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ABSTRACT

Molecular Modeling of Interfacial, Sorptive, and Diffusive Properties of

Systems for Carbon Capture and Storage Applications

Yafan Yang

Carbon capture and storage has been considered as a promising way to mitigate

global warming by reducing greenhouse gas emissions. Understanding of the interfa-

cial, sorptive, and diffusive properties of related systems are of significant importance.

For example, interfacial tension controls the capillary forces in the caprock, which act

to avoid upward migration of the stored fluid and play an important role in related

enhanced oil recovery processes. The optimal design of many carbon capture and

storage processes requires understanding the properties of porous media, e.g., clay

and kerogen. The capability of porous media for storing carbon dioxide depends on

its adsorption properties, while the separation timescale of porous media for captur-

ing carbon dioxide can be dictated by their transport properties. The objective of

this dissertation is to enhance the understanding of the processes mentioned above.

Molecular simulation techniques and theoretical methods are applied in this disser-

tation to gain molecular insights on three types of relevant systems: fluid mixtures,

fluids in amorphous porous media, and fluids in ordered porous media.
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Chapter 1

Introduction

1.1 General Background

Global warming refers to the long-term rise in the averaged temperature of the earth’s

climate system. Global warming can lead to the retreat of glaciers, rising sea lev-

els, regional precipitation changes, extreme weather events, and desert expansion.1

The human activities have been considered as the dominant cause of the observed

warming.2 The most significant influence from human beings has been the emission of

greenhouse gases such as carbon dioxide, methane, and nitrous oxide, which trap and

radiate heat on the earth surface.3 The concentrations of carbon dioxide and methane

in the atmosphere have increased by around 40% and 150% since pre-industrial times.2

Depending on the rate of future greenhouse gas emissions and on climate feedback

effects during the current century, the global surface temperature is expected to rise

a further 0.3-4.8 °C.2

Carbon capture and storage (CCS) has been considered as a promising way for mit-

igating global warming by reducing greenhouse gas concentration in the atmosphere.4

CCS generally includes three steps: (1). capture and separate waste carbon dioxide

from large point sources; (2). transport it to potential storage sites; (3). sequestrate

it into geological formations.5 Many techniques, including sorption and membrane

gas separation technologies, are used for carbon dioxide capture from the air or from

an industrial source.6 Common examples of materials for carbon capture include zeo-

lites,7,8 zeolitic imidazolate frameworks,9 metal-organic frameworks,8,10 clays,11,12 and
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polymers.7,13,14 The use of polymers may offer many advantages over other materials,

including chemical diversity, cost-effective manufacturing, and thermal and chemical

stability. On the other hand, additional recovery of valuable byproducts like natural

gas and oil makes geological sequestration and storage of carbon dioxide economically

beneficial.15–17 Carbon dioxide can be stored in coal seams, sealed mines, depleted

reservoirs, deep saline aquifers, and salt caverns.17–20 Among those sites, porous me-

dia e.g., clay and kerogen are widely distributed and play an important role in carbon

dioxide storage. Those porous media can be amorphous or ordered depending on

their chemical compositions. Moreover, those porous media are typically in contact

with complicated fluid mixtures, including water, methane, carbon dioxide, oil, and

salt.

Understanding of the interfacial, sorptive, and diffusive properties of relevant sys-

tems are of significant importance for CCS processes. For example, interfacial tension

controls the capillary forces in the caprock, which act to avoid upward migration of

the stored fluid.21,22 The solubility of carbon dioxide in brine determined the capabil-

ity of solubility trapping of carbon dioxide in deep saline aquifers.23–25 Moreover, the

capability of porous media for storing carbon dioxide depends on its adsorption prop-

erties, while the separation timescale of porous media for capturing carbon dioxide is

dictated by their transport properties.26,27 Molecular simulation techniques28,29 can

not only accurately predict the interfacial, sorptive, and diffusive properties of sys-

tems but also provide molecular insights that are not readily available by experiments,

for example, the molecular density profiles in the interfacial region of two-phase fluid.

Meanwhile, computationally efficient theoretical methods, for example, density gra-

dient theory,30 ideal adsorbed solution theory,31 and the Krishan-Paschek approach32

can also be used for the modeling of those properties.
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1.2 Problem Statement

There are extensive efforts investigating the interfacial, sorptive, and diffusive proper-

ties of systems for CCS applications in the literature, however, the following essential

questions require further clarification:

• How do the interfacial tension and solubility of methane, carbon dioxide, and

brine mixture behave under geological conditions? What are the molecular den-

sity profiles of different species in the interfacial region? Moreover, how could

the salt valence affect those properties?

• How do the interfacial and bulk properties of the decane + water system be-

have in the presence of methane, carbon dioxide, and their mixture? What are

the differences between the cubic plus association(CPA) equation of state and

perturbed-chain statistical associating fluid theory(PC-SAFT) equation of state

in terms of predicting solubilities and, when coupled to density gradient theory

(DGT), interfacial properties?

• How could a random cross-linking process affect the pore properties of amorphous

organic porous media e.g., polyethylene? How much methane and carbon dioxide

can cross-linked polyethylene sorb at high temperatures? What are the transport

behaviors of those gases in cross-linked polyethylene?

• How could the side chain length affect the pore properties of amorphous poly(alkyl

acrylates)? How could the glass-transition temperature of poly(alkyl acrylates)

change with different side-chain length? How much methane and carbon dioxide

can poly(alkyl acrylates) sorb? How would the polymer swell in the presence of

different gases? What are the transport behaviors of those gases in poly(alkyl

acrylates)?

• How could the layer charge affect the crystalline swelling of montmorillonite?
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What are the layer charge effects on the adsorption of water and species diffusion

in interlayers and on external surfaces of montmorillonite? What are the effects

of temperature and pressure on the swelling pressure of clay during crystalline

and osmotic swelling processes?

• How could the preadsorbed water change the adsorptive and diffusive properties

of methane/carbon dioxide mixtures in organic ordered porous media e.g., carbon

nanotube bundles? How could the molecular simulation results compare with

the computationally efficient theoretical predictions?

1.3 Research Objectives

The objective of this research is to achieve a better understanding of the interfacial,

sorptive, and diffusive properties of fluids for CCS applications by using molecular

simulation and theoretical modeling. More specific research goals are as follows:

• Model the methane, carbon dioxide, and brine mixtures by molecular dynamics

simulation. Calculate the interfacial tension and solubility. Understand the

interfacial behavior through molecular density profiles across the interface and

relative surface excess.

• Model the methane, carbon dioxide, decane, and water mixture by molecular

dynamics simulation and density gradient theory. Compare the performance of

the CPA and PC-SAFT equation of state in terms of predicting species solubility

from the flash calculation and interfacial tension from DGT.

• Evaluate the pore characteristics of cross-linked polyethylene. Conduct Grand

canonical Monte Carlo simulations for adsorption of methane and carbon dioxide

in cross-linked polyethylene. Carry out molecular dynamics simulation for un-

derstanding the diffusive behaviors of methane and carbon dioxide in cross-linked

polyethylene.
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• Evaluate the pore characteristics for poly(alkyl acrylates) with varied side chain

length. Conduct Grand canonical Monte Carlo simulations for adsorption of

methane and carbon dioxide in poly(alkyl acrylates). Carry out molecular dy-

namics simulation for understanding the diffusive behaviors of methane and car-

bon dioxide in poly(alkyl acrylates).

• Study the swelling of montmorillonite. Apply the Grand canonical Monte Carlo

simulations for adsorption of water in the interlayer and on the external surface

of montmorillonite. Employ molecular dynamics simulation to investigate the

species transport in the interlayer and on the external surface of montmoril-

lonite. Study the effect of temperature and pressure on the swelling pressure of

montmorillonite using molecular dynamics.

• Study the adsorption and diffusion of methane and carbon dioxide in carbon

nanotube bundles with varied water content by using Grand canonical Monte

Carlo simulation and molecular dynamics simulation, respectively. Compare the

adsorption results with ideal adsorbed solution theory and diffusion results with

the Krishan-Paschek approach. Calculate the membrane selectivity of carbon

dioxide over methane for dry or wet carbon nanotube bundles.

1.4 Thesis Structure

There are five chapters in this dissertation. Chapter 1 introduces the general back-

ground, major problem statement, and primary research objectives. In chapter 2, we

study the bulk and interfacial properties of fluid mixtures.33–35 We first present the

molecular dynamics simulation study of carbon dioxide, methane, and their mixture

in the presence of brine under geological conditions. After that, we studied the salt

ion valence effect. The last section of this chapter includes a study on bulk and in-

terfacial properties of the decane+water system in the presence of methane, carbon
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dioxide, and their mixture. Chapter 3 provides studies on the sorptive and diffusive

properties of fluids in amorphous porous media.36,37 We present molecular simulation

studies on those properties of methane and carbon dioxide in amorphous cross-linked

polyethylene and poly (alkyl acrylates). Chapter 4 includes studies on the sorptive

and diffusive properties of fluids in ordered porous media.38–40 The first section of this

chapter provides a study on the layer charge effects on adsorption and diffusion of

water and ions in montmorillonite. The next section provides a study on the effects of

temperature and pressure on the swelling pressure of montmorillonite. Furthermore,

our study on the adsorption and diffusion of carbon dioxide, methane and their mix-

ture in carbon nanotubes in the presence of water is given in the last section. Chapter

5 concludes the dissertation and presents some recommendations for future work.
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Chapter 2

Bulk and Interfacial Properties of Fluid Mixtures

2.1 Molecular Dynamics Simulation Study of Carbon Dioxide,

Methane, and Their Mixture in the Presence of Brine
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2.1.1 Abstract

We perform molecular dynamics simulations to study CO2, methane, and their mix-

ture in the presence of brine over a broad range of temperature (311-473 K), pressure

(up to about 100 MPa), and NaCl concentration (up to about 14 wt%). The general

decrease in the interfacial tension (IFT) values of the CH4−brine system with pres-

sure and temperature is similar to that obtained for the corresponding CH4−water

system. The IFT of methane and brine is a linearly increasing function of salt concen-

tration, and the resulting slopes are dependent on the pressure. A similar behavior as

methane is observed for such systems containing CO2 and CO2−CH4 mixture. The

IFT of CO2 and brine increases linearly with increasing salt content, however, the

resulting slopes are independent of pressure. The simulations show that the pres-

ence of CO2 decreases the IFT values of the CH4−water and CH4−brine systems,

while the degree of reduction depends on the amount of CO2 in each sample which

is consistent with experimental evidence. These IFT values show a linear correlation

with the amount of CO2, and the resulting slopes are dependent on temperature and

pressure. Furthermore, our results for the mole fractions of the different species in the

CO2−CH4−water system at 323 K and 9 MPa are in agreement with experiments.

The mole fractions of methane and CO2 in the water-rich phase decrease with in-

creasing salt concentration, while that of H2O in the methane- or CO2-rich phases

remains almost unaffected in all studied cases. Our results could be useful because of

the importance of carbon dioxide sequestration and shale gas production.

2.1.2 Introduction

Geologic storage of carbon dioxide offers a promising means of reducing emissions

of anthropogenic CO2 into the atmosphere.1–5 One unique approach to reducing

emissions involves utilizing CO2 for the extraction of oil and gas from shale for-

mations.1,4 Typically carbon dioxide has a higher affinity for the shale formations
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and will therefore displace adsorbed CH4. The detailed information of interactions

between methane, CO2, aqueous brine, and shale formations is required in simulators

during natural gas production. For example, relative humidity could affect sorp-

tion of methane and carbon dioxide onto both organic and inorganic components of

shales.1,3,5–7 The extent to which shale formations rich in expandable clays such as

the smectite mineral montmorillonite swell is controlled primarily by the H2O con-

centrations in the contact fluid. Swelling due to H2O intercalation processes could

lead to permeability changes that directly impact successful storage of CO2. There-

fore the knowledge of the dissolved H2O concentrations in contact fluids8 can help

develop rational injection strategies to maximize geological CO2 storage and natu-

ral gas production. Interfacial tension (IFT) is a property of great significance to

CO2 sequestration, because it controlls capillary forces in the cap rock which act

to avoid upward migration of the stored fluid.9,10 In the CO2-enhanced oil recovery

processes, information must be obtained on important properties of the participating

fluid mixtures.11,12 The study of interactions between CO2 and water is important as

a reference point for the understanding of a large variety of interfacial processes, for

instance, those including surfactants.13,14

A number of experimental,15–19 theoretical,19–21 and simulation21–23 studies have

been carried out to determine the interfacial properties of CH4−water and CH4−brine

systems. In general, the results of these studies showed a reduction of the IFT with

increasing pressure. However, at relatively high pressures the IFT values exhibited a

moderate increase with increasing pressures.16,19,21 The inversion of the IFT depen-

dence with pressure and the observation of an IFT minimum occurred for pressures

around the transition point between the positive and negative relative adsorption of

methane molecules with respect to water molecules in the interfacial region.19,21 The

density gradient theory (DGT) was able to predict the measured increase of the IFT

of the methane-water system due to the presence of up to 10 wt% NaCl.19 Several
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experimental,15,24–33 theoretical,28,31,33–37 and simulation24,37–44 studies have also been

performed to determine the interfacial properties of CO2−water and CO2−brine sys-

tems. Overall, IFT decreased with both temperature and pressure in the low-pressure

range (gaseous CO2) but was mostly independent of pressure at high pressures (liq-

uid or supercritical CO2). The results of these studies also indicated that the IFT

increases linearly with the molality (or ionic strength) of the salt solution.26,30,33,41,43

Only few experimental,18,45 theoretical,37 and simulation37 studies have addressed

interfacial properties of CO2−CH4−water and CO2−CH4−brine systems. Ren et al.18

reported the IFT of CO2−CH4−water system in the temperature range of 298−373

K and pressure range of 1−30 MPa. The axisymmetric drop shape analysis method

was employed to measure the IFT between CO2−CH4 mixtures and brine over the

temperature range from 298 to 398 K and the pressure range from 0.1 to 35 MPa.45

These studies showed that the presence of CO2 decreases the IFT of CH4−water and

CH4−brine systems, while the degree of reduction depends on the mole fraction of

CO2 (xCO2) in the methane or CO2-rich phases. Furthermore, a higher salinity lead

to an increase in the IFT of the CO2−CH4−brine system. Recently, molecular sim-

ulations and density gradient theory have been used to characterize the interfacial

region of CO2−CH4−water system.37 Their analysis of the molecular density profiles

showed that the preferential adsorption of CO2 over H2O interface is greater if com-

pared to CH4. However, a molecular understanding of the interfacial properties of

CO2−CH4−brine system is lacking. In this situation, we undertake the molecular

dynamics (MD) simulation study of CO2−CH4 mixtures in the presence of brine.

This interest is enhanced by the very limited amount of experimental data45 on the

interfacial properties of such systems.

Our investigations showed that molecular simulations constitute a powerful tool

to generally explore the chemical and surface interactions.46–50 In this work, MD

simulations are performed to provide molecular-level understanding of the interfacial
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properties of carbon dioxide, methane, and their mixture in the presence of brine

(NaCl) under conditions relevant to CO2 sequestration. Where possible, we include

explicit comparison of our results with the corresponding experimental observations.

The outline of the part is as follows: In section 2, we describe the molecular models

and the details of the MD simulations. The simulation results are presented in section

3 and a brief summary as well as our conclusions can be found in section 4.

2.1.3 Simulation details

All MD simulations are carried out with the LAMMPS code.51 The interactions be-

tween i and j molecular sites of different molecules are treated according to a pairwise

additive Lennard-Jones (LJ) 12-6 function:52

ULJ(rij) = 4εij

[(σij
rij

)12

−
(
σij
rij

)6 ]
, (2.1)

where rij is the distance between the centers of i and j sites. The parameter εij

controls the strength of the short-range interactions, and the LJ diameter σij is used to

set the length scale. The LJ parameters σij and εij are deduced from the conventional

Lorentz-Berthelot combining rules:

σij =
σi + σj

2
, (2.2)

εij =
√
εiεj. (2.3)

The charged sites are interacting with each other via the unscreened Coulomb poten-

tial

UCoul(rij) =
qiqj

4πε0rij
, (2.4)



50

where qi and qj are the partial charges of the sites i and j, respectively, and ε0 is the

dielectric permittivity of vacuum. Each water molecule is represented by the rigid

TIP4P/2005 model53 and CO2 is modeled using the flexible force field developed by

Cygan et al.54 Methane (single-site) is represented by the TraPPE force field.55 Na+

and Cl− ions are modeled using the parameters proposed by Smith and Dang.56 The

LJ parameters and charges used in this study are presented in Table 1.

Table 2.1.1: Charges q and LJ parameters σ and ε of water, methane, CO2, and ions.
Force or charge site σ (Å) ε (kcal/mol) q (e)
Water (TIP4P/2005 model)53
O 3.1589 0.1852
H 0.5564
M −1.1128

Methane (TraPPE model)55
C 3.7300 0.2941

Carbon dioxide (flexible Cygan model)54
C 2.8000 0.0559 0.6512
O 3.0280 0.1597 −0.3256

Ions 56
Na 2.3500 0.1300 1.0000
Cl 4.4000 0.1000 −1.0000

The simulation was initialized by placing 512 CO2/methane molecules and 2048

H2O molecules in the simulation box. In this study, we adjust the number of ions

according to the salt concentration and used up to about 100 Na+/Cl− ions. Our

simulation cells are 36 × 36 Å in directions parallel to the interface and periodic

boundary conditions are employed in all three spatial dimensions. The system size is

sufficiently large40 to ensure that finite-size effects are negligible in our simulations

(Fig. 2.1.1). Equilibration runs of 4 ns are performed in the NPT ensemble where the

volume variations are achieved by changing only the box length in the z-direction Lz

(see, e.g., Fig. 2.1.2). This is followed by 2 ns production runs in the NV E ensemble.

Pressure is controlled by a Nosé-Hoover barostat with a relaxation time of 1 ps, and

temperature is controlled by a Nosé-Hoover thermostat with a relaxation time of
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0.1 ps. The use of the NV E ensemble ensures that property, such as IFT, is not

biased by the extended system algorithms used to produce a constant-temperature

ensemble.52 The long-range electrostatic interactions are handled using the particle-

particle particle-mesh (PPPM) method with a relative error of 10−5. The bond lengths

and the angles of the water molecules are constrained using the SHAKE algorithm.

A cutoff radius of Lmin/2, where Lmin is the minimum dimension of the simulation

box was applied to the LJ and Coulomb interactions. The equations of motion are

integrated using a velocity Verlet algorithm with a time step of 1 fs.

Figure 2.1.1: Pressure dependence of IFT for the CO2−CH4−brine system (xCO2 ≈
0.6, 10 wt% NaCl) at 348 K. Shown are the results obtained from the MD simulations
(symbols) and the corresponding experimental data45 (solid line). Number of water
molecules/number of CO2+CH4 molecules: 4096/1024 (circles), 2048/512 (squares),
1024/256 (diamonds), and 512/128 (triangles).
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Figure 2.1.2: Equilibrium snapshot of CO2−CH4−brine system (xCO2 ≈ 0.6, 10 wt%
NaCl) at T = 348 K and a pressure of 25 MPa.

The IFT is calculated from the components of the pressure tensor:40

γ =
1

2
Lz

[
Pzz −

1

2
(Pxx + Pyy)

]
, (2.5)

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

along the x-, y-, and z-direction, respectively, and the prefactor of 1/2 accounts for

the presence of two interfaces in the simulation box. Six independent trajectories each

of length 6 ns per simulation are computed to achieve good statistical averages. The

differences of system temperatures from the preset value during NV E production

runs were mostly negligible (typically < 1%). The validation of our simulation model

is provided in the Supporting Information (see, e.g., Figs. S2.1.1-S2.1.3).
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2.1.4 Results and discussion

CH4−brine and CO2−brine systems

Fig. 2.1.3 provides the IFT of the CH4−brine (NaCl) system as computed from the

MD simulations (symbols) and the corresponding experimental data (smooth lines).

The experimental data are taken from Kashefi et al.19 Other available experimental

data15–18 are in agreement with the ones plotted here and not included for clarity. The

surface tension of water decreases from about 70 to 38 mN/m57 over the temperature

range (311-473 K) studied here. We observe good agreement between our simulation

results and the experimental data. The temperature and salt dependences of the IFT

at about 7, 16, and 25 MPa as obtained from the MD simulations are replotted in

Figs. S2.1.4 and S2.1.5, respectively. The general decrease in the IFT with increasing

pressure or temperature in all studied cases is consistent with other studies.15–23 Note

that the IFT values of the CH4−water system displayed a moderate increase with

increasing pressure at relatively high pressures.16,19,21 The minimum in the IFT was

obtained at pressures around the transition point between the positive and negative

relative adsorption of methane molecules.19,21 The variation of the IFT values of the

CH4−brine system with pressure and temperature is similar to that observed for the

corresponding CH4−water system. At a fixed temperature and pressure, our results

indicate that the IFT is an increasing function of salt content in all investigated cases.

The IFT values exhibit a linear correlation with the temperature and the molality

of the salt solution. Notably, the resulting slopes in the former case are dependent

on the pressure. For example, independent of salt concentration, the slope for the

temperature dependence of IFT changes from about −0.15 to −0.13 mN/(m K) in

the pressure range 7-25 MPa (see Fig. S2.1.4). We also see that, independent of

temperature, the slope for the salt dependence of IFT is about 2.2 mN/(m mol kg−1)

in the pressure range 7-25 MPa (see Fig. S2.1.5).



54

Figure 2.1.3: Pressure dependence of IFT for the CH4−water and CH4−brine sys-
tems, as computed from our MD simulations (open symbols) and the corresponding
experimental data19 (smooth lines): (a) 311, (b) 373, (c) 423, and (d) 473 K. Error
bars are smaller than the symbol size. Simulation data of Biscay et al.22 are shown
as solid symbols.

Molecular simulations can be used to compute density profiles that are not readily

accessible to experimental studies. Fig. 2.1.4a shows, as an example, the density

profiles of different species in the CH4−water system at 373 K and 16 MPa. The

appearance of a maximum in the density profile of methane (dashed line) near the

interface is in agreement with other studies.19,21–23 These studies have shown that the

local adsorption of methane molecules which is proportional to the area under the

methane peak generally decreased with increasing temperature and pressure. Fur-

thermore, the position of the peak in the density profile of methane shifted towards

the methane-rich phase with increasing pressure. The density profile of H2O (oxygen
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atoms) which is shown as a solid line resembles the tanh function,42 and no change

was evident in this behavior with increasing temperature and pressure.19,21–23 Here

the bulk density of water and methane are about 0.96 and 0.1 g/cm3, respectively, in

good agreement with the corresponding experimental values58 (0.97 and 0.09 g/cm3,

respectively). Our results indicate that the salt ions homogeneously distribute in the

water-rich phase and the interfacial region is largely devoid of ions (Fig. 2.1.4b). The

presence of salt hardly affects the behavior of the density profiles of various species

in the CH4−water system. Notably, there is a decrease of the methane density in

the water-rich phase by the addition of salt, while that of H2O in the methane-rich

phase remains almost unaffected (see insets of Fig. 2.1.4). The former behavior is

consistent with the decrease of the solubility of methane in the water-rich phase with

salinity59 at these pressure and temperature conditions.
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Figure 2.1.4: Equilibrium distributions of different species in the (a) CH4−water
and (b) CH4−brine (10 wt% NaCl) systems at 373 K and 16 MPa. Solid, dashed,
dotted, and dot-dashed lines represent H2O (oxygen atoms), methane, Na+, and Cl−,
respectively.

Fig. 2.1.5 shows the IFT of the CO2−brine (NaCl) system as evaluated from the

MD simulations (symbols) and the corresponding experimental data (smooth lines).

The experimental results are obtained from the measurements of Chalbaud et al.

and of Pereira et al.26,33 Other available experimental results15,24,25,27–32 are consis-

tent with the ones plotted here and not included for clarity. The surface tension of

water decreases from about 66 to 49 mN/m57 over the temperature range (333-423
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K) studied here. The simulation results are in good qualitative agreement with the

experimental data. Simulations of the surface tension of water using the TIP4P/2005

force field perform better than most of the commonly used water models, but typi-

cally underestimate the experimental data by up to 7 mN/m (see Fig. S2.1.3). In the

presence of CO2, our simulated IFT values show similar deviations from the corre-

sponding experimental data at both low and high pressures, which may be attributed

to our chosen force field parameters.40–42 The temperature and salt dependences of

the IFT at about 7, 16, and 25 MPa as computed from the MD simulations are

replotted in Figs. S2.1.6 and S2.1.7, respectively. The overall decrease in the IFT

with increasing pressure or temperature in all investigated cases is consistent with

previous reports.15,24–31,33–43 The variation of the IFT values of the CO2−brine sys-

tem with pressure and temperature is similar to that obtained for the corresponding

CO2−water system. At a fixed temperature and pressure, the IFT increases with in-

creasing salt concentration in all studied cases. Generally, an exponential function is

required to describe the pressure dependence on the IFT values.40,43 Moreover, these

IFT values are a linear function of temperature and molality/ionic strength of the

salt solution.26,30,33,40,41,43 For example, independent of salt concentration, the slope

for the temperature dependence of IFT is about −0.06 mN/(m K) in the pressure

range 7-25 MPa (see Fig. S2.1.6). We also find that, independent of temperature,

the slope for the salt dependence of IFT is about 2 mN/(m mol kg−1) in the pressure

range 7-25 MPa (see Fig. S2.1.7), which is consistent with previous studies.26,42,43
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Figure 2.1.5: Pressure dependence of IFT for the CO2−water and CO2−brine sys-
tems, as computed from our MD simulations (open symbols) and the corresponding
experimental data26,33 (smooth lines): (a) 333, (b) 344, (c) 373, and (d) 423 K. Error
bars are smaller than the symbol size. Simulation data of Li et al.41 are shown as
solid symbols.

Fig. 2.1.6a depicts the density profiles of various species in the CO2−water system

at 373 K and 16 MPa. The density profile of CO2 (carbon atoms) which is represented

as a dashed line runs through a maximum consistent with previous studies.24,33–43

These studies have shown that the local accumulation in CO2 molecules generally

decreased with increasing temperature and pressure, similar to the behavior obtained

for the CH4−water system.19,21–23 The position of the maximum in the density profile
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of CO2 also moved towards the CO2-rich phase with increasing pressure. The density

profile of H2O (oxygen atoms) which is plotted as a solid line varies monotonically

across the interface. No variation was observed in this behavior with increasing tem-

perature and pressure.24,33–43 Here the bulk density of water and CO2 are about 0.94

and 0.4 g/cm3, respectively, in good agreement with the corresponding experimen-

tal values58 (0.97 and 0.4 g/cm3, respectively). The ions distribute uniformly in the

water-rich phase but are repelled from the interface (Fig. 2.1.6b). Note that the den-

sity profiles indicated a positive surface excess of CO2 and a negative surface excess

of ions at the interface.40,41 In the CO2−water system, values of the relative surface

excess of CO2 computed from simulation and those estimated from the experimental

fugacity dependence of IFT showed a non-monotonic relationship with pressure.40 It

is also important to mention that, Ji et al.44 obtained strong correlation between IFT

and the number density of T- and H-type CO2-hydrates in the CO2−water system.

The addition of salt hardly affects the behavior of the density profiles of different

species in the CO2−water system. Notably, there is a decrease of the CO2 density in

the water-rich phase by the addition of salt, while that of H2O in the CO2-rich phase

remains almost unaffected (see insets of Fig. 2.1.6). The former behavior is consistent

with the decrease of the solubility of CO2 in the water-rich phase with salinity41,42,60

at these pressure and temperature conditions.
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Figure 2.1.6: Equilibrium distributions of different species in the (a) CO2−water and
(b) CO2−brine (10 wt% NaCl) systems at 373 K and 16 MPa. Solid, dashed, dotted,
and dot-dashed lines represent H2O (oxygen atoms), CO2 (carbon atoms), Na+, and
Cl−, respectively.

CO2−CH4−brine system

Once we have investigated the interfacial behavior of the CH4−brine and CO2−brine

systems using MD simulations, the next objective is to analyze the interfacial behav-

ior of the CO2−CH4−brine system. Fig. 2.1.7 shows the IFT of the CO2−CH4−brine

(NaCl) system as computed from the MD simulations (symbols) and the correspond-
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ing experimental data (smooth lines). The experimental results are obtained from Liu

et al.45 The surface tension of water at the temperatures studied here (348 and 398

K) are about 63 and 54 mN/m,57 respectively. We observe good qualitative agree-

ment between our simulation results and the experimental data. The dependence of

the IFT on the mole fraction of carbon dioxide xCO2 at about 7, 16, and 25 MPa as

obtained from the MD simulations is replotted in Fig. S2.1.8. As expected, the IFT

values generally decrease with increasing pressure or temperature in all studied cases.

The presence of CO2 decreases the IFT values of the CH4−water and CH4−brine sys-

tems, while the degree of reduction depends on the amount of CO2 in each sample.

These IFT values display a linear correlation with the mole fraction of carbon dioxide

xCO2 , and the resulting slopes are dependent on temperature and pressure. For exam-

ple, independent of salt concentration, the slope for xCO2 dependence of IFT changes

from about −13 to −17 mN/m at 348 K and in the pressure range 7-25 MPa (see Fig.

S2.1.8). The corresponding change in the slope is from about −9 to −14 mN/m at

398 K. Furthermore, at a fixed temperature and pressure, our results here show that

the IFT values increase with increasing salt concentration in all investigated cases.
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Figure 2.1.7: Pressure dependence of IFT for the CO2−CH4−water (left panels)
system and the CO2−CH4−brine (right panels) system with 10 wt% NaCl. Shown
are the results obtained from the MD simulations (symbols) and the corresponding
experimental data45 (smooth lines) at 348 (top panels) and 398 K (bottom panels).
Error bars are smaller than the symbol size.

Fig. 2.1.8a displays the density profiles of different species in the CO2−CH4−water

(xCO2 ≈ 0.6) system at 348 K and 16 MPa. The density profile of each species

presents the same trend as discussed before. Notably, the density profiles of CO2

(carbon atoms) and CH4 which are plotted as dashed and dotted lines, respectively,

show adsorption peaks located at the interface with relatively high intensity for the

former. The density profile of H2O (oxygen atoms) which is depicted as a solid line
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changes monotonically across the interface. The preferential adsorption of CO2 over

CH4 indicates that water molecules are more likely to interact with CO2. These

results are consistent with previous reports.37 Also, the ions distribute evenly in the

water-rich phase, but move away from the interface (Fig. 2.1.8b). Our simulation

results show that the presence of salt hardly affects the behavior of the density profiles

of various species in the CO2−CH4−water system. We point out that both CO2 and

methane densities in the water-rich phase decrease with increasing salt concentration,

while that of H2O in the methane- or CO2-rich phase remains almost uninfluenced (see

insets of Fig. 2.1.8). Such variations will be further discussed below. Additionally,

Figs. S2.1.9-S2.1.13 consider these simulated density profiles at other conditions. As

before, we observe that the local adsorption of CO2 and methane molecules generally

decrease with increasing temperature and pressure in all cases. Furthermore, the

position of the peaks in the density profiles of CO2 and methane shift towards the

water-poor region with increasing pressure. The monotonic behavior of the density

profile of H2O is not affected with increasing temperature and pressure. No NaCl is

found in the methane- or CO2-rich phases in all studied cases.
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Figure 2.1.8: Equilibrium distributions of different species in the (a)
CO2−CH4−water and (b) CO2−CH4−brine (10 wt% NaCl) systems at 348 K and 16
MPa. The mole fraction of CO2 xCO2 ≈ 0.6. Thick solid, dashed, dotted, dot-dashed,
and thin solid lines represent H2O (oxygen atoms), CO2 (carbon atoms), methane,
Na+, and Cl−, respectively.

The knowledge of, e.g., the concentration of H2O dissolved in CO2−CH4 mixture

can help develop rational injection strategies to maximize geological CO2 sequestra-

tion and natural gas production.1,3,5–7,48–50 Fig. 2.1.9 presents the mole fractions of

the different species in the CO2−CH4−water system at 323 K and 9 MPa, as com-

puted from the MD simulations (symbols) and the corresponding experimental data
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(smooth lines). The experimental results are obtained from different studies.8,61,62 We

observe good agreement between our simulation results and the experimental data.

The agreement is better for the mole fractions of methane (yCH4) and CO2 (yCO2) in

the water-rich phase. The mole fraction of water (xH2O) in the methane- or CO2-rich

phase is, however, a factor of up to 2 lower than the corresponding experimental

value. The mole fraction of methane in the water-rich phase decreases with increas-

ing xCO2 , while that of CO2 steeply increases. This steep rise is expected, given that

CO2 interacts more strongly with H2O than methane. Initially the mole fraction of

water xH2O increases almost linearly with xCO2 . However, this increase is steeper

at high values of xCO2 , possibly because of the relatively strong quadrupole-dipole

interactions between CO2 and H2O.

Figure 2.1.9: The mole fractions of the different species in the CO2−CH4−water sys-
tem as a function of the mole fraction of CO2 in the methane or CO2-rich phase at
323 K and 9 MPa. Shown are the results obtained from the MD simulations (sym-
bols) and the corresponding experimental data8,61,62 (smooth lines). The simulation
uncertainties are comparable with the symbol size.

Additionally, Figs. S2.1.14-S2.1.16 consider our results for these mole fractions
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at other conditions. Both methane and CO2 mole fractions in the water-rich phase

increase with increasing pressure, while that of water xH2O shows the opposite be-

havior. All these mole fractions, except for H2O, show no significant variation with

temperature. With all other conditions the same, the mole fraction of water increases

with temperature. Notably, the mole fractions of methane and CO2 in the water-rich

phase decrease with increasing salt concentration (salting-out effect), while that of

water xH2O remains almost unaffected in all studied cases. Loring et al.8 performed in

situ high-pressure infrared spectroscopic titrations to quantify the solubility of H2O

in CO2−CH4 mixture at reservoir conditions of 323 K and 9 MPa. They employed

different thermodynamic models which accurately predicted the amount of dissolved

H2O concentrations at saturation in CO2−CH4 mixture. Therefore, these theoretical

models employing the same parameters as for the CO2−CH4−water system could

be applied to predict the corresponding water solubility in the presence of salt. We

also used orientational distribution functions to look into the the arrangement of

molecules at the interface in the CO2−CH4−water and CO2−CH4−brine systems

(Figs. S2.1.17-S2.1.22). The orientation angle θ is measured for both the dipole vec-

tor and the H-H vector of H2O, and the head-to-tail vector of CO2 molecule relative

to the axis perpendicular to the interface. The results show that CO2 molecules tend

to arrange in parallel to the interface as in the pure case.39 In the case of water, the

orientation of the vectors at the interface is not random when compared to the the

bulk water phase ((1/2)sin θ). However, we find no obvious effect of salinity on the

orientations of CO2 or water molecules at the interface.

As an aside, we note that prior simulations have examined region of the phase dia-

gram of such systems at which three phases coexist.37 The temperature and pressure

conditions selected for our MD simulations encompass the range of values relevant

to geologic carbon sequestration. We expect that these studies could provide more

insight into the rational design of practical CO2 sequestration processes in deep saline



67

aquifers, which involves surface wetting and migration of supercritical CO2 through

the cap rock. A knowledge of the dissolved H2O concentrations in CO2−CH4 mix-

tures can be beneficial for the enhanced gas recovery processes in shales. Further

improvement of the quality of predictions using molecular simulations may result

from including, e.g., other choices of water model. The choice of force field param-

eters employed here is in a similar spirit to that used in recent simulation studies

of interfacial behavior of CO2−CH4−water system.37 Fig. S2.1.23 shows simula-

tion results obtained by replacing TIP4P/2005 water model with flexible F3C water

model39,43 for the CO2−CH4−brine system, and poor results are obtained. The Exp-

6 models for the CO2−water system gave accurate estimate of solubilities for both

water- and CO2-rich phases with optimized cross interaction parameters.63 However,

the Exp-6 water model is inaccurate for the prediction of thermodynamic properties

of brine.64 Furthermore, using polarizable force fields and accounting explicitly for

strong directional interactions between H2O and CO2 molecules, improved predic-

tions are obtained.65 In the future, we plan to study the effects of cross interaction

parameters, polarizable models etc. on the interfacial properties of CO2−CH4−brine

system. It is also worthwhile to further study the effect of ion type and chemical

reactions such as carbonate formation on the phase behavior of these mixtures.

Conclusions

In this work, molecular dynamics simulations have been performed to study CO2,

methane, and their mixture in the presence of brine over a broad range of temper-

ature (311-473 K), pressure (up to about 100 MPa), and NaCl concentration (up

to about 14wt %). We find that the temperature, pressure, and salt concentration

dependence of the interfacial tension predicted by our model is in agreement with

experiments in all studied systems. The general decrease in the IFT values of the

CH4−brine system with pressure and temperature is similar to that observed for
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the corresponding CH4−water system. The IFT of methane and brine is a linearly

increasing function of salt content, and the resulting slopes are dependent on the

pressure. We also show that the local adsorption of methane molecules generally de-

crease with increasing temperature and pressure. The presence of salt hardly affects

the behavior of the density profiles of different species in the CH4−water system.

A similar behavior as methane is obtained for such systems containing CO2 and

CO2−CH4 mixture. The IFT of CO2 and brine increases linearly with increasing

salinity, however, the resulting slopes are independent of pressure. The presence of

CO2 decreases the IFT values of the CH4−water and CH4−brine systems, while the

degree of reduction depends on the amount of CO2 in each sample. We find that

these IFT values show a linear correlation with the mole fraction of carbon dioxide

xCO2 , and the resulting slopes are dependent on temperature and pressure. Here,

the density profiles of CO2 and CH4 show adsorption peaks located at the interface

with relatively high intensity for the former. The preferential adsorption of CO2 over

CH4 indicates that water molecules are more likely to associate with CO2 by virtue

of strong quadrupole-dipole interactions.

The knowledge of, e.g., the concentration of H2O dissolved in CO2−CH4 mixture

can help develop rational injection strategies to optimize geological CO2 sequestration

and natural gas production. The simulation results for the mole fractions of the vari-

ous species in the CO2−CH4−water system at 323 K and 9 MPa are consistent with

experiments. We demonstrate that the mole fractions of methane and CO2 in the

water-rich phase decrease with increasing salt concentration, while that of H2O in the

methane- or CO2-rich phases remains almost unaffected in all studied cases. There-

fore, theoretical models8 employing the same parameters as for the CO2−CH4−water

system could be used to predict the corresponding water solubility in the presence of

salt. We believe that the above mentioned properties will be relevant to geological

carbon storage and CO2 enhanced shale gas production.
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2.1.6 Supporting information

Figure S2.1.1: Temperature dependence of the surface tension of methane as com-
puted from the MD simulations (symbols) and the corresponding experimental data
(NIST Chemistry WebBook).
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Figure S2.1.2: Density of CO2 at 308.15 K and different pressures as computed from
the MD simulations (symbols) and the corresponding experimental data (NIST Chem-
istry WebBook). The dotted line is the critical pressure (about 7.38 MPa).
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Figure S2.1.3: Temperature dependence of the surface tension of water as computed
from the MD simulations (symbols) and the corresponding experimental data (Var-
gaftik et al., 1983).
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Figure S2.1.4: Temperature dependence of IFT for the (a) CH4−water system and
the CH4−brine system: (b) 5 wt% NaCl and (c) 10 wt% NaCl, as computed from the
MD simulations. Lines are a guide to the eyes.
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Figure S2.1.5: IFT dependence on salt concentration (molality) for the CH4−brine
system as computed from the MD simulations: (a) 311, (b) 373, (c) 423, and (d) 473
K. Lines are a guide to the eyes.
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Figure S2.1.6: Temperature dependence of IFT for the (a) CO2−water system and
the CO2−brine system: (b) 5 wt% NaCl and (c) 10 wt% NaCl, as computed from
the MD simulations. Lines are a guide to the eyes.
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Figure S2.1.7: IFT dependence on salt concentration (molality) for the CO2−brine
system as computed from the MD simulations: (a) 333, (b) 344, (c) 373, and (d) 423
K. Lines are a guide to the eyes.
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Figure S2.1.8: IFT dependence on mole fraction of CO2 xCO2 for the CO2−CH4−water
(left panels) system and the CO2−CH4−brine (right panels) system with 10 wt%
NaCl. Shown are the simulation results at 348 (top panels) and 398 K (bottom
panels). Lines are a guide to the eyes.
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Figure S2.1.9: Same as in Fig. 2.1.8, but at 348 K and 7 MPa.
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Figure S2.1.10: Same as in Fig. 2.1.8, but at 348 K and 25 MPa.
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Figure S2.1.11: Same as in Fig. 2.1.8, but at 398 K and 7 MPa.
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Figure S2.1.12: Same as in Fig. 2.1.8, but at 398 K and 16 MPa.
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Figure S2.1.13: Same as in Fig. 2.1.8, but at 398 K and 25 MPa.
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Figure S2.1.14: The mole fraction of methane in the water-rich phase versus the mole
fraction of CO2 in the methane or CO2-rich phases for the CO2−CH4−water (left
panels) system and the CO2−CH4−brine (right panels) system with 10 wt% NaCl.
Shown are the simulation results at 348 (top panels) and 398 K (bottom panels).
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Figure S2.1.15: The mole fraction of CO2 in the water-rich phase versus the mole
fraction of CO2 in the methane or CO2-rich phases for the CO2−CH4−water (left
panels) system and the CO2−CH4−brine (right panels) system with 10 wt% NaCl.
Shown are the simulation results at 348 (top panels) and 398 K (bottom panels).
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Figure S2.1.16: The mole fraction of H2O in the methane or CO2-rich phases versus
the mole fraction of CO2 in the methane or CO2-rich phases for the CO2−CH4−water
(left panels) system and the CO2−CH4−brine (right panels) system with 10 wt%
NaCl. Shown are the simulation results at 348 (top panels) and 398 K (bottom
panels).
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Figure S2.1.17: Equilibrium distributions of orientations for the water dipoles, H-H
vectors of the water molecules, and head-to-tail vectors of the CO2 molecules (from
top to bottom, respectively) relative to the axis perpendicular to the interface at
348 K and 7 MPa. Shown are the simulation results for the CO2−CH4−water (left
panels) system and the CO2−CH4−brine (right panels) system with 10 wt% NaCl.
The mole fraction of CO2 xCO2 ≈ 0.6. Bright regions correspond to high probabilities
of orientation angles.
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Figure S2.1.18: Same as in Fig. S2.1.17, but at 348 K and 16 MPa.
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Figure S2.1.19: Same as in Fig. S2.1.17, but at 348 K and 25 MPa.
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Figure S2.1.20: Same as in Fig. S2.1.17, but at 398 K and 7 MPa.



96

Figure S2.1.21: Same as in Fig. S2.1.17, but at 398 K and 16 MPa.
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Figure S2.1.22: Same as in Fig. S2.1.17, but at 398 K and 25 MPa.
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Figure S2.1.23: Effect of the choice of water model on the pressure dependence of
IFT for the CO2−CH4−water system at 423 K. Shown are the results obtained from
the MD simulations (symbols) and the corresponding experimental data (Kashefi et
al., 2016; Pereira et al., 2016).
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2.2 Effect of Ion Valency on the Properties of the Carbon

Dioxide-Methane-Brine System

TOC Graphic

2.2.1 Abstract

Molecular dynamics simulations and theoretical analysis were carried out to study

the bulk and interfacial properties of carbon dioxide−methane−water and carbon

dioxide−methane−brine systems under geological conditions. The density gradi-

ent theory with the bulk phase properties estimated using the cubic-plus-association

(CPA) equation of state (EoS) can well describe the increase in the interfacial ten-

sion (IFT) of the CO2−water system in the presence of methane. The theoretical

estimates of species mole fractions in the carbon dioxide−methane−water system are
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in good quantitative agreement with the experimental results. Furthermore, simu-

lations of carbon dioxide−methane−brine system show that the IFT of the CaCl2

case is generally higher than that of the NaCl case. This is probably due to the

stronger hydration of Ca2+ ions and their stronger repulsion from the interface as

compared to Na+. While the overall shape of the ionic profiles is not much affected

by the ion type, the water profiles show a local enrichment at the interface in the

system with CaCl2. In contrast to the case of NaCl, the slopes of the plots of IFT

vs CaCl2 concentration are dependent on temperature. Species mole fractions in the

carbon dioxide−methane−brine system predicted by combining the CPA EoS with

the Debye-Hückel electrostatic term are in good agreement with simulation results.

2.2.2 Introduction

To reduce atmospheric emissions of CO2, its storage in deep saline aquifers and de-

pleted oil and gas reservoirs is considered an effective strategy.1–7 Recently, large

capacity estimates for sequestration of CO2 in shale gas reservoirs have been re-

ported. For example, the Marcellus shale could store up to about 18 gigatonnes of

CO2 by 2030.8 Therefore, the study of the interaction between CO2 and the fluids

and minerals present in subsurface formations is fundamental to the understanding

of geological sequestration of CO2. The estimates of species mole fractions9–13 of the

participating fluid mixtures may be essential to improve injection approaches during

carbon dioxide storage and gas production. The interfacial tension (IFT) can influ-

ence the CO2 storage in reservoirs by controlling the potential leakage of CO2 through

the caprocks.14,15

In recent years there has been considerable interest in the study of properties of

methane-brine9,16–18 and carbon dioxide-brine systems.10,17–29 These studies showed

a linear dependence of IFT on the salt concentration under geological conditions. In

general, for both of these systems, the slopes of the plots of IFT vs NaCl concentra-
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tion were independent of pressure and temperature. Interestingly, this slope is higher

for the CaCl2 case compared to the NaCl case. These studies also showed that the

solubilities of methane and carbon dioxide in salt solutions decrease with increasing

ionic strength. In addition, experimental studies have addressed the bulk and in-

terfacial properties of H2O + CH4 + CO2 ternary system.11–13,18,30 Míguez et al.31

studied the interfacial properties of this ternary mixture using computer simulations

and density gradient theory (DGT). It was found that the preferential adsorption of

carbon dioxide over water interface is greater if compared to methane. However, the

study of the carbon dioxide−methane−brine system has been rare.17,18

Recently, we studied CO2, CH4, and their mixture in NaCl brine under geo-

logical conditions using molecular dynamics (MD) simulations.17 These simulations

showed that the presence of methane increases the IFT values of the CO2−water

and CO2−brine systems. This increase depends on the amount of methane which is

in agreement with experimental results.18 We also found that the mole fractions of

methane (yCH4) and carbon dioxide (yCO2) in the H2O-rich phase decrease with in-

creasing NaCl concentration. However, the mole fraction of water (xH2O) in the CH4-

or CO2-rich phases was almost independent of the NaCl concentration. To further

understand the effect of ion type, in this part we present MD simulation results for

CO2, CH4, and their mixture in the presence of CaCl2 (aq). Calcium chloride was

chosen for this study because it is also a major component of natural brines.32 Given

the general lack of experimental data for this system, theoretical modeling is used to

complement the simulation results.

2.2.3 Molecular dynamics simulation

The LAMMPS code33 was utilized to carry out MD simulations. The simulation

model and method employed here are the same as in our previous study.17 Addition-

ally, Ca2+ ion was modeled using the parameters from Koneshan et al.34 (Lennard-
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Jones length σ = 2.87 Å and Lennard-Jones energy ε = 0.1 kcal/mol).

The interfacial tension was estimated as35

γ =
1

2
Lz

[
Pzz −

1

2
(Pxx + Pyy)

]
, (2.6)

where Lz is the simulation box length in the direction normal to the interface (z).

Pxx, Pyy, and Pzz are the 3 diagonal components of the pressure tensor. Since our

simulation box contains two interfaces, a multiplication factor of 1/2 is needed in the

above equation. Our simulation cells are 36 × 36 Å in the directions parallel to the

interface. The simulation box length Lz is at least about 100 Å, which is sufficiently

large to ensure that the bulk phase properties are observed in both fluid phases and

that the IFT is independent of the system size.17,35

In our simulations, the TIP4P/2005 water model is preferred over the simple point

charge (SPC) water model because the former model has been shown to provide a

relatively better estimate of water surface tension.17,36 Note also that by replacing

the TIP4P/2005 water model with the flexible F3C water model,28 poor results were

obtained for the simulated IFT of the carbon dioxide-methane-water system.17

2.2.4 Theoretical details

Bulk properties

The cubic-plus-association (CPA)37,38 equation of state (EoS) with Soave-Redlich-

Kwong cubic term and the van der Waals one-fluid mixing rules is applied to com-

pute bulk properties such as solubility. The association term in CPA EoS takes into

account the specific site-site interaction between molecules. Water was modeled with

the 4C association scheme.39 In addition, carbon dioxide is assumed to be able to

cross-associate with water (solvation).40 The values of the CPA parameters from the

literature39–42 are listed in Tables S2.2.1 and S2.2.2.
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The presence of salt in the system was modeled by adding an electrostatic term43,44

to the fugacity coefficient term of nonelectrolyte components:

ln φi = ln φEoSi + ln γELi , (2.7)

where φEoSi is the fugacity coefficient of component i evaluated by the CPA EoS and

γELi is the Debye-Hückel activity coefficient. The electrostatic term is given as

ln γELi =
2AhisMm

B3
f(BI1/2), (2.8)

where the parameters A and B, and the function f is obtained from Aasberg-Petersen

et al.43 Each interaction coefficient between the salt and the nonelectrolyte component

his taken from the literature16,25,44 is listed in Table S2.2.3. In addition, the interaction

coefficient between methane and CaCl2 has been optimized by using experimental

data of methane solubility.9

Density gradient theory

The Helmholtz free energy functional of the system with a planar interface of area a

is given by45,46

F = a

∫ +∞

−∞

[
f0(n(z)) +

1

2

∑
i

∑
j

cij
dni

dz

dnj

dz

]
dz, (2.9)

where f0 is the Helmholtz free energy density of the homogeneous fluid at local com-

position n(z). F also contains a corrective term which is function of the local density

gradients (dni/dz is the density gradient of component i). The cross influence pa-

rameter47–49

cij = (1− βij)
√
ciicjj, (2.10)
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where βij is the binary interaction coefficient and cii is the influence parameter of

component i. The values of pure component influence parameters from the literature

are listed in Table S2.2.4.

After minimization of the Grand potential, the equilibrium density profiles across

the interface satisfy the following Euler-Lagrange equations:

∑
j

cij
d2nj

dz2
= µ0

i (n1(z), ..., nNc(z))− µi for i, j = 1, .., Nc, (2.11)

where µ0
i ≡ (∂f0

∂ni
)T,V,nj

, µi is the chemical potential of component i and Nc is the

number of components. The above set of equations are reduced to a finite domain by

applying Dirichlet boundary conditions:

ni = nIi at z = 0

ni = nIIi at z = l,
(2.12)

where nIi and nIIi are the densities of the coexisting bulk phases and l is the thickness

of the interface. The bulk properties were evaluated using the CPA EoS as mentioned

above. The thickness l is initially assumed to be 5 Å and then gradually increased

until the convergence is reached for the IFT value.45,46 A linear density profile was

used as an initial guess. The non-linear equations were discretized by a finite difference

method and solved by Newton-Raphson iteration. 500 equidistant grid points were

used. Once the density profiles are known, the interfacial tension can be determined

as

γ =

∫ +∞

−∞

∑
i

∑
j

cij
dni

dz

dnj

dz
dz (2.13)
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2.2.5 Results and discussion

Carbon dioxide−methane−water system

Before presenting the results of the CaCl2 case, we discuss the recent progress in the

experimental and simulation studies of the carbon dioxide−methane−water system

under geological conditions. In addition, theoretical modeling is used to attain a

better understanding of the behavior of this system. Fig. 2.2.1 displays the IFT of the

carbon dioxide−methane−water system obtained using the density gradient theory

(smooth lines) at 348 K. Also shown in Fig. 2.2.1 are the experimental18 (closed

symbols) and the MD simulation17 (open symbols) results. Our theory is in good

agreement with both experiment and simulation results. For example, the absolute

average deviation between experimental and calculated IFT values is about 6%. This

shows that the DGT approach with the bulk phase properties estimated using the

CPA EoS can well describe, for example, the general decrease in the interfacial tension

with increasing pressure, and the increase in the IFT of the CO2−water system in the

presence of methane. The values of the adjustable binary interaction coefficient βij

used for the theoretical calculations are given in Table 2.2.1. Note that to maintain

the stability of the interface, the values of βij are typically in the range between 0

and 1.47–49
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Figure 2.2.1: Interfacial tension as a function of pressure for the carbon
dioxide−methane−water system at 348 K. The lines represent the DGT results. Also
shown are the experimental18 (solid symbols) and the MD simulation17 (open sym-
bols) results.

Table 2.2.1: DGT binary interaction coefficient (βij) for pairs among CH4, CO2, and
H2O.

Pair βij
CH4-H2Oa 0.39
CO2-H2Ob 0.27
CH4-CO2 0.04

aKashefi et al.16 bPereira et al.25

The atomic density profiles can be readily obtained from both molecular simu-

lations and theory. For example, Fig. 2.2.2 shows the density profiles of methane,

CO2, and water in the carbon dioxide−methane−water system at 16 MPa and 348 K.

The results are given for mole fraction of CO2 in the carbon dioxide- or methane-rich

phases, xCO2 ≈ 0.6. We see that the theoretical predictions of density profiles closely

follows the results obtained from the molecular simulations. Our DGT approach can

well describe the familiar tanh shape of the water density profiles and the preferential
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adsorption of carbon dioxide over methane at the interface. The preferential adsorp-

tion of carbon dioxide over methane reflects the higher affinity of water for carbon

dioxide. Similar behavior was also observed by Míguez et al.31

Figure 2.2.2: Atomic density profiles for the carbon dioxide−methane−water system
(xCO2 ≈ 0.6) at 16 MPa and 348 K. The blue color represents the DGT results. Also
shown are the MD simulation17 (black) results. The solid, dashed, and dotted lines
denote water, carbon dioxide, and methane, respectively. The inset shows the same
set of data in linear-log scale.

The estimates of species mole fractions in the carbon dioxide−methane−water

system may be essential to improve injection approaches during geological carbon

dioxide storage and gas production.2,4,6,11–13 Fig. 2.2.3 shows bulk mole fractions in

the carbon dioxide−methane−water system at 9 MPa and 323 K, as calculated using

the CPA EoS (smooth lines). Also shown in Fig. 2.2.3 are the experimental11–13

(closed symbols) and the MD simulation17 (open symbols) results. We see that our

theoretical calculations are in good quantitative agreement with the experimental

results. Also, EoS models such as the mixed-solvent electrolyte, STOMP-COMP,

and the statistical associating fluid theory for variable range Mie potentials (SAFT
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γ−Mie) accurately predict water solubilities in the carbon dioxide−methane−water

system.11 Of these models, improvement could be afforded to the SAFT γ−Mie model

in fluids with greater methane content. Note that the simulated17 and experimental

mole fractions of water differ by a factor of up to 2. The simulation results may be

improved by use of, e.g., polarizable models.50

Figure 2.2.3: Species mole fractions in the carbon dioxide−methane−water system
at 9 MPa and 323 K. The lines represent the DGT results. Also shown are the
experimental11–13 (solid symbols) and the MD simulation17 (open symbols) results.

Carbon dioxide−methane−brine system

First we will discuss cases of xCO2 = 0 (methane−brine system) and xCO2 = 1 (carbon

dioxide−brine system). The IFT values of the methane−brine (CaCl2) system as

obtained from the MD simulations are shown in Fig. 2.2.4. These IFT values at

selected pressures are replotted as functions of temperature and salt concentration

(molality) in Figs. S2.2.1 and S2.2.2, respectively. Here the changes in the IFT
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are similar to those obtained for the corresponding methane−NaCl brine system.17

Notably, the slope of IFT vs salt concentration decreases with increasing temperature

from about 3.0 to 1.5 mN/(m mol kg−1), almost independent of pressure (see Fig.

S2.2.2). For system with NaCl, a slope of about 2.2 mN/(m mol kg−1) was reported17

at these conditions. The higher slope of the system with CaCl2 may be due to the

stronger hydration of Ca2+ ions and their stronger repulsion from the interface as

compared to Na+ (see below).

Figure 2.2.4: Simulated interfacial tension as a function of pressure for the
methane−brine (CaCl2) system with salt concentrations of (a) 0.9 mol kg−1 and
(b) 1.8 mol kg−1. Error bars are smaller than the symbols.
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Density profiles may provide further insight into the understanding of the behavior

of the IFT. For example, Fig. 2.2.5 displays the density profiles in the methane−brine

(1.8 mol kg−1 CaCl2) system estimated from molecular simulations at 16 MPa and

373 K. Overall, the density distributions are similar to those obtained previously.17

We obtained the familiar tanh shape of the water density profiles in both cases with

and without NaCl.17 However, our simulations show a local enrichment of water in

the system with CaCl2. Similar behavior of water is reported for KCl-water system

by Peng and Firouzi51 This may be explained by the higher ionic strength enhanced

desorption of ions in the interfacial region. Also, we see the local enrichment of

methane at the interface. The methane density in the H2O-rich phase decreases with

salt concentration consistent with experiments.9 Notably, this density is relatively

low for system with CaCl2. For example, densities of methane in salt-free,17 NaCl,17

and CaCl2 (see inset of Fig. 2.2.5) systems are about 1.3, 0.8, and 0.6 ×10−3 g/cm3,

respectively.
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Figure 2.2.5: Atomic density profiles for the methane−brine (1.8 mol kg−1 CaCl2)
system at 16 MPa and 373 K. The MD simulation results are shown as solid, dashed,
dotted, and dot-dashed lines for water, methane, Ca2+, and Cl−, respectively.

The IFT values of the carbon dioxide−brine (CaCl2) system as obtained from

simulations (open symbols) are shown in Fig. 2.2.6. The experimental results (solid

symbols) by Aggelopoulos et al.21 are also shown in Fig. 2.2.6. Similar experi-

mental results were also obtained by other researchers.23 We find a good qualitative

agreement between simulation results and experimental data. These IFT values at

selected pressures are replotted as functions of temperature and salt concentration in

Figs. S2.2.3 and S2.2.4, respectively. Here the changes in the IFT are similar to those

obtained for the corresponding carbon dioxide−NaCl brine system.17 It is interesting

to note that the nonmonotonic behavior of the IFT with temperature is more pro-

nounced for the case of CaCl2 system (see, e.g., Fig. S2.2.3). Also, the slope of IFT

vs salt concentration decreases with increasing temperature from about 2.5 to 2.0
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mN/(m mol kg−1), almost independent of pressure (see Fig. S2.2.4). For system with

NaCl, a slope of about 2.0 mN/(m mol kg−1) was reported17 at these conditions. The

higher slope of the system with CaCl2 has also been reported in previous simulation

studies.28

Figure 2.2.6: Interfacial tension as a function of pressure for the carbon dioxide−brine
(CaCl2) system with salt concentrations of (a) 0.9 mol kg−1, (b) 1.8 mol kg−1, and
(c) 2.7 mol kg−1. The MD simulation results are shown as open symbols. Error bars
are smaller than the symbols. Also shown are the experimental data of Aggelopoulos
et al.21 as solid symbols.
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Fig. 2.2.7 displays the density profiles in the carbon dioxide−brine (1.8 mol kg−1

CaCl2) system estimated from molecular simulations at 16 MPa and 373 K. Overall,

the density distributions of water and ions are similar to those mentioned above.

We also find the local enrichment of carbon dioxide at the interface, as observed

previously.17 The carbon dioxide density in the H2O-rich phase decreases with salt

concentration consistent with experiments.10 Notably, this density is relatively low for

system with CaCl2. For example, densities of carbon dioxide in salt-free,17 NaCl,17

and CaCl2 (see inset of Fig. 2.2.7) systems are about 3.5, 1.8, and 1.3 ×10−2 g/cm3,

respectively.

Figure 2.2.7: Atomic density profiles for the carbon dioxide−brine (1.8 mol kg−1

CaCl2) system at 16 MPa and 373 K. The MD simulation results are shown as solid,
dashed, dotted, and dot-dashed lines for water, carbon dioxide, Ca2+, and Cl−, re-
spectively.

Fig. 2.2.8 displays the IFT of the carbon dioxide−methane−brine (1.8 mol kg−1

CaCl2) system as obtained from MD studies at 348 and 398 K. These IFT values
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at selected pressures are replotted as a function of xCO2 in Fig. S2.2.5. We find a

general decrease in the IFT with increasing temperature or increasing pressure in all

investigated cases as expected. We also find that the slopes of IFT vs xCO2 plots are

almost independent of the salt molality or ion type. As with the previous cases17 and

depending on the pressure, slopes of IFT vs xCO2 plots change from about −12 to

−19 mN/m at 348 K and −9 to −16 mN/m at 398 K (see Fig. S2.2.5). Here, system

with CaCl2 generally shows higher IFT than the corresponding NaCl system,17 as in

the methane−brine and carbon dioxide−brine cases.

Figure 2.2.8: Simulated interfacial tension for the carbon dioxide−methane−brine
(1.8 mol kg−1 CaCl2) system. Error bars are smaller than the symbols.

Fig. 2.2.9 displays the density profiles in the carbon dioxide−methane−brine (1.8

mol kg−1 CaCl2) system estimated from molecular simulations at 16 MPa and 348 K.

The results are given for xCO2 ≈ 0.6. Also, Figs. S2.2.6-S2.2.10 show these density

profiles at other conditions. The density profiles are similar as in the methane−brine

and carbon dioxide−brine systems mentioned above. As in our previous studies,17

density profiles show a preferential adsorption of carbon dioxide over methane. We
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also see that the local accumulation of water at the interface decreases with increasing

temperature. This may be due to the fact that ion hydration increases as the tem-

perature decreases,52 resulting in stronger repulsion of ions from the interface. This

may be also the reason that, the slopes of the plots of IFT vs CaCl2 concentration

are dependent on temperature.

Figure 2.2.9: Atomic density profiles for the carbon dioxide−methane−brine (1.8 mol
kg−1 CaCl2) system at 16 MPa and 348 K. The results are given for xCO2 ≈ 0.6. The
MD simulation results are shown as thick solid, dashed, dotted, dot-dashed, and thin
solid lines for water, carbon dioxide, methane, Ca2+, and Cl−, respectively.

The simulation results of IFT may also be interpreted by means of the surface

excess.35 The IFT and surface excess can be related using the Gibbs adsorption

equation:

−dγ =
∑
i

Γidµi, (2.14)

where µi is the chemical potential of component i. This equation, for example, indi-

cates that increasing the chemical potential of a component with a positive surface



116

excess would reduce the IFT. The following expression was employed for the calcula-

tion of surface excess of each component i with respect to water:53

Γi,H2O = −αi
∫ +∞

−∞
∆C(z)dz, (2.15)

with

∆C(z) =
nH2O(z)− nIIH2O

αH2O

−
ni(z)− nIIi

αi
, (2.16)

where

αi =
nIIi − nIi

nIIi − nIi + nIIH2O
− nIH2O

, (2.17)

and

αH2O =
nIIH2O

− nIH2O

nIIi − nIi + nIIH2O
− nIH2O

. (2.18)

Here, I denotes the methane or carbon dioxide-rich phase, and II the water-rich

phase. The surface excesses of methane and carbon dioxide show a non-monotonic

relationship with pressure (see Figs. S2.2.11-S2.2.12). The higher surface excess of gas

in the low pressure range indicates a steeper decline of the IFT. There is a moderate

increase in the IFT at relatively high pressures and the minimum in the IFT may be

at the transition point between the positive and negative relative adsorption of gas

molecules.16,48 We see that this transition point shifts toward higher pressures in the

presence of salt. Our results also indicate a negative surface excess for the ions which

can explain the increase in the IFT with increasing chemical potential of ions.

Fig. 2.2.10 displays species mole fractions in the carbon dioxide−methane−brine

(1.8 mol kg−1 CaCl2) system at 348 K from both simulations (symbols) and theory

(lines). Also, Fig. S2.2.13 shows these mole fractions at 398 K. We see that our sim-

ulations are in good qualitative agreement with the theoretical results. We checked

that the solubility data for the brine systems with xCO2 = 0 and xCO2 = 1 predicted by
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theory are in very good agreement with the experimental results9,10(not shown). This

shows that the CPA EoS along with the electrostatic term from the Debye-Hückel

activity model can well describe the effect of salt on solubilities. A better agreement

is obtained for yCH4 and yCO2 . Note that the simulated and calculated mole fractions

of water differ by a factor of up to 2. As in the carbon dioxide−methane−water

case mentioned above, this difference may be due to the force field model used in

the simulations. In the future, we plan to study the effects of, e.g., cross-interaction

parameters and polarizable models50 on the interfacial properties of carbon dioxide-

methane-brine system. It is important to note that equations of state rooted in sta-

tistical mechanics such as the SAFT also provides accurate predictions for methane54

and CO2 solubilities in brines.54–56
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Figure 2.2.10: Mole fractions of (a) methane, (b) carbon dioxide, and (c) water in the
carbon dioxide−methane−brine (1.8 mol kg−1 CaCl2) system at 348 K. The symbols
represent results from the MD simulations, and the estimates obtained by combining
the CPA EoS with the modified Debye-Hückel electrostatic term are shown as lines.
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Conclusions

In this study, we investigated carbon dioxide−methane−water and carbon dioxide−methane−brine

systems under geological conditions by using molecular dynamics simulations and

theoretical analysis. The density gradient theory has been combined with the CPA

EoS to model the interfacial properties of the carbon dioxide−methane−water sys-

tem. The IFT values for the carbon dioxide−methane−water system estimated by

the DGT method using a binary interaction coefficient (Table 2.2.1) are in good

agreement with experimental data. Notably the local accumulations of methane and

carbon dioxide at the interface, and the preferential adsorption of carbon dioxide over

methane predicted by the DGT method are consistent with simulation results. Impor-

tantly, the solubility data for the carbon dioxide−methane−water system calculated

using the CPA EoS are in very good agreement with experimental results.

Simulations of carbon dioxide−methane−brine system indicate that for a given

salt concentration the IFT of the NaCl case17 is typically lower than that of the

CaCl2 case. This may be explained by the higher ionic strength enhanced desorp-

tion of ions in the interfacial region. No change in the shape of the simulated ionic

profiles is observed with valency. However, we found evidence for water enrichment

(Fig. 2.2.9) at the interface in the case with CaCl2. The solubility data for the car-

bon dioxide−methane−brine system calculated using the CPA EoS along with the

modified Debye-Hückel electrostatic term which takes into account the effect of salt

are consistent with simulations. The treatment of salt effects within the DGT frame-

work is challenging that, for example, the initial model25 is not able to predict the

local enrichment of water. Further studies are needed to understand the properties

of mixed and other brine systems in the presence of carbon dioxide and methane.
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2.2.7 Supporting information

Table S2.2.1: CPA parameters for CH4, CO2, and H2O.
Comp. a0 (J m3 mol−2) c1 b (10−5 m3 mol−1) εCPA (J mol−1) βCPA Ref.
CH4 0.2278 0.444 2.84 - - S1
CO2 0.35079 0.7602 2.72 - - S2
H2O 0.12277 0.6736 1.45 16655 0.0692 S3

CO2-H2O - - - 8328 0.1836 S2

Table S2.2.2: CPA binary interaction parameter (kij) for pairs among CH4, CO2, and
H2O (T is temperature in K).

Pair kij Ref.
CH4-H2O -1.18e-5·T2 + 1.02e-2 ·T - 1.9668 S4
CO2-H2O -1.5508e-1 + 8.77e-4·T S2
CH4-CO2 8.82e-2 S2

Table S2.2.3: Interaction coefficient (his) between salt and non-electrolyte components
(W is salt concentration in weight percent, T is temperature in K)
Pair his Ref.
CO2-NaCl -3.6813e-3·T2 + 2.8025·T - 480.8 S5
CO2-CaCl2 -1.2369e-3·T2 + 8.5643e-1·T - 115.5 S5
CH4-NaCl 1.3998e-3·T2 - 1.2176·T + 317.4 S6
CH4-CaCl2 3.2026e-3·T2 - 2.185·T + 411.9
H2O-NaCl -3.87989/W - 6.09e-3·W2 -4.595e-2/W2 - 8.13728 + 1.043e-2·(T-273.15) S7
H2O-CaCl2 -3.5666/W - 9.67e-3·W2 + 3.8581e-1/W2 - 3.96014 + 1.619e-2·(T-273.15) S7
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Table S2.2.4: DGT influence parameter (cii) for CH4, CO2, and H2O.
Comp. cii (10−20 J m5 mol−2) Ref.
CH4 2.0955 S6
CO2 2.8462 S5
H2O 1.8014 S6

Figure S2.2.1: Temperature dependence of IFT for the methane−brine system as
computed from the MD simulations: (a) 0.9 mol kg−1 CaCl2 and (b) 1.8 mol kg−1

CaCl2. Lines are a guide to the eyes.



128

Figure S2.2.2: IFT dependence on salt concentration for the methane−brine (CaCl2)
system as computed from the MD simulations: (a) 311, (b) 373, (c) 423, and (d) 473
K. Lines are a guide to the eyes.
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Figure S2.2.3: Temperature dependence of IFT for the carbon dioxide−brine system
as computed from the MD simulations: (a) 0.9 mol kg−1 CaCl2 and (b) 1.8 mol kg−1

CaCl2. Lines are a guide to the eyes.
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Figure S2.2.4: IFT dependence on salt concentration for the carbon dioxide−brine
(CaCl2) system as computed from the MD simulations: (a) 333, (b) 344, (c) 373, and
(d) 423 K. Lines are a guide to the eyes.
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Figure S2.2.5: IFT dependence on mole fraction of CO2 xCO2 for the carbon
dioxide−methane−brine (1.8 mol kg−1 CaCl2) system as computed from the MD
simulations at (a) 348 and (b) 398 K. Lines are a guide to the eyes.
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Figure S2.2.6: Same as in Fig. 2.2.9, but at 7 MPa and 348 K.
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Figure S2.2.7: Same as in Fig. 2.2.9, but at 25 MPa and 348 K.
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Figure S2.2.8: Same as in Fig. 2.2.9, but at 7 MPa and 398 K.
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Figure S2.2.9: Same as in Fig. 2.2.9, but at 16 MPa and 398 K.
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Figure S2.2.10: Same as in Fig. 2.2.9, but at 25 MPa and 398 K.
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Figure S2.2.11: Simulated surface excess for each species in the (a) carbon
dioxide−methane−water, (b) carbon dioxide−methane−brine (1.8 mol kg−1 NaCl),
and (c) carbon dioxide−methane−brine (1.8 mol kg−1 CaCl2) systems at 348 K. The
results are given for xCO2 ≈ 0.6.
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Figure S2.2.12: Same as in Fig. S2.2.11, but at 398 K.
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Figure S2.2.13: Same as in Fig. S2.2.10, but at 398 K.



140

References 

 

S1. Voutsas, E. C.; Boulougouris, G. C.; Economou, I. G.; Tassios, D. P. Water/Hydrocarbon 
Phase Equilibria Using the Thermodynamic Perturbation Theory. Ind. Eng. Chem. Res. 2000, 39, 
797-804. 
S2. Tsivintzelis, I.; Kontogeorgis, G. M.; Michelsen, M. L.; Stenby, E. H. Modeling Phase 
Equilibria for Acid Gas Mixtures Using the CPA Equation of State. Part II: Binary Mixtures with 
CO2. Fluid Phase Equilib. 2011, 306, 38-56. 
S3. Kontogeorgis, G. M.; Yakoumis, I. V.; Meijer, H.; Hendriks, E. M.; Moorwood, T. 
Multicomponent Phase Equilibrium Calculations for Water-Methanol-Alkane Mixtures. Fluid 
Phase Equilib. 1999, 160, 201-209. 
S4. Haghighi, H.; Chapoy, A.; Tohidi, B. Methane and Water Phase Equilibria in the Presence of 
Single and Mixed Electrolyte Solutions Using the Cubic-Plus-Association Equation of State. Oil 
Gas Sci. Technol. Rev. 2009, 64, 141-154. 
S5. Pereira, L. M.; Chapoy, A.; Burgass, R.; Tohidi, B. Interfacial Tension of CO2 + Brine 
Systems: Experiments and Predictive Modelling. Adv. Water Resour.2017, 103, 64-75. 
S6. Kashefi, K.; Pereira, L.M.; Chapoy, A.; Burgass, R.; Tohidi, B. Measurement and Modelling 
of Interfacial Tension in Methane/Water and Methane/Brine Systems at Reservoir Conditions. 
Fluid Phase Equilib. 2016, 409, 301-311. 
S7. Haghigi, H. PhD Thesis: Phase Equilibria Modelling of Petroleum Reservoir Fluids 
Containing Water, Hydrate Inhibitors and Electrolyte Solutions, Heriot-Watt University, 
Edinburgh, 2009. 



141

2.3 Bulk and Interfacial Properties of the Decane+Water Sys-

tem in the Presence of Methane, Carbon Dioxide, and

Their Mixture

TOC Graphic

2.3.1 Abstract

Molecular dynamics simulations are carried out to study the two-phase behavior of

the n-decane+water system in the presence of methane, carbon dioxide, and their

mixture at reservoir conditions. The simulation studies were complemented by the-

oretical modeling using the perturbed-chain statistical associating fluid theory (PC-

SAFT) equation of state (EoS) and density gradient theory. Our results show that

the presence of methane and carbon dioxide decreases the interfacial tension (IFT)
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of the decane+water system. In general, the IFT increases with increasing pres-

sure and decreasing temperature for the methane+decane+water and carbon diox-

ide+decane+water systems, similar to what has been found for the corresponding

decane+water system. The most important finding of this study is that the presence

of carbon dioxide decreases the IFT of the methane+decane+water system. The

atomic density profiles provide evidence of the local accumulation of methane and

carbon dioxide at the interface, in all studied systems. The results of this study show

the preferential dissolution in the water-rich phase and enrichment at the interface

for carbon dioxide in the methane+carbon dioxide+decane+water system. This in-

dicates the preferential interaction of water with carbon dioxide relative to methane

and decane. Notably, there is an enrichment of the interface by decane, especially

at high mole fractions of methane in the methane/decane-rich or methane/carbon

dioxide/decane-rich phase. Overall, the solubility of methane and carbon dioxide

in the water-rich phase increases with increasing pressure and temperature. Addi-

tionally, we find that the overall performance of the PC-SAFT EoS and the cubic-

plus-association EoS is similar with respect to the calculation of bulk and interfacial

properties of these systems.
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2.3.2 Introduction

Currently, more than 30 Gt of anthropogenic carbon dioxide is emitted per year,

mainly from the combustion of fossil fuels.1 The emission of carbon dioxide into the

atmosphere plays a key role in global warming and leads to important environmental

problems.2–5 For instance, the melting of ice sheets and glaciers due to global warm-

ing likely contributes to sea level rise. Notably, carbon capture and storage (CCS)

is regarded as an important technology for the reduction of anthropogenic carbon

dioxide emissions. Many materials such as zeolites,6,7 metal-organic frameworks,7,8

polymers,6,9–11 and geological formations12–22 have been used for CCS.

Interestingly, enhanced oil recovery (EOR) techniques have been considered for

sequestering carbon dioxide and improving oil recovery.15–22 In 2015, CO2-EOR de-

livered approximately 3% of the U.S. crude oil supply and its involvement will con-

tinue to grow in the coming decades.22 Currently, the water-alternating-gas (WAG)

method has been used in the CO2-EOR projects to reduce the unfavorable mobility

of carbon dioxide in the formations.20,21 During the WAG process, water is injected

alternately with carbon dioxide for mobility control. Therefore, bulk and interfacial

properties of the CO2+oil+water system play an important role in the CO2-EOR

projects. For instance, the oil recovery efficiency can be correlated to the interfacial

tension (IFT) using the capillary number defined as the ratio of the viscous forces

to capillary forces.18 The capillary number increases as IFT decreases and/or vis-

cosity increases. A lower IFT is desirable for the CO2-EOR techniques which may

help to improve oil recovery. Traditionally in the U.S, carbon dioxide from natu-

ral sources were employed for approximately 90% of CO2-EOR supply.19 Whereas,

CO2-EOR utilizing anthropogenic emissions would be required to obtain the desired

environmental benefits. Notably, impurities are present in the carbon dioxide stream

obtained from industrial and power sectors.23–25 In general, techniques used for the

removal of impurities from the gas streams are expensive. Thus, it is significant to
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investigate the properties of the CO2+oil+water system in the presence of impurities

such as CH4 for improving the performance of CCS and EOR.

Many experimental,26–36 theoretical,26,30–32,35 and simulation37–41 works have been

done to obtain the bulk and interfacial properties of ternary mixtures of CH4 or

CO2 with water and alkanes (e.g., n-decane which is the model oil in this study) at

reservoir conditions. In these studies, large regions of two- and three-phase equilibria

were observed for such ternary systems, and the three-phase region decreased with

increasing pressure. Furthermore, it was shown that the IFT of, for instance, the de-

cane+water system generally decreases in the presence of CH4 and CO2.26–28 This can

be attributed to the local enrichment of the interface by CH4 and CO2.37–41 Also the

IFT generally increases with increasing pressure and decreasing temperature for the

CH4+decane+water and CO2+decane+water systems in the two-phase region.26–28

Notably, the study of quaternary mixtures containing CH4, CO2, water, and higher

alkanes has not been reported so far.

Molecular simulations give important insights into the interfacial and bulk en-

vironments of different systems.11–14,42–49 In this study, molecular dynamics (MD)

simulations were carried out to understand the properties of CH4+decane+water,

CO2+decane+water, and CH4+CO2+decane+water systems at reservoir conditions.

The simulation studies were complemented by theoretical modeling because of the

general lack of experimental data for such systems, especially the quaternary case.

2.3.3 Simulation details

The MD simulations were carried out utilizing the LAMMPS code.50 The simulation

models and methods implemented here were the same as described in our previous

studies.47,48 Additionally, the transferable potentials for phase equilibria (TraPPE)51

united atom force field is employed to model the n-decane molecules and the Lennard-

Jones (LJ) parameter for unlike atoms εij is estimated using an extended version52
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of the Lorentz-Berthelot combining rule:

εij = kLJ
ij

√
εiεj, (2.19)

where kLJ
ij is an adjustable parameter. In our simulations, the parameter kLJ

ij = 1,

unless otherwise stated. Each simulation box contained 2048 water molecules and

up to 512 CH4/CO2/decane molecules (Fig. 2.3.1). In all cases, the box dimensions

parallel to the interface were about 36 × 36 Å2. The MD runs are carried out with

periodic boundary conditions in all three dimensions. The box dimensions are suffi-

ciently large so that the finite-size effects are negligible in the estimations of the bulk

and interfacial properties.47,53 Each system is subjected to 5 ns equilibration run in

the NPT ensemble followed by 5 ns production run in the NV E ensemble. Only the

box size in the z direction (normal to the interface) was allowed to vary during the

NPT simulations. We have employed a velocity Verlet algorithm with a constant

step size of 1 fs to integrate the equations of motion. The Nosé-Hoover thermostat

with a relaxation time of 0.1 ps and the Nosé-Hoover barostat with a relaxation time

of 1.0 ps are employed to control the temperature and pressure, respectively. The

long-range electrostatic interactions were evaluated by the particle-particle particle-

mesh method with a precision of 10−5. We chose a cutoff of 15 Å for both LJ and

electrostatic interactions. The error bars are based on the standard deviation of the

mean of four independent MD trajectories.

The IFT is evaluated as follows:47–49,53,54

γ =
1

2
Lz

[
Pzz −

1

2
(Pxx + Pyy)

]
, (2.20)

where Lz denotes the box size in the z direction, and Pxx, Pyy, and Pzz represent the

three diagonal components of the pressure tensor. The components of the pressure

tensor are calculated using the virial route as implemented in LAMMPS.50 A better
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agreement between simulation and experimental results was found by tuning the kLJ
ij

parameter (see eq. (2.19), and Figures S2.3.1 and S2.3.2). In this study, we chose

kLJ
ij = 1.1 for both water (O)-carbon dioxide (C) and water (O)-decane pairs.

Figure 2.3.1: Equilibrium snapshot of the CH4+CO2+n-decane system (xCH4 =
xCO2 ≈ 0.25) at 443 K and 30 MPa.

2.3.4 Theoretical details

The familiar perturbed-chain statistical associating fluid theory (PC-SAFT) equation

of state (EoS) was employed to calculate bulk properties (e.g., solubility) of the

system. More details of the PC-SAFT EoS can be found elsewhere.55,56 In brief,

the PC-SAFT EoS can by expressed via the compressibility factor Z:

Z = 1 + Zhc + Zdisp + Zassoc, (2.21)

where Zhc is the hard-chain term, Zdisp is the dispersive part, and Zassoc represents the

contribution due to association. Water is modeled using the 4C association scheme57

and CO2 is allowed to cross-associate with H2O (solvation).58 The PC-SAFT EoS

parameters used in this study are given in Tables S2.3.1 and S2.3.2. These parameters

were obtained from literature55,59 and in the absence of literature data, they were
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regressed from the experimental data.60–63

In addition, the PC-SAFT EoS was coupled with the density gradient theory

(DGT) for the estimation of the interfacial properties. Briefly, for a planar interface

of area A, the Helmholtz free energy is given as64,65

F = A

∫ +∞

−∞

[
f0(n) +

1

2

∑
i

∑
j

cij
dni

dz

dnj

dz

]
dz, (2.22)

where f0 denotes the Helmholtz free energy density of the homogeneous fluid at the

local density n, dni/dz represents the local density gradient of the ith component.

The cross influence parameter cij is defined as

cij = (1− βij)
√
ciicjj, (2.23)

where cii and cjj represent the pure component influence parameters, and βij denote

the binary interaction coefficient. The pure component influence parameters and the

binary interaction coefficients used in this study are given in Tables S2.3.3 and S2.3.4.

These parameters were obtained from literature66 and in the absence of literature

data, they were identified by fitting the experimental data.27,67–69

In equilibrium, the density profiles across the interface is evaluated through the

minimization of the free energy by solving the corresponding Euler-Lagrange equation:

∑
j

cij
d2nj

dz2
= µ0

i (n1(z), ..., nNc(z))− µi for i, j = 1, .., Nc, (2.24)

where µ0
i ≡ (∂f0

∂ni
)T,V,nj

, µi represents the chemical potential of the ith component and

Nc denotes the total number of components. These equations were solved together
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with the Dirichlet boundary conditions:

ni = nIi at z = 0

ni = nIIi at z = l,
(2.25)

where nIi and nIIi represent the bulk densities of the coexisting phases and l denotes

the interfacial thickness. The bulk properties are calculated employing the PC-SAFT

EoS as described above. Once the equilibrium density profiles are available, the

interfacial tension γ is estimated as follows:

γ =

∫ +∞

−∞

∑
i

∑
j

cij
dni

dz

dnj

dz
dz (2.26)

Figure 2.3.2: Interfacial tension as a function of pressure for the decane+water system.
The open symbols represent the results from the MD simulations and the estimates
obtained using DGT with the PC-SAFT EoS are shown as lines. The experimental
results of Georgiadis et al.27 are shown as solid symbols.
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2.3.5 Results and discussion

Decane+water system

Fig. 2.3.2 provides the IFT of the decane+water system obtained using MD (open

symbols) and theoretical (lines) calculations. Our results are also compared with

the corresponding experimental27 quantities (solid symbols). Other experimental re-

sults70–74 agree with the ones reported here and are omitted for clarity. It is seen that

our simulation and theoretical results are consistent with the experimental observa-

tions. The overall absolute average deviation, for instance, between the experimental

and theoretical IFT data was less than about 2.3%. From these results it is clear that

the IFT almost linearly increases with increasing pressure. We find that the linear

slope of the IFT versus pressure plot increases with increasing temperature. For in-

stance, the simulated slope changes from about 0.03 mN/(m MPa) at 323 K to 0.07

mN/(m MPa) at 443 K. Also, for a given pressure, the IFT decreases almost linearly

with increasing temperature. For instance, the slope changes from about −0.10 to

−0.07 mN/(m K) in the pressure range 30-100 MPa (Figure S2.3.3). These results

are consistent with other theoretical75–77 and simulation52,78–80 studies.

The atomic density profiles can be readily obtained using molecular simulations

and/or DGT, in comparison to experiments. For instance, Figure S2.3.4 provides the

density profiles of water and decane as predicted by MD (solid lines) and theoreti-

cal (dashed lines) calculations for the decane+water system. An overall agreement

between the simulation and theoretical results has been obtained. The theory shows

that the density profiles of water and decane vary monotonically across the inter-

face. Notably, in contrast to the theoretical prediction, there are oscillations present

near the interface for the simulated density profile of decane at low temperatures.

This may be due to the finite size of the simulated system.81,82 These density profiles

of water and decane can also be described approximately by a hyperbolic tangent

function.81 Furthermore, we see that the estimated water and decane liquid densities
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(Figure S2.3.5) away from the interface are in good agreement with the corresponding

experimental liquid densities of pure cases.67 These results show that decane is less

dense than water, and the densities of both water and decane increase with increas-

ing pressure and decreasing temperature. Such agreement indicates the low mutual

solubility of water and decane under the studied conditions. For example, Figure

S2.3.6 shows our calculated solubilities of water and decane at 0.1 MPa and the cor-

responding experimental data.60 A good quantitative agreement is obtained between

the theoretical and experimental data. However, the simulated solubility values, for

example, of water in the decane-rich phase differ by about an order of magnitude

from the experimental data. A similar finding was reported for the water solubility

in other alkanes.52 The agreement between the experimental and simulated solubility

data may be improved by using, e.g., the TIP4P water model with the TraPPE united

atom model for alkanes.52 Notably, the simulation of the IFT using the TIP4P/2005

water model performs better than that with most of the frequently employed water

models.47,52

The IFT can be understood in detail by means of the surface excess Γi and the

relation is given by the Gibbs adsorption equation:48,49,53,69

−dγ =
∑
i

Γidµi. (2.27)

The surface excess of the ith component relative to water is expressed as

Γi,water = −αi
∫ +∞

−∞
∆C(z)dz, (2.28)

with

∆C(z) =
nwater(z)− nIIwater

αwater

−
ni(z)− nIIi

αi
, (2.29)
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where

αi =
nIIi − nIi

nIIi − nIi + nIIwater − nIwater

, (2.30)

and

αwater =
nIIwater − nIwater

nIIi − nIi + nIIwater − nIwater

. (2.31)

Here, I denotes the decane-rich phase and II represents the water-rich phase. Figure

S2.3.7 provides the surface excess of decane as calculated from simulations (symbols)

and from theoretical modeling (solid lines) for the decane+water system. We see that

our simulation results are qualitatively consistent with the theoretical calculations.

We observe a negative surface excess for decane, which explains the increase in the

IFT with pressure (see, e.g., eq. (2.27) and Fig. 2.3.2). We also notice that, at a

given pressure, the surface excess of decane decreases with increasing temperature.

This can explain the fact that the slope of the IFT versus pressure plot increases with

increasing temperature. The negative surface excess of decane is expected because

of the effects of the unfavorable hydrophobic-hydrophilic interaction between decane

and water.78,80
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Figure 2.3.3: Interfacial tension as a function of pressure for the CH4+decane+water
system with (a) xCH4 ≈ 0.2, (b) xCH4 ≈ 0.5, and (c) xCH4 ≈ 0.8. The open symbols
represent the results from the MD simulations and the estimates obtained using DGT
with the PC-SAFT EoS are shown as lines. The experimental results of Jennings and
Newman28 are shown as solid symbols.
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Figure 2.3.4: Equilibrium distributions of different species in the CH4+decane+water
system (xCH4 ≈ 0.8) at (a) 323 K and 30 MPa, (b) 443 K and 30 MPa, (c) 323 K
and 100 MPa, and (d) 443 K and 100 MPa. The black and red colors represent MD
simulation and DGT, respectively. The solid, dashed, and dotted lines denote water,
decane, and methane, respectively.
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Decane+water system in the presence of CH4

Fig. 2.3.3 provides the IFTs as obtained from the MD calculations (open symbols)

and the corresponding theoretical results (lines) for the decane+water system in the

presence of methane (mole fraction of methane in the decane/CH4-rich phase xCH4 ≈

0.2, 0.5, and 0.8) under geological conditions. The simulated IFT values at different

pressures were replotted as a function of temperature and mole fraction of methane

xCH4 in Figures S2.3.8 and S2.3.9, respectively. It is seen that our simulation results

are consistent with the theoretical predictions. Note that our results are in qualitative

agreement with the only available experimental28 data (solid symbols). The difference

may be due to the presence of trace amounts of impurities27,28 in the experimental

system. As in the case of the decane+water system, the IFT almost linearly increases

with pressure and the linear slope of the IFT versus pressure plot increases with

temperature for the methane+decane+water system. Also, the linear slope of the

IFT versus pressure plot decreases with increasing mole fraction of methane xCH4 .

For instance, the simulated slope (T=443 K) changes from about 0.07 mN/(m MPa)

at xCH4 ≈ 0.2 to 0.03 mN/(m MPa) at xCH4 ≈ 0.8. It is worth noting that, the IFT

shows a nonmonotonic dependence on pressure in the methane+water system and, at

low pressures, it decreases with pressure as discussed in previous studies.47,69 Also,

for a given pressure, the IFT decreases almost linearly with increasing temperature

and increasing mole fraction of methane xCH4 . It can be seen that, independent of

the mole fraction of methane xCH4 , the slope of the IFT versus temperature plot

varies from about −0.11 to −0.08 mN/(m K) in the pressure range 30−100 MPa (see

Figure S2.3.8). The slope of the IFT versus mole fraction of methane xCH4 plot is in

the range of about −4 to −1 mN/m (see Figure S2.3.9). Note that these results are

consistent with the work of Pereira et al.26

It is interesting to explore the atomic density profiles to gain more insights into the

bulk and interfacial properties of the methane+decane+water system. For example,
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Fig. 2.3.4 provides the density profiles of methane, decane, and water as predicted by

MD and theoretical calculations for the methane+decane+water system (xCH4 ≈ 0.8).

Also, Figures S2.3.10 and S2.3.11 provide these profiles at xCH4 ≈ 0.2 and xCH4 ≈ 0.5,

respectively. An overall agreement between the simulation and theoretical results has

been obtained. Here the shape of the density profiles of decane and water is, in

general, similar to that observed for the decane+water system. An important finding

of this study is the enrichment of the interface by decane, especially at high values

of xCH4 (see, e.g., Fig. 2.3.4). Notably, the density profiles display a systematic

adsorption of methane in the interface. We see that this local enrichment of methane

at the interface increases with increasing pressure and decreasing temperature. It is

worth noting that, the local enrichment of methane shows a nonmonotonic dependence

on pressure in the methane+water system as discussed in previous studies.47,69 Our

results also show that the enrichment of the interface by methane generally increases

with increasing mole fraction of methane xCH4 . Furthermore, Figures S2.3.12, S2.3.13,

and S2.3.14 show our calculated solubilities of CH4 in the water-rich phase, decane in

the water-rich phase, and water in the decane/CH4-rich phase, respectively, under the

studied conditions. Our results show that these solubilities are affected by pressure,

temperature, and mole fraction of methane xCH4 . For example, the solubility of

methane increases with pressure, whereas the solubility of water shows an opposite

trend. It can be also seen that the solubility of decane is almost independent of

pressure. In general, the solubilities of the different species increase with increasing

temperature and increasing mole fraction of methane xCH4 .

It is also interesting to explore the surface excess in order to quantify, for example,

the local enrichment of methane at the interface. Figures S2.3.15 and S2.3.16 provide

the surface excess of methane and decane, respectively, as calculated from simulations

(symbols) and from theoretical modeling (solid lines) for the methane+decane+water

system under the studied conditions. We see that our simulation results are qualita-
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tively consistent with the theoretical calculations. In general, we observe a positive

surface excess for methane. This is possibly due to entropic effects.38 Our results show

that the surface excess of methane increases with increasing pressure and decreasing

temperature. Also the surface excess of methane generally increases with increasing

mole fraction of methane xCH4 . Overall, we observe a negative surface excess for de-

cane, similar to case of the decane+water system. However, we find a positive surface

excess for decane and a corresponding negative surface excess for methane, especially

at high values of xCH4 . As demonstrated above, the IFT generally increases with

pressure for the CH4+decane+water system under the studied conditions (see Fig.

2.3.3). This may suggest that the behavior of the IFT is dominated by the negative

surface excess of decane (see eq. (2.27)).
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Figure 2.3.5: Interfacial tension as a function of pressure for the CO2+decane+water
system with (a) xCO2 ≈ 0.2, (a) xCO2 ≈ 0.5, and (a) xCO2 ≈ 0.8. The open symbols
represent the results from the MD simulations and the estimates obtained using DGT
with the PC-SAFT EoS are shown as lines. The experimental results of Georgiadis
et al.27 are shown as solid symbols.
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Figure 2.3.6: Equilibrium distributions of different species in the CO2+decane+water
system (xCO2 ≈ 0.8) at (a) 323 K and 30 MPa, (b) 443 K and 30 MPa, (c) 323 K
and 100 MPa, and (d) 443 K and 100 MPa. The black and red colors represent MD
simulation and DGT, respectively. The solid, dashed, and dotted lines denote water,
decane, and carbon dioxide, respectively.

Decane+water system in the presence of CO2

Fig. 2.3.5 shows the IFTs as obtained from the MD calculations (open symbols) and

the corresponding theoretical results (lines) for the decane+water system in the pres-
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ence of carbon dioxide (mole fraction of carbon dioxide in the decane/CO2-rich phase

xCO2 ≈ 0.2, 0.5, and 0.8) at reservoir conditions. The simulated IFT values at differ-

ent pressures were replotted as a function of temperature and mole fraction of carbon

dioxide xCO2 in Figures S2.3.17 and S2.3.18, respectively. It is seen that our simula-

tion results are consistent with the theoretical predictions. Note that our results are

in good qualitative agreement with the available experimental27 data (solid symbols).

The overall absolute average deviation, for instance, between the experimental and

theoretical IFT data was less than about 10%. As in the case of the decane+water

system, the IFT almost linearly increases with pressure at low values of xCO2 , and

the linear slope of the IFT versus pressure plot increases with temperature for the

CO2+decane+water system. Also, the linear slope of the IFT versus pressure plot

decreases with increasing mole fraction of carbon dioxide xCO2 . For instance, the

simulated slope (T=443 K) changes from about 0.07 mN/(m MPa) at xCO2 ≈ 0.2 to

0.04 mN/(m MPa) at xCO2 ≈ 0.5. The IFT is almost independent of pressure for the

CO2+decane+water system at high values of xCO2 . It is interesting to note that the

IFT shows a nonmonotonic dependence on pressure in the CO2+water system and, at

low pressures, it decreases with pressure as discussed in previous studies.47,53,54 Also,

for a given pressure, the IFT decreases almost linearly with increasing temperature

and increasing mole fraction of carbon dioxide xCO2 . It can be seen that, independent

of the mole fraction of CO2, the slope of the IFT versus temperature plot varies from

about −0.09 to −0.07 mN/(m K) in the pressure range 30−100 MPa (see Figure

S2.3.17). The slope of the IFT versus CO2 mole fraction plot is in the range of about

−20 to −15 mN/m (see Figure S2.3.18).

It is important to consider the atomic density profiles to gain more insights into the

bulk and interfacial properties of the CO2+decane+water system. For example, Fig.

2.3.6 provides the density profiles of carbon dioxide, decane, and water as predicted

by MD and theoretical calculations for the CO2+decane+water system (xCO2 ≈ 0.8).
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Also, Figures S2.3.19 and S2.3.20 provide these profiles at xCO2 ≈ 0.2 and xCO2 ≈ 0.5,

respectively. An overall agreement between the simulation and theoretical results has

been obtained. Here the shape of the density profiles of decane and water is, in general,

similar to that observed for the decane+water system. Notably, the density profiles

display a systematic adsorption of carbon dioxide in the interface. We see that this

local enrichment of carbon dioxide at the interface increases with increasing pressure

and decreasing temperature. It is worth noting that, the local enrichment of CO2

shows a nonmonotonic dependence on pressure in the carbon dioxide+water system

as discussed in previous studies.47,53,54 Our results also show that the enrichment

of the interface by CO2 generally increases with increasing mole fraction of carbon

dioxide xCO2 . Furthermore, Figures S2.3.21, S2.3.22, and S2.3.23 show our calculated

solubilities of CO2 in the water-rich phase, decane in the water-rich phase, and water

in the decane/CO2-rich phase, respectively, under the studied conditions. Our results

show that these solubilities are affected by pressure, temperature, and mole fraction

of carbon dioxide xCO2 . For example, the solubility of CO2 increases with pressure,

whereas the solubility of water shows an opposite trend. It can be also seen that the

solubility of decane is almost independent of pressure. In general, the solubilities of

the different species increase with increasing temperature and increasing mole fraction

of carbon dioxide xCO2 .

It is also important to consider the surface excess in order to quantify, for ex-

ample, the local enrichment of carbon dioxide at the interface. Figures S2.3.24 and

S2.3.25 provide the surface excess of carbon dioxide and decane, respectively, as cal-

culated from simulations (symbols) and from theoretical modeling (solid lines) for the

CO2+decane+water system under the studied conditions. We see that our simulation

results are qualitatively consistent with the theoretical calculations. Here we observe

a negative surface excess for decane, similar to case of the decane+water system. We

also observe a positive surface excess for carbon dioxide. Our results show that the
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surface excess of CO2 increases with increasing pressure and decreasing temperature.

In general, the surface excess of CO2 increases with increasing mole fraction of carbon

dioxide xCO2 . As in the CH4+decane+water case, the IFT generally increases with

pressure for the CO2+decane+water system under the studied conditions (see Fig.

2.3.5). This result may indicate that the behavior of the IFT is dominated by the

negative surface excess of decane (see eq. (2.27)).

Figure 2.3.7: Interfacial tension as a function of pressure for the
CH4+CO2+decane+water system at (a) 323 K with xCH4 + xCO2 ≈ 0.5, (b)
443 K with xCH4 + xCO2 ≈ 0.5, (c) 323 K with xCH4 + xCO2 ≈ 0.8, and (d) 443 K
with xCH4 + xCO2 ≈ 0.8. The symbols represent the results from the MD simulations
and the estimates obtained using DGT with the PC-SAFT EoS are shown as lines.
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Figure 2.3.8: Equilibrium distributions of different species in the
CH4+CO2+decane+water system (xCH4 = xCO2 ≈ 0.25) at (a) 323 K and 30
MPa, (b) 443 K and 30 MPa, (c) 323 K and 100 MPa, and (d) 443 K and 100 MPa.
The black and red colors represent MD simulation and DGT, respectively. The solid,
dashed, dotted, and dot-dashed lines denote water, decane, methane, and carbon
dioxide, respectively.
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Decane+water system in the presence of CH4 and CO2

Fig. 2.3.7 provides the IFTs as obtained from the MD calculations (symbols) and the

corresponding theoretical results (lines) for the decane+water system in the presence

of methane and carbon dioxide (xCH4 + xCO2 ≈ 0.5 and 0.8) under geological condi-

tions. The simulated IFT values at different pressures were replotted as a function of

the mole fraction of carbon dioxide xCO2 in Figure S2.3.26. It is seen that our sim-

ulation results are consistent with the theoretical predictions. An important finding

is that the presence of CO2 decreases the IFT of the CH4+decane+water system. As

in the binary and ternary cases discussed above, the IFT almost linearly increases

with pressure for the CH4+CO2+decane+water system at low values of xCH4 + xCO2 .

The IFT is almost independent of pressure for the CH4+CO2+decane+water system

at high values of xCH4 + xCO2 . It is worth noting that, at low pressures, the IFT

decreases with pressure in the CH4+CO2+water system as discussed in our previous

study.47 We see that, for a given xCH4 + xCO2 and pressure, the IFT decreases with

increasing temperature. Also, the IFT decreases almost linearly with increasing mole

fraction of carbon dioxide xCO2 . For instance, the simulated slope is in the range of

about −18 to −8 mN/m (see Figure S2.3.26).

It is interesting to obtain the atomic density profiles to gain more understanding of

the bulk and interfacial properties of the CH4+CO2+decane+water system. For ex-

ample, Fig. 2.3.8 provides the density profiles of methane, carbon dioxide, decane, and

water as predicted by MD and theoretical calculations for the CH4+CO2+decane+water

system (xCH4 = xCO2 ≈ 0.25). Also, Figures S2.3.27-S2.3.31 show these profiles

at different mixture compositions. An overall agreement between the simulation

and theoretical results has been obtained. Here the shape of the density profiles

of the different species is similar to that observed for the CH4+decane+water and

CO2+decane+water systems. As in the case of the ternary systems, we could observe

the local enrichment of the interface by methane, carbon dioxide, and decane. Note
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that the enrichment of the interface by decane is observed only at high values of xCH4 .

The results show the preferential dissolution in the water-rich phase and enrichment

at the interface for CO2 in the CH4+CO2+decane+water system. This indicates the

preferential interaction of water with CO2 relative to methane and decane. Similar

local accumulation of methane and carbon dioxide at the interface was also observed

in the CH4+CO2+water system as discussed in our previous study.47 Furthermore,

Figures S2.3.32, S2.3.33, S2.3.34, and S2.3.35 show our calculated solubilities of CH4

in the water-rich phase, CO2 in the water-rich phase, decane in the water-rich phase,

and water in the decane/CH4/CO2-rich phase, respectively, under the studied condi-

tions. The overall dependence of the solubilities on pressure, temperature, and mole

fractions is similar to that observed for the ternary systems. For example, as in the

case of the ternary systems, the solubility of CH4 and CO2 increases with pressure,

whereas the solubility of water shows an opposite trend.

It is also important to consider the surface excess in order to quantify, for exam-

ple, the local enrichment of CH4, CO2, and decane at the interface. Figures S2.3.36,

S2.3.37, and S2.3.38 provide the surface excess of CH4, CO2, and decane, respectively,

as calculated from simulations (symbols) and from theoretical modeling (solid lines)

for the CH4+CO2+decane+water system under the studied conditions. We see that

our simulation results are qualitatively consistent with the theoretical calculations.

The overall dependence of the surface excess on pressure, temperature, and mole frac-

tions is also similar to that observed for the ternary systems. The strong preference

of water for CO2 over CH4 may result in a relatively higher surface excess for CO2.

Notably, we find a positive surface excess for decane and a corresponding negative

surface excess for methane at high values of xCH4 . As in the binary and ternary cases,

the IFT generally increases with pressure for the CH4+CO2+decane+water system

under the studied conditions (see Fig. 2.3.7). This may suggest that the behavior of

the IFT is dominated by the negative surface excess of decane (see eq. (2.27)). The
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increasing contributions of the positive surface excesses of methane and/or CO2 may

affect the above behavior at high mole fractions of CH4/CO2.

Alternative theoretical model

We also applied the cubic-plus-association (CPA) EoS to compute the bulk and in-

terfacial properties of our mixtures. The details of the DGT with the bulk phase

properties evaluated using the CPA EoS have been reported in our previous study.48

Additionally, the parameters to account for the interaction of decane with other

species are given in Tables S2.3.5-S2.3.8. These parameters were obtained from

literature83–85 and in the absence of literature data, they were identified by fitting

the experimental data.27,60,67 For example, Figure S2.3.39 shows the IFT of the de-

cane+water system obtained using the DGT with the CPA EoS. The overall absolute

average deviation between the experimental and theoretical IFT data was less than

about 3.7%. Figure S2.3.40 shows the calculated solubilities of water and decane at

0.1 MPa. A good quantitative agreement is obtained between the theoretical and

experimental data. Furthermore, Figures S2.3.41 and S2.3.42 show the estimated

IFTs of the CH4+decane+water and CO2+decane+water systems, respectively. It

is seen that our theoretical results are qualitatively consistent with the experimental

observations. For instance, for the CO2+decane+water system, the overall absolute

average deviation between the experimental and theoretical IFT data was less than

about 12%.

Furthermore, Figure S2.3.43 provides the estimated IFTs of the CH4+CO2+decane+water

system. Figure S2.3.44 shows the atomic density profiles for the CH4+CO2+decane+water

system. Figures S2.3.45, S2.3.46, S2.3.47, and S2.3.48 show our calculated solubility

data for the CH4+CO2+decane+water system. An overall agreement between the

simulation and theoretical results has been obtained. Thus, we find that the overall

performance of the PC-SAFT EoS and the CPA EoS is similar. Notably, the adsorp-
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tion peak in the density profile of CO2 estimated using DGT with the CPA EoS has

a slightly asymmetric shape across the interface (see, e.g., Figure S2.3.44). Also, the

PC-SAFT EoS is relatively more sensitive to the change in the kij value. For example,

a 1% change in the kij value results in about a 1% difference for the absolute aver-

age deviation between the experimental and theoretical (CPA EoS) solubility data

of decane (see, e.g., Figure S2.3.40). By following the same procedure but using the

PC-SAFT EoS, the difference is about 10% .

The bulk and interfacial properties of the studied systems play a key role in the

CO2-EOR projects. For instance, the oil recovery efficiency can be correlated to the

IFT using the capillary number.18 The capillary number increases as IFT decreases

and/or viscosity increases. A lower IFT is desirable for the CO2-EOR techniques

which may help to improve oil recovery. Our results show that both methane and

CO2 can lower the IFT between water and decane, and CO2 has a more significant ef-

fect than methane. This indicates that the advantage of CO2-EOR may be negatively

affected by the presence of impurities such as methane. Note that an important part of

the phase diagram of the CO2+decane+water system is occupied by a region of three

phase equilibria.30 As shown by us previously,49 at elevated pressures and tempera-

tures, CO2 and decane become miscible, which may improve the flow properties of the

highly viscous oil phase. The molecular simulation method is more time consuming

than the DGT method. However, in comparison with DGT, properties such as the

atomic radial distribution function, the chain size, and the molecular orientation can

be readily calculated from the molecular simulations.37,49 These molecular details and

the bulk and interfacial properties of the decane+brine system in the presence of gas

mixtures will be presented in a future publication. Recently, we studied the bulk and

interfacial properties of the CH4+CO2+decane system below the minimum miscibility

pressure.49 Here we extended this study to examine the bulk and interfacial proper-

ties of the CH4+CO2+decane+water system. This may be important, e.g., for the



167

better understanding of the WAG method used in the CO2-EOR projects. The phase

behavior of the CH4+CO2+decane system is significantly affected by the presence of

water. For example, the CH4+CO2+decane system is completely miscible at rather

low pressures of a few hundred bars.49 However, we are able to explore the bulk and

interfacial properties of the CH4+CO2+decane+water system at much higher pres-

sures due to the immiscibility between the water and the CH4+CO2+decane phases.

2.3.6 Conclusions

Molecular dynamics simulations were carried out to study the two-phase behavior

of the n-decane+water system in the presence of CH4, CO2, and their mixture over

broad ranges of temperature (323-443 K) and pressure (up to about 100 MPa). The

simulation studies are complemented by theoretical modeling using the PC-SAFT EoS

and density gradient theory. Our simulation and theoretical results for the IFT of

the CH4+decane+water and CO2+decane+water systems are qualitatively consistent

with the available experimental27,28 data. We find that the presence of CH4 and CO2

decreases the IFT of the decane+water system. The IFT increases with increasing

pressure and decreasing temperature for the decane+water system. Generally, similar

results are obtained in the presence of CH4 and CO2. The key finding from this work

is that the presence of CO2 decreases the IFT of the CH4+decane+water system.

We have compared the atomic density profiles obtained using molecular simula-

tions and DGT, in all studied systems. An overall agreement between the simulation

and theoretical results has been obtained. The local enrichment of CH4 and CO2 at

the interface is observed in these systems. Another interesting finding is the prefer-

ential dissolution in the water-rich phase and accumulation at the interface for CO2

in the CH4+CO2+decane+water system. This suggests an enhanced interaction be-

tween water and CO2 compared to the interaction between water and CH4/decane.

Interestingly, an enrichment of decane at the interface is observed at high mole frac-
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tions of CH4 in the CH4/decane-rich or CH4/CO2/decane-rich phase. Consistent with

these results, the systems show in general a positive surface excess for CH4 and CO2

and a negative surface excess for decane. We also found a positive surface excess for

decane and a corresponding negative surface excess for methane, especially at high

values of xCH4 . Furthermore, we calculated the solubilities of CH4, CO2, and decane

in the water-rich phase, and water in the decane/CH4/CO2-rich phase. For exam-

ple, we found that the solubility of CH4 and CO2 in the water-rich phase generally

increases with increasing pressure and temperature in the studied systems. Finally,

we demonstrated that the general performance of the PC-SAFT EoS and the CPA

EoS is similar with respect to the evaluation of bulk and interfacial properties of the

decane+water system in the presence of CH4, CO2, and their mixture.
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2.3.8 Supporting information

Table S2.3.1: PC-SAFT parameters for CH4, CO2, H2O, and decane.
Comp. m σ(Å) ε/k (K) εPC−SAFT/k (K) κPC−SAFT Ref.
CH4 1.0000 3.7039 150.03 - - S1

C10H22 4.6627 3.8384 243.87 - - S1
CO2 2.0729 2.7852 169.21 - - S1
H2O 2.1945 2.2290 141.66 1804.17 0.2039 S2

CO2-H2O - - - 902.09 0.5221 Expt. (S3)

Table S2.3.2: PC-SAFT binary interaction parameter (kij) for pairs (T is temperature
in K).

Pair kij Ref.
CH4-H2O -5.2019e-6·T2 + 4.5590e-3 ·T - 8.1936e-1 Expt. (S4,S5)

C10H22-H2O -3.5305e-6·T2 + 2.9134e-3 ·T - 3.7739e-1 Expt. (S6)
CO2-H2O -2.8007e-2 + 3.8257e-4·T Expt. (S3)
CH4-CO2 6.5000e-2 S1

C10H22-CO2 1.2800e-1 S1
C10H22-CH4 5.6000e-2 S1

Table S2.3.3: DGT (PC-SAFT) influence parameter (cii) for CH4, CO2, H2O, and
decane.

Comp. cii (10−20 J m5 mol−2) Ref.
CH4 1.6736 Expt. (S7)

C10H22 90.8954 Expt. (S7)
CO2 2.4280 Expt. (S7)
H2O 1.4412 S8
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Table S2.3.4: DGT (PC-SAFT) binary interaction coefficient (βij) for pairs.
Pair βij Ref.

CH4-H2O 0.41 Expt. (S9)
C10H22-H2O 0.44 Expt. (S10)
CO2-H2O 0.39 Expt. (S11)
CH4-CO2 0.04

C10H22-CO2 0.04
C10H22-CH4 0.04

Table S2.3.5: CPA parameters for CH4, CO2, H2O, and decane.
Comp. a0 (J m3 mol−2) c1 b (10−5 m3 mol−1) εCPA (J mol−1) βCPA Ref.
CH4 0.2278 0.4440 2.84 - - S12

C10H22 4.7389 1.1324 17.86 - - S13
CO2 0.35079 0.7602 2.72 - - S14
H2O 0.12277 0.6736 1.45 16655 0.0692 S15

CO2-H2O - - - 8328 0.1836 S14

Table S2.3.6: CPA binary interaction parameter (kij) for pairs (T is temperature in
K).

Pair kij Ref.
CH4-H2O -1.1800e-5·T2 + 1.0200e-2 ·T - 1.9668 S16

C10H22-H2O -5.4044e-6·T2 + 4.5133e-3 ·T - 9.0444e-1 Expt. (S6)
CO2-H2O -1.5508e-1 + 8.7700e-4·T S14
CH4-CO2 8.8200e-2 S14

C10H22-CO2 1.0300e-1 S17
C10H22-CH4 0 S18
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Table S2.3.7: DGT (CPA) influence parameter (cii) for CH4, CO2, H2O, and decane.
Comp. cii (10−20 J m5 mol−2) Ref.
CH4 2.0955 S19

C10H22 105.2894 Expt. (S7)
CO2 2.8462 S20
H2O 1.8014 S19

Table S2.3.8: DGT (CPA) binary interaction coefficient (βij) for pairs.
Pair βij Ref.

CH4-H2O 0.39 S21
C10H22-H2O 0.40 Expt. (S10)
CO2-H2O 0.27 S20
CH4-CO2 0.04 S22

C10H22-CO2 0.04
C10H22-CH4 0.04
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Figure S2.3.1: Temperature dependence of IFT for the water+decane system as com-
puted from the MD simulations (open symbols) at about 0.1 MPa and different values
of kLJ

ij . Also shown are the experimental data of Georgiadis et al. (ref. S10) as solid
symbols.
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Figure S2.3.2: Temperature dependence of IFT for the CO2+water system as com-
puted from the MD simulations (open symbols) at about 30 MPa and different values
of kLJ

ij . Also shown are the experimental data of Pereira et al. (ref. S11) as solid
symbols.
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Figure S2.3.3: Temperature dependence of IFT for the water+decane system as com-
puted from the MD simulations. Lines are a guide to the eyes.
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Figure S2.3.4: Equilibrium distributions of different species in the decane+water
system at (a) 323 K and 30 MPa, (b) 443 K and 30 MPa, (c) 323 K and 100 MPa,
and (d) 443 K and 100 MPa. The black and red colors represent MD simulation and
DGT, respectively. The solid and dashed lines denote water and decane, respectively.
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Figure S2.3.5: Pressure dependence of (a) water and (b) decane liquid densities for
the water+decane system. The open symbols represent the results from the MD
simulations and the estimates obtained using the PC-SAFT EoS are shown as lines.
The NIST experimental results (ref. S7) for pure cases are shown as solid symbols.
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Figure S2.3.6: Mutual solubilities of water and decane at 0.1 MPa. The open symbols
represent the results from the MD simulations and the estimates obtained using the
PC-SAFT EoS are shown as lines. The experimental data of Maczynski et al. (ref.
S6) are shown as solid symbols.
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Figure S2.3.7: Pressure dependence of decane surface excess for the water+decane
system. The symbols represent the results from the MD simulations and the estimates
obtained using DGT with the PC-SAFT EoS are shown as lines.
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Figure S2.3.8: Temperature dependence of IFT for the CH4+water+decane system
as computed from the MD simulations: (a) xCH4 ≈ 0.2, (b) xCH4 ≈ 0.5, and (c)
xCH4 ≈ 0.8. Lines are a guide to the eyes.
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Figure S2.3.9: Mole fraction (xCH4) dependence of IFT for the CH4+water+decane
system as computed from the MD simulations: (a) 323, (b) 374, (c) 403, and (d) 443
K. Lines are a guide to the eyes.
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Figure S2.3.10: Same as in Fig. 2.3.4, but at xCH4 ≈ 0.2.
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Figure S2.3.11: Same as in Fig. 2.3.4, but at xCH4 ≈ 0.5.
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Figure S2.3.12: Mole fraction of CH4 in the water-rich phase versus pressure for the
CH4+water+decane system at (a) 323, (b) 374, (c) 403, and (d) 443 K. The symbols
represent the results from the MD simulations and the estimates obtained using the
PC-SAFT EoS are shown as lines.
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Figure S2.3.13: Mole fraction of decane in the water-rich phase versus pressure for the
CH4+water+decane system at (a) 323, (b) 374, (c) 403, and (d) 443 K as obtained
using the PC-SAFT EoS.
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Figure S2.3.14: Same as in Fig. S2.3.13, but for water in the decane/CH4-rich phase.
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Figure S2.3.15: Pressure dependence of methane surface excess for the
CH4+water+decane system at (a) 323, (b) 374, (c) 403, and (d) 443 K. The symbols
represent the results from the MD simulations and the estimates obtained using DGT
with the PC-SAFT EoS are shown as lines.
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Figure S2.3.16: Same as in Fig. S2.3.15, but for decane.
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Figure S2.3.17: Temperature dependence of IFT for the CO2+water+decane system
as computed from the MD simulations: (a) xCO2 ≈ 0.2, (b) xCO2 ≈ 0.5, and (c)
xCO2 ≈ 0.8. Lines are a guide to the eyes.
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Figure S2.3.18: Mole fraction (xCO2) dependence of IFT for the CO2+water+decane
system as computed from the MD simulations: (a) 323, (b) 374, (c) 403, and (d) 443
K. Lines are a guide to the eyes.
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Figure S2.3.19: Same as in Fig. 2.3.6, but at xCO2 ≈ 0.2.



200

Figure S2.3.20: Same as in Fig. 2.3.6, but at xCO2 ≈ 0.5.
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Figure S2.3.21: Mole fraction of CO2 in the water-rich phase versus pressure for the
CO2+water+decane system at (a) 323, (b) 374, (c) 403, and (d) 443 K. The symbols
represent the results from the MD simulations and the estimates obtained using the
PC-SAFT EoS are shown as lines.
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Figure S2.3.22: Mole fraction of decane in the water-rich phase versus pressure for the
CO2+water+decane system at (a) 323, (b) 374, (c) 403, and (d) 443 K as obtained
using the PC-SAFT EoS.
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Figure S2.3.23: Same as in Fig. S2.3.22, but for water in the decane/CO2-rich phase.
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Figure S2.3.24: Pressure dependence of CO2 surface excess for the
CO2+water+decane system at (a) 323, (b) 374, (c) 403, and (d) 443 K. The
symbols represent the results from the MD simulations and the estimates obtained
using DGT with the PC-SAFT EoS are shown as lines.
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Figure S2.3.25: Same as in Fig. S2.3.24, but for decane.
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Figure S2.3.26: Mole fraction (xCO2) dependence of IFT for the
CH4+CO2+water+decane system at (a) 323 K with xCH4 + xCO2 ≈ 0.5, (b)
443 K with xCH4 + xCO2 ≈ 0.5, (c) 323 K with xCH4 + xCO2 ≈ 0.8, and (d) 443 K
with xCH4 + xCO2 ≈ 0.8 as computed from the MD simulations. Lines are a guide to
the eyes.
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Figure S2.3.27: Same as in Fig. 2.3.8, but for xCH4 + xCO2 ≈ 0.5 (CH4/CO2:80/20).
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Figure S2.3.28: Same as in Fig. 2.3.8, but for xCH4 + xCO2 ≈ 0.5 (CH4/CO2:20/80).
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Figure S2.3.29: Same as in Fig. 2.3.8, but for xCH4 + xCO2 ≈ 0.8 (CH4/CO2:80/20).
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Figure S2.3.30: Same as in Fig. 2.3.8, but for xCH4 + xCO2 ≈ 0.8 (CH4/CO2:50/50).
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Figure S2.3.31: Same as in Fig. 2.3.8, but for xCH4 + xCO2 ≈ 0.8 (CH4/CO2:20/80).
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Figure S2.3.32: Mole fraction of CH4 in the water-rich phase versus pressure for the
CH4+CO2+water+decane system at (a) 323 K with xCH4 + xCO2 ≈ 0.5, (b) 443 K
with xCH4 + xCO2 ≈ 0.5, (c) 323 K with xCH4 + xCO2 ≈ 0.8, and (d) 443 K with
xCH4 + xCO2 ≈ 0.8. The symbols represent the results from the MD simulations and
the estimates obtained using the PC-SAFT EoS are shown as lines.
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Figure S2.3.33: Same as in Fig. S2.3.32, but for CO2.
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Figure S2.3.34: Mole fraction of decane in the water-rich phase versus pressure for
the CH4+CO2+water+decane system at (a) 323 K with xCH4 + xCO2 ≈ 0.5, (b) 443
K with xCH4 + xCO2 ≈ 0.5, (c) 323 K with xCH4 + xCO2 ≈ 0.8, and (d) 443 K with
xCH4 + xCO2 ≈ 0.8 as obtained using the PC-SAFT EoS.
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Figure S2.3.35: Same as in Fig. S2.3.34, but for water in the decane/CH4/CO2-rich
phase.
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Figure S2.3.36: Pressure dependence of methane surface excess for the
CH4+CO2+water+decane system at (a) 323 K with xCH4 + xCO2 ≈ 0.5, (b) 443
K with xCH4 + xCO2 ≈ 0.5, (c) 323 K with xCH4 + xCO2 ≈ 0.8, and (d) 443 K with
xCH4 + xCO2 ≈ 0.8. The symbols represent the results from the MD simulations and
the estimates obtained using DGT with the PC-SAFT EoS are shown as lines.
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Figure S2.3.37: Same as in Fig. S2.3.36, but for CO2.
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Figure S2.3.38: Same as in Fig. S2.3.36, but for decane.
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Figure S2.3.39: Same as in Fig. 2.3.2, but for the CPA EoS.
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Figure S2.3.40: Same as in Fig. S2.3.6, but for the CPA EoS.
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Figure S2.3.41: Same as in Fig. 2.3.3, but for the CPA EoS.
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Figure S2.3.42: Same as in Fig. 2.3.5, but for the CPA EoS.
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Figure S2.3.43: Same as in Fig. 2.3.7, but for the CPA EoS.
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Figure S2.3.44: Same as in Fig. 2.3.8, but for the CPA EoS.
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Figure S2.3.45: Same as in Fig. S2.3.32, but for the CPA EoS.
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Figure S2.3.46: Same as in Fig. S2.3.32, but for the CPA EoS.
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Figure S2.3.47: Same as in Fig. S2.3.34, but for the CPA EoS.
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Figure S2.3.48: Same as in Fig. S2.3.35, but for the CPA EoS.
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3.1.1 Abstract

We perform Monte Carlo (MC) and molecular dynamics (MD) simulations to study

the adsorption and diffusion properties of methane and CO2 in cross-linked polyethy-

lene in the temperature range 300 to 600 K. A hybrid MC/MD approach was used

to incorporate the effects of framework flexibility and polymer swelling on the gas

adsorption. The polymers show negligible swelling at the studied conditions. A non-

monotonic behavior of gas adsorption as a function of the cross-linking degree was

obtained. Notably, a similar behavior was observed for the void fraction and pore

diameters. This shows a direct correlation between gas adsorption and the pore char-

acteristics of the cross-linked polymer network. Mobility of methane and carbon diox-

ide in the polymer matrix increases with temperature. Also, gas mobility decreases

with increasing cross-linking degree, consistent with experiments. These results can

be explained by the fact that the waiting time for a gas molecule in a cavity before the

jump increases with decreasing temperature and increasing cross-linking degree. In-

terestingly, the activation energy for gas diffusion generally decreases with increasing

cross-linking. This is possibly due to the fact that increasing the cross-linking degree

leads to smaller pore sizes especially at high temperatures. Such a molecular-level

understanding of adsorption and diffusion of gases in cross-linked polyethylene is im-

portant in improving the performance of polymer networks for potential applications

in gas separation, barrier technology, and food packaging.

3.1.2 Introduction

A reduction in emissions of greenhouse gases may be achieved by the geologic storage

of carbon dioxide. The usage of anthropogenic carbon dioxide for the production of

gas and oil from shale reservoirs provides a unique way to reduce emissions.1–4 Shale is

a sedimentary rock rich in organic matter (such as kerogen) and inorganic constituents

(such as clay minerals). Kerogen is an extremely complex material representing a wide
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range of organic matter types and levels of maturity.5,6 For instance, lacustrine source

rocks contain algal kerogen (type I), marine environments have clastic source rocks

containing kerogen (type II), and type III kerogen is mainly terrestrial in origin. With

increasing maturity, the H/C and O/C ratios of kerogen decrease under catagenic

conditions and eventually converge during metagenesis at the bottom-left corner in

the van Krevelen diagram. Existing theory for the swelling of kerogen7 is based on

the approximation of kerogen as an effective cross-linked polymer network and the

Flory-Rehner theory8 that describes the equilibrium swelling of a cross-linked polymer

network mixed with solvent molecules. Nevertheless, kerogen differs from a polymer

network at both the molecular and supramolecular levels.9

Polymeric systems with controlled permeability have potential applications in the

fields of gas separation,10–13 barrier technology,14–17 and food packaging.18,19 For gas

separation membranes, high permeabilities and high selectivities are desirable to re-

duce cost and obtain high-purity products. However, barrier materials used in fuel

tanks, food packagings, carbonated beverage bottles etc. are typically designed to

have low permeability to gases. Developing a fundamental understanding of gas ad-

sorption and transport in cross-linked polymers is also essential for wire and cable

applications.20,21 Such properties can be used to make predictions concerning the

time needed for degassing of cross-linked polymers such as cross-linked polyethylene.

For example, byproducts such as methane formed during the peroxide-induced cross-

linking of polymers must be removed for safety issues related to its flammability. The

transport (or Fickian) diffusivity is of critical importance in applications like degassing

where mass transfer effects play an important role. Moreover, atomistic simulations

can be employed to examine the adsorption isotherms and transport properties of

gases in polymers.22–33

There have been extensive studies of solubility and diffusivity of small penetrant

molecules in polymers.34–40 Most molecular simulations22–33 and experimental stud-



234

ies41–49 have focused on the solubilities and diffusivities of gases in non-cross-linked

polyethylene. Typically, polyethylene structures used in the simulations of gas ad-

sorption and transport are purely amorphous, whereas experimental data correspond

to semicrystalline polyethylene materials at ambient conditions. This can lead to

overestimations of the solubility and diffusion coefficients in simulations. However by

combining molecular simulations and semiempirical models may explain the exper-

imental data.24,31,50 It has been shown that, in general, gases diffuse by a hopping

mechanism where penetrants explore localized voids in the polymer for a significant

time and undergo fast jumps between the neighboring voids. However for cross-linked

polyethylene, a comprehensive understanding of gas adsorption and diffusion, and

swelling is lacking. Here, we perform molecular-level investigations of methane and

carbon dioxide in the presence of cross-linked polyethylene with the goal of enhancing

the very limited amount of related experimental data21,42,51,52 for such systems.

Our earlier studies have shown that Monte Carlo (MC) and molecular dynam-

ics (MD) simulations are powerful tools to provide insight into the bulk and surface

properties.53–57 In this part, we use computer simulations to study the adsorption and

diffusion properties of methane and CO2 in cross-linked polyethylene in the tempera-

ture range 300 to 600 K. We employ grand canonical Monte Carlo (GCMC) simulation

method to calculate the adsorption isotherms, and MD simulations allow us to assess

the dynamic properties of the system. In GCMC simulations, a rigid framework is

usually employed to reduce the simulation time by avoiding the necessity of comput-

ing solid-solid interactions.57 However, here we employ a hybrid MC/MD approach33

to incorporate the effects of framework flexibility and polymer swelling on the gas

adsorption. Our results exhibit a nonmonotonic behavior of the gas adsorption as a

function of the cross-linking degree. A key aspect of our study is the insight into this

behavior gained from the pore size analysis of the cross-linked polymer. The mobility

of gases decreases with increasing cross-linking degree which can be understood by
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the fact that the waiting time for a gas molecule in a cavity before the jump increases

with cross-linking.

3.1.3 Simulation details

We performed molecular simulations of adsorption and diffusion of methane and CO2

in cross-linked polyethylene in the temperature range 300 to 600 K. We carried out

GCMC and MD simulations using RASPA58and LAMMPS59 packages, respectively.

We employed GCMC simulation method to compute the adsorption isotherms of

gases and MD simulation method to assess the dynamic properties of the system.

The model system was composed of 60 flexible polyethylene chains, each having 80

carbon atoms on the backbone (Fig. 3.1.1). A periodic boundary condition was

applied in all directions with a box size of 4.2−5.7 nm. The total potential energy is

ETot = ELJ + ECoul + EStretch + EBend + EDihedral. (3.1)

Here, the nonbonded van der Waals interactions are described by60

ELJ = 4εij

[(σij
rij

)12

−
(
σij
rij

)6 ]
, (3.2)

where rij denotes the distance between the centers of i and j sites, and εij and σij

represent the Lennard-Jones (LJ) parameters for energy and distance, respectively.

Each LJ parameter for interactions between unlike atoms was obtained by use of the

Lorentz-Berthelot combining rules: σij =
σi+σj

2
and εij =

√
εiεj. The nonbonded

interactions between charged atoms are described by

ECoul =
qiqj

4πε0rij
, (3.3)
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where qi and qj represent the partial charges of sites i and j, respectively, and ε0 de-

notes the dielectric permittivity of vacuum. The long-range electrostatic interactions

were treated using the Ewald summation method (GCMC) or the particle-particle

particle-mesh technique (MD) with a precision of 10−5. The nonbond cutoff for in-

teractions was 15.0 Å.

Figure 3.1.1: Equilibrium snapshots of cross-linked polyethylene in the presence of
(a) methane and (b) CO2 at 300 K and 15 atm. The cross-linking degree is 40%.
Color code: CH4: Tan; CH3: Cyan; CH2: Blue; CH: Red; C: Yellow; O: Green.
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We used harmonic potentials for the bond stretch and angle bend terms:

EStretch = kr(rij − r0)2, (3.4)

and

EBend = kθ(θ − θ0)2, (3.5)

where r0 is the equilibrium bond length, θ is the bending angle, θ0 is the equilibrium

bending angle, and kr and kθ are the corresponding force constants. The motion of

the dihedral angle φ is governed by a potential of the form

EDihedral =
∑
n=1,4

Ancosn−1(φ), (3.6)

where the appropriate constants An for the polymer are presented in Table 3.1.1.

The polymer was modeled by the transferable potentials for phase equilibria united-

atom (TraPPE-UA) force field.61 In the TraPPE-UA formalism, all H atoms bonded

to C atoms are modeled as a single interaction site, for instance, a methyl group is

modeled by a single pseudo-atom, CH3. In addition, the C-C bonds were assumed to

be flexible here.62 The potential forms with the corresponding parameters are listed

in Table 3.1.1. Methane (Table 3.1.2) is also represented by the TraPPE-UA force

field.61 While, CO2 molecules are taken with fixed C-O bond length (1.149 Å) and

bending angle (θ0 = 180◦) using a rigid version of the EPM2 model suggested by

Harris and Yung.63

To obtain the gas adsorption isotherms, the hybrid MC/MD simulation was im-

plemented as follows. First, GCMC simulations were performed assuming a rigid

polymer matrix in the µV T ensemble, where µ represents the chemical potential

of the sorbate. The chemical potentials of sorbate molecules are calculated from the

NPT ensemble MC simulations, using the Widom insertion method.57,60 Each GCMC
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Table 3.1.2: Charges q and LJ parameters ε and σ of methane and carbon dioxide.61,63
Molecule Atom εii (kcal/mol) σii () q (e)
Methane CH4 (single− site) 0.2941 3.73 0.0

Carbon dioxide CO2-C 0.0559 2.76 0.6512
CO2-O 0.1600 3.03 -0.3256

simulation consisted of at least 107 Monte Carlo steps. The whole system was allowed

to swell at a given pressure and temperature by carrying out MD simulations in the

NPT ensemble for 1 ns. The equations of motion were integrated by the velocity

Verlet scheme with a time step of 1 fs. A Nośe-Hoover thermostat (relaxation time of

0.1 ps) was used to control the temperature, and a Nośe-Hoover barostat (relaxation

time of 1 ps) was used to control the pressure. Finally, this procedure was repeated

7-10 times, and final few cycles (see below) were considered to evaluate the adsorption

isotherms. Six independent trajectories each of length, e.g., 10 cycles were considered

to achieve good statistics.

To determine the self- and transport-diffusivities, the final configurations from

the hybrid MC/MD simulations are used as the initial configurations in the MD

simulations. This was followed by a 15 ns production run in the NV T ensemble.

The self-diffusion coefficient Ds was evaluated at a specified concentration c by the

Einstein relation:

Ds(c) = lim
t→∞

1

6t
〈|~r(t)− ~r(0)|2〉, (3.7)

where 〈|~r(t)−~r(0)|2〉 is the mean square displacement (MSD) of the particle and ~r(t)

is the position of the particle at time t. The transport diffusivity can be estimated as

Dt(c) = D0(c)(∂lnf/∂lnc)T .64 Here, f represents the fugacity of the bulk phase which

is in equilibrium with the adsorbed phase at concentration c, and D0(c) denotes the

corrected diffusivity which can be obtained from the MSD of the center of mass of

the adsorbed molecules.64

The solubility constant, S, of the the gases in the polymer was calculated from the
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limiting slopes of the adsorption isotherms using the following equation:

S = lim
P→0

c

P
, (3.8)

where P is the pressure.

As in the previous studies,22–33 amorphous polyethylene samples are used in all

our simulations. Initial structures were constructed using Packmol.65 To make sure

that the computer simulations generate equilibrium results we begin from random

and straight initial conformations, and it is necessary that with appropriate relax-

ation they both yield identical averages. Typically, the system was brought rapidly

(1 ns MD) to the required condition from a molten state. In the cross-linking proce-

dure,66,67 atomic pairs in the polymer melt with an interatomic distance within about

4 Å were randomly selected and linked before further annealing. The new bonds were

randomly created using the "fix bond/create" command in LAMMPS. Once the new

cross-link is formed, the type of the bonded carbon atoms are changed and the in-

teractions related to those atoms are created simultaneously (see Table 3.1.1). In

our simulations, cross-links formed by combinations of tertiary carbon atoms were

excluded, and this may be attributed to the steric effects. To examine if the choice

of cutoff distance created artificially stressed models, bond length distributions were

calculated to check if overstretched bonds were formed (see below). The cross-linking

degree of the polymer network can be estimated from the ratio of the number of

cross-linked units to the total number of monomer units.

3.1.4 Results and discussion

Influence of cross-linking on polyethylene

Both the gas adsorption and diffusion are sensitive to the structure of the polymer

matrix. Figure S3.1.1 shows the specific volume of polyethylene as a function of
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temperature for the range 300 to 600 K at 1 atm. Our simulation data are in good

agreement with previous simulation results.29,31 We can see that the specific vol-

ume of the polymer increases linearly with increasing temperature, but with a slope

change at about 450 K (the melting point of polyethylene). The simulation results

are also in good agreement with experimental data68 above the melting temperature.

The difference at ambient conditions is due to the fact that polyethylene structures

in simulations are purely amorphous, whereas experimental results41 correspond to

semicrystalline polyethylene materials. Figure S3.1.2 shows the time evolution of

the specific volume of polyethylene as obtained from the NPT MD simulations af-

ter annealing. The results show some characteristic of polymer crystallization and

this is evident from, e.g., the poor convergence of the specific volume especially at

low temperature. However, the homogeneous nucleation of the crystal phase can be

observed only after a very long simulation time.69 Furthermore, Figure S3.1.3 shows

the pore volume, the pore limiting diameter, and the maximum pore diameter in

the polyethylene system as a function of temperature at 1 atm. The pore volumes

(helium as the probe molecule) and pore sizes considered in this study were obtained

using the Poreblazer 3.0.2 package.70 The pore limiting diameter is defined such that

molecules in the porous material that are smaller than the pore limiting diameter will

be able to diffuse in a continuous pathway. Thus, the pore network is accessible to a

spherical probe if for this probe a continuous pathway can be formed from one face

of the simulation box to the opposite face without overlapping with the framework

atoms. While, the maximum pore diameter identifies the largest cavity present in the

polymer network. The void fraction increases linearly with increasing temperature,

but with a slope change at about 450 K. The void fraction of polyethylene at 600 K

is about 6 times higher than that at 300 K. Overall, the pore limiting diameter is in

the range 1 − 3 Å. Comparing these values to the dimensions of the adsorbates (see

Table 3.1.2), 3.73 Å for methane and 3.03 Å (5.33 Å in long axis) for CO2, indicates
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that the pore network is not fully accessible to these gases.

The cross-linking process affects the structure and properties of polyethylene. For

instance, Figure S3.1.4 shows the bond length, bond angle, and dihedral angle dis-

tributions for cross-linked polyethylene (cross-linking degree of 20%) at 300 K and 1

atm. The probability distributions of bond lengths, bond angles, and dihedral angles

were similar to the corresponding ideal ones (∼ exp(−E/kT)). In the absence of a

cross-link, the simulated probability of the polymer to be in the trans state is about

four times higher than that in the gauche state. However, for instance, the preference

decreases for the trans state in the presence of cross-linked units.

For a completely random cross-linking, bond formations can be regarded as statis-

tically independent events. Therefore, the probability distribution of the number of

cross-linked units per chain should be a Gaussian centered around the average number

of cross-linked units per chain. It has been shown that although the monomer units

are strongly correlated due to the chain connectivity, the system approaches this dis-

tribution independent of the model details.66 Figure S3.1.5 displays the distribution

of the cross-linked units for polyethylene at 300 K and 1 atm for different values of

cross-linking degree. As the number of cross-linked bonds introduced into the system

increases, the results peak around the average number of cross-linked units per chain.

Monomer units are linked together irrespective of whether they belong to the same

chain or not for a random cross-linking, as in irradiation processes. Note that the

intra-molecular cross-links are usually regarded as inactive for elasticity. However,

these cross-links may form loops which contribute to the elasticity by trapping entan-

glements (may not be relevant for relatively short chains used here). Figure S3.1.6

shows the number of intra- and inter-molecular cross-links as a function of cross-

linking degree in the temperature range 300 to 600 K at 1 atm. The number of such

cross-links are mostly independent of temperature. Since every site along the chain

is a potential cross-linking site,66 the number of intra- and inter-molecular cross-links
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are about equal in all cases.

Fig. 3.1.2a shows the specific volume of polyethylene as a function of cross-linking

degree at 300 K and 1 atm. Our simulation data are in good agreement with previous

simulation results.67 We see that the specific volume of polyethylene decreases with in-

creasing cross-linking degree. However, experiments71,72 have shown that the specific

volume of polyethylene usually increases with cross-linking degree. This can be under-

stood by the reduced crystallinity in the experimental system and hence the increase

in the free volume due to the cross-linking process. Nevertheless, the corrected24,41

experimental solubility and diffusion data may be compared with those of a hypothet-

ical completely amorphous polyethylene as obtained from the simulations (see below).

Furthermore, Fig. 3.1.2b shows the specific volume of the cross-linked polyethylene

as a function of temperature for the range 300 to 600 K at 1 atm. The volume curves

become less steep with increasing cross-linking degree. It seems that the transition

temperature of the cross-linked polyethylene increases with cross-linking degree. This

may be described by an equation similar to that used for the dependence of the glass

transition temperature on the cross-linking degree.73 Therefore, the transition tem-

perature Tm = T 0
m/(1−KX) (dashed line in Fig. 3.1.2b), where T 0

m is the transition

temperature of the uncross-linked polymer, K is a constant, andX is the cross-linking

degree. K is about 0.09 in our case. Whereas, experiments71,72 show the opposite be-

havior which may be attributed to the reduced crystallinity of the system due to the

cross-linking process. Our simulations underestimate experimental specific volumes

at higher cross-linking degrees. This may be due to the fact that, in the experiments,

it is generally impossible to reach such high cross-linking degrees considered in this

study. For example, the molecular weight between cross-links is about 660.76 g/mol

(≈ 47 -CH2- units) with 2.5% peroxide content.72 Therefore, the cross-linking degree

is (2/47) × 100 ≈ 4.2% with the assumption of a cross-link at each end of this 47-

unit chain segment. Note that the specific volume of the cross-linked polyethylene
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decreases with increasing chain length (see Fig. 3.1.2a).

Figure 3.1.2: (a) The specific volume of polyethylene as a function of the cross-linking
degree at 300 K and 1 atm. (b) The specific volume of the cross-linked polyethylene
as a function of the temperature at 1 atm. Solid lines are a guide to the eye. The
dashed line represents the transition temperature Tm = T 0

m/(1 − KX), where T 0
m

is the transition temperature of the uncross-linked polymer, X is the cross-linking
degree, and the value of the constant K is about 0.09.

Fig. 3.1.3 shows the void fraction in the cross-linked polyethylene as a function of

cross-linking degree in the temperature range 300 to 600 K at 1 atm. Our results show

that the void fraction decreases with increasing cross-linking degree at high temper-
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atures. However, the void fraction demonstrates a nonmonotonic variation with the

cross-linking degree at low temperatures. Similar behavior is observed for both the

pore limiting diameter and the maximum pore diameter in the cross-linked polyethy-

lene system (Figure S3.1.7). The range of the pore limiting diameter decreases with

increasing cross-linking degree indicating that the cross-linked network is relatively

less accessible to gases. Note that the influence of pressure on the structure of cross-

linked polyethylene is negligible in all studied cases (P ≤ 15 atm). Overall, our

results show that the structure and pore size of the cross-linked polyethylene below

and above the melting temperature are very sensitive to the cross-linking degree.

Figure 3.1.3: The void fraction in the cross-linked polyethylene system as a function
of cross-linking degree at 1 atm. The lines are a guide to the eye.

Adsorption of methane and CO2 in cross-linked polyethylene

Hybrid MC/MD simulations were carried out to compute adsorption isotherms for

methane and CO2 in cross-linked polyethylene. The influence of framework flexibility

and polymer swelling on the adsorption isotherm may be significant, with equilibrium
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being reached in about 6 cycles, as shown in Figure S3.1.8. Notably, our results show

that the extent of swelling is negligible for cross-linked polyethylene at the studied

conditions (Figures S3.1.9-S3.1.10). Also, previous simulations30,32 and experimental

observations46,49 have shown that the swelling of such polymer during the sorption

process is important only at high pressures. The computed isotherms in the temper-

ature range 300 to 600 K are shown in Figs. 3.1.4 and S3.1.11-S3.1.12 as symbols.

These figures also show best fits (lines) to the simulated isotherms. The adsorption

isotherms were fitted using the dual-mode sorption model:25,74

c =
k1 × P
k2 + P

+ k3 × P. (3.9)

The first term is described by a Langmuir isotherm, where k1 is the saturation con-

centration of the gas, and 1/k2 is the affinity constant. The second term corresponds

to Henry′s law with Henry′s constant k3. Thus the dual-mode sorption model assumes

two distinct mechanisms of sorption, ordinary dissolution described by Henry′s law

and trapping in holes or microvoids described by Langmuir adsorption. The mi-

crovoids are consequences of the slow relaxation processes of the polymer chains. The

two sorbed populations may execute diffusive movements with different mobilities.

This model predicts that a plot of c versus P consists of low-pressure and high-pressure

linear regions connected by a nonlinear region. As expected, the adsorption capaci-

ties of methane and CO2 decrease with increasing temperature. Our results also show

that the adsorption capacities of gases decrease with increasing cross-linking degree at

high temperatures. However, the adsorption capacities demonstrate a nonmonotonic

variation with the cross-linking degree at low temperatures. A similar behavior was

obtained for the void fraction and pore diameters, as shown above (see Figs. 3.1.3

and S3.1.7). Thus, it can be inferred that such properties plays an important role in

adsorption.
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Figure 3.1.4: Adsorption isotherms as computed from simulations (symbols) of
methane (left panels) and CO2 (right panels) in the cross-linked polyethylene sys-
tem at 300 K (top panels) and 600 K (bottom panels). The lines are fitting results
to the simulation data.
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Figure 3.1.5: Temperature dependence of the solubility constants for gas molecules
in polyethylene. Solid lines are a guide to the eye.

In the zero-pressure limit, the concentration of the gas in polymer can be obtained

from eq. (3.9) as

c =

(
k1

k2

+ k3

)
× P = S × P, (3.10)

where S is the solubility constant. The solubility constants were evaluated from the

limiting slopes of the adsorption isotherms (see, e.g., eq. (3.8) and Fig. 3.1.4). As

seen in Fig. 3.1.5, the simulated solubility constants for gas molecules in polyethylene

are in qualitative agreement with experiments.41–45,47 The differences are possibly due

to the effects of molecular weight, polydispersity, and branching. Note that, below

the melting point we have corrected the experimental solubility Sexp = αScor,41 where

Scor is the solubility constant in a hypothetical completely amorphous polyethylene

and α denotes the volume fraction of the amorphous part. Furthermore, our results

are in good agreement with previous simulation studies.29 The solubility constant

for a gas in the amorphous polyethylene decreases with increasing temperature and
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has a non-Arrhenius behavior. To emphasize the slope change, linear fits of the

low- and high-temperature regions are included in Fig. 3.1.5. As in the case of

adsorption, the solubility constant decreases with increasing cross-linking degree at

high temperatures and has a nonmonotonic variation with the cross-linking degree

at low temperatures (Fig. 3.1.6). The heat of solution ∆HS based on the van’t Hoff

expression (S ∼ exp(−∆HS/RT )) for methane and CO2 in polyethylene are about

-3.5 and -10.4 kJ/mol, respectively. The heat of solution for methane and CO2 in the

cross-linked polyethylene are about -16.6 and -23.4 kJ/mol, respectively (cross-linking

degree of 80%). Experimental studies of cross-linked polyethylene in the presence of

methane have shown an increase in the solubility of methane as a function of the

irradiation dose at low temperatures.42 Other studies have reported a decrease in

methane solubility with increasing dose.51 Care must be taken in analyzing solubility

data due to the presence of scission products or impurities in experimental samples,

which can be expected to affect the gas solubility. Any change in crystallinity due to

the cross-linking process could also affect the solubility values.
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Figure 3.1.6: Temperature dependence of the solubility constant of (a) methane and
(b) CO2 in cross-linked polyethylene. The lines are a guide to the eye.

Diffusion of methane and CO2 in cross-linked polyethylene

MD simulations in the NV T ensemble were performed to calculate diffusion coeffi-

cients of methane and carbon dioxide in cross-linked polyethylene. Figure S3.1.13

shows the displacement of gas from its initial position in the cross-linked polyethy-
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lene at 300 and 600 K. We see that gases diffuse by a hopping mechanism where

penetrants explore voids in the polymer for a significant time and undergo fast jumps

between the neighboring voids. The waiting time for a gas molecule in a cavity before

the jump increases with decreasing temperature and increasing cross-linking degree.

Note that the local motion of the chains has significant influence on gas diffusion.75,76

Furthermore, we plot in Fig. 3.1.7 the average MSDs of methane and CO2 molecules

as a function of time on a log-log scale. Three regimes (ballistic, subdiffusive, and

Fickian diffusive) are observed. The ballistic regime at short times is followed by the

subdiffusive regime and finally the Fickian regime. Notably, the motion of gases at

relatively short time scales is subdiffusive as it is coupled to the segmental dynamics of

polymers.75,76 It is evident from Fig. 3.1.7 that this regime increases with decreasing

temperature and increasing cross-linking degree.

Figure 3.1.7: Log-log plot of the MSDs of methane (left panels) and CO2 (right
panels) as a function of time in the uncross-linked (top panels) and 40% cross-linked
polyethylene (bottom panels) systems at 1 atm.
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The self-diffusion coefficients were estimated from the linear slope of the MSD vs

time plots (see eq. (3.7)). Fig. 3.1.8 shows the self-diffusion coefficients of methane

and CO2 molecules in polyethylene in the temperature range 300 to 600 K at 1 atm. As

seen in Fig. 3.1.8, the simulated self-diffusion coefficients are in qualitative agreement

with experiments.41,43,44,47,48 Note that, below the melting point we have corrected

the experimental diffusion coefficient Dexp = (2/3)αDcor,24 where Dcor denotes the

gas diffusion coefficient in a hypothetical completely amorphous polyethylene. Fur-

thermore, our results are in good agreement with previous simulation studies.24,29 It

can be seen that the simulated diffusion coefficient decreases with increasing chain

length. Gas mobility in the amorphous polyethylene increases with temperature and

has an Arrhenius-like behavior. The activation energies for methane and CO2 in

polyethylene are about 17.5 and 15.0 kJ/mol, respectively.
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Figure 3.1.8: Temperature dependence of the self-diffusion coefficient of (a) methane
and (b) CO2 in the polyethylene system at 1 atm. The lines are a guide to the eye.

Diffusion of methane and CO2 in the cross-linked polymer increases with increas-

ing temperature, as shown in Fig. 3.1.9. The gas mobility decreases with increasing

cross-linking degree, qualitatively consistent with experiments.42,51,52 These can be

explained by the fact that the waiting time for a gas molecule in a cavity before

the jump increases with decreasing temperature and increasing cross-linking degree.
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We see that, in general, the activation energy for diffusion decreases with increasing

cross-linking degree. For example, the activation energies for methane and CO2 in

the cross-linked polyethylene are about 5.5 and 2.5 kJ/mol, respectively (cross-linking

degree of 80%). This is probably because the pore sizes decrease with increasing

cross-linking degree especially at high temperatures (see Figs. 3.1.3 and S3.1.7). The

transport diffusivity was also estimated using the corrected diffusivity and the ad-

sorption isotherms (Dt(c) = D0(c)(∂lnf/∂lnc)T ).64 The self, corrected, and transport

diffusivities are similar in all cases (see, e.g., Figure S3.1.14). Note that the influence

of pressure on the self, corrected, and transport diffusivities was found to be negligible

in all studied cases.
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Figure 3.1.9: Temperature dependence of the self-diffusion coefficient of (a) methane
and (b) CO2 in cross-linked polyethylene at 1 atm. The lines are a guide to the eye.

3.1.5 Conclusions

We have studied the adsorption and diffusion properties of methane and CO2 in

cross-linked polyethylene in the temperature range 300 to 600 K. We employed GCMC

simulation method to calculate the adsorption isotherms, and MD simulations allowed



256

us to assess the dynamic properties of the system. Note that a hybrid MC/MD

approach was used to incorporate the effect of framework flexibility and polymer

swelling on the gas adsorption. Interestingly, a nonmonotonic behavior for the gas

adsorption amount as a function of the cross-linking degree was observed in our

simulations (see, e.g., Fig. 3.1.4). A key aspect of our study is the insight into this

behavior gained from the pore size analysis of the cross-linked polymer. A similar

behavior was observed in cases of the void fraction and the pore diameters (see, e.g.,

Fig. 3.1.3). This displays a direct correlation between the adsorption amounts and

the pore characteristics of the cross-linked polymer network.

Diffusion of methane and CO2 in the polymer system increases with increasing

temperature and decreases with increasing cross-linking degree, in agreement with

experiments. An important finding is that the activation barrier for diffusion of

methane and CO2 generally decreases with increasing cross-linking degree. This is

probably because the pore sizes decrease with increasing cross-linking degree and is

supported by the analysis of the pore size distribution curves (see, e.g., Fig. 3.1.3).

The insights from this study are expected to provide knowledge that may eventually be

applied to processes such as degassing and understand gas adsorption and diffusion in,

e.g., immature kerogen. Further studies are needed to understand the gas adsorption

and diffusion properties at high pressures, where the swelling of the polymer is more

pronounced.30
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3.1.7 Supporting information

Figure S3.1.1: Temperature dependence of the specific volume of polyethylene at 1
atm. Error bars are smaller than the symbol size. Solid lines are a guide to the eye.
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Figure S3.1.2: Time evolution of the specific volume of polyethylene at 1 atm. The
system was rapidly (1 ns MD) brought to the required condition from a molten state
at time 0. Some characteristic of polymer crystallization may be seen at low temper-
ature, however, the homogeneous crystal nucleation may require several hundred ns
(Yi et al., 2013).
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Figure S3.1.3: Temperature dependence of (a) void fraction and (b) pore diameters
in the polyethylene system at 1 atm. Solid lines are a guide to the eye.
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Figure S3.1.4: Probability distribution of (a) bond length, (b) CHx-CH2-CHy bond
angle, (c) CHx-CH-CHy bond angle, (d) CHx-CH2-CH2-CHy dihedral angle, and
(e) CHx-CH2-CH-CHy/CHx-CH-CH-CHy dihedral angle for cross-linked polyethylene
(cross-linking degree of 20%) at 300 K and 1 atm.
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Figure S3.1.5: Probability distribution of the cross-linked units of polyethylene for
different values of the cross-linking degree at 300 K and 1 atm. The lines are fitting
results to the simulation data.
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Figure S3.1.6: Number of intra-molecular cross-links as a function of cross-linking
degree at (a) 300, (b) 350, (c) 400, (d) 450, (e) 500, (f) 550 and (g) 600 K, and 1 atm.
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Figure S3.1.7: (a) Pore limiting diameter and (b) maximum pore diameter in the
cross-linked polyethylene system as a function of cross-linking degree at 1 atm. The
lines are a guide to the eye.
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Figure S3.1.8: Variation of the adsorption amount for (a) methane and (b) CO2 in
polyethylene as a function of the number of hybrid MC/MD cycles at 300 K. Also
shown is the effect of swelling on adsorption isotherms of (c) methane and (d) CO2

in polyethylene at 300 K.
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Figure S3.1.9: Temperature dependence of the swelling (∆V/V ) of the cross-linked
polyethylene in the presence of methane for cross-linking degree of (a) 0, (b) 20, (c)
40, (d) 60, and (e) 80%.
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Figure S3.1.10: Same as in Fig. S3.1.9, but for the CO2 case.
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Figure S3.1.11: Adsorption isotherms as computed from simulations (symbols) of
methane in the cross-linked polyethylene system at (a) 300, (b) 350, (c) 400, (d) 450,
(e) 500, (f) 550, and (g) 600 K. The lines are fitting results to the simulation data.
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Figure S3.1.12: Same as in Fig. S3.1.11, but for the CO2 case.
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Figure S3.1.13: Six trajectories of methane (top panels) and CO2 (bottom panels)
molecules in the cross-linked polyethylene (cross-linking degree of 0 and 40%) at 300
and 600K. For clarity, only the first 5 ns of the production run is shown.



277

Figure S3.1.14: Comparison of the simulated self and transport diffusivities of
methane and CO2 in the cross-linked polyethylene at 1 atm.
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3.2 Sorption and Diffusion of Methane and Carbon Dioxide

in Amorphous Poly(alkyl acrylates): A Molecular Simu-

lation Study

TOC Graphic

3.2.1 Abstract

Molecular simulations were carried out to understand the structural features, and

the sorption and diffusion behavior of methane and carbon dioxide in amorphous

poly(alkyl acrylates) in the temperature range of 300−600 K. The hybrid Monte

Carlo/molecular dynamics approach was employed to address the effects of polymer

swelling and framework flexibility on the gas sorption. Simulations show that the

glass transition temperature decreases with side-chain length of poly(alkyl acrylate),

consistent with experiments. This is due to the fact that the shielding of the polar

ester groups increases with side-chain length. The simulated sorption isotherms for
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methane and carbon dioxide were in agreement with the experimental data. The

polymer swelling becomes more pronounced, especially in the case of sorption of

carbon dioxide. A significant swelling occurs possibly due to the greater interaction

between carbon dioxide and the polar ester groups in the polymers. The uptake of

methane and carbon dioxide by poly(alkyl acrylates) generally increases with side-

chain length. Our simulations confirm the experimental findings that the diffusion

coefficients of methane and carbon dioxide in poly(alkyl acrylates) increase with side-

chain length. Interestingly, the activation energies of gas diffusion decrease with side-

chain length. The diffusion coefficients of penetrants have an exponential relationship

with the void fraction, which is in agreement with the free volume theory.

3.2.2 Introduction

Poly(alkyl acrylates) have a wide variety of industrial applications such as in adhe-

sives, coatings, paints, and textiles.1 The side-chain length of poly(alkyl acrylates)

play an important role in determining the local nanostructure and crystallinity,2–5

the chain dynamics,6 the glass transition temperature,7,8 the degradation rate,9,10

and gas sorption and transport11,12 in the polymer material. For example, indepen-

dent of the backbone, crystallinity is usually present for side-chains containing more

than about 10 carbon atoms.2–4 The side-chains can also aggregate in the melt and

form self-assembled nanodomains.5,6 The side-chain motion was relatively slower due

to the presence of the local nanodomains.6 It was found that the glass transition

temperature of poly(alkyl acrylates) typically decreases with increasing side-chain

length.7,8 Also, the degradation rate of poly(alkyl acrylates) decreased with increas-

ing side-chain length.9,10

The copolymers of poly(alkyl acrylates) are used in several industrial applica-

tions.13–19 For example, ethylene-alkyl acrylate copolymers are used in the semicon-

ducting layers of electric cables.13,18 The cross-linked polyethylene is usually used in
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cable insulation due to its improved properties such as thermal stability compared

to the untreated sample. A common way to achieve the cross-linking of polyethylene

chains is by making use of the peroxide initiated free-radical reactions. However,

unwanted byproducts such as CH4 are also formed during this reaction. The removal

of CH4 is important because of safety concerns related to its flammability. Gas diffu-

sion in semiconducting layers can affect the removal of byproducts such as methane

formed during the peroxide-induced cross-linking of polyethylene.

The release of carbon dioxide from burning of fossil fuels and other industrial

processes is currently measured at about 36 billion tons per year, and is projected to

increase in the future.20 Greenhouse gases such as carbon dioxide and methane absorb

infrared radiation and contribute to the global warming.21,22 Although methane has a

much higher global warming potential, carbon dioxide is known to be the major con-

tributor toward global warming effects. In this context of environmental protection,

efficient capture of carbon dioxide received great attention.23–33 Common examples of

sorbents include zeolites,23,24 zeolitic imidazolate frameworks,25 metal-organic frame-

works,24,26 clays,27–30 and polymers.23,31–33 The use of polymers may offer a number

of advantages over other materials including chemical diversity, cost-effective manu-

facturing, and thermal and chemical stability.

There have been extensive studies of gas sorption and transport in polymer sys-

tems.11,12,23,31–53 A few general observations can be made concerning these studies.

These studies have shown that the polymer fractional free volume (FFV) increases

with temperature. Furthermore, the solubilities of small penetrants such as helium

and nitrogen increase with increasing temperature or FFV. This might be due to the

fact that the hindered rotation and degree of confinement of the penetrants decrease

with increasing FFV (entropic factor). In contrast, the solubilities of penetrants such

as CO2 and CH4 typically decrease with increasing temperature or FFV. This might

be due to the fact that the penetrant-polymer interaction decreases with increas-
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ing FFV (energetic factor). In general, the gas diffusion coefficient D has an expo-

nential relationship with FFV, which is in agreement with the classical free volume

theory.41–43 The free volume theory is based on the concept that the redistribution

of the free volume is responsible for the diffusive displacement, and the relation is

D = A exp(−B/FFV), where A and B are constants. Typically, the value of A is

dependent on the gas-polymer interaction, and the value of B is dependent on the

polymer-polymer interaction.

Mogri and Paul have systematically studied gas sorption and transport in poly(alkyl

acrylates).11,12 These studies showed that gas permeability in amorphous poly(alkyl

acrylates) increases with increasing side-chain length. Moreover, the relatively large

change in permeability in going from poly(methyl acrylate) to poly(ethyl acrylate)

reflects the trend observed mainly for the diffusion coefficient. A similar effect of

side-chain length on gas permeability was observed for polymers such as poly(alkyl

methacrylates).51 However, the effect of side-chain length on gas permeability depends

strongly on the type of polymer and penetrant.11,12,46–52 For example, gas permeabil-

ity in polymers such as poly(silylpropynes)48 and polynorbornenes50 was found to

decrease with increasing side-chain length. Therefore, a detailed molecular-level un-

derstanding of gas sorption and transport in poly(alkyl acrylates) is necessary to gain

insight into the effect of side-chain length on gas permeability. We note that previous

simulation studies dealing with poly(alkyl acrylates) have concentrated on structure

and chain dynamics,54,55 and did not consider the effect of side-chain length on gas

permeability.53

In this work, we employed molecular simulations to understand the sorption and

diffusion behavior of methane and carbon dioxide in amorphous poly(alkyl acrylates)

at temperatures from 300 to 600 K and at pressures up to 15 atm. Four cases were

considered in this study, namely, poly(methyl acrylate) (PMA), poly(ethyl acrylate)

(PEA), poly(butyl acrylate) (PBA), and poly(decyl acrylate) (PDA). Our earlier
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studies have shown that, Monte Carlo (MC) and molecular dynamics (MD) simu-

lations are excellent methods for determining the static and dynamic properties of

a system.27–29,33,56–60 Here the sorption isotherms were estimated using the grand

canonical Monte Carlo (GCMC) simulation method. Note that, as in our earlier

work,33 a hybrid MC/MD simulation approach was used to incorporate the effects of

polymer swelling and framework flexibility on the gas sorption. The simulated sorp-

tion isotherms for methane and CO2 were in good agreement with the corresponding

experimental data.12 In comparison to the case of methane, we find that poly(alkyl

acrylates) swell significantly in the presence of CO2. Furthermore, MD simulations

allowed us to assess the dynamic properties of the system. Our simulations confirm

the experimental11,12 observations that the diffusion coefficients of methane and CO2

in amorphous poly(alkyl acrylates) increase with increasing side-chain length. Fur-

thermore, our simulations establish a quantitative relation between the gas diffusion

coefficient and the polymer fractional free volume.

3.2.3 Simulation details

We carried out molecular simulations to understand the structural features, and

the sorption and diffusion behavior of methane and carbon dioxide in amorphous

poly(alkyl acrylates) in the temperature range of 300−600 K. The simulation model

and method were similar to those used in our previous study.33 GCMC simulation is

a statistical method suited to quantify the gas sorption in porous materials and MD

simulations allow one to probe the dynamic behavior of the system. We performed

GCMC simulations using RASPA61 package and MD simulations were carried out

using LAMMPS62 package. The model system of atactic poly(alkyl acrylate) was

composed of 30 flexible main-chains, each having 80 carbon atoms on the backbone

(Fig. 3.2.1). Furthermore, the flexible side-chains of poly(alkyl acrylates) contained

methyl, ethyl, n-butyl, and n-decyl groups as the alkyl substituents. A united atom
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representation was used for CH4, CH3, CH2, and CH groups (Figure S3.2.1, Sup-

porting Information). The transferable potentials for phase equilibria united-atom

(TraPPE-UA)63 force field was used to model the polymer and the methane molecules.

Note that each bond in the polymer was considered to be flexible.64,65 The EPM266

force field (rigid version) was used to model the carbon dioxide molecules. The poten-

tial forms of such as the torsional interaction used in our simulations along with the

corresponding parameters are presented in Tables S3.2.1 and S3.2.1. More details can

be found in our previous work.33 In addition, Fig. 3.2.2 shows the torsional energy

profiles63,67,68 of all the dihedrals considered here for the poly(alkyl acrylate) system.

In all cases, the multi/harmonic dihedral style as defined in LAMMPS was employed

for the torsional interactions associated with the dihedral angles. We notice a rela-

tively high rotational barrier of about 14 kcal/mol for the dihedral angles involving

the polar ester group, consistent with the experiments.67

Figure 3.2.1: Equilibrium snapshot of poly(butyl acrylate) at 300 K and 1 atm. Color
code: C-site: Cyan; O: Red.
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Figure 3.2.2: Torsional energy profiles of the dihedrals63,67,68 for the poly(alkyl acry-
late) system.

The initial configurations for the poly(alkyl acrylates) are obtained using the Pack-

mol software.69 By using MD simulations, the initial configurations in the molten state

were rapidly cooled to the required condition (1 ns MD) and then relaxed for 15 ns in

the NPT ensemble (see below). The periodic box size was 5.3−6.5 nm at 300−600 K

and 1 atm. A hybrid MC/MD simulation method was used to evaluate the gas sorp-

tion isotherms. First, GCMC computations were carried out in the grand canonical

statistical ensemble by imposing chemical potential µ, volume V , and temperature

T . Widom insertion is used to obtain the sorbate chemical potentials. Note that

a rigid framework was employed in all GCMC simulations. These simulations were

run for at least 107 Monte Carlo steps. The acceptance ratios for the insertion and

deletion of particles in the GCMC simulations are in the range of 2-70%. Then, MD

simulations were carried out in the NPT ensemble, where the system is allowed to

swell for 1 ns. The velocity Verlet algorithm was adopted to integrate the equations
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of motion. A time step of 1 fs was used for all MD calculations. The desired temper-

ature and pressure were maintained using the Nośe-Hoover thermostat and barostat,

respectively. The relaxation times of Nośe-Hoover thermostat and barostat were 0.1

ps and 1 ps, respectively. A 15.0 Å nonbond cutoff distance was used, and the Ewald

summation and the particle-particle particle-mesh methods were used for calculating

the long-range Coulombic interactions in the GCMC and MD studies, respectively.

A precision of 10−5 was used for the calculations of the electrostatic interactions.

The above procedure is repeated 15−22 times, and last few cycles are examined to

calculate the sorption isotherms (see below). In our simulations, good statistics were

obtained by averaging over six independent trajectories.

The radial distribution function (RDF)70 for species β around α was estimated as:

gα−β(r) = (1/(4πρβr
2))(dNα−β/dr), where ρβ is the number density of β particles and

dNα−β is the average number of β particles between the distance of r and r+dr from

a central α particle. The solubility constant S is estimated from the limiting slope of

the sorption isotherm: S = limP→0(c/P ), where c is the concentration and P is the

pressure. To estimate the dynamical properties such as the self-diffusion coefficient

Ds, the last configurations from the hybrid MC/MD simulations were further used in

the NV T ensemble MD simulations (15 ns). The self-diffusion coefficient is calculated

by the Einstein relation: Ds = limt→∞(1/6t)〈|~r(t)−~r(0)|2〉, where ~r(t) is the particle

position at time t and 〈|~r(t)− ~r(0)|2〉 is the mean square displacement (MSD) of the

particle.

3.2.4 Results and discussion

Structure of poly(alkyl acrylates)

In order to understand the gas sorption and diffusion behavior in poly(alkyl acrylates),

it is very important to analyse the structural properties of the polymer. Fig. 3.2.3

displays the simulation results (open symbols) and the corresponding experimental
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data8 (closed symbols) for the specific volume of poly(alkyl acrylates) versus temper-

ature. We find a good agreement between the simulation results and the experimental

data. Also, our results are in good agreement with the previous simulation data.55 At

a given temperature, the specific volume of the poly(alkyl acrylate) system increases

with side-chain length. The specific volumes are in the ranges of about 0.85-1.0

cm3/g and 1.0-1.4 cm3/g at 175 and 600 K, respectively. The specific volume of the

poly(alkyl acrylate) system increases linearly with temperature, but with a change in

slope at the glass transition temperature. The experimental glass transition temper-

atures are about 270, 260, and 228 K for PMA, PEA, and PBA, respectively.7,8 The

simulated glass transition temperatures are about 340, 319, 296, and 269 K for PMA,

PEA, PBA, and PDA, respectively. The simulated glass transition temperatures are

higher than the experimental ones in all cases. This may be due to various factors

such as force-field limitations and/or differences in molecular weights,71 tacticities,72

and cooling rates71,73 of simulated and experimental samples. Furthermore, Figure

S3.2.2 shows the time evolution of the specific volumes of poly(alkyl acrylates) re-

sulting from the MD simulations (NPT ) after annealing. We see that the relaxation

steps used here can greatly speed up the equilibration process. Also, our results show

that the glass transition temperature decreases with increasing side-chain length of

poly(alkyl acrylate). This is probably due to the fact that the shielding of the polar

ester (-COO-) groups increases with side-chain length. Therefore, polar intermolecu-

lar interactions may play an important role, for example, in PMA. However, at larger

side-chain lengths, van der Waals interactions may become important. In general,

the polar interactions are stronger than van der Waals and, thus, the glass transition

temperature decreases with increasing side-chain length. Fig. 3.2.4 shows the RDFs

between oxygen atoms (double bonded) and carbon sites in the poly(alkyl acrylate)

system. For simplicity, interactions between atoms in the same bond, angle, or di-

hedral are not shown. It is clear from this plot that the shielding of the oxygen
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increases with side-chain length. For example, both in the glassy and rubbery states

of the polymer, the peaks in the range of about 4-5 Å increase in magnitude as the

side-chain length increases.

Figure 3.2.3: Specific volume of poly(alkyl acrylates) as a function of temperature at
1 atm. Error bars are smaller than the size of the symbols. The lines are a guide to
the eye.

The empty space of the polymer matrix accessible to a probe molecule was esti-

mated using the Poreblazer package.74 We used helium (σLJ = 2.58 Å and εLJ/kB =

10.22 K) as the probe for the calculation of the free space in the polymer matrix.33,74,75

The void fraction was estimated as the ratio of the internal free space to the total

volume of the polymer material. Fig. 3.2.5 shows the void fraction of the poly(alkyl

acrylate) system versus temperature. The void fraction increases linearly with tem-

perature, but with a change in slope at the glass transition temperature. Furthermore,

Figure S3.2.3 shows the maximum pore diameter and the pore limiting diameter of

the poly(alkyl acrylate) system versus temperature. The maximum pore diameter is
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associated with the largest cavity available in the polymer matrix. Note also that the

molecules that are smaller than the pore limiting diameter can freely diffuse in the

material without overlapping one or more framework atoms. We see that similar to

the cases of specific volume and void fraction, both the maximum pore diameter and

the pore limiting diameter increase with temperature.

In all cases, the void fractions are . 0.05 below the glass transition temperatures.

At 600 K, the void fractions are in the range of about 0.2-0.3. Our results show that

the void fraction increases with increasing side-chain length of poly(alkyl acrylate)

above the glass-transition temperatures. Thus the void fractions increase with in-

creasing shielding of the polar ester groups in the polymer. Note, for example, that

the lack of any polar group as in polyethylene33 resulted in a void fraction of about 0.3

at 600 K. However, an opposite trend is obtained in the glassy state of the poly(alkyl

acrylates). These results could be explained based on the consideration of steric and

polar interactions. For example, as noted above (see, e.g., Fig. 3.2.4), the polar inter-

actions decrease with increasing side-chain length. It seems that the polar interactions

may play an important role in the rubbery state. However, in the glassy state, steric

factors may become dominant. Furthermore, a similar behavior was observed for the

maximum pore diameter and the pore limiting diameter of the poly(alkyl acrylate)

system. In all cases, the maximum pore diameters and the pore limiting diameters

are about 4 Å and 1 Å, respectively, below the glass transition temperatures. At 600

K, the maximum pore diameters and the pore limiting diameters are in the ranges of

about 6-8 Å and 2-2.5 Å, respectively. Note that the penetrant sizes are about 3.73

Å for CH4 and 3.03 Å for carbon dioxide (5.33 Å in long axis). Therefore, it is clear

that these penetrants cannot freely diffuse in the material without overlapping one

or more framework atoms. As an aside, it can be seen (Figures S3.2.4-S3.2.5) that

the main-chain dynamics is slower than the side-chain dynamics. Note, however, that

the side-chain motion was relatively slower in the polymer due to the presence of the
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local nanodomains.6 We did not observe local nanodomains in our samples at least

within the simulation time of tens of nanoseconds. Typically the homogeneous crys-

tal nucleation may require several hundreds of nanoseconds.76 We see that the initial

ballistic regime (slope of 2) is generally followed by the subdiffusive Rouse regime

(slope of 0.5). However, a plateau region is identified between the short time ballistic

motion and the subdiffusive Rouse behavior in the vicinity of the glass transition,

which may be attributed to the cage effect.77 In all cases (300−600 K range), MSD

increases with side-chain length, which may be attributed to the effect of free volume

upon chain mobility. In short, above the glass transition, both free volume size (see,

e.g. Fig. 3.2.5) and polymer chain mobility increase with side-chain length.



290

Figure 3.2.4: RDFs between oxygen atoms (double bonded) and carbon sites in the
poly(alkyl acrylate) system at (a) 175 and (b) 600 K.
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Figure 3.2.5: Void fraction of the poly(alkyl acrylate) system as a function of tem-
perature at 1 atm. Error bars are smaller than the size of the symbols. The lines are
a guide to the eye.

Sorption of CH4 and CO2 in poly(alkyl acrylates)

Sorption isotherms of CH4 and carbon dioxide in amorphous poly(alkyl acrylates)

were obtained using MC/MD simulations. Figure S3.2.6 shows the the effects of

polymer swelling and framework flexibility on the sorption isotherms. It can be seen

that the equilibrium is achieved in less than about 20 MC/MD cycles. Our results

show that the polymer swelling becomes more pronounced, especially in the case of

sorption of CO2 at high pressures (Figures S3.2.7-S3.2.8). For example, the samples

are swollen up to about 1% and 10% for methane and carbon dioxide, respectively,

under studied conditions. A significant swelling occurs probably due to the greater

interaction between carbon dioxide and the polar ester groups in the polymers. Note,

for example, that the lack of any polar group as in polyethylene33,78–81 resulted in
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negligible swelling under similar conditions. However, polyethylene exhibits signifi-

cant swelling at high pressures.78–81 In general, the swelling of poly(alkyl acrylates)

increases with increasing pressure and side-chain length and decreases with temper-

ature. Also, the uptake of gas by poly(alkyl acrylates) follows the same trend as

swelling (see below). The measurement of swelling in a carbon dioxide-poly(methyl

methacrylate) system showed similar results.82,83 Theoretical models84–86 such as the

statistical association fluid theory have been used recently for describing these exper-

imental results.

Fig. 3.2.6 shows the sorption isotherms of CH4 and carbon dioxide in both PEA

and PDA obtained from simulations (open symbols) and experiments12 (solid sym-

bols) at 308 K. The simulation results are in good qualitative agreement with the

experimental data. The simulation results were generally larger than the correspond-

ing experimental values by a factor of about 2. This may be due to various factors

such as force-field limitations and/or differences in molecular weights and tacticities

of simulated and experimental samples. The simulation results were also fitted using

the dual-mode sorption model33,87,88 (lines). This model is based on two different

sorption processes, ordinary dissolution (Henry’s law) and a hole-filling mechanism

described by the Langmuir sorption. Furthermore, Figures S3.2.9-S3.2.10 shows the

sorption isotherms of CH4 and carbon dioxide for all studied cases. Our results show

that the sorption amount is higher for carbon dioxide compared with CH4. For exam-

ple, it can be seen from Fig. 3.2.6 that the CO2 uptake is about an order of magnitude

higher than that of methane at 15 atm. This is expected due to the strong interaction

of CO2 with the polar ester groups in the polymer system. In general, the lack of any

polar group as in polyethylene33,44,45,89–94 leads to similar uptake values for methane,

but a lower uptake of CO2. However, below its melting temperature, the polyethylene

system may exhibit a markedly lower uptake of the gas molecules due to the presence

of the semicrystalline phase. We have seen above that the structural properties such
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as the void fraction of the poly(alkyl acrylate) system increase with temperature.

However, the sorption amount of methane and CO2 decreases with temperature, in-

dicating the exothermic nature of the sorption process. We have also seen that, for

example, the void fraction increases with side-chain length in the temperature range

300-600 K. In general, a similar behavior is obtained for the sorption of methane and

CO2 as a function of side-chain length.

Figure 3.2.6: Sorption isotherms as computed from simulations (open symbols) and
the corresponding experimental data12 (solid symbols) for methane (circles) and car-
bon dioxide (squares) in (a) PEA and (b) PDA at 308 K. The lines are fitting curves
to the simulation data.
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Fig. 3.2.7 shows the simulated solubility constants (open symbols) as a function

of temperature. As in the case of sorption isotherms, our simulated solubility results

are in reasonable agreement with the experimental data12 (closed symbols) at 308 K.

By applying the van’t Hoff equation (S ∼ exp(−∆HS/RT ), where ∆HS is the heat

of solution) in the temperature range of 300-600 K, the simulated values of −∆HS for

CH4 and carbon dioxide were in the ranges of about 3.6−7.6 and 14.9−19.5 kJ/mol,

respectively. Our results show that the values of −∆HS decrease with increasing

side-chain length, consistent with experiments.12 Note that the experimental heats of

solution for CH4 in PEA and PDA were about -10.0 and -8.0 kJ/mol, respectively.12

In the case of CO2, the experimental heats of solution in PEA and PDA were about

-14.2 and -12.1 kJ/mol, respectively.12 We find that the solubility of methane and

carbon dioxide in poly(alkyl acrylates) decreases with temperature. To gain further

insight, in Figure S3.2.11 we plot the solubility constants as a function of void fraction.

Our results show that the solubility of methane and carbon dioxide decreases with

void fraction. This may be due to the fact that the gas-polymer interaction decreases

with increasing void fraction (energetic effect). Similar solubility behavior has been

reported in the case of, for example, polyethylene system.33,44,45,93,94 The solubility

behavior may be explained based on a combination of entropic and energetic effects.

For example, the solubility of small molecules such as helium in polyethylene increases

with increasing temperature (or void fraction). This may be due to the fact that the

hindered rotation of the probe molecule and the degree of confinement decrease with

void fraction (entropic effect).



295

Figure 3.2.7: Temperature dependence of the solubility constants of (a) methane and
(b) carbon dioxide in poly(alkyl acrylates). The lines are a guide to the eye.

Diffusion of CH4 and CO2 in poly(alkyl acrylates)

The self-diffusion coefficients of CH4 and CO2 in amorphous poly(alkyl acrylates) were

obtained using MD simulations carried out in the NV T (canonical) ensemble. Fig.

3.2.8 shows the self-diffusion coefficients of CH4 and carbon dioxide in poly(alkyl acry-
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lates) obtained from simulations (open symbols) and experiments11,12 (solid symbols)

at 308 K. The simulation results are in good qualitative agreement with the exper-

imental data. We see that an increase in the simulated main-chain length leads to

a better agreement with the experimental data. However, the simulation results of

PMA were generally larger than the corresponding experimental values by a factor

of about 5. We also find that the diffusion coefficients are not much affected by the

tacticity of the polymers (data not shown). The results show that the gas diffusion in

poly(alkyl acrylates) increases with increasing side-chain length. In general, the lack

of any polar group as in polyethylene33,45,89,90,92–95 resulted in a higher mobility of the

penetrant species. However, below its melting temperature, the polyethylene system

may exhibit a markedly lower mobility of the penetrant species due to the presence

of the semicrystalline phase.

Figure 3.2.8: Side-chain length (number of CHx and CHet
x groups in the side-chain)

dependence of the self-diffusion coefficients of methane and carbon dioxide in the
poly(alkyl acrylate) system as computed from simulations (open symbols) and the
corresponding experimental data11,12 (solid symbols) at 308 K and 1 atm.
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Furthermore, Fig. 3.2.9 shows the self-diffusion coefficients of CH4 and CO2 in

poly(alkyl acrylates) in the temperature range from 300 to 600 K and at 1 atm. By

applying the Arrhenius equation (Ds ∼ exp(−ED/RT ), where ED is the activation

energy of diffusion) in the temperature range of 300-600 K, the simulated activation

energies for CH4 and carbon dioxide in poly(alkyl acrylates) were in the ranges of

about 19.4−33.2 and 15.8−25.5 kJ/mol, respectively. Our results show that the acti-

vation energies of gas diffusion decrease with increasing side-chain length, consistent

with experiments.12 Note that the experimental activation energies of diffusion for

CH4 in PEA and PDA were about 44.0 and 36.4 kJ/mol, respectively.12 In the case

of CO2, the experimental activation energies in PEA and PDA were about 35.1 and

29.7 kJ/mol, respectively.12 We find that the diffusion of CH4 and carbon dioxide in

poly(alkyl acrylates) increases with temperature. This is probably due to the fact

that the waiting time for a penetrant molecule in a cavity before the jump decreases

with temperature.33,34,38,40 The jump length and jump time may be determined by

the chain oscillations (see, e.g., Figures S3.2.4-S3.2.5) and the cavities nearby.
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Figure 3.2.9: Temperature dependence of the self-diffusion coefficients of (a) methane
and (b) carbon dioxide in poly(alkyl acrylates) at 1 atm. The lines are a guide to the
eye.

To gain further insight, in Figure S3.2.12 we plot the diffusion coefficients as a

function of void fraction. We see that the diffusion coefficients of CH4 and CO2 have

an exponential relationship with the void fraction, which is in agreement with the
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classical free volume theory.41–43 The free volume theory is based on the concept that

the redistribution of the free volume occasionally opens up local voids large enough

into which a diffusing molecule can move. From this simple notion, it is easy to

show that the diffusion coefficient can be expressed as D = A exp(−B/FFV), where

A and B are constants. Using the helium void fraction as a measure of the FFV,

the simulated values of A for CH4 and carbon dioxide were in the ranges of about

4.2−8.2 and 3.1−4.3 ×10−8 m2/s, respectively. The simulated values of B for CH4

and carbon dioxide were in the ranges of about 0.27−0.36 and 0.22−0.29, respectively.

In general, the values of A are dependent on the gas-polymer interaction, and the

values of B are dependent on the polymer-polymer interaction.42,43 It is to be noted

that the gas-polymer interaction decreases with increasing A. All these results show

the preferential interaction of the polymer with carbon dioxide relative to methane.

Also, the gas diffusion coefficients increase with both maximum pore diameter and

pore limiting diameter of the poly(alkyl acrylate) system.

3.2.5 Conclusions

In this part, we have studied the structural features, and the sorption and diffusion

behavior of CH4 and carbon dioxide in amorphous poly(alkyl acrylates) in the tem-

perature range of 300−600 K. Here four cases were examined, namely, PMA, PEA,

PBA, and PDA. The sorption isotherms were obtained using GCMC simulations, and

the hybrid MC/MD approach was used to address the effects of polymer swelling and

framework flexibility on the gas sorption. Also, MD simulations allowed us to assess

the dynamic properties of the system. Our results show that the glass transition

temperature decreases with side-chain length of poly(alkyl acrylate), consistent with

experiments.7,8 This is due to the fact that the shielding of the polar ester groups in-

creases with side-chain length. We see that the void fraction increases with side-chain

length of poly(alkyl acrylate) in the temperature range of 300−600 K.
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The simulated sorption isotherms of methane and CO2 were in reasonable agree-

ment with the experimental data.12 The polymer swelling becomes more pronounced,

particularly in the case of sorption of CO2. For example, the samples are swollen

up to about 1 and 10% for methane and carbon dioxide, respectively, under studied

conditions (≤ 15 atm). The poly(alkyl acrylate) system shows a significant swelling

probably due to the greater interaction between carbon dioxide and the polar ester

groups in the polymers. Similar to the cases of, e.g., the void fraction and the swelling,

the uptake of methane and CO2 by poly(alkyl acrylates) typically increases with in-

creasing side-chain length. The lack of any polar group as in polyethylene generally

leads to similar uptake values for methane, but a lower uptake of CO2.33,44,45,89–94

Our results confirm the experimental11,12 observations that the diffusion coeffi-

cients of methane and CO2 in poly(alkyl acrylates) increase with increasing side-chain

length. An important result is that the activation energies of gas diffusion decrease

with increasing side-chain length. The diffusion coefficients of methane and CO2 have

an exponential relationship with the void fraction, which is consistent with the free

volume theory. The lack of any polar group as in polyethylene generally resulted in

a higher mobility of the penetrant species.33,45,89,90,92–95 This study can help under-

stand the structural features, and gas sorption and diffusion in poly(alkyl acrylates)

for their potential applications such as in adhesives, coatings, paints, textiles, cables,

and carbon dioxide capture. Future studies are needed to explore the molecular-

level details of the effects of high pressure and main-chain stiffness (e.g., poly(alkyl

methacrylates)) on such polymer systems.
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3.2.7 Supporting information

Table S3.2.1: Lennard-Jones(LJ) parameters of the poly(alkyl acrylates)a.
Potential form Type Parameters

LJ: εii (kcal/mol) σii ()

ELJ = 4εij

[(σij
rij

)12

−
(σij
rij

)6]
Ccbn 0.0795 3.82

CH 0.0199 4.68
CH2 0.0910 3.95
CHet

2 0.0910 3.95
CH3 0.1950 3.75
CHet

3 0.1950 3.75
Ocbn 0.1570 3.05
Oet 0.1090 2.80

aMartin and Siepmann, 1999; Kamath, et al., 2006; Maerzke, et al., 2009.
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Figure S3.2.1: United-atom representation of the poly(alkyl acrylate) repeat unit
where the various united atoms and charges are shown. Note that CHet

3 (same charge
as CHet

2 ) is bonded with Oet for PMA.
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Figure S3.2.2: Time evolution of the specific volume of (a) PMA and (b) PDA at 1
atm. The system was rapidly (1 ns MD) brought to the required condition from a
molten state at time 0.
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Figure S3.2.3: (a) Pore limiting diameter and (b) maximum pore diameter in the
poly(alkyl acrylate) system as a function of temperature at 1 atm.
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Figure S3.2.4: Log−log plot of the MSDs of main-chain and side-chain monomers as
a function of time in the poly(alkyl acrylate) system at 300 K and 1 atm: (a) PMA,
(b) PEA, (c) PBA, (d) PDA.
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Figure S3.2.5: Same as in Fig. S3.2.4, but at 600 K.
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Figure S3.2.6: Variation of the sorption amount for (a) methane and (b) CO2 in PMA
as a function of the number of hybrid MC/MD cycles at 308 K. Also shown is the
effect of swelling on sorption isotherms of (c) methane and (d) CO2 in PMA at 308
K.
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Figure S3.2.7: Temperature dependence of the swelling (∆V/V ) of the poly(alkyl
acrylates) in the presence of methane: (a) PMA, (b) PEA, (c) PBA, (d) PDA.
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Figure S3.2.8: Same as in Fig. S3.2.7, but for the CO2 case.
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Figure S3.2.9: Sorption isotherms as computed from simulations (symbols) of
methane in the poly(alkyl acrylate) system: (a) PMA, (b) PEA, (c) PBA, (d) PDA.
The lines are fitting curves to the simulation data.
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Figure S3.2.10: Same as in Fig. S3.2.9, but for the CO2 case.
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Figure S3.2.11: Void fraction dependence of the solubility constants of (a) methane
and (b) carbon dioxide in poly(alkyl acrylates). The lines are a guide to the eye.
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Figure S3.2.12: Void fraction dependence of the self-diffusion coefficients of (a)
methane and (b) carbon dioxide in poly(alkyl acrylates) at 1 atm. The lines are
a guide to the eye.
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Chapter 4

Sorptive and Diffusive Properties of fluids in Ordered Porous

Media

4.1 Layer Charge Effects on Adsorption and Diffusion of Wa-

ter and Ions in Interlayers and on External Surfaces of

Montmorillonite

TOC Graphic
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4.1.1 Abstract

Molecular simulations using classical force fields were performed to study the ad-

sorption and diffusion properties of water and ions in the high-charge (Arizona-type)

montmorillonite clays with varying relative humidity (RH) at 298.15 K. The simula-

tion results of basal distances derived from swelling free energy curves and of water

uptake are in good agreement with experiments. Overall, the simulated self-diffusion

coefficients of the interlayer species are in reasonable agreement with experiments and

lower than those estimated for the external surfaces. Influence of the magnitude of

the layer charge was studied by comparing these simulation results with those ob-

tained for the low-charge (Wyoming-type) montmorillonite clays. Most importantly,

these comparisons confirm the experimental finding that the high-charge clay gen-

erally shifts swelling transitions toward lower RH values. Therefore, the adsorption

and dynamics of water and ions are significantly different in the low- and high-charge

clays near the transition RH values. We find that the amount of water in an inter-

layer hydration state is mostly independent of the layer charge, probably due to steric

reasons. In contrast, the externally adsorbed water content increases with increasing

layer charge. Furthermore, the mobility of water and ions is generally lower in the

high-charge montmorillonite than in the corresponding low-charge system. However,

mobility of cations in the mesopores of high-charge montmorillonite is typically higher

than that of the corresponding low-charge system which might be attributed to the

presence of the tetrahedral substitutions in the later case.
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4.1.2 Introduction

The interlayer space in smectite minerals such as montmorillonite can be easily ex-

panded by intercalating water.1–33 Montmorillonite is a layered aluminosilicate where

sheets of octahedrally coordinated Al atoms and tetrahedrally coordinated Si atoms

are stacked in a 2:1 ratio to form a tetrahedral-octahedral-tetrahedral (TOT) layer.

In montmorillonite, the TOT layers are negatively charged due to substitution of Al

by Mg in the octahedral sheets and by less common substitution of Si by Al in the

tetrahedral sheets. The negative charge of the TOT layers is compensated by coun-

terions present in the interlayer space. Furthermore, clay minerals have significant

applications in the area of nuclear waste disposal,34,35 geologic storage of CO2,36–39

and shale gas extraction.36,40–42 They are also used in commercial applications.43,44 Of

particular importance is the successful storage of carbon dioxide which is influenced

by the permeability of caprock formations. Caprocks may be composed of shale or

mudstone enriched in clay minerals including montmorillonite which can swell de-

pending on the environmental conditions (e.g., relative humidity (RH)). A molecular-

level understanding of clay-H2O interactions is essential for the development of such

applications.

Extensive experimental1–17 and simulation18–32 studies have been performed to

elucidate the swelling mechanism of montmorillonite systems. These studies showed

that the stable basal distances are typically in the ranges of 9.5− 10.5 Å, 11.5− 12.5

Å, 14.5−15.5 Å, and 18.0−19.1 Å for dry (0W), monolayer (1W), bilayer (2W), and

three layer (3W) water arrangements, respectively. Many factors affect the sorption

and diffusion mechanisms of H2O and ions in clays such as layer charge, ion type,

pore space, and RH. For example, Ferrage et al.12,13 experimentally studied the influ-

ences of layer charge and counterion type on the swelling behavior of montmorillonite

clays with varying RH. They observed that the hydration properties of smectites are

controlled by the type of interlayer cation and an increase of layer charge shifts the
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0W-to-1W and the 1W-to-2W transitions toward lower RH values. Notably, simula-

tions carried out with a fully flexible, rather than rigid, clay structure yielded the best

agreement with experimental results.27 The amount of water on clay surfaces plays an

important role in the gas adsorption and selectivity properties.45,46 For example, at-

tributed to their multilayer adsorption, carbon dioxide and methane favorably adsorb

onto the clay surfaces with intermediate water contents.46 The adsorption selectivity

of carbon dioxide over methane decreases with pressure in dry conditions, while this

trend is reversed in the presence of water.45,46 Recently, molecular simulations have

been applied to study the influence of RH on the adsorption and dynamics of water

and ions in low-charge (Wyoming-type) montmorillonite.26,29,31 However, a detailed

knowledge of the effect of factors such as layer charge on adsorption and diffusion

properties of H2O and ions in smectites is still lacking.

Our previous studies have shown that molecular simulations are a useful approach

to assess the surface and chemical interactions.31,46–51 In this study we employ grand

canonical Monte Carlo (GCMC) calculations to acquire a molecular-level description

of the effect of RH on H2O uptake by high-charge clays (Arizona-type montmoril-

lonite) at 298.15 K. The simulation results of basal distances obtained from swelling

free energy curves and of H2O uptake were applied to aid in the interpretation of

experimental measurements6,9,13 on high-charge montmorillonite clays. In addition,

we performed molecular dynamics (MD) calculations to determine the mechanisms

of water and ion diffusion in high-charge montmorillonite clays with varying RH. We

also compared the sorption and diffusion results of the interlayer species with those

obtained from the external surfaces. We then studied the influence of the magnitude

of the layer charge on the sorption and diffusion properties.
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4.1.3 Simulation details

Figure 4.1.1: Equilibrium snapshot of Arizona Sr-montmorillonite in contact with
water (RH of 80%) at T = 298.15 K. Color code: O, red; H, white; Si, yellow; Al,
cyan; Mg, orange; Sr, green.

We performed GCMC and MD calculations using TOWHEE52and LAMMPS53 molec-

ular simulation packages, respectively. The simulation model and method were the

same as those used in our earlier work.31,46,49,50 The clay model used in the present

work was based on the unit cell of pyrophyllite (Si8Al4O20(OH)4). Our simulations

employed 64 unit cells (2560 atoms) and an orthorhombic box with lateral dimensions

of 42.24 × 36.56 Å (Fig. 4.1.1). We typically used two parallel clay layers each with

a thickness of 6.56 Å. We have focused here on Arizona-type clay of unit cell formula

M1.0/n(Si8)(Al3.0Mg1.0)O20(OH)4, where M denotes a cation (lithium, sodium, potas-

sium, magnesium, calcium, or strontium) and n is the charge on the ion. Therefore,

each clay sheet consists of 32 isomorphic substitutions of aluminium by magnesium

ion in the octahedral sheet and 32 (16) compensating monovalent (divalent) cations in

the interlayer space. We made sure that Loewenstein’s rule (for example, substitution

sites are not adjacent to each other) is obeyed. Furthermore, the clay is held rigid

during the GCMC calculations and a fully flexible clay is used for all MD simulations.

Periodic boundary conditions were applied in all directions.
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The general expression for the total potential energy is

ETot = ELJ + ECoul + EStretch + EBend. (4.1)

In the above equation, the nonbonded interactions between particles are described by

pairwise Lennard-Jones (LJ) 12-6 potential:54

ELJ = 4εij

[(σij
rij

)12

−
(
σij
rij

)6 ]
, (4.2)

where rij is the distance between the centers of i and j sites, and εij and σij are the

LJ energy and distance parameters, respectively. The LJ parameters for interactions

between unlike atoms were obtained by use of the Lorentz-Berthelot combining rules:

σij =
σi + σj

2
, (4.3)

εij =
√
εiεj. (4.4)

The nonbonded interactions between charged atoms are described by the Coulomb

potential:

ECoul =
qiqj

4πε0rij
, (4.5)

where qi and qj are the partial charges of the sites i and j, respectively, and ε0 is

the dielectric permittivity of vacuum. The long-range Coulombic interactions are

estimated by the Ewald summation (GCMC) or particle-particle particle-mesh (MD)

technique with a precision of 10−5. The nonbond cutoff for interactions was 10.0 Å.

Harmonic potentials are used for the bond stretch and angle bend terms:

EStretch =
1

2
kr(rij − r0)2, (4.6)
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Table 4.1.1: Approximate RH ranges and the corresponding hydration states/basal
d−spacings observed experimentally and employed in our simulations for Arizona
montmorillonite in contact with water at T = 298.15 K. The maximum deviation of
the basal spacings obtained by swelling free-energy analysis/experiments from those
used here was about 5%.
Clay type RH (%) hydration state/basal d−spacing

Experiment6,13 Simulation (Å)
Li-montmorillonite 0 – 50 1W 12.0

50 – 100 2W 15.0
0 – 10 0W 10.0

Na-montmorillonite 10 – 50 1W 12.0
50 – 100 2W 15.0

K-montmorillonite 0 – 10 0W 10.0
10 – 100 1W 12.0

Mg-montmorillonite 0 – 10 1W 12.0
10 – 100 2W 15.0

Ca-montmorillonite 0 – 10 1W 12.0
10 – 100 2W 15.0

Sr-montmorillonite 0 – 20 1W 12.0
20 – 100 2W 15.0

and

EBend =
1

2
kθ(θ − θ0)2, (4.7)

where r0 is the equilibrium bond length, θ is the bending angle, θ0 is the equilibrium

bending angle, and kr and kθ are the corresponding force constants. We used the

CLAYFF force field55 to describe the interactions of the clay atoms. A rigid56 and

a flexible55 simple point charge (SPC) water model were used in GCMC and MD

simulations, respectively. The force field parameters of lithium,57 sodium,24,55 potas-

sium,55,58 magnesium,57 calcium,55,58 and strontium57 counterions are obtained from

literature. The atomic charges and LJ parameters employed in this work are given in

Table 4.1.1.

The water content in the montmorillonite was calculated from GCMC calculations

in the µH2OV T ensemble (µH2O is the chemical potential of H2O59,60). Typically, each



331

simulation ran for at least 6 × 107 Monte Carlo steps, of which first 4 × 107 were

for equilibration. Depending on the imposed chemical potential, up to about 9× 108

Monte Carlo steps were used in the case of mesopores. We obtained stable basal

d−spacings from stability analysis based on the pressure normal to the clay platelets

Pzz (outputted by TOWHEE) and the free energy ∆F per clay platelet area A.24,25

The swelling free energy per clay platelet area is

∆F/A = −
∫ d

d0

(Pzz(d
′)− Papp)dd′, (4.8)

where, d0 is the arbitrarily chosen reference basal spacing of 10.0 Å (≈ 0W state) and

Papp represents the applied pressure. In our simulations, the basal d−spacings of the

clays were chosen in the range 10.0-15.0 Å for the swelling region up to the 2W state

(see below), whereas the basal d−spacing of the mesopore was maintained constant

at 65.0 Å.

The isosteric heat qst is obtained from the GCMC simulations using the fluctuation

method:46,61

qst ' RT − 〈UN〉 − 〈U〉〈N〉
〈N2〉 − 〈N〉2

, (4.9)

where U and N are the configurational internal energy and the number of adsorbed

water molecules, respectively, and the angular brackets represent statistical averages.

The final configurations outputted by the GCMC simulations were taken as the

initial configurations in the MD simulations. MD simulations were performed in the

NV T ensemble. The equations of motion were integrated using the velocity Verlet

algorithm with a time step of 1 fs. Temperature was controlled by a Nośe-Hoover

thermostat54 with a relaxation time of 0.1 ps. An equilibration phase of 5 ns was

followed by a production run of 10 ns. Six independent trajectories each of length 15

ns were averaged to achieve good statistics. Self-diffusion coefficients along the clay
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surfaces were evaluated by the two-dimensional Einstein relation:

Dxy = lim
t→∞

〈∆x(t)2 + ∆y(t)2〉
4t

, (4.10)

where, e.g., 〈∆x(t)2〉 is the mean-square displacement (MSD) of the particle in the x

direction.

Figure 4.1.2: Variations of (a) normal pressure Pzz and (b) swelling free energy
per clay platelet area ∆F/A as a function of the basal d−spacing for Arizona Sr-
montmorillonite at T = 298.15 K. Simulations are performed under different RH
conditions.
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4.1.4 Results and discussion

Swelling of montmorillonite

We performed GCMC simulations to investigate the swelling properties of montmoril-

lonite clays with varying RH. Oscillations in the pressure are indicative of crystalline

swelling properties of montmorillonte clays.21,25,62 Fig. 4.1.2 shows the results of

the pressure normal to the surface Pzz and the swelling free energy per clay platelet

area ∆F/A as a function of the basal d−spacing for Sr-montmorillonite at 298.15

K (Figs. S4.1.1 and S4.1.2, Supporting Information, show the corresponding results

for all studied cases). The free energy curves show distinct minima corresponding

to points where Pzz passes the applied pressure line with a negative slope. The

bulk pressure and any external pressure both contribute to the applied pressure. In

these simulations, the applied pressure is the partial water-vapor pressure. In Fig.

4.1.3, we compiled the resulting d-spacing values located at the global energy minima

(symbols) in the swelling free energy curves and corresponding experimental results

(lines).6,13 There is good agreement between our results and the available experimen-

tal data. Furthermore, Fig. 4.1.4 displays the H2O content in the montmorillonite

as obtained from our GCMC calculations (symbols) and corresponding experimental

results (lines).9,13 For simplicity and comparison purpose, basal spacings of d = 10.0,

12.0, and 15.0 Å for the 0W, 1W, and 2W swelling states, respectively, were used

in these simulations. The approximate hydration states/basal d-spacings and the

corresponding RH ranges, for example, found experimentally6,13 and employed in

these simulations are given in Table 4.1.1 (see also Fig. 4.1.3). Moreover, a good

qualitative agreement between the simulation and the experiment is observed for the

water uptake. We think that the difference may arise mainly from the coexistence

of integral hydrations states (i.e., 0W, 1W etc.) in experimental samples at a given

RH.13 Also, other factors such as slight changes in basal distances between model

and experiment might affect the accuracy of the results. Then to gain information on
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Table 4.1.2: Charges q and LJ parameters σ and ε of water, clay, and ion.

Force or charge site σ (Å) ε/kB (K) q (e)
Water (SPC) 55,56
O 3.1656 78.2000 −0.8200
H 0.0 0.0 0.4100

Montmorillonite (CLAYFF) 55
Hydroxyl H 0.0000 0.0000 0.4250
Hydroxyl O 3.1656 78.2000 −0.9500
Hydroxyl O with substitution 3.1656 78.2000 −1.0808
Bridging O 3.1656 78.2000 −1.0500
Bridging O with octahedral substitution 3.1656 78.2000 −1.1808
Tetrahedral Si 3.3020 9.2618 × 10−4 2.1000
Octahedral Al 4.2712 6.6918 × 10−4 1.5750
Octahedral Mg 5.2643 4.5440 × 10−4 1.3600

Ion
Li57 1.3723 9.2130 1.0000
Na24,55 2.3500 65.5128 1.0000
K55,58 3.3340 50.3584 1.0000
Mg57 1.6444 440.6085 2.0000
Ca55,58 2.8720 50.3584 2.0000
Sr57 3.4620 50.3584 2.0000

the equilibrium structures of relevant hydration states, we plot in Figs. S4.1.3 and

S4.1.4, density profiles of water and ions evaluated along the z-axis (perpendicular to

the clay surface).
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Figure 4.1.3: RH dependence of the basal d−spacing as computed from our GCMC
simulations (symbols) and the corresponding experimental data6,13 (lines) for Arizona
samples saturated with (a) monovalent and (b) divalent cations at T = 298.15 K. In
simulations, the maximum error was about 5%.
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Figure 4.1.4: RH dependence of water uptake as computed from our GCMC simu-
lations (symbols) and the corresponding experimental data9,13 for Arizona samples
saturated with (a) monovalent and (b) divalent cations at T = 298.15 K. Error bars
are smaller than the symbol size. The basal d−spacings are as given in Table 4.1.1.

Our simulation data show that similar to the order of ion hydration energy, the

swelling tendency of the clay follows: Mg-> Ca-> Sr-> Li->Na->K-montmorillonite.

We find stable basal d−spacings for the dry (0W) state of montmorillonite clays be-

low about 10.5 Å. The interaction of montmorillonites with H2O induces swelling to

the values equal to the 1W state (d−spacings of about 11.5-12.5 Å). We see that

with increasing RH, the d−spacings increase to the next stable values in the range of

about 14.5-15.5 Å (2W). Higher hydration states such as three water layers (3W) can

be formed close to or above water saturation.6 However, clay swelling mechanism for

RH & 100% is not considered in this work. Notably, in all cases the change in RH
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hardly influences the water content and the distribution of water and cations in each

hydration state.

As in the case of water, swelling due to humidity changes significantly affects the

density profiles of cations. Here we observe both inner- and outer-sphere surface

complexes. An inner-sphere surface complex is formed when a cation binds directly

with the clay surface.63 Whereas, a cation in the outer-sphere surface complex retains

the solvation shell. Our results show that monovalent and divalent cations mostly

form inner- and outer-sphere surface complexes, respectively. Similar results are found

for low-charge montmorillonite.24,31 Such a behavior can be attributed to the fact that

strongly hydrated ions hinder the development of inner-sphere surface complexes.

Interestingly, the presence of the inner-sphere surface complex leads to a striking

stability of the 1W state for the K-montmorillonite clay and inhibits further swelling

of the clay.19,31

Adsorption of H2O on the external surfaces of montmorillonite

Molecular simulations can readily distinguish between the intercalated and the exter-

nally adsorbed water contents in clay minerals. Thus, simulations were also performed

to provide a systematic study of adsorption of water in the mesopores of montmoril-

lonite with varying RH. The basal d−spacing of the mesopore was chosen to be 65

Å in all our simulations. Fig. 4.1.5 displays the H2O content in the mesopore ob-

tained from molecular simulations (symbols). The analysis of these results using the

Brunauer, Emmett, and Teller (BET)64 isotherm model (lines) gives complementary

information on the multilayer adsorption process. The fit parameters are given in

Table S4.1.1. Although the BET theory is a simplification of multilayer adsorption,

it describes well the initial stage of this process here. It is clear that for any given

RH, the water content is higher for samples saturated with divalent cations than for

samples saturated with monovalent cations. The monolayer coverages of monovalent
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and divalent cases from BET analysis, for instance, are about 6 and 9 H2O molecules

per O20(OH)4, respectively. We see that the BET model does not adequately describe

adsorption of water vapor by montmorillonite at high RH values as noted earlier.15

The comparison between gravimetric and X-ray diffraction results can be used to

discriminate the relative contributions of water located in smectite interlayers and on

external clay surfaces.12 Our results show that under a similar condition, relative con-

tribution of water in the mesopore is significant near the saturation pressure (see, for

example, Figs. 4.1.4 and 4.1.5). We find that these differences begin to appear well

below the saturation value. Notably, this behavior for K-montmorillonite is because

of clay-swelling inhibition by K+. We see that for mesopores, complete filling of the

pore volume does not occur in the GCMC simulations until the pressure is about 1.2

times higher than the bulk vapor pressure of SPC water. This may be because the

environment for hydrogen bonding is unfavorable relative to the bulk liquid state. A

similar behavior was also found in other adsorbents.65,66
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Figure 4.1.5: RH dependence of water uptake as computed from our GCMC sim-
ulations (symbols) and the corresponding BET model (lines) for Arizona samples
saturated with (a) monovalent and (b) divalent cations at T = 298.15 K. Error bars
are smaller than the symbol size. The basal d−spacing is fixed at 65 Å.

We also calculated the equilibrium density profiles showing the arrangement of

H2O and counterions in the mesopore (Figs. S4.1.5-S4.1.6). In all cases, we observe

bulk-like properties of water away from the surfaces (z ' 10 Å) at high RH condi-

tions. For water saturated systems (≈ 100% RH), the profiles show three clear peaks

of water located at z ≈ 3, 6, and 9 Å in good agreement with earlier studies.26,67 The

number and/or magnitude of the water peaks increase with RH and seem to follow

the pattern of the water saturated systems. For example, the water density profiles

compare well with those of the saturated systems up to z ≈ 3 Å at 40% RH and up

to z ≈ 6 Å at 80% RH, especially for the strongly hydrated ions in the latter case.
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As RH and/or hydration energy increase, the ions move away from the clay surfaces,

thus forming outer-sphere surface complexes. The maxima in distribution of ions,

associated with the outer-sphere complexes, coincide with the minima in the water

density profiles between the first and second H2O layers. Our results show that, as

RH increases, counterions associated with outer-sphere surface complexes gradually

accumulate in the diffuse-layer. The later is located beyond the first two water mono-

layers and the detailed characteristics of this diffuse-layer in mesopores could also be

determined by the solution of the Poisson-Boltzmann equation.68 Churakov observed

similar results for low-charge montmorillonite clays.26 Notably, earlier studies in the

fields of electrokinetics and supercapacitors show similar features as those reported

in this study (see, e.g., Figs. S4.1.3-S4.1.6).69–71

The formation of surface complexes and differences in adsorption are also evident

from the calculated radial distribution functions (RDFs) of ion-water and ion-surface

oxygens (Figs. S4.1.7-S4.1.10). For example, the peaks for water molecules in the

first hydration shells around ions are located at about 2-3 Å. In this region, we can see

also that the ions tend to be coordinated by surface oxygens (inner-sphere complexes)

or by water molecules alone (outer-sphere complexes). As expected, over most of the

RH range, the amounts of interlayer water in the first hydration shells (Figs. S4.1.11-

S4.1.14) around potassium ions are lower as compared to those of the mesopore.

Fig. 4.1.6 shows the simulated isosteric heat values for water adsorption on the

montmorillonite as a function of RH. The isosteric heats were calculated from the

fluctuations of the energy (see eq. (4.9)).46,61 The isosteric heat is related to the

surface energetic heterogeneity and the fluid-fluid interaction. It can be seen that

the isosteric heat decreases with increasing RH. This is because when water load-

ing is increased, molecules are now further from the surface, giving lower solid-fluid

interaction. The simulated isosteric heats of the 1W-2W states are in the range of

about 12-15 kcal/mol (see Fig. 4.1.6a). These values are in good agreement with the
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experimental results obtained from the isotherms recorded at three temperatures.72

At a given RH, the isosteric heats of adsorption of water are relatively lower for the

mesopores (see Fig. 4.1.6b) as expected. Also here the isosteric heats above about

80% RH remain unchanged and equal to the heat of vaporization of pure water. Fur-

thermore, in a given hydration state or in the mesopore, the isosteric heats are found

to be similar for all counterions.

Figure 4.1.6: RH dependence of the isosteric heat of adsorption of water in (a) inter-
layers and on (b) external surfaces of the Arizona montmorillonite. The line represents
the heat of vaporization of water.72

Diffusion of H2O and counterions in montmorillonite interlayers

Figs. S4.1.15-S4.1.16 show typical MSDs of H2O and counterions in the interlayers

of montmorillonite. Tables S4.1.2-S4.1.3 show the self-diffusion constants calculated
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from the linear slope of the displacement vs time plots. The estimated diffusion coef-

ficients of water and ions are generally consistent with experiments14,17 and previous

simulation results27,30 (see, for example, Table S4.1.2). The quasi-elastic neutron

scattering techniques are suitable to study water dynamics on the scales which can

also be probed by MD simulations.14 However, typically experimental measurements

report the continuum-scale apparent diffusion coefficients for water and cations which

depend on many factors such as tortuosity, pore-size variability etc. For example, the

macroscopic scale diffusion values of water and its diffusion coefficients in the inter-

layer nanopores are offset by a factor of about 4.27 Furthermore, Fig. 4.1.7 shows

the normalized diffusion coefficients as a function of RH. Here we chose the bulk val-

ues from water-saturated mesopores (see below) which are close to the experimental

ones.73,74
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Figure 4.1.7: Normalized diffusion coefficients of interlayer ions (open symbols) and
corresponding H2O (solid symbols) as a function of RH for Arizona samples saturated
with (a) monovalent and (b) divalent cations at T = 298.15 K. The basal d−spacings
are as given in Table 4.1.1

Our results show that the diffusion coefficients of water and ions in a given hydra-

tion state are not much affected by changes in RH. This is similar to the behavior

of the sorbed amount of water and the various density profiles, as discussed above.

Except for divalent ions, the diffusion coefficient of each species in the 1W hydration

state is about 1-2 orders of magnitude lower than the bulk. The diffusion coefficient of

a divalent ion in the same state is about 2-3 orders of magnitude lower than the bulk.

As expected, the mobility of water and ions increases as a function of RH because of
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the related expansion of the basal spacings. However, this effect is not observed in the

case of K-montmorillonite since K+ act as a clay swelling inhibitor. It can be seen that

the self-diffusion coefficients of H2O in hydration states of montmorillonites saturated

with divalent counterions are typically lower than with monovalent counterions. This

is in line with the observations for the solvation energies.75 Comparing with the solva-

tion energies of divalent ions (e.g., ≈ −477.6 kcal/mol for Mg2+), the lower solvation

energies of monovalent ions (e.g., ≈ −86.1 kcal/mol for K+) indicate a looser solvation

shell around the monovalent ions. This fact suggests a higher mobility of water asso-

ciated with the monovalent ions than with the divalent ions.28,30 However, there are

exceptions, e.g., water is less mobile in the 1W hydration state of Li-montmorillonite

possibly due to the presence of inner-sphere surface complexes. Interestingly, in the

presence of CO2, the water diffusion is more restricted in Cs-montmorillonite when

compared to K-montmorillonite.76

Diffusion of H2O and counterions in mesopores

Figs. S4.1.17-S4.1.18 show typical MSDs of H2O and counterions in the mesopores

of montmorillonite. Tables S4.1.4-S4.1.5 show the self-diffusion constants calculated

from the linear slope of the displacement vs time plots. Furthermore, Fig. 4.1.8 shows

the normalized diffusion coefficients as a function of RH. Our results show that ionic

mobilities monotonically increase with increasing RH in all cases. This behavior is

expected because the density distributions show a shift from, for instance, the inner-

to the outer-sphere surface complexes with increasing RH (see, for example, Figs.

S4.1.5-S4.1.6). Also, it must be noted that the number of surface oxygens in the

first coordination shells of the counterions decreases and H2O becomes part of these

shells as RH increases26 (see, for example, Figs. S4.1.13-S4.1.14). The association of

water with the surface-bound ions decreases with increasing RH, and therefore water

mobility increases.
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Figure 4.1.8: Normalized diffusion coefficients of ions (open symbols) and correspond-
ing H2O (solid symbols) as a function of RH for Arizona samples saturated with (a)
monovalent and (b) divalent cations at T = 298.15 K. The basal d−spacing is fixed
at 65 Å.

At a given RH, probably due to steric reasons, the self-diffusion coefficients of water

and ions in the interlayer regions are generally lower than those in the mesopore (see,

for example, Figs. 4.1.7 and 4.1.8). The species mobility in the 1W hydration state

(≈ 20% RH), for instance, is about 1-2 orders of magnitude lower than that in water

films. This difference in mobilities becomes smaller with increasing RH for all cases,

except K-montmorillonite which shows a limited swelling.

Overall, the ion solvation energy and steric effects may play important roles in
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determining the swelling state and the diffusion properties. For example, among the

monovalent systems, an interlayer species in the K-montmorillonite is generally the

least mobile at all RH due to the clay-swelling inhibition. However, the swelling

states are generally similar among the divalent systems at all RH (see, e.g., Table

4.1.1). Therefore, a higher mobility of the interlayer species in Sr-montmorillonite

may be due to the lower solvation energy of Sr2+ which suggests a looser solvation

shell. In mesopores, among the monovalent systems, potassium ion which forms stable

inner-sphere surface complex is generally the least mobile at all RH, whereas water

in K-montmorillonite exhibits a higher mobility. Here again the adsorbed species in

Sr-montmorillonite generally show a higher mobility among the divalent systems.

Influence of layer charge

Here we compare simulation data of low-charge (M0.75/n(Si7.75Al0.25)(Al3.5Mg0.5)O20(OH)4)

and high-charge (see above) montmorillonite clays. GCMC simulations of this low-

charge montmorillonite (Wyoming-type) in contact with water can be found else-

where.31 Note that a rigid framework of clay was employed in all our previous work.31

Furthermore, as in the case of the high-charge system, flexible models of water and

clay are used here for new MD simulations of the low-charge system.

The comparison shows that the high-charge clay generally shifts swelling transi-

tions toward lower RH values consistent with experiments6,13 (see, for example, Tables

4.1.1 and S4.1.6). Notably, this shift seems to be less pronounced for weakly hydrated

ions such as potassium. For example, Fig. 4.1.9 shows the variations of the normal

pressure and the swelling free energy per clay platelet area as a function of the basal

d−spacing of the low- and high-charge Sr-montmorillonite at RH values of 10 and

30%. It is evident from the figure that the 1W state with basal d−spacing of about

12 Å and the 2W state with basal d−spacing of about 15 Å are stable for the low- and

high-charge Sr-montmorillonite, respectively, at 30% RH. However, the 1W hydration
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state with basal d−spacing of about 12 Å is the stable state for both cases at 10% RH.

It can be inferred that layer charge plays a major role in determining the hydration

state of the clay mineral. A similar trend was found in previous experimental study of

synthetic Na-saturated saponites.77 Such behavior was also observed in the presence

of carbon dioxide.78 This is probably due to the fact that high-charge clays contain

a relatively large number of hydrated cations. Therefore, it can be seen that, the

amount of adsorbed water is significantly different in the low- and high-charge clays

near the transition RH values. Also, for a given hydration state, the water content per

O20(OH)4 is mostly independent of the magnitude of the layer charge, possibly due

to steric reasons (see, for example, Fig. 4.1.4 and ref.28). That is, the water content

per cation decreases with increasing layer charge. Our results show that, for a given

RH, the water content per O20(OH)4 in the mesopores of montmorillonite generally

increases with layer charge (see, for example, Fig. 4.1.5 and ref.28). For example,

the ratio between the monolayer coverage of low- and high-charge montmorillonite

obtained from the BET fits is about 0.6 in all cases. That is, the water content per

cation is almost constant with increasing layer charge.
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Figure 4.1.9: Variations of (a) normal pressure Pzz and (b) swelling free energy per
clay platelet area ∆F/A as a function of the basal d−spacing for low- and high-charge
Sr-montmorillonite at T = 298.15 K.

It is important to note that our high-charge montmorillonite model has only oc-

tahedral substitutions, while the low-charge clay used here contains both tetrahedral

and octahedral substitutions. For a given layer charge, the swelling process with

respect to the basal distance and the H2O uptake was not much influenced by the

layer charge distributions.31 However, the water content per O20(OH)4 in the meso-

pores of montmorillonite decreased in the presence of tetrahedral substitutions.31 For

example, the ratio between the monolayer coverage of low- (no tetrahedral Al) and

high-charge montmorillonite obtained from the BET fits is about 0.7 in all cases.

Overall, in a given hydration state or in the mesopore, the density profiles of H2O

and counterions (Figs. S4.1.19-S4.1.22) and RDFs (Figs. S4.1.23-S4.1.30) were not
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much affected by the increasing layer charge. At a fixed RH, however, the layer

charge can significantly affect the density profiles and rdfs because of the fact that

the high-charge clay shifts swelling transitions toward lower RH values. As expected,

the presence of tetrahedral substitutions leads to a relative increase in the amount

of the inner-sphere surface complexes in the low-charge case. A similar behavior was

also observed for the simulated isosteric heats of adsorption of water.

Factors such as the steric effects and the enhanced electrostatic interactions may

play important roles in the diffusion process. We see that the self-diffusion coefficients

of water and ions in the high-charge montmorillonite are generally lower than those

of the corresponding low-charge system (see Tables S4.1.2-S4.1.5 and S4.1.7-S4.1.10,

and Fig. S4.1.31). An opposite trend is expected near the transition RH values

due to the fact that the high-charge clay shifts swelling transitions toward lower RH

values. Notably, in the low-charge montmorillonite, for not too low RH and weakly

hydrated ions, the diffusion coefficients of H2O present on the external surfaces were

also higher than those in the water-saturated mesopores.26,31 This was attributed to

the fewer hydrogen bonds79 at the liquid-vapor interface which reduce the effective

friction experienced by water molecules, resulting in higher diffusion coefficients. In-

terestingly, the mobility of cations in the mesopores of high-charge montmorillonite

is typically higher than that of the corresponding low-charge system. This may be

attributed to the relatively stronger cation-surface interactions due to the presence of

tetrahedral substitutions in the low-charge montmorillonite (see, for example, Figs.

S4.1.21-S4.1.22). Note that the high-charge system has only inner octahedral sub-

stitutions in our simulations. Such confinement and surface charge effects can also

influence, e.g., the electrokinetic transport in nanochannels.70

Overall, one of the main effects of layer charge on adsorption and diffusion proper-

ties is due to the shifts in the swelling transitions. Thus the major differences in such

properties are restricted to narrow regions of RH lying between the swelling transi-



350

tions of the low- and high-charge clays. We confirmed that these shifts in swelling

transitions are more pronounced for strongly hydrated ions. Also, the interlayer water

content per cation in a hydration state decreases with increasing layer charge. How-

ever, the water content per cation in the mesopore is almost constant with increasing

layer charge. We note that both the magnitude and the distribution of layer charges

play important roles in diffusion processes.

4.1.5 Conclusions

GCMC and MD calculations were applied to investigate the adsorption and diffu-

sion properties of H2O and ions in interlayers and on external surfaces of high-charge

montmorillonite clays (Arizona-type) with varying RH. In total, six counterions were

considered in this work: lithium, sodium, potassium, magnesium, calcium, and stron-

tium. The simulation results of basal distances derived from the swelling free energy

curves and the quantity of adsorbed water were in agreement with experimental obser-

vations.6,9,13 We find that the cation solvation energy plays a key role in the swelling

mechanism of clays. In general, for weakly solvated ions (e.g., K+), the amounts of

water adsorbed on the external clay surfaces were significantly higher than those in

the interlayers. This can be attributed to the clay swelling inhibition by such cations.

Furthermore, the estimated self-diffusion coefficients of intercalated H2O and coun-

terions were consistent with experiments.14,17 At a fixed RH, possibly due to steric

factors, the simulated diffusion coefficients of the interlayer species were generally

lower than those calculated for the external surfaces. This difference in mobilities

becomes smaller with increasing RH for all cases, except clays saturated with weakly

solvated ions which exhibit a limited swelling.

The effect of the layer charge on adsorption and diffusion of H2O and ions in

clays was investigated by comparing the simulation results obtained for high-charge

(Arizona-type) and low-charge (Wyoming-type) montmorillonites. Our comparisons
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confirm the experimental observation that the high-charge montmorillonite generally

shifts swelling transitions toward lower RH values, probably because of the fact that

the high-charge clays contain a relatively large number of hydrated cations. Therefore,

we see that the adsorption and dynamics of water and ions near the transition RH

values are significantly different in the low- and high-charge montmorillonites. An

important finding is that for a given interlayer hydration state, possibly due to steric

reasons, the water content per O20(OH)4 is almost independent of the layer charge.

However, at a given RH, the water content per O20(OH)4 in the mesopore increases

with increasing magnitude of the layer charge. The self-diffusion coefficients of water

and ions in the high-charge clay are generally lower than those of the corresponding

low-charge system. As an exception to this, the diffusion coefficients of counterions

in the mesopores of high-charge montmorillonite are typically higher than those of

the corresponding low-charge system. This may be attributed to the presence of the

tetrahedral substitutions in the low-charge montmorillonite. These findings should

provide a basis for future studies, e.g., on the influence of geological conditions on

clay swelling processes at varying relative humidity.
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4.1.7 Supporting information

Table S4.1.1: BET constant (c) and monolayer capacity (vm) for Arizona samples at
T = 298.15 K. The basal d−spacing is fixed at 65 Å.

Clay type vm (per O20(OH)4) c

Li-montmorillonite 6.53 55.39
Na-montmorillonite 5.45 134.16
K-montmorillonite 5.78 96.74
Mg-montmorillonite 9.15 396.54
Ca-montmorillonite 9.93 152.42
Sr-montmorillonite 8.52 325.23
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Table S4.1.2: Diffusion coefficients (Dxy) of the different species in the interlayers
of Arizona samples saturated with monovalent cations at T = 298.15 K. The basal
d−spacings are as given in Table 4.1.1.

Clay type RH (%) Diffusion coefficient (10−11m2/s)
Ion H2O

Li-montmorillonite 1 (1W) 0.21± 0.047 0.84± 0.16
5 (1W) 0.19± 0.032 1.02± 0.10
10 (1W) 0.14± 0.041 1.09± 0.22
40 (1W) 0.11± 0.032 1.15± 0.13
45 (1W) 0.094± 0.029 1.40± 0.21
50 (1W) 0.11± 0.026 1.31± 0.21
80 (2W) 16.10± 2.70 48.09± 2.65
90 (2W) 15.80± 3.52 47.53± 2.99
12 (1W) a 5.7 –
85 (2W) a 68.4 –

Na-montmorillonite 40 (1W) 9.46± 1.08 26.34± 3.28
45 (1W) 8.23± 9.82 24.80± 2.27
50 (1W) 9.80± 1.04 26.22± 0.85
80 (2W) 35.60± 3.42 98.94± 3.22
90 (2W) 42.80± 6.52 102.22± 36.30
30 (1W) a 5.4 –
90 (2W) a 96.0 –
43 (1W) b – 10.0−30.0
85 (2W) b – 50.0−100.0
- (1W) c 16.0 46.0
- (2W) c 51.0 131.0

K-montmorillonite 40 (1W) 4.22± 0.78 42.19± 1.91
45 (1W) 4.55± 0.88 37.35± 2.05
50 (1W) 4.27± 0.56 41.68± 4.16
80 (1W) 4.32± 0.85 35.59± 1.93
90 (1W) 4.62± 0.99 38.52± 3.78
25 (1W) a 21.5 –

aExperimental studies of Salles et al., 2015. bExperimental studies of Malikova et
al., 2006. cSimulation studies of Greathouse et al., 2016.
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Table S4.1.3: Diffusion coefficients (Dxy) of the different species in the interlayers
of Arizona samples saturated with divalent cations at T = 298.15 K. The basal
d−spacings are as given in Table 4.1.1.

Clay type RH (%) Diffusion coefficient (10−11m2/s)
Ion H2O

Mg-montmorillonite 1 (1W) 0.018± 0.020 8.09± 0.56
5 (1W) 0.026± 0.013 12.01± 3.18
10 (1W) 0.019± 0.011 8.22± 1.26
40 (2W) 3.39± 0.49 48.62± 1.65
45 (2W) 3.65± 0.87 47.03± 2.80
50 (2W) 3.75± 0.75 47.51± 1.44
80 (2W) 3.51± 0.53 45.02± 1.67
90 (2W) 3.83± 1.18 45.47± 4.20

Ca-montmorillonite 1 (1W) 0.031± 0.026 7.14± 1.80
5 (1W) 0.050± 0.042 8.73± 1.08
10 (1W) 0.035± 0.015 9.02± 1.53
40 (2W) 0.58± 0.23 48.56± 2.26
45 (2W) 0.55± 0.46 49.01± 2.57
50 (2W) 0.59± 0.39 47.62± 2.35
80 (2W) 0.55± 0.28 45.38± 2.78
90 (2W) 0.46± 0.05 45.32± 1.31

Sr-montmorillonite 1 (1W) 0.064± 0.015 24.6± 5.07
5 (1W) 0.095± 0.055 18.52± 2.32
10 (1W) 0.092± 0.044 17.68± 1.97
40 (2W) 2.25± 0.71 50.59± 2.00
45 (2W) 2.27± 0.47 47.61± 1.26
50 (2W) 2.06± 0.83 48.32± 1.76
80 (2W) 2.43± 0.58 46.91± 1.52
90 (2W) 2.57± 0.78 48.83± 2.11
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Table S4.1.4: Diffusion coefficients (Dxy) of the different species in Arizona samples
saturated with monovalent cations at T = 298.15 K. The basal d−spacing is fixed at
65 Å.

Clay type RH (%) Diffusion coefficient (10−11m2/s)
Ion H2O

Li-montmorillonite 1 0.11± 0.084 19.32± 11.11
20 23.03± 3.60 154.21± 21.03
40 47.01± 17.52 156.32± 24.45
60 41.39± 24.73 178.93± 14.70
80 43.16± 7.18 217.12± 22.71
≈ 100 91.56± 46.60 321.23± 16.52

Na-montmorillonite 1 4.14± 2.62 209.43± 44.41
20 37.61± 8.99 243.55± 28.71
40 58.88± 17.11 232.12± 31.42
60 81.87± 32.62 259.03± 18.94
80 113.87± 38.70 271.08± 14.29
≈ 100 117.12± 29.30 333.41± 17.71

K-montmorillonite 1 0.014± 0.011 138.79± 56.71
20 8.57± 3.48 313.23± 57.42
40 12.81± 4.42 284.12± 36.02
60 26.29± 8.26 306.45± 49.91
80 31.11± 24.14 280.65± 37.43
≈ 100 127.95± 46.01 337.11± 21.31
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Table S4.1.5: Diffusion coefficients (Dxy) of the different species in Arizona samples
saturated with divalent cations at T = 298.15 K. The basal d−spacing is fixed at 65
Å.

Clay type RH (%) Diffusion coefficient (10−11m2/s)
Ion H2O

Mg-montmorillonite 1 0.058± 0.042 90.11± 16.10
20 10.89± 3.51 157.12± 16.61
40 15.84± 8.18 193.01± 27.82
60 20.42± 14.21 206.99± 21.21
80 28.51± 9.91 243.02± 21.09
≈ 100 98.48± 57.66 319± 21.8

Ca-montmorillonite 1 3.13± 2.68 90.42± 17.08
20 18.81± 10.69 190.99± 23.28
40 18.22± 10.89 196.79± 11.29
60 30.19± 24.51 207.21± 25.51
80 41.68± 11.92 246.33± 22.53
≈ 100 88.69± 28.72 319.01± 21.90

Sr-montmorillonite 1 0.098± 0.015 130.99± 26.01
20 23.62± 11.71 185.88± 23.02
40 27.23± 7.80 207.98± 14.89
60 32.92± 20.43 224.12± 17.59
80 31.61± 22.01 226.21± 21.80
≈ 100 47.96± 21.28 320.03± 18.41
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Table S4.1.6: Approximate RH ranges and the corresponding hydration states/basal
d−spacings observed experimentally and employed in our simulations for Wyoming
montmorillonite in contact with water at T = 298.15 K.
Clay type RH (%) hydration state/basal d−spacing

Experiment a Simulation (Å) b

Li-montmorillonite 0 – 60 1W 12.0
60 – 100 2W 15.0

Na-montmorillonite 0 – 20 0W 10.0
20 – 60 1W 12.0
60 – 100 2W 15.0

K-montmorillonite 0 – 20 0W 10.0
20 – 100 1W 12.0

Mg-montmorillonite 0 – 20 1W 12.0
20 – 100 2W 15.0

Ca-montmorillonite 0 – 20 1W 12.0
20 – 100 2W 15.0

Sr-montmorillonite 0 – 40 1W 12.0
40 – 100 2W 15.0

aExperimental studies of Ferrage et al., 2005. bSimulation studies of Li et al., 2019.
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Table S4.1.7: Diffusion coefficients (Dxy) of the different species in the interlayers of
Wyoming samples saturated with monovalent cations at T = 298.15 K. The basal
d−spacings are as given in Table S6.

Clay type RH (%) Diffusion coefficient (10−11m2/s)
Ion H2O

Li-montmorillonite 1 (1W) 0.23± 0.077 6.58± 1.05
5 (1W) 0.25± 0.085 8.48± 1.04
10 (1W) 0.23± 0.062 9.49± 1.05
40 (1W) 0.14± 0.024 11.61± 2.13
45 (1W) 0.20± 0.084 13.83± 2.19
50 (1W) 0.17± 0.045 12.91± 1.30
80 (2W) 23.61± 4.70 93.89± 8.22
90 (2W) 22.92± 4.49 95.91± 4.23

Na-montmorillonite 40 (1W) 3.55± 1.22 41.50± 3.25
45 (1W) 3.27± 1.24 42.72± 2.42
50 (1W) 2.89± 0.40 37.91± 3.31
80 (2W) 34.03± 2.59 141.98± 6.81
90 (2W) 37.91± 5.10 145.78± 11.02

K-montmorillonite 40 (1W) 4.32± 0.83 70.88± 4.48
45 (1W) 4.14± 1.33 72.22± 6.20
50 (1W) 4.62± 0.90 68.53± 3.80
80 (1W) 5.30± 1.34 72.11± 2.18
90 (1W) 5.59± 1.06 73.25± 6.05
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Table S4.1.8: Diffusion coefficients (Dxy) of the different species in the interlayers
of Wyoming samples saturated with divalent cations at T = 298.15 K. The basal
d−spacings are as given in Table S6.

Clay type RH (%) Diffusion coefficient (10−11m2/s)
Ion H2O

Mg-montmorillonite 1 (1W) 0.0079± 0.0060 12.3± 2.53
5 (1W) 0.016± 0.010 19.01± 4.23
10 (1W) 0.013± 0.015 17.62± 1.48
40 (2W) 2.76± 0.97 90.23± 7.61
45 (2W) 3.28± 1.89 86.41± 4.45
50 (2W) 2.25± 0.93 81.90± 6.05
80 (2W) 2.26± 0.50 83.09± 4.96
90 (2W) 2.16± 0.56 79.66± 3.43

Ca-montmorillonite 1 (1W) 0.022± 0.035 7.05± 0.82
5 (1W) 0.036± 0.024 12.46± 0.83
10 (1W) 0.026± 0.020 15.17± 1.19
40 (2W) 3.00± 1.55 99.82± 4.16
45 (2W) 3.59± 1.85 98.66± 2.98
50 (2W) 3.08± 1.49 96.21± 5.21
80 (2W) 2.67± 1.37 95.07± 4.85
90 (2W) 2.99± 1.20 95.36± 4.63

Sr-montmorillonite 1 (1W) 0.10± 0.091 18.1± 1.99
5 (1W) 0.15± 0.073 27.02± 2.92
10 (1W) 0.12± 0.081 24.41± 1.17
40 (2W) 4.34± 1.23 102.11± 3.83
45 (2W) 3.69± 1.15 101.14± 4.35
50 (2W) 3.51± 2.05 95.91± 2.89
80 (2W) 3.85± 1.94 97.62± 8.28
90 (2W) 4.04± 1.60 94.63± 4.45
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Table S4.1.9: Diffusion coefficients (Dxy) of the different species in Wyoming samples
saturated with monovalent cations at T = 298.15 K. The basal d−spacing is fixed at
65 Å.

Clay type RH (%) Diffusion coefficient (10−11m2/s)
Ion H2O

Li-montmorillonite 1 1.26± 1.58 17.41± 14.52
20 37.03± 19.39 178.88± 37.41
40 24.94± 8.90 229.89± 24.51
60 37.47± 14.74 278.14± 43.44
80 48.12± 17.31 324.67± 41.53
≈ 100 89.42± 27.03 329.12± 9.23

Na-montmorillonite 1 6.39± 3.12 59.01± 9.79
20 19.21± 11.47 223.77± 67.52
40 31.52± 20.43 274.45± 67.44
60 48.21± 25.19 309.13± 21.63
80 58.60± 17.81 318.21± 38.42
≈ 100 96.79± 32.04 333.89± 13.71

K-montmorillonite 1 0.72± 1.22 68.61± 57.23
20 7.73± 6.08 159.97± 37.61
40 7.79± 12.27 243.12± 69.93
60 17.80± 12.01 304.67± 52.94
80 22.32± 10.29 365.68± 74.91
≈ 100 119± 62.01 360.69± 27.02
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Table S4.1.10: Diffusion coefficients (Dxy) of the different species in Wyoming samples
saturated with divalent cations at T = 298.15 K. The basal d−spacing is fixed at 65
Å.

Clay type RH (%) Diffusion coefficient (10−11m2/s)
Ion H2O

Mg-montmorillonite 1 0.66± 1.26 40.59± 22.59
20 5.14± 6.22 178.98± 32.01
40 7.38± 7.75 234.12± 19.10
60 7.66± 3.33 239.21± 28.08
80 14.17± 10.34 280.31± 41.42
≈ 100 31.00± 10.62 316.97± 7.15

Ca-montmorillonite 1 2.92± 1.96 93.41± 41.03
20 7.46± 5.91 241.22± 39.82
40 5.16± 4.42 258.12± 34.21
60 9.69± 7.89 274.03± 46.00
80 22.81± 13.12 271.98± 31.43
≈ 100 37.04± 22.74 318.15± 11.93

Sr-montmorillonite 1 0.74± 1.53 72.81± 20.48
20 13.41± 8.09 255.96± 45.62
40 18.04± 10.32 272.76± 41.93
60 13.40± 5.45 289.01± 37.22
80 19.93± 10.47 286.23± 15.19
≈ 100 32.83± 12.58 310.25± 9.88
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Figure S4.1.1: Variations of normal pressure Pzz (left panels) and swelling free energy
per clay platelet area ∆F/A (right panels) as a function of the basal d−spacing of
Arizona samples saturated with monovalent ions at T = 298.15 K. Simulations are
performed under different RH conditions.
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Figure S4.1.2: Same as in Fig. S4.1.1, but for samples saturated with divalent ions.
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Figure S4.1.3: Equilibrium distributions of ions (left panels) and water molecules
(right panels) in the interlayers of Arizona Li- (top panels), Na- (middle panels), and
K-montmorillonite (bottom panels) at 298.15 K. Each origin corresponds to the clay
surface oxygen (clay surface oxygen is also positioned at z = d− 6.56 Å). The arrows
show outer-sphere ions. The basal d−spacings are as given in Table 4.1.1.
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Figure S4.1.4: Same as in Fig. S4.1.3, but for Arizona Mg- (top panels), Ca- (middle
panels), and Sr-montmorillonite (bottom panels).
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Figure S4.1.5: Equilibrium distributions of ions (left panels) and water molecules
(right panels) in the mesopores of Arizona Li- (top panels), Na- (middle panels), and
K-montmorillonite (bottom panels) at 298.15 K. Each origin corresponds to the clay
surface oxygen. The arrows show inner-sphere ions. The basal d−spacing is fixed at
65 Å.
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Figure S4.1.6: Same as in Fig. S4.1.5, but for Arizona Mg- (top panels), Ca- (middle
panels), and Sr-montmorillonite (bottom panels).
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Figure S4.1.7: RDFs of ion-water oxygen (left panels) and ion-clay oxygen (right
panels) for Arizona Li- (top panels), Na- (middle panels), and K-montmorillonite
(bottom panels) at 298.15 K. The basal d−spacings are as given in Table 4.1.1.
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Figure S4.1.8: Same as in Fig. S4.1.7, but for Arizona Mg- (top panels), Ca- (middle
panels), and Sr-montmorillonite (bottom panels).
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Figure S4.1.9: RDFs of ion-water oxygen (left panels) and ion-clay oxygen (right
panels) for Arizona Li- (top panels), Na- (middle panels), and K-montmorillonite
(bottom panels) at 298.15 K. The basal d−spacing is fixed at 65 Å.
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Figure S4.1.10: Same as in Fig. S4.1.9, but for Arizona Mg- (top panels), Ca- (middle
panels), and Sr-montmorillonite (bottom panels).
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Figure S4.1.11: The running coordination numbers obtained by integrating g(r) from
0 to r of ion-water oxygen (left panels) and ion-clay oxygen (right panels) for Arizona
Li- (top panels), Na- (middle panels), and K-montmorillonite (bottom panels) at
298.15 K. The basal d−spacings are as given in Table 4.1.1.
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Figure S4.1.12: Same as in Fig. S4.1.11, but for Arizona Mg- (top panels), Ca-
(middle panels), and Sr-montmorillonite (bottom panels).
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Figure S4.1.13: The running coordination numbers obtained by integrating g(r) from
0 to r of ion-water oxygen (left panels) and ion-clay oxygen (right panels) for Arizona
Li- (top panels), Na- (middle panels), and K-montmorillonite (bottom panels) at
298.15 K. The basal d−spacing is fixed at 65 Å.
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Figure S4.1.14: Same as in Fig. S4.1.13, but for Arizona Mg- (top panels), Ca-
(middle panels), and Sr-montmorillonite (bottom panels).
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Figure S4.1.15: MSDs in the xy plane (parallel to the surfaces) of ions (left panels)
and water molecules (right panels) in the interlayers of Arizona Li- (top panels),
Na- (middle panels), and K-montmorillonite (bottom panels) at 298.15 K. The basal
d−spacings are as given in Table 4.1.1.
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Figure S4.1.16: Same as in Fig. S4.1.15, but for Arizona Mg- (top panels), Ca-
(middle panels), and Sr-montmorillonite (bottom panels).
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Figure S4.1.17: MSDs in the xy plane (parallel to the surfaces) of ions (left panels)
and water molecules (right panels) in the mesopores of Arizona Li- (top panels),
Na- (middle panels), and K-montmorillonite (bottom panels) at 298.15 K. The basal
d−spacing is fixed at 65 Å.
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Figure S4.1.18: Same as in Fig. S4.1.17, but for Arizona Mg- (top panels), Ca-
(middle panels), and Sr-montmorillonite (bottom panels).
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Figure S4.1.19: Same as in Fig. S4.1.3, but for Wyoming montmorillonite. The basal
d−spacings are as given in Table S4.1.6.
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Figure S4.1.20: Same as in Fig. S4.1.4, but for Wyoming montmorillonite. The basal
d−spacings are as given in Table S4.1.6.
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Figure S4.1.21: Same as in Fig. S4.1.5, but for Wyoming montmorillonite.
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Figure S4.1.22: Same as in Fig. S4.1.6, but for Wyoming montmorillonite.
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Figure S4.1.23: Same as in Fig. S4.1.7, but for Wyoming montmorillonite. The basal
d−spacings are as given in Table S4.1.6.
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Figure S4.1.24: Same as in Fig. S4.1.8, but for Wyoming montmorillonite. The basal
d−spacings are as given in Table S4.1.6.
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Figure S4.1.25: Same as in Fig. S4.1.9, but for Wyoming montmorillonite.
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Figure S4.1.26: Same as in Fig. S4.1.10, but for Wyoming montmorillonite.
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Figure S4.1.27: Same as in Fig. S4.1.11, but for Wyoming montmorillonite. The
basal d−spacings are as given in Table S4.1.6.
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Figure S4.1.28: Same as in Fig. S4.1.12, but for Wyoming montmorillonite. The
basal d−spacings are as given in Table S4.1.6.
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Figure S4.1.29: Same as in Fig. S4.1.13, but for Wyoming montmorillonite.
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Figure S4.1.30: Same as in Fig. S4.1.14, but for Wyoming montmorillonite.
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Figure S4.1.31: The ratio of diffusion coefficients for the ions (left panels) and water
molecules (right panels) in the interlayers (top panels) and mesopore (bottom panels)
at 298.15 K.
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4.2 Swelling Pressure of Montmorillonite at Elevated Temper-

ature and Pressure: A Molecular Dynamics Study

TOC Graphic

4.2.1 Abstract

The swelling of clay at high temperature and pressure is important for applications

including nuclear waste storage but is not well understood. Here we report a molecular

dynamics study of the swelling of montmorillonite in water at several temperature

(T = 298, 400, and 500 K) and reservoir pressure (Pr = 50 and 1000 bar). At T =

298 K and Pr = 50 bar, swelling pressure Ps oscillates at d-spacing d smaller than

2.2 nm and decays monotonically as d increases. Increasing T to 500 K but keeping

Pr at 50 bar, Ps remains oscillatory at small d, but its repulsive peak at d = 2.2 nm

shifts to ∼2.0 nm and Ps at different d-spacing can grow more attractive or repulsive.

At d > 2.0 nm, Ps is weakened greatly. Keeping T at 500 K but increasing Pr to

1000 bar, Ps recovers toward that at T = 298 K and Pr = 50 bar. The opposite

effects of increasing temperature and pressure on the density and dielectric screening
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of water, which control ion correlations and thus double layer repulsion, are essential

for understanding the observed swelling pressure at elevated temperature and its

response to reservoir pressure.

4.2.2 Introduction

Expansive clay minerals such as montmorillonite play crucial roles in nuclear waste

disposal,1,2 geologic sequestration of carbon dioxide3–5 and shale gas extraction.3,6,7

For example, successful deposition of radioactive waste in deep geological formations

is determined by the alterations in the swelling, permeability, radionuclide retention

capability, and sealing ability of barrier because of the interaction with geofluids.8,9

Montmorillonite, as a suitable barrier material, readily swells when coming into con-

tact with groundwater. The pressure generated from clay swelling can affect the

stability of nuclear waste containers.10,11 While much attention has been paid to

swelling of clay at room temperature, swelling at elevated temperature is expected to

occur because significant amount of heat is generated due to radioactive decay.12–14

Hence, it is important to study the swelling behavior of montmorillonite in water sub-

ject to hydraulic and thermal changes for their optimization as nuclear waste barrier

materials.

Swelling pressure, also known as disjoining pressure, controls the expansion of

the montmorillonite.15–19 The swelling of clay generally takes place in two stages:

crystalline swelling and osmotic swelling.17,20–23 The crystalline swelling is mainly

driven by the hydration force when no more than four layers of water are intercalated

between the clay sheets while the osmotic swelling is motivated by the double layer

force when the d-spacing of the clay is large.22,23 The interplay between hydration and

double layer force can determine the swelling pressure, and the additivity of those two

forces has been assumed for fitting the swelling pressure of charged surfaces separated

by the nanometer range.24–28
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There are many experimental investigations12–14,29–36 studied the effect of tempera-

ture on the swelling pressure of montmorillonite. Interestingly, the temperature effects

on the swelling pressure of clay are complicated, and both decreasing and increasing

trends of swelling pressure were reported because of the different experimental condi-

tions. The reduction of swelling pressure at elevated temperature has been reasoned

with reduced double layer force,29 water loss inside the pore,13,14,30 and cement for-

mation.31,32 Meanwhile, the water reservoir pressure can be changed by temperature

under restraints.10,11 For example, the interplay among water reservoir pressure, hy-

dration pressure, and osmotic pressure have been considered to be responsible for the

increasing trend of swelling pressure as increasing temperature.12,33 Other reasons,

such as increased double layer pressure,34,35 and increased thermal energy36 are also

used to explained the temperature enhanced swelling pressure.

Molecular dynamics (MD) simulations are powerful tools for studying clay swelling.37–44

However, relatively few simulation studies41–43 explored the temperature or pressure

effects on the swelling pressure of montmorillonite. Honorio et al.41 applied the grand

canonical Monte Carlo (GCMC) simulations to study the temperature effect on the

swelling pressure. They found that the temperature slightly reduces the range of

swelling pressure of clay with Basal spacing less than 1.6 nm. But due to rela-

tively large uncertainties in GCMC, the effect of temperature for cases with larger

d-spacing is not apparent. Besides, it is challenging to calculate water chemical po-

tential under high pressure, which is necessary for GCMC simulations.41 Akinwunmi

and colleagues42 applied the spring sensor approach45 for measuring the swelling pres-

sure, and an increment in swelling pressure was observed with increasing temperature,

which was attributed to the increase in the thermal motion of water molecules. How-

ever, it is not clear how and whether the water reservoir pressure was controlled at

different temperature. It appears that only Honorio and colleagues41 explicitly exam-

ined the effect of water reservoir pressure. They observed that the swelling pressure
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isotherms of clay are hardly affected by the pressure of the water reservoir in the range

of 1540-2220 bar at 500 K. However, the effect of water reservoir pressure under a

moderate pressure range (e.g., tens of bars as in nuclear waste disposal applications)

is lacking. Therefore, more investigations are required for a better understanding of

the temperature and pressure effects on the swelling pressure of clay.

In this work, we adopt molecular systems for studying clay swelling that can resolve

swelling pressure with very small uncertainties. Based on MD simulations performed

on these systems, the temperature and pressure effects on the swelling pressure are

investigated, and their underlying mechanisms are delineated by analyzing the change

of hydration pressure from molecular density profiles, and by comparing the double

layer pressure with that predicted by the classical Poisson-Boltzmann (PB) equation.

4.2.3 Methodology

System Setup

Figure 4.2.1: Molecular system for studying the swelling pressure of Na-
montmorillonite in water. Water molecules are not explicitly shown. The color code
for clay atoms: green: Na+, red: O, white: H, yellow: Si, cyan: Al, pink: Mg.

Fig. 4.2.1 shows the setup of our molecular system. The system consists of two

parallel slabs of water-saturated rock sandwiched between two water reservoirs. To



405

prevent the leakage of ions into the water reservoirs, two implicit walls that only

interact with ions are implemented near the edges of the rock. We use two bounding

pistons for controlling the water reservoir pressure Pr, as shown in the figure. The

left piston is fixed during the simulation, while the right piston is allowed to move

with an appropriate force exerted on it. Periodic boundary conditions are applied in

all directions, but two vacuum spaces are inserted outside of the pistons to remove

the periodicity in the z-direction.

The system measures 11.15, 3.66, and 28.00 nm in the x, y, and z-directions,

respectively. The rock is Wyoming-type montmorillonite and its unit cell formula is

Na0.75[Si7.75Al0.25][Al3.5Mg0.5]O20[OH]4. One rock slab has 96 unit cells (3840 atoms)

with dimensions of 0.66, 3.66, and 12.66 nm in x, y, and z-directions. While various

cases with d-spacing in the range of 1.60-2.60 nm are implemented, the distances in

the x-direction between simulation box edges and the closest rock surfaces are more

than 3.5 nm, which effectively eliminates the interaction of clay with its periodic

images. Depending on the temperature and pressure, the numbers of water molecules

in the system are in the range of 18500-25000. Meanwhile, the sizes of water reservoirs

and vacuum spaces in the z-direction are around 3.0 nm.

Simulation Details

We carry out MD simulations using LAMMPS package.46 The force field parameters

for the montmorillonite atoms are taken from ClayFF.47 Each clay slab has a surface

charge density of -0.1245 C/m2, and it is fixed during the simulation. The rigid SPC

water model48 is adopted. The Lorentz-Berthelot mixing rule is applied to obtain the

Lennard-Jones parameters between unlike atoms. Those molecular models have been

verified in our earlier studies.44,49–51 A cutoff distance of 1.2 nm is used for short-

range van der Waals interactions, and the PPPM method with a force precision of

1e-5 is used for long-range electrostatic interactions. A Nośe-Hoover thermostat with
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a relaxation time of 100 fs is applied to control the temperature. The equations of

motion are integrated by the velocity Verlet algorithm with a time step of 2 fs. The

systems are run for at least 20 ns for equilibrium, followed by 35-150 ns production

run for sampling the results. The swelling pressure is computed by dividing the force

exerted on each slab over the area.

4.2.4 Results and Discussion

Swelling Pressure at 298 K and 50 bar

Fig. 4.2.2 displays the measured swelling pressure as a function of d-spacing (d) in

the range of 1.60-2.60 nm at 298 K and 50 bar. The swelling pressure oscillates at d

smaller than 2.20 nm and decays monotonically as d increases. The swelling pressure

peaks are 191.7 and 29.3 bar at 1.80 and 2.20 nm, separately. The swelling pressure

valleys are -195.2 and 3.3 bar at 1.60 and 1.95 nm, separately. For the largest d of

2.60 nm, the swelling pressure is around 10.9 bar. The oscillatory swelling pressure

is consistent with prior GCMC studies at d ≤ 1.60 nm.37–41,44,51 For 1.60 < d <

2.20 nm, the oscillation of the swelling pressure is difficult to ascertain in GCMC

simulations due to their relatively large statistical uncertainties, but this is clearly

observed here, in line with surface force apparatus measurements and liquid-vapor

MD calculations.52,53 The results by Sun et al.45 do not show the oscillation over

the similar d-spacing range, probably because of the low surface charge of their clay

and the usage of a spring setup for force measurement that may smooth the pressure

curve.
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Figure 4.2.2: Swelling pressure isotherm at 298 K and reservoir pressure of 50 bar.
Error bars smaller than symbols are not shown.

For hydrophilic, charged clay surfaces, the swelling pressure at d-spacings con-

sidered here is expected to be contributed mainly by hydration and double layer

forces.28,54 Here, the oscillation of swelling pressure in Fig. 4.2.2, which is typical

of hydration interactions between rigid, crystalline surfaces, suggests that hydration

forces likely contribute greatly to the swelling pressure at d < 2.20 nm and certainly

dominates the swelling pressure at d ≤ 1.80 nm. For d > 2.20 nm, the swelling

pressure shows no discernible oscillation and thus is dominated by double layer inter-

actions.
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Figure 4.2.3: Equilibrium distributions of water (top panels) and Na+ ions (bottom
panels) inside the slit pore of montmorillonite with d-spacing of 1.60 (a-b), 1.80 (c-
d), 1.95 (e-f), and 2.20 nm (g-h) at 298 K and 50 bar. The shifted density profiles
from quasi-isolated clay surfaces are plotted as dotted and dashed lines and x = 0
corresponds to the center of the pore.

We first examine the hydration interactions underlying the swelling pressure by

studying the evolution of the liquid structure in the pore enclosed by the two clay

layers. Fig. 4.2.3 displays the one-dimensional density profiles of water and Na+

ions across the pore at d corresponding to the local maximum and minimum of the

swelling pressure (densities for all cases are shown in Fig. S1-10 in the Supporting

Information). The density profiles of water (Na+ ions) near quasi-isolated clay sur-

faces (i.e., those near the outer surface of the clay slabs in Fig. 4.2.1) are shifted

and plotted using dotted (dashed) lines as references. In all cases, distinct layering

of water is observed in the pore formed by the clay surfaces. As d increases from

1.60 to 2.60 nm, the number of distinct water layer inside the pore increases from 2

to 5. However, the position and height of the first water density peak near the clay
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surface remain essentially unchanged, indicating that the first water layer is strongly

associated with the clay surface. The water layer further away from the clay surface,

however, changes notably as d increases. These changes originate from the interac-

tions between water layers adjacent to the opposing clay surfaces and the change of

ion distribution in the pore space between the clay surfaces (see Fig 4.2.3a, c, e, and

g)53,55 as d changes.

With the water structure shown in Fig. 4.2.3, the contribution of hydration inter-

actions to the swelling pressure can be understood as follows. As d decreases from

1.95 to 1.60 nm, the number of water layers inside the pore decreases from 3 to 2.

The squeeze-out of a water layer that is closely associated with its neighboring water

layers and the subsequent stabilization of two water layers in the pore first leads to

the strong hydration repulsion and then an attraction,54 which are manifested as the

swelling pressure peak at d = 1.80 nm and valley at d = 1.6 nm. Similarly, the reduc-

tion of the number of water layers inside the pore decreases from 4 to 3 is accompanied

by a pair of repulsive peak and valley at 2.20 and 1.95 nm, respectively. The height

(depth) of the peak (valley) is much smaller than that corresponds to the reduction

of water layers from 3 to 2 because the removed water layer is more bulk-like, and

its interactions with the remaining water layers are weaker. The hydration pressure

associated with the transition from 5 to 4 water layers in the pore is even weaker

(see Fig. S9 and Fig. 4.2.3g). Consequently, no oscillation of the swelling pressure is

discerned in Fig. 4.2.2.

We next examine the double layer interactions underlying the swelling pressure by

analyzing the ion distributions and using theories for double layer forces. Fig. 4.2.3

shows selected Na+ ion density profiles (profiles for all cases are shown in Fig. S1-10 in

the Supporting Information). The ions adsorbed onto montmorillonite surfaces form

inner- and outer-sphere surface complexes, which is consistent with earlier simula-

tions.40,44,51,56 An inner-sphere surface complex has no water between the ion and the
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surface, whereas an outer-sphere surface complex has ion fully hydrated by water.57

We see the position and height of the first Na+ ion density peak near the clay surface

remain essentially unchanged as d increases, indicating that the inner-sphere surface

complexes are strongly associated with the clay surface. The Na+ layer(s) further

away from the clay surface, which forms outer-sphere surface complexes, however,

change significantly due to the change of confinement. Overall, despite the formation

of inner-layer surface complexes, a significant fraction of the Na+ ions are free, and

they lead to a high ion concentration in the pore space between clay layers. Because

the water reservoir is free of ions, the osmotic effect will contribute toward a repul-

sive double layer pressure. This osmotic (entropic) effect, however, is counteracted

by the electrostatic effect. The electrostatic effect arises from the attraction between

each charged surface and the counterions in the charged brine inside the pore, and

contributes toward an attractive double layer pressure.54 Because elucidating these

competing effects and their net result in explicit-solvent MD simulations is difficult,

we resort to the classical Poisson-Boltzmann (PB) theory for double layer forces.54

Table 4.2.1: Water dielectric constants and coupling parameters
Temperature (T ) [K] 298 400 500 500
Reservoir pressure (Pr) [bar] 50 50 50 1000
Water dielectric Constant (εb) [-] 63.58 40.01 23.23 28.30
Coupling parameter (Ξ) [-] 3.81 5.34 10.13 6.82

For two planar surfaces with the same charge interacting through a solvent-filled

pore that contains only counterions, the PB equation predicts that the osmotic effect

dominates over the electrostatic effect to give a net repulsive pressure54

Pdl(w) = kBTρion,w(x = 0) (4.11)

where w is the gap width, and kBT is the thermal energy. ρion,w(x = 0) is the

counterion density at the center plane of the pore (x = 0) and can be evaluated by
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solving the classical PB equation. For the present system, the PB equation requires

three parameters: the charge density of the surface (taken as -0.1245 C/m2), the

width of the gap, the valence of the ion (taken as 1), and the dielectric constant of

the solvent in the gap. The pore width is taken as the distance between the first

water density peak near each clay surface plus the diameter of one water molecule (∼

0.25 nm). The dielectric constant of nanoconfined water can deviates from their bulk

value.58–60 However, recent works show that the reduction of the dielectric constant

in the direction normal to the surface (ε⊥) is modest unless the pore is substantially

smaller than 1.0 nm,28 e.g., in a 0.92 nm-wide slit gap, ε⊥ is only 19% smaller than

the bulk dielectric constant.61 Because the double layer force is important mostly in

pores with d ≥ 1.85 nm (or w ≥ 0.89 nm), we shall use the dielectric constant of

bulk water in the PB equation. These dielectric constants are computed in separate

simulations of bulk water and are summarized in Table 4.2.1.

The double layer pressure computed from the PB equation is shown as a dashed

line in Fig. 4.2.2. The predicted double layer pressure is repulsive as expected, and it

increases from 16.8 to 67.0 bar as d decreases from 2.60 to 1.60 nm. For d > 2.20 nm,

the predicted double layer pressure is comparable to the swelling pressure computed

from MD simulations. We caution that this agreement is somewhat fortuitous as,

for the surface charge density considered here, the PB equation overestimates the

double layer force due to the negligence of the ion correlation.28,62 Indeed, at d =

2.60 nm, where swelling pressure should be essentially only due to the double layer

pressure, the MD result is around 6 bar smaller than PB prediction. Even if the

PB model overpredicts the double layer repulsion, the real double layer interactions

should nevertheless be significant for 1.90 < d < 2.20 nm because the hydration

pressure alone should be negative (cohesive) near the valley centered at d ≈ 1.95 nm,

the slightly positive (repulsive) swelling pressure must have been contributed by the

double layer repulsion.
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Temperature Effects on the Swelling Pressure

Figure 4.2.4: Swelling pressure isotherms at reservoir pressure of 50 bar and different
temperature. Error bars smaller than symbols are not shown.

Fig. 4.2.4 presents the swelling pressure as a function of d-spacing at T = 298,

400, and 500 K. The pressure in the water reservoir is 50 bar for all cases. The

effect of temperature on the swelling pressure depends on d. For d ≤ 1.80 nm, as

T increases, the magnitude of swelling pressure decreases, i.e., repulsive (attractive)

pressure becomes less repulsive (attractive). For d > 2.20 nm, swelling pressure

decreases as T increases. For 1.80 < d ≤ 2.20 nm, increasing T generally decreases

swelling pressure, but a non-monotonic temperature effect is seen for d in the range

of 2.00-2.10 nm.
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Figure 4.2.5: Equilibrium density profile water near an quasi-isolated clay surface (a)
and inside clay pores with d-spacing of 1.60 nm (b), 1.80 nm (c), 1.90 nm (d), 2.00
nm (e), and 2.20 nm (f) at different temperature. The water reservoir pressure is 50
bar. In (b-f), the shifted density profiles from the quasi-isolated surfaces are plotted
as dashed lines and x = 0 corresponds to the center of the pore.

The decreased magnitude of swelling pressure for d ≤ 1.80 nm is consistent with the

results of other simulations41,63 and experiments.13,14 Because the swelling pressure in

this d-spacing range is dominated by the hydration interactions, the decreased mag-

nitude of swelling pressure is attributed to the weakening of hydration interactions.

This temperature effect on the hydration force can be understood from the water

density profiles. Fig. 4.2.5 displays the water density profiles of cases at Pr = 50 bar

and various temperature with selected d-spacings (Fig. S11-20 show all the cases).

Temperature affects water distributions significantly. In the absence of confinement,
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at T increases from 298 to 500 K, the density of bulk water decreases by around 27%,

and the height of the first density peak near the clay surface becomes lower (see Fig

4.2.5). Similar trends are observed in the pore between the clay surface for other d-

spacings (e.g., see Fig 4.2.5b-c). These results suggest that as T increases, the water

within the clay gap becomes more “gas-like" and water structure becomes more disor-

dered. Consequently, the net interactions of a water molecule with its neighbor water

molecules become weaker due to weaker steric effects, and the hydration interactions

are weakened.

For d > 2.20 nm, the swelling pressure is dominated by double layer forces. There-

fore, the observed reduction of repulsion at elevated temperature suggests that the

double layer pressure is reduced as T increases. However, an opposite trend is seen

for double layer pressure predicted by the PB equation (see Fig. 4.2.4). The observed

reduction of the double layer repulsion at elevated temperature and its opposite trend

against the PB prediction are attributed to the failure of the PB model in accounting

for the ion correlations.

It is known that the classical PB model neglects the ion correlations, and accord-

ing to the strong coupling theory,64,65 ion correlations tend to reduce the double layer

force, and the reduction grows more prominent with increasing ion correlation. Con-

sequently, the relative importance of the osmotic effect is overestimated by the PB

model, which is consistent with the present observation that this model predicts an

enhanced repulsion as T increases. The significance of the ion correlation effects can

be gauged using the coupling parameter Ξ

Ξ = 2πq3l2B|σ|/e (4.12)

with ion valence q, surface charge density σ, Bjerrum length lB = e2/(4πε0εbkBT ),

vacuum permittivity ε0, and water dielectric constant εb. The PB model can predict

the double layer force accurately only when Ξ � 1. As Ξ increases, the PB model
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overestimates the double layer force more and more. For example, at Ξ = 3.06,

the double layer repulsion is overestimated by about 30%,;28 at Ξ = 20, the double

layer force becomes attractive at modest surface separations,65 which can never occur

within the classical PB model.

Table 4.2.1 shows that, at water reservoir pressure of 50 bar, our calculated cou-

pling parameter increases from 3.81 at 298 K to 10.13 at 500 K (see Table 4.2.1),

which indicate there are strong ion correlations in our systems. The increase of Ξ

with T is caused by the decrease of water’s dielectric constant at elevated tempera-

ture. As T increases to 500 K, the enhanced ion correlations reduce the double layer

repulsion, thus help explain the nearly vanished swelling pressure seen in Fig. 4.2.4.

The reduced dielectric screening ability of water at increased temperature is simply

a result of the reduced water density at elevated temperature (see Fig. 4.2.5a).

For the cases with moderate d-spacing (1.80 < d < 2.00 nm), both hydration force

and double layer force are strong, and they compete with each other. Fig. 4.2.4 shows

that the swelling pressure generally grows less repulsive in this d-spacing range as T

increases. For example, for d = 1.90 nm, the swelling pressure is -42.4 bar at 500 K as

compared to 6.9 bar at 298 K. Because the hydration interactions at these d-spacings

are mostly cohesive based on the oscillation pattern seen in Fig. 4.2.4 and hydration

interactions are weakened as T increases, the enhanced cohesion of swelling pressure

is primarily attributed to the weakened double layer repulsion, which is further caused

by the enhanced ion correlation effects (see Table 4.2.1).

An interesting observation of Fig. 4.2.4 is that the swelling pressure curves peak at

different locations for 2.00 ≤ d ≤ 2.20 nm as the temperature increases. The swelling

pressure curve of 298 K peaks at 2.20 nm and those of 400 and 500 K peak at 2.00

nm. Along with this, a non-monotonic temperature effect on swelling pressure is seen

for 2.00 nm < d < 2.10 nm. These results are caused by the change of hydration

interactions and can be understood from the analysis of water density distributions
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in the clay pore as follows.

As T increases from 298 to 500 K, the second water peak near an isolated clay

layer shifts toward the clay (see Fig. 4.2.5a). This shift can be understood as follows.

Water molecules tend to “bound" to the strongly hydrophilic clay surface, but thermal

fluctuations tend to disperse them. At T = 298 K, thermal fluctuations are relatively

weak, and many water molecules “bound" to the clay surface to form the first water

layer. As T increases toward 500 K, thermal fluctuations are enhanced, and thus

water molecules “bound" only to the energetically most favorable spots on the clay

surface. Therefore, not only the height of the first water peak reduces, but also its

width becomes smaller. The less dense packing of water molecules on the clay surface

allows water molecules in the second water layer to approach the clay closer than at

T = 298 K. The closer approach of the second water layer is also observed near clay

layers positioned at different d (see Fig. 4.2.5b-f), and it allows more layers of water

to be intercalated into the pore at elevated temperature. For d = 2.00 nm (see Fig.

4.2.5e), the number of water layers inside the pore is 4 at 400 and 500 K while only

3 water layers are seen at 298 K. Because the peaks of the hydration pressure, which

dominates the swelling pressure, are associated with the squeeze-out of water layers as

the d-spacing of clay layers reduces, we expect the shift of the swelling pressure peak

toward smaller d and the non-monotonic temperature effect on the swelling pressure

mentioned above.

Our finding that the swelling pressure at modest and large d-spacing generally

becomes less repulsive is similar to that observed for cementitious materials.66 How-

ever, it is opposite to that reported in a recent simulation of clay swelling at elevated

temperature.42 The difference is likely caused by the fact that, unlike in the present

study that controls the water reservoir pressure explicitly, the pressure was not ex-

plicitly controlled in that study with fixed water volume and number. In the following

section, we study how pressure affects the swelling pressure at elevated temperature.
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Pressure Effects on the Swelling Pressure

Figure 4.2.6: Swelling pressure isotherm at 500 K and different reservoir pressure.
Error bars smaller than symbols are not shown.

Fig. 4.2.6 displays the swelling pressure values as a function of d-spacing at 500 K

and different water reservoir pressure (50 and 1000 bar). Increasing the reservoir

pressure enhances the attraction for d < 1.80 nm and repulsion for d ≥ 1.80 nm,

while it does not change the shape (e.g., locations of the peaks and valleys) of the

swelling pressure isotherm notably. Overall, increasing the reservoir pressure move

the swelling pressure isotherm at 500 K toward that at 298 K. It is worth noting

that Honorio and colleagues studied the pressure effect on swelling pressure over a

reservoir pressure range of 1540-2220 bar at 500 K, and they found the variations

of swelling pressure are within the uncertainties of their pressure measurement (i.e.,

on the order of 10 MPa).41 The more distinct pressure effect shown in Fig. 4.2.6 is

likely due to the wider pressure range and more sensitive pressure measurement in

the present study.

For d ≤ 1.80 nm, the swelling pressure is dominated by the hydration pressure.

The enhanced magnitude of swelling pressure (and thus hydration pressure) is mostly
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due to the enhanced ordering of water under higher pressure. The pressure effects on

the water distribution inside the clay pores are presented in Fig. 4.2.7 with selected

d (see Fig. S31-40 for all cases). Increasing reservoir pressure does not change the

number of water layers inside the pore (and thus the position of the swelling pressure

peaks/valleys). However, increasing reservoir pressure densifies the water inside clay

pores, which enhances the hydration pressure since more water molecules inside the

pores lead to stronger steric effects.

Figure 4.2.7: Equilibrium distributions of water inside the slit pores of montmoril-
lonite with d-spacing of 1.60 (a), 1.80 (b), 1.90 (c), and 2.00 nm (d) at 500 K and
different pressure. The shifted density profiles from the quasi-isolated surfaces are
plotted as dashed lines and x = 0 corresponds to the center of the pore.

For d > 1.80 nm, the swelling pressure curve is more affected by the double layer

pressure. The dashed lines in Fig. 4.2.6 show that the PB model predicts that

the double layer repulsion increases as pressure increases, in line with the enhanced

repulsion from MD predictions. The enhanced repulsion predicted by the PB model

is due to the higher dielectric screening of water at elevated pressure (see Table 4.2.1),
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which allows more ions to distribute in space away from the clay surface, thus driving

up the osmotic pressure (see Equation (4.11)). However, the increment of repulsive

pressure observed in MD simulations is much larger than that predicted by the PB

model, especially when the d is large. The “extra" enhancement of repulsion beyond

that predicted by the PB model is attributed to the weakened ion correlations as the

reservoir pressure increases. Specifically, as the reservoir pressure increases from 50

to 1000 bar, the accompanying densification of water leads to a stronger dielectric

screening by the solvent water. It follows from Equation (4.12) that the coupling

parameter Ξ (and thus ion correlations) is reduced at elevated pressure (see Table

4.2.1). Because reduced ion correlations suppress the electrostatic effect, the net

double layer repulsion is enhanced as the reservoir pressure is increased beyond that

predicted by the PB model.

4.2.5 Conclusions

A new MD setup has been developed for measuring the swelling pressure of the

montmorillonite in liquid water. The water reservoir pressure is controlled using

pistons, and the uncertainties of measured swelling pressure are found to be small.

With this setup, we have studied the temperature and pressure effects on the swelling

pressure, which are challenging to study and elucidate experimentally. Our main

findings are as follows:

• The interplay between hydration pressure and double layer pressure controls the

behavior of swelling pressure of montmorillonite in water with d-spacing in the

range of 1.60-2.60 nm.

• Increasing temperature from room temperature to 500 K generally decreases the

magnitude of the oscillatory hydration pressure and weakens the double layer

repulsion. The former temperature effect is attributed to the weaker interfacial

layering and more disordered interfacial water structure at elevated temperature.
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The latter temperature effect is not predicted by the classical Poisson-Boltzmann

model and is attributed to the lower water density and thus weaker water dielec-

tric screening at elevated temperature, which tends to enhance ion correlations

and makes the double layer repulsion less repulsive. The temperature effects on

the swelling pressure are complicated depending on the d-spacing. For example,

a non-monotonic temperature effect on the swelling pressure is observed for d-

spacings around 2.00 nm, which could be explained by the shift of the swelling

pressure peak due to the different number of water layers inside the pore at

different temperature.

• At elevated temperature (e.g., T = 500 K), increasing the water reservoir pres-

sure from 50 to 1000 bar does not notably change the shape of the swelling

pressure isotherm. Nevertheless, this pressure increase generally makes the hy-

dration pressure stronger by enhancing water structuring near clay surfaces, and

it also generally makes the double layer pressure more repulsive by weakening

ion correlations, both of which are rooted in the considerable densification of

water at elevated pressure.

Together, these findings reveal the complicated, nonlinear dependence of swelling

pressure on the temperature and pressure. Understanding this dependence could help

engineering better clay materials for applications such as nuclear waste storage, where

substantial temperature and pressure increase can occur.
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4.2.7 Supporting information

Figure S4.2.1-S4.2.10 give component density profiles inside the pores with d-spacing

in the range of 1.60-2.60 nm at 298 K and 50 bar.

Figure S4.2.11-S4.2.20 present component density profiles inside the pores with

d-spacing in the range of 1.60-2.60 nm at temperature of 298, 400, and 500K and

pressure of 50 bar.

Figure S4.2.21-S4.2.30 display the orientation of water inside the pores with d-

spacing in the range of 1.60-2.60 nm at temperature of 298, 400, and 500K and

pressure of 50 bar. We observe that the effect of temperature on the water dipole

orientation is generally moderate, and consequently, the temperature-induced water

orientation change has little impact on the swelling pressure.

Figure S4.2.31-S4.2.40 show component density profiles inside the pores with d-

spacing in the range of 1.60-2.60 nm at pressure of 50 and 1000 bar and temperature

of 500 K.

Figure S4.2.41-S4.2.50 display the orientation of water inside the pores with d-

spacing in the range of 1.60-2.60 nm at pressure of 50 and 1000 bar and temperature

of 500 K. We see the water reservoir pressure hardly changes the water orientations.
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Figure S4.2.1: Equilibrium distributions of water(a) and Na+(b) in the interlayers of
montmorillonite with d-spacing of 1.60 nm at 298 K and 50 bar. The shifted density
profiles from the external surfaces are plotted as dotted and dashed lines. The origin
corresponds to the center of the pore.
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Figure S4.2.2: Same as figure S4.2.1, but for 1.80 nm d-spacing.
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Figure S4.2.3: Same as figure S4.2.1, but for 1.85 nm d-spacing.
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Figure S4.2.4: Same as figure S4.2.1, but for 1.90 nm d-spacing.



432

Figure S4.2.5: Same as figure S4.2.1, but for 1.95 nm d-spacing.
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Figure S4.2.6: Same as figure S4.2.1, but for 2.00 nm d-spacing.
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Figure S4.2.7: Same as figure S4.2.1, but for 2.10 nm d-spacing.
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Figure S4.2.8: Same as figure S4.2.1, but for 2.20 nm d-spacing.
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Figure S4.2.9: Same as figure S4.2.1, but for 2.40 nm d-spacing.
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Figure S4.2.10: Same as figure S4.2.1, but for 2.60 nm d-spacing.
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Figure S4.2.11: Equilibrium distributions of water(a) and Na+(b) in the interlayers of
montmorillonite with d-spacing of 1.60 nm at 50 bar and different temperature. The
shifted density profiles from the external surfaces are plotted as dotted and dashed
lines. The origin corresponds to the center of the pore.



439

Figure S4.2.12: Same as figure S4.2.11, but for 1.80 nm d-spacing.
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Figure S4.2.13: Same as figure S4.2.11, but for 1.85 nm d-spacing.
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Figure S4.2.14: Same as figure S4.2.11, but for 1.90 nm d-spacing.
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Figure S4.2.15: Same as figure S4.2.11, but for 1.95 nm d-spacing.
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Figure S4.2.16: Same as figure S4.2.11, but for 2.00 nm d-spacing.
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Figure S4.2.17: Same as figure S4.2.11, but for 2.10 nm d-spacing.
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Figure S4.2.18: Same as figure S4.2.11, but for 2.20 nm d-spacing.
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Figure S4.2.19: Same as figure S4.2.11, but for 2.40 nm d-spacing.
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Figure S4.2.20: Same as figure S4.2.11, but for 2.60 nm d-spacing.
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Figure S4.2.21: Distribution of angles between water dipole vector and x-direction
vector in the interlayers of montmorillonite with d-spacing of 1.60 nm at 50 bar and
different temperature. The origin corresponds to the center of the pore.

Figure S4.2.22: Same as figure S4.2.21, but for 1.80 nm d-spacing.
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Figure S4.2.23: Same as figure S4.2.21, but for 1.85 nm d-spacing.

Figure S4.2.24: Same as figure S4.2.21, but for 1.90 nm d-spacing.
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Figure S4.2.25: Same as figure S4.2.21, but for 1.95 nm d-spacing.

Figure S4.2.26: Same as figure S4.2.21, but for 2.00 nm d-spacing.
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Figure S4.2.27: Same as figure S4.2.21, but for 2.10 nm d-spacing.

Figure S4.2.28: Same as figure S4.2.21, but for 2.20 nm d-spacing.
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Figure S4.2.29: Same as figure S4.2.21, but for 2.40 nm d-spacing.

Figure S4.2.30: Same as figure S4.2.21, but for 2.60 nm d-spacing.
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Figure S4.2.31: Equilibrium distributions of water(a) and Na+(b) in the interlayers
of montmorillonite with d-spacing of 1.60 nm at 500 K and different pressure. The
shifted density profiles from the external surfaces are plotted as dotted and dashed
lines. The origin corresponds to the center of the pore.
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Figure S4.2.32: Same as figure S4.2.31, but for 1.80 nm d-spacing.
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Figure S4.2.33: Same as figure S4.2.31, but for 1.85 nm d-spacing.
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Figure S4.2.34: Same as figure S4.2.31, but for 1.90 nm d-spacing.
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Figure S4.2.35: Same as figure S4.2.31, but for 1.95 nm d-spacing.



458

Figure S4.2.36: Same as figure S4.2.31, but for 2.00 nm d-spacing.



459

Figure S4.2.37: Same as figure S4.2.31, but for 2.10 nm d-spacing.
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Figure S4.2.38: Same as figure S4.2.31, but for 2.20 nm d-spacing.
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Figure S4.2.39: Same as figure S4.2.31, but for 2.40 nm d-spacing.
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Figure S4.2.40: Same as figure S4.2.31, but for 2.60 nm d-spacing.
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Figure S4.2.41: Distribution of angles between water dipole vector and x-direction
vector in the interlayers of montmorillonite with d-spacing of 1.60 nm at 500 K and
different pressure. The origin corresponds to the center of the pore.

Figure S4.2.42: Same as figure S4.2.41, but for 1.80 nm d-spacing.
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Figure S4.2.43: Same as figure S4.2.41, but for 1.85 nm d-spacing.

Figure S4.2.44: Same as figure S4.2.41, but for 1.90 nm d-spacing.
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Figure S4.2.45: Same as figure S4.2.41, but for 1.95 nm d-spacing.

Figure S4.2.46: Same as figure S4.2.41, but for 2.00 nm d-spacing.
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Figure S4.2.47: Same as figure S4.2.41, but for 2.10 nm d-spacing.

Figure S4.2.48: Same as figure S4.2.41, but for 2.20 nm d-spacing.
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Figure S4.2.49: Same as figure S4.2.41, but for 2.40 nm d-spacing.

Figure S4.2.50: Same as figure S4.2.41, but for 2.60 nm d-spacing.
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4.3 Adsorption and Diffusion of Carbon Dioxide, Methane,

and Their Mixture in Carbon Nanotubes in the Presence

of Water

TOC Graphic

4.3.1 Abstract

Molecular simulations were performed to investigate the adsorption and diffusion

properties of methane and carbon dioxide in carbon nanotubes (CNTs) with pread-

sorbed water at 300 K and pressures up to 40 bar. Our results show that, at low

pressures, a high uptake of methane and carbon dioxide is obtained in relatively

small pores, and the presence of water enhances the adsorption of carbon dioxide in

CNTs with large diameters. The effect of the preadsorbed water is more pronounced

on the mobility of methane than that of carbon dioxide. Importantly, at high wa-
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ter contents, we see that the mobility of methane is a nonmonotonic function of the

nanotube diameter. This is probably due to the splitting of the water clusters in

the small pores which may lead to a faster diffusion process. Simulations were also

performed for the methane/carbon dioxide mixture in CNTs with preadsorbed water.

Here, the overall adsorption and diffusion properties are similar to those observed

for the methane/water and carbon dioxide/water mixtures in CNTs. The adsorption

selectivity of carbon dioxide over methane increases with water content which may

be because of the relatively stronger water-carbon dioxide interactions. A significant

result is that the mobility of methane in the CNTs decreases with decreasing bulk

mole fraction of methane. In general, this decrease is more pronounced at higher

loadings of methane and lower water contents. However, the presence of methane has

less effect on the diffusion properties of carbon dioxide in the CNTs. These results

may be explained by the preferential adsorption of carbon dioxide over methane in the

CNTs. Furthermore, these simulated adsorption isotherms and diffusivity results are

in reasonable agreement with the theoretical predictions based on the ideal adsorbed

solution theory and the Krishna and Paschek approach, respectively.
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4.3.2 Introduction

The important parameters for gas storage and separation are the permeability of a

specific species of the gas mixture and the selectivity.1–7 Notably, the separation pro-

cesses can be adjusted by tuning the adsorption and/or diffusion selectivities. For

example, the silica zeolite DDR has adsorption selectivity of∼ 4 and diffusion selectiv-

ity > 100 for equimolar CO2/CH4 mixture at room temperature.4 Usually membranes

with a high permeability and a high selectivity are suitable for commercial applica-

tions. According to the Robeson plot,8 the selectivity of the membranes generally

decreases with increasing permeability. Therefore, studies are being conducted to sur-

pass the Robeson upper bound of polymer membranes by designing new materials.

These materials include, but are not limited to, metal-organic frameworks, zeolites,

and carbon nanotubes (CNTs). Today, such materials find applications in capturing

the greenhouse gas carbon dioxide, commercial demands for hydrogen storage, stor-

age of natural gas, etc.9–17 Notably, because of their exceptional properties such as

high mechanical strength, large specific surface area, high aspect ratio, and relatively

low cost, CNTs are excellent candidates for gas storage and separation processes.12–17

There have been extensive studies on the adsorption12–15,18–23 and diffusion7,19,24,25

properties of CH4 and CO2 in CNTs. These studies showed that, at low pressures,

a high uptake of CH4 and CO2 is achieved in relatively small pores, which can be

attributed to the fluid-solid interaction. Liu et al. studied the adsorption and diffusion

properties of CH4 and CO2 in the CNTs in the presence of water.22–24 At low pressures,

the presence of H2O enhanced the adsorption of CO2 in CNTs with large diameters,

which was attributed to the CO2-water interaction. It was found that because of

their strong H-bonding, H2O molecules transport in the form of clusters and block

the diffusion of CH4. There have been many studies on the adsorption properties of

the CH4/CO2 mixture in the CNTs.20,22,26,27 These studies showed that the adsorption

selectivity of CO2 over CH4 generally increases with pressure, which may be attributed
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to the fluid-fluid interaction. Liu et al. also studied the adsorption properties of the

CH4/CO2 mixture in the CNTs in the presence of water.22 They showed that the

adsorption selectivity of CO2 over CH4 increases with water content which may be

attributed to the relatively stronger water-CO2 interactions. However, a molecular-

level understanding of the diffusion properties of the CH4/CO2 mixture in the CNTs

in the presence of water is lacking.

Molecular simulations offer detailed molecular-level picture of the interactions be-

tween the components in different systems.28–32 In this study, molecular simulations

were performed to investigate the adsorption and diffusion properties of CH4, CO2,

and their mixture in single-walled CNT arrays with preadsorbed water at 300 K and

pressures up to 40 bar. In addition, the current simulation study was complemented

by theoretical calculations because of the lack of experimental data, especially for the

CH4/CO2/H2O mixture in the CNTs.

Figure 4.3.1: Equilibrium snapshot of the CNT arrays with a preadsorbed water
content of 0.1 g/cm3 and in contact with equimolar CH4/CO2 mixture at 300 K and
1 bar. The nanotube diameter is 1.356 nm ((10,10) nanotube).
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4.3.3 Simulation details

Molecular simulations were performed to investigate the adsorption and diffusion

properties of CH4, CO2, and their mixture in single-walled CNT arrays with pread-

sorbed water at 300 K and pressures up to 40 bar. The simulation models and

methods used here are generally similar to those reported in our previous work.33–41

We used the GCMC simulation technique to calculate the adsorption isotherms and

the MD simulation technique was employed to predict the dynamic properties. The

GCMC and MD simulations were carried out using the RASPA42 and LAMMPS43

packages, respectively. The (7,7), (10,10), and (15,15) nanotubes with diameters of

0.950, 1.356, and 2.030 nm, respectively, were employed, and the intertube distance

was set to 0.335 nm in all cases (Fig. 4.3.1). As in previous studies,22,24 the nan-

otubes are loaded with different amounts of preadsorbed water (0, 0.05, 0.1, and 0.2

g/cm3). For simplicity, no water is included in the interstitial region. The simulation

box dimensions were 2.57 × 4.45 × 6.39, 2.93 × 3.38 × 6.39, and 2.37 ×4.10 × 6.39

nm3, for the (7,7), (10,10), and (15,15) nanotubes, respectively. The framework is

held rigid during the simulations and the Lennard-Jones (LJ) 12-6 potential param-

eters for the framework carbon atoms were taken from Steele.44 Water was modeled

using the rigid SPC/E model,45 and CH4 (single-site) and CO2 were represented by

the transferable potentials for phase equilibria (TraPPE)46 and EPM2 force fields,

respectively.47 However, note that a flexible version of the EPM248 force field for

CO2 was employed in our MD simulations. The LJ parameters between unlike atoms

are calculated by the standard Lorentz-Berthelot combining rule. Periodic boundary

conditions were applied in all three dimensions. The long-range Coulombic interac-

tions were calculated using the Ewald summation (GCMC) and the particle-particle

particle-mesh (MD) techniques with a precision of 10−5. The nonbonded cutoff was

set to 1.15 nm.

In the GCMC simulations, the sorbate molecules (CH4 and CO2) were allowed to
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move in and out of the simulation box, while keeping the number of preadsorbed water

molecules constant. Each GCMC simulation comprised of at least 107 Monte Carlo

steps. The isosteric heat of adsorption qst is estimated using the equation proposed

by Karavias and Myers:49

qst = −(hb,∗ − hb) +RT − 〈UN〉 − 〈U〉〈N〉
〈N2〉 − 〈N〉2

, (4.13)

where −(hb,∗−hb) is the departure function for the partial molar enthalpy in the bulk

fluid and it is calculated from the Peng-Robinson equation of state.50 U and N are

the energy of the adsorbed phase and the number of adsorbed molecules, respectively,

and the angle brackets denote the averages in the GCMC simulations.

Furthermore, the final configurations from the GCMC simulations were used as

the starting configurations for the MD simulations. The MD simulations are carried

out in the NV T ensemble. The equations of motion are integrated with a velocity

Verlet method and a time step of 1 fs. A Langevin thermostat was used with a

damping coefficient of 1 ps−1.51 The implications of using a stochastic thermostat

have been discussed elsewhere.52 A 2 ns equilibration run and a 3 ns production run

were performed. At least six independent trajectories each of length 5 ns are employed

to attain good statistics.

The self-diffusivity in the axial direction is calculated by the Einstein relation:

Dself = lim
t→∞

〈∆z(t)2〉
2t

, (4.14)

where, 〈∆z(t)2〉 denotes the mean-square displacement (MSD) of the particle in the

axial direction. The single-component Maxwell-Stefan (MS) diffusivity in the axial
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direction is calculated by the Green-Kubo formula:53,54

Ð =
1

N

∫ ∞
0

〈j(0) · j(t)〉dt, (4.15)

where j(t) is the sum of the molecular velocities in the axial direction. Note that this

expression can also be formulated in terms of the MD trajectory.54 The membrane

selectivity αperm,CO2/CH4 of CO2 over CH4 is estimated by5

αperm,CO2/CH4 = αdiffαsorp =
DCO2,self(xCO2 , xCH4)

DCH4,self(xCO2 , xCH4)

xCO2/xCH4

yCO2/yCH4

, (4.16)

where αsorp and αdiff are the sorption and diffusion selectivities, respectively. DCO2,self

and DCH4,self are the self-diffusivities of CO2 and CH4, respectively. xCO2 (yCO2) and

xCH4 (yCH4) are the mole fractions of CO2 and CH4 in the adsorbed phase (bulk

phase), respectively.

4.3.4 Theoretical details

The sorption isotherms of gas mixtures can be predicted based on the pure-component

isotherms and the IAST.33,55–57 The IAST is an analogue of Raoult’s law for vapor-

liquid equilibria and the pure-component isotherms must be fitted to a continuous

function to allow the analytical or numerical solutions. More details can be found

in our previous work.33 Here, we utilized the dual-site Langmuir model1,2 to fit our

simulation data.

Results of the pure-component systems obtained from molecular simulations al-

lowed good predictions of the binary mixture transport in nanoporous systems.1,3,4,25,58

According to Krishna and Paschek (KP),58 the single-component self-diffusivity Di,self
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of species i and the MS diffusivity Ði are related by the following equation:

Di,self =
1

1
Ði

+ θi
Ðcorr

ii

, (4.17)

where θi is the fractional loading defined as Θi/Θi,sat (Θi and Θi,sat are the loading

of species i and the saturation loading of species i, respectively), and Ðcorr
ii is the

self-exchange coefficient. The self-diffusivity Di,self of species i in the mixture is given

as58

Di,self =
1

1
Ði

+ θi
Ðcorr

ii
+

θj
Ðcorr

ij

, (4.18)

where Ðcorr
ij is the binary-exchange coefficient. These parameters can be obtained

using the pure-component sorption and diffusion data, and the interpolation formula

for the exchange coefficients proposed by Skoulidas et al.:1

Θj,satÐcorr
ij = [Θj,satÐcorr

ii ]Θi/(Θi+Θj)[Θi,satÐcorr
jj ]Θj/(Θi+Θj) = Θi,satÐcorr

ji . (4.19)

4.3.5 Results and discussion

Methane and carbon dioxide in CNT arrays with preadsorbed

water: Adsorption properties

We carried out GCMC simulations to calculate the pure-component adsorption isotherms

for CH4 and CO2 in CNTs containing variable amounts of preadsorbed water at 300

K. Fig. 4.3.2 provides the simulated isotherms (symbols) for the (7,7), (10,10), and

(15,15) nanotubes up to pressures of 40 bar. Note that the total uptake of CH4 and

CO2 is reported, unless otherwise noted. Fig. 4.3.2 also shows the best fits (lines)

of the simulation data to the dual-site Langmuir model. These fits are necessary for

modelling of the isotherm curves of the gas mixtures using the IAST (see below).

Furthermore, our simulation results are in good agreement with previous simulation
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studies18,19 (see, e.g., Figure S4.3.1, Supporting Information). From Figure S4.3.1,

it is seen that the simulation results are consistent with the experimental observa-

tions.13 Notably, the difference between the GCMC and experimental results has

been discussed in detail and may be attributed to factors such as impurities in the

experimental samples.15 Typically, the experimental measurements yield the excess

adsorption isotherms. Figures S4.3.2 and S4.3.3 show the accessible pore volume (es-

timated using the GCMC simulation of helium adsorption in CNTs) and the excess

adsorption isotherms for all studied systems, respectively. We see that the total and

excess quantities are almost identical under these conditions.

Our results show that the adsorption of CH4 and CO2 in the CNTs generally

increases with increasing nanotube diameter. Note that at low pressures, a high

uptake of CH4 and CO2 is obtained in relatively small pores. The present results are in

good agreement with the previous simulation studies.18–21,27 The enhancement in the

adsorption of methane and carbon dioxide in small pores of CNTs can be attributed to

the fluid-solid interaction.18–21 Similar enhancements have been observed in systems

such as clays33 and carbon slit nanopores.59,60 We also see that the adsorption of

CH4 and CO2 in the CNTs generally decreases with increasing water content. At low

pressures, the presence of H2O enhances the adsorption of CO2 in CNTs with large

diameters. These results are consistent with the previous simulation studies.22–24 The

enhancement in the adsorption of carbon dioxide in CNTs can be attributed to the

CO2-water interaction.22,23 A similar enhancement has been observed in systems such

as MOFs,61 clays,33 and carbon slit nanopores.62 We note that, in all cases except for

the dry (15,15) nanotube at low pressures, the adsorption in the interstitial spaces

is less than about 10% of the total adsorption (Figure S4.3.4). The changes in the

intertube distance can significantly affect the adsorption properties of CNTs.18,63–65

It was also found that the adsorption of methane and CO2 in the CNTs decreases

with the increase of temperature.18,23,66
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Figure 4.3.2: GCMC simulated pure-component adsorption isotherms for (a) CH4

and (b) CO2 molecules in the (7,7) (open symbols), (10,10) (gray-filled symbols),
and (15,15) (black-filled symbols) nanotubes with different amounts of preadsorbed
water: 0 (circles), 0.05 (squares), 0.1 (diamonds), and 0.2 g/cm3 (triangles). The
temperature is 300 K. The lines are fitting results to the GCMC simulation data.

The density distributions of the various species in the CNTs can be readily obtained

from our molecular simulations. Fig. 4.3.3 shows the density profiles (radial) of the

different species in the (7,7) nanotube at P = 0.1 bar. Figures S4.3.5-S4.3.15 show

these profiles in the other cases. Our results show that one, two, and three layers of
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water molecules are formed in the (7,7), (10,10), and (15,15) nanotubes, respectively,

at all water contents. The water density profiles are almost unaffected by the presence

of methane and CO2 under the studied conditions. We see that similar well-defined

layered structures are also observed in the cases of methane and CO2 molecules. Each

peak position in the distribution of methane and CO2 molecules coincides with that

of the water region. The peak magnitude and/or the number of layers of methane and

CO2 molecules in the CNTs generally increase with increasing pressure. Furthermore,

we observe a uniform distribution of each species in a circular path around the pore

center (see, e.g., Figures S4.3.16-S4.3.18). It is known22–24 that the water molecules

form strong hydrogen-bonded clusters, however, in the axial direction of the CNTs

(see, e.g., Figure S4.3.19).

Figure 4.3.3: Radial density distributions of (a) CH4 and (b) CO2 molecules in the
(7,7) nanotube with different amounts of preadsorbed water: 0 (black lines), 0.05
(red lines), 0.1 (blue lines), and 0.2 g/cm3 (green lines). The distributions of water
corresponding to (a) and (b) are shown in (c) and (d), respectively. The temperature
is 300 K and the pressure is 0.1 bar. The origin corresponds to the CNT center.
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It is observed that CO2 molecules near the surface prefer to orient parallel to the

nanotube axis (see, e.g., Figure S4.3.20), which is in line with the previous report.23

For example, in all cases, the angle between the molecular axis and the nanotube

axis (α) is about 43 oC in the layer close to the surface. Note that in the absence of

curvature, CO2 molecules are oriented more parallel to the slit surface.67 With the

increasing nanotube diameter, the carbon dioxide molecules explore a wider range of

angles. For instance, the orientation angle α is about 54 oC in the center of the (15,15)

nanotube. In general, pressure has no effect on these orientations under the studied

conditions. However, CO2 molecules in the center of the (10,10) nanotube tend to lie

more parallel to the nanotube axis as the pressure increases. These orientations are

not much affected by the presence of water, probably because the water molecules

form isolated clusters. We also find that the water dipoles tend to lie parallel to the

nanotube axis in the layer close to the surface (see, e.g., Figures S4.3.21-S4.3.24).

The presence of CH4 and CO2 has less effect on the orientation of water.

The adsorption equilibrium can also be characterized by the isosteric heat of ad-

sorption. Figure S4.3.25 shows the isosteric heats of adsorption of methane and CO2

in the CNTs calculated from GCMC simulations. The isosteric heats of adsorption

of methane and CO2 are in the ranges of about 15-35 kJ/mol and 20-40 kJ/mol, re-

spectively, under the studied conditions. In general, the isosteric heats of adsorption

of methane and CO2 decrease with increasing nanotube diameter. This may be due

to the fact that the fluid-solid interaction is dominant in the small pores. We also

see that the isosteric heats generally increase with increasing CH4/CO2 loading and

increasing water content. This increase is possibly due to the fluid-fluid interaction.

However, in the small pores, the isosteric heats decrease with loading because adsorp-

tion of molecules at sites further from the surface leads to lower fluid-solid interaction.

This behavior is also observed for the large pores at low loadings, which can be at-

tributed to the adsorption in the interstitial region. These results are consistent with
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previous studies.18,23,27

Methane and carbon dioxide in CNT arrays with preadsorbed

water: Transport properties

The GCMC generated configurations were used in the MD simulations to calculate

the transport properties of methane, CO2, and water in the CNTs. Figures S4.3.26-

S4.3.28 shows some typical MSDs as a function of the simulation time. Three regimes

are generally observed in the plot of the MSD versus time for particles under confine-

ment. An initial ballistic regime and the long-time Fickian regime are separated by

an intermediate single-file diffusion regime.68,69 Single-file diffusion is the restricted

motion of species that cannot pass each other. The self-diffusion coefficients were

calculated from the linear slopes in the plot of the MSD versus time. Fig. 4.3.4 shows

the simulated self-diffusivity (symbols) of CH4 and CO2 in CNTs containing vari-

able amounts of preadsorbed water at 300 K. Figure S4.3.29 shows the corresponding

self-diffusivity of water under the studied conditions.

Our results show that the mobility of CH4 and CO2 generally increases with in-

creasing nanotube diameter. Also, the mobility of CH4 and CO2 in the CNTs de-

creases with increasing CH4/CO2 loading and increasing water content. This decrease

with CH4/CO2 loading is less pronounced at higher water contents. These results may

be attributed to the steric interactions. We find that, at a constant loading, the CH4

molecules diffuse faster than the CO2 molecules in the dry CNTs. Furthermore, the

effect of the preadsorbed water is more pronounced on the mobility of methane than

that of CO2. This may be explained by the fact that the H2O molecules form isolated

clusters along the axial direction (see, e.g., Figure S4.3.19) and that such formation

is more favorable for CH4 than for carbon dioxide because of the fact that the CH4-

H2O interaction is weaker than the carbon dioxide-H2O interaction. Similar behavior

has been reported in the carbon slit pores.62 Notably at high water contents, we see
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that the mobility of methane is a nonmonotonic function of the nanotube diameter.

This is possibly due to the stability of the large water clusters, especially in the large

pores (see, e.g., Figure S4.3.19). The splitting of such clusters in the small pores

may lead to a faster diffusion process. A similar behavior was reported for water in

CNTs.70 However, this anomalous diffusion behavior was attributed to the formation

of the ice-like structure of water. We see that the water mobility generally decreases

with increasing nanotube diameter and increasing water content. This is again at-

tributed to the presence of water clusters. Also, the water mobility generally decrease

with CH4/CO2 loading, and the mobility of water associated with CO2 is relatively

low possibly because of the stronger water-CO2 interaction. Our results are in good

agreement with the previous simulation studies.7,19,24,25

Fig. 4.3.4 also shows the predictions (lines) of the expression relating Di,self to Ði

derived by Krishna and Paschek (see eq. (4.17)).58 For simplicity, the self-exchange

coefficient Ðcorr
ii is assumed to be CH4/CO2 loading-independent and used as the fit-

ting parameter. These fits are necessary for the calculations of the mixture transport

using the KP approach (see below). Figure S4.3.30 shows the MS diffusivities of CH4

and CO2 in the CNTs. Notably, the MS diffusivities of CH4 and CO2 are almost in-

dependent of loading. We also note that at high water contents and/or low loadings,

the above approach is less reliable when using a loading-independent Ðcorr
ii (see, e.g.,

Figure S4.3.31).
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Figure 4.3.4: Self-diffusivities of CH4 (open symbols) and CO2 (solid symbols)
molecules in the (a) (7,7), (b) (10,10), and (c) (15,15) nanotubes with different
amounts of preadsorbed water (0 (circles), 0.05 (squares), 0.1 (diamonds), and 0.2
g/cm3 (triangles)), as obtained from MD simulations. The temperature is 300 K. The
lines are fitting results to the MD simulation data.
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Methane/carbon dioxide mixture in CNT arrays with pread-

sorbed water: Adsorption properties

We also performed GCMC simulations to calculate the adsorption isotherms for the

mixture of CH4 and CO2 in CNTs containing variable amounts of preadsorbed wa-

ter at 300 K. Fig. 4.3.5 provides the simulated isotherms (symbols) for the (7,7),

(10,10), and (15,15) nanotubes up to pressures of 40 bar. In addition, the adsorption

isotherms of the mixture are estimated by applying the IAST55 to the pure-component

adsorption isotherms (see Fig. 4.3.2) and provided as smooth lines in Fig. 4.3.5. Our

simulation results are in good qualitative agreement with the IAST data over the

investigated pressure range. The difference is possibly because of the fact that the

IAST fails to describe the adsorption isotherms for nonideal mixtures and/or high

pressures.33,71 We see that the overall adsorption behavior of the mixture is similar

to that observed for the pure-component adsorption isotherms, as described above.

Notably, at low pressures, a high uptake of CH4 and CO2 is obtained in relatively

small pores and the presence of H2O enhances the adsorption of CO2 in CNTs with

large diameters. As expected, the adsorption isotherms obtained using an equimolar

mixture of CH4 and CO2 show that the CNTs preferentially adsorb CO2 over CH4

both in the absence and presence of preadsorbed water. Our results are in good

agreement with the previous simulation studies.20,22,26,27
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Figure 4.3.5: GCMC simulated adsorption isotherms for the CH4/CO2 mixture in
the (7,7) (red symbols), (10,10) (green symbols), and (15,15) (blue symbols) nan-
otubes with different amounts of preadsorbed water: 0 (circles), 0.05 (squares), 0.1
(diamonds), and 0.2 g/cm3 (triangles). (a), (b), and (c) show adsorption isotherms
of CH4 at mole fraction yCH4 = 0.2, 0.5, and 0.8, respectively. (d), (e), and (f) show
adsorption isotherms of CO2 at mole fraction yCH4 = 0.2, 0.5, and 0.8, respectively.
The temperature is 300 K. The lines are the predictions of the IAST.

The gas separation processes can be adjusted by tuning the adsorption selectiv-

ities (see eq. (4.16)).5 The adsorption selectivity of CO2/CH4 calculated using the
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GCMC simulations (symbols) and the IAST (lines) are shown in Figure S4.3.32.

The adsorption selectivity of CO2/CH4 is in the range of about 3 − 100 under the

studied conditions. Our results show that the adsorption selectivity of CO2/CH4

generally decreases with increasing mole fraction yCH4 and increasing nanotube diam-

eter. Also, the adsorption selectivity of CO2/CH4 generally increases with pressure.

This may be attributed to the fluid-fluid interaction.20,22 For example, the increase

in the CO2-adsorbate interaction energy was found to be greater than that of the

CH4-adsorbate interaction energy.20 However, at very high pressures, the entropic

effects may be important and the adsorption selectivity decreases with pressure.27

Also, at low pressures, the adsorption selectivity of CO2/CH4 decreases with pres-

sure in the (15,15) nanotube. This may be attributed to the species adsorption in

the interstitial region and consequently, the enhanced adsorbate-adsorbent interac-

tions.27 A similar decrease was also observed for the (6,6) nanotube case.27 In the

absence of the interstitial region, the adsorption selectivity of CO2/CH4 increased

with pressure.20 It is important to note that the adsorption selectivity of CO2/CH4

increases with water content. This may be because of the relatively stronger water-

CO2 interactions.22 Here, the overall density distributions of the various species (see,

e.g., Figures S4.3.33-4.3.8) and their orientations (see, e.g., Figures S4.3.36-S4.3.40)

in the CNTs are similar to those observed for the CH4/H2O and CO2/H2O mixtures

in CNTs, as described above. Notably, each peak position in the distributions of

methane and CO2 molecules coincides with that of the water region. We also see that

water molecules form isolated clusters in the axial direction of the CNTs (see, e.g.,

Figure S4.3.41).
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Figure 4.3.6: Self-diffusivities for the CH4/CO2 mixture (yCH4 = 0.2 (circles), 0.5
(squares), and 0.8 (diamonds)) in the nanotubes with different amounts of pread-
sorbed water (0 (red symbols), 0.05 (green symbols), and 0.1 g/cm3 (blue symbols)),
as obtained from MD simulations. (a) and (b) show self-diffusivities of CH4 in the
(10,10) and (15,15) nanotubes, respectively. (c) and (d) show self-diffusivities of CO2

in the (10,10) and (15,15) nanotubes, respectively. The temperature is 300 K. The
lines are the predictions of the KP approach.

Methane/carbon dioxide mixture in CNT arrays with pread-

sorbed water: Transport properties

The GCMC generated configurations of the CH4/CO2/H2O mixture in CNTs were

used in the MD simulations to calculate the transport properties of this system.

Fig. 4.3.6 shows the simulated self-diffusivity (symbols) of CH4 and CO2 in this

system at 300 K. In addition, these diffusivities are estimated by applying the KP
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approach1,58 to the diffusion data of the CH4/H2O and CO2/H2O mixtures in CNTs

(see Fig. 4.3.4) and provided as smooth lines in Fig. 4.3.6. In the past, the KP

approach has been successfully applied to many ordered nanoporous systems.1–4,25,58

Our simulation results are in qualitative agreement with the KP predictions (see eq.

(4.18)). The difference at high water contents and/or low loadings is possibly because

of the use of the CH4/CO2 loading-independent Ðcorr
ii . Note that the treatment of

the loading dependence of Ðcorr
ii in the KP approach is nontrivial.1,25 We see that

the overall diffusion behavior of the CH4/CO2/H2O mixture in CNTs is similar to

that observed for the CH4/H2O and CO2/H2O mixtures in CNTs, as described above

(see also Figure S4.3.42). For example, the mobility of CH4 and CO2 in the CNTs

decreases with increasing CH4/CO2 loading and increasing water content, and the

effect of the preadsorbed water is more pronounced on the mobility of methane than

that of CO2.

An important finding of this study is that at constant CH4 loading and constant

water content, the mobility of CH4 in the CNTs decreases with decreasing mole frac-

tion yCH4 . In general, this decrease is more pronounced at higher loadings of CH4 and

lower water contents. However, the presence of CH4 has less effect on the diffusion

properties of CO2 in the CNTs. These results may be explained by the preferential

adsorption of CO2 over CH4 in the CNTs, as is evident from the adsorption results

presented above. Since CO2 molecules are the dominant adsorbed species, their dis-

tribution in the CNTs are not much affected by the presence of CH4. Due to this, the

mobility of CO2 is mostly independent of the mole fraction yCH4 . As shown above, car-

bon dioxide molecules preferentially adsorb onto the surface and consequently screen

those adsorption sites from their direct interaction with methane, which may lead

to an increased mobility of methane. At the same time, CO2 molecules occupy also

the pore region away from the surface because of which the effective diffusing space

of methane may be reduced. Both of these effects are important at low adsorbate
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loadings and lead to a small decrease in the methane mobility. At high loadings, how-

ever, the steric factors dominate resulting in a significant reduction in the methane

mobility. Similar observations were reported for the diffusion behavior of CH4 and

CO2 in montmorillonite clays.34 However, an opposite trend was observed in the case

of ZIFs due to the difference in the adsorption site preferences.6 It is interesting to

note that the CH4/H2 mixture diffusivities are governed by the momentum transfer

correlation effects which tend to reduce the mobility of the faster diffusing molecules

and speed up the slower molecules.6 Interestingly, at low loadings, a non-monotonic

behavior has been observed in our simulations for the species diffusion as a function

of loading, e.g., for CO2 in the dry (15,15) nanotube arrays. This may be due to the

species adsorption in the interstitial region as mentioned above, and the relatively

slow species diffusion in the sterically confined interstitial spaces.

The gas separation processes can be adjusted also by tuning the diffusion selec-

tivities (see eq. (4.16)).5 The diffusion selectivity of CO2/CH4 calculated using the

molecular simulations (symbols) and the KP predictions (lines) are shown in Figure

S4.3.43. The diffusion selectivity of CO2/CH4 is in the range of about 0.2− 2 for the

considered systems. We see that the diffusion selectivity of CO2/CH4 increases with

decreasing nanotube diameter and increasing water content for the studied systems.

Also, the diffusion selectivity is almost independent of the pressure and the mole

fraction yCH4 for the studied systems.
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Figure 4.3.7: Membrane selectivity of CO2/CH4 (yCH4 = 0.8) in the (a) (10,10) and
(b) (15,15) nanotubes with different amounts of preadsorbed water: 0 (red symbols),
0.05 (green symbols), and 0.1 g/cm3 (blue symbols). The temperature is 300 K. The
lines are the predictions based on the IAST and the KP approach.

For gas storage and separation, the membrane selectivity is an important per-

formance metric (see eq. (4.16)).5 The membrane selectivity of CO2/CH4 calculated

using the molecular simulations (symbols) and the predictions based on the IAST and

the KP approach (lines) are shown in Fig. 4.3.7 (yCH4 = 0.8). Figures S4.3.44 and

S4.3.45 provide the results for the cases of yCH4 = 0.2 and yCH4 = 0.5, respectively.

Note that the adsorption selectivity of CO2/CH4 is in the range of about 3 − 9 for
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the considered systems. Our results show that the membrane selectivity of CO2/CH4

generally increases with increasing pressure and increasing water content. However,

at low pressures, the membrane selectivity of CO2/CH4 decreases with pressure in the

(15,15) nanotube. This may be attributed to the species adsorption in the interstitial

region, as described above. Also, the membrane selectivity generally decreases with

increasing nanotube diameter and is almost independent of the mole fraction yCH4 for

the considered systems. Overall, our results indicate that the adsorption properties

are the dominant factor determining the separation of the CH4/CO2 mixture in both

dry and wet CNTs.

4.3.6 Conclusions

Molecular simulations were carried out to study the adsorption and diffusion proper-

ties of CH4 and CO2 in single-walled CNT arrays with preadsorbed water at 300 K

and pressures up to 40 bar. Our results show that, at low pressures, a high uptake

of CH4 and CO2 is obtained in relatively small pores, which can be attributed to the

fluid-solid interaction.18–23 At low pressures, the presence of H2O enhances the ad-

sorption of CO2 in CNTs with large diameters. This enhancement can be attributed

to the CO2-water interaction. We find that the CH4 molecules diffuse faster than the

CO2 molecules in the dry CNTs, consistent with previous studies.7,19,24,25 Further-

more, the effect of the preadsorbed water is more pronounced on the mobility of CH4

than that of CO2. This may be explained by the fact that the H2O molecules form

strong hydrogen-bonded clusters along the axial direction of the CNTs and that such

formation is more favorable for CH4 than for CO2. Interestingly, at high water con-

tents, we find that the mobility of CH4 is a nonmonotonic function of the nanotube

diameter. This is possibly due to the splitting of the water clusters in the small pores

which may lead to a faster diffusion process.

Molecular simulations were also carried out for the CH4/CO2 mixture in CNTs with
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preadsorbed water at 300 K. Here, the overall adsorption and diffusion properties

are similar to those observed for the CH4/H2O and CO2/H2O mixtures in CNTs.

The adsorption selectivity of CO2/CH4 generally increases with pressure, which may

be attributed to the fluid-fluid interaction.20,22,26,27 Also, the adsorption selectivity

increases with water content. This may be because of the relatively stronger water-

CO2 interactions. An important finding of this study is that the mobility of CH4

in the CNTs decreases with decreasing mole fraction yCH4 . In general, this decrease

is more pronounced at higher loadings of CH4 and lower water contents. However,

the presence of CH4 has less effect on the diffusion properties of CO2 in the CNTs.

These results may be explained by the preferential adsorption of CO2 over CH4 in the

CNTs. Furthermore, these simulated adsorption isotherms and diffusivity data were

compared to the theoretical predictions based on the IAST and the KP approach,

respectively. The simulation results are in reasonable agreement with the theoretical

predictions.
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4.3.8 Supporting information

Figure S4.3.1: GCMC simulated pure-component adsorption isotherms for CH4 (cir-
cles) and CO2 (squares) molecules in the (10,10) nanotube. The temperature is 300
K. The line denotes the experimental data.
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Figure S4.3.2: Void fraction as a function of the water content in the CNT arrays.
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Figure S4.3.3: Same as in Fig. 4.3.2, but for the excess adsorption isotherms.
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Figure S4.3.4: Same as in Fig. 4.3.2, but for the interstitial adsorption.
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Figure S4.3.5: Same as in Fig. 4.3.3, but for P = 1 bar.
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Figure S4.3.6: Same as in Fig. 4.3.3, but for P = 2 bar.
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Figure S4.3.7: Same as in Fig. 4.3.3, but for P = 40 bar.
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Figure S4.3.8: Same as in Fig. 4.3.3, but for the (10,10) nanotube.
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Figure S4.3.9: Same as in Fig. S4.3.8, but for P = 1 bar.
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Figure S4.3.10: Same as in Fig. S4.3.8, but for P = 2 bar.
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Figure S4.3.11: Same as in Fig. S4.3.8, but for P = 40 bar.
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Figure S4.3.12: Same as in Fig. 4.3.3, but for the (15,15) nanotube.
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Figure S4.3.13: Same as in Fig. S4.3.12, but for P = 1 bar.
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Figure S4.3.14: Same as in Fig. S4.3.12, but for P = 2 bar.



513

Figure S4.3.15: Same as in Fig. S4.3.12, but for P = 40 bar.
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Figure S4.3.16: Density distributions of (a) CH4 and (b) CO2 molecules in the (7,7)
nanotube with a preadsorbed water content of 0.1 g/cm3. The distributions of water
corresponding to (a) and (b) are shown in (c) and (d), respectively. The temperature
is 300 K and the pressure is 40 bar.
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Figure S4.3.17: Same as in Fig. S4.3.16, but for the (10,10) nanotube.
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Figure S4.3.18: Same as in Fig. S4.3.16, but for the (15,15) nanotube.
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Figure S4.3.19: Equilibrium snapshots of the CNTs with a preadsorbed water content
of 0.2 g/cm3 and in contact with CH4 and CO2. (a), (b), and (c) show the CH4/H2O
mixture in the (7,7), (10,10), and (15,15) nanotubes, respectively. (d), (e), and (f)
show the CO2/H2O mixture in the (7,7), (10,10), and (15,15) nanotubes, respectively.
The temperature is 300 K and the pressure is 40 bar.
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Figure S4.3.20: Equilibrium distribution of the orientations of CO2 molecules in the
nanotubes with different amounts of preadsorbed water: 0 (solid lines) and 0.1 g/cm3

(dashed lines). (a), (b), and (c) show the angle between the molecular axis and the
nanotube axis (α) in the (7,7), (10,10), and (15,15) nanotubes, respectively. (d), (e),
and (f) show the angle between the molecular axis and the radial direction (β) in
the (7,7), (10,10), and (15,15) nanotubes, respectively. The pressures are 0.1 (black
lines), 1 (red lines), 2 (blue lines), and 40 bar (green lines), and the temperature is
300 K.



519

Figure S4.3.21: Equilibrium distribution of the orientations of H2O molecules in the
nanotubes with a preadsorbed water content of 0.1 g/cm3 and in contact with CH4.
(a), (b), and (c) show the angle between the H-H vector and the nanotube axis in the
(7,7), (10,10), and (15,15) nanotubes, respectively. (d), (e), and (f) show the angle
between the H-H vector and the radial direction in the (7,7), (10,10), and (15,15)
nanotubes, respectively. The pressures are 0.1 (black lines), 1 (red lines), 2 (blue
lines), and 40 bar (green lines), and the temperature is 300 K.
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Figure S4.3.22: Same as in Fig. S4.3.21, but for the water dipoles.
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Figure S4.3.23: Same as in Fig. S4.3.21, but for the CO2/H2O mixture in CNTs.
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Figure S4.3.24: Same as in Fig. S4.3.22, but for the CO2/H2O mixture in CNTs.
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Figure S4.3.25: Isosteric heats of adsorption for (a) CH4 and (b) CO2 molecules in the
(7,7) (open symbols), (10,10) (gray-filled symbols), and (15,15) (black-filled symbols)
nanotubes with different amounts of preadsorbed water: 0 (circles), 0.05 (squares),
0.1 (diamonds), and 0.2 g/cm3 (triangles). The temperature is 300 K.
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Figure S4.3.26: MSDs of (a) CH4 and (b) CO2 molecules in the (7,7) nanotube with
a preadsorbed water content of 0.1 g/cm3. The MSDs of water corresponding to (a)
and (b) are shown in (c) and (d), respectively. The temperature is 300 K.
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Figure S4.3.27: Same as in Fig. S4.3.26, but for the (10,10) nanotube.
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Figure S4.3.28: Same as in Fig. S4.3.26, but for the (15,15) nanotube.
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Figure S4.3.29: Same as in Fig. 4.3.4, but for H2O.



528

Figure S4.3.30: Same as in Fig. 4.3.4, but for the MS diffusivities.
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Figure S4.3.31: Same as in Fig. 4.3.4, but for the self-exchange coefficient Ðcorr
ii .
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Figure S4.3.32: Adsorption selectivity of CO2/CH4 in the (7,7) (red symbols), (10,10)
(green symbols), and (15,15) (blue symbols) nanotubes with different amounts of
preadsorbed water: 0 (circles), 0.05 (squares), 0.1 (diamonds), and 0.2 g/cm3 (trian-
gles). (a), (b), and (c) show the adsorption selectivity at mole fraction yCH4 = 0.2,
0.5, and 0.8, respectively. The lines are the predictions of the IAST.
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Figure S4.3.33: Radial density distributions for the CH4/CO2 mixture (yCH4 = 0.2)
in the nanotubes with different amounts of preadsorbed water (0 (solid lines) and 0.1
g/cm3 (dashed lines). (a), (b), and (c) show CH4 distribution in the (7,7), (10,10), and
(15,15) nanotubes, respectively. (d), (e), and (f) show CO2 distribution in the (7,7),
(10,10), and (15,15) nanotubes, respectively. (g), (h), and (i) show H2O distribution
in the (7,7), (10,10), and (15,15) nanotubes, respectively. The pressures are 0.1 (black
lines), 1 (red lines), 2 (blue lines), and 40 bar (green lines), and the temperature is
300 K.
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Figure S4.3.34: Same as in Fig. S4.3.23, but for mole fraction yCH4 = 0.5.
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Figure S4.3.35: Same as in Fig. S4.3.33, but for mole fraction yCH4 = 0.8.
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Figure S4.3.36: Orientations of CO2 molecules in the nanotubes with different
amounts of preadsorbed water (0 (solid lines) and 0.1 g/cm3 (dashed lines)) and
in contact with CH4/CO2 mixture (yCH4 = 0.2). (a), (b), and (c) show the angle be-
tween the molecular axis and the nanotube axis (α) in the (7,7), (10,10), and (15,15)
nanotubes, respectively. (d), (e), and (f) show the angle between the molecular axis
and the radial direction (β) in the (7,7), (10,10), and (15,15) nanotubes, respectively.
The pressures are 0.1 (black lines), 1 (red lines), 2 (blue lines), and 40 bar (green
lines), and the temperature is 300 K.
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Figure S4.3.37: Same as in Fig. S4.3.36, but for the mole fraction yCH4 = 0.5.
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Figure S4.3.38: Same as in Fig. S4.3.36, but for the mole fraction yCH4 = 0.8.
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Figure S4.3.39: Orientations of H2O molecules in the nanotubes with a preadsorbed
water content of 0.1 g/cm3 and in contact with CH4/CO2 mixture (yCH4 = 0.8 (solid
lines) and yCH4 = 0.2 (dashed lines)). (a), (b), and (c) show the angle between the
H-H vector and the nanotube axis (α) in the (7,7), (10,10), and (15,15) nanotubes,
respectively. (d), (e), and (f) show the angle between the H-H vector and the radial
direction (β) in the (7,7), (10,10), and (15,15) nanotubes, respectively. The pressures
are 0.1 (black lines), 1 (red lines), 2 (blue lines), and 40 bar (green lines), and the
temperature is 300 K.
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Figure S4.3.40: Same as in Fig. S4.3.39, but for the water dipoles.
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Figure S4.3.41: Equilibrium snapshots of the CNTs with a preadsorbed water con-
tent of 0.1 g/cm3 and in contact with equimolar CH4/CO2. (a), (b), and (c) show
CH4/CO2/H2O mixture in the (7,7), (10,10), and (15,15) nanotubes, respectively.
The temperature is 300 K and the pressure is 40 bar. For simplicity, the nanotube is
not shown.
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Figure S4.3.42: Same as in Fig. 4.3.6. In addition, the filled symbols denote the
corresponding results for the CH4/H2O and CO2/H2O mixtures in CNTs.
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Figure S4.3.43: Diffusion selectivities for the CH4/CO2 mixture (yCH4 = 0.2 (circles),
0.5 (squares), and 0.8 (diamonds)) in the nanotubes with different amounts of pread-
sorbed water: 0 (red symbols), 0.05 (green symbols), and 0.1 g/cm3 (blue symbols).
(a) and (b) show diffusion selectivity of CO2/CH4 in the (10,10) and (15,15) nan-
otubes, respectively. The temperature is 300 K. The lines are the predictions of the
KP approach.
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Figure S4.3.44: Same as in Fig. 4.3.7, but for the mole fraction yCH4 = 0.2.
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Figure S4.3.45: Same as in Fig. 4.3.7, but for the mole fraction yCH4 = 0.5.
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Chapter 5

Conclusion and Future Work

In this dissertation, I have applied molecular simulations and theoretical methods to

model the interfacial, sorptive, and diffusive properties of systems for carbon capture

and storage applications. Three types of system are studied, namely, fluid mixtures,

fluids in amorphous porous media, and fluids in ordered porous media. New insights

from the molecular level are added to the literature, and detailed conclusions are

given separately in each section of the dissertation.

There are several plans for future work:

• Study the effects of oil types, e.g., linear, branched, and cyclic alkanes on the

bulk and interfacial properties of water/carbon dioxide/oil systems.

• Study the sorptive and diffusive properties of methane and carbon dioxide mix-

ture in amorphous polyethylene at high temperature and pressure.

• Study the effect of ion types on the swelling pressure of montmorillonite over a

wide range of temperature and pressure.

• Study the contact angles of three-phase systems, e.g., water/oil/clay system.
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