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Abstract 39 

Low Salinity Water Injection (LSWI) has been a well-researched EOR method, with several 40 

experimental and theoretical scientific papers reported in the literature over the past few decades. 41 

Despite this, there is still an ongoing debate on dominant mechanisms behind this complex EOR 42 

process, and some issues remain elusive. Part of the complexity arises from the scale of 43 

investigation, which spans from sub-pore scale (atomic and electronic scale) to pore scale, core 44 

scale, and reservoir scale. Molecular Dynamics (MD) simulation has been used as a research tool 45 

in the past decade to investigate the nano-scale interactions among reservoir rock (e.g., calcite, 46 

silica), crude oil, and brine systems in presence of some impurities (e.g., clay minerals) and 47 

additives (e.g., nanoparticles). In this paper, fundamental concepts of MD simulation and common 48 

analyses driven by MD are briefly reviewed. Then, an overview of molecular models of the most 49 

common minerals encountered in petroleum reservoirs: quartz, calcite, and clay, with their most 50 

common types of potential function, is provided. Next, a critical review and in depth analysis of 51 

application of MD simulations in LSWI process in both sandstone and carbonate reservoirs in 52 

terms of sub-pore scale mechanisms, namely electrical double layer (EDL) expansion, multi-ion 53 

exchange (MIE), and cation hydration, is presented to scrutinize role of salinity, ionic composition, 54 

and rock surface chemistry from an atomic level. Some inconsistencies observed in the literature 55 

are also highlighted and the reasons behind them are explained. Finally, a future research guide is 56 

provided after critically discussing the challenges and potential of the MD in LSWI to shed more 57 

light on governing mechanisms behind LSWI by enhancing the reliability of MD outcomes in 58 

future researches. Such insights can be used for design of new MD researches with complementary 59 

experimental studies at core scale to capture the main mechanisms behind LSWI. 60 

Keywords: Low salinity water injection; Enhanced oil recovery; Wettability alteration; Sub-pore 61 

scale mechanisms; Molecular Dynamics (MD) simulation.62 
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Nomenclatures  

Acronyms and abbreviations  

BA Benzoic Acid 

CEC Cation Exchange Capacity 

CGenFF CHARMM general Force Field 

CHARMM27 Chemistry at Harvard Macromolecular Mechanics 

COMPASS Condensed-Phase-Optimized Molecular Potential for Atomistic Simulation 

Studies 

CVFF Constant Valence Force Field 

CLAYFF Clay Force Field 

DFT Density Functional Theory 

DHNA Decahydro-2-naphthoic acid 

DSW Diluted seawater 

EDL Electrical Double Layer 

FF Force Field  

FW Formation Water 

GAFF General AMBER Force Field 

GROMOS96 GROningen molecular simulation 

H-bonds Hydrogen bonds 

LJ Lennard-Jones 

LSW Low Salinity Water 

LSWI Low Salinity Water Injection 

MD Molecular Dynamics 

MIE Multi-Ion Exchange  

NPT Constant-pressure and temperature ensemble 

NVE Micro-canonical ensemble 

NVT Canonical ensemble 

OPLS-AA Optimal Parameterization for the Liquid State 
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O-Sheet Octahedral sheet 

PCFF Polymer-Consistent Force Field 

PDIs Potential Determining Ions 

RDF Radial Distribution Function 

RF Recovery Factor  

SP Survival Probability 

SW Seawater 

T-Sheet Tetrahedral sheet 

VDW Van Der Waals 

Variables  

E Thermal energy (J) 

N Amount of substance (mol) 

P Pressure (Pa) 

q Electrostatic charge of atom (e) 

r Distance/Bond length (nm) 

T Temperature (K) 

t Time (s) 

UTotal Total potential (J/mol) 

Ubonded Bonded potential (J/mol) 

Unon-bonded Non-bonded potential (J/mol)  

UBond Bond stretching potential (J/mol) 

UAngle Angle bending potential (J/mol) 

UPdih Proper dihedral potential (J/mol) 

UIdih Improper dihedral potential (J/mol) 

UElect Electrostatic potential (J/mol) 

ULJ Lennard-Jones potential (J/mol) 

V Volume (m3)  
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v Velocity (m/s) 

Greek letters  

∆𝑡 Timestep (s) 

𝜃 bending angle (degree) 

𝜀 Energy parameter of Lennard–Jones (J/mol) 

𝜀0 Permittivity (F/m) 

𝜎 Distance parameter of Lennard–Jones (Å) 

  63 
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1. Introduction 64 

A great majority of oil reservoirs with considerable contribution to the global primary 65 

energy supply have entered into their tertiary or enhanced oil recovery (EOR) stage. At this 66 

stage, reservoirs run out of their natural drive energy (i.e., natural depletion) and require 67 

external energy in form of injection of fluids with certain chemistry (i.e., polymers, surfactants, 68 

nanofluids) to maintain or EOR. It is broadly accepted that waterflooding is used to enhance 69 

oil productivity of reservoirs [1-4]. However, the injection of modified salinity brine, so-called 70 

low salinity water (LSW) injection (LSWI), with tuned ionic compositions into oil reservoirs 71 

can lead to higher productivity than conventional waterflooding [5-8]. Two significant reasons 72 

of being cost-efficient and environmentally safe make the LSWI method a better candidate for 73 

EOR in both sandstone and carbonate reservoirs in comparison with other EOR techniques, 74 

namely solvent-based EOR, CO2-based, and chemical EOR methods [9, 10]. 75 

The LSWI method can be applied in sandstone and carbonate reservoirs. However, 76 

their salinity modifications and ionic composition tuning follow discrete procedures. It is 77 

typically considered that the ideal salinity concertation for LSW in sandstone is relatively 78 

lower than 5000 ppm. However, no universal consensus exists on the optimum range since 79 

some other studies reported efficient salinity up to 7000 ppm [11-13]. In carbonate reservoirs, 80 

similar to sandstone, no exact range has been introduced. However, the commonly used salinity 81 

is 10000 to 20000 ppm. In some cases, a higher RF is also achieved by using seawater (SW) 82 

with a salinity range of 30000 to 50000 ppm [6, 14]. Apart from the influential salinity range, 83 

the chemical composition, in particular an ion-specific characteristic, plays a different role. In 84 

fact, the addition or elimination of monovalent and divalent ions and also their concentrations 85 

have different influences on the LSWI recovery factor of sandstone and carbonate reservoirs. 86 
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Removing divalent ions can increase RF in sandstone reservoirs; while, presence of potential 87 

determining ions (PDIs), including Ca2+, Mg2+, and SO4
2- in LSW, acts as a positive factor in 88 

carbonate reservoirs [15, 16]. Another influential factor is oil components and their properties 89 

and influence on LSW process. Existence of charged groups and polar functional groups 90 

creates various potential interactions such as attraction forces between the polar components 91 

of oil and reservoir rock (e.g., sandstone) that can change the wetness of the rock surface. In 92 

case of lack of polar components in oil, no effective results were observed by LSW [17]. 93 

Indeed, acidic or basic oils containing polar components are essential to obtain LSW effects 94 

[18]. Furthermore, the interactions of charged oil components with cations in brine form 95 

different chemical bonds that influence the process of LSWI. In addition, LSW can reduce the 96 

interfacial tension between oil components and brine, which facilitates the oil recovery as a 97 

result of reduced capillary resistance [19]. 98 

As is known, injection of LSW into reservoir disturbs the governing equilibrium in the 99 

oil/brine/rock system. The RF increment is achieved due to various physicochemical 100 

interactions that bring the system into a new equilibrium. These reactions that have occurred 101 

at the fluid/fluid (between oil and brine) interface, the fluid/rock (between brine and rock) 102 

interface, or both, are considered the basis of the interpretation of LSWI mechanisms in both 103 

sandstone and carbonate reservoirs. In general, a broad spectrum of mechanisms has been 104 

proposed in previous researches [17, 19-21]. Although there are inconsistencies in the reported 105 

mechanisms, and some of them are still a subject of debate, it is proven that wettability 106 

alteration of reservoir rocks is one of the major reasons for improved oil recovery with LSWI. 107 

To justify alteration of reservoir rock wettability, some explanations, including fine particles 108 

migration [22 ,23] , multi-ion exchange (MIE) [24, 25], expansion of electrical double layer 109 
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(EDL) [26 ,27] , hydration effect [28], pH effect [29], and salt in and salt out effect [30], have 110 

been introduced. Note that these mechanisms were initially assumed for sandstone reservoirs 111 

to assess the LSW effect, and not all of them are the case for carbonate reservoirs. 112 

To comprehensively assess the exact LSW effects on oil recovery, it is required to gain 113 

complete knowledge from different scales of investigation, namely reservoir scale, core scale, 114 

pore scale, and sub-pore scale (atomic scale and electronic scale), as shown in Fig. 1. Although 115 

the actual LSWI process occurs at the reservoir scale, the outcomes of the larger scale originate 116 

from the smaller scale. Hence, to further elucidate the LSW influence on reservoir rocks and 117 

explain some of the discrepancies in the LSWI mechanisms reported in the literature resulting 118 

from large-scale investigations [17, 21], it is essential to scrutinize the phenomena at the sub-119 

pore scale. 120 

In this regard, with the advent of development of new computational techniques, the 121 

Molecular Dynamics (MD) simulation gadget can respond to questionable issues in 122 

engineering processes. So far, MD simulations have been used in EOR processes such as 123 

chemical EOR [30, 31], CO2-EOR [32-34], thermal EOR [32, 35] to assess the performance of 124 

new EOR agents, predict gas properties, and evaluate the behavior of fluids at molecular level. 125 

Among all the research areas related to EOR techniques, employing MD simulations in LSWI 126 

process is becoming considerably popular due to the ambiguities associated with mechanisms 127 

of the LSW effect based on larger scale of investigation (e.g., core scale). Indeed, it has been 128 

tried to obtain an optimum salinity, assess the impact of brine compositions in terms of cations 129 

and anions and their concentrations, the effects of the rock type and its surface characteristics, 130 

and the influence of diversity in oil components. Therefore, to attain complete knowledge 131 

concerning physicochemical interactions of oil/brine/rock system by elucidating the impact of 132 
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involved parameters, it is essential to apply MD simulation to shed light on ambiguities from 133 

atomic point of view. MD research in LSWI will add more value to this domain and will help 134 

to understand the dominant mechanisms behind this complex process better. To the best of our 135 

knowledge, no thorough critical review research has been reported on application of MD 136 

simulation in LSWI process. For the first time, this review work identifies and highlights the 137 

status and capability of MD simulations in performance evaluation of effective factors on 138 

wettability alteration of oil reservoirs in LSWI process from an atomic outlook. 139 

The objectives of this critical review are as follows: (1) recapitulating the LSW impacts 140 

that confirm the sub-pore scale mechanism of the LSWI in oil/brine/rock system; (2) 141 

determining contradictions or inconsistencies upon a particular LSW effect at the atomic level; 142 

(3) identification of parameters governing LSW effects; and (4) providing core points that 143 

should be considered to improve the accuracy of conclusions draw by MD analyses. In doing 144 

this, first, the initial concepts of MD simulation and common analyses driven by MD are 145 

explained in section 2. Then, an overview of molecular models of rocks, namely clay, quartz, 146 

and calcite, along with their most common types of potential function, is presented in section 147 

3. Next, a comprehensive review of MD research in LSWI of oil reservoirs with the perspective 148 

of sub-pore scale mechanisms is conducted to meet all mentioned objectives of the study 149 

(sections 4 and 5). Finally, a future research guideline is provided after discussing the available 150 

challenges and potentials of MD to fill the gap in governing mechanisms of the LSWI by 151 

enhancing the reliability of MD outcomes. 152 
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 153 

Fig. 1. An illustration of investigation scale in the LSWI from the largest scale (reservoir scale) to the smallest scale 154 

(electronic scale). As aforementioned, the mechanistic assessment of LSWI necessitates in-depth investigation at the 155 

sub-pore scale since fewer details will be considered at the larger scale. 156 

2. Molecular Dynamics (MD) Simulation Theory 157 

In the general description, according to an interactive particle of the simulation system, 158 

molecular simulation techniques can be categorized into two separate groups: quantum 159 

mechanics methods and classical mechanics methods. In quantum mechanics, electrons play a 160 

primitive role; whereas; single atoms, molecules, or molecule groups are considered 161 

fundamental interactive parts of the system [38]. The MD simulation is categorized under the 162 

classical mechanics methods, which were developed based on intra-and intermolecular 163 

interactions described by empirical potential energy parameters or so-called force field (FF). 164 

Similar to MD simulation, molecular mechanics and Monte Carlo simulations are also regarded 165 

as classical mechanics methods in which their interactive particles are single atoms and 166 

molecules or a small number of them.The major aspects of MD simulation will be reviewed in 167 

the consequent sections [39, 40]. 168 

The MD simulation method computes the atomic movement of molecules via usng 169 

numerical integration in solving the applied Newton’s equation of motion on each atom of a 170 

molecule. By tracking particles’ trajectories and velocities over a period of time as a result of 171 

their interactions and taking advantage of statistical mechanics, macroscopic properties of the 172 
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system are achieved. The assigned interactions’ potentials to the atoms and molecules are 173 

based on selected FF model [41]. As illustrated in Fig. 2, FF model can be intuitively visualized 174 

as a set of rubber balls and springs, indicating an atom and bond, respectively, which intra-and 175 

intermolecular interactions are defined in terms of bonded and non-bonded energies. The 176 

interactions between the connected atoms by spring (bond forces), with hinges (valence angle 177 

potentials), and 4-body interactions of proper and improper dihedral interactions are 178 

categorized in bonded potential energies. The intermolecular interactions also consist of 179 

combined short-range attractive van der Waals (vdW) and repulsive Pauli exclusion forces 180 

modeled by the Lennard-Jones (LJ) potential term and coulombic interplays [42]. 181 

 182 

Fig. 2. In MD simulation, the applied forces on each separate atom come from either other atoms of the molecule or 183 

atoms of another molecule. To describe the driving forces of an atom’s motion, the covalently bonded atoms’ 184 

interactions are defined based on the bond, angle, and dihedral potentials. In addition, the intermolecular interactions 185 

of atoms are determined via electrostatic and LJ potentials. The combination of intramolecular (bonded) and 186 

intermolecular (non-bonded) potentials forms the total potential energy. 187 

Since MD is a FF-based simulation, it is vital to select proper FF for the system. Generally, 188 

various types of FFs have been developed to model different molecules. Common FFs are 189 
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known as condensed-phase-optimized molecular potentials for atomistic simulation studies 190 

(COMPASS) [43], chemistry at Harvard macromolecular mechanics (CHARMM27) [44], 191 

CHARMM General Force Field (CGenFF) [45, 46], GROningen molecular simulation 192 

(GROMOS96) [47], optimal parameterization for the liquid state (OPLS-AA) [48], general 193 

AMBER force-field (GAFF) [49], polymer-consistent force-field (PCFF) [50, 51], constant 194 

valence force-field (CVFF) [52], and others. Furthermore, applicability of some developed FFs 195 

is restricted to particular molecules, such as CLAYFF, which is mainly used for clay mineral 196 

structures. CLAYFF stands for Clay Force Field which is a general force field proposed by 197 

Cygan et al. [93] for MD simulation of hydrated crystalline compounds and their interfaces 198 

with fluid. We will return to the potential functions in the next section. 199 

Another important term in MD simulation is an ensemble, which defines certain conditions 200 

applied to simulation systems. Basically, each ensemble isolates the simulation system from 201 

changing the number of particles as well as two other variables among temperature, pressure, 202 

volume, and energy [53]. In general, ensembles consist of micro-canonical ensemble (NVE), 203 

canonical ensemble (NVT), and constant-pressure and temperature ensemble (NPT) for MD 204 

simulation. In the NVE ensemble where the molecular system has no heat exchange with the 205 

outside of the system, the amount of substance (N), volume (V), and thermal energy (E) are 206 

conserved, in which the exchange of potential energy and kinetic energy forms the basis of the 207 

MD trajectory. In the NVT ensemble, the constant variables are V and temperature (T). A 208 

thermostat is used to preserve the temperature. Nose-Hoover [54], Berendsen [55], Anderson 209 

[56], and velocity scaling [57] are the typical thermostats. In the NPT ensemble, in addition to 210 

temperature, the pressure is also fixed via barostats such as Parinello-Rahman [58] and 211 
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Berendsen [55]. Note that the closest conditions to laboratory circumstances of ambient 212 

temperature and pressure can be achieved through using the NPT ensemble. 213 

To solve the equation of motion applied to each atom, several finite difference methods, 214 

such as the Verlet method [59], the leap-frog method [60], the Velocity Verlet method [61], 215 

have been introduced. The simplest and most widely used algorithm in MD is the Verlet 216 

algorithm. In this method, the new position at 𝑡 + ∆𝑡 is achieved from the position at time (𝑡) 217 

and (𝑡 − ∆𝑡), and acceleration at time (𝑡), as written below: 218 

2
2

2

( )
( ) 2 ( ) ( )

d r t
r t t r t r t t t

dt
+  = − − +   (1) 

Using the position at time (𝑡 + ∆𝑡), the velocity at time (𝑡) can also be estimated as follows: 219 

 2

1
( ) ( ) ( )v t r t t r t t

t
= + − −


 (2) 

The leap frog algorithm is a promotion of the Verlet method with high convenience and 220 

accuracy, which uses positions at time (𝑡) and velocity at time (𝑡 − ∆𝑡
2⁄ )  to estimate the 221 

following parameters: 222 

2

2

( ) ( ) ( )
( )

2 2

dr t t dr t t d r t
t t t

dt dt dt

  
+ = − +  

 
 (3) 

( )
( ) ( )

2

dr t t
r t t r t t t

dt

 
+  = + +  

 
 (4) 

The above method is used to calculate the total energy of the simulation system. In addition, the 223 

kinetic energy of the system is computed via predicted velocities of particles. Finally, the trajectory 224 

of the particle is generated as output of the algorithm. The general workflow of MD simulations is 225 

illustrated in Fig. 3. As is shown, this workflow consists of three main stages including pre-226 
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processing, MD simulations, and post-processing. In more detail, the first stage includes molecular 227 

structure preparation, adjustments of FF parameters for each atom, simulation box setup, and 228 

energy minimization of a system to obtain optimized configuration for MD simulation stage. In 229 

the next step, according to the desired properties, the simulation system is equilibrated under a 230 

specific thermodynamic ensemble followed by a production run to obtain a sufficient number of 231 

equilibrated configurations. Finally, MD simulation results are achieved via extracting the 232 

trajectories of the system. 233 

 234 

Fig. 3- Schematic of the three stages of MD simulations: pre-processing, MD simulations, and post-processing. 235 

It is worth noting that, with the use of statistical mechanics, beyond the visualization of 236 

simulation systems, various analysis techniques can be used to provide an in-depth knowledge 237 

of the simulated system’s properties. Some frequent methods of analyzing behavior of the 238 

rock/brine/oil system are explained hereunder. The MD simulations can be explained via visual 239 

analysis of interactions along with quantitative techniques. In this regard, although visual 240 

analysis is useful in displaying configuration of the structure and distribution of molecules, it 241 
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is not an absolute measure of determining desired properties. For example, general behavior 242 

of molecules, whether they prefer to interact with the rock surface or be present in a bulk phase, 243 

can be visually analyzed, as shown in Fig. 4a. The distribution of atoms in each direction can 244 

be achieved by calculating the atomic density profile of the system (see Fig. 4b). Obtaining 245 

the atoms’ distribution can reveal the equilibrium structure of the system, the thickness of a 246 

thin film formed between solid and liquid phases, the relative hydrophilicity of the rock 247 

surface, the aggregation of molecules, and the power of interactions between rock surface and 248 

brine components. The atomic density profile can be the basis of post-analyses, such as the 249 

contact angle 𝜃, defining the angle between the tangent at the contact line of the solid and 250 

liquid phases (see Fig. 4c). From the perspective of MD simulation, different methodologies 251 

have been developed for calculation of contact angle, and density contour profile is the primary 252 

part of the calculation [62-64]. The radial distribution function (RDF) represents the 253 

normalized density of the pairs of particles, as revealed in Fig. 4d. In other words, RDF analysis 254 

reflects the feasibility of presence of particle j in space of radius 𝑟 + 𝑑𝑟 relative to the reference 255 

atom at the center. In the RDF diagram, the appearance of a peak depends on presence of short-256 

range order in the range of r. In general, the power of interactions between two pairs of particles 257 

can be determined from intensity of the formed peaks, by which the more ordered arrangement 258 

between molecules and the stronger connections and interactions can be justified by formation 259 

of sharper peak in the RDF diagram [65]. Fig. 4e represents the number of hydrogen bonds 260 

(H-bonds), nonbinding interactions that occur through electrostatic interplays. H-bond is a pair 261 

of donor-acceptors with an angle of less than 30°. For instance, assessing the role of functional 262 

groups of oil in interactions with water and rock surfaces can be carried out using number of 263 

H-bonds [66]. Fig. 4f shows the analysis of likelihood of a group of particles remaining inside 264 



Page 17 of 105 

 

a given region after some lapse of time, which is called survival probability (SP). One 265 

application of the SP is determining feasibility that various ions tend to stay at an interface of 266 

rock/brine for a certain length of time. Furthermore, the transferring rate of particular ions at a 267 

specified region into a bulk phase can be identified by the SP [67]. Comparing the affinity of 268 

distinct surfaces toward a particular molecule or the propensity of a surface to interact with 269 

different molecules can be recognized by the adsorption percentage analysis. To calculate the 270 

adsorption percentage, both visual analysis and atomic density profile can be used. By 271 

definition, the number of adsorbed molecules per total amount of molecules in the unit of 272 

percent identifies the adsorption percentage (see Fig. 4g) [68]. The interaction energy is 273 

considered the summation of potential and kinetic energy, signifying the stability of the system 274 

(see Fig. 4h). Indeed, a gradual decrease in total energy of the system indicates more stability 275 

after the system reaches an equilibrium state. For example, thin water film stability upon a slab 276 

surface regarding various ionic compositions can be assessed by total interaction energy [68]. 277 

Charge density can be defined as amount of electric charge per unit length. Presence of ionic 278 

compositions of brine in vicinity of the rock surface forms various charge distributions, as 279 

shown in Fig. 4i. Electrical potential is another important factor in analyzing behavior of 280 

rock/brine/oil systems (see Fig. 4j). The EDL thickness can be calculated by different methods 281 

via using charge density, electrical potential, and atomic density profiles [69] (see Fig. 4k). 282 



Page 18 of 105 

 

 283 

Fig. 4. MD simulation analysis techniques. (a) Snapshot showing the final configuration of calcite/brine/oil 284 

representative systems which are different in salinity and similar in rock type and oil components [70]; (b) an example 285 

of atomic density profile showing positions of the interlayer components, including oil and ions [71]; (c) snapshot of 286 

presence of decane molecules over muscovite and its related counter map density for calculation of contact angle [62], 287 

an example of radial distribution functions (RDF) for interacting ionic compositions of brine with an oil representative 288 

(d) [72]; (e) the number H-bonds forming between water and a functional group of oil components [73]; (f) an example 289 

of SP of oil representative in vicinity of a rock surface in presence of different brines [72]; (g) the amount of adsorption 290 

of toluene onto different clay surfaces [74]; (h) total interaction energy of the system in presence of varying salinity 291 

compositions [75]; (i) the effect of various ionic composition on surface charge distribution of a rock substrate [76]; 292 

(j) variation in electrical potential in presence or absence of ions [69]; and (k) charges in EDL thickness in presence 293 

of separate ionic compositions [75]. 294 
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3. Molecular Models of Rocks 295 

The process of LSWI can be applied to both sandstone and carbonate reservoirs. As is 296 

known, all rock compositions influence the performance of LSWI as well as the governing 297 

mechanisms. In more detail, the nature of chemical compositions of rocks can directly 298 

influence the process in which oil recovery from carbonate and sandstone reservoirs occurs 299 

under different salinities and ionic compositions [75]. This is mainly due to differences in rock 300 

surface characteristics in terms of compositions, impurities, and surface charge. For instance, 301 

neutral to relatively positive charged carbonate rock compositions induce different conditions 302 

for adsorbing or desorbing oil components compared to sandstone reservoirs containing 303 

impurities like clay minerals, which are negatively charged slabs. In addition, since the wetness 304 

of each rock surface varies, it can considerably affect performance of the process [76]. All in 305 

all, rock compositions are a significant factor in determining the governing mechanisms and 306 

optimum conditions in the LSWI process. Since reservoir rocks have different compositions, 307 

it is necessary to simplify them by considering one component to model the reservoir rock. 308 

Thus, two frequent components of sandstone, namely clay and quartz, are regarded. Similar to 309 

sandstone, a carbonate reservoir is also represented by calcite as one of the most dominant 310 

carbonate minerals. Hence, in this section, molecular models of three different rock minerals, 311 

including clay, quartz, and calcite, which are considered within the scope of this study, are 312 

discussed. 313 

3.1. Sandstone Representative 314 

3.1.1. Clays 315 

Clay minerals are classified as phyllosilicates consisting of tetrahedral (T) sheets of 316 

silica and octahedral (O) sheets of alumina [79, 80]. In T-sheets, four oxygen atoms are 317 
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tetrahedrally coordinated around a centered silicon atom to make a tetrahedron, and T-318 

sheets arise from sharing three corners of each tetrahedron. While in the O-sheets, the Al 319 

atoms, which are surrounded by shared oxygen atoms of T-sheets and four hydroxyl groups 320 

(–OH), form an octahedron, and the O-sheets come from sharing the edges of octahedrons. 321 

Generally, a primary difference among clay minerals is relevant to a particular arrangement 322 

of T-sheets and O-sheets, leading to formation of a distinct layer. In more detail, there are 323 

two special structural arrangements, namely the TO structure and the TOT structure. The 324 

TO structure is created by combining one O-sheet and one T-sheet; while, presence of one 325 

O-sheet between two T-sheets leads to formation of a TOT structure [71, 81] (see Fig. 5). 326 

Another vital characteristic of clays is negative charge of the T-sheet and O-sheet, 327 

which is due to isomorphic substitutions. To speak more clearly, a number of Si4+ atoms in 328 

the T-sheet can be substituted with lower valance atoms such as Al3+, while Mg2+ or Fe2+ 329 

can also replace some of the Al3+ atoms existing in the O-sheet. These replacements, known 330 

as isomorphic substitutions, create a permanent negative charge on the sheet [82]. 331 

Interlayer cations balance the negative charge of sheets. One of the significant properties 332 

of clay minerals is cation exchange capacity (CEC), which is defined as the capability of 333 

clays to exchange interlayer cations from solution. Based on these characteristics, clay 334 

minerals are categorized into different groups. The unique surface properties of each clay 335 

trigger various physicochemical interactions, which affect dominant sub-pore mechanisms 336 

of the LSWI. Fig. 6 shows molecular structures of the most common clay models employed 337 

in MD simulations of the LSWI process. Detailed information about clay structures can be 338 

found in [83, 84]. 339 
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 340 

Fig. 5. Sketches (a) Tetrahedron, (b) Octahedron, (c) T-sheet, (d) O-sheet, (e) TOT structure, and (f) TO structure. 341 

 342 

Fig. 6. Molecular structures of (a) pyrophyllite (TOT), (b) montmorillonite (TOT), (c) illite (TOT), and (d) kaolinite 343 

(TO). As is shown, in TOT structures, no isomorphic substitution occurs in pyrophyllite; while, replacements have 344 

occurred in the O-sheet and T-sheet of montmorillonite and illite, respectively. 345 

3.1.2. Quartz 346 

Silicon dioxide is commonly found in a quartz form, and the most stable form in the 347 

normal condition is α-quartz (see Fig. 6). In addition to the amorphous form, several 348 

distinct forms and polymorphs of silica exist, namely β-quartz and cristobalite, which have 349 

a relatively lower density than α-quartz [85]. Generally, the crystalline structure of quartz 350 

is formed as a result of continuous framework of a tetrahedron, constituted by a centered 351 

silicon atom and four oxygen atoms on the corners, in which each oxygen atom is shared 352 
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between two tetrahedrons. Having an amphoteric character, silanol surface groups can exist 353 

in deprotonated (Si-O−), unprotonated (Si-OH), and protonated (Si-OH2
+) states [86]. 354 

However, quartz has a negative surface charge in a neutral environment, resulting from 355 

bond breaking or fracturing. At molecular level, this can be achieved via deprotonation of 356 

silanol (-Si-OH) groups on the surface, followed by surface charge distribution on other 357 

surface atoms [87]. The surface characteristics of quartz play a pivotal role in behavior of 358 

rock/brine/rock interactions concerning the mechanisms of LSWI. 359 

 360 

Fig. 7. The structure of α-quartz in three different cubic faces of front, top, and left. 361 

3.1.3. Potential function 362 

To obtain accurate properties and conduct precise analyses, it is crucial to apply 363 

proper interactions among particles by selecting appropriate FFs. In the context of MD 364 

simulations of typical clay-based systems, various FF parameters were used [88-92] up to 365 

2004, when Cygan et al. [93] developed CLAYFF. It has been proved that this FF can 366 

predict structural and dynamic characteristics of clay in accordance with previous 367 

experimental studies [94-96]. In quartz-based systems, in addition to the CLAYFF FF [93], 368 

other FFs such as BKS [97] and CVFF [98], as well as a developed FF by Cruz-Chu et al. 369 

[99], can be used to simulate properties of the systems. More recently, INTERFACE FF 370 

has also been introduced with the capability of modeling both clay mineral and silica 371 
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surfaces [100]. According to CLAYFF FF, the total interaction energy (Utotal) of particles 372 

is captured by non-bonded and bonded potentials. The interactions of particles in terms of 373 

vdW can be represented by pairwise additive Lennard-Jones (LJ) 12−6 function [57] and 374 

electrostatic potential model for the charged particles’ interplays. 375 
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Here, the distance between atoms of 𝑖 and 𝑗 is represented by 𝑟𝑖𝑗, and the usual LJ energy 376 

and distance parameters are identified by 𝜀𝑖𝑗 and 𝜎𝑖𝑗, respectively. In the second part of the 377 

equation, which identifies the electrostatic interactions, the charges of 𝑖 and 𝑗 atoms are 378 

defined by 𝑞𝑖 and 𝑞𝑗 and ε0 represents the dielectric permittivity of the vacuum. Note that 379 

the Lorentz-Berthelot mixing rules are used for the pairs ij as follows: 380 
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where σ and ε are distance and energy parameters of LJ for each atom, respectively. The 381 

bonded interactions are modeled using harmonic potentials for both the bond stretch and 382 

the angle bend terms: 383 

2 2

1 0 2 0( ) ( ) ( ) ( )bonded bond ij angle ijk ij ijkU U r U k r r k  = + = − + −  (8) 

where 𝑘1 and 𝑘2 are the corresponding force constants, 𝜃𝑖𝑗𝑘 is the angle between bonds ij 384 

and jk, and 𝑟0 and 𝜃0 are the equilibrium value for the bond length and bending angle, 385 

respectively. Note that the CLAYFF model was parameterized initially to be in line with 386 

the SPC water model [101]. However, SPC/E [102], TIP3P [103], and TIP4P [103] water 387 
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models have been used in the literature. In the case of using rigid water models, 388 

corresponding force contacts are considered zero. The LJ parameters for the CLAYFF and 389 

water models are illustrated in Table 1.  390 

Table 1. The atomic partial charges and van der Waals (vdW) interaction potential parameters of the CLAYFF and 391 

four types of water models, namely SPC, SPC/E, TIP3P, and TIP4P. 392 

Species Symbol Charge (e) ε (kJ/mol) σ (Å) 

Tetrahedral silicon st 2.1000 7.7001 × 10−6 3.7064 

Tetrahedral aluminum at 1.5750 7.7001 × 10−6 3.7064 

Octahedral aluminum ao 1.5750 5.5639 × 10−6 4.7943 

Octahedral magnesium mgo 1.3600 9.0298 × 10−7 5.9090 

Bridging oxygen ob −1.0500 0.6519 3.5532 

Hydroxyl oxygen oh −0.9500 0.6519 3.5532 

Bridging oxygen with octahedral substitution obos −1.1808 0.6519 3.5532 

Bridging oxygen with tetrahedral substitution obts −1.1688 0.6519 3.5532 

Hydroxyl oxygen with substitution ohs −1.0808 0.6519 3.5532 

Hydroxyl hydrogen ho 0.4250   

SPC water oxygen ow −0.8200 0.6498 3.1660 

SPC water hydrogen hw 0.4100   

SPC/E water oxygen ospc −0.8476 0.6498 3.1660 

SPC/E water hydrogen hspc 0.4238   

TIP3P water oxygen otip3 −0.8340 0.6364 3.1506 

TIP3P water hydrogen htip3 0.4170   

TIP4P water oxygen otip4 −1.0484 0.6816 3.1644 

TIP4P water hydrogen htip4 0.5242   
 393 

3.2. Carbonate Representative 394 

3.2.1. Calcite 395 

One of the most stable forms of carbonate minerals in the environment is calcite. Ca2+ 396 

and CO3
2– ions compose calcite. They are held together via ionic bonding. Applying an 397 

external force can shift a plane of atoms into a position leading to cleavage where ions with 398 

the same charge are next to each other [104]. For calcite, the most stable cleavage plane in 399 

an aqueous environment is {101̅4} surface since it has the lowest surface energies due to 400 

charge neutrality resulting from the alternative distribution of Ca2+ and CO3
2– groups in the 401 

calcite slab [105]. The fact is that carbonate rocks, in particular calcite surfaces, are 402 

changeable depending on the environmental circumstances. Hence, calcite morphology 403 
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alteration may occur due to dissolution of the crystal, affecting surface reactivity. One of 404 

the effective factors on calcite dissolution is steps, as an important type of defects affecting 405 

surface reactivity. Calcite can experience two different steps, namely the acute step {314̅8} 406 

and the obtuse step {3121̅̅̅̅ 6} [106], as shown in Fig. 8. A series of possible cleavage planes 407 

is shown in Fig. 9. 408 

 409 

 410 

Fig. 8. Side view of two different steps, (a) acute {314̅8}, (b) obtuse {3121̅̅̅̅ 6}. Calcite has a rhombohedral lattice, and 411 

that is why for each cleavage plane, two non-equivalent steps are produced. In the case of an acute step, the CO3
2– 412 

groups on the edge go forward compared to the bottom plane by forming an angle of 80°. For the obtuse step, the 413 

CO3
2– groups lean backwards with regard to the plane below by forming an angle of 105° (adopted and redrawn from 414 

[104]). 415 
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 416 

Fig. 9. Snapshots for several cleavage planes of calcite (a) {101̅4}; (b) {102̅0}; (c) {101̅0}; (d) {101̅1} Ca2+; (e) 417 

{101̅1} CO3
2– (adopted and redrawn from [107]). 418 

3.2.2. Potential function 419 

In recent research works, the FF parameters used for calcite and calcite-water 420 

interactions have mainly been restricted to parameters developed by Raiteri et al. [108], 421 

Shen et al. [109], and Xiao et al. [110]. Raiteri et al. [108] used the Buckingham and LJ 422 

potentials, accompanied by the TIP4P-Ew water model [111] to describe nonbonded 423 

intermolecular oxygen-oxygen interactions and nonbonded Ca2+-water interactions, 424 

respectively. However, Shen et al. [109] modified the introduced parameters of Raiteri et 425 

al. [108] by fitting Buckingham potentials to the LJ potentials and by means of the SPC/E 426 

water model instead of the TIP4P-Ew. The developed FF parameters by Xiao et al. [110] 427 

are as a combination of bonded and nonbonded interactions as follows: 428 
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In the FF, no bond is defined for calcium and carbonate. However, in the carbonate 429 

ion CO3
2– , the bond between oxygen (Om) and carbon (Cm) has a fixed length of 0.118 nm. 430 

Uangle and Udihedral are potential energy of angle and dihedra, respectively. ULJ and UElect 431 

were also previously introduced as potential energy of LJ and electrostatic interactions. 432 

The constant values for bonded interaction are 
5 22.228 10 .

B

k
K rad

k

 −=  , 
0

2

3
rad = , and 433 

3477.1
B

k
K

k


= . Note that kB is the Boltzmann constant (1.3807 ×  10−23 𝐽𝐾−1) [103]. In 434 

addition, C12 and C6 are LJ parameters. 435 

As is clear, for non-bonded interaction, both LJ potential and electrostatic potential 436 

have been used. The LJ parameters and partial charge of atoms introduced by Shen et al. 437 

and Xiao et al. can be found in Table 2 and Table 3. 438 

Table 2. The charge and the LJ parameters for calcite FF developed by Shen et al. [109] and Xiao et al. [110]. 439 

Species Charge (e) C6 (kJ. mol-1. nm-6)  C12 (kJ. mol-1. nm-12) 

Shen et al.     

Ca +2.0000 9.85902 × 10−4 5.80397 × 10−7 

Cm +1.1239 4.88329 × 10−3 1.35800 × 10−5 

Om −0.7500 3.27154 ×  10−3 3.19607 × 10−6 

Xiao et al.     

Ca +1.6880 1.42000 × 10−3   2.52000 × 10−7 

Cm +0.9990 4.61000 × 10−3 1.44000 × 10−5 

Om −0.8890 2.03000 × 10−3 1.77000 × 10−6 

 440 

Table 3. The pairwise LJ interplay parameters for calcite FF developed by Shen et al. [109] and Xiao et al. [110]. 441 

Specie i  Specie j C6 (kJ. mol-1. nm-6)  C12 (kJ. mol-1. nm-12) 

Shen et al.     

Ca Om −5.62629 × 10−3 4.80260 × 10−7 

Ca Cm 8.87246 × 10−4 7.25825 × 10−7 

Om Om 3.33628 × 10−3 1.43228 × 10−6 

Xiao et al.     

Ca Om 0.00000 9.49000 × 10−7 

Cm Cm 1.43000 × 10−2 4.61000 × 10−6 



Page 28 of 105 

 

Cm Om 3.08000 × 10−4 9.04000 × 10−10 

Om Om 5.21000 × 10−5 5.94000 × 10−7 

 442 

4. Application of MD Simulation in LSWI 443 

As aforementioned in section 1, a wide range of physical and chemical mechanisms has 444 

been proposed to identify LSW impacts in sandstone and carbonate reservoirs. From the 445 

perspective of length and time scale, wettability alteration of minerals’ surface resulting from 446 

the EDL expansion, MIE, and cation hydration mechanisms can be studied at nanometer-scale 447 

via MD simulation. In this part, we discuss, critically, MD simulation research works based on 448 

these three mentioned mechanisms. 449 

4.1. Clays 450 

In this part, the MD simulation researches of pyrophyllite, montmorillonite, illite, 451 

muscovite, and kaolinite are presented and summarized in Table 4 and Table 5. 452 

4.1.1. Electric Double Layer (EDL) Expansion 453 

When the surface of clay contacts water, it attracts positive cations in the solution, 454 

which are normally hydrated with water molecules. This layer is referred to the Stern layer, 455 

which has no anions. Next to the Stern layer, another layer contains free ions with a higher 456 

counterions’ concentration called the Diffuse layer. The EDL refers to these two layers, 457 

and its thickness has been supposed as an influential factor in the wettability alteration 458 

mechanism [77]. To explain more, the developed EDL from the charged surface depends 459 

on both salinity and ionic compositions, in which injection of LSW with lower ionic 460 

strength enhances the repulsive electrostatic forces between oil-brine and brine-rock 461 

interfaces, leading to expansion of EDL. This means the wettability changes towards more 462 
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water-wet state as a result of thickening of a thin water film separating oil and rock, which 463 

facilitates oil detachment and consequently increases the relative permeability to oil and 464 

the oil recovery [111]. 465 

Bourg and Sposito, 2011 [114] studied the EDL structure at the Otay-466 

montmorillonite surface; where, all of its isomorphic substitutions occur in the O-sheet, in 467 

contact with varying ionic strengths of NaCl/CaCl2 aqueous solution using MD 468 

simulations. The author confirmed presence of the EDL in vicinity of the clay surface, 469 

indicating three ion adsorption planes of 0-, β-, and d-planes, as illustrated in Fig. 10. The 470 

interesting point is that the location of β- and d-planes which identify the inner-sphere 471 

surface complexes, outer-sphere surface complexes, and diffuse swarm regions is invariant 472 

with respect to the electrolyte solution in terms of ionic strength and ion type. 473 

 474 

Fig. 10. The proposed model of the EDL structure upon a negatively charged surface of clay minerals [114]. 475 

Underwood et al. 2015 [115] examined the feasibility of the EDL as a mechanism 476 

of LSWI EOR for montmorillonite; where, all of the isomorphic substitutions were limited 477 

to the O-sheet via MD simulations. It was shown that variation in electric field strengths at 478 
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a wide range of salinities has almost identical trends for montmorillonite with different 479 

cation exchanges of Na+ and Ca2+. The EDL theoretical model is based on dependence of 480 

the EDL thickness on salinity in which a higher expansion will result under lower salinity 481 

[116]. However, changes in electric field strength and hence the EDL thickness and fixed 482 

cations charge in Stern layer that balance the clay surface refute the hypothesis of EDL 483 

expansion as the primary mechanism influencing the LSWI performance based on this 484 

study (see Fig. 11). Note that the thickness of the EDL was not determined separately and 485 

all of the conclusions were drawn based on changes in the electric field strength. 486 

 487 

Fig. 11. Variation in the strength of the electric field near the surface of montmorillonite at different salinites [115]. 488 

Another study that casts doubt on the EDL mechanism was carried out by Mehana 489 

et al. 2020 [69]. They studied the thickness of the EDL induced upon montmorillonite and 490 

kaolinite surfaces under various salinities of 0, 0.3, and 1.2 mol/L, including monovalent 491 

and divalent ions from the molecular insight. In contrast to classical thermodynamics, a 492 

shrinkage in the EDL thickness was observed as salinity decreased. In more detail, it was 493 

found that both the ionic strength and the ion type influence the induced electric field and 494 

electric potential. However, according to the film thickness estimation and interaction 495 
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energy analyses, a greater EDL thickness is achieved under higher salinities (see Fig. 12). 496 

Furthermore, observation of the EDL expansion for fresh water in all simulated systems 497 

except Na-Montmorillonite contacting the NaCl contravenes the deficiency of the 498 

Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory at the nano-scale. It should be 499 

noted that to estimate the EDL film thickness, the end of the diffuse layer is considered 500 

where the electric potential decay becomes stable. Note that the final outcomes of the 501 

research were in line with Underwood et al. 2015 [115]. However, this study introduced 502 

salinity as an influential factor on electric field strength; while, no impact was observed in 503 

the previous mentioned research. 504 

 505 

Fig. 12. The estimated EDL file thickness from MD simulations for montmorillonite and kaolinite in contact with 506 

NaCl and CaCl2 [69]. 507 

Anvari and Choi, 2018 [4] assessed behavior of a water-solvent (cyclohexane) 508 

mixture between kaolinite substrates under different ionic strengths of aqueous phase. They 509 

reported that the addition of NaCl and its concentration influences the phase behavior of 510 

the water-solvent system. Srface potential analysis was used to justify the complete phase 511 

separation of the mixture at a molarity of 1.0. Indeed, it was shown that decreasing the 512 

decay length of surface potentials resulting from increasing the salinity concentration acts 513 

as a barrier in eliminating the contact between the two separate phases over a broad 514 
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spectrum of distance. From the viewpoint of ionic strength impact on EDL expansion in 515 

vicinity of kaolinite surface. In contrast to the research works reported by Underwood et 516 

al. 2015 [115] and Mehana et al. 2020 [69], it can be inferred that ionic strength affects 517 

both surface potentials and EDL shrinkage, in which more expanded EDL is achieved in 518 

lower salt concentrations. Similar to Anvari and Choi, 2018 [4], Gu et al. 2020 [75] 519 

reported that not only salinity but also the type of salt affects the EDL thickness. They 520 

developed a simple method to estimate the EDL thickness at smectite and water interfaces 521 

by using MD simulations. The developed method is based on equivalent charges of 522 

ion/anion distribution. In more detail, in vicinity of the clay surface, the concentration of 523 

cations serving as counterions is high. By moving away from the surface and reaching the 524 

bulk solution, it steadily declines. In contrast, the present anions follow the opposite trend 525 

and are amplified, gradually. The bulk solution’s boundary is defined by where the 526 

concentration of both cations and anions is the same. Next, in the case of no anions, in 527 

particular 0 mol/L, the number of cations in the central layers is determined. The boundary 528 

of EDLs is considered where the first layers have a similar number of cations as the central 529 

layers. In this study, the estimated EDL thickness from the developed method was also 530 

compared with the empirical Debye length correlation for the case of smectite and water 531 

interfaces in presence of various electrolyte solutions (NaCl, KCl, CsCl, PbCl2, and CaCl2) 532 

at different concentrations (0~1.28 mol/L). Two models of smectite were considered, 533 

namely beidellite and montmorillonite. For beidellite, Al+3 atoms substitute 48 Si4+ atoms 534 

in the T-sheets; while, for montmorillonite, the same isomorphic substitutions of Al+3 by 535 

Mg2+ occur in the O-sheet. To balance the clay's surface charge, K+ ions were added. 536 

According to the analyses, regardless of the electrolyte solution type, an increase in salinity 537 
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leads to shrinkage of the EDL thickness. This was mainly due to presence of more cations 538 

near the clay surfaces as the inner-sphere surface complex. To assess the accuracy of the 539 

model, the predicted EDL thickness was compared with an empirical correlation. At low 540 

salinity (0.08 mol/L), both methods estimated the EDL thickness in the same range. 541 

However, reasonable declining rates of EDL thickness with a gradual increment of the 542 

concentration and considering ion-specific impacts were introduced as the superior features 543 

of MD simulations compared to empirical correlation. As is shown in Fig. 13, the empirical 544 

Debye lengths cannot consider ion-specific effects. According to MD simulation results, 545 

the EDL thickness follows the order of K+< Na+< Cs+ for the alkaline metal ions. However, 546 

at the higher concentration, no acute effects of ion-specific were observed. For divalent 547 

cations, due to both effective screening of the surface electric field as well as the formation 548 

of ion-pairing, the EDL thicknesses were more compressed than monovalent cations. They 549 

also showed that compared to beidellite, montmorillonite experiences a milder declining 550 

trend of the EDL thickness with the growth of the concentration. This is another reason for 551 

MD simulation superiority since the effects of the charge distribution of clay mineral 552 

surfaces can be considered in the estimation of the EDL thickness. It should be noted here 553 

that, apart from differences in simulation systems, some inconsistencies over the effects of 554 

salinity and ionic compositions stem from the methods of the EDL estimation at atomic 555 

level. Although experimental research studies introduced this method as a primary reason 556 

for wettability alteration [115], developing or adopting a reliable method for the accurate 557 

prediction of EDL thickness is essential [116]. 558 
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 559 

Fig. 13. Comparison of the EDL thickness obtained from the developed method with the empirical Debye length (k–560 
1) for different electrolyte concentrations. The pink line reflects the EDL thickness of montmorillonite in contact with 561 

KCl [75]. 562 

Le Crom et al. 2020 [119] investigated the impact of FF in terms of polarizability on 563 

predicting the EDL structure at montmorillonite-brine surface and tracked the dynamics of 564 

water and ions. In this research work, three different FFs of CLAYFF [93], CLAYFF MOD 565 

[120], and polarizable ion model (PIM) [121] combined with SPC, SPC/E, and the Dang-566 

Chang four sites model [122] were used to simulate the clay mineral and water molecules, 567 

respectively. Compared to nonpolarizable FF, using polarizable FF led to a reduction in 568 

water mobility as a result of remarkable presence near the clay surfaces, stronger ions' 569 

distribution in vicinity of the surfaces, and more intense ion-pairings. The latter indicates 570 

strong impact of polarizability on the EDL structure. In case of nonpolarizable force field, 571 

the Poisson-Boltzmann’s theory can predict the distribution of ions existing in the diffuse 572 

region with great consistency. In addition, it was shown that no inner-sphere surface 573 

complex cations are formed with the PIM force field since the PIM force field changes the 574 

surface cavities to a ditrigonal shape. This serves as a preventive measure for cations to 575 

enter the cavities; while, a hexagonal shape is dominant with the CLAYFF and CLAYFF 576 
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MOD FFs. Differences in developed FFs and their accuracies influence the MD results. To 577 

reach a consensus over effects of parameters on EDL thickness, using precise FFs is 578 

essential. In addition, the development of FFs is an active research area to improve the 579 

quality of results. 580 

4.1.2. Multi-Ion Exchange (MIE) 581 

The MIE mechanism in clay minerals depends on CEC of the rock surface. When 582 

LSW is injected, monovalent cations (Na+, K+) in LSW substitute the high valence cations 583 

present in the connate water. This contributes to adhesion of crude oil on the surface via 584 

cation-bridging, chemical bonding, or directly attached crude oil organics. Therefore, a 585 

more water-wet surface will result [17]. In order to assess the MIE mechanism as a possible 586 

responsible of LSWI EOR, Underwood et al. 2015 [115] simulated interactions of 587 

montmorillonite basal planes with organic molecules of neutral nonpolar decane, 588 

protonated polar neutral decanoic acid, and charged sodium decanoate under varied salinity 589 

via MD. It was shown that the MIE cannot be responsible for LSWI EOR since no 590 

dependency on salinity was observed for the MIE mechanism. Furthermore, the initial 591 

wettability of montmorillonite plays a critical role in interaction of oil representative 592 

molecules and clay surfaces. In more detail, charged organic molecules (e.g., protonated 593 

polar neutral decanoic acid) interact profoundly with oil-wet surface of the clay in presence 594 

of divalent cations (i.e., Ca2+) resulting from cation bridging effect, as is shown in Fig. 14. 595 

However, no cation bridging mechanism was observed for initially water-wet clay 596 

regardless of organic molecules' type in terms of polarity and charge. It was noted that 597 

since divalent cations altered wettability of the clay towards more oil-wetness, replacing 598 



Page 36 of 105 

 

divalent cations with monovalent ones leads to more water-wet clays, implying importance 599 

of ionic content of an injected fluid compared to concentration. 600 

 601 

Fig. 14. A snapshot from an MD simulation of charged sodium decanoate interacting with clay surfaces via the calcium 602 

cation bridging mechanism [115]. 603 

Kobayashi et al. 2017 [123] simulated the system containing muscovite exposure to water, 604 

acidic oil, and brine. In this study, affinity of two types of acidic oil components, named decanoic 605 

acid and sodium decanoate, towards muscovite surface in presence of different exchangeable 606 

cations, including Na+, K+, Ca2+, and Mg2+ was assessed from cation bridging insight. Note that the 607 

umbrella sampling method [124, 125] was used to calculate Gibbs free energy so as to evaluate 608 

adsorption affinity. They found that the decanoic acid has no tendency towards clay surfaces. 609 

Moreover, the effect of ion exchange rarely happens in this case. Conversely, sodium decanoates' 610 

adsorption on clay substrate occurs in presence of different interlayer cations, which follow specific 611 

adsorption mechanisms. In more detail, cation bridging is the dominant adsorption mechanism in 612 

presence of Ca2+ and K+, while Mg2+ and Na+ form water bridging, as shown in Fig. 15. In water 613 

bridging mechanism, a cation has an intermolecular connection with oil component molecules via 614 

water molecules. It can be interpreted that wetness of clay in presence of acidic oil is dependent on 615 

counterions. Furthermore, the Gibbs free energy of cation bridging is greater than that of water 616 
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bridging, indicating that cation bridging mechanism makes clay surface more oil-wet. According 617 

to this study, the order of oil-wetness of clay surface from the strongest to the weakest case in terms 618 

of interlayer cations is as follows: Ca2+> K+> Mg2+> Na+. From the LSWI insight, it can be 619 

concluded that although presence of divalent cations is necessary, Ca2+ has a more influential role 620 

in changing wetness of clay compared to Mg2+. 621 

 622 

Fig. 15. Adsorption mechanism of sodium decanoate in presence of various cation exchanges: (a) Ca-muscovite, (b) 623 

K-muscovite, (c) Mg-muscovite, (d) Na-muscovite [123]. 624 

Greathouse et al. 2017 [74] investigated influence of CaCl2 brine salinity on affinity 625 

of crude oil representative toward basal surfaces of montmorillonite, kaolinite, and 626 

pyrophyllite to investigate waterflooding mechanisms associated with salinity changes in 627 

EOR process. In this study, MD simulation was used to assess the impact of cations at the 628 

interface as well as water solvation. Density functional theory (DFT) calculations were 629 

used to reveal binding energies and ion-pairing mechanisms. The results showed that 630 

virtually all of the introduced organic molecules in Table 4 experience strong to moderate 631 

adsorption on pyrophyllite and montmorillonite, respectively, via hydrophobic 632 

interactions. In fact, two factors of intrinsic water-wetness and clay mineral surface charge 633 

play a crucial role in organic molecule adsorption. A particular focus of the research was 634 
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also on affinity of the resin representative of decahydro-2-naphthoic acid (DHNA) towards 635 

the clay surface. Analysis of outcomes showed that ion-pairing with aqueous cations results 636 

in preferential binding of anionic form of DHNA on all surfaces. Interestingly, the 637 

deprotonated DHNA adsorbs to the hydrophilic surface of kaolinite by forming H-bonds 638 

and cation pairing mechanisms. Moreover, analysis of binding energy obtained from DFT 639 

revealed that Ca2+ has more cation bridging influence than Na+, indicating the importance 640 

of divalent cations in LSWI process of clay-rich sandstones. Furthermore, it was shown 641 

that salinity has no remarkable impact on organic molecule’s adsorption onto clay surfaces, 642 

confirming the results of Underwood et al. 2015 [114]. Similarly, Zeitler et al. 2017 [126] 643 

investigated the adsorption of deprotonated DHNA at the edges of kaolinite in form of 644 

neutral and negative edge sites in presence of Ca2+ and Na+ as counterions. It was observed 645 

that divalent cations of Ca2+ can create more coordination numbers with organic anions 646 

than monovalent ions of Na+. Although divalent cations like Ca2+ can form a bridge 647 

between organic anions and adsorption sites, replacement of divalent cations with 648 

monovalent ones diminishes the bridging, leading to less adsorption of organic species. 649 

The contradictory conclusion was drawn by Zhang et al. 2016 [71], who studied the 650 

distribution of a complex crude oil in montmorillonite mesopore in presence of different 651 

water amounts at atomic level. For the first time in this research, complex crude oil 652 

components, including a wide range of straight/branched-chain hydrocarbons, naphthenic, 653 

aromatics, and O-/N-/S-bearing components (e.g., organic acid, carbazole, and thioether), 654 

were used. To evaluate dependency of crude oil’s dynamics and distribution on water 655 

amount, two different models with 300000 and 2500 water molecules with same salinity 656 

of 4 wt.%, consisting of Na+, Ca2+, and Cl–. The results showed that crude oil distribution 657 
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is affected by the water amount, in which as the water amount is high, all available clay 658 

surfaces are covered by water and ions; while, crude oil components prefer to be present 659 

in the bulk space of the interlayer or at the interface of oil and water. Having insufficient 660 

water to cover the clay surface, some polar organic molecules are placed near the 661 

uncovered areas of the clay surface via mechanism of cation bridging or forming hydration 662 

bonds. The cation bridging effect was introduced as the dominant mechanism of crude oil 663 

adsorption onto the surface. It was also found that Na+ plays a more substantial role than 664 

Ca2+ in this mechanism indicating the importance of Na+ in wettability alteration of clay 665 

mineral surfaces. Compared with the previous research, this study adopted different 666 

simulation systems in terms of available surface area of rock for interactions and oil 667 

compositions. This leads to relatively different results on importance of cations in bridging. 668 

Although both results may be correct, inconsistencies occur in the case of different 669 

simulation systems with the same research target. 670 

Szczerba et al. 2020 [127] probed intermolecular interactions of smectite with a 671 

wide range of oil constituents under different conditions of brine chemistry and ionic 672 

strength. Quinoline, protonated quinolone, anionic acid, deprotonated nonanoic acid, 673 

benzamide, and protonated heptylamine were considered oil constituents to analyze their 674 

interactions based on their polarity and protonation state. It was found that polarity of 675 

organic molecules can be regarded as a critical factor influencing their intermolecular 676 

interactions with the clay surface. In more detail, polar organic molecules are surrounded 677 

more by water molecules and concentrated on smectite surfaces. While, non-polar 678 

molecules tend to form droplets in the aqueous phase. Regarding the effect of protonation 679 

state, more affinity towards smectite surface is present for cationic state of hydrophobic 680 
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organic molecules, in which balancing cations of smectite surfaces are substituted by 681 

protonated organic cations. This follows the cation exchange law and makes smectite 682 

surface oil-wet. No exact conclusion was drawn regarding organic molecules' distribution 683 

dependency on type of inorganic cation in a solution although the impacts of three different 684 

brine chemistry including NaCl, KCl, and CaCl2 on interactions between oil constituents 685 

and smectite surface were studied. Another critical point is that presence of divalent cations 686 

in nano-pore , which can form strong complexes with water molecules, acts as a barrier for 687 

organic molecules’ movement. It can be implied that substituting divalent cations with 688 

lower hydration enthalpy (e.g., Na+) results in more suitable conditions for moving organic 689 

molecules. It is worth noting here that since the protonated or deprotonated state of oil 690 

components depends on pH, it is critical to adjust the clay surface properties (e.g., charge 691 

distribution of edges) based on the desired pH to create more realistic conditions. 692 

4.1.3. Cation Hydration 693 

The behavior of increasing radius of cation hydration is analogous to that of the 694 

EDL expansion in wettability alteration. It is assumed that an increase in salinity results in 695 

hydration layer shrinkage, leading to more interactions between the oil film and the surface. 696 

In other words, preparing a suitable condition for increasing cation hydration layer can ease 697 

desorption of oil components from the surface [129]. 698 

In 2016, Jimenez-Angeles and Firoozabadi [62] calculated contact angle of decane-699 

water-muscovite system under various salinities using MD simulations. Their muscovite 700 

unit cell formula was K2[Al4][Si6Al2]O20(OH)4, and the simulation was run for a long time 701 

in the NVT ensemble at T = 298 K. The authors found that a thin water layer on the clay 702 

surface plays a critical role in oil-substrate interactions. It was shown that the higher salt 703 
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concentration brings about a thicker water layer between the substrate and oil 704 

representative due to ionic hydration. 705 

Zhang et al. 2016 [71] studied basal surface wetness of three different clay minerals 706 

including montmorillonite, illite, and kaolinite, exposed to water, decane, and salt solution 707 

in terms of the surface charge, layer charge distribution, and salt ions. The results 708 

demonstrated that the layer charge amount affects wetness of montmorillonite and illite. 709 

The basal surface water-wetness of clay minerals increases at a higher extent of the layer 710 

charge. Indeed, hydrated cations and water molecules cover the basal surface of the clay 711 

minerals. While, decane molecules aggregate in the interlayers. This indicates complete 712 

hydrophilicity of the mentioned clay minerals due to cation hydration capacity and then 713 

increased water molecules' adsorption on the surface. The water-wetness characteristic of 714 

illite was also confirmed by other researches [78, 130]. Furthermore, in the kaolinite 715 

system, it was found that wetness of the surfaces depends on salinity. In more detail, in 716 

absence of salts, the O-sheet of kaolinite is water-wet; while, its T-sheet is moderately oil-717 

wet as decane can directly interact with it. On the other hand, presence of salt leads to 718 

adsorption of ions (Na+/Ca2+ and Cl-) on clay surfaces, promoting hydrophobicity of both 719 

sides of kaolinite as a result of the cation's hydration. In the same vein, Anvari and Choi, 720 

2018 [9] studied distribution of water and cyclohexane confined in kaolinite interlayers in 721 

presence and absence of NaCl. As part of their results, they concluded that surface of the 722 

O-sheet has a robust water-wetness character. In contrast, surface wetness of the T-sheet 723 

relies on available water content, in which the water content increment achieves wetness 724 

conversion from the initially hydrophobic surface toward more water-wet. Note that 725 

wetting of basal surfaces is improved due to presence of more NaCl concentration, ranging 726 
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from 0.1 to 1 M. With respect to wetness of kaolinite surfaces, water-wetness surface of 727 

the O-sheet and oil-wetness surface of the T-sheet have also been confirmed by other 728 

studies using MD simulation [131-134]. Similarly, Chen et al. 2021 [135] scrutinized 729 

wetness of kaolinite in low and high salinity water in presence of oil representatives. They 730 

also showed that more water molecules are present close to the O-sheet under LSW 731 

compared to HSW. However, an increase in water salinity makes the T-sheet more 732 

favorable for adsorbing water molecules. 733 

Yi et al. 2018 [136] investigated the impact of cation hydration on surface wetness 734 

of montmorillonite. In this study, a wide range of surface charges from 0.2 to 0.6 per unit 735 

cell and various exchangeable cations including Na+, K+, Ca2+, and Mg2+ were considered. 736 

They found that the water molecules have no strong affinity towards the montmorillonite 737 

surfaces intrinsically. Indeed, formation of hydration shells around cations with solid 738 

electrostatic attractions towards montmorillonite surface leads to counterions’ adsorption 739 

on basal surface of montmorillonite. Consequently, water molecules are located near 740 

montmorillonite surfaces. This was proved by comparing hydration energies of cations 741 

with adsorption energy between montmorillonite surface and water molecules. Moreover, 742 

it was shown that hydration enthalpy of cations has more influence on surface wetness in 743 

comparison with negative charge of montmorillonite surface, in which the more hydration 744 

ability of cations, the stronger the water-wetness of the montmorillonite surface. The order 745 

of hydrophilic behavior of the montmorillonite from strong to weak is as follows: Mg2+-746 

MMT> Ca2+-MMT> K+-MMT> Na+-MMT. Furthermore, when higher counterions are 747 

present to balance the negatively charged surface of montmorillonite, wetness of the 748 

surface will be more hydrophilic (see Fig. 16). 749 
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 750 

Fig. 16. Illustration of cation hydration in vicinity of montmorillonite surface [136]. 751 

Szczerba et al. 2020 [137] used MD simulations to quantitatively study intrinsic 752 

wetness of dioctahedral smectite basal surfaces including montmorillonite and beidellite in 753 

terms of charge distribution and presence or absence of counterions on the surface. 754 

Montmorillonite and beidellite were generated from the pyrophyllite structure with total 755 

layer charge ranging from 0.1 to 0.6 |e| per half the unit cell in the O-sheet 756 

(montmorillonite) and the T-sheet (beidellite) (see Fig. 17). The Na+ ion was considered 757 

for external surface; while, K+ and Ca2+ ions were selected for interlayers. The simulation 758 

results showed that wetness of smectite surfaces depends on presence of counterions. In 759 

absence of counterions, smectite surfaces are hydrophobic (montmorillonite) or moderately 760 

hydrophilic (beidellite). In fact, counterions make the smectite surface hydrophilic. In more 761 

detail, electrostatic interactions of counterions with the smectite surface relocated them 762 

near the charged surface. Since Na+ has more negative hydration enthalpy, formation of 763 

hydration shells around cations leads to reorientation of water molecules close to surface 764 

and formation of H-bonds with the surface. It is clear that charge-balancing cations on the 765 

surface are an inseparable part of hydrophilic smectite. Their hydration enthalpy plays a 766 

key role in wetness of the surface substrate. Therefore, the more is Na+, the larger is the 767 

hydration layer, the greater is the wetness of the surface. 768 
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 769 

Fig. 17. The final snapshots of simulated montmorillonite in presence of Na+ ions on the surface (left) and in absence 770 

of Na+ ions on the surface (right). K+ ions are present in the middle of the interlayers [137]. 771 

In contrast to previous studies regarding positive influence of counterions on water-772 

wetness of montmorillonite, Zheng and Zaoui, 2016 [138] indicated that water spreading 773 

on the surface of montmorillonite with a unit-cell formula of 774 

Na0.75[Si7.75Al0.25][Al3.25Mg0.75]O20(OH)4 has relevance to existence of Na+ ions. Presence 775 

of Na+ in proximity of tetrahedral holes leads to blockage of water molecules and then 776 

enhances hydrophobicity of the surface. Nonetheless, the authors mentioned that if Na+ 777 

ions are placed near spreading area of water molecules, the intermolecular attraction of 778 

ions with water may extend spreading of water molecules. It should be noted here that the 779 

importance of hydration shell of counterions was ignored in this study, although it 780 

significantly influences the results [134]. Similarly, Myshakin et al. 2013 [139] concluded 781 

that shielding of basal oxygens by cations acts as a barrier for water molecules to form H-782 

bonds with base surfaces, affecting wetness of Na-montmorillonite with the unit cell of 783 

Na2[MgAl3][Si8]O20(OH)4.784 
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Table 4. Summary of MD simulation studies on the LSW effect in presence of different types of clay minerals. Note that C, W, B, and O refer to clay, water, 785 

brine, and oil. 786 

System Clay Structure Nx Brine/C (mol/L)* Oil Representative Analyses Mechanisms Reference 

C/B MMT: Nx[Al3.111 Mg0.889][Si8]O20(OH)4 Na0.889 Mixed NaCl–CaCl2/ 

0.34, 0.67, 1.25, 1.83 

NA Atomic density profile 

Atomic density map 
Radial distribution functions 

Screening function  

Root-mean-square deviation 
Diffusion coefficient 

Visual analysis 

 

EDL expansion 

 

Bourg and Sposito 

[114] 

C/B/O MMT: Nx[Al3Mg1][Si8]O20(OH)4 Na, Ca0.5 NaCl/ 0, 0.17, 0.85, 

5.98. 

Decane, Decanoic acid, 

Deprotonated decanoic acid 

 
 

Atomic density profile 

Electric potential 

Cluster analysis 
Radial distribution functions 

Visual analysis 

 

EDL expansion 

MIE 

Underwood et al. [115] 

C/B/O Muscovite: Nx[Al4][Si6Al2]O20(OH)4 K2 NaCl/ 0, 

0.025,0.2,0.6, 1.43 

Decane Atomic density profile  

Contact angle measurement 

Visual Analysis 
 

Cation hydration Jimenez-Angeles and 

Firoozabadi [62] 

C/B/O Pyrophyllite: [Al4][Si8]O20(OH)4 

MMT: Nx[Al3~3.75 Mg0.25~1][Si8]O20(OH)4 
Illite: Nx[Al3.5 Mg0.5][Si7Al1]O20(OH)4 

Kaolinite: Al2Si2O5(OH)4 

NA 

Na0.25~1, Ca0.5 
K1.5 

NA 

NaCl/ 0.6  Decane Atomic density profile  

Number of H-bonds 
Radial distribution functions 

Velocity profile  

Visual Analysis 

 

MIE 

Cation hydration 
 

Zhang et al. [71] 

C/W/O Kaolinite: Al2Si2O5(OH)4 NA NA Deprotonated decahydro-2-
napthoic acid 

Atomic density profile  
Adsorption percentage 

Visual Analysis 

 

MIE 
 

Zeitler et al. [126] 

C/B/O Pyrophyllite: [Al4][Si8]O20(OH)4 

MMT: Nx[Al3.25 Mg0.75][Si8]O20(OH)4 

Kaolinite: Al2Si2O5(OH)4 

NA 

Na0.75, Ca0.375 

NA 

CaCl2/0,0.35, 0.7 N-hexane, Cyclohexane 

Toluene, Decahydro-2-

napthoic acid, Deprotonated 
decahydro-2-napthoic acid  

 

Atomic density profile  

Adsorption percentage 

Radial distribution functions 
Visual Analysis  

MIE 

 

Greathouse et al. [74] 

C/B/O Muscovite: NA Na, K, Mg, Ca NaCl/0.99  Decanoic acid, Deprotonated 
decanoate acid 

Potentials of mean force  
Gibbs free energy 

Radial distribution functions 

Visual analysis 
 

MIE 
 

Kobayashi et al. [123] 

C/W MMT: NA (Na, K)0.125~0.625 

(Ca, Mg)/0.0625~ 0.25 

NA NA Adsorption energy analysis  

Hydration energy analysis 
Radial distribution functions 

Root-mean-square deviation 

Cation hydration Yi et al. [136] 

C/B/O Kaolinite: Al2Si2O5(OH)4 NA NaCl/ 0.1, 0.5, 1  Cyclohexane Atomic density profile  
Number of H-bonds 

Orientation order parameter 

EDL expansion 
 

Anvari and Choi [4]  
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Root-mean-square deviation 
Surface potential 

Charge density 

Decay length 
Visual Analysis 

 

C/B/O MMT: Nx[Al3.5Mg0.5][Si7.75Al0.25]O20(OH)4 Na0.75 Mixed NaCl-CaCl2/ 
0.4 

 

Mixed of Straight/ branched-
chain HC, Naphthenic HC, 

Aromatic HC, and O-/N-/S-

bearing compounds 
 

Atomic density profile  
Number of H-bonds 

Radial distribution functions 

Diffusion coefficients 
Velocity profile 

MIE 
 

Zhang et al. [140] 

C/B MMT: Nx[Al3Mg1][Si8O20](OH)4 

Kaolinite: Al2Si2O5(OH)4 

Na NaCl, CaCl2 /0, 0.3, 

1.2 
 

NA Atomic density profile  

Screening function  
Electrical potential 

Electrical field 

EDL thickness  
Interaction energy 

 

EDL expansion 

 

Mehena et al. [69] 

C/B Beidellite: Nx[Al4][Si7.25Al0.75]O20(OH)4 
MMT: Nx[Al3.25Mg0.75][Si8]O20(OH)4 

K0.75 

K0.75 
NaCl, KCl, CsCl, 
PbCl2, CaCl2/ 0, 

0.08, 0.32, 1.28 

NA Atomic density profile  
Radial distribution functions 

EDL thickness 

 

EDL expansion 
 

Gu et al. [75] 

C/B MMT: Nx[Al3.25Mg0.75][Si8]O20(OH)4 Na0.75 NaCl/ 0.1  NA Atomic density profile  

Atomic density map 

Diffusion coefficients 
Survival probability 

Electrical potential  
 

EDL expansion 

 

Le Crom et al. [119] 

C/B/O  MMT: Nx[Al3.2Mg0.8][Si8]O20(OH)4 Na0.8 NaCl, KCl, CaCl2/ 1  Decane, Quinoline, Quinoline 

cation, Nonanoic acid, 
Deprotonated Nonanoic acid, 

Benzamide, Heptylamine 

 

Atomic density profile  

Visual Analysis 
Trajectory 

MIE 

 

Szczerba et al. [127] 

C/W Pyrophyllite: [Al4][Si8]O20(OH)4 

MMT: Nx[Al3.8~3.5Mg0.2~0.5][Si8]O20(OH)4 

Beidellite: Nx[Al4][Si7.9~7.5Al0.1~0.5 ]O20(OH)4 

 

(Na, K)0.2~0.5 

(Na, K)0.1~0.5 

NA NA Contact angle measurement 

Atomic density map 

Dipole vector orientations 
 

Cation hydration Szczerba et al. [137] 

C/B/O Kaolinite: Al2Si2O5(OH)4 NA NaCl, CaCl2, MgCl2, 

KCl/ 0.025, 2.25 

Decane, Decanoic Acid, 

Quinoline 

Atomic density profile  

Radial distribution functions 

Cation hydration Chen et al. [135] 

 787 
* Due to unit conversion, some salinity is expressed with 5-10% error. 788 

 789 



Page 47 of 105 

 

Table 5. Summary of MD simulation parameters used in research on the LSW effects in presence of different types of clay minerals. Note that C, W, B, and O 790 

refer to Clay, Water, Brine, and Oil. 791 

System Software Force Fields P (MPa) T (K) Supercell /a×b×c Production Run Time (ns) Reference 

C/B MOLDY CLAYFF 

SPC/E 
 

NA 298 18 unit cells/ NA 50 ns in NVE Bourg and Sposito [114] 

C/B/O GROMACS CLAYFF 

CHARMM36 
TIP3P 

 

0.1 300 168 unit cells/ 12 × 7 × 2 10 ns in NPT Underwood et al. [115] 

C/B/O GROMACS FF developed by Heinz [141] 

OPLS-AA 

SPC 

 

NA 298 756 unit cells/ 36 × 21 × 1 NA ns in NVT Jimenez-Angeles and 

Firoozabadi [62] 

C/B/O DL_POLY 

LAMMPS 

CLAYFF 

OPLS-AA 

SPC-Fw [142] 
 

NA NA 128 unit cells/ 16 × 4 × 2 

200 unit cells/ 10 × 10 × 2 

10 ns in NVT (EMD) 

6 ns in NVT (NEMD) 

Zhang et al. [71] 

C/W/O LAMMPS CLAYFF 

CVFF 
SPC 

 

NA 300 120 unit cells/ 8 × 5 × 3 4 ns in NVT Zeitler et al. [126] 

C/B/O LAMMPS CLAYFF 
CVFF 

SPC 

 

NA 300, 366 96 unit cells/ 8 × 4 × 3 

64 unit cells/ 8 × 4 × 2 

120 unit cells/ 8 × 5 × 3 

4 ns in NVT Greathouse et al. [74] 

C/B/O GROMACS CLAYFF 

CGenFF 
SPC/E 

 

NA NA 36 unit cells/ 6 × 3 × 2 335 ns in NPT Kobayashi et al. [123] 

C/W Materials Studio CLAYFF 
SPC/E 

 

0.1 298 32 unit cells/ 4 × 4 × 2 10 ns in NPT Yi et al. [136] 

C/B/O LAMMPS CLAYFF 
United atom model [143] 

SPC 

 

0.1 298.15 576 unit cells/ 12 × 8 × 6 15 ns in NPT Anvari and Choi [4]  

C/B/O LAMMPS CLAYFF 

CGenFF  

TIP3P-PME [144] 
 

NA 410 240 unit cells/ 20 × 12 × 1 25 ns in NVT (EMD) 

5 ns in NVT (NEMD) 

Zhang et al. [140] 

C/B LAMMPS CLAYFF 

SPC/E 
 

NA 330 84 unit cells/ 12 × 7 × 1 25 ns in NVT Mehena et al. [69] 

C/B GROMACS CLAYFF 

SPC 
 

NA 298 128 unit cells/ 8 × 8 × 2 15 ns in NVT Gu et al. [75] 

C/B LAMMPS 

CP2K 

CLAYFF 

CLAYFF MOD [120] 
PIM [121] 

NA 300 16 unit cells/ 4 × 4× 1 20 ~ 300 ns  Le Crom et al. [119] 
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SPC/E 
SPE 

Dang-Chang [122] 

 
C/B/O LAMMPS CLAYFF 

GAFF 

SPE 
 

0.1, 10 300, 360 60 unit cells/ 10 × 3 ×2 10 ns in NPT Szczerba et al. [127] 

C/W LAMMPS CLAYFF 

SPC 
 

NA 300 84 unit cells / 12 × 7 × 2 5 ns in NVT Szczerba et al. [137] 

C/B/O LAMMPS CLAYFF 

OPLS-AA 
SPE/E 

NA 300 400 unit cells/ 20 × 20 × 1 25 ns in NVT Chen et al. [135] 

 792 
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4.2. Quartz 793 

Here, MD simulation data of LSW effects on quartz from the literature is widely 794 

analyzed and details are shown in Table 6 and Table 7. 795 

4.2.1. Electric Double Layer (EDL) Expansion  796 

Chen and Singer, 2019 [145] studied the EDL structure over amorphous silica in 797 

presence of an aqueous NaCl electrolyte with a salinity of 0-0.59 M using MD simulation. Four 798 

consecutive processes of melting, annealing, cleaving, and hydroxylating of crystalline SiO2, 799 

prepared the amorphous silica. Randomly deprotonating hydroxyl groups generated by a 800 

negative surface charge density of −0.82 e/nm2 was . The results proved presence of the EDL 801 

in three separate zones. In vicinity of the surface, only Na+ cations are present, which are 802 

autonomous of salinity. The next layer, as an intermediate region, contains nonexchangeable 803 

Na+ and a group of Na+ and Cl− ions that exchange with the outer layer containing the 804 

remaining counter- and co-ions. It was shown that increasing salinity by more than 0.17 M 805 

leads to overcompensation of the silica surface due to Na+ cations’ adsorption in the middle 806 

layer of the EDL, as illustrated in Fig. 18. Moreover, salinity changes lead to altering the EDL 807 

structure, influencing surface characteristic of the silica. Tian and Wang, 2017 [146] also 808 

showed that wettability alteration in oil/brine/quartz system where quartz is charged and an oil 809 

constituent is uncharged is consistent with the EDL repulsion theory. 810 
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 811 

Fig. 18. (a) Charge density of aqueous NaCl electrolyte as a function of distance from the channel mid-plane. The 812 

overcompensation can be seen by comparing charge density lines with the red line, indicating a total charge of +9e, (b) 813 

Schematic representation of ion behaviors in three distinct regions. As aforementioned, the inner layer characteristic is 814 

salt-independent; while, the intermediate layer is salt-dependent, in which the exchangeable group of ions follows a 815 

Langmuir adsorption model. The last layer of the EDL is the diffuse layer where ion distribution is well-described using 816 

the Poisson-Boltzmann theory [145]. 817 

Tian et al. 2019 [147] assessed possibility of the EDL expansion as the mechanism to 818 

alter quartz surface wetness under different brines. In oil/brine/quartz system, four different 819 

systems of charged oil and charged quartz (COCQ), charged oil and uncharged quartz 820 

(COUQ), uncharged oil and charged quartz (UOCQ), and uncharged oil and uncharged quartz 821 

(UOUC) were considered in contact with KCl and CaCl2, separately, to evaluate behavior of 822 

the EDL upon the surface. To present a charged oil model, a deprotonated decanoic acid 823 

molecule was used instead of decanoic acid with a constant number of decane molecules. Note 824 

that the extent of charged quartz was also 0.41875 e/nm2. It was found that in case of UOUQ, 825 

the surface wetness has no considerable dependency on ionic compositions. However, in 826 

presence of charged quartz, increase in salinity enhances hydrophilicity of the system due to 827 
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an increase in the EDL repulsion. Generally, optimizing surface wettability for specific oil-828 

brine-rock systems towards more water-wet can be justified by the EDL mechanism. 829 

Considering the important role of monovalent cations in LSW effects, it is crucial to further 830 

understand the effect of various oil components in terms of charge and polarity on their 831 

interactions with the quartz surface in presence of Na+ cations. 832 

Fang et al. 2020 [148] investigated the impact of lowering reservoir salinity on recovery 833 

of trapped oil in nanopores. In this study, n-decane represented the oil component, and the 834 

initial water salinity of NaCl was considered 2 M. It was observed that reduction in reservoir 835 

salinity expands the thin brine film upon the substrate, leading to discharge of oil constituents 836 

from the interlayer. In more detail, there is an equilibrium condition between brine film and 837 

brine reservoir at initial state. A decrease in salinity of brine reservoir brings about an increase 838 

in chemical potential of water molecules existing in the brine reservoir relative to the thin brine 839 

film, which contains a higher ion concentration. Due to the osmosis phenomenon, there exists 840 

a spontaneous movement of water molecules in the brine reservoir into the thin brine film. In 841 

this way the oil is also displaced along with the brine film thickness expansion. Thus, the LSW 842 

can improve productivity of the confined oil in nanopores. In another study, Fang et al. 2019 843 

[149] also explored the thin brine film's behavior on the rock surface in the quartz/brine/decane 844 

system. They found that when quartz is charged, the EDL force contributes to disjoining 845 

pressure, by which the ion concentration increment decreases the EDL forces. This means that 846 

higher the salinity concentration, the greater the difficulty in desorbing the oil component. It 847 

should be mentioned here that the n-decane is a nonpolar component of oil, and its interplay 848 

with brine compositions and the rock surface can be different compared to the polar 849 

components of oil. 850 
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Sun et al. 2021 [150] investigated quartz substrate wetness under various proportions of 851 

Na+ and Ca2+ in water film. They mentioned that due to higher ionic strength of Ca2+ than Na+ 852 

with the same charge density, increasing the number of Ca2+ in water film compared to the Na+ 853 

leads to the EDL repulsion force and the substrate's substrate more oil-wet. Note that EDL 854 

thickness reduction enhances the possibility of cation-bridging effect, which can attach the 855 

polar oil component to the substrate (see Fig. 19). 856 

 857 

Fig. 19. Structural schematic of two EDLs between different interfaces. As is shown, the first EDL is formed between the 858 

negative substrate and cations in the water film. The next one is formed at the interface of the negative polar oil components 859 

and cations in the water film. Increasing the Ca2+ cations in the water film brings about a reduction in the EDL thickness, 860 

facilitating the adsorption of oil components onto the substrate. Removing the divalent cation can enhance the water-861 

wetness of the substrate improving the oil production [150]. 862 

4.2.2. Multi-Ion Exchange (MIE) 863 

Tian et al. 2019 [147] considered the influence of cation bridging on quartz surface 864 

wetness of the abovementioned systems. They found that no cation bridging is created in the 865 

case of UOUQ. Cation-bridging phenomenon cannot justify wetness of the system. In the case 866 

of charged oil, both monovalent and divalent cations can act as bridges to alter wetness of the 867 

surface towards more oil-wet, unfavorably. In more detail, although Ca2+ bridging can be 868 
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formed in all studied concentrations, K+ bridging is observed at medium ionic strength and 869 

makes the system more oil-wet. While, at low and high concertation, its attractive force is not 870 

enough to offset the repulsive force of the EDL and even hydration repulsion. Note that Ca2+ 871 

bridging has the strongest adverse effect on wettability alteration of the surface in compared 872 

with the influence of the EDL repulsion to boost hydrophilicity of sandstone. Hence, diluting 873 

the brine and removing the divalent cations can effectively enhance hydrophilicity of the 874 

surface due to formation of the EDL and breaking the available bridging, respectively. 875 

Sun et al. 2021 [150] scrutinized the impact of ions in the water film above the quartz 876 

surface on wettability alteration. In oil/water/quartz system, n-decane and stearic acid 877 

represented oil components and Na+ and Ca2+ ions were considered monovalent and divalent 878 

ions in the water film. The results showed that presence of more and more Ca2+ in the water 879 

film relative to Na+ provides a better condition for indirect interactions of polar organic 880 

constituents with substrate via cation-bridging effect triggering more hydrophobic substrate. 881 

However, a more water-wet quartz substrate is achieved when the water film contains more 882 

Na+ cations (see Fig. 20). Generally, the cation-bridging effect depends on valance of cations, 883 

in which replacement of Ca2+ cations with Na+ cations in the water film as a result of injection 884 

of diluted saltwater can enhance water-wetness of the substrate and then oil recovery. 885 
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 886 

Fig. 20. The contact angle value for different ion proportions of 𝛾 which is defined as number ratio of Ca2+ cations to Na+ 887 

ions. (a) Variation of contact angles with 𝛾. As is clear, increasing Ca2+ cations increases the contact angle following the 888 

cation-bridging effect; (b) The contour images of oil droplets at different 𝛾 [150]. 889 

4.2.3. Cation Hydration 890 

In another part of the Tian et al. 2019 [147] study, they concluded that to assess the 891 

effect of ion-tuned wettability of sandstone, besides the EDL and MIE mechanisms, hydration 892 

cation repulsion force should also be considered as an influential factor in modifying the 893 

surface wetness towards more water-wet. They also reported that presence of multivalent ions 894 

in the diluted brine may eliminate the positive effect of the EDL repulsion by the attenuation 895 

of hydration repulsion although injection of diluted brine can enhance the surface’s 896 

hydrophilicity. Thus, it is necessary to consider both salinity and ionic compositions. A similar 897 

conclusion was drawn by Fang et al. 2019 [149] that hydration forces affect the disjoining 898 

pressure, proportionally.899 
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Table 6. Summary of MD simulation studies on the LSW effect in presence of different quartz. Note that Q, W, B, and O refer to quartz, water, brine, and oil. 900 

System Quartz Type 
Surface Charge  

(e/nm2) 
Brine/C (mol/L) Oil Representative MD Analyses Mechanisms Reference 

Q/B/O α-quartz – 0.41875 KCl/ 0.05, 0.2, 0.85, 1   Decane, Decanoic acid Atomic density map 

Contact angle 

EDL expansion 

 

Tian and Wang, [146] 

Q/B Amorphous silica  – 0.82 NaCl/ 0, 0.04, 0.09, 0.13, 
0.17, 0.23, 0.59  

NA Atomic density profile  
Charge density 

Surface density 

Electric potential  
Visual analysis  

 

EDL expansion 
 

Chen and Singer, [145] 

Q/B/O α-quartz – 0.41875 KCl/ 0~1  

CaCl2/ 0~1  

Decane, Decanoic acid, 

Deprotonated decanoic acid 

 

Adsorption 

Contact angle 

EDL expansion 

MIE 

Cation hydration 

 

Tian et al. [147] 

Q/B/O α-quartz – 0.75 NaCl/ 0.1, 1  Decane Atomic density profile 

Orientation order parameter 

Dielectric profiles 
Disjoining pressure 

Velocity profile  
 

EDL expansion 

Cation hydration 

 

Fang et al. [149] 

Q/B/O α-quartz – 0.75 NaCl/ 0.1, 2 Decane Atomic density profile 

Radial distribution functions 
Potential of mean force  

Mean square displacement  

Trajectory 

Visual analysis 

 

EDL expansion 

 
 

Fang et al. [148] 

Q/W/O α-quartz – 1.99 NA Decane, Stearic acid Contact angle  
Atomic density map 

Trajectory 

Interaction energy  
Radial distribution functions 

Visual analysis 

EDL expansion 
MIE 

 

Sun et al. [150] 

901 
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Table 7. Summary of MD simulation parameters used in research on the LSW effects in presence of different quartz types. Note that Q, W, B, and O refer to 902 

quartz, water, brine, and oil. 903 

System Software Force Fields P (MPa) T(K) No. of layers /a×b×c nm3 Production Run Time 

(ns) 
Reference 

Q/B/O LAMMPS Quartz: FF developed by Cruz-Chu et al. [99] 

Organic molecules: OPLS-AA 

Water: SPC/Fw 

NA 300, 

373.15 
5/ 14.73 × 12 × 3.2412 

5/ 20.0622 × 15.00 × 3.2412 

50 ns in NVT Tian and Wang, [146] 

Q/B GROMACS Quartz: BKS and FFs developed by Hassanali et 

al. [151] 

Water: SPC/E 
 

NA 300 NA/ 3.32 × 3.31 × 3.6 60-100 ns in NVT Chen and Singer, [145] 

Q/B/O LAMMPS Quartz: FF developed by Cruz-Chu et al. [99] 

Organic molecules: OPLS-AA 
Ions: FF developed by Beglov and Roux [152] 
Water: SPC/Fw 

 

NA 300 5/NA NA ns in NVT Tian et al. [147] 

Q/B/O LAMMPS 

 

Quartz: CLAYFF 

Organic molecules: OPLS-AA 

Water: TIP3P 
 

NA 350 NA/NA 100  ns in NVT Fang et al. [149] 

Q/B/O LAMMPS Quartz: CLAYFF 

Organic molecules: OPLS-AA 
Water: TIP3P 

 

NA 350 NA/ NA 160-240 ns in NVT Fang et al. [148] 

Q/W/O GROMACS Quartz: CVFF 
Organic molecules, ions: OPLS-AA 

Water: TIP3P 

NA 300 NA/ 15 × 7.5 × 1 10 ns in NVT Sun et al. [150] 

904 
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4.3. Calcite 905 

A wide range of physical and chemical mechanisms has been introduced to identify the 906 

impact of LSW on carbonate rocks. From the perspective of length and time scale, the 907 

mechanisms of EDL expansion and the MIE that lead to wettability alteration of rock can be 908 

studied on a nanometer scale by using MD simulation and are reviewed hereunder. The key 909 

explanations and parameters are tabulated in Table 8 and Table 9. 910 

4.3.1. Electric Double Layer (EDL) Expansion 911 

When modified salinity brines are injected into carbonate reservoirs, the existing 912 

thermodynamic equilibrium among the oil/water/rock system is disturbed. Adsorption and/or 913 

desorption of PDIs including Ca2+, Mg2+, and SO4
2– at mineral surface results in changes in 914 

interface surface potential in terms of magnitude and sign. Hence, increasing the electrostatic 915 

repulsion or reducing the electrostatic attraction between interfaces causes EDL expansion and 916 

wettability alteration toward more water as a result [153]. 917 

Koleini et al. 2018 [154] studied the influence of water salinity on interface properties 918 

of calcite/brine system in terms of salinity and ion type from a molecular perspective. They 919 

simulated interactions between a calcite surface terminated by {101̅4} plane as the most stable 920 

cleavage plane. Two different brine solutions were used including SW and FW fluids with a 921 

total salinity of 46000 ppm and 189000 ppm, respectively. Note that the ionic components of 922 

SW were Na+, Mg2+, SO4
2-, and Cl−; while, FW contained Na+, Ca2+, and Cl−. They showed 923 

formation of three distinct hydration layers over calcite slab with a highly dense water layer at 924 

the rock/brine interface followed by two layers with an EDL specification and lower water 925 

density. The charge density analysis confirmed the EDL formation by indicating a positive 926 

stern layer and a relatively negative diffuse layer containing monovalent Na+ and Cl− anions, 927 
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respectively. Compared to monovalent cations, more giant hydration shells keep the divalent 928 

cations far from the calcite and they are not involved in the EDL. Moreover, the least free 929 

adsorption energy of present SO4
2– in the diffuse layer of SW exhibits its positive effect in 930 

LSWI in carbonates. Generally, presence of ions at the calcite/SW interface and negative 931 

charge of the EDL over calcite can lead to detachment of the oil component due to electrical 932 

repulsion indicating a more hydrophilic calcite surface. Note that Brekke-Svaland and Bresme 933 

[155] also reported formation of three distinct well-conditioned hydration layers above the 934 

calcite slab in contact with water molecules. Similarly, Koleini et al. 2019 [73] confirmed 935 

presence of three distinct water layers with various densities in well-ordered structures close 936 

to the calcite slab. Water molecules orientated towards the calcite surface with O-atom in the 937 

first layer; while, their orientation towards carbonate group of the calcite surface is changed to 938 

H-atoms in the second layer. That is why the extent of H-bonding in the second layer is greater 939 

compared to the first layer. Moreover, reducing the number of H-bonding was introduced as a 940 

result of oil and water interactions at the interface of oil/water. This leads to presence of the 941 

slightly ordered water layer. It was also understood that different cations and anions have no 942 

influence on water layer structures concerning orientation and H-bonding of water molecules. 943 

On the other hand, as previously mentioned, monovalent ions create the EDL on the surface; 944 

while, divalent ions remain over the EDL. 945 

Li et al. 2020 [156] exploited MD and first-principles simulations to study wetness of 946 

calcite {101̅4} surface in contact with a wide-spectrum of salinity differences in monovalent 947 

and divalent compositions. It was observed that well-organized water layers existing on the 948 

calcite substrate due to H-bonding of Hwater and protruding oxygen of the calcite as well as 949 

electrostatic interactions between Owater and Cacalcite prevent divalent cations (Mg2+ and Ca2+) 950 
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from penetrating into water layers. While, monovalent cations can interact with water layers 951 

and locate near the surface to make the EDL. Note that presence of monovalent cations (Na+) 952 

influences the water/calcite interaction although salt ions cannot perturb the hydration layers. 953 

An increase in Na+ cations result in alteration of wettability of the calcite. Ricci et al. 2013 954 

[105] also highlighted that these well-organized water layers on the calcite substrate act as a 955 

barrier for direct interactions of the hydrated ions with calcite. Direct interactions necessitate 956 

a high-energy penalty for ion solvation shells' restrictions. 957 

Santos et al. 2019 [112] investigated the impact of confined electrolyte solutions within 958 

calcite substrates on the EDL structure using MD simulations. Two distinct electrolyte 959 

solutions of NaCl and KCl with a salinity of 0.45 to 1.559 M were considered in contact with 960 

the calcite of {101̅4}. It was shown that in vicinity of the neutral calcite surface, Na+ cations 961 

form the first layer of the EDL followed by anions. The EDL thickness of different brine 962 

concentrations was obtained via calculating dielectric constant in MD simulations. An increase 963 

in salinity leads to shrinkage in the EDL thickness indicating positive contribution of the lower 964 

salinity in wettability alteration of the calcite. Local defects as a representative of calcite 965 

dissolution were imposed by unequal removal of Ca2+ and CO3
2– ions and dissolving them in 966 

the aqueous solution to make the system more realistic. Setting defects changes the structure 967 

of the EDL due to the positive charge of the calcite surface, Cl– ions construct the first layer of 968 

the EDL followed by Na+ cations in the next layer. Note that the dissolved Ca2+ and CO3
2– can 969 

also adsorb on the surface and alter the EDL structure. 970 

Bai et al. 2020 [157] used a new positively charged calcite surface model to assess its 971 

wettability alteration in presence of various concentrations and ionic compositions of LSW. A 972 

new calcite slab model with a positive surface charge was obtained by forming CO3
2– vacancies 973 
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and replacing one hydroxide group in the center of each vacancy in the surface layer. 974 

Moreover, a bicarbonate group exchanged one of the four carbonate groups neighboring each 975 

vacancy. Concerning the effect of salinity on wettability of the positively charged surface, 976 

NaCl solution with a concentration of 2.16, 4.32, 6.48, and 8.64 wt.% was added to the system, 977 

including the calcite surface with acetate ions adsorbed on the calcite surface. Analysis of the 978 

results showed that salinity can affect the EDL thickness which may indirectly influence 979 

acetate desorption although there exists no direct relation between salinity and acetate 980 

detachment. In more detail, salinity reduction expands the EDL thickness near the surface 981 

leading to more distance between oil and surface facilitating oil desorption. This study showed 982 

that surface characteristics of calcite (i.e., induced surface charge) can affect the impacts of 983 

LSW. Further assessment can be carried out on this topic by considering various oil 984 

representatives and divalent cations. 985 

All above discussed researches had relatively similar conclusions. However, some other 986 

studies introduced different effects of salinity and ion type on the EDL structure. In a study by 987 

Zhao et al. 2019 [158], the impact of salinity and surface charge were assessed on wettability 988 

alteration of calcite substrate. In calcite/brine/oil system, two distinct cleavage surfaces of 989 

calcite, namely {101̅4} and {0001}, were used to represent natural and charged calcite 990 

substrate. Regarding the calcite {101̅4}, periodic alignment of oppositely charged ions of Ca2+ 991 

and CO3
2– in the same layers forms a neutral calcite slab. However, each disparate layer with 992 

alternating planes of Ca2+ and CO3
2– groups leads to end of the calcite plane by either positive 993 

surface of Ca2+ or negative surface of CO3
2– in the charged calcite slab of {0001}. The oil 994 

representative was non-polar n-decane and concentration of NaCl was 0.2, 0.5, and 1 M. It was 995 

found that the distribution of ions explains the formation of the EDL. In addition, the great 996 
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hydration capacity of Na+ and Cl– is mentioned as the reason for accumulation of water 997 

molecules near the calcite surface since water molecules fully coordinate the ions. Comparing 998 

the wetness of two calcite in 0.5 M brine showed the tendency of the neutral slab to adsorb the 999 

oil indicating more hydrophilicity of the charged slab. No considerable changes are observed 1000 

in wetness of the neutral slab with salinity increment. For the charged calcite, the greater the 1001 

water salinity, the more water-wetness surface will result. Indeed, the dipole-ion interaction is 1002 

the primary reason for wettability alteration of the charged substrate to more hydrophilic 1003 

surfaces. 1004 

In another study, Zhao et al. 2020 [159] investigated the wettability changes of calcite 1005 

under various salinities by analyzing contact angle of the n-decane/brine/calcite system. The 1006 

static contact angle of the system is reduced as salinity increases indicating more favorable 1007 

water-wet state. Ions have no considerable impact on the water/calcite interface although 1008 

salinity modifies the surface wetness by influencing interplays between water n-decane. This 1009 

result is inconsistent with previous research proving the beneficial impact of LSW in changing 1010 

the wettability. 1011 

Liu et al. 2018 [160] also assessed the impact of monovalent and divalent ions on 1012 

wettability of the calcite surface by quantum MD simulations. They reported that the inherent 1013 

hydrophilic calcite surface originates from forming two hindering water layers on the substrate 1014 

that prevent ions from directly interacting with it. They claimed that addition of NaCl is the 1015 

reason for the EDL formation on the surface. Although Na+ and Cl– cannot penetrate the 1016 

wetting layers, they can reside close the surface and disturb the water layer structures. This 1017 

results in a negative effect on oil recovery by reducing hydrophilicity of the surface. On the 1018 

https://www.wordhippo.com/what-is/another-word-for/beneficial_impact.html
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other hand, divalent ions that settle far from the substrate enhance wetness of the surface via 1019 

modifying the surface charge. 1020 

In 2021, Wang et al. [161] used MD simulation to confirm the obtained experimental 1021 

results. They investigated the impacts of ion types and concentrations of salts, namely K2SO4, 1022 

KCl, and CaCl2, on adhesion of bitumen onto the calcite surface. In this study, the PA3 1023 

molecule represented the asphaltene model, which is considered as the heaviest component in 1024 

the modeled bitumen. Note that the deprotonated state of the PA3 molecule was considered in 1025 

the simulation since the reaction between the carboxyl group of PA3 with the OH− leads to -1026 

COO− generation under alkaline circumstances. They reported a reduction in adhesion force 1027 

between the bitumen representative molecules and the calcite slab by adding all of the selected 1028 

salts. In more detail, the addition of salt serves as an obstruction to lessen the affinity of oil 1029 

constituents toward the slab surface in the order of K2SO4 > KCl, > CaCl2. Note that presence 1030 

of ions at the oil-solid interface influences the interaction between involved components, 1031 

leading to changes in surface potential and the EDL thickness. It should be noted here that the 1032 

surface charge of calcite, distinct cleavage surfaces, polarity and charge of oil constituents and 1033 

ionic compositions of brines define the EDL thickness of the thin brine film. Some 1034 

inconsistencies in previous research studies also originate from differences in the 1035 

aforementioned factors. 1036 

4.3.2. Multi-Ion Exchange (MIE) 1037 

The concept of MIE mechanism in carbonates is based on reducing the surface change 1038 

through LSWI. When tuned brine solutions are injected, adsorption of negatively charged ion 1039 

SO4
2– on relatively positive surface of carbonate minerals leads to a total surface charge density 1040 

reduction. Having easier access to the surface, Ca2+ and Mg2+ may react with negatively 1041 
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charged organic compounds and detach them from the surface by breaking the binding surface-1042 

oil compound binding [162]. 1043 

Koleini et al. 2019 [72] studied the effect of ionic compositions on interactions between 1044 

oil components and calcite surface. Two types of SW with the same salinity of 30000 ppm and 1045 

different ionic compositions were used to assess the affinity of benzoic acid as a polar oil 1046 

component and representative of carboxylic acid on the calcite slab. It was found that not only 1047 

the screening effect of the EDL [107] but also the complexation of Mg2+ with polar oil 1048 

components act as a barrier to prevent adsorption of benzoic acid on the substrate. In addition, 1049 

the concentration of Mg2+ plays a vital role in adsorption behavior of benzoic acid. In more 1050 

detail, the complex formation leads to an increase in intermolecular interactions of oil 1051 

components resulting in oil components' aggregation in the bulk phase at a low concentration 1052 

of Mg2+. On the other hand, higher Mg2+ concentration relative to Na+ relocates benzoic acid 1053 

molecules to the substrate beyond the EDL indicating an adverse effect on wettability alteration 1054 

(see Fig. 21). 1055 

 1056 

Fig. 21. The role of Mg2+ concentration is shown where LSW contains a smaller number of Mg2+ (left) and a higher number 1057 

of Mg2+ (right). As can be seen, benzoic acid molecules appear in the bulk phase far from the interface in the case of a low 1058 

concentration of Mg2+. However, a decrease in Na+ with a simultaneous increase in Mg2+ brings benzoic acid molecules 1059 

closer to the interface [72]. 1060 
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In another study by Koleini et al. 2019 [70], the effect of ionic characteristics of thin 1061 

brine on wetness of calcite in terms of salinity was investigated via using MD simulation. To 1062 

assess the ionic features, two different brines with a salinity of 60000 ppm and 215000 ppm 1063 

were considered SW and formation water (FW), respectively. A mixture of decane and 1064 

decanoic acid represented the oil components. They reported that, in case of high salinity water, 1065 

the ions form some aggregations with a significant contribution of Na+ and Cl– compared to 1066 

Ca2+ and Mg2+. The simultaneous interactions of aggregated ions with both the slab surface 1067 

and organic molecules indicate the cross-linking behavior of aggregates acting as a bridge to 1068 

indirectly adsorb organic molecules on the slab surface. In more detail, ionic aggregates play 1069 

two distinct roles. On one hand, they keep the accumulated oil constituents at the contact area 1070 

of oil and brine. On the other hand, they do not allow oil components to diffuse into the brine 1071 

film by hindering their mobility. This phenomenon that provides indirect attachment of oil 1072 

constituents to the calcite surface via a thin brine film is called the anchoring effect. It is worth 1073 

noting that with regard to ionic aggregates, salinity has more influence on the thin water film 1074 

in comparison with the charged interface since the cross-linking role of ionic aggregates 1075 

between oil components and calcite surface leads to shrinkage in thin-film brine. This enhances 1076 

the attractive forces involved in the EDL interaction and then culminating in a more 1077 

hydrophobic surface. It is expected that the injection of LSW remove the governing anchoring 1078 

effect, particularly ionic aggregates, facilitating the oil detachment from the surface in favor 1079 

of a more water-wet surface. In the same vein, Koleini et al. 2019 [163] extended their work 1080 

to scrutinize the influence of water salinities on brine films existing above the calcite slab. To 1081 

resemble the real condition, brine films were assessed under high-salinity connate water 1082 

(230000 ppm) and low salinity brine (60000 ppm). The oil phase was a combination of Na-1083 
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decanoate and decane molecules representing saturated aliphatic and carboxylic acid 1084 

hydrocarbons. The results of this study cover the outcomes of their previous research [70]. The 1085 

LSW injection into a carbonate reservoir can disintegrate the cross-linking behavior of ionic 1086 

aggregates of HSW film, which is responsible for keeping oil constituents at the contact area 1087 

of oil/brine and indirectly attaching oil components to the surface of the calcite slab, as is 1088 

shown in Fig. 22. 1089 

 1090 

Fig. 22. Snapshots of equilibrium systems for LS brine (a: side view, c: top view) and high salinity brine (b: side view, d: 1091 

top view). As is clear, the distribution of ions for the two brines is different. In LS brine, most of the ions are placed in 1092 

proximity of the calcite substrate; while, ions of high salinity mainly appear in the middle of the thin film in the aggregation 1093 

form. Such a difference in ions distribution affects the thin brine film stability [163]. 1094 

The same research group, studied the adhesion of polar aromatic oil components-in 1095 

particular, benzoate molecules onto calcite surface under effects of disparate salinity of NaCl 1096 

of 5000 ppm and 45000 ppm from atomic insight [164]. It was shown that although the 1097 

compact hydration layer immediate to the calcite surface hampers direct adsorption of 1098 

benzoates on the substrate, the existing Na+ cations in the positive charged stern layer of the 1099 

EDL act as bridges to indirectly attach the benzoate molecules with their −COO− functional 1100 
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group to the mineral. The higher the salinity, the larger the accumulation of Na+ cations in the 1101 

stern layer and the higher the density of benzoate molecules at the interface. The dependency 1102 

of calcite wetness on salinity reveals that additional oil recovery can be achieved by injecting 1103 

brines with lower salinity into carbonate reservoirs. The results are in line with the earlier MD 1104 

simulations reported by Prabhakar and Melnik [165, 166] that showed Na+ cations that lodge 1105 

on the calcite surface form a complex with the carboxylate group of oil molecules resulting in 1106 

a more hydrophobic calcite surface. 1107 

Badizad et al. 2020 [76] studied the calcite surface charge developing mechanisms in 1108 

terms of ionic interactions (Na+, Cl–, Mg2+, and SO4
2–) in presence of benzoic acid molecules 1109 

as polar oil components using MD simulations. They used the cleaved slab at the {101̅4} as 1110 

the most stable structure of CaCO3. In contrast to the previous conclusions, they found that 1111 

Na+ cation plays a critical role in the surface features of hydrated carbonates and the 1112 

interactions of other involved ions in brines. First, a relatively positive layer on the calcite 1113 

surface arises from accumulation of penetrated Na+ cations into the dense water layers above 1114 

the calcite surface. Next, a negative charge layer immediate to the positive sodium layer comes 1115 

with an anion pairing of Cl– and SO4
2– with Na+ cations. Note that the sitting Na+ cations over 1116 

the oxygen atoms of the basal carbonate via complexation curb the possibility of direct 1117 

interactions of benzoic acid molecules with the calcite surface. Further, increasing the SO4
2– 1118 

anions in brines followed by more adsorption not only converts the positive surface charge 1119 

towards a negative one but also improves the oil-wetness of the surface by promoting 1120 

adsorption of benzoic acid via ion-pairing phenomenon. On the other hand, injection of Mg2+ 1121 

cations can significantly weaken the interactions between benzoic acid and SO4
2– to obtain a 1122 

more favorable water-wetness state of the calcite rock. Similarly, Prabhakar and Melnik [165] 1123 
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reported that additional Mg2+ cations in brine solutions that are not involved in the surface 1124 

modification interplay with the carboxylate functional group of acetate molecules and diminish 1125 

their lean toward the surface. However, they mentioned that SO4
2– ions modify wetness of the 1126 

surface to a less hydrophobic state which is in contrast with the results reported by Badizad et 1127 

al. 2020 [76]. 1128 

Bai et al. 2020 [157] assessed the effects of PDIs on wettability alteration of a positively 1129 

charged calcite surface. They reported that Ca2+ cations and SO4
2– can detach carboxylates 1130 

from the surface via ion-pairing and competitive adsorption mechanisms, respectively. 1131 

Contrary to Ca2+ cations, Mg2+ ions do not follow the ion-pairing mechanism to remove the 1132 

carboxylates from the surface. In fact, the strong affinity of Mg2+ towards its hydration shells 1133 

prevents the cation from forming stable ion-pairing with carboxylates. However, it seems that 1134 

incorporating Mg2+ ions into the surface via ion exchange can reduce the attractive interaction 1135 

of carboxylates with the calcite surface facilitating detachment of oil from the surface. 1136 

In another study by Bai et al. 2021 [167], they investigated the effects of PDIs on 1137 

wettability alteration of {101̅4} calcite surface at a wide range of temperatures from 300 to 1138 

400 K. To explore the nature of the MIE process, in contrast to previous research, defects have 1139 

also been considered in a surface structure of the calcite slab with {312̅̅̅̅ 16} steps as reactive 1140 

sites [168]. They first confirmed the positive role of PDIs in line with experimental research 1141 

results. Moreover, it was found that the reason behind the oil-wetness of the calcite is 1142 

carboxylate adsorption on induced local positive sites because of removing one CaCO3 unit in 1143 

surface structure {312̅̅̅̅ 16} calcite steps (see Fig. 23). The wettability alteration by the MIE 1144 

mechanism observed in MD simulation results was relatively different from the MIE 1145 

mechanism proposed in the literature, presenting Ca2+-carboxylate complex displacement by 1146 
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Mg2+ [169]. Indeed, the initial binding of Ca2+ with the surface prepares suitable conditions for 1147 

SO4
2– adsorption. Increasing the interactions between Ca2+ and Mg2+ (from less than –100 to 1148 

over –400 kJ/mol) at a temperature greater than 350 K reduces the strength of the ionic 1149 

hydration shell. This results in detachment of the Ca2+-carboxylate complexes and indicates 1150 

temperature dependence of PDIs'. The authors mentioned that presence of brine flow or 1151 

hydrophobic drag from an oil phase in real case can totally detach it although the desorbed 1152 

Ca2+-carboxylate complex is not fully dissolved in the aqueous solution due to electrostatic 1153 

interaction with SO4
2–. Note that MD simulations conducted by Prabhakar and Melnik [166] 1154 

revealed that the mechanism that Mg2+ cation and SO4
2– anions may follow to alter the wetness 1155 

of the calcite surface is replacing Ca2+ of calcite with Mg2+ ion and then replacement of CO3
2– 1156 

of calcite with SO4
2–. 1157 

 1158 

Fig. 23. Since there are two different orientations in calcite in the lattice, its vacancies are also distinct. These orientations 1159 

stem from the position of the oxygen atom of the exposed calcite that may point away from the surface (left) or toward the 1160 

surface (right). The left lattice was considered in the simulation of the MIE process since it showed more sensibility to 1161 

temperature in the adsorption of cations [167]. 1162 

Wang et al. 2021 [161] assessed the role of ions in bitumen-CaCO3 interactions via MD 1163 

simulations. They concluded that Ca2+ and SO4
2– have a strong tendency toward calcite surface 1164 

compared to K+ and Cl−. Ca2+ mitigates the repulsive force between oil components and the 1165 

slab surface due to the ion-bridging effect; while, SO4
2– replaces the adsorbed polar and acidic 1166 

groups of bitumen through occupying positive charged sites of the calcite surface. This results 1167 

in both reduction of positive surface potential and desorption of organic components. 1168 
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More recently, Koleini et al. 2021 [170] used MD simulation to explore the tendency of 1169 

benzoic acid, a representative of polar aromatic hydrocarbons, towards the calcite surface in 1170 

different salinity brines of NaCl. They reported that the order of water layers next to the calcite 1171 

surface is disturbed by the direct H-bond interaction of benzoic acid molecules with the 1172 

surface. However, it seems that presence of monovalent cation of Na+ over the surface inhibits 1173 

benzoic acid adsorption onto the slab under the screening effect mechanism. Furthermore, an 1174 

increase in salinity accumulates a great number of Na+ ions over the calcite causing less 1175 

adsorption of benzoic acid on the surface. This research intensifies the importance of the ion-1176 

engineering concept in LSWI in carbonate reservoirs. Considering time-dependency of oil 1177 

detachment from calcite surface, Li et al. 2021 [171] reported that Na+ cations postpone oil 1178 

desorption. Furthermore, they provided new roles for Ca2+ and Mg2+ in brine solutions with 1179 

respect to the detachment of oil layers containing heptane, decane, toluene, and acetic acid 1180 

molecules from the calcite surface. They concluded that existence of Mg2+ enhances the 1181 

detachment time and Ca2+ impedes oil detachment due to improving the interactions between 1182 

oil components and the surface slab. In contrast, Badizad et al. [172] showed the effectiveness 1183 

of PDIs in desorption of oil components. In more detail, Ca2+ and Mg2+ cations form pairings 1184 

with negatively charged organic constituents leading to oil detachment. Furthermore, SO4
2– 1185 

can create ion pairings with Na+ cations lodging over the calcite slab. This curbs the possibility 1186 

of reabsorption of the carboxylate component. 1187 
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Table 8. Summary of MD simulation studies on the LSW effect in presence of different calcite minerals. Note that C, W, B, and O refer to calcite, water, brine, 1188 

and oil. In addition, in brine column, SW, FW, and DSW indicate seawater, formation water, and diluted seawater, respectively. 1189 

System Calcite Model Defect/Type Brine/C (mol/L) Oil Representative MD Analyses Mechanisms Reference 

C/B {101̅4} No/NA • SW: NaCl, MgCl2, Na2SO4/ 

0.63 

• FW: NaCl, CaCl2/2.86 

NA Atomic density profile  

Radial distribution functions 

Charge density 
Potential of mean force 

EDL expansion 

 

Koleini et al. [154] 

C/B/O {101̅4} No/NA • SW: NaCl, MgCl2 /0.45 Benzoic acid Atomic density profile  

Charge density 
Radial distribution functions 

Trajectory 

Survival probability 

Mean square displacement 

EDL expansion 

MIE 

Koleini et al. [72] 

C/B/O {101̅4} No/NA • SW: NaCl, MgCl2, Na2SO4/ 

0.9 

• FW: NaCl, CaCl2, 

MgCl2/3.9 

Mixture of Decanoate, 

Decane, Saturate, 
Aliphatic, and 

Carboxylic acid 

Atomic density profile  

Atomic density map 
Charge density 

Cluster analysis 

Mean square displacement 
Radial distribution functions 

EDL expansion 

MIE 

Koleini et al. [70] 

C/B/O {101̅4} No/NA • SW: NaCl/ 0.98 

• FW: NaCl, MgCl2, CaCl2/ 

3.98 

Decanoate, Decane Atomic density profile  

Atomic density map 
Charge density 

Radial distribution functions 

Trajectory 
Mean square displacement 

EDL expansion 

MIE 

Koleini et al. [163] 

C/B/O {101̅4} No/NA • SW1: NaCl, MgCl2, 

Na2SO4/ 0.9 

• SW2: NaCl, MgCl2/ 0.45 

Decanoate, Decane Atomic density profile  

Charge density 
Radial distribution functions 

Trajectory 

Orientation angle 
H-bonding  

Survival probability 

EDL expansion Koleini et al. [73] 

C/B/O {101̅4} No/NA • LSW: NaCl/ 0.085 

• SW: NaCl/ 1.19 

Benzoic acid Atomic density profile  
Atomic density map 

Radial distribution functions 

Survival probability 
Orientation angle 

EDL expansion 
MIE 

Koleini et al. [164] 

C/B/O {101̅4} 
{0001} 

No/NA 
No/NA 

NaCl/ 0.2, 0.5, 1 Decane Atomic density profile  
Radial distribution functions 

Interaction energy 

Visual analysis 

EDL expansion Zhao et al. [158] 
 

C/B {101̅4} 

 

Yes/NA NaCl/ 0.45, 0.635, 1.156, 

1.559  

KCl/ 0.45, 0.635, 1.156 

NA Atomic density profile  

Dielectric constant 

Electrical double layer 
Ionic conductivity 

EDL expansion 

 

Santos et al. [112] 

C/B/O {101̅4} 

 

No/NA NaCl/ 0~1 Decane Atomic density profile  

Radial distribution functions 
Time averaged planer density 

counter  

Contact angle 
Trajectory 

EDL expansion 

 

Zhao et al. [159] 
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 1190 

C/B/O {101̅4} 

 

No/NA SW: NaCl, MgCl2,  

Na2SO4/0.75, 0.97, 1.03 

Benzoic acid Atomic density profile  

Atomic density map 

Charge density 

Radial distribution functions 
Surface charge density 

Mean square displacement 

EDL expansion 

MIE 

Badizad et al. [76] 

C/B {101̅4} 

 

No/NA NaCl/0.12 
MgCl2/0.038 

CaCl2/0.038 

Na2SO4/0.038 

• DSW: NaCl,MgCl2, 

CaCl2,Na2SO4/ 0.086 

• SW: NaCl,MgCl2, 

CaCl2,Na2SO4, NaHCO3/ 
0.9 

NA Atomic density profile  
Charge density 

Orientation order parameter 

Adsorption energy 
Visual analysis  

 

EDL expansion 
 

Li et al. [156] 

C/B/O {101̅4} 

 

Yes/NA NaCl/0.37, 0.74, 1.11, 1.48  Acetate Atomic density profile  

Radial distribution functions 
Trajectory 

Electrical double layer 

Interaction energy 
 

EDL expansion 

MIE 

Bai et al. [157] 

C/B/O {101̅4} 

 

Yes/ {312̅̅̅̅ 16} step 

 

CaCl2/NA 

MgCl2/NA 
Na2SO4/NA 

Octanoate Atomic density profile  

Average distance 
Interaction energy 

Visual analysis 

 

MIE Bai et al. [167] 

C/B/O {101̅4} 

 

No/NA K2SO4/0.45 

KCl/0.45 

CaCl2/0.45 

Bitumen Atomic density profile  

Radial distribution functions 

Visual analysis  

 

EDL expansion 

MIE 

 

Wang et al. [161] 

 

C/B/O {101̅4} 

 

No/NA • DSW: NaCl/0.51 

• SW: NaCl/1.03 

• FW: NaCl /3.6 

Benzoic acid Atomic density profile  

Atomic density map 
Charge density 

Orientation angle 

Radial distribution functions 
Trajectory  

Potential of mean force 

Mean square displacement 

MIE Koleini et al. [170] 

C/B/O {101̅4} 

 

No /NA NaCl/0.1-0.55 

MgCl2/0.05-0.29 

CaCl2/0.05-0.29 
MgCl2, CaCl2/0.07-0.32 

 

Heptane, Decane, 

Toluene, and Acetic 

acid  

Atomic density profile  

Trajectory  

H-bonds  
Interaction energy 

Visual analysis  

MIE Li et al. [171] 

C/B/O {101̅4} 

 

No /NA CaCl2/1 
MgCl2/1 

Na2SO4/1 

MgSO4/1 

Decanoate Atomic density profile  
Radial distribution functions 

Trajectory  

Mean square displacement 
Surface coverage density 

MIE Badizad et al. [172] 
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Table 9. Summary of MD simulation parameters used in research on the LSW effects in presence of different calcite types. Note that C, W, B, and O refer to 1191 

calcite, water, brine, and oil. 1192 

System Software Force Fields P (MPa) T(K) No. of layers /a×b×c nm3 
Production Run Time 

(ns) 
Reference 

C/B DL_POLY Calcite: FF developed by Shen et al. [109] 

Monovalent ions: FF developed by Smith and Dang 

[173] 
Divalent cations: FF developed by Aqvist [174] 

Sulfate ion: FF developed by Williams et al. [175] 

Water: SPC/E 

NA 298 6/ 2.4 × 2.4 × 1.75 8 ns in NVT Koleini et al. [154] 

C/B/O DL_POLY Calcite: FF developed by Shen et al. [109] 

Monovalent ions: FF developed by Smith and Dang 

[173] 

Divalent cations, FF developed by Aqvist [174] 

Organic molecules: OPLS-AA 

Water: SPC/E 

NA 298 6/ 2.4 × 2.4 × 1.75 6 ns in NVT Koleini et al. [72] 

C/B/O DL_POLY Calcite: FF developed by Raiteri et al. [108] 

Monovalent ions: FF developed by Smith and Dang 

[173] 
Divalent cations: FF developed by Aqvist [174] 

Organic molecules: OPLS-AA 

Water: SPC/E 

NA 300 6/ 4.05 × 3.99 × 1.75 6 ns in NVT Koleini et al. [70] 

C/B/O DL_POLY Calcite: FF developed by Shen et al. [109] 

Monovalent ions: FF developed by Smith and Dang 

[173] 
Divalent cations: FF developed by Aqvist [174] 

Organic molecules: OPLS-AA 

Water: SPC/E 

NA 300 6/ 4.05 × 3.99 × 1.75 6 ns in NVT Koleini et al. [163] 

C/B/O DL_POLY Calcite: FF developed by Raiteri et al. [108] 

Monovalent ions: FF developed by Smith and Dang 

[173] 
Divalent cations: FF developed by Aqvist [174] 

Sulfate ion: FF developed by Williams et al. [175] 

Organic molecules: OPLS-AA 
Water: SPC/E 

NA 300 6/ 4.05 × 3.99 × 1.75 10 ns in NVT Koleini et al. [73] 

C/B/O LAMMPS Calcite: FF developed by Xiao et al. [110] 

Organic molecules and ions: OPLS-AA 
Water :TIP4P 

NA 353 7/ 5.667 × 5.489 ×1.977 50 ns in NVT Koleini et al. [164] 

C/B/O DL_POLY Calcite: FF developed by Raiteri et al. [108] 

Ions: FF developed by Koneshan et al. [176] 
Organic molecules: OPLS-AA 

Water: SPC/E 

NA 353 NA/ NA 5 ns in NVT Zhao et al. [158] 

 

C/B GROMACS Calcite: FF developed by Xiao et al. [110] 
Ions: CHARMM 

Water :TIP3P 

NA 300~380 NA/ NA 25~55  ns in NVT Santos et al. [112] 

C/B/O DL_POLY Calcite: FF developed by Raiteri et al. [108] 
Organic molecules and ions: OPLS-AA 

Water: SPC/E 

NA 300 7/ 2.1 × 2.1 × 2.0 2 ns in NVT Zhao et al. [159] 

C/B/O LAMMPS Calcite: FF developed by Xiao et al. [110] 
Sulfate ion: FF developed by Williams et al. [175] 

Organic molecules and ions: OPLS-AA 

NA 353 7/ 5.667 × 5.489 × 1.977 20 ns in NVT Badizad et al. [76] 
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Water: TIP4P 

C/B GROMACS Calcite: FF developed by Xiao et al. [110] 

Ions: OPLS-AA 

Water: TIP3P 

20.6 363 6/ 8.91 × 8.98 × 6.75 100 ns in NPT Li et al. [156] 

C/B/O GROMACS Calcite: FF developed by Raiteri et al. [108] 

Organic molecules and ions: CHARMM 

Water: TIP3P 

NA 300~380 5/ NA 100 ns in NVT Bai et al. [157] 

C/B/O GROMACS Calcite and organic molecules, CHARMM 

Ions and water:  Buckingham potential [177] 

10 300~400 6/ NA 50 ns in NPT Bai et al. [167] 

C/B/O GROMACS Calcite: FF developed by Xiao et al. [110] 
Organic molecules and ions: CGenFF 

Water: TIP3P 

NA 298.15 6/ NA 20 ns in NVT Wang et al. [161] 

C/B/O DL_POLY Calcite: FF developed by Shen et al. [109] 
Monovalent ions: FF developed by Smith and Dang 

[173] 

Organic molecules: OPLS-AA 
Water: SPC/E 

NA 300 6/ 4.049 × 3.993 × 1.694 22 ns in NVT Koleini et al. [170] 

C/B/O NA All components: COMPASS NA 298 NA/ 3.245× 3.001× 1.508 7 ns in NVT Li et al. [171] 

C/B/O LAMMPS Calcite: FF developed by Xiao et al. [110] 

Organic molecules and ions: OPLS-AA 

Water: NA 

NA 300 7/ 5.7×5.5×1.9 20 ns in NVT Badizad et al. [172] 

 1193 
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5. Discussion 1194 

Lack of consensus about dominant mechanism of the LSW effect on sandstone and carbonate 1195 

reservoirs launches researches on the path of using the MD simulation to have a better assessment 1196 

at molecular level and cover some shortcomings of experimental works. However, as it can be 1197 

understood from the literature, no consistency is present among the outcomes of MD simulations. 1198 

In general, three mechanisms of the EDL expansion, MIE, and cation hydration, have been 1199 

introduced as primary reasons for wettability alteration in the LSWI process from the sub-pore 1200 

scale perspective. Nevertheless, influential parameters still remain questionable. 1201 

Regarding clay as a mineral commonly found in sandstone, in 2009, Ligthelm et al. [26] 1202 

proposed that the EDL expansion is the primary LSW effect on wettability modification of rock 1203 

toward a more hydrophilic state during the LSWI process. The general belief was that an increase 1204 

in the EDL thickness at the rock/brine interface due to a decrease in ionic strength simplifies the 1205 

oil detachment [22, 178]. However, some other experimental studies provided reasons for the 1206 

inconsistency reported between the EDL effect and wetness of rock surfaces [179, 180]. Likewise, 1207 

based on results of MD simulations, Underwood et al. 2015 [115] and Mehana et al. 2020 [69] 1208 

refuted the EDL expansion as a mechanism during LSW; while, Gu et al. 2020 [75] provided 1209 

support for justification of this mechanism. The MIE mechanism introduced by Lager et al. 2008 1210 

[24] has followed a story similar to the EDL impact over the role of cations in the bridging 1211 

phenomenon. No straightforward conclusions can be drawn about the cation bridging of 1212 

monovalent and divalent cations. The cation hydration effect cannot be ignored although it has 1213 

correctly not been assumed as the dominant mechanism of the LSW effect. This is because both 1214 

experimental and MD simulation studies have proved its positive influence accompanied by other 1215 
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LSW effects. It seems that improving the knowledge of LSW effects necessitates a comprehensive 1216 

assessment of the relationship among introduced mechanisms. 1217 

Concerning the MD research on the LSWI of quartz as the main constituent of sandstone, it 1218 

can be said that the conclusions of studies have more agreement. It is apparent from the analyzed 1219 

simulations that expansion of the EDL, higher cation hydration and as a result more significant 1220 

disjoining pressure can be achieved at lower salinities. This leads to oil detachment from a surface 1221 

and improves oil recovery under LSW effects. However, these may not be the only mechanisms 1222 

justifying the additional oil recovery. In addition, presence of divalent and monovalent cations 1223 

influences the detachment of oil components. In fact, divalent cations that may act as a bridge 1224 

between solid surface and oil constituents causing oil adsorption can be replaced by monovalent 1225 

cations resulting in oil detachment. This indicates that more oil production can be due to 1226 

simultaneous impacts of various mechanisms. 1227 

Regarding calcite, generally, two mechanisms of the EDL expansion and the MIE can be 1228 

underlying mechanisms that cause oil recovery enhancement in carbonate reservoirs due to salinity 1229 

variation. However, the fact is that there is a mutual relationship between the two mentioned 1230 

mechanisms. In more detail, a specific item that affects the EDL thickness may be due to the 1231 

occurrence of the MIE mechanism and vice versa. Nevertheless, the reviewed and analyzed 1232 

simulation studies show no clear consensus on effect of salinity and ion type. For instance, 1233 

concerning the exposer of NaCl on uncharged calcite, some research concluded the positive 1234 

influence of low salinity due to an increase in the EDL thickness or break ions’ aggregation formed 1235 

in high saline water that acts as the cross-link between rock and oil components [163, 164]. A 1236 

positive influence of high saline water of NaCl due to presence of more and more cations in 1237 

monolayers on calcite slab and the interruption of direct interplay of polar oil constituents with the 1238 
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slab surface is reported [76, 170]. However, not many studies reported no effect on oil detachment 1239 

because of salinity variation [158]. Regarding the influence of ionic compositions, drawing 1240 

accurate conclusions would be relatively difficult. Some studies adopted a linkage role for Na+ 1241 

cations to adsorb organic compounds onto the surface slab [165, 172]. Some others introduced Na+ 1242 

cations as agents assisting oil component desorption [76, 170]. Similarly, there is a debatable issue 1243 

concerning the effectiveness of PDIs. As an example, it was revealed that Ca2+ cations can form 1244 

pairings with organic molecules leading to oil detachment [157]. While, the interplays between 1245 

organic molecules and the calcite surface were speculated to be impediments to oil detachment 1246 

[171]. Overall, further assessments are required to consider diverse systems in terms of calcite, 1247 

salinity range, type of ion, and oil component representatives to obtain in-depth conclusions and 1248 

clearly understand the relationship between the EDL and the MIE mechanisms. 1249 

Some inconsistencies in MD simulations’ results in the literature originate from several factors 1250 

that affect MD simulations. The primary reason is that studies with the same research target have 1251 

adopted different simulation systems that affected the results. For instance, several research studies 1252 

have attempted to assess the role of cations in bridging effects in montmorillonite-brine-oil system. 1253 

The fact is that montmorillonite has various chemical structures and surface charge distributions. 1254 

However, less attention has been paid to this critical factor. Instead, researchers tried to generalize 1255 

their results obtained for specific montmorillonite to all other types with relatively different 1256 

structures. Drawing reliable conclusions required using similar simulation systems. Another cause 1257 

of this issue is related to the FFs. The reliability of intermolecular forces that ultimately determine 1258 

the accuracy of MD simulation results depends on accuracy of FF parameters. Despite significant 1259 

improvements in FFs over the years, their accuracy varies, which influences the results [115]. In 1260 

addition, simulation parameters such as total simulation time and length of the time-steps are 1261 
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essential to the results. Indeed, the total simulation time should be long enough to provide an 1262 

appropriate sampling period from equilibrated configurations for determining macroscopic 1263 

properties and phenomena. On the other hand, small time steps are required to prevent 1264 

discretization errors [176]. According to the tabularized simulation parameters (see Tables 4 to 9), 1265 

it is evident that researchers have used different simulation parameters, which have a considerable 1266 

impact on results. 1267 
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6. Challenges and Future Research Guide 1268 

Application of MD simulation tools in the LSWI process is still in its first stage of growth despite 1269 

a number of MD simulations that has been reported in the literature. Several questions remain 1270 

unanswered, to date. In this part, we aim to highlight important unsolved problems and provide some 1271 

suggestions for future research. 1272 

1. One of the main issues that need to be tackled is the simplicity of the models adopted for rocks. 1273 

For example, virtually in all of the previous researches, only pure clay minerals were 1274 

considered in sandstone for investigating mineral-solution interactions. While, more than 70% 1275 

of clay minerals are mixed-layer ones with distinct surface properties [63, 160]. Furthermore, 1276 

only a few studies focused on calcite with surface defects or crystal dissolution that may lead 1277 

to changes in rock morphology. More complicated rock models should be taken into 1278 

consideration for MD simulation since surface properties of the models influence the results 1279 

of analyses. 1280 

2. Another limitation of MD simulations is that although reservoir rock (i.e., sandstone rock) 1281 

consists of various primary and secondary minerals such as quartz, feldspar, kaolinite, and 1282 

montmorillonite, MD simulations cannot support the simultaneous impacts of these 1283 

components on the desired properties. Indeed, it is only possible to assess the effect of each 1284 

component separately, which means ignoring the simultaneous impact of rock components. 1285 

3. In spite of natural oil components, which are mainly composed of a mixture of paraffins, 1286 

naphthenes, and aromatics, most of the research concentrated on a single oil component. 1287 

Although some simplifications are due to limitations in MD simulation, intermolecular 1288 

interactions among organic molecules can definitely affect the interplay of brine in contact 1289 

with rocks and should be considered for future research. 1290 
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4. Regarding the actual environmental conditions in petroleum reservoirs, the temperature is 1291 

usually in the range of 300 to 423 K [161]. However, most of the MD research was conducted 1292 

at ambient (i.e., 300 K) or low-temperature conditions (i.e., 353 K). It is essential to consider 1293 

the actual thermodynamic conditions so as to provide a more accurate comparison with the 1294 

larger scale of investigations (e.g., core scale). 1295 

5. The effects of pressure and external forces were rarely considered in MD studies. For instance, 1296 

exposing montmorillonite to LSW triggers swelling phenomenon, which contributes to oil 1297 

recovery. Nonetheless, most of the previous MD systems were simulated based on free 1298 

swelling conditions and the confining pressure effect on swelling was ignored. This is mainly 1299 

because taking into account environmental effects will increase the required computational 1300 

efforts for MD simulations, drastically. 1301 

6. One of the critical factors in the intermolecular interactions of the rock/brine/oil system is pH. 1302 

The effect of this factor cannot be assessed directly in MD simulations and pKa should be used 1303 

instead to track the effect of pH. Basically, pKa defines the state of a chemical species in terms 1304 

of donation or acceptance of a proton at a specific pH. 1305 

7. The selection of proper FF plays a crucial role in correctness of MD simulation results. Since 1306 

some of the widely used FFs are advanced under specific conditions then, the development of 1307 

FF with higher accuracy is of great significance. For example, CLAYFF FF which is mainly 1308 

used to simulate clay minerals, was developed based on ambient temperature. Moreover, it can 1309 

only model the basal surface of clay minerals. Hence, development and finding an appropriate 1310 

FF to model edge sites of clay minerals under real situations is critical. 1311 

8. Many of the petroleum reservoirs contain gases such as CO2 and CH4. Without a doubt, 1312 

presence of these gases affects the intermolecular interactions governing oil/brine/rock 1313 

systems. However, none of the previous MD simulations considered the impact of gases on 1314 
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performance of LSWI. To have a more realistic simulation system, it is necessary to consider 1315 

the impact of existing gases. 1316 

9. Some discrepancies are present between different MD simulation researches and MD 1317 

simulation results with experimental outcomes. Since MD simulation can assess the 1318 

phenomena at the sub-pore scale, it is essential to upscale the results to larger scales including 1319 

the pore scale and core scale. This can be achieve via either larger-scale simulations (e.g., 1320 

coarse grain simulation) or laboratory experiments. By doing this, MD simulation results can 1321 

be validated in terms of consistency with the real condition. In addition, a better understanding 1322 

of the mutual relationship between mechanisms can be achieved. 1323 

10. To improve the accuracy of MD simulation outcomes and interpretation of results, it is 1324 

suggested to select the most accurate FFs and then conduct preliminary simulations to validate 1325 

them. Next, it should be ensured that simulation time and time-step are adopted carefully to 1326 

obtain an equilibrium state. Finally, simulations can be repeated to enhance the correctness of 1327 

results, especially quantitative values, when required. Following these steps can minimize the 1328 

errors and boost the validity of results in comparison with a larger scale of investigation. 1329 

7. Concluding Remarks 1330 

In this paper we made and attempt to mainly analyze and discuss recent progress in MD simulation 1331 

applied in the LSWI process in oil reservoirs considering the governing mechanisms at sub-pore scale 1332 

because of LSW effects. The main facets of the review that have been comprehensively discussed are 1333 

as follows: 1334 

1. Almost all the last decade’s research related to the application of MD simulation in the LSWI 1335 

process in sandstone and carbonate reservoirs has been reviewed critically and their outputs 1336 

were described and compared to illuminate influential parameters of the LSW in wettability 1337 

alteration from a sub-pore scale perspective. 1338 
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2. Three mechanisms of the EDL expansion, MIE, and cation hydration have been considered 1339 

and discussed for the LSW effects in rock surface wettability alteration via analysis of 1340 

governing interactions in the oil/brine/rock system in MD simulations. 1341 

3. It was shown that, similar to previous experimental research, not all MD research outcomes 1342 

have the same conclusions regarding both the effective parameters in LSWI and dominant 1343 

mechanisms. Hence, discrepancies exist in identification of main mechanism of wettability 1344 

alteration during the LSWI. 1345 

4. The MD simulation systems and parameters were summarized and tabulated. The conceivable 1346 

explanations for the inconsistencies in MD research conclusions could be due to differences 1347 

in critical items related to the simulations such as model, procedure, simulation time, or even 1348 

selected analyses, which can affect the results and thus their interpretations. 1349 

5. In the final stage, the necessary questionable issues that their consideration can improve the 1350 

accuracy of simulation models and then MD research conclusions are highlighted and some 1351 

suggestions are provided for future research. 1352 

To recapitulate, application of MD simulation in the LSWI process of different petroleum 1353 

reservoirs is at the growth stage. Further assessments should be taken into account in terms of using 1354 

more complex molecular structures, considering more realistic simulation systems, applying the most 1355 

accurate FFs, and validating the MD simulation results via comparing them with the outcomes of 1356 

larger-scale simulators and experiments. 1357 
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[48] Siu SW, Pluhackova K, Böckmann RA. Optimization of the OPLS-AA force field for long 1504 

hydrocarbons. Journal of chemical theory and computation. 2012;8:1459-70. 1505 

https://doi.org/10.1021/ct200908r. 1506 

[49] Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and testing of a general 1507 

amber force field. Journal of computational chemistry. 2004;25:1157-74. 1508 

https://doi.org/10.1002/jcc.20035. 1509 

https://doi.org/10.1016/0010-4655(95)00042-E
https://doi.org/10.1021/jp980939v
https://doi.org/10.1002/jcc.23354
https://doi.org/10.1002/jcc.23067
https://doi.org/10.1021/ci300363c
https://doi.org/10.1002/jcc.1078
https://doi.org/10.1021/ct200908r
https://doi.org/10.1002/jcc.20035


Page 89 of 105 

 

[50] Hagler A, Lifson S, Dauber P. Consistent force field studies of intermolecular forces in hydrogen-1510 

bonded crystals. 2. A benchmark for the objective comparison of alternative force fields. Journal of 1511 

the American Chemical Society. 1979;101:5122-30. https://doi.org/10.1021/ja00512a002. 1512 

[51] Lifson S, Hagler A, Dauber P. Consistent force field studies of intermolecular forces in hydrogen-1513 

bonded crystals. 1. Carboxylic acids, amides, and the C: O. cntdot.. cntdot.. cntdot. H-hydrogen bonds. 1514 

Journal of the American Chemical Society. 1979;101:5111-21. http://doi.org/10.1021/ja00512a001. 1515 

[52] Maple JR, Hwang MJ, Stockfisch TP, Dinur U, Waldman M, Ewig CS, et al. Derivation of class 1516 

II force fields. I. Methodology and quantum force field for the alkyl functional group and alkane 1517 

molecules. Journal of Computational Chemistry. 1994;15:162-82. 1518 

https://doi.org/10.1002/jcc.540150207. 1519 

[53] Gibbs JW. Elementary Principles in Statistical Mechanics: Developed with Especial Reference 1520 

to the Rational Foundations of Thermodynamics: Yale University Press; 1914. 1521 

https://doi.org/10.1017/CBO9780511686948. 1522 

[54] Evans DJ, Holian BL. The nose–hoover thermostat. The Journal of chemical physics. 1523 

1985;83:4069-74. https://doi.org/10.1063/1.449071. 1524 

[55] Berendsen HJ, Postma Jv, van Gunsteren WF, DiNola A, Haak JR. Molecular dynamics with 1525 

coupling to an external bath. The Journal of chemical physics. 1984;81:3684-90. 1526 

https://doi.org/10.1063/1.448118. 1527 

[56] Andersen HC. Molecular dynamics simulations at constant pressure and/or temperature. The 1528 

Journal of chemical physics. 1980;72:2384-93. https://doi.org/10.1063/1.439486. 1529 

[57] Frenkel D, Smit B. Understanding molecular simulation: from algorithms to applications: 1530 

Elsevier; 2001. https://doi.org/10.1016/B978-0-12-267351-1.X5000-7. 1531 

[58] Parrinello M, Rahman A. Polymorphic transitions in single crystals: A new molecular dynamics 1532 

method. Journal of Applied physics. 1981;52:7182-90. https://doi.org/10.1063/1.328693. 1533 

https://doi.org/10.1021/ja00512a002
http://doi.org/10.1021/ja00512a001
https://doi.org/10.1002/jcc.540150207
https://doi.org/10.1017/CBO9780511686948
https://doi.org/10.1063/1.449071
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.439486
https://doi.org/10.1016/B978-0-12-267351-1.X5000-7
https://doi.org/10.1063/1.328693


Page 90 of 105 

 

[59] Verlet L. Computer" experiments" on classical fluids. I. Thermodynamical properties of Lennard-1534 

Jones molecules. Physical review. 1967;159:98. https://doi.org/10.1103/PhysRev.159.98. 1535 

[60] Van Gunsteren WF, Berendsen HJ. A leap-frog algorithm for stochastic dynamics. Molecular 1536 

Simulation. 1988;1:173-85. https://doi.org/10.1080/08927028808080941. 1537 

[61] Tuckerman M. Statistical mechanics: theory and molecular simulation: Oxford university press; 1538 

2010. 1539 

[62] Jiménez-Ángeles F, Firoozabadi A. Contact Angle, Liquid Film, and Liquid–Liquid and Liquid–1540 

Solid Interfaces in Model Oil–Brine–Substrate Systems. The Journal of Physical Chemistry C. 1541 

2016;120:11910-7. https://doi.org/10.1021/acs.jpcc.6b01521. 1542 

[63] Hiratsuka M, Emoto M, Konno A, Ito S. Molecular dynamics simulation of the influence of 1543 

nanoscale structure on water wetting and condensation. Micromachines. 2019;10:587. 1544 

https://doi.org/10.3390/mi10090587. 1545 

[64] Sergi D, Scocchi G, Ortona A. Molecular dynamics simulations of the contact angle between 1546 

water droplets and graphite surfaces. Fluid phase equilibria. 2012;332:173-7. 1547 

https://doi.org/10.1016/j.fluid.2012.07.010. 1548 

[65] Omrani S, Ghasemi M, Mahmoodpour S, Shafiei A, Rostami B. Insights from molecular 1549 

dynamics on CO2 diffusion coefficient in saline water over a wide range of temperatures, pressures, 1550 

and salinity: CO2 geological storage implications. Journal of Molecular Liquids. 2022;345:117868. 1551 

https://doi.org/10.1016/j.molliq.2021.117868. 1552 

[66] Jahromi AM, Khedri M, Ghasemi M, Omrani S, Maleki R, Rezaei N. Molecular insight into COF 1553 

monolayers for urea sorption in artificial kidneys. Scientific Reports. 2021;11:12085. 1554 

https://doi.org/10.1038/s41598-021-91617-1. 1555 

https://doi.org/10.1103/PhysRev.159.98
https://doi.org/10.1080/08927028808080941
https://doi.org/10.1021/acs.jpcc.6b01521
https://doi.org/10.3390/mi10090587
https://doi.org/10.1016/j.fluid.2012.07.010
https://doi.org/10.1016/j.molliq.2021.117868
https://doi.org/10.1038/s41598-021-91617-1


Page 91 of 105 

 

[67] Araya-Secchi R, Perez-Acle T, Kang S-g, Huynh T, Bernardin A, Escalona Y, et al. 1556 

Characterization of a novel water pocket inside the human Cx26 hemichannel structure. Biophys J. 1557 

2014;107:599-612. https://doi.org/10.1016/j.bpj.2014.05.037. 1558 

[68] Khedri M, Maleki R, Khiavi SG, Ghasemi M, Ghasemy E, Jahromi AM, et al. Removal of 1559 

phenazopyridine as a pharmacological contaminant using nanoporous metal/covalent-organic 1560 

frameworks (MOF/COF) adsorbent. Applied Materials Today. 2021;25:101196. 1561 

https://doi.org/10.1016/j.apmt.2021.101196. 1562 

[69] Mehana M, Fahes M, Kang Q, Viswanathan H. Molecular simulation of double layer expansion 1563 

mechanism during low-salinity waterflooding. Journal of Molecular Liquids. 2020;318:114079. 1564 

https://doi.org/10.1016/j.molliq.2020.114079. 1565 

[70] Koleini MM, Badizad MH, Kargozarfard Z, Ayatollahi S. The impact of salinity on ionic 1566 

characteristics of thin brine film wetting carbonate minerals: An atomistic insight. Colloids and 1567 

Surfaces A: Physicochemical and Engineering Aspects. 2019;571:27-35. 1568 

https://doi.org/10.1016/j.colsurfa.2019.03.070. 1569 

[71] Zhang L, Lu X, Liu X, Yang K, Zhou H. Surface wettability of basal surfaces of clay minerals: 1570 

Insights from molecular dynamics simulation. Energy & Fuels. 2016;30:149-60. 1571 

https://doi.org/10.1021/acs.energyfuels.5b02142. 1572 

[72] Koleini MM, Badizad MH, Ghatee MH, Ayatollahi S. An atomistic insight into the implications 1573 

of ion-tuned water injection in wetting preferences of carbonate reservoirs. Journal of Molecular 1574 

Liquids. 2019;293:111530. https://doi.org/10.1016/j.molliq.2019.111530. 1575 

[73] Koleini MM, Badizad MH, Ayatollahi S. An atomistic insight into interfacial properties of brine 1576 

nanofilm confined between calcite substrate and hydrocarbon layer. Applied Surface Science. 1577 

2019;490:89-101. https://doi.org/10.1016/j.apsusc.2019.05.337. 1578 

https://doi.org/10.1016/j.bpj.2014.05.037
https://doi.org/10.1016/j.apmt.2021.101196
https://doi.org/10.1016/j.molliq.2020.114079
https://doi.org/10.1016/j.colsurfa.2019.03.070
https://doi.org/10.1021/acs.energyfuels.5b02142
https://doi.org/10.1016/j.molliq.2019.111530
https://doi.org/10.1016/j.apsusc.2019.05.337


Page 92 of 105 

 

[74] Greathouse J, Cygan R, Fredrich J, Jerauld G. Adsorption of aqueous crude oil components on 1579 

the basal surfaces of clay minerals: molecular simulations including salinity and temperature effects. 1580 

The Journal of Physical Chemistry C. 2017;121:22773-86. https://doi.org/10.1021/acs.jpcc.7b06454. 1581 

[75] Gu P, Yang S, Liu X, Yang G. Development of a simple, molecular dynamics‐based method to 1582 

estimate the thickness of electrical double layers. Soil Science Society of America Journal. 1583 

2020;84:494-501. https://doi.org/10.1002/saj2.20040. 1584 

[76] Badizad MH, Koleini MM, Greenwell HC, Ayatollahi S, Ghazanfari MH, Mohammadi M. Ion-1585 

specific interactions at calcite–brine interfaces: a nano-scale study of the surface charge development 1586 

and preferential binding of polar hydrocarbons. Physical Chemistry Chemical Physics. 1587 

2020;22:27999-8011. https://doi.org/10.1039/D0CP04828C. 1588 

[77] Al-Shalabi EW, Sepehrnoori K. A comprehensive review of low salinity/engineered water 1589 

injections and their applications in sandstone and carbonate rocks. Journal of Petroleum Science and 1590 

Engineering. 2016;139:137-61. https://doi.org/10.1016/j.petrol.2015.11.027. 1591 

[78] Mohammed S, Gadikota G. Dynamic wettability alteration of calcite, silica and illite surfaces in 1592 

subsurface environments: a case study of asphaltene self-assembly at solid interfaces. Applied Surface 1593 

Science. 2020;505:144516. https://doi.org/10.1016/j.apsusc.2019.144516. 1594 

[79] Ghasemi M, Sharifi M. Effects of layer-charge distribution on swelling behavior of mixed-layer 1595 

illite-montmorillonite clays: A molecular dynamics simulation study. Journal of Molecular Liquids. 1596 

2021;335:116188. https://doi.org/10.1016/j.molliq.2021.116188. 1597 

[80] Ghasemi M, Moslemizadeh A, Shahbazi K, Mohammadzadeh O, Zendehboudi S, Jafari S. 1598 

Primary evaluation of a natural surfactant for inhibiting clay swelling. Journal of Petroleum Science 1599 

and Engineering. 2019;178:878-91. https://doi.org/10.1016/j.petrol.2019.02.073. 1600 

[81] Aghdam SK-y, Moslemizadeh A, Madani M, Ghasemi M, Shahbazi K, Moraveji MK. 1601 

Mechanistic assessment of Seidlitzia Rosmarinus-derived surfactant for restraining shale hydration: 1602 

https://doi.org/10.1021/acs.jpcc.7b06454
https://doi.org/10.1002/saj2.20040
https://doi.org/10.1039/D0CP04828C
https://doi.org/10.1016/j.petrol.2015.11.027
https://doi.org/10.1016/j.apsusc.2019.144516
https://doi.org/10.1016/j.molliq.2021.116188
https://doi.org/10.1016/j.petrol.2019.02.073


Page 93 of 105 

 

A comprehensive experimental investigation. Chemical Engineering Research and Design. 1603 

2019;147:570-8. https://doi.org/10.1016/j.cherd.2019.05.042. 1604 

[82] Avadiar L, Leong Y-K, Fourie A. Physicochemical behaviors of kaolin slurries with and without 1605 

cations—Contributions of alumina and silica sheets. Colloids and Surfaces A: Physicochemical and 1606 

Engineering Aspects. 2015;468:103-13. https://doi.org/10.1016/j.colsurfa.2014.12.019. 1607 

[83] Ahmed HM, Kamal MS, Al-Harthi M. Polymeric and low molecular weight shale inhibitors: A 1608 

review. Fuel. 2019;251:187-217. https://doi.org/10.1016/j.fuel.2019.04.038. 1609 

[84] Yin X, Gupta V, Du H, Wang X, Miller JD. Surface charge and wetting characteristics of layered 1610 

silicate minerals. Advances in colloid and interface science. 2012;179:43-50. 1611 

https://doi.org/10.1016/j.cis.2012.06.004. 1612 

[85] Preusser F, Chithambo M, Götte T, Martini M, Ramseyer K, Sendezera E, et al. Properties of 1613 

quartz related to its use as a luminescence dosimeter. Earth Science Reviews. 2009;97:196-226. 1614 

https://doi.org/10.1016/j.earscirev.2009.09.006. 1615 

[86] Quezada GR, Rozas RE, Toledo PG. Molecular dynamics simulations of quartz (101)–water and 1616 

corundum (001)–water interfaces: Effect of surface charge and ions on cation adsorption, water 1617 

orientation, and surface charge reversal. The Journal of Physical Chemistry C. 2017;121:25271-82. 1618 

https://doi.org/10.1021/acs.jpcc.7b08836. 1619 

[87] Dove PM, Rlmstidt JD. Chapter 8. Silica-Water Interactions Silica:Physical Behavior, 1620 

Geochemistry, and Materials Applications. In: Heaney PJ, Prewitt CT, Gibbs GV, (editors). De 1621 

Gruyter; 2018. p. 259-308. https://doi.org/10.1515/9781501509698-013. 1622 

[88] Karaborni S, Smit B, Heidug W, Urai J, Van Oort E. The swelling of clays: molecular simulations 1623 

of the hydration of montmorillonite. Science. 1996;271:1102-4. 1624 

http://doi.org/10.1126/science.271.5252.1102. 1625 

https://doi.org/10.1016/j.cherd.2019.05.042
https://doi.org/10.1016/j.colsurfa.2014.12.019
https://doi.org/10.1016/j.fuel.2019.04.038
https://doi.org/10.1016/j.cis.2012.06.004
https://doi.org/10.1016/j.earscirev.2009.09.006
https://doi.org/10.1021/acs.jpcc.7b08836
https://doi.org/10.1515/9781501509698-013
http://doi.org/10.1126/science.271.5252.1102


Page 94 of 105 

 

[89] Lupe MBM. Molecular atomistic simulations of clay swelling in water dispersions. Molecular 1626 

Engineering. 1997;7:367-83. https://doi.org/10.1023/A:1008299625763. 1627 

[90] Smith DE. Molecular computer simulations of the swelling properties and interlayer structure of 1628 

cesium montmorillonite. Langmuir. 1998;14:5959-67. https://doi.org/10.1021/la980015z. 1629 

[91] Bains A, Boek E, Coveney P, Williams S, Akbar M. Molecular modelling of the mechanism of 1630 

action of organic clay-swelling inhibitors. Molecular Simulation. 2001;26:101-45. 1631 

https://doi.org/10.1080/08927020108023012. 1632 

[92] Young DA, Smith DE. Simulations of clay mineral swelling and hydration: dependence upon 1633 

interlayer ion size and charge. The Journal of Physical Chemistry B. 2000;104:9163-70. 1634 

https://doi.org/10.1021/jp000146k. 1635 

[93] Cygan RT, Liang J-J, Kalinichev AG. Molecular models of hydroxide, oxyhydroxide, and clay 1636 

phases and the development of a general force field. The Journal of Physical Chemistry B. 1637 

2004;108:1255-66. https://doi.org/10.1021/jp0363287. 1638 

[94] Zhai Z, Wang X, Jin X, Sun L, Li J, Cao D. Adsorption and diffusion of shale gas reservoirs in 1639 

modeled clay minerals at different geological depths. Energy & Fuels. 2014;28:7467-73. 1640 

https://doi.org/10.1021/ef5023434. 1641 

[95] Tambach TJ, Bolhuis PG, Hensen EJ, Smit B. Hysteresis in clay swelling induced by hydrogen 1642 

bonding: accurate prediction of swelling states. Langmuir. 2006;22:1223-34. 1643 

https://doi.org/10.1021/la051367q. 1644 

[96] Holmboe M, Bourg IC. Molecular dynamics simulations of water and sodium diffusion in 1645 

smectite interlayer nanopores as a function of pore size and temperature. The Journal of Physical 1646 

Chemistry C. 2014;118:1001-13. https://doi.org/10.1021/jp408884g. 1647 

https://doi.org/10.1023/A:1008299625763
https://doi.org/10.1021/la980015z
https://doi.org/10.1080/08927020108023012
https://doi.org/10.1021/jp000146k
https://doi.org/10.1021/jp0363287
https://doi.org/10.1021/ef5023434
https://doi.org/10.1021/la051367q
https://doi.org/10.1021/jp408884g


Page 95 of 105 

 

[97] Van Beest B, Kramer GJ, Van Santen R. Force fields for silicas and aluminophosphates based on 1648 

ab initio calculations. Physical review letters. 1990;64:1955. 1649 

https://doi.org/10.1103/PhysRevLett.64.1955. 1650 

[98] Emami FS, Puddu V, Berry RJ, Varshney V, Patwardhan SV, Perry CC, et al. Force field and a 1651 

surface model database for silica to simulate interfacial properties in atomic resolution. Chemistry of 1652 

Materials. 2014;26:2647-58. https://doi.org/10.1021/cm500365c. 1653 

[99] Cruz-Chu ER, Aksimentiev A, Schulten K. Water− silica force field for simulating nanodevices. 1654 

The Journal of Physical Chemistry B. 2006;110:21497-508. https://doi.org/10.1021/jp063896o. 1655 

[100] Heinz H, Lin T-J, Kishore Mishra R, Emami FS. Thermodynamically consistent force fields for 1656 

the assembly of inorganic, organic, and biological nanostructures: the INTERFACE force field. 1657 

Langmuir. 2013;29:1754-65. https://doi.org/10.1021/la3038846. 1658 

[101] Berendsen HJ, Postma JP, van Gunsteren WF, Hermans J. Interaction models for water in 1659 

relation to protein hydration.  Intermolecular forces: Springer; 1981. p. 331-42. 1660 

https://doi.org/10.1007/978-94-015-7658-1_21. 1661 

[102] Berendsen H, Grigera J, Straatsma T. The missing term in effective pair potentials. Journal of 1662 

Physical Chemistry. 1987;91:6269-71. https://doi.org/10.1021/j100308a038. 1663 

[103] Jorgensen WL, Madura JD. Temperature and size dependence for Monte Carlo simulations of 1664 

TIP4P water. Molecular Physics. 1985;56:1381-92. https://doi.org/10.1080/00268978500103111. 1665 

[104] Wang Q. A computational study of calcium carbonate: UCL (University College London); 1666 

2011. 1667 

[105] Ricci M, Spijker P, Stellacci F, Molinari J-F, Voïtchovsky K. Direct visualization of single ions 1668 

in the Stern layer of calcite. Langmuir. 2013;29:2207-16. https://doi.org/10.1021/la3044736. 1669 

https://doi.org/10.1103/PhysRevLett.64.1955
https://doi.org/10.1021/cm500365c
https://doi.org/10.1021/jp063896o
https://doi.org/10.1021/la3038846
https://doi.org/10.1007/978-94-015-7658-1_21
https://doi.org/10.1021/j100308a038
https://doi.org/10.1080/00268978500103111
https://doi.org/10.1021/la3044736


Page 96 of 105 

 

[106] Lardge JS, Duffy D, Gillan M. Investigation of the interaction of water with the calcite (10.4) 1670 

surface using ab initio simulation. The Journal of Physical Chemistry C. 2009;113:7207-12. 1671 

https://doi.org/10.1021/jp806109y. 1672 

[107] Chen H, Panagiotopoulos AZ, Giannelis EP. Atomistic molecular dynamics simulations of 1673 

carbohydrate–calcite interactions in concentrated brine. Langmuir. 2015;31:2407-13. 1674 

https://doi.org/10.1021/la504595g. 1675 

[108] Raiteri P, Gale JD, Quigley D, Rodger PM. Derivation of an accurate force-field for simulating 1676 

the growth of calcium carbonate from aqueous solution: A new model for the calcite− Water interface. 1677 

The Journal of Physical Chemistry C. 2010;114:5997-6010. https://doi.org/10.1021/jp910977a. 1678 

[109] Shen J-W, Li C, van der Vegt NF, Peter C. Understanding the control of mineralization by 1679 

polyelectrolyte additives: simulation of preferential binding to calcite surfaces. The Journal of 1680 

Physical Chemistry C. 2013;117:6904-13. https://doi.org/10.1021/jp402341w. 1681 
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