namely, sodium 

(purple), chloride (yellow), magnesium (orange), oxygen (red), and sulfur (dark cream). Water 

molecules are hidden for clarity.  
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Figure 4 Distribution profiles of Na+(purple), Cl-(yellow), SO4
2-(brown), Mg2+(orange) and BA 

(black) nearby the calcite surface at various electrolyte solutions: (a) SWNaCl; (b)SW; 

(c)SW4SO4
2-; and (d) SW4Mg2+. Insets illustrate atomic configurations for corresponding 

adsorption layers discerned in each panel. Color codes are explained in the caption of Figure 

3. The spatial distribution of the oxygen atoms of basal carbonates (Oc) is displayed in panel 

(b).  
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Figure 5 Charge density distribution perpendicular to calcite surfaces (i.e., along z-axis) at 

various brine solutions. 
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Figure 6 RDF profile of (a) Na+-Cl-, (b) Na+-SO4

2-, (c) Mg2+- SO4
2-, and (d) BA- SO4

2- in the 

interface of calcite-brine solutions. Insets of panels (a) and (b) show RDF profiles of solvation shell 

surrounding Na+ and Mg2+, respectively. Insets of panels (b) and (d) illustrate different interactions 

modes corresponding to each. RDF profiles. Color codes are defined in the caption of Figure 3. 
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Figure 7 Lateral distribution maps of SO4

2-, Na+ and Cl- in the calcite-brine interface at 

different electrolyte contents: (a) SWNaCl; (b) SW; (c) SW4SO4
2-; and (d) SW4Mg2+.  
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Figure 8 Surface charge density of calcite-brine interface at various electrolyte composition. 
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Figure 9 Average number of BA molecules entered into interface regions at different brine 

compositions. 
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Table 1 Number of ions comprising brine solutions in present study. Note all brines 

are of equal salinity, ~54.9 g.dm-3. 

 Solution 

Ion SWNaCl SW SW4SO4
2- SW4Mg2+ 

Na+ 108 90 83 40 

Cl- 108 100 63 110 

Mg2+ - 10 10 40 

SO4
2- - 5 20 5 

 

 

 

 

 

 


