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Abstract

Low salinity water flooding has shown great promise due to its cost-effectiveness

and low environmental impact for improving and sustaining oil production. It is be-

lieved that injecting water with ionic strength lower than that of the reservoir changes

the reservoir from less to more water-wet and enhances oil recovery. This alteration

phenomenon is not well understood, due to complex interactions between oil, water,

and rock. Here we use molecular simulations to characterize the wettability of the 101̄4-

face of calcite in a calcite/brine/oil system, and address how wettability is altered by

changing ionic strength and salt type (NaCl vs. CaCl2). Using the test area method we

calculate the superficial tension of the fluids against the solid and the surface tension

between the two fluid phases. As the salinity is decreased, the wetting of calcite by

brine is progressively less favored, contrary to what might be expected based on low

salinity flooding. However, as salinity is decreased, forming the oil-brine interface is

more favored. On balance, it is the latter effect that leads to the enhanced wetting

of calcite by brine in the oil-brine-calcite system, and it is suggested as an important

element in the physics underlying low-salinity flooding.
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Introduction

Exploration and geological investigations carried out by the oil and gas industry have shown

that a majority of the oil reserves, particularly heavy crude which accounts for up to 70% of

global petroleum resources, is trapped in underground reservoirs due to high capillary forces

and narrow pores.1 Unlocking only 1% of these trapped reserves would potentially produce

an additional 88 billion barrels of oil, equivalent to several years of oil production at the

current rate.2 Such a large increase in oil production would be significant not only in terms

of meeting global energy needs, but also in terms of the profitability and sustainability of

the oil and gas industry. However, studies and practical operations in oil fields have shown

that these trapped reserves cannot be recovered using conventional primary or secondary

techniques.3 To further increase recovery, a tertiary method, also known as enhanced oil

recovery (EOR), is used. There are several different EOR approaches including thermal

injection,4 chemical injection,5 gas injection,6 and low-salinity water flooding (LSWF).7

Among these methods, LSWF has been recognized as a promising, low-cost method to

enhance oil recovery. The history, application, economical feasibility, laboratory and field

observations, working conditions and proposed mechanisms of low salinity flooding have been

investigated, for example, in refs. 8–14.

In LSWF, altering the wettability of calcium carbonate rocks from oil-wet to water-

wet has been accepted as a dominant aspect in the enhancement of oil recovery. However,

the driving forces for such a wettability alteration are still not fully understood, mainly

because of the complex nature of the interactions between oil, water, and mineral surface.

Indeed, several seemingly contradictory mechanisms and hypotheses have been proposed in

the literature.15,16 At a fundamental level, a molecular scale understanding of why low salinity

flooding works and its dependence on reservoir type, including oil constituents and brine

composition, remains elusive. In a step towards seeking this fundamental understanding,

here we explore the response of the wettability of calcite effected by changes in the ionic

strength of brine.
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At equilibrium, wetting depends on the interfacial forces that exist between the fluids

on the one hand and the fluids and the solid on the other. The contact angle (Fig. 1) is a

Figure 1: Schematic of oil/brine/calcite contact angle.

convenient parameter characterizing the preferential wetting of the solid by one or the other

fluid phase. A contact angle of 0◦ indicates that the calcite surface is completely water-wet,

whereas a value of 180◦ indicates that it is completely oil-wet. When both liquids tend to

wet the surface about equally, i.e., θ ≈ 90o , the system is said to be neutral-wet.17,18

Measuring contact angles experimentally is a challenging problem. Conceptually, the

contact angle can be obtained by imaging the interfacial profile of a sessile oil drop in

contact with a calcite surface in the presence of brine. However, there are several challenges.

Firstly, sufficient care needs to be undertaken to ensure that the fluids and calcite are well

equilibrated. Secondly, attention needs to be paid in preparing the calcite surface: the desired

goal of an atomically smooth surface is almost never realized in practice. Thirdly, sufficient

care needs to be exercised in preventing unwanted surface reactions. Finally, replicating

reservoir conditions of high temperature and pressure proves rather difficult.

Our aim here is to use computer simulations to complement and enhance the interpreta-

tion of experimental results. In a computer simulation, we can investigate various scenarios

(such as having an ideal crystal surface or extreme conditions) which are otherwise inaccessi-

ble in the laboratory, thereby allowing us to dissect the factors that influence the wettability
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of the mineral surface. To this end, here we study the wettability of calcite under ambient

conditions and investigate the molecular-scale physics of how solvent composition governs

low-salinity flooding.

The rest of the paper is organized as follows. In section 2, we briefly sketch the theory and

in section 3, we present the simulation models and methodology. The results are collected

in section 4, followed by conclusions in section 5.

Theory

The thermodynamics of fluids in contact with solid surfaces has engendered much debate,

including over the meaning of quantities such as the “surface” tension in the context of

solid-fluid interface.19–21 (In contrast to a liquid, it is not conceivable to strain the surface

of the solid without simultaneously straining the bulk.) However, these debates are avoided

by simply following Gibbs’22 development. (See also Ref. 23.) To this end, let

σ =

(
∂F

∂Ω

)
T,V,ni

. (1)

Here F is the Helmholtz free energy of the system, where the system comprises two homo-

geneous phases (either two fluid phases or a fluid in contact with a solid) separated by the

interface; Ω is the surface area of the interface, V is the total volume of the system, and ni

denote the moles of component i. For two liquids separated by an interface, Eq. 1 is precisely

the interfacial tension. Using Eq. 1, for a solid(s)-liquid(l) interface, we have σsl, and for a

solid(s)-vacuum(v) interface, we have σsv. On this basis, following Gibbs, we define

ζsl = σsl − σsv (2)
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as the “superficial” tension (or surface tension) of the liquid in contact with the solid. For

an inelastic solid, we then have Young’s equation

σow · cos(θ) = ζso − ζsw (3)

where ζso or ζsw is the superficial (surface) tension of the respective fluid phase against

the solid and σow is the oil-water interfacial tension. We will use Eq. 3 to characterize the

oil/brine/calcite contact.

From the thermodynamic definition (Eq. 1), we can approximate σ as

σ =

(
∂F

∂Ω

)
T,V,Ni

≈
(

[F (Ω0 + ∆Ω)− F (Ω0)]− [F (Ω0 −∆Ω)− F (Ω0)]

2∆Ω

)
≡

(
F+(∆Ω)− F−(∆Ω)

2∆Ω

)
(4)

In the canonical ensemble, F±(∆Ω) = −kBT ln 〈exp(−∆U±/kBT )〉0, where ∆U± is the

change in the potential energy of the system for the change in interfacial area (∆Ω) and the

averaging (〈. . .〉0) is over the reference, denoted by subscript ‘0’. Thus, we find

σ ≈ −kBT
2∆Ω

(
ln
〈
exp(−∆U+/kBT )

〉
0
− ln

〈
exp(−∆U−/kBT )

〉
0

)
. (5)

Eq. 5 is the basis for the test area simulation method (TASM).24 Please note that for a liquid

in contact with a solid, Eq. 5 straightforwardly gives the surface tension defined in Eq. 2.

TASM has been used satisfactorily in the context of liquid-vapor, liquid-liquid, and solid-

liquid interfaces; for example, see refs. 25–28. Nevertheless, as has been emphasized before,29

Eq. 5 has the same limitations as any single-stage perturbative approach30,31 and thus care

is required in its use. In this work, the relative area change, |∆Ω/Ω0| ≈ 10−4 (see below),

ensures that the energy perturbations are small, on average about 0.5 kBT . Past experience

with free energy perturbation and exploratory calculations on water confirms that this level

of perturbation ensures that the free energy change in the forward direction (Ω0 → Ω0±∆Ω)
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is consistent with the corresponding change in the reverse direction (Ω0 ±∆Ω→ Ω0).

In the earliest use of area perturbation that we are aware of, instead of Eq. 5 Salomons

and Mareschal32 have used Bennett’s approach to obtain the free energy change in perturbing

the area. Not surprisingly they are able to use a larger area perturbation than what Gloor

et al.24 had to use for the Lennard-Jones fluid, emphasizing the need for care noted above.

For the solid-liquid interfaces studied here, we note that area perturbation is about a factor

of 5 smaller than what Vega and de Miguel25 used in their studies on water.

Robust and efficient alternatives to area sampling do exist. These include, for example,

the approach by Guo and Errington33 who use grand canonical Monte Carlo simulations to

calculate the free energy change in growing one fluid layer next to the solid in the presence

of the other liquid, or variations of the cleaving wall idea, for example see refs.,34–36 where

the free energy to create an interface is directly obtained from simulations. While using one

of these alternatives is to be preferred, especially in the context of complex fluid mixtures

that are of interest in studies on wettability in the oil and gas industry, in this study we

have chosen to work with Eq. 5 for simplicity.

Simulation Methodology

The amorphous builder provided with the MedeA R© software37 was used to build all the

required systems. The PCFF+ force field38 (an extension of PCFF39) within MedeA R© was

used to define the inter-molecular interactions. This force field is capable of adequately

describing the thermodynamic properties of organic compounds and water. The Waldman-

Hagler40 sixth-power mixing rule was used for Lennard-Jones (LJ) interactions between

unlike species.

The initial system to compute the liquid/liquid interfacial tension was created by placing

a box containing 6900 water molecules against a box containing an approximately 85:15 (%

wt) mixture of dodecane and toluene, which is our model for the oil (i.e., 575 dodecane and

7



184 toluene molecules.) The dimensions of each box were 4.0 nm × 10.4 nm × 5.0 nm in

the x, y, and z directions, respectively. The different combinations of ionic strength and salt

type of the aqueous phase are shown in Table 1.

Table 1: Ionic strengths and composition (in number of ions) of the various aqueous phases
simulated in this work. The salts are NaCl and CaCl2. The number of Cl− ions is set by
electroneutrality.

Ionic Strength (M) Na+ Ca2+

0.15 18 6

0.53 66 22

1.09 136 45

3.16 391 131

4.98 615 206

To create the liquid/solid interface, we first built the calcite crystal using 6 atomic layers

(total dimensions 4.0 nm × 10.4 nm × 17.3 nm). The z direction is normal to the 101̄4 face

of the crystal. (The 101̄4 face has been used in several studies41–43 and is considered to be

a good choice on account of its thermodynamic stability.44–47) The liquid (oil or brine) slab,

of dimensions noted above, was then placed between two calcite slabs.

All simulations were performed at 298.15 K and 1 atm using the LAMMPS48,49 code

integrated within the MedeA R© software environment.37 We use a 1 fs time step to integrate

the equations of motion. The temperature and pressure were controlled using a Nosé-Hoover

thermostat50 and a Nosé/Hoover barostat,51 respectively. Periodic boundary conditions were

applied in all three directions. Long-ranged electrostatic interactions were handled using the

particle-particle-particle-mesh (PPPM) method, with forces converged to a relative error of

1·10−5. The energy of the initial system was minimized using the conjugate gradient approach

for 30000 steps. After energy minimization, the system was equilibrated in two stages: (i)

over 2.5 ns in the NpT ensemble, and (ii) for an additional 0.5 ns in the NV T ensemble.

Following these equilibration steps, the subsequent production run of 20 ns was carried out

in the NV T ensemble and frames saved every 0.5 ps. For the saved configurations, the

system was perturbed in the x and y directions by |δx| ≈ |δy| ≈ 0.635Å which changed the
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interfacial area (δΩ) by ≈ 0.4Å2; |δz| was adjusted accordingly to keep the volume constant.

Results and Discussions

The test area method predicts a value of σwv = 64 ± 2 (2σ) mN/m for the PCFF+ water

model used in this study. This value can be compared with the 68± 2 (2σ) mN/m obtained

using the stress tensor. These results are also in fair agreement with the experimental value

of 72 mN/m at 298 K.52–54 Likewise σov = 21± 2 (2σ) mN/m using TASM agrees well with

20± 2 (2σ) mN/m obtained using the pressure tensor method.

For the bare calcite surface, using the TASM we find σsv = 579 ± 5 mN/m. Earlier de

Leeuw et al.55,56 calculated the surface energy of calcite by subtracting the total energy of

a bulk crystal from a total energy of a crystal with an interface while keeping number of

particles constant. Using this procedure and the calcite potential model proposed by Pavese

et al.,57 they find values between 590 mN/m56 and 600 mN/m.55 Using the same procedure

as de Leeuw et al.55 but with the potential model developed by Rohl et al.,58 Bruno et al.59

find a surface energy value of 534 mN/m. Please note that the Pavese et al.57 and Rohl

et al.58 calcite potentials were tuned to reproduce the equilibrium structure and physical

properties such as the elastic constant of calcite. The good agreement of our value with

results based on these other potentials is thus very encouraging.

Obtaining the surface energy experimentally is also challenging. Using a double torsion

method, Røyne et al.60 report a value of 320 mN/m for the dry [101̄4] surface. Using electron

density functional calculations and the above mentioned subtraction procedure, Kerisit et

al.61 report a surface energy around 426 mN/m. These values are somewhat lower than the

majority of classical simulation results on bare calcite, suggesting possible forcefield limita-

tions in describing calcite. (But it is imperative to acknowledge that the experimental and

electron density functional results are also not free of assumptions.) However, in assessing

the superficial tension (Eq. 2) of a liquid against the mineral and in assessing the contact
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angle (Eq. 3), we expect the role of any forcefield limitations to be tempered.

Given the encouraging results for bare calcite, we next consider oil or water against

calcite. For oil against calcite, we find σso = 560 mN/m, and for water against calcite, we

find σsw = 528 mN/m. It is clear from these values that, ζsw = 528 − 579 = −51 mN/m

versus ζso = 560 − 579 = −19 mN/m. Thus both oil and water will wet the bare calcite

surface, except that the interaction of water with calcite is predicted to be much stronger.

This is expected, since relative to oil, water will interact more strongly with the polar groups

on the surface of calcite.

Fig. 2 shows the superficial tension of brine against calcite as a function of ionic strength.

We find that as ionic strength is increased, brine will better wet the calcite surface.
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Figure 2: Superficial tension (mN/m) of brine against calcite for different ionic strengths.
The error bars represent the 1σ standard deviation from multiple simulations.

Fig. 3 shows the oil/water interfacial tension and ζso−ζsw with respect to ionic strength for

each salt type. For both salts, the oil/water interfacial tension increases with ionic strength,

with the stronger effect for CaCl2 over NaCl evident at higher concentrations. Ignoring the

salt-type dependence, the increase of interfacial tension with ionic strength is as expected

from standard electrostatic arguments.62 At the low dilution limit, as expected from Debye-

Hückel theory, the identity of the salt does not matter. But because the superficial tension
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Figure 3: Interfacial tension (mN/m) between the model oil and brine at different ionic
strengths. Rest as in Figure 2.

of brine against calcite decreases with increasing ionic strength, the factor ζso − ζsw also

increases with increasing ionic strength. But relative to ζso − ζsw, the oil/water tension

increases more with ionic strength. The consequence of this feature is that the ratio of

(ζso−ζsw)/σow, which is just cos(θ) (Eq. 3), decreases with increasing ionic strength (Fig. 4).
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Figure 4: Contact angles obtained using Eq. 3 for brine at different ionic strengths. Notice
that in the presence of oil, NaCl is more effective in promoting the wetting of calcite by
water than CaCl2.

The observed decrease in the brine/calcite contact angle (in the presence of oil, Fig. ??)
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with decreasing ionic strength shown in Fig. 4 is consistent with the well-accepted concept

of low salinity flooding. In particular, the results show that CaCl2 has a stronger effect on

driving the system toward the less water-wet scenario.

Our calculations serve to set a baseline for studies aimed at understanding low-salinity

flooding. Importantly, our studies show that while low salinity can disfavor the spreading of

brine on calcite, the stabilization of the oil-brine interface can still lead to an overall increase

in the wettability of calcite by brine in the presence of oil. Thus our work brings to fore the

need to consider the oil-brine interface in discussions of low salinity flooding.

However, it is also important to acknowledge the many challenges in describing sys-

tems that are better mimics of actual reservoir conditions. We consider the oil/brine and

brine/calcite interfaces in turn.

Our calculations on the oil/brine interfacial tension agree with those of Elena et al.,63

who used molecular dynamics simulations to investigate the effects of NaCl and CaCl2 on

the interfacial tension between brine and pure hydrocarbons (n-dodecane, octane, benzene,

and toluene) and hydrocarbon mixtures. However, our results are inconsistent with the ex-

perimental results reported by Abdel-Wali et al.64 and Moiene et al.65 These authors studied

the effect of NaCl and CaCl2 in contact with heavy crude oil, observing an initial decrease

followed by an increase in interfacial tension as brine concentration increases, indicating that

there may be an optimum brine concentration (20,000 to 40,000 ppm) for reducing the inter-

facial tension. This effect is likely due to the presence of surface active components in crude

oil, which may lead to a non-monotonic behavior of the interfacial tension with respect to

ionic strength.66 Thus while the simple model of oil used here is an important baseline, care

should be used in interpreting experimental results based on complex crude oils. Conversely,

in experimental studies of low salinity flooding on complex mixtures such as crude oils, much

care should be exercised in adapting intuitions based on simple mixtures.

Next consider the brine/calcite interface. It is well appreciated that Ca2+ has a strong

effect on wettability; for example, see refs.67,68 Our results (Fig. 4) also show a strong
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effect of Ca2+ relative to Na+, but contrary to experimental studies,67,68 our simulations

show that Ca2+ should weaken the wettability of calcite by water. This apparent difference

arises because of the focus on individual ions, Ca2+ versus Na+. However, in experiments,

one has to also contend with the presence of SO2−
4 . Thus our work shows that in “smart

water” flooding, the anions will also likely play an important role. The simulation techniques

developed in this work can prove useful in such investigations, but these are necessarily left

to the future.

Conclusions

Most studies on low salinity water flooding agree that the injection of water with a lower

ionic strength, compared to that in the reservoir, alters the wettability of the reservoir surface

from being less water-wet to more water-wet, which subsequently enhances oil recovery. Our

analysis shows that a decrease in ionic strength disfavors the wetting of calcite by water,

which is counter to what might be expected based on water adsorbing on to calcite and

displacing the oil under low salinity conditions. However, the resolution of this contradiction

rests in understanding how ionic strength changes the interfacial properties of the oil-brine

system. With decreasing ionic strength, the formation of the oil-brine interface is promoted.

On balance, in the oil-brine-calcite system, it is this feature the one that promotes the

weakening of adhesion between oil and calcite. Our work brings to fore the need to also

consider the oil-brine interface in discussions of low salinity flooding.
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