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Abstract

Molecular dynamics simulations were performed to understand the two-phase

behavior of the decane+brine (NaCl) system in the presence of CH4, CO2, and

their mixture at geological conditions. The simulated density profiles agree rea-

sonably well with those estimated from the density gradient theory based on

the cubic-plus-association equation of state with the Debye-Hückel electrostatic

term. For these systems, the solubility of CH4 and/or CO2 in the water-rich

phase decreased with increasing salt concentration due to the salting-out effect.

We find that the interfacial tensions (IFTs) of the decane+brine system in the

presence of CH4, CO2, and their mixture were relatively similar to those of

the corresponding decane+brine system alone. For example, the IFTs of de-

cane+brine and decane+brine+CO2/CH4 systems generally increase with pres-

sure, whereas an opposite trend was observed for the brine+CO2/CH4 system.

For all systems, the increase in IFT with pressure was attributed to the negative

surface excess of decane. This surface excess is observed to decrease with tem-

perature at a fixed pressure. This explains the significant dependence of IFT on

the pressure at high temperatures. The positive surface excess of, for example,

CO2 contributes to a less pronounced dependence of IFT on the pressure at high

mole fractions of CO2 in the decane/CO2-rich phase. The presence of CO2 has a

more significant effect on the IFT of the decane+brine system than the presence

of CH4 because of the higher enrichment of CO2 at the interface. In contrast

to the solubility behavior, the surface excesses of CH4 and CO2 increase with

increasing salt concentration. This increase is possibly due to the stronger bind-

ing of water with CH4 and CO2 in the presence of salt. The salt ions exhibit

a negative surface excess that explained the increase in the IFT with increasing

salt concentration for the studied systems.
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1 Introduction

A significant reduction in anthropogenic CO2 emissions is very important to man-

age future climate changes.1–4 Carbon capture and storage (CCS) is one of the key

technologies to mitigate CO2 emissions. Adsorbents like metal-organic frameworks,5,6

carbon nanotubes,7,8 zeolitic materials,5,9 polymeric materials,9–12 and clays13,14 are

widely used for CO2 capture. Enhanced oil recovery (EOR) methods can be employed

for a successful combination of CO2 storage and oil recovery.15–21 Using CO2-EOR

methods the crude oil production in the United States was about 0.32 million barrels

per day in 2020.18 Furthermore, water-alternating-gas (WAG) injection schemes are

used to control CO2 mobility in EOR processes.16,17,21 Here water (or brine) was in-

jected alternately with CO2 for mobility control in the reservoir. Also, the interfacial

tension (IFT) of the oil+brine+CO2 system plays a key role in the CO2-EOR processes.

A reduction in the IFT between oil and water may improve recovery by increasing the

capillary number.19,20 CO2 removed from exhaust gases of power plants and industrial

sources is commonly accompanied by impurities and techniques to obtain high-purity

gas can be expensive.6,22–24 Therefore, it is key to obtain a complete picture of the

influence of impurities such as CH4 on CO2-EOR processes.

Detailed experimental,25–34 theoretical,25,29–31,34,35 and simulation35–39 studies have

been reported on the bulk and interfacial properties of water+CH4 and water+CO2

systems in the presence of alkanes such as decane (our model oil) under geologi-

cal conditions. For these systems, two- and three-phase regions are found, and the

two-phase region occurred at high pressures. In general, the IFTs of, for example,

decane+water+CH4 and decane+water+CO2 systems increased with decreasing tem-

perature and increasing pressure in the two-phase region.25–27,35 These IFTs decreased

with increasing mole fraction of CH4 in the decane/CH4-rich phase xCH4 or mole frac-

tion of CO2 in the decane/CO2-rich phase xCO2 . This is due to the accumulation of

CH4 and CO2 in the interface.35–39 However, the interfacial properties of, for example,

the decane+brine system in the presence of carbon dioxide and methane have not been
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investigated so far.

A detailed picture of the interfacial and bulk properties of different systems can

be obtained by using molecular simulations.8,11–13,35,40–43 In this work, the bulk and

interfacial properties of the decane+brine system in the presence of carbon dioxide,

methane, and their mixture under geological conditions are studied using molecular

dynamics (MD) simulations. Additionally, due to the lack of experimental results, the

simulation data were complemented by theoretical calculations.

2 Methods

2.1 Simulation details

The GROMACS code44 was used to simulate decane+water and decane+brine (0.9

and 2.7 mol/kg NaCl) systems in the presence of carbon dioxide, methane, and their

mixture under geological conditions (323 and 443 K, and pressures up to about 100

MPa). The methods are similar to those employed in our previous works.45,46 In

brief, n-decane, CH4, and CO2 were described by the transferable potentials for phase

equilibria force field.47–49 The water molecule was modeled using the TIP4P/2005

water model.50 The force field parameters of Na+ and Cl− ions were adopted from

Smith and Dang.51 The conventional Lorentz-Berthelot combining rules are used in

all cases, except for H2O (O)/CO2 (C) and H2O (O)/decane pairs as described in our

previous work.35 The simulation boxes contain 2048 H2O molecules and up to a total

of 400 CH4, CO2, and decane molecules (Table 1). The number of ions were adjusted

based on the salt content and the simulation boxes contain up to a total of 200 Na+

and Cl− ions. In all the cases, the box dimensions parallel to the interface are 36× 36

Å (Fig. 1). The box length in the z direction (perpendicular to the interface) Lz

is 3 to 4 times higher than the parallel ones to avoid finite size effects35–39,52–54 and

periodic boundary conditions are applied in all three directions. An NPT (only Lz

was allowed to vary) equilibration of 5 ns was followed by a 5 ns NV E production
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run. The equations of motion were solved by the leap-frog algorithm55 using a 1 fs

time step. Water molecules are constrained using the SETTLE56 algorithm and all

other bonds are constrained with the LINCS57 algorithm. The cut-off for all non-

bonded interactions was 15 Å and the long-range electrostatic interactions are treated

using the particle-mesh Ewald method (relative tolerance of 10−6). The temperature

and pressure are maintained by the Nosé-Hoover thermostat (coupling constant of 1.0

ps) and Parrinello-Rahman barostat (coupling constant of 2.0 ps), respectively. The

simulation results are averaged over five independent runs.

The IFT was calculated using the following equation:35,45,46,52–54,58

γ =
1

2
Lz

[
Pzz −

1

2
(Pxx + Pyy)

]
, (1)

where Pxx, Pyy, and Pzz represent the three diagonal components of the pressure tensor.

The models are validated based on the correct reproduction of, for example, the brine

densities59 (Figure S1, Supporting Information).

2.2 Theoretical details

The theoretical methods were similar to those employed in our previous works.35,53 In

brief, the cubic-plus-association (CPA)60–65 equation of state (EoS) is used to calcu-

late the bulk properties. To account for the salt effects, the fugacity coefficient term

of a non-electrolyte is calculated by combining the EoS with an electrostatic contribu-

tion:66–69

ln φi = ln φEoS
i + ln γEL

i , (2)

where φi is the fugacity coefficient of the ith component, φEoS
i denotes the fugacity

coefficient of the ith component calculated using the CPA EoS, neglecting the electro-

static effects, and γEL
i denotes the Debye-Hückel activity coefficient. The electrostatic
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contribution is as follows:

ln γEL
i =

2AhisMm

B3
f(BI1/2), (3)

where I is the ionic strength, Mm is the salt-free mixture molecular weight, his is the

interaction coefficient between NaCl and the non-electrolyte component.35,53,67–69 A,

B, and the function f are taken from Aasberg-Petersen et al.66

Furthermore, the CPA EoS is combined with density gradient theory (DGT) to

calculate the interfacial properties.68,69 The Helmholtz free energy can be written as70,71

F = A

∫ +∞

−∞

[
f0(ρ) +

1

2

∑
i

∑
j

cij
dρi

dz

dρj

dz

]
dz, (4)

where A, f0, and dρi/dz are the interfacial area, the Helmholtz free energy density of

the uniform system with local density ρ, and the local density gradient of component

i, respectively. The cross influence parameter cij = (1 − βij)
√
ciicjj (βij is the binary

interaction coefficient). By applying the minimum free energy criterion, the IFT can

be obtained as follows:

γ =

∫ +∞

−∞

∑
i

∑
j

cij
dρi

dz

dρj

dz
dz (5)

The theoretical parameters can be found in our previous studies.35,53 The additional

parameter (his between NaCl and decane is 245.9) was correlated with the carbon

number based on the C2-C6 solubility data.72–74

3 Results

3.1 Atomic density profiles

MD simulations and the DGT can readily provide the atomic density profiles when

compared to experiments. For example, Fig. 2 displays the results obtained from
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the MD simulations (solid lines) and the DGT (dashed lines) for the decane+brine

(2.7 mol/kg NaCl) system in the presence of methane (xCH4 = 0.5), carbon dioxide

(xCO2 = 0.5), and their equimolar mixture (xCH4 = xCO2 = 0.25) at 443 K and 20

MPa. Figures S2-S8 show these density profiles at other conditions. We find that the

MD data are in reasonable agreement with the predictions of the DGT. The theoretical

results show in all cases a monotonic variation of the density profiles of H2O and decane

across the interface. Note that, the current implementation of the DGT cannot yield

the interfacial density profiles of the salt ions. The MD simulations show that salt

ions distribute uniformly in the water-rich phase, but are excluded from the interface.

In contrast to theoretical predictions, the simulated density profile of decane oscillates

close to the interface at the lower temperatures. This can be ascribed to the finite

size of the simulation cell.75,76 Also, our simulation results show a local enrichment of

water molecules at the interface in the presence of salt. A similar behavior of water

was reported for concentrated brines.53,77,78 This may be attributed to the enhanced

desorption of ions at the interface due to high ionic strength. Note that the density

profiles of H2O and decane could be approximately fitted using a tanh function.75

In general, in all cases, the enrichment of the interfaces in methane and/or carbon

dioxide increased with decreasing temperature and increasing pressure. It is seen that

this enrichment generally increases with increasing xCH4 and/or xCO2 . The enrichment

of CO2 at the interface is higher than that of CH4. Furthermore, the addition of salt

seems to enhance the enrichment of the interfaces in methane and/or carbon dioxide

(see below). These findings are consistent with the previous studies of the alkane+H2O

system in the presence of CH4, CO2, and their mixture.25–27,35–39 It is important to

mention that, for instance, the enrichment of the interfaces with CO2 is a nonmonotonic

function of xCO2 at low pressures.35,36 Also, an enrichment of the interfaces in decane

molecules was obtained for the decane+H2O system in the presence of methane at

higher values of xCH4 .
35 Detailed discussions on the interfacial properties of CH4, CO2,

and their mixture in the presence of water and brine at high temperatures and pressures

can be found in previous works by us and others.52–54,58,68,69,78–81 These systems, for
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instance, exhibited a nonmonotonic dependence of the enrichment of the interfaces in

methane and/or carbon dioxide on pressure. Here an IFT minimum occurs for pressures

around the transition point between the positive and negative surface excesses of CO2

or methane molecules.53,58,69

3.2 Bulk properties

Fig. 3 shows the total densities obtained from simulations (open symbols) and the cor-

responding theoretical (lines) results for all studied systems. It can be seen that there

is good agreement between theory and simulation. The calculated densities of H2O

and decane away from the interface are very close to the corresponding experimental82

densities of pure cases (solid symbols in Fig. 3a). This points to the low mutual solu-

bility of decane and H2O at the investigated conditions.35,83 In all cases the water-rich

phase is more-dense than the decane/CH4/CO2-rich phase, and the density of both

phases increased with decreasing temperature and increasing pressure. For instance,

at 323 K and 20 MPa, the simulated densities of water-rich and decane-rich phases

for the decane+H2O system are about 990.4 and 715.7 kg/m3, respectively. Also, the

density of the water-rich phase is not much affected by the presence of CH4 and/or

CO2. This is explained by the low solubility of methane and carbon dioxide in wa-

ter35,84–86 (see below). While, the density of the decane-rich phase generally decreased

with the addition of CH4 and/or CO2. For instance, at 323 K and 20 MPa, the sim-

ulated density of the decane/CH4/CO2-rich phase for the decane+H2O system in the

presence of equimolar CH4/CO2 mixture (xCH4 = xCO2 = 0.25) is about 689.2 kg/m3.

However, at high pressures and low temperatures, the density of the decane-rich phase

increases with the addition of CO2. Note also that the density of pure carbon dioxide

is higher than that of pure decane under these conditions.82 In all cases the density of

the water-rich phase increases with the addition of salt. For instance, at 323 K and 20

MPa, the simulated density of the water-rich phase for the decane+brine (2.7 mol/kg

NaCl) system in the presence of equimolar CH4/CO2 mixture (xCH4 = xCO2 = 0.25)

is about 1102.4 kg/m3. While, as expected, the density of the decane/CH4/CO2-rich
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phase is not much affected by the presence of salt.

Solubility is an important factor that can influence the EOR processes.15–17,26,27,35

Figure S9 shows the solubilities of methane and carbon dioxide in the water-rich phase

obtained from simulations (symbols) and the corresponding theoretical (lines) results

for all studied systems. In all cases the solubility of methane and/or carbon dioxide

increased with increasing pressure and temperature. This solubility increases with

increasing xCH4 and/or xCO2 . Our results indicate that CO2 preferentially dissolves in

the water-rich phase, which may be explained by the relatively stronger interaction of

CO2 with water molecules. For example, at 443 K and 100 MPa, the simulated mole

fractions of CH4 and CO2 for the decane+H2O system in the presence of equimolar

CH4/CO2 mixture (xCH4 = xCO2 = 0.25) are about 0.002 and 0.006 respectively. For

this system, the radial distribution function (RDF) between water and penetrants

obtained from NPT simulations of the corresponding water-rich phase alone is shown

in Fig. 4. Our results indicate that CO2 is located relatively close to water. For

example, for this system, g(r) of CCH4 − OH2O and CCO2 − OH2O is about 0 and 0.4,

respectively, at r = 0.28 nm. Here, the CCH4 − OH2O RDFs show sharp peaks in g(r)

at ≈ 3.6 Å. The CCO2 − OH2O RDFs show shoulder and main peaks in g(r) at ≈ 3.2

Å and ≈ 4.0 Å, respectively. In addition, for this system, the interaction energies of

CH4 and CO2 with water obtained from NPT simulations of the corresponding water-

rich phase alone are about −58.79 and −367.87 kJ/mol, respectively. The interaction

energy (sum of the Lennard-Jones and Coulombic potential energies) between two

different species was estimated using the energygrps option of the GROMACS software.

Furthermore, the solubilities of methane and/or carbon dioxide in the water-rich phase

decrease with increasing salt concentration due to the salting-out53,68,69,87 effect. For

instance, at 443 K and 100 MPa, the simulated mole fractions of CH4 and CO2 for

the decane+brine (2.7 mol/kg NaCl) system in the presence of equimolar CH4/CO2

mixture (xCH4 = xCO2 = 0.25) are about 0.001 and 0.004 respectively. Here, we find

that the magnitude of the sharp peaks for the CCH4 −OH2O and CCO2 −OH2O spatial

correlations is higher in the presence of salt (see Fig. 4). This might be attributed
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to the increase in the density of the water-rich phase with the addition of salt (see,

e.g., Figure S1). For this system, the simulated interaction energies of CH4 and CO2

with water obtained from NPT simulations of the corresponding water-rich phase

alone are about −55.04 and −338.17 kJ/mol, respectively. In comparison, these values

reflect the low solubilities of CH4 and CO2 in brine solutions. It is known that the

mutual solubility of, for example, water and decane is hardly affected by the presence

of methane and/or carbon dioxide.35

3.3 Interfacial properties

The calculated IFTs of the decane+brine system at 293.15 K and 0.1 MPa are in

reasonable agreement with experimental89 and previous simulation results (Fig. 5).90

In addition, Fig. 6 shows the IFTs obtained from simulations (open symbols) and

the corresponding theoretical (lines) results for all studied systems. The calculated

IFTs of the decane+H2O system in the presence of methane and carbon dioxide were

in qualitative agreement with the available experimental results26,27 (see, e.g., closed

symbols in Fig. 6). For example, the overall absolute average deviation between theory

and experiments is less than 8.5%. The differences may be because of the use of,

for example, nonpolarizable models88 and temperature independent binary-interaction

parameter βij.
35,68,69,79 It is known that the IFTs of the alkane+H2O system in the

presence of CH4, CO2, and their mixture are relatively similar to those reported for

the corresponding alkane+H2O system alone.25–27,35–39 We find that the IFTs of the

decane+brine system in the presence of methane, carbon dioxide, and their mixture are

relatively similar to those of the corresponding decane+brine system alone. In general,

in all cases, the IFT increased with decreasing temperature and increasing pressure.

For example, the simulated IFT for the decane+H2O system (20 MPa) are about 47.8

and 36.5 mN/m at 323 K and 443 K, respectively. It can be seen that the effect

of pressure on the IFT is more pronounced at higher temperatures. However, note

that the IFT of the CO2+decane+water system was almost independent of pressure

at xCO2 = 0.8.35 Systems of CH4, CO2, and their mixture in the presence of water and
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brine exhibited a nonmonotonic dependence of the IFTs on pressure.52–54,58,68,69,78–81,91

In all cases, the IFT decreases with increasing xCH4 and/or xCO2 . For instance, at

323 K and 20 MPa, the simulated IFTs for the decane+H2O system in the presence

of methane (xCH4 = 0.5) and carbon dioxide (xCO2 = 0.5) are about 47.7 and 42.1

mN/m , respectively. It can be seen that the presence of CO2 has a more pronounced

effect on the IFT than the presence of CH4. This is because the enrichment of CO2

at the interface is higher than that of CH4
25–27,35–39 (see, e.g., Fig. 2). Also, the

IFTs of, for example, the decane+H2O system in the presence of equimolar CH4/CO2

mixture (xCH4 = xCO2 = 0.25) are relatively close to those of the decane+H2O system

in the presence of carbon dioxide (xCO2 = 0.5). For all systems, the IFT almost linearly

increased with increasing salt concentration (see, e.g., Figure S10). For instance, at 323

K and 20 MPa, the simulated IFTs for the decane+brine (2.7 mol/kg NaCl) system in

the presence of methane (xCH4 = 0.5) and carbon dioxide (xCO2 = 0.5) are about 51.9

and 47.8 mN/m , respectively. In all cases the simulated slope for the salt dependence

of IFT is about 2.08 mN/(m mol kg−1), independent of temperature and pressure. A

similar value was obtained for systems of CH4, CO2, and their mixture in the presence

of brine (NaCl).52,53,91

The IFT is related to the surface excess Γi and the chemical potential µi of com-

ponent i through the Gibbs adsorption equation:35,45,46,53,54

−dγ =
∑
i

Γidµi. (6)

We estimated the surface excess using the density profiles as described in previous

studies.35,45,46,53,53 Figures S11-S13 show the surface excesses of different species with

respect to water obtained from simulations (open symbols) and the corresponding the-

oretical (lines) results for all studied systems. The MD data are generally in agreement

with the predictions of the DGT. However the agreement is poor, for example, at low

temperatures because the simulated density profile of decane shows artificial oscilla-

tions as described above. In general, for all systems, decane has a negative surface
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excess due to unfavorable hydrophilic-hydrophobic interactions between H2O and de-

cane.35,92–97 The increase in IFT with pressure is attributed to the negative surface

excess of decane (see eq. (6) and Fig. 6). This surface excess was found to decrease

with temperature at a fixed pressure. This explains the pronounced dependence of

IFT on the pressure at high temperatures. However note that decane exhibited a

positive surface excess at high mole fractions of methane xCH4 .
35 We see that the sur-

face excess of decane increases with increasing salt concentration possibly due to the

stronger binding between water and alkanes in the presence of salt.89,90,98,99 In general,

methane and carbon dioxide molecules show a positive surface excess that increased

with decreasing temperature and increasing pressure. These positive surface excesses

contribute to a less pronounced dependence of IFT on the pressure at high values of

xCH4 and/or xCO2 . However, CH4 exhibited a negative surface excess at high mole frac-

tions of methane xCH4 .
35 It is seen that the surface excess of CO2 is higher than that

of CH4. For example, at 323 K and 100 MPa, the simulated surface excesses of CH4

and CO2 for the decane+H2O system in the presence of equimolar CH4/CO2 mixture

(xCH4 = xCO2 = 0.25) are about 0.22 and 1.18 × 10−6 mol/m2, respectively. This is

due to the relatively strong interaction between CO2 and water, as described above.

In contrast to the solubility behavior, the simulated surface excesses of methane and

carbon dioxide slightly increase with increasing salt concentration, especially at high

pressures. For instance, at 323 K and 100 MPa, the simulated surface excesses of CH4

and CO2 for the decane+brine (2.7 mol/kg NaCl) system in the presence of equimolar

CH4/CO2 mixture (xCH4 = xCO2 = 0.25) are about 0.31 and 1.71 × 10−6 mol/m2,

respectively. This increase is probably due to the stronger binding of water with CH4

and CO2 in the presence of salt. For instance, the magnitude of the sharp peaks for the

CCH4−OH2O and CCO2−OH2O spatial correlations is higher in the presence of salt (see,

e.g., Fig. 4). Systems of CH4, CO2, and their mixture in the presence of water and

brine exhibited a nonmonotonic dependence of the surface excesses of methane and

carbon dioxide on pressure, and these surface excesses were found to be negative at

high pressures.52–54,58,68,69,78–81 It can be seen that the salt ions have a negative surface
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excess. This could explain the increase in the IFTs with increasing salt concentration

(see eq. (6) and Fig. 6). In all cases, the surface excess of ions at salt concentrations

of 0.9 and 2.7 mol/kg is about −0.39 and −0.98×10−6 mol/m2, respectively. It should

be noted that other equations of state such as those based on the statistical associating

fluid theory can also lead to accurate predictions of bulk and interfacial properties of

these systems.35,74,84,100–102

Note that the theoretical results of the densities and IFTs for the decane+brine+CH4/CO2

systems, for example, at T = 374 and 403 K are provided in Figures S14-S17. It can

be seen that the behavior of these densities and IFTs is consistent with that described

above. In practice, the reaction of CO2 molecules with H2O might give small contents

of, for instance, carbonic acid. The difference between the simulated IFT values of

the H2O+carbon dioxide system with and without reactions was less than 5% at 333

K.103 This effect might be insignificant due to the fact that the presence of decane

decreased the carbon dioxide solubility in water.35 A good agreement was obtained be-

tween the simulation and theoretical data of the IFTs of the decane+brine system (see

Fig. 6a). However, for this system, the agreement is poor for the corresponding surface

excesses at low T (see Figure S11a), possibly because the simulated density profiles of

decane (see, e.g., Figure S7) show artificial oscillations/finite size effects.75,76 The sim-

ulated IFTs (see Fig. 6) and the different surface excesses (see Figures S11-S13) of the

decane+brine+CH4/CO2 systems agree reasonably with the corresponding theoretical

calculations except at low T and high P , possibly due to use of a T/P -independent

βij
35 and/or finite size effects in simulations.75,76

The investigated properties of the decane+brine+CH4/CO2 systems might play

important roles in the CO2-EOR processes. For example, a reduction in the IFT of

the oil+brine system may improve the oil recovery by increasing the capillary num-

ber.19,20 We see that while both CH4 and CO2 lowered the IFT of the decane+brine

system, CO2 had a greater influence than CH4. Thus there might be a negative impact

from impurities such as CH4 on the advantages of the CO2-EOR processes. The salt

concentrations (0.9 and 2.7 mol/kg NaCl) chosen in this study are comparable to those
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used at reservoir conditions.21,104,105 Also, comparison with experiments showed that

the Debye-Hückel approach used here was able to reasonably predict the IFT of, for

example, the CO2+brine system only up to ionic strength of about 2.7 mol/kg.68 In

the future we plan to investigate the effects of high concentrations of salt and divalent

salt on the properties of the decane+brine+CH4/CO2 systems.

4 Conclusions

MD simulations are performed to understand the two-phase behavior of decane+water

and decane+brine (NaCl) systems in the presence of methane, carbon dioxide, and

their mixture at geological conditions. The simulated density profiles agree reasonably

well with those predicted by the DGT based on the CPA EoS with the Debye-Hückel

electrostatic term. In general, there is a monotonic variation of the density profiles of

H2O and decane across the interface for all studied systems. Furthermore, salt ions

distribute uniformly in the water-rich phase, but are excluded from the interface. The

enrichment of CO2 at the interface is higher than that of CH4. The addition of salt

seemed to enhance the enrichment of the interfaces in methane and/or carbon dioxide.

CO2 preferentially dissolves in the water-rich phase, which can be explained by the

relatively stronger interaction of CO2 with water molecules. The solubility of CH4

and/or CO2 in the water-rich phase decreased with increasing salt concentration due

to the salting-out effect.

The IFTs of the decane+brine system in the presence of methane, carbon dioxide,

and their mixture are relatively similar to those of the corresponding decane+brine

system alone. For all systems, the increase in the IFT with pressure is attributed

to the negative surface excess of decane. This surface excess was found to decrease

with temperature at a fixed pressure. This explains the pronounced dependence of

IFT on the pressure at high temperatures. In general, methane and carbon dioxide

molecules show a positive surface excess which increased with decreasing temperature

and increasing pressure. These positive surface excesses contribute to a less pronounced

14



dependence of IFT on the pressure at high values of xCH4 and/or xCO2 . The IFT

decreases with increasing xCH4 and/or xCO2 for the studied systems. The presence of

CO2 has a more pronounced effect on the IFT of the decane+brine system than the

presence of CH4. This is because the enrichment of CO2 at the interface is higher than

that of CH4. In contrast to the solubility behavior, the surface excesses of CH4 and

CO2 increase with increasing salt concentration. This increase is possibly due to the

stronger binding of H2O with CH4 and CO2 in the presence of salt. The salt ions show

a negative surface excess that explained the increase in the IFT with increasing salt

concentration for the investigated systems.
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Table 1: Number of Molecules Used in MD Simulations

system water Na+/Cl− decane CH4 CO2

no. no. no. no. no.
water + decane 2048 200
brine + decane 2048 33-100 200
water + 50%decane + 50%CH4 2048 200 200
brine + 50%decane + 50%CH4 2048 33-100 200 200
water + 50%decane + 50%CO2 2048 200 200
brine + 50%decane + 50%CO2 2048 33-100 200 200
water + 50%decane + 25%CH4 + 25%CO2 2048 200 100 100
brine + 50%decane + 25%CH4 + 25%CO2 2048 33-100 200 100 100
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Figure 1: Equilibrium snapshot of the decane+brine (2.7 mol/kg NaCl) system in the
presence of equimolar CH4/CO2 mixture (xCH4 = xCO2 = 0.25) at 323 K and 20 MPa.
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Figure 2: Atomic density profiles for the decane+brine (2.7 mol/kg NaCl) system in
the presence of (a) CH4 (xCH4 = 0.5), (b) CO2 (xCO2 = 0.5), and (c) CH4/CO2 mixture
(xCH4 = xCO2 = 0.25) at 443 K and 20 MPa. The solid lines denote the results from
the MD simulations and the estimates obtained using the DGT with CPA EoS are
shown as dashed lines.
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Figure 3: Saturated densities for (a) decane+brine, (b) decane+brine+CH4 (xCH4 =
0.5), (c) decane+brine+CO2 (xCO2 = 0.5), and (d) decane+brine+CH4+CO2 (xCH4 =
xCO2 = 0.25) systems. The open symbols represent the results from the MD simulations
and the estimates obtained using the CPA EoS are shown as lines. The error bars are
smaller than the symbol size. The NIST experimental results82 for pure cases are
shown as solid symbols. The lower set of data represents the decane-rich phase.
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Figure 4: Radial distribution functions between water and CH4/CO2 in the water-rich
phase of decane+water and decane+brine (2.7 mol/kg NaCl) systems in the presence
of equimolar CH4/CO2 mixture (xCH4 = xCO2 = 0.25) at 443 K and 100 MPa.
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Figure 5: IFTs of the decane+brine system at 293.15 K and 0.1 MPa. The open
symbols represent the results from the MD simulations and the estimates obtained
using the DGT with CPA EoS are shown as lines. The error bars are smaller than the
symbol size. The experimental results89 are shown as solid symbols.
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Figure 6: IFTs of (a) decane+brine, (b) decane+brine+CH4 (xCH4 = 0.5), (c)
decane+brine+CO2 (xCO2 = 0.5), and (d) decane+brine+CH4+CO2 (xCH4 = xCO2 =
0.25) systems. The open symbols represent the results from the MD simulations and
the estimates obtained using the DGT with CPA EoS are shown as lines. The error
bars are smaller than the symbol size. The experimental results26 are shown as solid
symbols.
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