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ABSTRACT 

 

Reducing carbon dioxide emissions in an attempt to control global warming is a critical 

issue being addressed at global level today. One method of regulating the amount of CO2 in the 

atmosphere is by re-injecting CO2 into reservoirs, thus in turn also improving the overall recovery 

of oil and gas. This is an enhanced oil/gas recovery technique which has received a lot of attention 

in industry. In this work, a study of the phenomena that allows for improved hydrocarbon recovery 

using CO2 injection into reservoir pores is presented. Additionally, an attempt to understand the 

effect of mixture density, concentration, temperature, moisture and the pore material on such 

systems will be discussed. Furthermore, the ways in which diffusivity of fluid behaves at the center 

of the pore as well as towards the pore walls is explored in detail in this work.  

All systems that have been simulated represent a canonical ensemble. Hence, at any given 

time, the number of molecules, the volume of the pore, and the temperature remain the same as 

specified at the beginning of a simulation. The work utilizes a methodology developed by Franco 

et al. to calculate the perpendicular self-diffusion co-efficient by obtaining the residence time from 

the integration of the survival probability. The methodology further allows for the calculation of 

the local self-diffusion coefficient in areas of interest as opposed to the global self-diffusion 

coefficient obtained from the commonly used Einstein relation.  

Results indicate that all studied characteristics of a system have a significant effect on the 

mobility and the configuration of the fluid within pore. Furthermore, these characteristics have a 

greater pronounced effect of the diffusivity at the center of the pore and a lesser effect in the region 

towards the wall. Further calculating the parallel self-diffusion coefficient of the fluid in the same 
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systems analyzed in this work will provide even greater insight on the behavior of hydrocarbons 

within nanopores, in the presence of CO2. 
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CHAPTER I  

INTRODUCTION  

1.1 Background and Motivation 

Today, global warming is a major issue being addressed at international level. CO2 is one 

of the major constituents causing global warming. Thus, it is paramount to find a way to reduce 

carbon dioxide emissions into the environment by introducing carbon capture, utilization and 

storage (CCUS) processes. Techniques revolving around CCUS aim to reutilize CO2 by recycling 

it into further meaningful products1-3.  

One such technique is known as CO2 enhanced oil/gas recovery (EOR/EGR). This 

technique addresses two key matters: one, the storage of CO2 and two, the recovery of oil and/or 

gas in the reservoir that the CO2 is being deposited to. CO2 is used as a working fluid in the tertiary 

recovery of the oil and/or gas. Studies show that the increment in recovery can be anywhere within 

the range of 8 – 16%, while sealing the CO2 within the reservoir4,5. Such techniques have been 

extensively researched and developed for conventional reservoirs however, significant progress 

still needs to be made with respect to unconventional reservoirs where 40% of hydrocarbons 

remains trapped even after primary and secondary recovery1,6-10.  

Shale gas is a type of unconventional gas found in shale deposits. This shale gas can either 

be “free gas” trapped within the pores of the shale rock, or it can be adsorbed onto the surface of 

the pore11. Due to shale gas confinement in such tight pores, these fluids exhibit properties that 

would differ from the properties exhibited by the same fluids in bulk. As such, even after 

showcasing several different features of what is expected in bulk or even in conventional 

reservoirs, it is still extremely difficult to understand the complex behavior of such fluids under 

confinement. Understanding the properties of such fluids in these conditions can prove useful in 
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extracting relevant components from these reservoirs as well as obtaining a better prediction of 

reservoir production. Studies have shown that the desorption of the adsorbed gas can contribute to 

anywhere between 5 – 30% of the total gas production from shale reservoirs12. In this work, we 

worked on better understanding the behavior of relevant fluids under confinement by exploring 

the diffusivity and density changes that occur within systems of interest. 

1.2 Objectives 

In this work, we aimed to better understand the behavior of relevant fluids under 

confinement by exploring the diffusivity and density changes that occur within the systems of 

interest. The various objectives associated with the above aim are as follows: 

 

1. Use molecular dynamics simulation to develop systems analogous to complex systems 

found in nature, subjected to underlying assumptions 

2. Understand the general effect of confinement on relevant systems 

3. Study the effect of various parameters on confined fluid properties of interest. These 

parameters include: 

1. Fluid density 

2. Fluid composition 

3. System temperature 

4. Type of substrate 

5. Pore size 

6. Moisture content within the system 

4. Compare the results obtained from using molecular dynamics simulation with those 

obtained using an equation of state 
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CHAPTER II  

LITERATURE REVIEW 

2.1 Experimental Studies 

 

Many experiments have been conducted to better understand the behavior of oil or gas 

components with CO2 for EOR13-17. Experiments have shown that recovery of hydrocarbon is 

dependent on several factors such as the formation of the rock, pressure and temperature of 

reservoir, and the relative adsorption and desorption preference of CO2 to alkanes54. This was 

proven through conducting gravimetric adsorption experiments to study the adsorption of methane, 

carbon dioxide and nitrogen on zeolite 13X at various pressures and temperatures. The isoteric 

heats of adsorption showed that carbon dioxide had the strongest adsorption and the substrate in 

question was a good candidate for CO2 sequestration from flue gas.  

Furthermore, it has been reported that adsorption and desorption of the fluid and the 

diffusion process play the most critical role in enhanced gas recovery and CO2 sequestration55. 

Zhu et al. approximated the adsorption and desorption of CO2 and N2 across a coalbed, using an 

extended Langmuir isotherm. Mixtures of CO2, CH4 and N2 were used to represent coalbed and 

injection gases. N2 and CO2 mixtures with high N2 content resulted in faster initial CH4 recovery, 

whereas mixtures with high CO2 content resulted in slower initial CH4 recovery. The trade-off 

found however was that greater time was required in separating the N2 from the produced gas, 

whereas it took less time and effort to separate CO2 from the produced gas.  

Over the years, many experimental studies have been conducted to study the interaction of 

alkanes, CO2, or their mixtures in different types of reservoir rocks. Duan et al.56 studied the 

adsorption equilibrium of CO2, CH4 and their mixtures on the Sichuan basin shale from Nanchuan, 
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China. The substrate is characterized with high total organic carbon and inorganic minerals such 

as quartz and orthoclase, with wide pore size distribution ranges. The adsorption equilibrium 

isotherms were measured at different temperatures using the gravimetric method and the 

selectivity factor for CO2 over CH4 was estimated through the measured adsorption equilibrium 

data. The heat of adsorption, negative Gibbs free energy and the negative surface potential for CO2 

was found to be larger than that of CH4, indicating that CO2 adsorbs on to shale in a more highly 

ordered arrangement than CH4. The adsorption capacity of CO2 at all temperatures was found to 

be greater than the adsorption capacity of CH4 in shale. At lower temperatures, the CO2 formed 

multiple adsorption layers on the shale sample. The selectivity of the adsorption was found to be 

dependent on the pore material. High content of inorganic minerals favored the adsorption of CO2, 

whereas high content of organic material favored the adsorption of CH4. 

Kang et al.57 conducted an experimental study to measure the ability of organic-rich-shale 

samples to store carbon dioxide. An analytical method was used which interpreted pressure and 

volume in terms of porosity and Langmuir parameters of the shale sample. It was found that pore 

volume estimation is vital for CO2 sequestration considerations. Furthermore, the majority of the 

up taken gas is stored via adsorption, depending on the pressure and temperature. Additionally, 

gas transport was found to be generally dominated by the adsorbed phase transport dynamics. 

Gensterblum et al.58 provided evidence on the competitive adsorption between H2O, CO2 

and CH4. The adsorption experiments were conducted on coal at different temperatures and 

pressures, under dry as well as moist conditions. It was deduced that functional groups containing 

oxygen atoms acted as the active sites and the competitive interactions for adsorption between  

CO2, H2O and CH4 was due to volume displacement and not due to the type of gas. CO2 was 

increasingly adsorbed, over CH4 with increasing active sites as well as with increasing pressure, 
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while the preference of CO2 adsorption decreased with increasing surface coverage. At low surface 

coverage, surface chemistry, pore size distribution and the pre-adsorbed water played a vital role 

with respect to the thermodynamic properties of the adsorbed phase, whereas at high surface 

coverage, the adsorbate–adsorbate interactions are dominant in shaping the thermodynamic 

properties. 

Mamora and Seo59 conducted an experiment to evaluate the feasibility of displacing natural 

gas with CO2 within a carbonate sample. Experiments were conducted at varying temperatures and 

pressures. The results showed that over 70% of the gas can be recovered through the injection of 

CO2. The study was restricted to only methane recovery and horizontal displacement. In reality, 

one must also consider the effect of gravity as it would affect displacement stability and 

subsequently recovery of natural gas. 

Eliebid et al.60 studied the effect of injecting CO2 in pink desert limestone for the purposes 

of enhanced gas recovery. Competitive adsorption of CO2 and CH4 was studied at various 

temperatures. The adsorption-desorption experiments showed that CO2 injections strongly affected 

natural gas desorption from the rocks as limestone has greater selectivity towards CO2. As such, 

the CO2 will compete with the CH4 for the adsorption sites and reduce the adsorption of pure CH4. 

Additionally, it was found that at lower temperature, greater amount of CO2 can be stored in the 

rock sample.  

2.2 Molecular Dynamics Simulation 

Another approach to better understanding the properties of these CO2 and n-alkane 

mixtures is through the use of molecular dynamic (MD) simulation.  The basis of MD simulation 

is the integration of Newton’s second law at a molecular level. This equation is given below: 
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𝑚𝑖

𝜕2𝑟𝑖

𝜕𝑡2
=  𝐹𝑖 (1) 

 

Here 𝑟𝑖 is the position of particle i and 𝐹𝑖 is the force exerted on particle i of mass 𝑚𝑖.  The force 

attributed to a certain particle can then be related to the potential energy (V) as follows18:  

𝐹𝑖 =
𝜕𝑉(𝑟)

𝜕𝑟𝑖
 

(2) 

 

By using these two equations it is possible to describe a system of defined particles, which 

when integrated can give the trajectory of the particles in time and space. The integration requires 

definition of initial velocities and position of particles. A key element of obtaining such trajectory 

is to be able to define the potential energy of each particle in the system. This is done by 

incorporating a potential energy function which will account for the dispersion forces. Examples 

of such functions include hard sphere, square-well, Lennard Jones and Kihara potentials among 

many others. One of the most commonly used potential functions is the Lennard-Jones potential 

(LJ)30. The appropriate potential function along with the relevant set of parameters is known as the 

forcefield. In other words, the potential energy is the sum of the intermolecular interactions from 

dispersion and electrostatic contributions, and intramolecular interactions from bonds, angle-

bending and dihedral angle torsion and is given as follows: 

𝑉(𝑟) =  𝑉𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 + 𝑉𝑏𝑜𝑛𝑑𝑠 + 𝑉𝑎𝑛𝑔𝑙𝑒𝑠 + 𝑉𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙  (3) 

 

In general, there are several forcefields available in literature. These forcefields are of 

course relevant with respect to the system one is trying to simulate. For example, Le et al.19 
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simulated n-butane and CO2/n-butane mixtures in 2 nm slit-like pores of silica. The forcefield used 

to describe the alkane and CO2 was TraPPE-UA and the forcefield used to describe silica was 

CLAYFF forcefield. These simulations were carried out at various temperatures (subcritical to 

supercritical) as well as at various densities. The same authors have been involved with other works 

as well, which make use of the CLAYFF forcefield to simulate silica pores19,20,21,27,49.  Phan et al.20 

simulated aqueous methane mixtures in silica pores. The solid substrate was obtained from b-

cristobalite. The solubility of methane in water in confined spaces vs. in bulk conditions was 

measured, and it was found that the solubility of methane in water in confined spaces is much 

greater. The forcefield used to describe silica was also the CLAYFF forcefield. Ho et al.21 tried to 

explore the properties of water at liquid–solid interfaces with the solid being silica. In that work, 

two different types of forcefields were used to simulate silica, which were CLAYFF and ‘Brodka 

and Zerda’ forcefields50. Silica described by the CLAYFF forcefield tended to attract water more 

strongly than the others. Cygan et al.22 developed CLAYFF which is a general forcefield for 

simulation of hydrated and multicomponent mineral systems and their interfaces with aqueous 

solutions. It makes use of a harmonic relationship to describe bond stretch energy and the bend 

energy.  

Emami et al.23 described a forcefield for silica with a choice for functional form. Such 

functional forms can be used can be categorized into 2 sets. The first set of equations corresponds 

to CHARMM, CVFF and AMBER and the second set corresponds to PCFF and COMPASS 

forcefields. The difference between these two sets is the use of 12–6 LJ potential in the former and 

9–6 LJ potential in the later for repulsive and dispersive van der Waals interaction. The bonded 

parameters follow a harmonic relationship. Cruz-Chu et al.24 produced a forcefield for silica that 

is good for reproducing wetting properties of silica surfaces with different concentration of silanol 
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(Si-O-H) groups and is applicable to confined environments consisting of silica topography. The 

forcefields used to describe silica in the work of Cruz-Chu et al. were GLASSFF_2.01 and 

GLASSFF_1.01. Duin et al.25 developed a forcefield to predict the structure, properties and 

chemistry of materials involving silicon and silicon oxides. The ReaxFFSiO forcefield is based on 

ReaxFFCH, which is for hydrocarbons and hence is good for reaction of organic components with 

Si or SiO2 systems. The forcefield is specifically developed for systems where hydrocarbons are 

undergoing a reaction. 

Previously, studies relating to the effect of confinement on various fluids have been carried 

out using MD simulations. Santos et al.26 studied the behavior of a CO2 and n-alkane mixture 

within a calcite nanopore. It was shown that CO2 is able to replace hydrocarbons that are adsorbed 

on to the calcite substrate and the number of adsorption sites on the calcite surface determine the 

amount of CO2 that is adsorbed. Furthermore, it was concluded that the temperature, pore size, 

concentration of CO2 in the system, and the length of the hydrocarbon chain all play a vital role in 

the preferential adsorption of CO2 over the hydrocarbon. The results validated experimental 

evidence of higher adsorption selectivity of CO2 over alkanes. Higher temperature caused the CO2 

and alkanes to accumulate in the center of the pore and the amount of molecules that adsorbed on 

to the calcite wall decreased. It was also found that medium to long chain alkanes aligned onto the 

substrate, in a parallel configuration and the dihedral distribution is independent of effect of 

confinement. In general, the paper validated experimental evidence on the ability of CO2 to 

enhance oil or gas recovery. 

 Bui et al.27 studied the transport properties of methane within water-filled nanopores made 

out of different materials: silica, magnesium oxide, muscovite, alumina and calcite. It was 

concluded that the diffusion of methane within the water-filled nanopores was strongly affected 
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by the type of solid substrate that made the pore. The parallel self-diffusion coefficient was found 

to be isotropic for all the substrates studied except for calcite where it was found to be anisotropic. 

This was attributed to the heterogeneous water distribution in the different hydration layers as well 

as the low free energy pathways. In general, the local molecular properties of water under 

confinement, molecular structure and the solvation free energy all played a major role in affecting 

the self-diffusion of methane.  The results require experimental validation but if proven true, 

provide a strong case for the applications of gas separation as well as successful recovery of shale 

gas through tertiary recovery means. 

Wang et al. 28 studied the effect of pressure, moisture content and different mineral types 

on diffusion of methane. The results showed that the methane diffused much faster as the pore size 

and temperature increased or as the pressure decreased. Moisture was found to negatively affect 

the diffusion of methane inside organic pores, as the water formed a cluster. In inorganic pores 

however, water only forms a thin adsorbed layer onto the surface of the pore, and as such does not 

have a strong impact on the diffusivity of methane. In general, it was deduced that CH4 adsorption 

is the highest in pores made out of organic material and lower in pores made out of inorganic 

materials, such as within calcite. The work proved molecular dynamics to be a complimentary tool 

to experiments as experimentation is not always feasible. Furthermore, it provided greater insight 

on hydrocarbon transport within shale pores of different materials. 

Molecular dynamics simulations have also been conducted to understand the interfacial 

properties of n-decane/CO2 mixture within confinement29. A binary system of n-decane and CO2 

in silica nanopore was studied at different pressures. The diffusivity of n-decane was found to 

increase upon the injection of CO2 in the pore. However, an excess addition of CO2 in the system 

caused the overall diffusivity of the hydrocarbon and  CO2 to decrease. The parallel self-diffusion 
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coefficient was found to be much greater than the perpendicular self-diffusion co-efficient. The 

non-monotonous change in the diffusivity of n-decane can be attributed to the differing trends in 

the different zones within the system (i.e. dense layer and central layer), as well as the amount of 

n-decane displaced into the middle of the pore. The work provides great insight of the importance 

of using an optimal amount of CO2 in the application of enhanced oil / gas recovery as it will affect 

economic feasibility as well as efficiency. Molecular dynamics has proven to be an important tool 

that can allow one to obtain equilibrium and transport properties which are of special interest, 

especially when trying to understand EOR/EGR, and act as a precursor or substitute to experiments 

which can be costly and time-consuming.  

In most of these works, diffusion is an important transport property of interest. However, 

most of the work related around diffusion has been through the use of mean square displacement 

on the basis of the Einstein relation. In the case of a homogenous system, the diffusion coefficient 

of a fluid is the same in any direction (x, y and z). In such case, the Einstein relation can be used 

to calculate the self-diffusion coefficients. However, in the case of confinement, the system is 

inhomogeneous and the diffusion coefficients in different directions would be different. As such, 

understanding as well as being able to calculate these varying diffusion coefficients is vital to 

comprehending how a fluid would behave in confinement. If the slit pore has two slabs orthogonal 

in the z direction, then the mean force potential would only be exhibited in the z direction. Hence, 

one would expect a different diffusion coefficient in the z direction (perpendicular self-diffusion 

co-efficient) and in the x and y direction (parallel self-diffusion coefficient) 51. If the slabs of the 

slit pore are isotropic on a molecular level, then the self-diffusion coefficients in the x and y 

direction would be the same. 

 



 

11 

 

2.3 Equations of State 

Equations of state (EOS) can also be used to study the effect of confinement. The effect of 

confinement can be represented using the statistical mechanical representation of Helmholtz 

energy expressions which lead to the development of relevant EOS. Various EOS such as van der 

Waals, Redlich–Kwong, Soave–Redlich–Kwong, and Peng–Robinson have been applied to 

systems involving cylindrical and spherical pores61,62. Tan et al.62 integrated the perturbed-chain 

statistical associating fluid theory (PC-SAFT EOS) with the Young – Laplace equations to explore 

phase equilibrium within cylindrical pores.  

These models come with their advantages and disadvantaged. For example, if the pore size 

is large enough and the effect of the wall is negligible, one can assume that the fluid in the system 

would behave as a bulk fluid. These models are convenient from this perspective, as they would 

give comparable results to using a model solely developed for bulk fluids. A disadvantage 

however, of using such models is that they are unable to evaluate the local distribution of the fluid 

within the pore. An approach to overcome such a disadvantage was used by Dawass et al.63 who 

used the multipotential theory of adsorption (MPTA). Dawass et al. developed a general 

formulation that not only accounts for different potentials owing to different type of substrates but 

also different external fields such as gravitational, electrical, and magnetic. The above work 

allowed for the prediction of local composition profiles for fluids under confinement, with a lower 

computational load than when compared to molecular simulations, however, at a much coarser 

level. 
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CHAPTER III  

METHODOLOGY 

3.1 General Simulation Details 

The focus of this study is to understand the behavioral changes of pure hydrocarbons and 

their mixtures with CO2, with respect to their properties within confinement in various substrates. 

Both long chain and short chain hydrocarbons were studied. The systems were simulated using 

Groningen Machine for Chemical Solutions (GROMACS 4.6.5.)31. All the systems were simulated 

in a canonical (NVT) ensemble. An illustration of an NVT ensemble is shown in Figure 1. Since 

this study is focused on the effect of confinement, and pore size is a parameter, it is important to 

keep the pore size fixed which is achievable by using an NVT ensemble. Similarly, the same 

ensemble allows one to keep the number of molecules and temperature constant within the 

simulation box. Hence, if one were to take a snapshot of the system at different times, different 

configurations and positioning of the same number of molecules will be observed in the same 

space, and at the same temperature. The leapfrog algorithm was used to integrate Newton’s 

equations of motion and a time-step of 0.001 picoseconds was used in most simulations. However, 

when studying the effect of different substrates, a time-step of 10 picoseconds was used. Nose – 

Hoover thermocouple was used to control the temperature within the simulations.  Periodic 

boundary conditions were applied in the x, y and z direction to obtain a slit-shaped pore with 

infinite surface area. The cut-off radius was kept at 1.4 nm and the Particle Mesh Ewald (PME) 

summation method was used to account for long range electrostatic interactions. The simulation 

time varied based on the system. Less complex systems or systems which involved small chain n-

alkanes such as methane were run for 30 ns as it was enough time to reach equilibrium. More 
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complex systems or systems that involved long chain n-alkanes such as n-decane were run for 50 

to 60 ns. In all cases, the last 3 ns were used for post processing. 

 

 
Figure 1: Canonical Ensemble is a closed isothermal system, i.e. constant number of molecules, 

volume and temperature. Different boxes represent different configurations and different times 

 

 

 

3.2 Fluid Model Development 

The alkanes (Methane, ethane, n-Octane and n-decane) and CO2 studied in the systems, 

were all described using the TraPPE (Transferable Potentials for Phase Equilibria) forcefield32,33. 

The TraPPE forcefield uses 12-6 Lennard Jones Potential and the coulombic interactions to 

describe the dispersion and the electrostatic forces between atoms that are separated by three bonds 

or are part of a different molecule and is described as follows: 

𝑢(𝑟𝑖𝑗) = 4𝜖𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

−  (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] +
𝑒2

4𝜋𝜀0

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
                                 

(4) 

 

where 𝑟𝑖𝑗  represents the separation between the atoms, 𝜖𝑖𝑗 represents the well depth, 𝜎𝑖𝑗  represents 

the size respectively for the pair of atoms, 𝑞𝑖 and 𝑞𝑗 represent the partial charges on atoms i and j, 

and 𝜀0 represents the vacuum permittivity. The parameters used are given in Table 1. Furthermore, 

TraPPE constraints the bond length at 0.154 nm and the harmonic potential is used to describe the 

bond angle bending and the OPLS united atom torsional potential34 is used to describe the dihedral 

angle motion for large-chain hydrocarbons. Both are given as follows: 
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𝑢𝑏𝑒𝑛𝑑 =  𝑘𝜃(𝜃 − 𝜃0)2/2
(5) 

𝑢𝑡𝑜𝑟𝑠 =  𝑐1[1 + cos (𝜑)] + 𝑐2[1 − cos (2𝜑)] + 𝑐3[1 + cos (3𝜑)]
(6) 

Where 𝑘𝜃 is the force constant and is given by 62500𝑘𝐵,  𝑘𝐵 is the Boltzmann Constant5, 𝜃0 is

114º and  
𝑐1

𝑘𝐵
= 355.03 𝐾,

𝑐2

𝑘𝐵
= −68.19 𝐾 and 

𝑐3

𝑘𝐵
= 791.32 𝐾. Finally, the Lorentz – Berthelot

combining rules were used to take into account interactions between unlike atoms35,36: 

𝜎𝑖𝑗 = (𝜎𝑖𝑖 + 𝜎𝑗𝑗)/2 
(7) 

𝜖𝑖𝑗 =  √𝜖𝑖𝑖𝜖𝑗𝑗 
(8) 

Table 1. Lennard Jones Parameters for TRaPPE Forcefield. Adapted from [32, 33]

Component 𝝈 (𝒎) 𝝐 (𝒌𝑱/𝒎𝒐𝒍) 𝒒(𝒆) 

CH4 3.73x10-10 1.231 0.00 

CH3 3.75x10-10 0.814 0.00 

CH2 3.95x10-10 0.814 0.00 

C (C in CO2) 2.80x10-10 0.240 0.70 

O (O in CO2) 3.05x10-10 0.687 -0.35 

A range of densities were studied from 50 kg/m3 to 350 kg/m3 for short chain hydrocarbons 

and 450 kg/m3 to 650 kg/m3 for long chain hydrocarbons and their mixtures. The molecules were 
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initially randomly placed within the slit-shapes pores. Figure 2 shows a snapshot of the initial 

configuration of CH4 and CO2 in a 4 nm silica pore. 

 

Figure 2: Sample Initial Configuration: Methane and Carbon Dioxide in 4nm Silica Pore, Fluid 

Density: 300 Kg/m3 

 

3.3 Substrate Model Development 

The majority of the simulations have been conducted with a pore made out of silica. 

However, different substrates such as calcite, muscovite, alumina and magnesium oxide were also 

studied. The ClayFF22 forcefield was used for all substrates except calcite. For calcite, the 

forcefield proposed by Xiao et al.37 was used.   

The ClayFF forcefield uses a similar set of equations as TraPPE to describe the various 

substrates. The only difference is that the bond length is not fixed at a specific value but its 

contribution to the potential energy is given by the following expression: 
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𝑢𝑏𝑜𝑛𝑑 = 𝑘1(𝑟𝑖𝑗 − 𝑟0) 
(9) 

 

The parameter details for the ClayFF forcefield separately identifies oxygen atoms that 

bond with the metal ion of the substrate, essentially forming a bridge between 2 metal ions 

(bridging oxygen), and oxygen atoms that is bonded to a metal ion and another ion which causes 

the substrate to be capped off (non-bridging oxygen). Thus, non-bridging oxygen atoms will be 

found towards the surface of the wall. The parameters for this forcefield are found in Tables 2,3 

and 4. 

 

Table 2. Non-Bonded Parameters for ClayFF Forcefield. Adapted from [22] 

Component 𝝈 (𝒎) 𝝐 (𝒌𝑱/𝒎𝒐𝒍) 𝒒(𝒆) 

Si 3.30x10
-10

  7.70x10
-6 2.10 

Al 4.27x10
-10

 5.56x10
-6 1.58 

Mg 5.26x10
-10

 3.78x10
-6 1.05 

K 3.33x10
-10

 4.18x10
-1 1.00 

O (Bridging) 3.17x10
-10

 6.50x10
-1 -1.05 

O (Bridging with 

Substitution) 
3.17x10

-10
 6.50x10

-1 -1.17 

 O (Non-bridging) 3.17x10
-10

 6.50x10
-1 -0.95 

H 0.00 0.00 0.43 
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Table 3. Bond Parameters for ClayFF Forcefield. Adapted from [22] 

Bond Stretch 

𝒓𝟎 (𝒎) 𝒌𝟏 (𝒌𝑱/𝒎𝒐𝒍. 𝒎𝟐) 

Species i Species j 

O (Non-

bridging) 

H 1.00x10
-10

 4.63x10
11 

 

 

Table 4. Angle Parameters for ClayFF Forcefield. Adapted from [22] 

Bond Stretch 

𝜽𝟎 (𝒓𝒂𝒅) 𝒌𝜽 (𝒌𝑱/𝒎𝒐𝒍. 𝒓𝒂𝒅𝟐) 

Species i Species j 

Species 

k 

Metal 

O (Non-

bridging) 

H 1.91 251.04 

 

Xiao et al. has developed a forcefield for calcite for which the Lennard Jones parameters 

are given in table 5 and table 6 below: 

 

Table 5. Lennard Jones Parameters for Calcite Forcefield. Adapted from [37] 

Component 𝝈 (𝒎) 𝝐 (𝒌𝑱/𝒎𝒐𝒍) 𝒒(𝒆) 

Ca 2.96x10-14 2.00 1.67 

Cm 5.21x10-13 3.69x10-1 0.99 

Om 3.06x10-10 1.32x10-7 -0.89 
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Table 6. Pairwise Lennard Jones Parameters for Calcite Forcefield. Adapted from [37] 

Component 𝝈 (𝒎) 𝝐 (𝒌𝑱/𝒎𝒐𝒍) 

Ca Om inf inf 

Cm Cm 5.37x10-15 1.11x10-2 

Om Om 4.89x10-13 2.62x10-2 

Om Om 1.90x10-12 1.14x10-3 

 

The bond length between the carbon and the oxygen in the carbonate ion within the calcite 

structure was fixed at 0.118 nm. The parameters for the angle bending and the dihedral 

contributions are given as follows: 𝑘𝜃 𝑘𝐵 = 2.228 × 105 𝐾. 𝑟𝑎𝑑−2, 𝜃0 = 120,⁄  𝑐1 𝑘𝐵⁄ =

𝑐3 𝑘𝐵 = 0, 𝑐2 𝑘𝐵 = 3477.1 𝐾.⁄⁄  The same methodology for developing the above substrates has 

previously been used in literature20,21,38-43. 

 

3.4 Self-Diffusion Coefficient Calculation Details 

 

The self-diffusion coefficient can be calculated using two different approaches. The 

simplest approach is to calculate the perpendicular and parallel self-diffusion coefficients. This 

approach uses Einstein method of relating the self-diffusion coefficient to the mean square 

displacement of the particle. The self-diffusion coefficient according to this method is given as: 

𝐷 =  
1

2𝑑
lim
𝑡→∞

〈∆𝑟2(𝑡)〉

𝑡
 (10) 
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Where 𝐷 is the self-diffusion coefficient, 𝑑 is the dimension of the system, 〈∆𝑟2(𝑡)〉  is the 

mean square displacement, and 𝑡 is the time. 

This method to calculate self-diffusion coefficient does not take into account any 

heterogeneity of the system. As such, it is not the most accurate method to calculate the self-

diffusion coefficient of various components within the system due to the heterogeneity inducing 

effect of confinement. This is so because the confinement causes the creation of a denser layer of 

fluid towards the wall and a less dense layer of the fluid towards the middle of the pore. 

The second approach is to calculate the parallel and perpendicular self-diffusion coefficient 

based on different regions. Thus, separately for the dense layer near the wall and the less dense 

layer towards the center of the pore respectively.  To calculate the parallel self-diffusion 

coefficient, an approach developed by Liu et al.44 and explored by Franco et al.45 can be used that 

calculates the self-diffusivity specific to the region. It is summarized by the following equation: 

𝐷∥ = lim
𝑡→∞

〈∆𝑟2(𝑡)〉𝛺

2𝑡𝑃(𝑡)
 

(11) 

 

Where 𝐷|| is the parallel self-diffusion coefficient, 〈∆𝑟2(𝑡)〉𝛺 is the mean square displacement 

across the distance interval 𝛺 and 𝑃(𝑡) is the survival probability, which is given as follows: 

𝑃(𝑡) =  
1

𝜏
∑

𝑁(𝑡0, 𝑡0 + 𝑡)

𝑁(𝑡0)

𝜏−1

𝑡0

 
(12) 

 

Here, 𝑁(𝑡0 + 𝑡) is the total number of centers of mass within the interval 𝛺 at 𝑡0 +  𝑡. 𝑁(𝑡0) is the 

total number of centers of mass within the interval 𝛺 at 𝑡0. The perpendicular self-diffusion 

coefficient in the different regions can be calculated using the approach highlighted by Franco et 
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al.45 which requires the calculation of residence time obtained from integration of the survival 

probability expression: 

𝜏𝑟 = ∫ 𝑃(𝑡) d𝑡
∞

0

 
(13) 

 

The perpendicular self-diffusion coefficient is then calculated as: 

𝐷⊥ =
𝐿2

𝛼𝜏𝑟
 

(14) 

𝛼−1 = 4𝜔𝐿
(𝑒𝑤𝐿 + 1)

(𝑒𝑤𝐿 − 1)
∑ [(2𝑗 + 1)4𝜋4 +

3𝜔2𝐿2

4
(2𝑗 + 1)2𝜋2 −

𝜔4𝐿4

4
]

−1∞

𝑗=0

 
(15) 

 

where 𝜔 is the positive slope of the equation that represents the peak of the component of 

interest in the density profile. 

 

3.5 Orientation Analysis 

This study also includes the effect of confinement on the orientation of the fluid. The 

approach developed by Santos et al.26 was used to conduct this analysis. The angle between the 

end-to-end vector and the vector perpendicular to the substrate was calculated. An angle of 0º or 

180º represents a perpendicular orientation, whereas an angle of 90º represents a parallel 

orientation of the component in relation to the mineral surface. The dihedral distribution of the 

fluid components within the confinement was calculated and compared to their dihedral 

distribution profile in bulk. The last 3 nanoseconds of the simulations were used for this analysis. 

 



 

21 

 

3.6 Equation of State Methodology 

The methodology used in this work is the same as that adopted by Dawass et al.63. The 

method involves the use of canonical ensemble. Because of that, the inputs given to the system are 

the volume of the pore, the system temperature as well as the number of molecules of each 

component type. Minimizing the Helmholtz energy of the system will result in obtaining the 

equilibrium conditions. The Helmholtz energy of the system is simply the summation of the 

Helmholtz energy in the different regions, but integration is done over each region to obtain an 

accurate representation of Helmholtz energy contribution due to the heterogeneity of the regions. 

The equation of state used by Dawass et al.  in her work is Peng – Robinson. The SAFT – VR Mie 

EOS has been implemented in this work. This method has a clear underlying set of assumptions, 

which are as follows: 

1. The temperature, number of molecules and the volume of the system is known and is a 

constant 

2. The system is broken down into different regions depending on the number of external 

fields applied; the volume of each system is known and is a constant 

3. The heterogeneity is accounted for by integrating the Helmholtz energy across each 

region. Each region can be divided into discrete grid elements 

4. The effect of confinement is completely captured by the interaction potential between 

the wall and the fluid molecules 
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CHAPTER IV 

RESULTS AND DISCUSSION 

4.1 Validation of Forcefield 

Over the course of this work, multiple forcefields have been used to describe various fluids 

and substrates. The forcefields have readily been validated in the literature22,31-33. However, for 

assurance, this section will provide brief evidence on forcefield validity using a few examples. 

Hence, isotherms were plotted for n-alkanes (methane, ethane, propane and n-butane). These 

isotherms were obtained at a temperature of 250 K and 500 K and the results were compared to 

data from National Institute of Standards and Technology (NIST) database46. The results obtained 

from the simulations were quite comparable to the data from NIST at lower temperature and higher 

pressure. The simulation data was most accurate with respect to NIST data. These results are 

shown in Figure 3. 

Furthermore, dihedral angle distribution of n-butane was obtained to ensure appropriate 

representation of a real fluid by the force fields used in this work and is shown in Figure 4. The 

larger central peak in these curves represent the Trans minima of the potential, whereas the smaller 

peaks on the sides represent the Gauche minima of the potential. The results obtained for n-butane 

match quite well with what is available in literature47,48. In fact, integrating the curves to obtain 

the Trans and Gauche populations yield numerical values of 70% and 30% respectively. These 

values compare quite well to data available in a previous simulation study47 (Trans population 

reported as 67.8%) as well as data from Raman scattering48 (Trans population reported as 70.7%). 
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Figure 3: Isotherms: Top Left) Methane, Top Right) ethane, Bottom Left) propane, Bottom Right) n-butane. Isotherms plotted at 250 

K and 500 K
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Figure 4: Dihedral Angle Distribution of n-butane at 300 K 
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4.2 General Characteristics of n-alkane and CO2 System in Silica 

A study was conducted to understand the behavior of long chain hydrocarbons in 

confinement within silica along with CO2. Figures 5 and 6 show the density profiles of CO2 – n-

octane and CO2 – n-decane at different mixture densities respectively, with mole fraction of the 

CO2 being 0.67, and at a temperature of 375 K within a silica nanopore of 4 nm. A similar 

simulation has been conducted by Santos et al.26 where a system consisting of n-octane and CO2 

with a calcite pore of 4 nm was studied. The results reported by Santos et al. showed that the 

hydrocarbon was pushed to the middle of the pore whereas CO2 travelled towards the pore walls 

due to the affinity between CO2 and the molecules of the wall. A similar trend is noticed in the 

case of n-octane and n-decane as evidenced by Figures 5 and 6. Comparing Figure 4 to the results 

shown by Santos et al. the affinity of CO2 towards calcite is much stronger compared to silica. The 

effect of pore material will be explored in section 4.6. 

As the amount of CO2 present in the system increases, n-octane and n-decane are further 

pushed towards the center of the pore. There are several points of interests to be noted in Figures 

5 and 6. Firstly, as the mixture density increases, the n-alkane density at the center of the pore 

increases. Furthermore, near the wall, n-alkane has already reached saturation at the lowest mixture 

density (450 kg/m3) simulated. This is evidenced by the fact that as the mixture density increases, 

the n-alkane density increases in the center of the pore but the height of the peaks on each side of 

the curve remain constant.  

Contrary to that, CO2 has still not reached saturation in the adsorbed layer. This can be 

seen by the peaks on the side of the curve, in Figures 5 and 6, which continue to increase in height, 

indicating that the density of CO2 in the dense layer is increasing as there is an increase the density. 

Thus, there are still active sites present on the substrate for CO2 to adsorb on to. As the density of 
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the mixture is increased, there are more CO2 molecules in the system and thus greater number of 

CO2 molecules adsorb onto the surface of the silica, thus increasing the peak as seen on the curve. 

As the majority of the CO2 molecules get adsorbed onto the surface, only small increases in the 

density of CO2, at the center of the pore, can be seen. Comparing this to n-alkane, it can be seen 

that the density at the center of the pore increases at a greater increment with increase in mixture 

density.  

Injecting CO2 into the pore, as proved in literature and in this work, is effective in 

improving the mobility of the hydrocarbon. If only hydrocarbon would be present inside the pore 

without the absence of CO2, it would be much more adsorbed onto the walls of the pore and the 

overall mobility of the hydrocarbon would lessen. An example of this is in the work of Le et al.19 

who showed the density profile of pure butane within a 2 nm silica pore. The same system was 

simulated in this work and compared to the results published by the author, shown in Figure 7. 
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Figure 5: Density Profiles: Top) CO2 (blue: 450 kg/m3 mixture density, red: 550 kg/m3 mixture 

density, green: 650 kg/m3 mixture density. Bottom) n-octane (blue: 450 kg/m3 mixture density, 

red: 550 kg/m3 mixture density, green: 650 kg/m3 mixture density), 
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Figure 6:  Density Profiles: Top) CO2 (blue: 450 kg/m3 mixture density, red: 550 kg/m3 mixture 

density, green: 650 kg/m3 mixture density, Bottom) n-decane (blue: 450 kg/m3 mixture density, 

red: 550 kg/m3 mixture density, green: 650 kg/m3 mixture density)  
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Figure 7:  Density Profiles of Butane in a 2 nm Silica Pore at Three different Densities
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4.3 Effect of Mixture Density 

The effect of changing mixture density was measured in a system containing methane and 

CO2 within a 4nm silica pore at 375 K in a molar ratio of 1:1. Mixtures of densities varying from 

50 kg/m3 to 300 kg/m3 were examined. As shown in Figure 8, one would expect that with the 

increase in density of the mixture, almost all the extra methane that comes with increasing the 

mixture density is pushed to the center the pore due to the affinity of CO2 to the substrate and thus 

more readily occupying the active sites. 

Unlike in the case of n-decane, where a saturation in terms of n-decane adsorbing on the 

active sites was observed, the amount of methane that can be adsorbed onto the substrate here has 

not reached a saturation point and there are still some active sites available for methane to adsorb 

on to. This can be deduced from the fact that the peaks of n-decane density profile do not change 

upon increase in fluid density but the peaks of methane density profile do exhibit the slight shift 

in height as the density is increased. This could be due to the fact that the methane molecule has a 

much lower molecular weight compared to n-decane, making the former easily adsorbed onto the 

active sites. Another important point to mention is that, Striolo et al.49 and Santos et. al26. had 

shown that the n-octane molecules adsorb onto the surface, within confinement, in a parallel 

fashion. This is something that has been tested and validated within this work as well. A similar 

trend of n-decane adsorbing in a parallel fashion on to the wall can be calculated. This means that 

a longer n-alkane either requires more than one active site to be properly adsorbed or, if it uses 

only one active site, due to the nature with which an n-decane molecule places itself onto the wall, 

it may cause certain active sites to be blocked. Another more trivial reason for n-decane reaching 

saturation as opposed to methane can be attributed to the fact that in the study explained previously, 

more n-decane molecules were present compared to the methane molecules. 
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As such, it is observed that increasing the density is causing the peaks to slightly increase 

as more methane molecules are available for adsorption. The curves pertaining to CO2 show a 

much greater increase in peaks as the density increases compared to the increase in the center of 

the pore. However, the increment in height of the peaks decreases for CO2 as well since an increase 

in density means a greater number of molecules in the same space while the number of adsorption 

sites remain the same. This fact is reflected in Figure 9. It can be seen that as the fluid density is 

increasing, the curve representing the amount of CO2 being adsorbed onto the surface, although 

still increasing, is plateauing as well. Whether the amount of CO2 adsorbed per unit area reaches 

the same value as the amount of adsorption sites per unit area may very well depend upon the 

orientation that CO2 prefers. A parallel orientation to the surface may result in the CO2 being 

adsorbed onto two active sites, due to the interaction between the H atom of the hydroxyl group 

of the silica and the two O atoms of CO2, indicating that CO2 may need two active sites. Similarly, 

a perpendicular orientation may result in CO2 only occupying one active site. 

Increasing the density also decreases the perpendicular self-diffusion coefficient both at 

the center of the pore and in the dense layer. The results for perpendicular self-diffusion coefficient 

are shown in Figure 10. The center of the pore was considered to be 2.8nm to 4.8 nm and the dense 

layer varies depending on the density profiles. The decrease in the diffusion can be attributed to 

the fact that increasing density means that there is a greater steric hindrance and a greater amount 

of collisions among the molecules. This factor considerably affects the diffusivity of the 

components within the fluid. A similar qualitative trend has been reported by Le et al.19 for a binary 

mixture of butane and carbon dioxide within silica. For all generated data on perpendicular self-

diffusion coefficient, it was found that the error bars were negligible compared to the true value. 

As such, even though present on the plots, they are difficult to see. Error bars were calculated by 
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allowing the simulations to run for a further 10 ns after equilibrium was reached. Block analysis 

was conducted on these 10 ns by splitting them into 2.5 ns each. This is the methodology that has 

been largely used across similar types of work in literature19, 41, 49, 51. As such, it would seem that 

the system is sensitive to the initial configuration and it would be interesting to measure the size 

of the error bars from running different runs of the same system with different initial configuration. 
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Figure 8: Density Profiles: Top) Methane at different mixture densities and Bottom) CO2 at 

different mixture densities 
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Figure 9:  Local Equilibrium Profile AT 375 (data point larger than error bar)
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Figure 10: Perpendicular Self-Diffusion Coefficients at Different Mixture densities: Top) middle 

of the pore, Bottom) towards the wall (data point larger than error bar)
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4.4 Effect of Concentration 

The effect of changing mixture composition was measured by simulating 3 different 

systems of methane and carbon dioxide mixtures of density 300 kg/m3 in a 4 nm silica slit pore. 

The mole fraction of methane in the three simulated systems was 0.33 , 0.5, and 0.67  respectively. 

The remaining balance was only carbon dioxide. The temperature in all these systems was kept 

constant at 375 K. 

Figure 11 shows the effect of varying molar composition on the density profiles of the three 

systems. As expected, in all cases the methane is pushed towards the center of the pore while 

carbon dioxide, due to polar interactions, shows an affinity to the walls of the pore. It can be 

deduced that changing the molar ratio does not alter the preferred component for adsorption on the 

wall. These results qualitatively agree with the results published by Striolo et al.19 who simulated 

systems of butane and carbon dioxide mixtures in a silica slit pore. The systems examined three 

different mole fractions which were 0.1 methane, 0.5 methane and 0.9 methane. In each of the 

cases, it was seen that carbon dioxide has greater affinity towards the wall irrespective of the 

amount of molecules present in the system.  

Furthermore, the height of the peaks in the density profiles is affected by the composition 

of the system. At greater carbon dioxide compositions, more molecules of carbon dioxide are 

present and hence occupy more active sites on the wall, resulting in a denser layer of CO2 at the 

adsorption site and thus higher peaks. The same trend is seen in Figure 11. At 0.33 methane, more 

CO2 is present in the system and thus will occupy more active sites, resulting in higher peaks, 

whereas at 0.67 methane, less CO2 is present in the system and thus the height of the peaks will be 

smaller.  
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The amount of methane in the center of the pore also increases as the composition of the 

methane in the system increases. However, as the number of molecules of methane increases, the 

number of molecules of carbon dioxide decreases and thus there are not enough molecules of 

carbon dioxide in the system to push all methane molecules to the center of pore. Thus, it is seen 

that as the composition of methane is increasing, the height of the methane peaks. 

Figure 12 shows the perpendicular self-diffusion coefficient of methane and carbon dioxide 

at the center of the pore as well as towards the wall. In the center of the pore, the perpendicular 

self-diffusion coefficient of the methane decreases as the composition of methane increases. The 

same trend is seen with respect to carbon dioxide as the composition of carbon dioxide increases 

within the system. The enhanced hydrocarbon mobility at the center of the pore at 0.33 methane 

can be attributed to the preferential adsorption of CO2 towards the wall. Most of the CO2 is 

adsorbed onto the wall and CH4 is pushed towards the center of the pore. As the system has less 

CH4 molecules to begin with, the perpendicular self-diffusion coefficient at the center of the pore 

is relatively high compared to the other cases.  

The same trend is shown by Le et al.49 who simulated a mixture of n-octane and carbon 

dioxide in silica. As the mole fraction of CO2 in the system was increased from 0.44 to 0.61, the 

self-diffusion coefficient of n-octane increased as well from 10 × 10−9m2/s to 11.5 × 10−9m2/s. 

The only difference is that the number of molecules of n-octane were kept constant. In this work, 

as the composition of CO2 is increased, the molecules of methane are decreased to keep the overall 

density constant throughout the simulation. Less number of hydrocarbons in the system, and thus 

in the center of the pore, will mean that there is less steric hindrance and molecular collisions 

further owing to increase in mobility.  
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The perpendicular self-diffusion coefficient of CO2 towards the center of the pore increases 

as the composition of methane increases in the system. This is because the system has less CO2 

molecules. Since CO2 molecules are larger than methane molecules, having a lesser number of 

CO2 molecules again results in lower steric hindrance and molecular collisions, explaining the 

trend of CO2 perpendicular self-diffusion coefficient towards the center of the pore. 

Towards the wall of the pore, an interesting phenomena is noted. As the composition of 

CO2 increases, so does the perpendicular self-diffusion coefficient. This is because at low CO2 

concentrations, carbon dioxide, which is the preferred component for adsorption, will adsorb onto 

the high energy active sites. As the concentration of CO2 in the system increases, there are less 

high energy active sites available and the CO2 will occupy more low energy active sites. This will 

statistically result in an increase in the perpendicular self-diffusion coefficient. These results 

qualitatively agree with those reported by Le et al.19 and Wang et al.29 who reported an increase 

in the self-diffusion coefficient of the preferred adsorption component as its concentration 

increases.  

Le et al. reported that that self-diffusion coefficient value for CO2 increased from 6.6 ×

10−9m2/s to 15.1 × 10−9m2/s as the mole fraction of CO2 in the system is increased from 0.10 to 

0.90 for a mixture at 430 K in a silica slit pore. Similarly, Wang et al. conducted an experimental 

study for diffusion of various alkanes in microporous BPL activated carbon. In this study, the 

alkanes were the preferred component for adsorption on the activated carbon. The diffusivity of n-

decane increased from 5.5 × 10−4 s-1 to 1 × 10−3s-1 as concentration was increased from 30 ppm 

to 300 ppm, the diffusivity of n-octane increased from 2 × 10−3 s-1 to 2.2 × 10−3s-1 as 

concentration was increased from 2500 ppm to 5000 ppm and the diffusivity of n-hexane increased 

from 2 × 10−2s-1 to 5 × 10−2s-1 as concentration was increased from 10000 ppm to 100000 ppm. 
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The perpendicular self-diffusion coefficient on the side of the wall for methane decreases 

as the composition of methane increases. This is because at lower compositions of methane, greater 

concentration of CO2 is present in the system. As CO2 will preferably adsorb onto the wall as 

opposed to CH4, the perpendicular self-diffusion coefficient of CH4 is greater. 

Simulations were also run while keeping the mixture composition constant but changing 

the total number of molecules and thus increasing the concentration of the components in the 

system. The pore size, temperature and mixture composition was kept constant at 4 nm, 375 K and 

0.5 methane (mole fraction). The density was varied for each system. These mixture densities were 

100 kg/m3, 200 kg/m3, and 300 kg/m3. 

Keeping the composition fixed and increasing the overall density, and thus the concentration of 

the components in the system, results in the perpendicular self-diffusion coefficient to decrease 

at the center of the pore as well as towards the wall, for both components. This is because as the 

number of molecules in the system increase, so does the amount of steric hindrance and 

molecular collision, which result in a decrease in diffusivity. The density profiles are shown in 

Figure 13 and the perpendicular self-diffusion coefficients are shown in Figure 14. The results 

qualitatively agree with those published by Le et al.19 who showed a decrease in self-diffusion 

coefficient for both butane and carbon dioxide in an equimolar mixture as the total number of 

molecules in the system were increased. As the total number of molecules in the system 

increased from 100 to 500, the self-diffusion coefficient for both methane and carbon dioxide 

decreased from 15.8 × 10−9m2/s to 5.2 × 10−9m2/s and 3.7 × 10−9m2/s to 2.5 × 10−9m2/s 

respectively. 
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Figure 11: Density Profiles for Methane and Carbon Dioxide at Different Mixture 

Compositions: Top) 1:2, Middle) 1:1 and Bottom) 2:1
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Figure 12: Perpendicular Self-Diffusion Coefficients at Different Mol. % of Methane: Top) 

middle of the pore, Bottom) towards the wall (data point larger than error bar) 
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Figure 13: Density Profiles for equimolar mixture of Methane and Carbon Dioxide at Different 

Densities: Top) 100 kg/m3, Middle) 200 kg/m3 and Bottom) 300 kg/m3 
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Figure 14: Perpendicular Self-Diffusion Coefficients at Different Densities: Top) middle of the 

pore, Bottom) towards the wall (data point larger than error bar) 
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4.5 Effect of System Temperature 

Three systems, containing a 1:1 molar ratio mixture of CO2 and methane at a total mixture 

density of 300 kg/m3 within a 4 nm pore of silica at three different temperatures, were investigated. 

The temperatures of these systems were 300 K, 375 K and 450 K respectively. The density profiles 

and self-diffusion coefficient of the fluid components in these systems was calculated to 

understand the effect of changing the temperature. Figure 15 shows the density profile of CO2 and 

methane in each of these systems and Figure 16 shows the self-diffusion coefficients in the 

perpendicular direction for the same components. 

Firstly, looking at the density profiles for methane, it can be noticed that as the temperature 

of the system increases from 300 K to 450 K, the amount of methane in the center of the pore 

increases, whereas the amount of methane being adsorbed onto the walls decreases. A similar trend 

is seen when analyzing the density profiles of CO2. Consistent with the previously shown figures, 

the peaks of CO2 are closer to the wall compared to the peaks of methane. For all temperatures, it 

can be deduced from the plots that the positioning of the peak is not affected by change in 

temperature. As the temperature is increased, more CO2 is found towards the center of the pore. 

At a temperature of 300 K, most of the CO2 is adsorbed onto the wall and the density of CO2 at 

the center is very low. This indicates the preferential adsorption of CO2 over methane on the wall. 

As the temperature increases, CO2 is still the preferred component with respect to adsorption onto 

the wall. However, the amount of CO2 and methane being adsorbed onto the wall reduces with 

increasing temperature. The decreased amount of CO2 as well as methane at higher temperatures 

can be attributed to the increase in thermal motion of the particles19. As the temperature increases, 
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the kinetic energy of the particles increases as well. Hence, a greater amount of the particles within 

the system have enough energy to break away from the adsorption on to the silica surface. Another 

important feature to note with respect to the positioning of the CO2 molecules near the wall, is the 

formation of a multilayer as represented by the multiple peaks. As the temperature is increased to 

450 K, the multilayer of CO2 disappears to form a single peak. 

Similar results have been published in literature. Le et al.19 simulated systems of butane 

and carbon dioxide of varying molar composition at three different temperatures: 290 K, 343 K 

and 430 K. Irrespective of the composition of the fluid within the system, the same trend was seen 

in all cases with increase in temperature, which has been validated in this work as well. The number 

density of CO2 at 290 K for an equimolar mixture was approximately 7 molecules/nm3 (at the 

wall). As the temperature was increased to 343 K and then 430 K, this number density decreased 

to approximately 4 molecules/nm3 and 2.75 molecules/nm3 respectively. The increase in thermal 

motion due to greater kinetic energy allows the molecules to escape the active sites on the wall. 

For methane, the same trend was observed and it is validated by this work. The number density of 

methane decreased from approximately 3.8 molecules/nm3 to 3 molecules/nm3 . The decrease in 

the density of methane at the wall is not as pronounced as it is for the case of CO2. This is attributed 

to the fact that CO2 is the component that occupies most active sites due to preferential adsorption. 

Santos et al.26 simulated a system consisting of CO2 and methane in a calcite nanopore at 

three different temperatures: 325 K, 375 K, 425 K. The results shown qualitatively matched that 

shown in other literature data as well as the results shown in this work. The results showed that at 

high densities and low temperatures, the concentration of CO2 is much higher than that at higher 

temperatures. Furthermore, at all temperatures, CO2 concentration at the wall is greater than the 
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concentration of methane, validating the preferential adsorption of CO2 shown in this work. This 

is due to CO2 having favorable polar interactions with calcite as opposed to methane with calcite. 

CO2 will show similar favorable polar interactions with silica as well. The number density of CO2 

towards the wall in the system simulated by Santos et al.  is approximately 35 molecules/nm3 at 

325 K which decreases to 29 molecules/nm3 and then 27.5 molecules/nm3 as temperature is 

increased to 375 K and 425 K respectively. The number density of CH4 decreases from 

approximately 7.5 molecules/nm3 to 5.5 molecules/nm3 as temperature is increased from 325 K to 

425 K respectively. 

 Khosrokhaver et al.52 used the manometer method to measure the excess sorption 

isotherms for CH4 at 308 K, 318 K and 336 K at pressures up to 105 bar on black shale. The 

experiment showed that as the temperature increased, the excess sorption of the methane 

decreased. For example, at 80 bar, the excess sorption for methane was approximately 0.03 mmol/g 

at 308 K which decreased to below 0.02 mmol/g at 318 K and reached 0 mmol/g at 336 K. Gasparik 

et al.53 conducted an experiment to measure the excess sorption of methane on organic-rich shale 

at 25 MPa and varying temperatures: 318 K, 338 K and 348 K. The results showed that excess 

sorption decreased as the temperature increased. 

The perpendicular self-diffusion coefficient at the center of the pore increases with 

increasing temperature for both CO2 and methane. This is in qualitative agreement with the results 

presented by Le et al.19 who simulated system of butane and CO2 mixtures with in a silica nanopore 

at different temperatures. The results reported showed that for all molar compositions, as the 

temperature increased, so did the self-diffusion of both components in the system. As the 

temperature increases, the kinetic energy of the molecules increases which increases the mobility 
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of the molecules. A similar trend is seen with the perpendicular self-diffusion coefficients for both 

components towards the wall of the pore. Due to having higher kinetic energy, the molecules are 

able to overcome the energy required to break free from their adsorption. In all cases, the self-

diffusion coefficient of methane is greater than that of CO2 due to the reasons explained before. 

The difference in magnitude of perpendicular self-diffusion coefficient remains similar to results 

shown in previous chapters and one can deduce that the effect of temperature is more pronounced 

in the center of the pore. 

Figure 17 shows an Arrhenius plot of the perpendicular self-diffusion coefficient of carbon 

dioxide and methane towards the pore of the wall. From the linear fit of the data points, it is 

possible to calculate the activation energy of diffusion associated each component in the fluid. The 

slope of the linear fit is the ratio of activation energy to the universal gas constant. As such, the 

activation energy of methane and carbon dioxide is calculated as 3.58 kJ/mol and 5.65 kJ/mol 

respectively. From these values, it can be deduced that near the wall of the pore, CO2 indeed 

requires a greater activation energy to diffuse when compared to CH4. This confirms that CO2 

adsorbs preferentially at the active sites and thus has a lesser mobility compared to CH4.  
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Figure 15: Density Profiles Different Temperatures: Top) Methane, and Bottom) Carbon 

Dioxide 
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Figure 16: Perpendicular Self-Diffusion Coefficients at Different Temperatures: Top) middle of 

the pore, Bottom) towards the wall (data point larger than error bar) 
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Figure 17: Arrhenius Plot for the Self-Diffusion Coefficient of Methane and Carbon Dioxide 

towards the Pore of the Wall (data point larger than error bar) 
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4.6 Effect of Pore Size 

The effect of pore size was studied by simulating three different systems consisting of an 

equimolar mixture of carbon dioxide and methane of density 300 kg/m3 and temperature of 375 

K, in a silica slit pore of three different sizes: 3 nm, 4nm and 8 nm. The perpendicular self-diffusion 

coefficients at the center of the pore and towards the wall are shown in Figures 18 and 19 

respectively. 

One can see from Figure 18 that increasing the pore size does not cause any changes in the 

preferred adsorption component within the fluid. In all three cases, the preferred component is 

carbon dioxide and the less preferred component is methane owing to the polar interactions 

between CO2 and silica. The peaks are the highest for the system where the pore size is 8 nm and 

they decrease as the pore size decreases. The reason for this is that there are more molecules in the 

system as the pore size increases to keep the density constant. The active sites remain the same for 

since there are more molecules present in the system to adsorb on to the wall. Since, active sites 

do not change, constantly increasing the pore size and hence the number of molecules in the system 

will only increase the size of the peaks till all the active sites have been occupied. Thus, one can 

see that as the pore size increases, the height of the peaks increases but at a decreasing rate. For 

the system with a 3nm pore, one can see from the graph that the height of the peak is represented 

by the 755 kg/m3 density mark. As the pore size is increased to 4 nm, the density mark representing 

the peak increases to 830 kg/m3. Further increasing the pore size to 8 nm, increases the density 

mark representing the peak to 990 kg/m3. 

At the center of the pore, the density remains relatively the same for methane, slightly 

decreasing as the pore size increases. On the other hand, the density of CO2 at the center of the 
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pore increases as the pore size increases. Since the number of active sites are constant, more CO2 

is statistically found at the center of the pore as pore size increases. However, since methane is not 

preferably adsorbed, the greatest number of molecules for it remain in the center of the pore and 

increase linearly as the pore size increases. Hence, the density of methane at the center remains 

relatively same. 

The results shown in this work have been qualitatively validated with that shown in 

literature, e.g. Santos et al.36 reported results for a system consisting of CO2 and methane in a 

calcite nanopore, at 375 K for three different pore sizes: 3 nm, 5.5 nm, and 8 nm. The number 

density of CO2 in the adsorption layer increases from 22 molecules/nm3  to 27 molecules/nm3  as 

pore size increases from 3 nm to 5.5 nm. As the pore size is increased from 5.5 to 8 nm, the number 

density in the adsorption layer does not change. This indicates that the number of active sites on 

the calcite wall have been occupied. The same trend was seen in this work where although not all 

active sites of the silica were occupied, the increment in height of the peak was reducing as the 

pore size increased. 

Rother et al.54 conducted an experimental study to understand the effect of pore size on 

excess sorption of supercritical CO2 in mesoporous CPG-10 silica glass. The results showed that 

CO2 storage capacity is enhanced at low temperatures and narrow pore sizes. In fact, for a density 

of 300 kg/m3 the excess sorption of supercritical CO2 was recorded as approximately 15 µmol/m2 

in the adsorption layer in a pore size of 7.5 nm whereas it was recorded as approximately 39 

µmol/m2 in the adsorption layer in a pore size of 35 nm.  

The perpendicular self-diffusion coefficient for both components at the center of the pore 

as well as towards the wall, increase with increasing pore size. As the pore size is increased, the 
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effect of the wall potential decreases and the fluid in the middle of the pore behaves more as a bulk 

fluid. This is why at the center of the pore, once can see the perpendicular self-diffusion 

coefficients for both components increasing and most likely reaching their self-diffusion values in 

bulk. This same trend has been validated by Franco et al.51 who simulated methane within a calcite 

nanopore. The results published showed that as the pore size increased, so did the perpendicular 

self-diffusion coefficient at the center of the pore, approaching the self-diffusion of methane in 

bulk for the specified conditions. At a pore size of 1.75 nm, the perpendicular self-diffusion 

coefficient of methane was reported to be approximately 32 × 10−9m2/s. The perpendicular self-

diffusion coefficient increased to approximately 95 × 10−9m2/s at a pore size of 7 nm. At 14 nm,

the perpendicular self-diffusion coefficient further increased to 112 × 10−9m2/s, approaching the

self-diffusion coefficient in the bulk, which was approximately 125 × 10−9m2/s in the specified

conditions. Zhou and Wang54 reported similar results for CO2 in carbon slit pores that qualitatively 

agree with the results from this work. 

Towards the wall of the pore, one can see the perpendicular self-diffusion coefficient also 

increasing as the pore size increases for both components. In the case of CO2, this may be attributed 

to the fact that as more CO2 is present to occupy the same number of active sites, with increasing 

pore size, CO2 occupies more low energy active sites resulting in the perpendicular self-diffusion 

coefficient to increase as the pore size is increased. The perpendicular self-diffusion coefficient of 

methane increases with increasing pore size, possibly due to the fact that as more CO2 is in the 

system, it will adsorb on to more active sites. The CH4 will have less opportunities to adsorb on to 

the wall resulting in the perpendicular self-diffusion coefficient to increase. 
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Figure 18: Density Profiles: Top) 3 nm pore, middle) 4 nm pore, and Bottom) 8 nm pore 
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Figure 19: Perpendicular Self-Diffusion Coefficients at Different Pore sizes: Top) middle of the 

pore, Bottom) towards the wall (data point larger than error bar) 
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4.7 Effect of Pore Material 

 

The effect of pore material was studied by simulating 5 different systems containing 

methane at a density of 350 kg/m3 and temperature of 300 K, within a pore size of 10 nm. The 

material of the pore was varied in each simulation. The materials used were silica, muscovite, 

magnesium oxide, alumina, and calcite. The force fields used for methane was TraPPE32, and that 

for all substrates except for calcite, was ClayFF22. For calcite, the force field use was one present 

by Xiao et al.37. 

Figures 20-24 show the density profiles of methane in each slit pore made out of different 

materials. The forcefield parameters can be found in chapter III, section 3.3. The curves exhibit 

symmetry with respect to the center of the pore. The most prominent feature of the curves are the 

two distinct peaks at each end of the graph. These ends represent the walls of the slit-shapes nano 

pores. The general understanding that can be obtained from these results is that due to the potential 

of the wall, an area of heterogeneity is created within the fluid. Naturally, the effect of the wall 

potential are greater closer to the wall and not significant towards the center of the pore since the 

pore size is quite large (10 nm). Thus, at the center of the pore, one can see the fluid acting 

homogenously as it would in bulk conditions, and closer to the wall it can be seen that the fluid is 

being attracted and thus closely adsorbing onto the wall resulting in two distinct peaks and areas 

of high fluid density. Further comparing the graphs within themselves, it is noticed that the 

strongest wall potential onto the fluid is exhibited by Calcite and the weakest, by silica.  

Bui et al.27 simulated methane in the same pores but saturated with water. The results of 

the work showed that self-diffusion coefficient of methane is highest in silica at 8.00 × 10−10m2/s 
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followed by magnesium oxide (5.50 × 10−10m2/s), alumina (3.25 × 10−10m2/s), muscovite 

(1.90 × 10−10m2/s), and finally calcite (1.80 × 10−10m2/s). Higher self-diffusion would mean 

greater mobility and thus the molecules of methane are not adsorbed on to the substrate wall as 

strongly compared to when the self-diffusion coefficient is low. By this logic, one would expect 

that the density profiles of methane will have the highest peak within calcite followed by 

muscovite, alumina, magnesium oxide and finally silica. However, the order identifies with respect 

to highest to lowest methane peak - in this work it is calcite > alumina > magnesium oxide > 

muscovite > silica. Based on this work, methane in muscovite would be expected to have a self-

diffusion coefficient between that of methane within silica and magnesium oxide. One possible 

reason for this discrepancy is that in the work published by Bui et al. the pores are saturated with 

water. The water molecules may not be occupying as many saturation sites as they would with 

silica, alumina, or magnesium oxide. This might be a possible reason for the discrepancy in the 

results. 

Furthermore, Figures 20-24 also show the heat maps that were plotted to showcase the 

adsorption of the methane onto the different substrates. The results of the heat maps of the surface 

of the wall showed to be in alignment with what was see from the density profiles. It can be seen 

that the heat maps are similar for silica and muscovite as their density profiles are similar. As one 

moves from magnesium oxide to alumina to calcite, one notices that the heat maps gets busier and 

there is an increasing emergence of high-density pockets.  
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Figure 20: Top) Density Profile of Methane in 10 nm Silica Slit Pore, and Bottom) Heat map 

near the pore wall (heat maps provided by Dr. Maria Apostolopoulou, University College 

London) 
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Figure 21: Top) Density Profile of Methane in 10 nm Muscovite Slit Pore, and Bottom) Heat 

map near the pore wall (heat maps provided by Dr. Maria Apostolopoulou, University College 

London) 
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Figure 22: Top) Density Profile of Methane in 10 nm Magnesium Oxide Slit Pore, and Bottom) 

Heat map near the pore wall (heat maps provided by Dr. Maria Apostolopoulou, University 

College London) 
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Figure 23: Top) Density Profile of Methane in 10 nm Alumina Slit Pore, and Bottom) Heat map 

near the pore wall (heat maps provided by Dr. Maria Apostolopoulou, University College 

London) 
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Figure 24: Top) Density Profile of Methane in 10 nm Calcite Slit Pore, and Bottom) Heat map 

near the pore wall (heat maps provided by Dr. Maria Apostolopoulou, University College 

London) 
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4.8 Effect of Moisture 

The effect of moisture was studied by simulating three different systems. The first system 

was an equimolar mixture of CH4 and CO2 along with 3% molar water in a 4 nm silica pore. The 

second system was a mixture of n-octane and CO2 at a molar ratio of 1:2 along with 3% molar 

water in a 4 nm silica pore. The third system was n-decane and CO2 at a molar ratio of 1:2 along 

with 3% molar water in a 4 nm silica pore. In all cases, the temperature was kept constant at 375 

K. The first system had a simulation time of 30 nanoseconds whereas the other systems had a 

simulation time of 60 nanoseconds since systems with longer chain hydrocarbons are expected to 

take longer to reach equilibrium. 

Looking at Figure 25, one can notice all the water in the system has been adsorbed onto 

the walls of silica. It has been reported by Wang et al. via simulations and by Pan et al.64 via 

experiments that introducing moisture tends to significantly decrease the amount of adsorption of 

CH4. This can be seen when comparing Figure 25 to Figure 7. Without moisture, the peak in Figure 

7 for a fluid density of 300 kg/-3 represents a methane density of 97 kg/m3. When moisture is 

present, the peak in Figure 25 for the same fluid density represents a methane density of 55 kg/m3. 

This means that including 3% water in the specified system decreased the adsorption capacity from 

a density perspective by 47%. Wang et al. for the studied systems reported a decrease in methane 

adsorption capacity by 67% in organic pores and 33% in inorganic pores by addition of 0.2 g/cm3 

water. 

The perpendicular-self diffusion coefficient was found to be affected towards the pore from 

the addition of moisture. It can be seen from Figure 26 that addition of moisture increases the 

perpendicular self-diffusion coefficient of methane near the wall. This could be due to the fact that 
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the presence of water molecules along with the already present CO2 molecules result in even less 

active sites for CH4 to adsorb on to, which is not the preferred component for adsorption in the 

first place. As such, near the wall an increase in the perpendicular self-diffusion coefficient of CH4 

is observed. For CO2, an increase in perpendicular self-diffusion coefficient is also observed. The 

water molecules would more preferably adsorb on to the high energy active sites and the CO2 will 

adsorb on to the relatively lower energy active sites. This is because water will adsorb on to the 

silica preferentially and form hydrogen bonds. As such, being adsorbed onto relatively lower 

energy active sites, the perpendicular self-diffusion coefficient of CO2 at the wall is found to 

increase. At the middle of the pore, the perpendicular self-diffusion coefficient is relatively same 

irrespective of the addition of moisture. 

When comparing Figures 27 and 28 to Figures 4 and 5 respectively, one can see a drop in 

adsorption capacity of n-octane and n-decane by 29.6% and 25.4% respectively. In both systems, 

the moisture is found adsorbed completely towards the wall. 
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Figure 25: Top) Density Profile of Methane and CO2 in 4 nm Silica Pore. Bottom) Density 

Profile of H2O 
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Figure 26:Top) Perpendicular Self-Diffusion Coefficient of Methane and CO2 with Moisture 

(Blue) and without Moisture (Red): Top) Middle of the pore, Bottom) Towards the wall 
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Figure 27: Top) Density Profile of n-octane and CO2 in 4 nm Silica Pore. Bottom) Density 

Profile of H2O 
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Figure 28: Top) Density Profile of n-decane and CO2 in 4 nm Silica Pore. Bottom) Density 

Profile of H2O 
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4.9 Study of Confinement Using Equation of State 

Various systems were studied using SAFT-VR Mie in confinement. Using equations of 

state can prove quite to be quite useful to study systems under confinement which can be rather 

time consuming if studied via experimentation and fairly computationally heavy if studied using 

molecular dynamics simulation. As such, equations of state can prove to be the balance. As such, 

this chapter builds on the work of Dawas et al.63 and utilizes the capabilities of SAFT-VR Mie in 

predicting the effect of confinement on single components and mixtures. 

The first set of systems analyzed is methane in a 3 nm carbon nanopore and at a temperature 

of 300 K and three different bulk densities: 0.1 kg/m3, 1 kg/m3 and 10 kg/m3. The results were 

compared to that obtained from Peng Robinson equation of state as well as those obtained from 

Monte Carlo (MC) simulations. From figure 29, it can be seen that at the lowest bulk density which 

is 0.1 kg/m3, the results between PR EOS, SAFT-VR Mie and MC simulation are agreeable. 

However, upon increasing the density, although the results from the two EOS remain comparable, 

there is a noticeable and increasing difference when compared to the results from MC simulations. 

The reason for this is that the highest local density that can be obtained from equations of state is 

the packing density which takes into account void spaces between the molecules. Such a limitation 

does not exist within molecular simulations. The packing density simply represents how the 

molecules are packed in a specific region and the volume would consider voids or empty spaces 

as well. As such, equations of state may not provide accurate quantitative results if one is studying 

systems consisting of densities greater than the packing density but do provide an accurate 

qualitative description of how the system would behave.  
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The second system that was analyzed was an equimolar mixture of methane and propane 

at a pore width of 10 nm at a temperature of 323.15 K and a pressure of 0.5 MPa. Figure 30 shows 

the mole fraction propane, plotted against the distance from the pore wall. The results compare 

well with the ones reported by Li et al.65 using DFT model. The third set of systems was to 

understand the local density profiles of methane at different pressures of 0.1, 1, and 2 MPa at a 

temperature of 298 K and pore size of 2 nm. The results are in agreement with the ones from Peng 

Robinson as reported by Dawass et al.63. The results are shown in figure 31. 

In summary, the results obtained by SAFT-VR Mie are able to provide accurate insight 

from a qualitative perspective as to how a system under confinement would behave. If a system 

has molecules in a particular region that exceeds the packing density, then the density profile will 

not be as quantitatively accurate compared to MC simulations owing to the difference in the 

underlying physics between the two models. 
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Figure 29: Density Profile in a 3 nm Carbon Pore and Different Bulk Densities: Top) 0.1 kg/m3, 

Middle) 1 kg/m3, Bottom) 10 kg/m3 
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Figure 30: Molar Composition of Propane in a Methane / Propane Mixture, within a 10 nm pore 
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Figure 31: Density Profiles of Methane in a 2 nm Carbon Nanopore, at 298 K and Different 

Pressures (Graph Provided by Dr. Marcelo Castier, Texas A&M University) 
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CHAPTER V 

CONCLUSIONS AND FUTURE WORK 

Molecular dynamic simulation is a useful and proven tool used to understand the effect of 

confinement on hydrocarbon / CO2 mixtures. The effect of mixture density, concentration, system 

temperature, pore size, pore material and moisture was studied. Furthermore, instead of the 

traditional method of calculating the self-diffusion coefficient using the Einstein relation, a new 

method was used which allowed for the calculation of self-diffusivity locally, within specific 

regions of the pore. As such, the effect of various system characteristics was observed at the center 

of the pore as well as toward the pore wall. 

In general, increasing the density of the mixture was found to decrease the perpendicular 

self-diffusion coefficient. This was observed at the center of the pore as well as in the adsorbed 

layer. Increasing the temperature of the system increases the mobility of the particles and results 

in greater self-diffusivity in the perpendicular direction. Changing the concentration has a varying 

effect in different regions. The self-diffusion coefficient of methane was found to decrease at the 

center of the pore, as the amount of methane in the system was increased. The same trend was 

observed towards the pore wall. The perpendicular self-diffusion coefficient of CO2 decreased at 

the center of the pore with increasing concentration of CO2, however, actually increased towards 

the wall of the pore as more CO2 adsorbed onto the weak active sites. The pore size also increases 

the perpendicular self-diffusion coefficient of both components. Including moisture into the 

system increased the self-diffusivity of the components in the adsorbed layer, however, it had 

negligible effects towards the center of the pore. This was contradictory to results reported in 

literature, whereby the general diffusivity was shown to decrease with increasing moisture content. 
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This work also showed that pore material plays a critical role in shaping the self-diffusivity of the 

components.  

In all cases, the inorganic component preferably adsorbed onto the inorganic pore walls 

and the organic component, the hydrocarbon, was pushed towards the center of the pore, thus 

increasing its mobility. As the substrate materials were inorganic in nature, such a behavior was 

expected as CO2 would be more strongly attracted to the different substrate materials due to polar 

interactions. This shows that re-injecting CO2 into reservoirs can be a feasible method for tertiary 

oil and / or gas recovery. 

Furthermore, SAFT-VR Mie was also used to study the effects of confinement. It was 

shown that equations of state are useful in providing a qualitative description of how a system will 

behave. This is useful to a certain degree and is not very computationally heavy when compared 

to molecular simulations. The equations of state however is limited by the packing density which 

results in void spaces between molecules being taken into account. 

In terms of building on this work, it is important to study the effect of the same parameters 

on the parallel self-diffusion coefficient as well. This will provide further insight of the transport 

dynamics of hydrocarbon within such tight pores, especially upon injecting CO2. This work can 

potentially then be translated into better predicting elements of reservoir production. 
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APPENDIX A 

LIST OF SIMULATIONS 

Serial 

No. 
Simulation Description 

1 50 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 3 nm silica pore 

2 100 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 3 nm silica pore 

3 150 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 3 nm silica pore 

4 200 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 3 nm silica pore 

5 250 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 3 nm silica pore 

6 300 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 3 nm silica pore 

7 50 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

8 100 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

9 150 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

10 200 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

11 250 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

12 300 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

13 50 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 8 nm silica pore 

14 100 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 8 nm silica pore 

15 150 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 8 nm silica pore 

16 200 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 8 nm silica pore 

17 250 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 8 nm silica pore 

18 300 kg/m3 equimolar mixture of CH4 – CO2 at 375 K in 8 nm silica pore 

19 50 kg/m3 2:1 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

20 100 kg/m3 2:1 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

21 150 kg/m3 2:1 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

22 200 kg/m3 2:1 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

23 250 kg/m3 2:1 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

24 300 kg/m3 2:1 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

25 50 kg/m3 1:2 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

26 100 kg/m3 1:2 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

27 150 kg/m3 1:2 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

28 200 kg/m3 1:2 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

29 250 kg/m3 1:2 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

30 300 kg/m3 1:2 (molar)  mixture of CH4 – CO2 at 375 K in 4 nm silica pore 

31 450 kg/m3 1:2 (molar)  mixture of CO2 –  nC8H20 at 375 K in 4 nm silica pore 

32 550 kg/m3 1:2 (molar)  mixture of CO2 –  nC8H20 at 375 K in 4 nm silica pore 

33 650 kg/m3 1:2 (molar)  mixture of CO2 –  nC8H20 at 375 K in 4 nm silica pore 

34 450 kg/m3 1:2 (molar)  mixture of CO2 –  nC10H22 at 375 K in 4 nm silica pore 

35 550 kg/m3 1:2 (molar)  mixture of CO2 –  nC10H22 at 375 K in 4 nm silica pore 

36 650 kg/m3 1:2 (molar)  mixture of CO2 –  nC10H22 at 375 K in 4 nm silica pore 

Serial 

No. 
Simulation Description 
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37 
300 kg/m3 equimolar mixture of CH4 – CO2 with 3 mol. % H2O  at 375 K in 4 nm 

silica pore 

38 
550 kg/m3 1:2 (molar)  mixture of CO2 –  nC8H20 with 3 mol. % H2O at 375 K in 

4 nm silica pore 

39 
550 kg/m3 1:2 (molar)  mixture of CO2 –  nC10H22 with 3 mol. % H2O at 375 K in 

4 nm silica pore 

40 300 kg/m3 equimolar mixture of CH4 – CO2 at 300 K in 4 nm silica pore 

41 300 kg/m3 equimolar mixture of CH4 – CO2 at 450 K in 4 nm silica pore 

42 350 kg/m3 CH4 at 300 K in 10 nm silica pore 

43 350 kg/m3 CH4 at 300 K in 10 nm muscovite pore 

44 350 kg/m3 CH4 at 300 K in 10 nm magnesium oxide pore 

45 350 kg/m3 CH4 at 300 K in 10 nm alumina pore 

46 350 kg/m3 CH4 at 300 K in 10 nm calcite pore 

47 350 kg/m3 C2H6 at 300 K in 10 nm silica pore 

48 350 kg/m3 C2H6 at 300 K in 10 nm muscovite pore 

49 350 kg/m3 C2H6 at 300 K in 10 nm magnesium oxide pore 

50 350 kg/m3 C2H6 at 300 K in 10 nm alumina pore 

51 350 kg/m3 C2H6 at 300 K in 10 nm calcite pore 

52 350 kg/m3 4:1 (molar) mixture of CH4 – C2H6 at 300 K in 10 nm silica pore 

53 350 kg/m3 4:1 (molar) mixture of CH4 – C2H6 at 300 K in 10 nm muscovite pore 

54 
350 kg/m3 4:1 (molar) mixture of CH4 – C2H6 at 300 K in 10 nm magnesium 

oxide pore 

55 0.1 kg/m3 CH4 at 300 K in 3 nm carbon pore (SAFT-VR Mie) 

56 1 kg/m3 CH4 at 300 K in 3 nm carbon pore (SAFT-VR Mie) 

57 10 kg/m3 CH4 at 300 K in 3 nm carbon pore (SAFT-VR Mie) 

58 
Equimolar mixture of CH4 – C3H8 at 323.15 K and 0.5 MPa in 10 nm carbon pore 

(SAFT-VR Mie) 

59 CH4 at 298 K and 0.1 MPa in 2 nm carbon pore (SAFT-VR Mie) 

60 CH4 at 298 K and 1 MPa in 2 nm carbon pore (SAFT-VR Mie) 

61 CH4 at 298 K and 2 MPa in 2 nm carbon pore (SAFT-VR Mie) 

 


