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Abstract

Increasing global energy demand has necessitated the search for energy resources which
can substitute the fast depleting conventional reserves. In the last few decades, gas hydrates have
gained significant attention as a promising future energy resource. The advantages of gas
hydrates as an energy resource includes their abundance in under ocean and permafrost regions
and the low level of CO, emission during the combustion of natural gas compared to other
carbon based fuels. Several techniques for the extraction of natural gas from hydrate sediments
have been developed. All these techniques involve the dissociation of the crystalline hydrate
structure which is accompanied by the release of large amount of gas and water. The liquid phase
formed during hydrate dissociation contains hydrate forming gas molecules dissolved in it at
high concentrations. The evolution of dissolved gas molecules from this liquid is known to have
a significant effect on the kinetics of hydrate dissociation. Earlier studies on the evolution of
dissolved gas from the hydrate melt were limited to the case of only one type of gas molecule in
the melt. The effect of thermodynamic hydrate inhibitors on the evolution of dissolved gas is also
not well understood. The present thesis attempts to apply molecular dynamics simulations to
study the process of dissolved gas evolution from aqueous solutions containing one or more
types of the hydrate forming gases at conditions typical to natural gas extraction.

An important physical system which is of significance to gas hydrate formation as well as
atmospheric chemistry is the interface between liquid and gas. One of the most studied liquid-gas
interface is the one between water and methane which is known to act as preferred sites for
hydrate nucleation due to the high concentration of dissolved gas at the interface. The interaction
of methane with water at their interface also has an important role in atmospheric processes such
as adsorption of methane on aqueous aerosols. Despite this, the current understanding of
structure and dynamics of this interface is insufficient to explain important interfacial processes
such as methane dissolution. In the present thesis, molecular dynamics simulations are applied to
study the structure of methane-water interface at a molecular level. The role of interfacial
structure and the presence of an amphiphilic cosolvent on the adsorption and dissolution of
methane at the interface is also examined.

In Chapter 1 of the thesis, various methods for natural gas extraction through hydrate
dissociation and the factors affecting the rate of dissociation are discussed. The chapter also

reviews earlier studies on the evolution of dissolved gas molecules and its effect on hydrate



dissociation. Following this, findings from reported studies on the structure and dynamics of the
liquid-gas interface are briefly reviewed.

The second chapter briefly discusses the computational methods applied in the present
work. The functional forms of the various interaction potentials and integrator algorithms applied
in molecular dynamics simulations are discussed and a brief outline of the simulation procedure
is given.

In chapter 3, evolution of dissolved gas in the CH4CO,-H,O ternary mixture is
investigated. The study of CHs-CO,-H>O mixture is important since it is formed during the
extraction of methane from hydrate sediments by its replacement in hydrate cages with CO,.
Classical molecular dynamics simulations of the ternary mixture of varying compositions were
performed which revealed that evolution of gas molecules from the mixture involves the
formation of nanobubbles. The study also revealed that an increase in the concentration of CO,
enhanced the formation of bubbles in the mixture. To understand the role of CO, in promoting
bubble formation, the structure and composition of the nanobubbles formed were examined in
terms of the average distribution of gas molecules. The analysis revealed that bubbles formed in
the mixture are of mixed type with both gas molecules present inside them. The average
distribution of gas molecules in the bubble indicated that CO, molecules accumulate at the
interface between the bubble and the surrounding liquid phase. The CO, molecules at the
interface interact with CH,4 through direct contact which is energetically favorable than gas-water
interactions. The value of surface tension at the bubble-water interface was calculated which
revealed that the presence of CO, reduces the surface tension thereby enhancing the stability of
the interface. The greater stability of the interface decreases the critical size of the bubble nuclei
leading to rapid bubble formation. The results suggest that an increase in concentration of CO,
assists the evolution of dissolved gas from the CHs-CO,-H,O mixture thereby preventing the
accumulation of methane in the liquid phase. Thus, the presence of CO, assists the
decomposition of methane hydrates in the initial stages of the replacement process.

Chapter 4 investigates the effect of thermodynamic hydrate inhibitors on natural gas
evolution from a hydrate melt. The effect of two common hydrate inhibitors, NaCl and CH3;OH
on the formation of nanobubbles by dissolved gas molecules was studied. Both types of
inhibitors considered are found to assist the formation of methane nanobubbles in the CH4+H,O
system. NaCl promotes bubble formation by enhancing hydrophobic interaction bewteen

aqueous gas molecules. Whereas, enhanced bubble formation in the presence of CH;OH is
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attributed to its amphiphilic nature. These molecules are found to accumulate at the interface
between bubble and water with the methyl group oriented towards the gas phase. The presence of
CH30H at the interface makes the nanobubble more stable by reducing the excess pressure inside
the bubble as well as surface tension at the interface. The evolution of dissolved gas from the
CH4-CO,-H,0O mixture containing hydrate inhibitor was also examined. It is observed that, for a
given concentration of the inhibitor, nanobubble nucleation is more rapid in the CH4-CO,-H,O
ternary system compared to that in CHs-H,O system. The nanobubble formed in the ternary
system contains both CH4 and CO; in it and the composition of the bubble is found to be
influenced by the type and concentration of the inhibitor molecules present. The stability and
properties of the nanobubble is related to its interaction with the surrounding liquid. A
quantitative analysis of the bubble-liquid interaction revealed that a frequent exchange of gas
molecules takes place between the bubble and the surrounding liquid. The frequency of this gas
exchange is found to decrease with an increase in the concentration of hydrate inhibitor and also
with an increase in the radius of the bubble. The observed trends in bubble-liquid interaction are
explained in terms of the excess pressure inside the bubble and the solubility of gas molecule in
the surrounding liquid phase.

Considering the significance of methane-water interface to gas hydrates and atmospheric
chemistry, the molecular level structure of this interface was investigated. The results of the
study are discussed in chapter 5. Earlier studies on the adsorption of methane molecules on the
water surface did not consider the effect of the inherent molecular level roughness of the surface
on gas adsorption. Therefore, adsorption of methane on water surface was examined by taking
into account the roughness of the surface. A quantitative analysis of roughness was performed in
which the extend of roughness was expressed in terms of the amplitude of humps and wells of
the surface as well as the frequency at which these are present at the surface. The simulation of
methane-water interface at different pressures indicated that an increase in the pressure makes
the water surface more rough in terms of amplitude of the humps and wells. The adsorption of
methane on the rough water surface was analyzed by identifying the methane molecules in direct
contact with the surface as well as those which are held slightly above the surface by attractive
non-covalent methane-water interactions. The analysis revealed that a greater fraction of
methane molecules in direct contact with the surface are present at the humps of the surface. In
contrast, the density of methane molecules above the surface is higher near the wells compared

to the humps. The results indicate a clear preference for methane to come in direct contact with
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the water surface at the humps rather than at the wells. This is caused by a lower density of water
at the humps of the surface layer which reduces the free energy penalty associated with the
formation of a cavity between water molecules which methane can occupy.

In chapter 6, dissolution of methane at its interface with methanol-water liquid mixture is
investigated. Methanol is a commonly used hydrate inhibitor and is also known to act as a
cosolvent for methane in water. The entry of methane into the bulk liquid region of the
methanol-water mixture is examined by determining the average density profile of methane
along the direction perpendicular to the interface. The results indicate that molecular level
surface roughness of the methanol-water liquid mixture has a role in methane dissolution with
humps of the surface acting as preferred channels for the entry of methane into the bulk liquid.
Analysis of surface roughness of the methanol-water mixture indicates that the surface becomes
more rough with an increase in the concentration of methanol. The humps and wells at the
surface of methanol rich mixtures are larger in terms of their amplitude compared to the case of
mixtures with lower concentrations of methanol. The larger humps on the surface of methanol
rich mixtures can assist the entry of methane into the liquid by acting as channels for methane
dissolution. The results suggest that the effect of methanol on roughness of liquid surface has a
role in the enhanced solubility of methane in aqueous methanol. The effect of methane on the
orientation of the methanol molecules at the surface of the methanol-water mixture was also
examined. The results indicate that the presence of methane significantly increases the tendency
of surface methanol molecules to have their methyl group oriented towards the gas phase of the
interface.

The summary and future scope of the present study is provided in chapter 7.

iv



Acknowledgement

I express my deep sense of gratitude and heartfelt thanks to my supervisor Dr. C. N.
Ramachandran, for his esteemed guidance, invaluable suggestions, keen interest, constructive
criticisms and constant encouragement during the course of the present study. I wholeheartedly
acknowledge his full cooperation that I received from the very beginning of this work up to the

completion in the form of this thesis.

I would also like to thank my research committee members, Prof. Anil Kumar
(Chairman), Dr. Pallavi Debnath (Internal Expert) and Dr. Ajay Y Deo (External Expert) for
providing valuable suggestions and knowledge throughout my Ph.D.

I take this opportunity to express my profound gratitude and deep regards to Prof. M. R.
Maurya, Head of the Department of Chemistry, Indian Institute of Technology Roorkee and
former head, Prof. Anil Kumar for providing the essential infrastructure to carry out my

research.

I am also grateful to Mr. S. P. Singh, Mr. Ankur Sharma, Mr. Madan Pal, Mr. K.C.
Tiwari and other staff members of the Department of Chemistry for their kind co-operation and

invaluable help during the official work.

I wish to thank my lab-mates Surinder Pal Kaur, Vinit, Ankita Joshi, Mohan Tiwari,
V. Shilpi, Sakshi Ganotra, Bhawna Singh Tomar, Km Suman Lata, Manisha Singh,
Rajdeep and Laukesh Sharma for their constant support, timely motivation and unfailing help
during the course of my Ph.D. I am also grateful to Dr. P. Smitha for her constant motivation

and support.

I am thankful to Indian Institute of Technology Roorkee (IITR) for providing
infrastructure for my research work. The financial support provided by Science and Engineering
Research Board (SERB), Department of Science and Technology (DST), India and the Ministry

of Human Resource Development (MHRD), Government of India are gratefully acknowledged.

I would like to humbly dedicate this thesis to my parents for their love and blessings
during this research work. My wife, Anjali has been extremely supportive of me throughout this
entire process and has made countless sacrifices to help me get to this point. My special gratitude

is due to my brothers for their loving support and encouragement. I would like to express my



reverence and great admiration for my parents-in-law, and brothers-in-law, who have always

been the inspiring and encouraging force for me.

Above all, I owe it all to Almighty God for granting me the wisdom, health and strength

to undertake this research task and enabling me to its completion.

Sujith K S
IIT Roorkee
May 2018

vi



Table of Contents

Candidate's Declaration

Abstract i
Acknowledgement \%
Table of Contents vii
List of Tables xi
List of Figures xiii
List of Publications xvii
List of Conferences / Workshops Xix

Chapter 1 Introduction

1.1 Gas Hydrates 1
1.2 Structure and Composition of Gas Hydrates 3
1.3 Natural Gas Extraction from Gas Hydrates 4
1.4 Dissociation of Gas Hydrates 6
1.4.1 Evolution of Dissolved Gas from the Hydrate Melt 8
1.5 Structure and Dynamics of the Liquid-Gas Interface 10
1.6 Objectives of the Thesis 13
1.7 Outline of the Thesis 14
Chapter 2 Molecular Dynamics Simulations
2.1 Force Field 18
2.2 Water Models 20
2.3 Integrator Algorithms 21
2.4 Calculation of Thermodynamic Properties 23
2.5 Statistical Ensembles 23
2.6 Simulation Procedure 24
Chapter 3 Evolution of Dissolved Gas in the CH,;-CO»-H,0O Mixture
3.1 Introduction 27
3.2 Models and Methods 29
3.3 Results and Discussion 30

vii



3.3.1 Formation of Nanobubbles in the CH4~CO,-H,0 Ternary System

3.3.2 Effect of CO, Concentration on Nanobubble Formation in the
CH4-CO,-H,0O Mixture

3.3.3 Composition of the Nanobubble

3.3.4 Structure of the Bubble

3.3.5 Role of CO; in the Formation of Bubbles
3.3.6 State of Methane inside the Nanobubble

3.3.7 Effect of CO, Concentration on the Replacement of Methane in CH,4
Hydrates

3.4 Conclusion

30
34

36
36
38
42
44

44

Chapter 4 Natural Gas Evolution in a Gas Hydrate Melt: Effect of Thermodynamic

Hydrate Inhibitors
4.1 Introduction
4.2 Computational Methods
4.3 Results and Discussion

4.3.1 Effect of Hydrate Inhibitors on the Formation of Nanobubble in the
CH4-H,O System

4.3.2 Effect of Hydrate Inhibitors on Gas Evolution in the CH4-CO»-H,O
System

4.3.3 Interaction of Nanobubbles with the Surrounding Liquid

4.4 Conclusion

47
49
51
51

61

69
73

Chapter 5 Effect of Surface Roughness on Adsorption and Distribution of Methane at the

Water-Methane Interface

5.1 Introduction
5.2 Models and Methods
5.2.1 Simulation System and Simulation Method
5.2.2 Identification of Molecules at the Surface of Water Cluster
5.3 Results and Discussion
5.3.1 Effect of Methane Molecules on the Surface of the Water Cluster
5.3.2 Adsorption of Methane Molecules on the Water Surface
5.3.3 Distribution of Methane Molecules on the Water Surface
5.3.4 Interaction between Methane and Water Surface

5.4 Conclusion

viil

75
77
77
79
80
80
85
87
91
93



Chapter 6 Adsorption and Dissolution of Methane at the Surface of the Methanol-Water

Mixture
6.1 Introduction 95
6.2 Computational Methods 97
6.2.1 Simulations 97
6.2.2 Identification of Interfacial Solvent Molecules 98
6.3 Result and Discussion 99
6.3.1 Role of Surface Roughness in Methane Dissolution 99
6.3.2 Effect of Methane on the Orientation of Interfacial Methanol Molecules 109
6.4 Conclusions 110
Chapter 7 Conclusions and Future Scope 113
Bibliography 117

ix






Table No.

4.1

4.2

4.3

4.4

5.1

5.2

o) )

5.4

5.5

5.6

5.7

LIST OF TABLES

Title

Value of excess (Laplace) pressure inside the nanobubble and surface
tension at the bubble-liquid interface for the CH,-CH;0H-H.O
systems with CH4 concentrations of 0.032 and 0.04 mole fractions.

Average radius of the CH, nanobubbles formed in the
CH4-CH30H-H,O systems containing 0.032 and 0.04 CH, mole
fractions.

Average number of CH, exchanges between the bubble and the
surrounding liquid in the CH4-CH;0H-H,O (top) and CH4-NaCl-H,O
(bottom) mixtures containing 0.032 and 0.04 mole fractions of CHa.

Laplace pressure inside methane nanobubble formed ‘in the
CH4-NaCl-H;O mixtures containing 0.032 and 0.04 mole fractions of
CH..

Values of roughness parameters, a (amplitude) and y (frequency) for
the surface of spherical water cluster containing 4000 and 6000
molecules surrounded by methane at different pressure.

Surface density (<p>) of methane molecules adsorbed on the surface
of water cluster at different pressure.

Surface density (<p>) of gas molecules adsorbed on the surface of
water cluster for different hydrophobicity of the gas at 40 bar.

Fraction of surface methane molecules directly adsorbed on humps
and wells at the surface of water at different pressure.

Fraction of gas molecules directly adsorbed on humps and wells at
the surface of water for different hydrophobicity of the gas at 40 bar.

Local density of methane molecules near humps and wells at the
water surface at different pressure.

Local density of gas molecules near humps and wells at the water
surface for different hydrophobicity of the gas at 40 bar.

xi

Page No.

60

60

71

72

84

86

86

88

88

90

90



5.8

5.9

6.1

6.2

6.3

6.4

Number of surface water molecules (<nw>) within 0.5 nm around a
water molecule at humps and wells on the water surface at different
pressure.

Number of surface water molecules (<nw>) within 0.5 nm around a
water molecule at humps and wells on the water surface for different
hydrophobicity of the gas at 40 bar.

Composition of the simulation systems consisting of the liquid slab
and CH,4 molecules.

Average number of solvent molecules in the 'surface region' near the
hump and well at the surface of the liquid mixture containing
different concentrations of methanol.

Values of amplitude (a) and frequency (y) of surface roughness of the
methanol-water mixture containing different mole fractions of
methanol.

Difference between potential energy of interaction per CH4 in the
'local region' above humps (<PEwm>) and wells (<PE,.;>) of the
surface of the methanol-water mixture for different concentrations of
methanol.

xii

92

92

98

105

107

109



Figure No.

3.1

3.2

3.3

3.4

3D

3.6

7

3.8

3.9

3.10

LIST OF FIGURES

Title

Number of CH4 molecules (black) in the gas bubble as a function of
time for CH,-CO,-H,0 systems with different concentrations of CO..
For each case the number of CO, molecules (red) associated with the
bubble is also shown.

Bubble formation in the CHs-CO,-H,O system containing 140 CO;
molecules. Methane molecules are represented as cyan spheres and
carbon dioxide by ball and stick model.

Decomposition of methane nanobubble in a CHs;H,O mixture
containing 80 CH,4 and 2000 H,O in the absence of CO, molecules.

Number of CH4 molecules in the gas bubble as a function of time for
the CH4-CO,-H,O ternary systems containing 100 and 120 CO,
molecules.

Figure illustrating the three regions: bubble, interface and the
surrounding liquid of the CH4~-CO»-H,O ternary system.

The number density of CH4, CO, and H,O molecules as a function of
distance from the center of the gas bubble for the ternary systems
containing different number of CO, molecules.

The number density of CO, molecules as a function of distance from
the center of the gas bubble in the CH4-CO,-H,O ternary solution for
various numbers of CO, molecules.

Radial distribution functions for the CH4-CO, interaction pair in the
CH4-CO»-H,0O mixture for various mole fractions of CO, keeping the
CH, mole fraction at 0.02.

Effect of the concentration of CO, on surface tension at the
bubble-water interface.

Radial distribution function for the solvent-solvent, solute-solute and
solvent-solute pair interactions in a dilute binary solution of CO; in
super critical CH,.

xiil

Page No.

31

33

34

35

37

39

40

40

42

43



4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

Number of CH4 molecules in the bubble as a function of time for the
(a) CH4-NaCl-H,0 and (b) CH4~-CH30H-H,0 systems containing 100
CH, with varying number of thermodynamic inhibitor (NaCl and
CH30H) molecules.

Number of CH, molecules in the bubble as a function of time for the
(a) CH4-NaCl-H,0 and (b) CH4~-CH3;0H-H-0O systems containing 125
CH, with varying number of thermodynamic inhibitor (NaCl and
CH;0H) molecules.

Nucleation and growth of the methane nanobubble in a
CH4-NaCl-H,0 system containing 100 CH,4, 80 NaCl, and 3000 H,O
molecules. CH, molecules are represented as large cyan spheres, Cl~
and Na® ions are shown as small spheres. H,O molecules are not
shown for clarity.

Decomposition of the methane nanobubble in the CH4-H,O system in
the absence of inhibitor molecules. CH, molecules are shown as large
cyan spheres.

Time averaged number density distribution of molecules as a function
of distance from the center of the CH. bubble for the
CH4-CH30H-H,0 mixture containing (a) 100 CH, and 160 CH;OH,
(b) 125 CH,4 and 80 CH3;OH molecules. The number densities of -CH3
and -OH groups of the CH3;0H molecule are shown separately. Time
averaged number density of the -CHj; group of methanol in the
CH,-CH30H-H,O system containing (c) 100 CH, and varying
number of CH;OH (d) 125 CH, and varying number of CH;0H.

Number of CH4 molecules in the bubble as a function of time for the
(a) CH,-CO,-NaCl-H,0 and (b) CH,-CO,-CH;OH-H,O systems
containing 100 CH,4 (0.032 mole fraction) with varying number of
NaCl and CH3;OH molecules.

Number of CH4 molecules in the bubble as a function of time for (a)
CH4-CO>-NaCl-H,O and (b) CHsCO,-CH;0H-H,O systems
containing 125 CH4 (0.04 mole fraction) with varying number of
NaCl and CH3;0H molecules.

Time-averaged number density distribution of molecules as a
function of distance from the center of the CH,4 bubble in the (a)
CH4-CO>-NaCl-H,O system containing 100CHs and 40 NaCl (b)
CH4-CO>-NaCl-H,O system containing 125 CH, and 40 NaCl (c)
CH4-CO,-CH50H-H,0 system containing 100 CH4 and 80 CH;0OH
and (d) CH4-CO,-CH50H-H,0O system containing 125 CH, and 40

Xiv

52

53

55

56

58

63

64

66



4.9

4.10

4.11

5.1

5.2

5.3

5.4

5.5

6.1

6.2

CH;0H molecules. All the systems contain 100 CO, and 3000 H-O
molecules.

Time averaged number density distribution of CO, molecules inside
the nanobubble formed in (a) CH4CO,-NaCl-H,O and (b)
CH4-CO,-CH50H-H,0 systems containing varying number of NaCl
and CH3;0H molecules. The mole fraction of CH, in water is 0.032.
The vertical line at 0.75 nm indicates the approximate distance at
which the mixing of the bubble(gas) and the liquid phase begins.

Time averaged number density distribution of CO, molecules inside
the nanobubble formed in (a) CH4CO,-NaCl-H,O and (b)
CH,-C0O,-CH5;0H-H,0 systems containing varying number of NaCl
and CH;OH molecules. The mole fraction of CH4 in water is 0.04.
The vertical line at 0.75 nm indicates the approximate distance at
which the mixing of the bubble(gas) and the liquid phase begins.

Schematic representation of the analysis of exchange of gas
molecules between a bubble and its surrounding liquid phase.

Schematic representation of the rough water-methane interface. The
shaded region bound by brown lines indicate the interface
approximated as a slab.

The initial conformation of the simulation system containing a water
cluster (H-white, O-red) surrounded by methane molecules (cyan
spheres).

Scheme of analysis of the surface roughness of the water cluster.

The separation (R) between surface water molecules in the radial
direction as a function of the minimum distance (S) between them on
the surface of the spherical water cluster containing 4000 molecules
at different pressures.

Schematic representation of the non uniform distribution of methane
molecules adsorbed on the rough surface of the water cluster.

Initial conformation of the simulation system containing CH;OH
(cyan), H,O (red-O, white-H) and CH, (green) molecules.

Movement of the spherical probe (red) across the interface (cyan)
between the methanol-water liquid mixture and methane.

XV

67

68

70

78

78

82

84

89

98

100



6.3

6.4

6.5

6.6

6.7

Number density profile of CH, along the z-direction for the regions
corresponding to humps (red) and wells (blue) of the surface of
methanol-water mixture containing (a) 400 CH;0OH and 3600 HO,
(b) 1200 CH;0H and 2800 H,O, (c) 2000 CH;0H and 2000 H,O
molecules. The corresponding density profile for the surface of pure
water (d) is also shown. The number density is scaled by its value in
the bulk gas phase. The vertical line at zero corresponds to the
position of the liquid surface.

Difference between the number densities of methane at various
distances from the humps and wells (dmmp-dwen) for methanol-water
mixture containing (a) 400 CH;OH and 3600 H,0O, (b) 1200 CH;OH
and 2800 H,O, (c) 2000 CH;OH and 2000 H,O molecules. The
corresponding plot for the surface of pure water (d) is also shown.
The vertical line at zero corresponds to the position of liquid surface.

Separation between surface solvent molecules in the direction normal
(R) to the interface plotted against the lateral separation (S) between
them on the average surface of the methanol-water mixture
containing different mole fractions of methanol.

Number density profiles of methane in the direction normal to its
interface with methanol-water mixture for various mole fractions of
methanol. The distance is measured from the center of the liquid slab
along the z-axis normal to the interface.

Probability distribution of the cosine of the angle (¢) between the
O-CHj; bond of the methanol and the vector normal to the XY plane
representing the average surface of the liquid mixture containing (a)
400 CH;30H and 3600 H,O, (b) 1200 CH50H and 2800 H,O and (c)
2000 CH;0OH and 2000 H,0O.

XVi

102

104

107

108

111



List of Publications

Publications from the thesis

1. K. S. Sujith, C. N. Ramachandran. Carbon Dioxide Induced Bubble Formation in a CHs-
CO,-H,0 Ternary System: A Molecular Dynamics Simulation Study. Phys. Chem. Chem.
Phys., 2016, 18, 3746-3754.

2. K. S. Sujith, C. N. Ramachandran. Natural Gas Evolution in a Gas Hydrate Melt: Effect
of Thermodynamic Hydrate Inhibitors. J. Phys. Chem. B, 2017, 121,153-163.

3. K. S. Sujith, C. N. Ramachandran. Effect of Surface Roughness on Adsorption and
Distribution of Methane at the Water-Methane Interface. J. Mol. Lig. (under review)

4. K. S. Sujith, Km Suman Lata, C. N. Ramachandran. Adsorption and Dissolution of
Methane at the Surface of the Methanol-Water Mixture. Fluid Phase Equilib. (under

review)

Other publications

1. S. P. Kaur, K. S. Sujith, C. N. Ramachandran. Formation of a Nanobubble and its Effect
on the Structural Ordering of Water in a CH4-N,-CO,-H,O Mixture. Phys. Chem. Chem.
Phys., 2018, 20, 9157-9166.

2. Vinit, K. S. Sujith, C. N. Ramachandran. Spin—Spin Coupling in Nitrogen Atom
Encapsulated Ce), CsoN, and Their Respective Dimers. J. Phys. Chem. A, 2016, 120 ,
6990-6997.

xvii






List of Conferences/Workshops

. 8th USPEX workshop organized by Shiv Nadar University and Stony Brook University at
Shiv Nadar University, Greater Noida, January 20-24, 2015.

. CHEMCON 2015, 68" Annual Session of Indian Institute of Chemical Engineers
organized by Indian Institute of Technology, Guwahati and Indian Institute of Chemical
Engineers at Indian Institute of Technology, Guwahati, December 27-30, 2015.

. 18" CRSI National Symposium in Chemistry organized by Panjab University and Institute
of Nano Science and Technology at Panjab University Chandigarh, February 5-7, 2016.

. 15" Theoretical Chemistry Symposium organized by University of Hyderabad and Indian
Institute of Chemical Technology, Hyderabad, December 14-17, 2016.

. ACS on Campus organized by IIT Roorkee on February 7, 2018.

Xix






CHAPTER 1

Chapter 1

Introduction

Global energy consumption is estimated to grow by more than 50% in the next three
decades with rapidly increasing energy demand from developing countries [1]. In spite of
significant advances in exploring renewable energy resources, it is forecasted that more than
76% of the energy demand in 2040 will be met from carbon based fuels [1]. The common carbon
based fuel sources are oil, coal and natural gas among which natural gas is being increasingly
favored as indicated by a recent report by the International Energy Agency (IEA) [2]. The
preference for natural gas over oil and coal is driven primarily by concerns of increasing CO,
emission accompanying the rising energy consumption. The amount of CO, emitted during the
combustion of natural gas is significantly lower compared to the case of oil and coal [1, 3]. This
has stimulated efforts towards the extraction of natural gas from conventional as well as
unconventional sources. With rapid depletion of readily accessible gas reserves, recent years
witnessed the emergence of unconventional sources such as shale gas and coal bed methane [1].
A more attractive natural gas resource which came to prominence in the last few decades is
Natural Gas Hydrate which are ice like sediments present in the marine and permafrost regions
[1, 3]. It is estimated that the amount of natural gas stored in gas hydrate reserves is more than
twice the amount stored in all other resources combined [4]. The diverse geographical
distribution of hydrate reserves combined with their abundance has kindled research into various
aspects of gas hydrates in the recent years. A brief overview of the history and importance of

natural gas hydrates is presented below.

1. 1 Gas Hydrates

Gas hydrates were first discovered by Sir Humphrey Davy in 1810 who reported the
formation of a solid compound when chlorine gas was dissolved into water above the ice point
[5]. However, significance of gas hydrates was not realized until the discovery by
Hammerschmidt in 1934 that the blockage of gas transmission pipelines is due to the formation
of gas hydrate plugs [6]. The cost and safety concerns regarding the formation of gas hydrate in
pipelines motivated the study of these compounds in greater detail. Besides their role in flow

assurance in gas pipelines, gas hydrates have a significant role as a future energy resource and an
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efficient means for the storage and transporation of natural gas [3]. The importance of gas
hydrates in addressing the problems of global warming and climate change is also being realized
and has developed into an active area of research [3]. A brief discussion of various important
aspects of gas hydrates is given below.

Gas hydrates were initially considered as a nuisance to the petroleum industry due to their
role in pipe line blockage leading to significant delay in gas production and subsequent economic
loss. This inspired research aimed at mitigating the problems caused by formation of hydrate
plug in natural gas pipelines. Several methods have been developed for flow assurance in
pipelines which includes depressurization of the pipeline, heating and injection of chemicals
which can inhibit or delay hydrate formation [4]. Considerable progress has been made in the
development of hydrate inhibitors which can prevent hydrate plug formation in gas pipelines [3].

Although gas hydrates were initially considered as a hazard to natural gas industry, later
discovery of vast reserves of naturally occuring gas hydrates has made them attractive as an
energy resource [3, 4]. The gas concentraion in hydrates is very high such that a unit volume of
methane hydrate when dissociated produces ~180 volumes of methane at standard temperature
and pressure [3]. Efforts are underway for safe and economic recovery of the natural gas trapped
inside the hydrate sediments.

The ability of gas hydrates to store gas in highly compressed form implies that these
compounds have immense application in the field of gas storage and transportation. The
application of hydrates in gas storage was first suggested by Gudmundsson et al. whose work led
to further development of this idea [4, 7]. Stern et al. reported an anomalous self preservation in
gas hydrates which enables them to remain stable for long periods under moderate refrigeration
at atmospheric pressure [8]. Studies on gas storage in hydrates have also been extended to the
case of hydrogen [9-13].

Apart from its role in natural gas industry, the importance of gas hydrates in influencing
global warming and climate change has been increasingly recognized due to the huge volume of
green house gases entrapped within the hydrate sediment. A spontaneous dissociation of the
hydrate sediments can increase the amount of methane in the atmosphere to dangerous levels
[14, 15]. Another topic of interest in relation to the role of gas hydrates in global warming is the
possibility of using these compounds as a means to sequester green house active gases. Recent

studies in this direction have been mostly focussed on the sequestration of CO, through hydrate
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formation [16-18].

The advances in various applications of gas hydrates mentioned above have been possible
due to a detailed understanding of the structural and dynamic properties of these compounds.
Significant advances have been made in the last two decades in the study of various aspects of
gas hydrates. A brief review of the studies on the molecular level structure of gas hydrates is

given in the following section.

1.2 Structure and Composition of Gas Hydrates

Gas hydrates form from water and small gas molecules such as CHa, CO,, N> etc. under
conditions of low temperature and high pressure. Experiments have revealed the crystalline
nature of gas hydrates in which gas molecules are accommodated inside cage like cavities
formed by hydrogen bonded network of water molecules [3, 19]. Three main structures of gas
hydrates are known which are cubic structure I (sI), cubic structure I and hexagonal structure
(sH) [1, 3, 19, 20]. The building blocks of crystal structure of gas hydrates are the different types
of water cages which encapsulate various gas molecules. The water cavities found in gas
hydrates include pentagonal dodecahedral (5%), tetrakaidecahedral (5'26%), hexakaidecahedral
(56" , icosahedral (5'%6%) and irregular dodecahedral (4°5°6°) cages. The sI hydrate unit cell is
made two 5' cages and six 5'°6 cages. The sII unit cell consists of sixteen 5' and eight 5"6*
cages and the unit cell of the third hydrate structure, sH is composed of three 5', two 4°5°6° and
a 5'°6® cages. The water cages constituting the hydrate structure are occupied by guest atoms or
molecules of suitable size.

Several quantum mechanical studies revealed that the presence of guest molecules inside
water cages enhances the stability of hydrates through dispersion interactions between the guest
and host water molecules [21-32]. Another finding about host-guest interaction in gas hydrates is
that for a given cage size, this interaction is most favorable for an optimum size of the guest
molecule [21, 26, 28, 32]. Thus, the size of guest molecule is a crucial factor in determining the
stability of hydrate structure formed.

An important aspect of gas hydrates which differentiates them from inorganic hydrates is
the stoichiometry of these compounds. Unlike inorganic hydrates which has a definite
stoichiometry, gas hydrates are non-stoichiometric compounds due to the variable occupancy of

the water cages present in hydrates. Experiments have shown the methane hydrate has a variable
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H,0:CH, ratio depending on the conditions in which the hydrate is formed [33]. This suggests
that some of the cavities in the hydrate structure are not occupied by gas molecules. The
non-stoichiometry of gas hydrates can also arise from the multiple occupancy of water cages by
guest molecules [23, 24, 34, 35].

A molecular level understanding about the structure and composition of gas hydrates has
served as guidelines to the natural gas industry. One of the major objectives of the studies on gas
hydrates has been to develop methods for the extraction of natural gas trapped in the hydrate
sediments. Several techniques have been developed for natural gas extraction and studies are
being carried out to make the extraction process more efficient and safe. Various techniques for

natural gas extraction from gas hydrates are briefly discussed in the following section.

1.3 Natural Gas Extraction from Gas Hydrates

A large fraction of the naturally occurring gas hydrate deposits is present at the ocean
floor [3]. The recovery of natural gas from gas hydrates within the ocean sediments is a
technically challenging process. The major concern that must be addressed in the development of
natural gas extraction techniques is that the reservoir stability should be preserved while gas is
extracted at a rate which is profitable for the industry. An uncontrolled dissociation of hydrates in
the sediments can be disastrous for the environment as well as for the stability of the sea floor [1,
3]. Natural gas is extracted from hydrates by inducing the dissociation of the hydrate structure
causing the release of large quantities of gas which were trapped within the hydrate structure.
The various extraction techniques which are applied in inducing gas hydrate dissociation are
thermal stimulation, depressurization and inhibitor injection [1]. These techniques are briefly
discussed below.

Thermal stimulation involves heating of natural gas sediments to a temperature at which
the gas hydrate structure is unstable and undergoes dissociation. The process is carried out by the
injection of hot water or brine into the hydrate bearing sediment [36-40]. Thermal stimulation by
hot water injection has been found to be inefficient due to significant heat loss during the
delivery of the hot fluid from the ocean surface to the hydrate sediment. This has lead to the
application of alternate methods for thermal stimulation. In one such method, an electromagnetic
heat source is introduced into the hydrate sediment which was reported to provide significanly

higher efficiency than hot water injection [41, 42]. A method called in situ combustion has also
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been developed which involves the combustion of methane inside the hydrate sediment thereby
providing heat necessary for hydrate dissociation [43-45].

Another technique for natural gas extraction from hydrate sediments is depressurization,
in which the pressure in the sediments is reduced to a level at which the hydrate phase
dissociates [46-49]. Molecular dynamics simulations indicated that extraction of natural gas by
depressurization is slower compared to that by thermal stimulation [50]. It has also been shown
that dissociation ‘of hydrates by depressurization is limited by heat transfer as hydrate
dissociation is an endothermic process [1, 51]. Thus, it has been suggested that depressurization
may be combined with other techniques such as thermal stimulation for efficient gas extraction
[1].

In addition to the mechanical methods discussed above, chemical methods for natural gas
extraction from hydrates have also been developed. One of the chemical methods involves the
injection of thermodynamic inhibitors into the hydrate sediments [52-57]. Thermodynamic
hydrate inhibitors shift the hydrate equilibrium to high pressure and low temperature thereby
making the hydrate structure unstable in their natural conditions. The most common hydrate
inhibitors for natural gas extraction are methanol and ethylene glycol among which the latter is
preferred due to its low toxicity and higher availability [52, 55]. Another hydrate inhibitor that
has been considered is NaCl due to its high availability in nature [53, 54]. The major advantage
of chemical injection is that it induces dissociation throughout the hydrate sediment while other
extraction techniques cause localized dissociation of the hydrate [56].

An attractive chemical technique for natural gas extraction which has been gaining
attention is the replacement of CH4 from the hydrate sediment by another gas molecule, CO,.
[16-18, 57-62]. In this technique, CO, is injected into the hydrate sediment in gaseous or liquid
form or in some cases as an emulsion in water. Compared to other natural gas extraction
techniques, the replacement method is environmentally friendly as it involves the sequesteration
of CO, which is a green house gas along with the extraction of CH4. Another advantage of this
method lies in its self sustainability, since the heat released during the formation of CO, hydrate
is sufficient to dissociate the CH4 hydrate present in the sediment [63]. In addition to this, the
formation of CO; hydrate during the replacement process ensures the stability of the under ocean
sediment unlike in other extraction techniques. The replacement method is based on the fact that

at low temperatures, CO, hydrate is thermodynamically more stable than the CH, hydrate [62].
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The feasibility of replacing CH, in its hydrates with CO, has also been supported by molecular
dynamics simulations [64-66] and ab initio calculations [21, 22]. Though the replacement
process has several advantages over other natural gas extraction techniques, various factors
limiting the replacement efficiency are to be addressed to make the process economical. One of
the reasons for limited efficiency of the replacement method is the formation of a CH,-CO;
mixed hydrate layer which can hinder the mass transfer of molecules thereby slowing down the
guest replacement [67-69]. Another factor which  affects replacement efficiency is the
reoccupation of CH, molecules into the hydrate phase thereby reducing the yield of CH,4
extraction [59, 70].

One of the key steps of all the natural gas extraction techniques discussed above is the
dissociation of the gas hydrate stucture to release the guest gas molecules encapsulated in water
cavities. A detailed understanding of the mechanism and various factors which affect hydrate
dissociation is essential for the safe and efficient extraction of natural gas from hydrates. Several
experimental as well as accurate molecular dynamics simulation studies have been reported
which has significantly improved our understanding of hydrate dissociation. A brief review of the

recent studies reported on this topic is given below.

1.4 Dissociation of Gas Hydrates

Gas hydrate dissociation is one of the most crucial steps in all the natural gas extraction
processes discussed above. The dissociation of gas hydrate is an endothermic process which
involves the break down of water cages at an interface of the hydrate solid with a liquid. During
this process gas molecules encapsulated in the hydrate lattice are released into the surrounding
liquid phase along with water molecules from the dissociated hydrate structure. Several
experimental studies have been reported on natural gas hydrate dissociation induced by various
techniques such as thermal stimulation, depressurization and inhibitor injection [36, 37, 42, 46,
51, 52, 55, 71-79]. While experiments provide information about various factors affecting the
dissociation process, the application of molecular dynamics simulations in the recent years have
provided significant insight into the molecular level details of hydrate dissociation [80-89,
94-99].

The simulation studies on the mechanism of hydrate dissociation showed that

dissociation proceeds in a sequential manner starting with the outermost layer of water cages at
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the surface of the hydrate crystal [80-84]. The dissociation of the outer layer of the hydrate
structure is followed by that of the next layer of water cages and continues in a similar fashion
towards the inner hydrate layers eventually leading to complete dissociation of the hydrate.
Another important observation reported about hydrate dissociation is that the dissociation of a
layer of the hydrate structure takes place in a concerted manner in which the entire layer breaks
down simultaneously in a single step [80, 81].

In addition to the mechanism of hydrate dissociation, studies have been reported on the
various factors affecting the rate of hydrate dissociation. One of the determinants of hydrate
dissociation rate is the occupancy of the hydrate cavities with guest molecules [85-88].
Molecular dynamics simulation studies reported by English et al. and Myshakin et al. showed
that partially occupied methane hydrates dissociated faster compared to the dissociation of
hydrate structure with all the cages occupied by guest molecules [85, 86]. Similar studies on
carbon dioxide hydrates by Sarupria et al. and Liu et al. showed that the rate of hydrate
dissociation depends not only on cage occupancy, but also on the distribution of the guests
among the 5 and 5'6” cages of the hydrate structure [87, 88]. The effect of guest-water
interaction on hydrate dissociation was also investigated by Das et al. who reported that for a
given size of the guest molecule, stronger guest-water interaction will lead to slower hydrate
dissociation [89]. Thus, the composition of gas hydrates has a significant effect on the rate at
which the hydrate dissociates. Hydrate dissociation is also known to be influenced by several
external factors such as heat and mass transfer, presence of sediments and various chemical
species. The role of these factors in determining the rate of gas hydrate dissociation is briefly
discussed below.

Dissociation of gas hydrates is an endothermic process which indicates that a continuous
supply of heat to the hydrate surface is necessary for sustained hydrate dissociation. Several
experimental studies on hydrate dissociation showed that heat transfer has a significant effect on
the rate of hydrate dissociation [37, 71-76]. The role of heat transfer in the dissociation of gas
hydrates has also been investigated using molecular dynamics simulations [80-82, 84].
Bagherzdeh et al. performed NVE simulations of methane hydrate dissociation and reported that
the system undergoes cooling as the kinetic energy of the molecules is utilized in the melting of
hydrate structure [80]. The formation of localized cold and hot regions during hydrate

dissociation has also been reported [80-82] which confirms that insufficient heat transfer from
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the liquid to the hydrate phase has a negative effect on dissociation rate [84].

In addition to the above studies, the effect of porous sediments containing several organic
and inorganic chemical species on hydrate dissociation has also been investigated. The porous
sediments and the presence of chemicals in them are known to influence the thermodynamic
properties of gas hydrates [90-93]. Molecular dynamics simulation studies have been reported
which provide insight into the effect of sediment surfaces and chemicals on hydrate dissociation
[94-96]. One of the major findings of these studies is that hydrate structure confined between
hydroxylated silica surfaces dissociates faster than that in hydrate-water systems [94, 95]. It was
also reported that the presence of organic matter such as fatty acids in sediments accelerate the
disintegration of hydrate structure even at low dissociation temperatures [96].

Apart from cage occupancy, heat transfer and the presence of porous sediments
containing various chemicals, mass transfer also has a significant effect on hydrate dissociation.
Mass transfer refers to the migration of molecules which are released during the dissociation of
the hydrate structure. The evolution of dissolved gas molecules from the liquid hydrate melt
formed during dissociation has a significant effect on the rate of dissociation. A brief summary of
the recent studies reported on the evolution of gas molecules from the hydrate melt and the effect

of the resulting mass transfer on dissociation is given below.

1.4.1 Evolution of Dissolved Gas from the Hydrate Melt

Earlier studies about the mechanism of gas hydrate dissociation showed that dissociation
occur in a step wise manner where layers of hydrate structure disintegrate one after another
[80-84]. These studies demonstrated that the hydrate layer dissociates in a concerted manner
which involve simultaneous disintegration of the water cages of the layer. Duing this concerted
dissociation, guest molecules along with water are released into the liquid phase. As the
concentration of gas molecule in the hydrate phase is significantly higher than its solubility in
water, the ligiud hydrate melt adjacent to the dissociating hydrate structure contains gas
molecules dissolved in it at supersaturated concentrations [80-83]. Earlier reported simulation
studies of hydrate dissociation indicated that the properties of the hydrate melt have a significant
effect on the rate at which dissociation proceeds [80-86, 97-99]. Two important processes
occuring in the hydrate melt are hydrate regeneration and bubble formation. Regeneration of

hydrate cages from the hydrate melt has been reported by various simulation studies on hydrate
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dissociation [80-83, 86, 97, 98]. The regeneration of hydrate structure from its melt is driven by
the high concentration of gas molecules as well as by a decrease in temperature caused by
endothermic hydrate dissociation and insufficient heat transfer. This indicates that a slow
diffusion of gas molecules released into the liquid phase during dissociation can result in
reversible hydrate growth. Another important phase change in the hydrate melt which affects the
rate of dissociation is bubble formation. Formation of bubbles by the gas molecules released
during hydrate melting has been reported by several molecular dynamics simulation studies
[80-83, 97-99]. Bagherzadeh et al. showed by molecular dynamics simulations of methane
hydrate dissociation that the methane molecules released into the liquid phase during dissociation
aggregagte to form stable bubbles with radius of the order of nanometers [80, 82]. Similar
observation was made by Alavi et al. who further reported that the diffusion of methane
nanobubbles does not follow Fick's law and thereby affect mass transfer of molecules from the
dissociating hydrate surface [81]. Another study on methane nanobubble formation during
hydrate dissociation reported that a minimum concentration of dissolved methane above the
saturation limit is necessary for the formation of stable bubbles [83]. The same study also
reported that these nanobubbles remain in the hydrate melt and can cause 'memory effect' which
refers to rapid regeneration of hydrate structures from aqueous phase formed during hydrate
decomposition. The effect of bubble formation on the rate of gas hydrate dissociation was
studied in detail by Yagasaki et al. [97, 98]. Their study on dissolved gas evolution during
methane hydrate dissociation indicated an initial decrease in the rate of dissociation as the
concentration of methane increases in the liquid phase surrounding the hydrate. However, on
reaching the limit of supersaturation, methane bubbles start to form in the hydrate melt which
rapidly absorbs dissolved methane molecules from the liquid. The formation of methane bubble
results in a significant increase in the rate of dissociation of the methane hydrate [97]. The effect
of aqueous NaCl solution on the rate of hydrate dissociation was also studied which showed that
NaCl influenced the induction time and location of bubble nucleation in the hydrate melt. The
bubbles formed in the presence of NaCl were closer to the hydrate interface compared to random
location of methane bubbles formed in pure water [98]. In addition to the results from molecular
dynamics simulations, the formation of nano and microbubbles during hydrate dissociation has
also been reported by a recent experimental study [100]. The study also reported that the slow

rise of these bubbles allowed them to stay for significantly long periods in the hydrate melt.
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Thus, the formation of nanobubbles is expected to have a significant role in the regeneration of
hydrate structure and 'memory effect'. The role of nanobubbles in causing the 'memory effect'
observed in gas hydrates has also been observed [101]. Thus, from the above discussion it is
clear that the evolution of gas molecules released into the liquid phase during hydrate
dissociation has a crucial role in determining the rate and extend of dissociation.

The evolution of aqueous gas molecules from hydrate melt through bubble formation
involves the formation of an interface between the resulting bubble and the surrounding liquid
phase. The properties of this interface has a significant influence on the evolution of dissolved
gas. In addition to natural gas evolution, the liquid-gas interface is of importance in several other
areas such as gas hydrate nucleation and atmospheric chemistry. The importance of the interface
between liquid and gas phase has motivated several experimental and theoretical studies on the

structure and dynamics of this interface, a brief review of which is given below.

1.5 Structure and Dynamics of the Liquid-Gas Interface

The structure and dynamics of the interface between liquid and gas have gained
considerable attention due to its importance in understanding several interfacial phenomena such
as gas dissolution and hydrate formation as well as in addressing the problems of global warming
and climate change [102]. Besides this, the study of this interface has industrial applications such
as in the separation of solute molecules of different hydrophilicities from a mixture [103].

One of the most studied liquid-gas interfaces is the one beween methane and water due to
its role in the process of methane hydrate nucleation. The formation of gas hydrates starts with a
process known as nucleation which is followed by the growth of the hydrate nuclei leading to the
formation of the hydrate crystal [19, 104]. The water-gas interface as the preferred location for
gas hydrate nucleation has been proved by several experimental studies on hydrate formation
[105-112]. These observations have inspired several molecular dynamics simulation studies of
the water-gas interface at hydrate forming conditions [113-118]. The studies showed that the
enhanced probability for hydrate nucleation at the interface is due to a high concentration of
aqueous methane molecules. A high concentration of dissolved gas at the water-gas interface
induce hydrate nucleation by facilitating the formation of water cages [114, 118-121]. Thus, the
dissolution of gas molecules from the gas phase to water at the interface is a key step in hydrate

nucleation. Besides its role in hydrate formation, the properties of water-gas interface has an
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important role in addressing the problems of global warming and climate change. It has been
reported that the adsorption of the green house gas, methane on atmospheric water clusters
results in a change in their infrared absorbance thereby influencing the amount of radiation
reaching the earth's surface [122]. Despite its role in hydrate formation and atmospheric
chemistry, our understanding of the water-methane interface and important interfacial
phenomena such as gas dissolution is incomplete. To gain insight into the mechanism of these
processes, a molecular level understanding of the structure of this interface is essential. The
findings of some of the recent studies about interaction of gas molecules with water surface are
summarized below.

The thickness of the water-gas interface is reported to be of the order of angstroms
making it experimentally challenging to study the structure and dynamics of this interface [115].
This has led to the application of computer simulations in studying the structure of this interface
at a molecular level [115, 123-128]. One of the major findings of these studies is that the solute
molecules get readily adsorbed on the water surface leading to the formation of a thin film
[123-127]. This is supported by the observation of a free energy minimum when a gas molecule
is present close to the surface of water. However, as the molecule tries to enter the bulk water
region by crossing the water-gas interface, free energy increases again to reach a maximum [123,
126, 127]. A molecule must cross this free energy barrier in order to dissolve into the bulk liquid
region. Based on the characteristics of water-gas interaction, it was proposed that the process of
gas dissolution involves two steps [126]. The first step involves the adsorption of the gas
molecule on the surface of water following which the adsorbed molecule is incorporated into the
bulk liquid. Two contrasting descriptions of the dissolution process has been reported by recent
studies of the water-methane interface [125, 127]. Ghoufi et al. reported that the dissolution of
adsorbed methane molecules occurs through a progressive hydration of these molecules by water
[125]. The water surface undergoes a structural change in this process due to the adsorption of
methane molecules. A different mechanism for methane dissolution was proposed by Murina et
al. according to which the molecular level configuration of the water surface is unaffected during
the process [127]. In this mechanism, instead of a progressive hydration of methane, the methane
molecules dissolve by occupying the cavities formed due to spontaneous density fluctuations in
water. Thus, the actual mechanism of methane dissolution still remains uncertain. A better

understanding of the structure of the water-gas interface is essential to get insight into these

11



CHAPTER 1

important interfacial phenomena.

In addition to water-gas interface, the structure and dynamics of the interface of
methanol-water mixture with its vapor has also been a subject of intense study [129-140].
Studying the surface properties of this mixture is of fundamental importance as methanol is the
simplest amphiphilic molecule which resemble larger amphiphiles in several properties such as
its enhanced concentration at the surface. The study of this interface involved the application of
surface specific experimental techniques [132-136] such as sum frequency generation
spectroscopy as well as molecular dynamics simulations [129-131, 137-140]. An important
finding of these studies is that the methanol molecules have a tendency to remain at the surface
even for mixtures which contain low methanol concentrations [129-140]. Matsumoto et al.
reported that the surface layer of the methanol-water mixture is almost saturated with methanol
[130]. The presence of a methanol depletion region following the adsorption layer has also been
reported where the concentration of methanol is lower than its concentration in the bulk [137].
Another important characteristic of the water-methanol liquid surface is that the methanol
molecules have a strong orientational preference with its methyl group pointing towards the
vapor side of the interface. Partay et al. [129] and Darvas et al. [140] studied in further detail the
orientation of molecules at the surface of the water-methanol mixture and reported that the
orientational preference of molecules is limited only to the outermost molecular layer at the
surface. In addition to the surface concentration and orientational preferences, several
characterists of the surface molecules such as the residence time, heterogeneity and hydrogen
bonding interactions were also studied in detail. The analysis of residence time of surface
molecules of the methanol-water mixture by Partay et al. showed that a methanol molecule at the
surface layer stays there for a significanlty longer time compared to a water molecule in the same
layer [129]. Studies of this mixture also reported the presence of microscopic heterogeneties at
the surface molecular layer where with an increase in the concentration of methanol, surface
water molecules aggregate together to form clusters which are dispersed in a layer of methanol
[129]. Hydrogen bond dynamics at the surface of the water-methanol mixture was studied in
detail by Chandra et al. by applying molecular dynamics simulations [138, 139]. The studies
revealed that the relaxation of hydrogen bonds in the interfacial region is slower than that in the
bulk region of the liquid mixture. It was also showed that both water and methanol molecules at

the interface have higher diffusivity compared to that in the bulk.
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The above discussion indicates that significant progress has been made in understanding
the structural and dynamical characteristics of the interface of water-methanol mixture with its
vapor. However, the interaction of the surface of this mixture with another gas molecule has not
been considered in detail by the earlier reported studies. The interaction of hydrophobic gas such
as methane with the surface of the water-methanol mixture is of particular significance since
methanol is a commonly used hydrate inhibitor which also act as a cosolvent for methane [141].
Hence, studying the interaction of hydrophobic gases with the surface of the water-methanol
mixture can provide insight into the effect of a cosolvent on gas adsorption at an aqueous

interface.

1.6 Objectives of the Thesis

An important process which occur during natural gas extraction from hydrates is the
dissociation of the hydrate structure. Based on the above discussion, hydrate dissociation can be
considered to involve the following stages. In the first stage, the solid hydrate dissociates leading
to the formation of a liquid with gas molecules dissolved in it at high concentration. Following
the first stage, gas molecules evolves from the hydrate melt thereby leading to the mass transfer
of molecules during the dissociation process. Several studies have been reported on the process
of hydrate dissociation and the evolution of gas from the liquid phase containing gas dissolved at
high concentrations [80-89, 94-101]. The studies on dissolved gas evolution has been limited to
systems containing only a single type of gas molecule. Also, the effect of chemical species such
as hydrate inhibitors on the evolution of aqueous gas is not well understood.

One of the objectives of the thesis is to study the evolution of hydrophobic gas molecules
dissolved in water at high concentrations which is similar to the liquid melt formed during the
dissociation of gas hydrate. Particular attention is given to the case where the liquid contains two
different types of gas molecules dissolved in it. The gas molecules considered in the present
study are CH4 and CO, which are the most important in the context of natural gas extraction.
Although studies have been reported on the evolution of dissolved CH,4 from the liquid phase
during hydrate dissociation [80-86, 97, 98], evolution of dissolved gas from a liquid containing
both CH4 and CO; has not been considered by earlier studies. Understanding dissolved gas
evolution in CH4-CO»-H,O ternary mixture is of significance to the extraction of CH, from its

hydrate through replacement with CO,. The aim of the thesis is to study at a molecular level the
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evolution of aqueous gas from the CH,-CO,-H,0 of varying composition.

In addition to studying the evolution of gas from CH4-CO,-H,O mixture, thesis also aims
to understand the effect of thermodynamic hydrate inhibitors on dissolved gas evolution. The
two common hydrate inhibitors used for natural gas extraction are NaCl and CH;OH which when
injected into the hydrate sediment induce hydrate dissociation [52-54]. As these inhibitors are
present in significant amounts in the ligiud phase formed during hydrate dissociation, it is
important to study their effect on the evolution of gas molecules from this liquid.

Another objective of the thesis is to study the interaction of gas molecules with the liquid
surface which is of importance to several processes like hydrate nucleation as well as in
understanding important interfacial phenomena such as gas dissolution. Several studies on the
structure and dynamics of water-gas interface have been reported [115, 123-128]. However, the
present understanding of the interaction of gas molecules with water surface is insufficient to
explain important interfacial phenomena such as gas adsorption and dissolution. The aim of the
thesis is to study the structure of this interface at a molecular level taking into account its several
features such as the molecular level roughness which has not been considered in the previously
reported studies. The thesis also aims at studying adsorption and distribution of gas molecules at
the interface and the effect of various factors such as pressure, water-gas interaction and surface
roughness on gas adsorption.

Earlier studies reported [123-127] on the process of adsorption and dissolution of gas
molecules at the surface of water did not consider the effect of another aqueous molecule on the
process. The thesis aims at understanding the effect of methanol on the adsorption and
dissolution of methane at its interface with the methanol-water mixture. Understanding the
interaction of methane with the surface of the methanol-water mixture is important since
methanol is one of the most common hydrate inhibitors which also act as a cosolvent for
methane [141]. Methanol is also the simplest amphiphilic molecule and is known to be present in
large excess at the surface of the methanol-water mixture thereby influencing the surface

charactersitics of the mixture [129-140].

1.7 Outline of the Thesis
The thesis consists of seven chapters. Chapter 1 gives an introduction to gas hydrates and

a review of earlier reported studies on hydrate dissociation and evolution of gas molecules from
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the resulting hydrate melt. A brief review of reported studies about the liquid-gas interface is also
given with particular attention to the properties of the water-methane interface and the interface
of methanol-water mixture with its vapor. Following this, the objectives of the thesis are stated
which will improve the understanding about natural gas evolution from hydrate melts and
interfacial phenomena such as gas adsorption and dissolution taking place at the liquid-gas
interface.

The process of natural gas evolution and the adsorption and dissolution of gas moleclues
at the liquid-gas interface are studied by applying classical molecular dynamics simulations. In
chapter 2, a brief discussion of the theoretical aspects of molecular dynamics simulations is
given. Various interaction potentials in molecular dynamics and technical details of steps
involved in simulations are briefly explained.

In chapter 3, results from the study of dissolved gas evolution from the CH4-CO,-H,O
ternary mixture are presented. The evolution of aqueous gas moleclues from the mixture through
formation of nanobubbles and the effect of composition of the mixture on gas evolution is
discussed.

In chapter 4, we report findings from the study of natural gas evolution in the CH,-H.O
and CH4-CO»-H,O systems in presence of hydrate inhibitors, NaCl and CH;OH. The various
physicochemical factors influencing the formation of nanobubbles by dissolved gas molecules
are discussed. The interaction of nanobubbles with the surrounding liquid is studied and the
effect of hydrate inhibitors on this interaction is examined.

In chapter 5, results from the study of adsorption of hydrophobic gas at the water-gas
interface are presented. The effect of various factors such as pressure, water-gas interaction and
roughness of the liquid surface on the adsorption of gas molecules is discussed. The observations
are explained in terms of the interaction between gas and water molecules at the liquid surface.

Chapter 6 presents findings from the study of dissolution of methane into the
methanol-water mixture. The entry of methane into the bulk liquid across its interface with the
methanol-water liquid mixture is examined and the effect of methanol on the structure of the
interface is studied. The importance of interfacial structure of methanol-water mixture to the
enhanced dissolution methane in methanol rich mixtures is discussed.

In chapter 7 the important findings of the thesis are summarized and future scope is

discussed.
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Chapter 2

Molecular Dynamics Simulations

Molecular dynamics simulation is a computational technique for studying the time
evolution of position and velocity of a collection of molecules interacting with each other. The
trajectory of the individual molecules is obtained by the numerical integration of the Newton's
equations of motion at small intervals of time. Analysis of the trajectory can provide valuable
insight about structural properties of the simulation system such as radial distribution functions,
dynamic properties like diffusivity, viscocity, thermal conductivity etc. and molecular level
description of processes such as phase transitions and protein folding [142]. Rapid increase in
computer power and advancements in algorithms have made molecular dynamics simulations
applicable in studying a variety of physical and chemical processes. Some of the recent
applications of molecular dynamics simulations include the study of chemical reactions
[143-151], structure and dynamics of aqueous solutions [152-163], ionic liquids [164-166],
interfaces [115, 123-140, 167-171], electrochemical systems [172], biomolecular processes
[173-183], nanomaterials [184-190] etc. In addition to these, physical processes such as ice
nucleation [191-200] and gas hydrate formation [113, 114, 118-121, 201-212] have also been
studied at a molecular level by applying molecular dynamics simulations.

In molecular dynamics simulations, the positions and velocities of the molecules are
propagated at finite intervals of time. To perform this, it is necessary to know the force
experienced by each atom due to its interaction with other atoms or molecules of the simulation
system at every time step. Depending on the methods employed in calculating the force,
molecular dynamics simulations are classified into ab initio molecular dynamics (AIMD) and
classical molecular dynamics [213]. In AIMD, quantum mechanical methods are employed in
calculating the forces at each time step of the simulation. The advantage of this method is that
the forces calculated are highly accurate and hence provide accurate predictions of the nuclear
motion. However, the high computational cost for electronic structure based calculations of
intermolecular interactions limits the application of AIMD simulation to systems involving less
number of atoms and small time scales. Classical molecular dynamics are applied as an

alternative to AIMD in such cases. In classical molecular dynamics simulations, intermolecular
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interactions are calculated from empirical potentials known as force fields which are
parametrized to accurately reproduce experimental and quantum mechanical results. By using an
appropriate force field, the dynamics of a system containing thousands of atoms can be
accurately predicted over a time of several hundreds of nano seconds. The choice of the force
field is one of the most crucial steps in performing a classical molecular dynamics simulation.
The functional forms [214] of the various interaction terms in a force field is briefly disussed in

the following section.

2.1 Force Field

The interaction potential functions in the force field can be broadly divided into bonded
and non bonded terms. The bonded interaction potentials include terms corresponding to the
bond stretching, bending and torsional motion of covalently bonded atoms. The potential energy

corresponding to bond stretching is represented as a harmonic potential given by,

1
Vb:Ekb(l—lo)z (2.1

where, k, is the force constant for stretching and (I—I,) is the deviation from equilibrium

bond length. The potential energy corresponding to angle bending is given by
1
VB:Eke( 0—0,)° 2.2)

where k, and (9—0,) are bending force constant and the deviation from egilibrium bond

angle, respectively. The other bonded interaction potentials in the force field are the dihedral
angle and improper dihedral terms. The potential energy corresponding to dihedral angle

deformation is given by
1
Vd,:Ekq,cos(nCD—(Do) (2.3)

where, k, is the force constant for dihedral angle rotation, n , the periodicity of the potential
and @, the optimal value of the dihedral angle.

The improper dihedral term in the force field is to ensure the planarity of moeities such as
aromatic rings and to prevent the structure of certain molecules from transforming to their mirror

images. The commonly employed potential energy function for improper dihedral is
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VE:%kE(.f—EO)Z 2.4)

where, k; and (E—&,) are the force constant and optimal value of the angle, respectively.

In addition to the bonded interactions, non covalent interactions also exist between
molecules in the simulation system. These non bonded interactions include van der Waals and
electrostatic interactions which are generally represented by pair interaction potential energy
functions. The van der Waals interaction between atoms is described by the Lennard-Jones
potential,

12 o 6

v=de[(T) ~(7)] (2.5)

where, ¢ and o are the parameters representing the minimum potential energy and van der
Waals diameter, respectively. The r' term in the potential arises from the repulsive interaction
between atoms at short distances where the electron clouds overlap. The attractive r° term arises
from the non bonded dispersive interactions between atoms and is predominant at larger

distances. The other non bonded term is the electrostatic interaction potential which is given by

_ 149

— 2.6
4dme, €1 (2.6)

where, q, and q; are the partial charges and ¢, , the permittivity of free space. The values
of € and r; represents the relative dielectric constant and the interatomic separation,
respectively.

A force field such as AMBER [215, 216], CHARMM [217] or OPLS [218] in classical
molecular dynamics specifies the functional form and the values of all the parameters appearing
in the bonded and non bonded interaction potentials discussed above. These values of the
parameters in the force field are determined through accurate quantum chemical calculations and
by fitting to experimental thermophysical and phase coexistence data.

The present study involves the application of classical molecular dynamics simulations to
study the dynamics of gas molecules in supersaturated solutions emulating hydrate melts and
also at the interface of gas with water and aqueous solutions. Water forms a major component of
the simulation systems studied and an accurate molecular model of water is necessary for the
simulating these systems. A brief discussion of water models employed in molecular dynamics

simulation is given below.
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2.2 Water Models

To study the properties of aqueous systems, it is important to choose a water model that
provides an accurate representation of the liquid and should be compatible with the solute
models employed. The earliest interaction potential for water was proposed by Bernal and
Fowler in the 1930's [219]. In this model, water molecule is represented as a four site model with
the negative charge on oxygen atom shifted along the bisector of the HOH angle and dispersive
interaction parameters assigned to oxygen. More recently introduced water models are SPC
[220], TIP3P and TIP4P [221] models which still remain the most commonly applied potentials
in molecular dynamics simulations. The SPC and TIP3P models represent water with three
interaction sites, each centered on the nuclei, where partial charge is assigned on all sites and
Lennard-Jones parameters only to the oxygen. The TIP4P model which resemble the one
proposed by Bernal and Fowler [219] consists of four sites with the partial charge on oxygen
shifted by 0.15 A along the bisector of the HOH angle. The shift in the position of the negative
charge provides a more accurate description of the electrostatics and gives better predictions for
the liquid structure and properties [221]. The SPC, TIP3P and TIP4P water models were
parametrized to reproduce the experimental density and radial distribution functions. In addition
to these models, a five point interaction potential known as the TIP5P [222] model has also been
developed which provided better prediction of the temperature at which water has maximum
density. This five point water model contains partial charges on the hydrogen atoms as well as
the lone pair sites near the oxygen atom with Lennard-Jones parameters assigned to oxygen.
Several re-parametrizations of the SPC and TIP4P models have also been reported which
resulted in new models such as the SPC/E [223], TIP4P-Ew [224], TIP4P/2005 [225] etc. Apart
from the fixed charge water models discussed above, the incorporation of polarizability effects
into these models has been gaining attention recently [226]. However, the inclusion of
polarizability leads to a significant increase in the computational cost compared to the fixed
charge models.

It has been reported that the TIP4P model provides a qualitatively accurate description of
the phase diagram of water [227, 228]. Several simulations studies involving AMBER,
CHARMM or OPLS force fields employed the TIP4P water model indicating the compatability

of this model with these force fields [229]. Considering these factors, we have employed the
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TIP4P water model in the moleclar dynamics simulation of processes such as dissolved gas
evolution and the adsorption of gas molecules at liquid-gas interfaces. The OPLS and EPM2
[230] potentials used to model the other components of the simulation system such as CH,,

CH;0H and CO, are known to be compatable with this water model.

2.3 Integrator Algorithms

As discussed above, the force field provides the total potential energy and the force acting
on each particle in the simulation system. To obtain the time evolution of the simulation system,
the Newtons's equation -of motion must be solved for each atom of the system. As an atom
interacts with many other atoms, the atomic motions are coupled to each other and an analytical
solution to the equation of motion is not possible. Hence, in molecular dynamics the equation of
motion for each atom is integrated numerically at definite time steps. Choosing a small time step
provides accurate dynamics of the simulation system through this numerical integration
procedure.

The most popular integrator algorithm employed in molecular dynamics is the Verlet
algorithm. In this algorithm, the atomic positions are expanded in a Taylor series for a time step

ot as,
r(t+6t):r(t)+v(t)6t+% a(t)6t2+éb (t)6t7+... (2.7)

where a(t) and b(t) are the second and third time derivatives, respectively of the position vector.

Similarly, for a time step -6t the expansion is given by,
r(t—&)zr(t)—v(t)5t+%a(t)5t2—%b(t)5t3+... (2.8)

The two expansions when added gives the position at (t+6t) as
r(t+6t)=2r(t)—r(t—6t)+a(t)ét’ (2.9)
where, the higher order terms in the expansion are neglected.
The expression for velocity obtained through the central difference method by subtracting

equation 2.8 from 2.7 is given by

v(t):r(t+6t)—r(t—6t)

2.10
26t (2.10)

The above expression for velocity involves an error of the order of & which led to
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modifications in the basic Verlet algorithm to reduce this error [142]. One of the most popular
variant of the Verlet algorithm which provides more accurate velocities is the leap-frog

algorithm. The expressions for position and velocity in the leap-frog integrator are given by

r(t+6t)=r(t)+v(t+%)5t 2.11)
v(t+%)=v(t—%)+a(t)& (2.12)

In the leap-frog algorithm, the velocities at t+% are calculated from equation 2.12 which are

applied in equation 2.11 to obtain the position at t+dt. Thus, the positions and velocities leap

over each other by % during integration. In this algorithm velocities are explicitly calculated

unlike in the basic Verlet algorithm. However, a disadvantage of the method is that the velocities
and positions are not calculated simultaneously in the same integration step. Only an

approximate value of velocity at t is obtained from the following relation,

v(t)Z%(v(H%Hv(t—%)) (2.13)

A further improvement to the Verlet algorithm is the Velocity-Verlet algorithm which
explicitly calculates the value of position, velocity and acceleration at a given time t. In this
method, the expressions for position and velocity are calculated simultaneously in the same time

step according to the equations

r(t+5t)=r(t)+v(t)6t+%a(t)6t2 (2.14)

v(t+6t):v(t)+%[a(t)+a(t+5t)]6t (2.15)

The calculation of velocities in equation 2.15 is performed in two steps. In the first step, velocity
ot . .
at t+§ is calculated according to

t+—)=v(t)+=al(t)ét (2.16)

Following this, the forces are calculated at t+&t from which the acceleration, a(t+6t) is
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deterimined. The velocity at t+4t is then given by the equation

v(t+6t)=v(t+%)+%a(t+6t)6t (2.17)

The expression for velocity in equation 2.15, is obtained by combining equations 2.16 and 2.17.

2.4 Calculation of Thermodynamic Properties
Two important thermodynamic variables of the simulation system which are determined
during molecular dynamics simulation are temperature and pressure. The value of temperature

for an N-particle system [214] is obtained from the total kinetic energy (E) according to

%Ndof kyT=E, (2.18)

where, kg is the Boltzmann constant and Ny, the number of degrees of freedom. The number of
degrees of freedom is given by

N,y=3N-N N (2.19)

constraints com

where, the total number of constraints ( N ) imposed on the system and the three

constraints

degrees of freedom ( N_, ) of the center of mass of the system are subtracted from the total

number of degrees of freedom.

The value of pressure is obtained from the relation

PV=NKT+2 3 1, f, (2.20)

i<j
where the first term is associated with the kinetic energy and the second term related to the virial

for a system considering pair interaction between particles.

2.5 Statistical Ensembles

The molecular dynamics simulations of physical and chemical processes are performed
under thermodynamic conditions which match the experimental conditions at which these
processes takes place. The most basic molecular dynamics simulation is performed in the
microcanonical (NVE) ensemble in which the total energy of the system is conserved and there
are no constraints over temperature and pressure. However, the numerical integration of the
equations of motion introduces errors in the velocity and positions calculated as a result of which

the total energy is not strictly conserved during the simulation. To minimize this error, a small
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integration time step must be choosen to simulate the system in the NVE ensemble which makes
such simulations computationally expensive.

Another important type of simulation is the one performed in the canonical (NVT)
ensemble which is an extension of the NVE ensemble. This ensemble corresponds to a closed
thermodynamic system with constant number of molecules which will interact with the
surroundings only through heat transfer. The temperature of the simulation system is maintained
in the NVT simulation by coupling it to a thermostat. Various thermostat algorithms have been
developed such as the Berendsen [231], Nose-Hoover [232, 233] and Andersen thermostats [234]
which when coupled to the simulation system generates the canonical ensemble.

A further extension to the NVT ensemble is the isothermal-isobaric (NPT) ensemble,
where both the temperature and pressure of the simulation system are constrained. In NPT
simulations, the system is coupled to a barostat in addition to the thermostat. The commonly
applied barostats in molecular dynamics include the Berendson [231] and Parrinello-Rahman
barostats [235].

In the present study, simulations are preformed in the canonical (NVT) as well as the
isothermal-isobaric (NPT) ensembles. The various steps involved in a molecular dynamics

simulation are explained briefly in the following section.

2.6 Simulation Procedure
A molecular dynamics simulation involves the preparation of the simulation system,
energy minimization and equilibration steps followed by the production simulation. A brief

description of these steps is given below.

(i) Simulation system

Choosing the correct size and composition of the simulation system is crucial to obtain
accurate dynamics of the system. To minimize the effect of artefacts arising from the finite size
of the simulation system, periodic boundary conditions are applied by which the system is
surrounded by images of itself. The application of periodic boundary conditions enables the
study of various processes through simulations of small systems by ensuring the continuity of

these systems at their boundaries. However, when the simulation system is surrounded by copies
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of itself, a particle in the system can interact with other particle as well as their periodic images.
This problem is solved by introducing the 'minimum image criteria' according to which the cut
off for non bonded interactions must be less than half of the shortest dimension of the simulation

system.

(ii) Energy minimization

In this step, the initial configuration of the simulation system is relaxed by removing
unfavorable interactions between atoms or molecules. During this step a criteria is set according
to which the maximum force on an atom should be less than a critical value for the minimization
to be considered successful. During the minimization process, the potential energy of the system
converges to a low value. The energy minimization methods applied in moleclular dynamics

include steepest descent, conjugate gradient etc.

(iii) Equilibration

Equilibration involves bringing the simulation system to the target temperature and
pressure at which the production simulation is to be performed. The system is brought to
equilibrium in two steps. In the first step it is simulated in the NVT ensemble by coupling to the
Berendsen thermostat [231]. This is followed by a simulation in the NPT ensemble where the
system is coupled to both thermostat and barostat. In this step, the Berendsen thermostat is
replaced by the Nose-Hoover [232, 233] thermostat as the latter is known to generate a more
accurate ensemble of kinetic energies. The pressure of the system is brought to the equilibrium

value by coupling it to the Parrinello-Rahman Barostat [235].

(iv) Production simulation

In this step, the simulation from the previous step is continued for a sufficiently long time
depending on the property studied. The average values of the thermodynamic properties and the
time evolution of the simulation system is analyzed from the trajectory generated by the

production simulation.
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Chapter 3
Evolution of Dissolved Gas in the CH,-CO,-H,0 Mixture

3.1 Introduction

The discovery of large reserves of natural gas hydrates in the ocean bed and in the
permafrost regions has provided an alternative to the rapidly diminishing conventional fossil fuel
reserves [1, 3, 4]. The discovery of these reserves has kindled research to develop safe and
efficient methods to recover natural gas from hydrate sediments.

One of the most attractive methods for extracting methane from its hydrates involves
replacement with CO, leading to the recovery of CH,4 along with the sequesteration of CO,. The
replacement of CH, is achieved by the injection of gaseuos or liquid CO, into the porous hydrate
sediments [58, 62]. In some cases, a micro emulsion of liquid CO. in water is also used [17, 58,
62]. The host cages of methane hydrates which encapsulate the gas molecules are made of five-
and six- membered water rings. These rings are not large enough to allow the passage of most of
the molecules. Therefore, it is anticipated that the replacement process would require the
breaking of hydrate cages. Analysis of the replacement process using in situ Raman spectroscopy
revealed the decomposition of methane hydrates during the process [59] which was later
supported by results from molecular dynamics simulations [69]. Thus, it can be concluded that
the dissociation of methane hydrate is an important step in the exchange process.

As mentioned in chapter 1, hydrate dissociation results in the formation of a liquid phase
rich in dissolved gas. The evolution of dissolved gas molecules from this liquid phase referred to
as the 'hydrate melt' is reported to have a significant effect on the rate of hydrate dissociation
[80-86, 97-99]. Yagasaki et al. recently examined the effect of the formation of bubbles in the
hydrate melt on the rate of hydrate dissociation [97, 98]. These studies showed that the formation
of bubble accelerates the rate of dissociation and that a delay in bubble nucleation significantly
slows down the dissociation process. Studies have also revealed the regeneration of the hydrate
structure from the hydrate melt [80-83, 86, 97, 98]. Thus, the evolution of aqueous gas molecules
from the hydrate melt is necessary for continuous dissociation of the hydrate structure.

Earlier reported simulation studies on the evolution of dissolved gas from hydrate melts

were focussed on the case of melts containing CH4[80-86, 97, 98]. However, a similar study of
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the evolution of dissolved gases from a hydrate melt containing both CH, and CO, has not been
reported. Understanding dissolved gas evolution in a CH4-CO,-H,O mixture is important as this
mixture is formed during the early stages of the replacement of CH, in hydrate by CO,. The
structural and dynamical properties of this hydrate melt have an important role in the subsequent
stages of replacement. Some of the recently reported experimental studies of the properties of
CH,4-CO»-H,0 mixture and their findings are discussed below.

Qin et al. examined the solubility of CH4 and CO, in the CH4-CO,-H,O ternary mixture at
temperatures between 324 K and 375 K by varying the pressure from 10 MPa to 50 MPa [236].
They compared the solubility of CH, and CO, in the ternary mixture to the values predicted by
Henry's law for the binary systems, CHs-H,O and CO,-H,0. The comparison revealed that higher
CH, mole fraction in the CH4-CO,-H,O system results in 6% to 20% enhancement in the
solubility of CO,, whereas a rise in the concentration of CO; leads to 10% to 40% increase in the
solubility of CH4. Recently, Al Ghafri et al. examined the two, three and four phase equilibria of
the ternary system, in which the compositions of the coexisting phases were determined using
gas and liquid chromatographic techniques [237]. The study reported that CH4 and CO; act as
co-solvents of each other in the ternary solution indicating that under identical conditions, the
behavior of the CH4-CO,-H,0 ternary mixture is different from that of the individual CH,-H>,O
and CO,-H,O binary systems. Thus, it is important to investigate the ternary system in detail
especially in the context of methane recovery from hydrate sediments by the replacement
method. The experimental studies on the ternary mixture discussed above were focused on its
phase behavior under different conditions of temperature and pressure. However, to the best of
our knowledge, a molecular level investigation of the behavior of the ternary solution is lacking.

In this chapter, we present results from the application of classical molecular dynamics
simulations to investigate the evolution of gas molecules in the three component (CH4-CO-H,0)
hydrate melt formed during the replacement process. Different compositions of the ternary
system are studied by varying the concentration of CO, for a fixed concentration of CH,4. The
reason for changing the concentration of CO, is the fact that in the replacement process, its
concentration can be easily controlled. In addition, the solubility of CO is about ten times higher
than that of CH, and hence the ternary mixture would have a higher concentration of CO,
compared to that of CHa. The results from the present work are expected to serve as useful input

in the recovery of natural gas from hydrate sediments.
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3.2 Models and Methods

The simulation system consists of three components, CH,, CO, and H,O enclosed in a
cubic box similar to the CH4~-CO,-H,0O ternary mixture formed by the decomposition of methane
hydrates in the presence of CO,. The system consists of 2000 H,O and 80 CH,4, while the number
of CO, molecules is varied from 100 to 240, with an increment of 20. Thus, we simulate eight
systems, which differ in their concentration of CO,. The compositions considered here are
similar to that of the methane rich solution formed during the decomposition of hydrates in the
presence of CO,. In these simulations, the TIP4P model [221] was used to represent the water
molecules. Methane and carbon dioxide molecules were represented by the single point [238]
and EPM2 [230] models, respectively. This combination of potentials was reported to be suitable
for studying the replacement of CH4 by CO; in hydrate structures [69]. The EPM2 model used
for COs is a rigid linear three-site model. During the simulations using the three point model of
CO; molecules, we observed a deviation of Z0OCO from 180°. This arises because the constraint
algorithm is known to have difficulty in treating the linear angle. Therefore, the model used for
CO; was modified by introducing additional point masses on either side of the carbon atom. The
entire mass of CO, molecule was symmetrically distributed on the two point masses thereby
removing the requirement of an angle constraint. The distance between the point masses is
chosen to preserve the moment of inertia tensor of the original EPM2 model. The carbon and the
oxygen atoms were rendered mass less (virtual interaction sites) and were assigned the respective
charges and Lennard-Jones parameters originally used in the EPM2 model. Li et al. have used a
similar protocol to model CO, molecules in their simulations [239]. The Lennard-Jones
parameters for the interaction between CO; and H,O molecules were obtained from the ab initio
calculations reported by Duan et al. [240]. The remaining cross interaction parameters between
unlike species were obtained using the Lorentz-Berthelot combination rule, which was reported
to give an accurate description of the phase diagram of the CH-CO,-H,O system at a wide range
of temperature and pressure [237].

The simulations were performed in the isothermal-isobaric ensemble using the program
GROMACS-4.6.5 [241]. The initial configurations were relaxed by energy minimization
followed by a 100 ps NVT simulation to bring the system to an average temperature of 270 K.

Then, a 200 ps NPT simulation was performed, after which the system attained the equilibrium
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with an average temperature and pressure of 270 K and 20 bar, respectively. These conditions
were reported to favor the replacement reaction according to simulation studies, which used
similar force fields [69]. After equilibration, NPT simulations were performed for a total
simulation time of 10 ns with an integration time step of 1 fs. A Nose-Hoover thermostat [232,
233] and a Parrinello-Rahman barostat [235] were used with time constants 0.2 ps and 1.0 ps,
respectively. Thermostats are known to affect the diffusivity of the molecular species in the
system. However, recently Basconi et al. have reported that for the Nose-Hoover thermostat, the
diffusivity of small solutes in water are unaffected provided the thermostat is coupled to the
overall kinetic energy of the system [242]. The coulombic and Lennard-Jones interactions were
calculated within a cutoff of 1.2 nm. The long range electrostatic interaction was treated using
the particle mesh Ewald summation method. The molecular geometries were maintained stable
using the LINCS algorithm and the water molecules were kept rigid by the SETTLE algorithm

[243, 244]. Periodic boundary condition was applied in all three directions.

3. 3 Results and Discussion
3.3.1 Formation of Nanobubbles in the CH,-CO»-H>O Ternary System

To investigate the change in distribution of CH, molecules with a change in concentration
of CO,, we consider the CH4 molecule that has less than 15 neighboring H,O molecules within a
distance of 0.70 nm as part of a bubble. The conditions used here to recognize those CH,
molecules, which belong to the bubble are appropriate, considering that the first hydration shell
of the CH, molecule has a radius of ~0.55 nm with a hydration number of ~20 water molecules.
Although a bubble may be better characterized by its radius, in the present study the nanobubble
formed is described in terms of the number of molecules it contains. This is because of the fact
that due to its small size, the nanobubble deviates from the spherical shape making it less
convenient to determine its radius at every instant.

For solutions having various concentrations of CO,, the change in the number of CH4
molecules in the nanobubble as a function of time is shown in figure 3.1. The nucleation and
growth of the bubble for the solution containing 140 CO, molecules is illustrated in figure 3.2. It
is clear from the figure that no bubble formation takes place in the solution up to 3 ns. However,

prior to 3 ns, several small short-lived clusters of dissolved methane are formed in the solution. A
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methane cluster thus formed can grow into a stable bubble only if its size exceeds that of the
critical nuclei. At 3.5 ns, a small cluster of CH, molecules is formed, which grows rapidly in size
and forms a bubble at ~7 ns. In all other cases studied, bubble formation is found to follow a
similar procedure though the time at which the nucleation of the bubble commences depends on
the concentration of CO; in the solution. In all cases, the formation of a single bubble is detected.
This could be due to the limited size of the simulation system in which a bubble formed absorbs
most of the dissolved gas molecules from the surrounding liquid thereby preventing the
formation of a second bubble.

It was reported that gas bubbles formed in liquids may be unstable and dissolve in the
surrounding liquid [245]. This is particularly true in the case of nanobubbles as they have very
high excess pressure inside. The excess pressure inside a bubble is related to its size and the
value of surface tension at the interface between the bubble and the liquid. The value of excess
pressure inside a bubble, known as Laplace pressure, is given by

Ap:%y G.1)
where, y is the interfacial tension near the periphery of the bubble and R is the radius of the
bubble. It is clear from the equation that excess pressure inside the bubble is higher for small
bubbles. Experimental studies have shown that nanobubbles can remain stable when they are
close to each other [246]. This observation suggested that in a cluster of bubbles, the diffusive
efflux of gas molecules from a bubble may be shielded by the presence of neighboring bubbles.
Using molecular dynamics methods, Weijs et al. [247] examined the role of diffusive efflux on
the nucleation and stability of nanobubbles in their clusters and reported that for simulation
systems of small size, the close proximity of nanobubbles and its periodic images prevents the
diffusive efflux of gas molecules from the bubble thereby making it stable. However, with an
increase in the size of the simulation system, the bubbles were found to dissociate due to

diffusion of gas molecules of the bubble into the surrounding liquid.

In light of the above results, it is important to test whether the formation of nanobubbles
in the present study is indeed a real physical phenomenon or is an artifact due to the limited size
of the simulation system. To resolve this issue, we performed a simulation on a system of same

size containing 80 CH,4 and 2000 H,O molecules in the absence of CO,. For this simulation, we
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4 ns 5 ns 7 ns

Figure. 3.2 Bubble formation in the CH4-CO,-H,O system containing 140 CO, molecules. Methane

molecules are represented as cyan spheres and carbon dioxide by ball and stick model.

used an initial conformation consisting of a preformed CH,4 bubble immersed in H,O obtained by
deleting the CO, molecules from the final conformation at 10 ns of the CH4-CO,-H,O ternary
system containing 140 CO. molecules. The analysis of the trajectory obtained from the
simulation (figure 3.3) showed that the bubble is unstable and dissociates completely within a
simulation time of 3.5 ns during which the gas molecules in the bubble diffuses into the
surrounding liquid in contrast to the case of ternary CH4-CO,-H,0 solution. This shows that our
observation of the nanobubbles in the CH4-CO,-H,O ternary system is independent of the size of
the simulation system rather the nucleation and stability of the bubble are due to the presence of
CO; molecules in the system. The effect of concentration of CO, in the ternary system on the

nucleation of the nanobubble is discussed in the following section.
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10 ns

Figure 3.3 Decomposition of methane nanobubble in a CH4-H,O mixture containing 80 CH4 and 2000

H,O in the absence of CO, molecules.

3.3.2 Effect of CO; Concentration on Nanobubble Formation in the CH,-CO,-H,O Mixture

A comparison of the nucleation and growth of nanobubbles in the CHs-CO,-H,O ternary
systems with varying concentrations of CO. is given in figure 3.1. From the figure, it is clear that
with an increase in concentration of CQO,, early nucleation of the bubble occurs. Bubble
formation was observed within 10 ns in all ternary systems except for the two mixtures with the
lowest concentration of CO,. However, on extending the simulations for longer time for these
mixtures with 100 and 120 CO; molecules, nucleation of bubbles was observed within 15 ns
(figure 3.4). Also, when the simulations were further extended to 60 ns, the bubbles were found
to remain in the mixture confirming the stability of the nanobubbles formed. For solutions
containing 140 and 160 CO, molecules, nucleation of the bubble is observed at ~3 ns. Whereas,

for the system with 180 CO,, nucleation happens at ~1 ns and with further rise in concentration
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Figure 3.4 Number of CH, molecules in the gas bubble as a function of time for the CH4-CO,-H,O

ternary systems containing 100 and 120 CO, molecules.

of CO,, the bubble forms immediately. Thus, the results suggest that CO, molecules have a role
in stabilizing small clusters of dissolved gas molecules formed randomly in the ternary solution,
thereby causing early nucleation of bubbles.

It can also be inferred from figure 3.1 that, in general the growth of the bubble is more
steady in solutions with a high concentration of CO,. This is clear if one compares the growth of

the bubble in the system containing 140 CO, with that containing more than 200 CO, molecules.
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It can also be noted that the bubble formed at a high concentration of CO, is more stable
compared to that formed at a lower concentration. The difference in stability of the bubble is
clear on comparing the number of CH4 molecules in the bubble for the solutions containing 140
or 160 CO; molecules and that containing 240 CO, molecules. In the latter case, once the bubble
was fully formed the number of CH, molecules in it is around 55 and remains nearly the same
after that. Whereas, in the former the number of molecules in the bubble varies with time
indicating that the molecules enter and leave the surface of the bubble. Thus, from the above
results it can be concluded that the presence of CO, molecules assists the nucleation of

nanobubble in the CH4CO,-H>0O ternary solution.

3.3.3 Composition of the Nanobubble

In order to determine the composition of the nanobubbles formed in the ternary mixture,
we performed the following analysis. A CO, molecule which has more than ten CH4 molecules
within a distance of 1 nm was considered as being associated with the bubble. The number of
CO; molecules associated with the bubble as a function of time is given in figure 3.1. It is clear
from the figure that in all the cases the bubble formed has CO, molecules associated with it
during its nucleation and growth. However, it is not confirmed whether these CO, molecules are
present within the bubble or at its surface. The exact distribution of CO, in the bubble formed is

discussed in the following section.

3.3.4 Structure of the Bubble

In the above section, it was shown that the nanobubbles formed in the ternary solution
have both CH, and CO, molecules associated with it. Based on this and also on the structure of
the gas-water interface reported by Guo et al. [248], we divided the above ternary system into
three regions as illustrated in figure 3.5, which include the bubble, the surrounding liquid and the
interface between them. In order to obtain a more precise understanding of the structure of the
bubble, in particular, the distribution of CO, molecules associated with the bubble, the following

analysis was carried out.

It is noticed that in all systems where the bubble is formed within 10 ns, its formation is
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Figure 3.5 Figure illustrating the three regions: bubble, interface and the surrounding liquid of the

CH,4-CO,-H,0 ternary system.

complete before 7 ns. Thus, the solution in which the number of CO, molecules ranges from 140
to 240 is expected to contain a fully formed bubble during the time interval of 7-10 ns. From the
trajectory within this time interval, the average number density of CH4, CO, and H,O molecules
was determined as a function of distance from the center of the bubble. The center of the bubble
was located by averaging the coordinates representing the position of CH4 molecules belonging
to it. During the simulation, the bubble moved within the system. Hence, the position of the
center of the bubble was updated at each time step. Following this, we divided the simulation
system into concentric spherical shells of thickness 0.1 nm about the center of the gas bubble.
After every picosecond in the trajectory, the number of CH4, CO, and H.O molecules in each of
the spherical shells was determined. The average of these values divided by the volume of the
corresponding shell gave the number density of each type of molecule as a function of distance

from the center of the bubble.

The number density of CH,, CO, and H,O molecules as a function of distance from the

center of the bubble for the ternary systems containing varying number of molecules is given in
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figure 3.6. From the figure, it is clear that in each solution where a bubble is formed there is a
maximum in the concentration of CO; in the region where the bubble comes in contact with the
liquid phase. It is also noticed that for systems with a high concentration of CO,, there is nonzero
number density of CO, inside the bubble, which means that the bubble formed has both CO, and
CHy, in it. This is more obvious in figure 3.7. Thus, it can be concluded that ‘mixed’ gas bubbles
are formed in the CH4,-CO»-H,O ternary system containing a high concentration of CO..

Another observation about the bubble-water interface is that both the gas phase (bubble)
and the surrounding liquid phase overlap and extend into each other as some of the methane
molecules present in the bubble diffuse into water at the interface. Also, the concentration of the
liquid and the gas phases extending into each other diminishes rapidly. The radial density profile
of methane and water at the interface depicted in figure 3.6 is similar to that reported for a planar

interface between gaseous methane and a water film [248].

3.3.5 Role of CO; in the Formation of Bubbles

In order to understand the role played by CO; in the formation of nanobubbles in the
CH4-CO»-H,0O mixture, we examined the bubble-water interface in detail. From figures 3.6 and
3.7, it can be seen that CO, molecules accumulate at the bubble-water interface. The presence of
CO; molecules at the interface is assumed to enhance the stability of the bubble in the ternary
mixture. A detailed analysis of the interface was performed in order to elucidate the role of CO,
in stabilization of the bubble. From the number density profiles, it can be noticed that on moving
away from the center of the bubble, the pure gas (bubble) phase ends at a distance of ~0.75 nm
and the pure liquid phase starts near 1.5 nm. The region extending from 0.75 nm to 1.5 nm
consisting of a mixture of CH4, CO, and H,O is defined as the bubble-water interface. It is clear
from the number density profiles that there is an enhancement in the concentration of dissolved
CO; molecules at the bubble-water interface, which is more obvious in figure 3.7. This rise in the
concentration of CO; at the interface becomes more pronounced as the amount of CO; in the
system increases.

To understand the nature of interaction between CH, and CO, molecules at the

bubble-water interface, we performed a set of simulations on solutions in which mole fraction of
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Figure 3.6 The number density of CH4, CO, and H,O molecules as a function of distance from the center

of the gas bubble for the ternary systems containing different number of CO, molecules.
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Figure 3.7 The number density of CO, molecules as a function of distance from the center of the gas

bubble in the CH,-CO,-H,0 ternary solution for various numbers of CO, molecules.
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Figure 3.8 Radial distribution functions for the CH4-CO interaction pair in the CH4-CO,-H,O mixture for

various mole fractions of CO, keeping the CH, mole fraction at 0.02.
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CH, is 0.02 with the concentration of CO, ranging from 0.02 to 0.1 mole fractions. The
simulations were performed using the same models under the same conditions that were applied
in the simulation of bubble formation. Each simulation was run for a total time of 10 ns and from
the resulting trajectory, the CH4-CO, radial distribution function for each case was plotted which
is presented in figure 3.8. It is found that with increasing concentration of CO», the interaction

via direct contact between a dissolved CH, and CO, molecule becomes more favorable. This

indicates that the accumulation of dissolved CO, molecules at the interface between the bubble
and water leads to a stable direct contact between the hydrophobic CH4 and CO, molecules. This
may be providing additional stability to the bubble-water interface compared to the case where
there are no CO, molecules.

We also studied the effect of CO, present at the bubble-water interface on the surface
tension at the interface. A decrease in surface tension can result in more stable and long-lived
bubbles. The value of surface tension was determined by analyzing the number density profiles
of gas molecules and water given in figure 3.6. It is observed that the core of the bubble
extending up to a radius of 0.5 nm contains only gas molecules without the presence of water.
For each ternary system studied, the average density of the gas in this region of the bubble was
determined from the number density profiles. The pressure corresponding to this density was
determined from a simulation in the NVT ensemble at 270 K and 20 bar. From the value of the
pressure obtained and the radius of the bubble, the value of surface tension (y) was calculated by

using equation 3.1. We considered the radius of the bubble as the distance r at which the value of

p“™(r) reaches 0.5, where p““(r) is the number density of CH, at a distance r from the
center of the bubble divided by the number density at the bulk of the bubble. The value of the
surface tension (y) at the bubble-water interface relative to its value for the ternary system with
140 CO, molecules (yo) is plotted against the mole fraction of CO, in the mixture in figure 3.9.
The figure indicates that in general, there is a decrease in surface tension with increasing
concentration of CO; in the ternary system.
Thus, in systems with a high concentration of CO, molecules, CO, accumulates at the
bubble-water interface. This increases the stability of the interface leading to a decrease in the
critical size of the bubble nuclei. Thus, at a high concentration of CO, the small clusters formed

by dissolved CH4 become more stable leading to early formation of the bubble.
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Figure 3.9 Effect of the concentration of CO, on surface tension at the bubble-water interface.

3.3.6 State of Methane inside the Nanobubble

In order to gain insight about the state of methane inside the nanobubbles discussed
above, we determined the pressure at 270 K inside the bubble and studied the behavior of
methane under identical conditions. The pressure inside the gas bubble was determined from the
gas density by performing NVT simulations. The pressure was found to be the lowest for the
system with the highest concentration of CO, due to a decrease in the bubble-water interfacial
tension. The value of pressure obtained for this system was found to be 776.8 bar, which is much
higher than the external pressure of 20 bar. The high excess pressure could be due to the small
size of the bubble, which has a radius of ~1.0 nm. For the single point model of methane used in
the present study, the critical temperature and pressure of pure methane is 191.0 K and 45.0 bar
respectively [249]. Thus, due to the high excess pressure inside the nanobubble, methane exists

in a supercritical state.
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As discussed above, particularly for CH4-CO,-H,O ternary systems with high
concentrations of CO,, the bubbles formed are of mixed type containing both CH, and CO,, the
former being the dominant species. In order to study the effect of supercritical conditions on the
distribution of CH, and CO, molecules inside the bubble, we performed an independent 10 ns
NPT simulation on a system with 0.1 mole fraction of CO, dissolved in super critical methane.
The simulation was carried out at a temperature of 270 K and a pressure of 700 bar, which
correspond to super critical conditions of methane. From the resulting trajectory, the radial
distribution function (RDF) for the interaction pairs, CHs;-CH4, CH4-CO, and CO,-CO,, were
plotted. It is evident from the RDF plots (figure 3.10) that the first peak for the CH,-CO, pair
interaction is weaker than that for the other two pair interactions. Thus, the solute-solute
(CO,-CO,) and solvent-solvent (CH.-CH,) interactions are stronger than the solute-solvent
(CH4-CQOy) interaction, indicating that the binary mixture under super critical conditions is a

repulsive one. However, separation of the components in the binary mixture was not observed in
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g(r)

1.0
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Figure 3.10 Radial distribution function for the solvent-solvent, solute-solute and solvent-solute pair

interactions in a dilute binary solution of CO, in super critical CHa.
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the solution. The repulsive nature of the binary mixture of super critical CH4 and CO, indicates
that CO, molecules which accumulate at the bubble-water interface, will not readily diffuse into

the bulk of the bubble.

3.3.7 Effect of CO, Concentration on the Replacement of Methane in CH, Hydrates

It is known that the initial stage of the replacement process involves hydrate dissociation
leading to the formation of a CH4,-CO»-H,O mixture [59, 69]. Previous studies on the
decomposition of CH, hydrates revealed that supersaturation of the surrounding liquid by
dissloved gas molecules slows down the dissociation process [97]. The formation of bubbles in
the supersaturated CH, solution was found to be preceded by an induction time before the
nucleation of the bubbles occur. The rate of decomposition of methane hydrates increases once

the bubbles starts to form [97, 98].

Our results suggest that due to the presence of CO,, bubble formation occur at an early
stage in the CH4-CO»-H,O mixture generated during hydrate decomposition. The bubbles thus
formed will lead to more effective removal of aqueous CH, from the solution which assists the
decomposition of CH, hydrates. Therefore, an increase in the concentration of CO, ensures more
efficient decomposition of methane hydrates thereby improving the rate of replacement of CH,4

by COz.

3.4 Conclusion

Classical molecular dynamics simulations were performed to study the evolution of
dissolved gas in the CH4-CO>-H,O ternary solution containing various concentrations of CO,. It
was observed that nucleation of nanobubbles occur rapidly in solutions with a high concentration
of CO,, compared to those with lower concentrations. It was also revealed that for solutions with
a high concentration of CO,, dissolved CO, molecules enter the bubble leading to the formation

of a ‘mixed’ gas bubble.

Due to the formation of the bubble, an interface between the bubble and the surrounding
liquid was created. Analysis of the structure of this interface showed that it is similar to the
planar interface formed between methane gas and a water film. An accumulation of CO,

molecules was observed at the bubble-water interface with a rise in concentration of CO, in the
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solution. Radial distribution function showed that as the concentration of CO, at the
bubble-water interface rises, the interactions between CH4 and CO, molecules through direct
contact become more prominent. The values of surface tension at the bubble-water interface
indicated that the accumulation of CO; at the interface resulted in a decrease in surface tension.
Thus, at higher concentrations of CO, in the ternary system, the bubble-water interface becomes
more stable thereby assisting the early nucleation of the gas bubbles. The present study also
showed that the small size of the bubbles formed lead to high Laplace pressure inside the bubble
and that the CH,4 gas present in the bubble exists in its super critical state. Simulations of a binary
solution of CO, in super critical CH, at dilute concentrations revealed that the two gas species
form a repulsive mixture, indicating that CO, molecules accumulated at the bubble-water

interface will not readily enter the bubble in a large quantity.

The observed effect of the concentration of CO. on bubble formation in the
CH4-CO,-H,0 ternary solution is related to the replacement of CH4 in methane hydrates by CO,
molecules. The fact that CO, concentration causes early nucleation of bubbles suggests that by
increasing CO, concentration, more efficient decomposition of CH,4 hydrates can be attained by

preventing the accumulation of gas molecules in the surrounding liquid.
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Chapter 4
Natural Gas Evolution in a Gas Hydrate Melt: Effect of Thermodynamic
Hydrate Inhibitors

4.1 Introduction

As discussed in the previous chapters, most of the studies on gas hydrates in the past
were related to the safe and efficient recovery of natural gas encapsulated within the hydrate
structure. Various natural gas extraction techniques such as thermal stimulation, depressurization
and injection of thermodynamic hydrate inhibitors like alcohols and salts were discussed in
chapter 1. In all these extraction techniques, dissociation of hydrate structure is induced by
making the hydrate thermodynamically unstable. Dissociation of gas hydrates is an important
step during the recovery of natural gas from hydrates. Several molecular dynamics simulation
studies have been reported which provided significant understanding of the hydrate dissociation
mechanism [80-89, 94-99, 141]. These studies showed that several factors such as guest
occupancy, heat transfer and the presence of hydrate inhibitors significantly influence the rate of
hydrate dissociation. In addition to these, the role of mass transfer on the rate of hydrate
dissociation has also been investigated [80-83, 97-99, 141]. These studies indicated that the
diffusion of dissolved gas molecules from the melting hydrate into the surrounding liquid
significantly affects the rate of dissociation. The dissociation leads to the formation of a solution
supersaturated with gas molecules, from which nanobubbles are formed. The bubbles thus
formed rapidly absorb dissolved gas molecules from the surrounding liquid, thereby increasing
the rate of dissociation of the hydrate. The effect of thermodynamic hydrate inhibitors dissolved
in the surrounding liquid on the dissociation process was also reported [98, 141]. It was found
that thermodynamic inhibitors such as NaCl and CH;OH aid the formation of bubbles, thereby
helping the dissociation of hydrates. Formation of nanobubbles has also been reported in several
other simulation studies of hydrate dissociation [80-83, 97, 99, 141]. However, a quantitative
study of the effect of inhibitor concentration on the formation and stability of the bubbles is
lacking.

A common observation of all the above-mentioned studies on hydrate dissociation is the
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formation of a supersaturated gas solution during the dissociation process. The phase changes,
such as bubble formation, occurring in this liquid phase have significant influence on the mass
transfer of gas molecules released by the melting hydrate thereby affecting the dissociation
kinetics. The presence of thermodynamic hydrate inhibitors makes the properties of the liquid
phase more subtle, as indicated by Yagasaki et al [98, 141]. On the basis of the reported studies,
the process of gas extraction from hydrates can be considered to occur in different stages, as
discussed below. In the first stage, dissociation of the hydrates takes place forming a liquid
composed of gas molecules dissolved in water. In the second stage, the dissolved gas molecules,
upon reaching a critical concentration, aggregate to form bubbles, which further grow in size and
eventually migrate out of the liquid phase. Although the first stage has been well studied, the
evolution of dissolved gas molecules from the hydrate melt is not well understood. A very recent
experimental study of methane hydrate dissociation by Uchida et al. [100] indicated the
importance of evolution of dissolved gas molecules from the hydrate melt in the dissociation
process. They applied tunneling electron microscopic techniques for the characterization of
bubbles formed during the dissociation of methane hydrate. Their study confirmed the formation
of bubbles of radius in the range of nanometers and micrometers in the hydrate melt. They also
reported that the rate at which these bubbles rise in water is low, allowing them to stay in the
solution for a long time. Surprisingly, such bubbles in the hydrate melt continued to form for
several hours even after dissociation of methane hydrate was complete. Due to the fact that these
bubbles can lead to the regeneration of hydrate structures, their long lifetime in the hydrate melt
has significant consequences [83, 101].

Previous studies [80-83, 97-99, 141] on the formation of nanobubbles during gas hydrate
dissociation were focused on the impact of bubbles on the rate of dissociation. Bubble formation
in the presence of thermodynamic inhibitors such as NaCl and CH;0H was also reported, which
indicated the role of inhibitors in enhancing bubble formation [98, 141]. However, an exclusive
molecular level study of the formation, stability, and composition of nanobubbles formed is not
yet available. The experimental studies on the observation and characterization of nanobubbles in
the hydrate melt produced results with significant uncertainties [100]. This necessitates the need
for computational methods to gain insight into the molecular level understanding of nanobubbles
in the hydrate melt. In this chapter, we present the results from classical molecular dynamics

simulation study of the formation, stability, and composition of methane nanobubbles in the
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presence of two thermodynamic hydrate inhibitors, NaCl and CH3;OH. Through this study, we
compare the stability and properties of nanobubbles formed in the presence of the two different
hydrate inhibitors at various concentrations. It is known that the CH4-CO, binary hydrate is
formed during the extraction of CH, from its hydrate by replacement with CO,[69]. Considering
this, we also study the effect of the inhibitor molecules on bubble formation in a CH4-CO»-H,O
solution. Our study on the formation and dynamic properties of the nanobubbles is expected to

provide greater understanding of the evolution of dissolved gas from the gas hydrate melt.

4.2 Computational Methods

The initial conformation of the simulation system consists of CH4 and CO, molecules
dissolved in water contained in a cubic box. For all simulations, the number of water molecules
is fixed to be 3000. We studied the CH4-H,O system with two different CH4 concentrations; 100
and 125 CH, molecules in 3000 water molecules corresponding to 0.032 and 0.040 mole
fractions, respectively. For the force fields employed, the saturation concentration of CH, under
the thermodynamic conditions applied is 0.0004 mole fraction. We determined the limit of
supersaturation as 0.042 mole fraction, above which spontaneous nucleation of CH4 bubbles
occurs. Thus, the CH,4 concentrations considered in the present study correspond to highly
supersaturated solutions. However, because these concentrations lie below the limit of
supersaturation, spontaneous bubble formation is absent in the CH4s-H,O system, as it fails to
overcome the energy barrier for bubble nucleation. To study the effect of CO, on bubble
formation, 100 CO; corresponding to a mole fraction of 0.032 molecules are introduced into the
CH.-H,0 systems mentioned above. To study the effect of the concentration of NaCl and CH3;0OH
on dissolved gas evolution, the number of inhibitor molecules introduced into the CH4,-H,O and
CH4-CO,-H0 systems was varied from 40 to 240, with an increment of 40. The composition of
the simulation systems considered is assumed to emulate the liquid state formed during the
dissociation of gas hydrates.

To model CH,4 and CO, molecules, the single-point Lennard-Jones [238] and EPM?2 [230]
models, respectively, were used. Water molecules are represented by the TIP4P model [221].
This combination of force fields was previously employed in the study of the CH4-CO,-H,O

ternary system [69, 250]. For Na" and CI ions, the parameters reported by Smith et al. were
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employed, and CH;OH molecules were modeled by the OPLS-UA force field [251, 252]. The
parameters chosen to model the inhibitor molecules have recently been applied in the study of
the dissociation of methane hydrate in the presence of inhibitors, NaCl and CH5;0OH [141]. To
model the interaction between CO, and H,O molecules, parameters obtained from ab initio
calculations reported by Duan et al. [240] were applied and the remaining cross-interaction
parameters were obtained using the Lorentz-Berthelot combination rule. The EPM2 model used
for CO; is a rigid three-site model in which deviation of the angle O-C-O from 180° arises due to
the known problems in the constraint algorithm in treating a linear angle. To solve this, we
introduced two additional point masses as explained in section 3.2 of chapter 3 on either side of
the carbon atom in the original EPM2 model. Details of the modified model are discussed
elsewhere [239].

The simulations were performed in the isothermal-isobaric ensemble at a temperature of
270 K and pressure of 20 bar using the program GROMACS-4.6.5 [241]. The initial
conformation was relaxed by an energy minimization, followed by a 100 ps NVT simulation by
which the system was brought to an average temperature of 270 K. Then, an NPT simulation was
performed for a simulation time of 250 ps during which the system attained the equilibrium state
with an average temperature and pressure of 270 K and 20 bar, respectively. Thereafter, the
production simulation was performed in the NPT ensemble for a total simulation time of 40 ns
with a time step of 2 fs. The simulation system was coupled to a Nosé-Hoover [232, 233]
thermostat and a Parrinello-Rahman [235] barostat with time constants 0.5 and 1 ps, respectively.
Although thermostat coupling is known to affect the diffusivity of molecules in the system,
diffusivity of small solute molecules in water was reported to be unaffected by the Nosé-Hoover
thermostat if it is coupled to the overall kinetic energy of the system [242]. During the
simulations, the molecular geometries were constrained using the LINCS [243] algorithm and
the H,O molecules were maintained rigid using the SETTLE algorithm [244]. Long-range
electrostatic interactions were treated by the particle-mesh Ewald summation method, and
periodic boundary conditions were applied in all three dimensions. Visual analysis of the
simulation results was performed using the visualization program, VMD (Visual Molecular

Dynamics) [253].
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4.3 Results and Discussion
4.3.1 Effect of Hydrate Inhibitors on the Formation of Nanobubble in the CH,-H,O System

To study the effect of NaCl and CH3;OH on the formation of nanobubbles in the CHs-H,O
mixtures containing 100 and 125 CH, molecules, simulations were performed on the
CH4-NaCl-H,O and CH4-CH30OH-H,0O systems. The number of inhibitor molecules was varied
from 40 to 240, with an increment of 40. Simulations indicated that in both mixtures, which
differ in CH4 concentration, nanobubbles form at higher concentrations of the inhibitors. To
characterize the formation of a nanobubble, we define each CH, molecule in the system as either
belonging to the bubble or as a solute dissolved in liquid. The two types of CH, molecules are
differentiated based on the number of water molecules in their first hydration shell. For a
methane molecule dissolved in water, the radius of the first hydration shell was determined to be
~0.55 nm, and the hydration number was ~20. However, a methane molecule belonging to the
bubble would have hydration number significantly lower than that of aqueous methane. In the
present study, we define CH, molecules that have less than 10 H,O molecules within the first
hydration shell to be part of the bubble. The remaining CH4 molecules are considered to be
dissolved in water.

On the basis of the above definition, we determined the number of CH, molecules in the
bubble as a function of time for CH4-NaCl-H,O and CH;-CH;0H-H,O systems for varying
number of NaCl and CH;OH molecules. For the mixture containing 100 CH4 molecules, the
results are shown in figure 4.1. The corresponding results for the mixture containing 125 CH,
molecules are given in figure 4.2. It is clear from the figures that in both cases an increase in the
concentration of NaCl and CH;OH promotes the nucleation of the nanobubble. As expected, for a
given concentration of the inhibitor, bubble nucleation occurs earlier in the mixtures containing a
higher concentration of CH.. When the concentration of the inhibitor molecules is very low, the
induction time preceding the nucleation is long, so that bubble formation is not observed within
the 40 ns simulation. For the CH4-NaCl-H,O mixture containing a lower concentration of CHy,
the bubble is not formed when the number of NaCl present is 40. For the corresponding
CH4-CH3;0H-H,O mixture, the bubble is not formed in the systems in which up to 120 CH;0OH
molecules were present. However, with an increase in the concentration of the inhibitor,

induction time for nucleation of the nanobubble is reduced and the bubble is formed thereafter.
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Figure 4.1 Number of CH, molecules in the bubble as a function of time for the (a) CHs-NaCl-H>O and (b)
CH,-CH30H-H,0 systems containing 100 CH4 with varying number of thermodynamic inhibitor (NaCl and
CH;0H) molecules.
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Figure 4.2 Number of CH, molecules in the bubble as a function of time for the (a) CHs-NaCI-H>O and (b)
CH,-CH;3;0H-H,0 systems containing 125 CH,4 with varying number of thermodynamic inhibitor (NaCl and
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Another observation from figures 4.1 and 4.2 is that the bubble formed in the CH4-NaCl-H,O or
CH4-CH;0H-H,0 ternary mixture with varying concentrations of the inhibitor reaches nearly the
same size in terms of the number of CH, molecules. This may be due to the fact that once a
stable bubble nucleus is formed, further growth of the bubble by absorption of dissolved CH,
molecules is driven by the difference in free energy of CH4, molecules present in the bubble and
in the dissolved state. This free energy difference is expected to be much larger than the
difference in free energy of hydration of CH, caused by changes in the concentration of the
inhibitor. Thus, although the inhibitor plays a key role in the formation of the bubble nuclei,
further growth of the bubble is independent of the inhibitor concentration. This is also supported
by the fact that the rate at which the bubble grows is almost the same for different concentrations
of the inhibitor in the mixtures.

Figure 4.1a gives the number of CH, molecules present in the bubble as a function of
time for CH4,-NaCl-H,O system containing lower concentration of CH4 and varying number of
NaCl molecules. In the system containing 80 NaCl molecules, nucleation of the nanobubble
occurred at 19 ns and bubble formation was complete within 30 ns. The bubble so formed
remained stable till the end of the simulation. The nucleation and growth of the bubble in the
CH4-NaCl-H>O system is illustrated in figure 4.3. For the systems containing 120-240 NaCl
molecules, nucleation of the nanobubble takes place immediately at the start of the simulation. In
all cases, the bubble so formed remained till the end of the simulation. Bubbles formed in the
mixtures with higher CH, concentrations also remained stable as shown in figure 4.2.

In the CH4-CH3;0H-H,O ternary system containing 100 CH. molecules, nanobubble
formation was observed when the number of CH30H was 160 or higher. From figure 4.1b, it can
be observed that the time at which formation of the bubble starts is ~8 ns in the system
containing 160 CH5;0H and is further decreased for the system containing 200 CH;OH. When the
number of CH;OH molecules was increased to 240, the nucleation of the bubble occurs
immediately in the beginning of the simulation. For the system containing 125 CH4 molecules,
nanobubble nucleation was observed when the number of CH;OH molecules was 80 or higher
(figure 4.2).

An important factor that has to be considered to explain the stability of nanobubbles is
the size of the simulation system. The influence of the size of the simulation system on the

stability of the bubble was studied in detail by Weijis et al. [247]. Through molecular dynamics
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Figure 4.3 Nucleation and growth of the methane nanobubble in a CHs-NaCl-H,O system containing 100
CH,, 80 NaCl, and 3000 H,O molecules. CH, molecules are represented as large cyan spheres, Cl- and

Na" ions are shown as small spheres. H,O molecules are not shown for clarity.

simulations, they studied the role of diffusive efflux of molecules from the bubble to the
surrounding liquid on the stability of nanobubbles in their clusters. The stability of nanobubbles
was found to be sensitive to the size of the simulation system, as the close proximity of
nanobubbles in a small simulation system and its periodic images shield the diffusive efflux of
gas molecules. Thus, a nanobubble that decomposes through diffusive efflux in a large
simulation system remains stable when the size of the system is small. Thus, in the present study,
it is necessary to ensure that the stability of the bubble is not an artefact arising from the limited
size of the simulation system. For this, we performed a simulation on a CH,H>O system
containing 100 CH, and 3000 H,O molecules starting from an initial conformation with a

methane nanobubble in the system. The result of the simulation is illustrated in figure 4.4. From
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the figure, it can be observed that in the absence of inhibitor molecules, the nanobubble
dissociates through diffusive efflux of CH4 molecules from the bubble to the surrounding liquid.
The bubble dissociates completely within 20 ns and is absent during the rest of the simulation.
Thus, it can be concluded that, in the present study, the size of the simulation system does not
have any role in shielding the diffusive efflux of CH, molecules from the bubble. The formation
and stability of methane nanobubbles observed in the CHs-NaCIl-H,O and CHs-CH;0H-H,O

systems are entirely due to the presence of NaCl and CH;0H molecules.

Figure 4.4 Decomposition of the methane nanobubble in the CH4-H,O system in the absence of inhibitor

molecules. CH, molecules are shown as large cyan spheres.
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The increase in the probability of nucleation of methane nanobubble with increasing
concentration of NaCl is attributed to the fact that the presence of NaCl enhances the
hydrophobic interaction between the dissolved CH4 molecules [141, 254]. As a result, larger
clusters of CH4 molecules are formed in the system containing NaCl. Once the size of a cluster
reaches the critical size of the bubble nuclei, it grows in size by absorbing dissolved CH,4
molecules from the surrounding liquid to form a nanobubble. Higher probability of nanobubble
nucleation with an increase in the concentration of CH;OH can be attributed to its amphiphilic
character. This was recently demonstrated by Yagasaki et al. [141] in their studies of methane
hydrate dissociation in presence of thermodynamic hydrate inhibitors. We analyzed the effect of
concentration of CH3OH on the nucleation of the nanobubble in more detail. To understand the
role of CH;0H in the early nucleation of the bubble, we examined the structure of the
nanobubble formed in the CH4~CH30H-H>0 system for various numbers of CH;0H molecules.
The structure of the bubble was analyzed as explained in section 3.3.4 of chapter 3, by splitting
the simulation system into concentric spherical shells with respect to the center of the methane
nanobubble. At a given instant of time, the number of CH4, CH;OH, and H-O in each shell was
determined. This provided the number density distribution of the respective molecular species as
a function of distance from the center of the bubble at a particular instant of time. The
nanobubble formed in the solution is a highly dynamic entity, and hence, the shape and the
number density distributions of molecules in the bubble are subject to fluctuations. Thus, for an
accurate analysis, we determined the time average of the number density distribution over a time
interval of 10 ns at a frequency of 10 ps. The average number distribution thus obtained for the
CH4-CH;3;0H-H,0 system containing 100 CH4 and 160 CH30OH molecules, is given in figure 4.5.
It is clear from the figure that CH;OH molecules accumulate near the surface of the methane
nanobubble. A similar accumulation of CH3;OH molecules was also observed in the
CH4-CH;0H-H,0 systems containing 125 CH4 molecules (figure 4.5b). It can also be inferred
from the number density distribution that the hydrophobic methyl (-CH3) group of the CH;OH
molecule is directed toward the surface of the bubble, whereas the hydrophilic -OH group is
oriented toward the surrounding liquid. Figure 4.5 also compares the number density distribution
of CH;OH molecules in the CH4s-CH3;0H-H,O systems with varying number of inhibitor
molecules. It is observed that with an increase in the concentration of CH;OH in the system,

more number of CH;OH molecules accumulate at the surface of the bubble.
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To understand the reason behind the rapid nucleation of bubble in the presence of
CH:0OH, we examined the effect of CH;OH accumulated at the surface of the bubble on its
stability. The presence of CH3;OH could be reducing the surface energy of the bubble nuclei
thereby making it more stable. To confirm this, the value of surface tension at the bubble-water
interface was determined at different concentrations of CH3;OH considered using the

Young-Laplace equation. The Young-Laplace equation is given by,
2
Pg:P,+fy (4.1)

where P, and P; are the pressure inside the nanobubble and in the surrounding liquid,
respectively. R is the radius of the bubble and y is the surface tension. Equation 4.1 relates the
excess pressure inside a spherical bubble to the value of surface tension at the periphery of the
bubble.

From the number density distribution of CH4 molecules, the density of methane inside the
bubble was determined. The pressure, P,, corresponding to the density was determined through
an NVT simulation at 270 K. The number densities of CH4 and H,O become equal on moving
away from the center of the bubble (figure 4.5), and the corresponding distance from the bubble
center is defined as the radius, R, of the bubble. Substituting the value obtained for Py, in equation
4.1, and considering the value of P; to be 20 bar, the value of surface tension y was estimated.
The surface tension at the bubble-liquid interface determined for nanobubbles formed in the
CH4-CH;0H-H,O0 ternary systems containing 0.032 and 0.04 mole fractions of CH,, at different
inhibitor concentrations, is given in table 4.1. The table shows that the excess pressure inside the
bubble is significantly higher than the pressure of 20 bar in the surrounding liquid. The high
excess pressure inside nano and microbubbles is expected and is in agreement with the recent
findings of Uchida et al, [100] in which they reported the excess pressure inside methane
nanobubbles having an average radii of 300 nm in pure water as 70 + 50 bar. The nanobubbles
considered in the present study are much smaller, with radii approximately equal to 1 nm (figure
4.5). From table 4.1, it can be observed that in both CH4s-CH3;0H-H,O systems, which differ in
the concentration of CH,, the value of surface tension at the bubble-liquid interface decreases
with an increase in the accumulation of CH;OH near the bubble (figure 4.5). It is also observed
that for the same concentration of CH;OH, the methane bubbles formed in the ternary system

with 0.04 mole fraction of methane have a higher value of surface tension. This can be explained
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Table 4.1 Value of excess (Laplace) pressure inside the nanobubble and surface tension at the

bubble-liquid interface for the CH,~-CH;OH-H,0 systems with CH, concentrations of 0.032 and 0.04 mole

fractions.
X&g, =0.032 Xem, = 0.04
number of - _
CH-OH Laplace pressure |surface tension(y) | Laplace pressure |surface tension(y)
(P, — P)) (bar) (mN m™) (Py— P)) (bar) (mN m™)

40 nb* nb nb nb
80 nb nb 720.88 40.23
120 nb nb 686.23 38.17
160 735.44 38.09 674.76 38.14
200 678.16 34.95 606.76 35.42
240 667.07 33.81 595.92 34.90

2 No bubble formation

Table 4.2 Average radius of the CH4 nanobubbles formed in the CH,~CH3;OH-H,O systems containing
0.032 and 0.04 CH, mole fractions.

Xew, =0.032 Xcn, =0.04
number of CH;OH radius (nm) radius (nm)
40 nb’ pa
5 b 1.116
120 nb 1.113
160 1.039 1.131
200 1.031 1.168
240 1.017 1.171

2 No bubble formation
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based on the difference in size of the bubbles formed in each case. For the ternary system
containing higher concentration of CH4, more CH, molecules are available for bubble formation,
thereby leading to larger bubbles. The average radius of the methane nanobubble formed in
CH,-CH;0H-H,0 systems with 0.032 and 0.04 mole fractions of CH, is given in table 4.2. The
larger bubble, which has a larger surface area, will have a slightly lower number density of
CH3;0H molecules which accumulate at the bubble surface. Thus, the effect of CH30OH on
reducing the surface tension at the bubble-liquid interface is slightly lower in the ternary system
with a higher concentration of CH,. The calculated value of surface tension depends on the radii
of the bubble and hence depends on how the latter is defined. Zakharov et al. [255] performed
molecular dynamics simulations to determine the value of surface tension of pure water droplets
using the TIP4P water model. The calculated value of surface tension at 300 K was found to be
54 mN/m. It has also been reported by experimental and theoretical studies that surface tension
of the methanol-water mixture decreases with an increase in the concentration of methanol [256,
257]. This suggests that the values of surface tension obtained in the present work for the
CH,-CH3;0H-H,0 system are reasonable. The decrease in surface tension leads to a decrease in
surface energy associated with the formation of the nanobubble, making the process energetically
more favorable. Moreover, a decrease in surface tension at the bubble-liquid interface reduces

critical size of the bubble nuclei leading to early nucleation of the nanobubble.

4.3.2 Effect of Hydrate Inhibitors on Gas Evolution in the CH,-CO,-H,0 System

The CH4-CO; binary gas hydrate is formed during CH, extraction through guest gas
replacement in CH,4 hydrates with CO, [69]. The dissociation of CH4-CO, binary gas hydrate
leads to the formation of CHs-CO,-H,O ternary mixture [250]. Formation of the ternary system is
also observed during the initial stages of the replacement process during which CH, hydrates
undergo dissociation in presence of CO, injected into the hydrate sediment [69]. Thus, it is
important to understand the role of hydrate inhibitors on the evolution of dissolved gas from
CH4-CO»-H;0 ternary system. To study the effect of thermodynamic hydrate inhibitors, NaCl
and CH;0H on the formation of nanobubbles in CH4-CO,-H,0 system, we performed molecular
dynamics simulations on CH4-CO,-NaCl-H,O and CH4CO,-CH;0H-H,O systems. These
systems contained 3000 H,O molecules and 100 CO, molecules, respectively. As mentioned in

the case of pure methane hydrate melt, two different CH, concentrations, 0.032 and 0.04 mole
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fraction in water, were considered. The concentration of the thermodynamic inhibitor was varied
as was done for CH4-NaCl-H,0 and CH4,-CH3;0H-H,0 systems.

The nucleation and growth of nanobubbles in the CH,-CO,-NaCl-H,O and
CH4-CO,-CH3;0H-H,0 mixtures were examined by determining the number of CH, molecules
belonging to the bubble as a function of time. Such CH4 molecules were identified based on the
hydration number, as explained above for the CH4-H,0 mixture. For mixtures containing 0.032
mole fraction of methane, the number of methane molecules in the nanobubble as a function of
time is plotted in figure 4.6. For the mixture with 0.04 mole fraction of CH,, the results are
shown in figure 4.7. The most important observation from the figures is that the formation of
nanobubbles in the CH4,-CO,-NaCl-H,0 and CH.-CO,-CH30H-H,0 systems is promoted by the
presence of carbon dioxide. For example, nucleation of the nanobubble was absent in the
CHs-NaCl-H,O ternary system containing 100 CH,4, with 40 molecules of NaCl and occurred at
~19 ns with 80 molecules of NaCl (figure 4.1a). Whereas in the CH4-CO,-NaCl-H,0 system with
40 and 80 NaCl molecules, nucleation of the bubble was observed as early as ~3 and ~2 ns,
respectively, as illustrated in figure 4.6a.

The role of CO, as a promoter for the formation of nanobubbles is also observed in the
case of CH4-CO,-CH3;0H-H,0O mixture (figure 4.6b). In this case, the presence of CO, caused
bubble nucleation in systems with 80 and 120 CH3;0H molecules compared to the case of the
CH,-CH;0H-H,0 system with the same number of CH;OH molecules, in which bubble did not
form (figure 4.1b). Also, in the case of CH4,-CO,-CH3OH-H,O systems containing 160 and 240
CH30H molecules, the presence of CO, molecules induced the formation of the bubble at an
earlier stage. Similar to the case of the quarternary mixtures containing 0.032 mole fraction of
CH,, the enhancement of bubble nucleation by CO; is observed in the case of mixtures
containing higher concentration of CH4 (0.04 mole fraction). This is clear from the comparison
between figures 4.2 and 4.7 which shows that the induction time for bubble nucleation is reduced
due to the presence of CO..

As in the case of bubbles formed in the CH4-H,0O system with varying concentration of
the inhibitors considered, the bubbles formed in both types of quarternary systems at various
concentrations of the inhibitors are of nearly the same size in terms of the number of gas
molecules in them. This is due to the fact that the growth of the bubble is independent of the

concentration of the inhibitor, as explained in the case of the CH4-H,O system. The role of CO,in
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Figure 4.6 Number of CH, molecules in the bubble as a function of time for the (a) CH4-CO,-NaCl-H,O

and (b) CH4-CO,-CH30H-H,O systems containing 100 CH4 (0.032 mole fraction) with varying number of
NaCl and CH3;0H molecules.
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Figure 4.7 Number of CH4 molecules in the bubble as a function of time for (a) CH4-CO,-NaCl-H,O and
(b) CH4-CO,-CH30H-H,O systems containing 125 CH, (0.04 mole fraction) with varying number of
NaCl and CH3;0H molecules.
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assisting the nucleation of nanobubbles in the CH4,-CO,-NaCl-H,O and CH4-CO,-CH;0H-H,0
systems can be explained based on the interaction of the bubble with CO, molecules present in
the surrounding liquid. The average number density of CH,4, CO,, and H,O molecules as a
function of the distance from the center of the bubble for some of the quarternary systems is
shown in figure 4.8. The figure indicates that CO, molecules accumulate at the interface between
the nanobubble and the surrounding liquid. The induction of bubble formation by CO, in the
CH4-CO,-H,0 ternary system was discussed in Chapter 3 where it was shown that the presence
of CO;, molecules near the bubble-water interface enhance the stability of the bubble.

The present study indicates that, in the CHs-CO,-NaCl-H,O mixture, an increase in the
concentration of NaCl enhances the formation of small clusters of gas molecules. Once formed,
these clusters are stabilized by the accumulation of CO, molecules at the interface of the cluster
with the surrounding liquid phase. These stable clusters then grow in size by absorbing dissolved
gas molecules from the surrounding liquid. In CH4-CO,-CH;0H-H,O also, CO, molecules
accumulate around the cluster of gas molecules formed in the mixture. In this mixture, the
accumulation of CO; in addition to that of the amphiphilic CH;OH molecules around the cluster
provides additional stability to the cluster thereby enhancing the formation of nanobubbles.

The composition of the nanobubbles formed in CH4-CO,-NaCl-H,O and
CH4-CO,-CH3;0H-H,O mixtures was examined in further detail by determining the
time-averaged number density of CO, within the bubble. A distance of up to ~0.75 nm from the
center of the bubble consists of the pure gas phase, beyond which the mixing of the bubble and
liquid phase at the bubble-liquid interface begins. The time-averaged number density of CO,
within 0.75 nm for the CH.-CO»-NaCl-H,O and CHs-CO,-CH;0H-H,O mixtures containing
0.032 and 0.04 mole fractions of CHy is given in figures 4.9 and 4.10. It can be observed that in
all cases, the nanobubble contains CO; inside it in addition to CH4. The results also suggest that
the composition of the nanobubble is influenced by the concentration and type of the hydrate
inhibitor present in the mixture. The amount of CO, inside the bubble formed in
CH4-CO,-NaCl-H,O is found to be higher than that in CH4-CO,-CH30H-H,0. The density of
CO; in the bubble for systems with the highest number of inhibitor molecules shows that the
concentration of CO; in the bubble formed in the CH4,-CO»-NaCl-H,O system is about twice of
that observed for the CH4-CO,-CH30H-H,0O system. Thus, the results indicate that during the

dissociation of CH4-CO; binary gas hydrate in the presence of a thermodynamic hydrate inhibitor
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Figure 4.8 Time-averaged number density distribution of molecules as a function of distance from the

center of the CH4 bubble in the (a) CH4-CO,-NaCl-H,O system containing 100CH4 and 40 NaCl (b)

CH4-CO>-NaCl-H,O system containing 125 CH, and 40 NaCl (c) CHs-CO,-CH;0OH-H,O system
containing 100 CH, and 80 CH3;OH and (d) CH,-CO,-CH3;0H-H,0O system containing 125 CH, and 40
CHs0H molecules. All the systems contain 100 CO, and 3000 H,O molecules.
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Figure 4.9 Time averaged number density distribution of CO, molecules inside the nanobubble formed
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the approximate distance at which the mixing of the bubble(gas) and the liquid phase begins.

67



CHAPTER 4

1.25
a s 40
- m—=
w120
~ Loo- —s 160
B | 200
= w240
£ 0.75
e
2 A
= - - . .
=
= 0.50 -
E - &
-
= L /
025~ }
1 I I 1 I 1 I 1 I’ 1 I 1 !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
distance from center of the bubble (nm)
1.25
b s 40
g e 80
— 120
~ 1.00+ ]
E i - 200
£ e 240
o]
= 0.75 |
= ]
ol
- L
—_
£ 0.50 |
B N
=
= L
0.25—
L | L | " | . | re] f L : ] ] J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

distance from center of the bubble (nm)
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mixed gas nanobubbles are formed whose composition depends on the type and concentration of

the inhibitor.

4.3.3 Interaction of Nanobubbles with the Surrounding Liquid

Following the formation of the nanobubble, the stability and lifetime of the bubble would
depend on its interaction with the surrounding liquid phase. An important process affecting the
stability and lifetime of nanobubbles in a solution is disproportionation or Ostwald ripening
[258]. This process involves the growth of a bubble in the presence of a neighboring smaller
bubble through diffusion of gas molecules from smaller to the larger one. The driving force
behind this process is the difference in the Laplace pressure inside the bubbles. The higher
Laplace pressure inside the smaller bubble creates a gradient in the concentration of gas
molecules in the liquid between two bubbles, leading to the diffusion of molecules from the
smaller to the larger bubble. Thus, Ostwald ripening leads to further growth of large bubbles at
the expense of the smaller ones. The phenomenon of Ostwald ripening is therefore related to the
interaction of the bubbles with the surrounding liquid region. From number of gas molecules in
the nanobubble as a function of time (figures 4.1, 4.2, 4.6 and 4.7), it can be observed that the
number of molecules in the bubbles fluctuate with time. This indicates that a continuous
exchange of gas molecules takes place between the bubble and the surrounding liquid during
which gas molecules enter and leave the bubble.

To determine the effect of the concentration of thermodynamic inhibitors on the dynamic
behavior of the nanobubbles, we performed a quantitative analysis of the exchange of gas
molecules between the bubble and the liquid in CH4,-NaCl-H,O and CHs-CH3;OH-H,O mixtures.
Corresponding to each ith gas molecule in the system, a unit step function (i) is defined such
that f(i) = 0, when the molecule belongs to the bubble, and f(i) = 1, when the molecule is
dissolved in the liquid. Thus, when the value of f(i) changes during a time step in the simulation,
it indicates that the gas molecule passed from the nanobubble into the surrounding liquid or vice
versa. By keeping track of variations in the value of f(i) over a sufficiently long time, the number
of times a gas molecule is exchanged between the bubble and the surrounding liquid can be
determined. We determined the average number of such exchanges, N, per nanosecond between
the bubble and liquid phase by calculating (i) for all gas molecules over a simulation time of 10

ns at a frequency of every 10 ps. A schematic representation of the above analysis of gas
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exchange between the bubble and the surrounding liquid is given in figure 4.11.

The values of N, for CHs,~-NaCl-H,O and CHs-CH;0OH-H,O ternary mixtures containing
CH, at 0.032 and 0.04 mole fractions are given in table 4.3. It is observed that in all cases, an
increase in the concentration of the inhibitor reduces the exchange of CH, molecules between the
bubble and the surrounding liquid, thereby making the bubble less dynamic. It is also observed
that for a given concentration of the inhibitor, the bubble formed in the ternary mixture
containing a higher concentration of CH, is less dynamic compared to that formed in the mixture
containing a lower CH,4 concentration. The observed dependence of the dynamic behavior of the
bubble on the concentration of the inhibitor and the size of the bubble can be explained based on
on the Laplace pressure and the solubility of CH, in the liquid phase surrounding the bubble.
These two factors are the driving forces behind the exchange of gas molecules between the
bubble and the surrounding liquid. For a methane nanobubble in the pure CH4-H,O system, a
high Laplace pressure inside the bubble pushes the CH, molecules across the bubble-liquid

interface into the surrounding liquid. However, once the CH4 molecule enters the liquid phase, its

&

& gas molecule
® " gas molecule

n = number of exchange

Figure 4.11 Schematic representation of the analysis of exchange of gas molecules between a bubble and

its surrounding liquid phase.
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low solubility in water drives the molecule back into the nanobubble. For a given concentration
of CH,, a decrease in the dynamic nature of the methane nanobubble in the CHs-NaCl-H,O
ternary mixture with increasing concentration of NaCl is attributed to the effect of NaCl on the
solubility of CH,. It is known that the presence of NaCl leads to a decrease in the solubility of
CH, in water [141]. This hinders the transfer of CH, molecules from the bubble to the liquid,
thereby reducing the exchange of CH. molecules. For the CH,-NaCl-H,O ternary mixture
containing a given concentration of CHy, the lack of any apparent trend in the Laplace pressure

with increase in concentration of NaCl (table 4.4) confirms that, it is the solubility of CHswhich

Table 4.3 Average number of CH. exchanges between the bubble and the surrounding liquid in the
CH,-CH3;0H-H-0 (top) and CH4-NaCl-H,O (bottom) mixtures containing 0.032 and 0.04 mole fractions
Of CH4

Number of | x5 =0.032] o =0.04
B EOK Nexe(ns™) Nexe(ns™)

40 nb’ nb

80 nb 14.00
120 nb 13.52
160 12.97 12.01
200 12.95 9.88
240 12.57 9.79

Number of | o, =0.032| xo;, =0.04
=q Nexe(ns™) Nexe(ns™)
40 nb? 17.40
80 19.75 14.15
120 15.18 13.57
160 13.68 10.60
200 11.57 8.70

240 11.37 8.70

2 No bubble formation
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Table 4.4 Laplace pressure inside methane nanobubble formed in the CH4-NaCl-H,O mixtures containing

0.032 and 0.04 mole fractions of CH..

Xeu, =0.032 | Xy =0.04
number of NaCl
Laplace pressure | Laplace pressure
(P,-P) (bar) | (P,-P) (ba)
40 nb? 836.17
80 908.90 825.93
120 974.18 885.74
160 886.57 864.65
200 1010.63 925.10
240 983.47 930.00

? No bubble formation

decides the dynamic behavior of the bubble. Thus, at a high concentration of NaCl, the exchange
of CH, molecules between the bubble and the liquid is hindered by the low solubility of CH,in
the presence of NaCl. The increase in the dynamic nature of the nanobubble with decreasing
bubble size can be explained based on the difference in the Laplace pressure. Table 4.4 indicates
that, for a given concentration of NaCl in the CH,-NaCl-H,O system, the Laplace pressure is
higher for smaller bubble in the ternary system with a low concentration of CH, (table 4.2).
Thus, for similar CH, solubility, the exchange of CH4 molecules between the bubble and the
surrounding liquid is more predominant for small bubbles.

In the case of CH4+CH;0H-H,O mixtures, the decrease in dynamic nature of the
nanobubble with increasing concentration of CH3;0H can be correlated to the decrease in Laplace
pressure inside the bubble. It was reported that aqueous CH3;OH acts as a cosolvent for CHy4
molecules in water [141] thereby favoring the transfer of CH, from the bubble into the
surrounding liquid. However, as shown in table 4.1, Laplace pressure decreases with an increase
in the concentration of CH;OH making the bubble less dynamic in spite of the increase in
solubility of CHa. As in the case of CH4-NaCl-H,O mixture, increase in the dynamic behavior of
smaller bubbles in CH4-CH30H-H,0 mixture compared to larger ones for a given concentration

of CH3OH is due to the higher Laplace pressure inside the former (table 4.1).
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4.4 Conclusion

Classical molecular dynamics simulations were employed to study the role of
thermodynamic hydrate inhibitors, NaCl and CH;OH in the evolution of dissolved gas from a
liquid mixture resembling the gas hydrate melt. The simulations showed that an increase in the
concentration of hydrate inhibitors promotes the clustering of dissolved gas molecules leading to
the formation of nanobubbles in the methane hydrate melt. Whereas NaCl enhances the
hydrophobic interaction between dissolved CHs molecules, CH;OH due to its amphiphilic
character assists the formation of bubble by accumulating at the bubble-liquid interface. An
increase in the concentration of CH3;0OH molecules leads to greater accumulation of CH;OH at
the interface. The calculated values of surface tension at the bubble-liquid interface suggest that
the presence of CH;OH at the interface leads to a decrease in the surface tension, thereby making
the bubble more stable.

The evolution of dissolved gas in the CH4-CO,-H,O system containing hydrate inhibitors
was also examined. The simulations indicated that for a given concentration of the hydrate
inhibitor, the induction time for bubble nucleation was significantly reduced in CH4-CO,-H,O
system compared to that in the CH4-H,O system. The role of CO, in assisting the nucleation of
the nanobubble was explained based on the accumulation of CO; at the bubble-liquid interface.
The type of hydrate inhibitor was also found to influence the composition of the bubbles formed.
The bubbles formed were found to contain a mixture of CHs and CO, molecules. The
concentration of CO; in the bubble formed in the presence of NaCl was found to be more in
comparison with that formed in the presence of CH;OH.

The interaction of the nanobubbles with the surrounding liquid phase containing NaCl
and CH;OH at various concentrations was analyzed, and it was found that bubbles are highly
dynamic with frequent exchange of gas molecules between the bubble and the surrounding
liquid. The effect of size of the nanobubbles on their dynamic nature was also examined. It is
observed that an increase in the concentration of the hydrate inhibitor reduces the exchange of
gas molecules between the bubble and the surrounding liquid, thereby making the bubble less
dynamic. At a given concentration of the hydrate inhibitor, an increase in the size of the
nanobubble also reduces the dynamic behavior of the bubble. The observed dependence of the

dynamic nature of nanobubbles on the concentration of the inhibitor and bubble size is explained
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in terms of the solubility of gas molecules in the liquid phase surrounding the bubble and the

Laplace pressure inside the bubble.

74



CHAPTER 5

Chapter 5
Effect of Surface Roughness on Adsorption and Distribution of

Methane at the Water-Methane Interface

5.1 Introduction

In chapters 3 and 4, the evolution of dissolved gas during the extraction of natural gas
from hydrate sediments was discussed. Dissolved gas evolution in hydrate melts involves the
formation of bubbles whose stability is influenced by the properties of the interface between the
bubble (gas) and the surrounding liquid. Besides its role in natural gas evolution, the interface
between liquid and gas is important in several other areas such as gas hydrate nucleation and
atmospheric chemistry.

One of the most studied liquid-gas interface is the one between water and gas molecules.
The significance of this interface in hydrate formation and atmospheric chemistry was discussed
in chapter 1. The importance of water-gas interface has inspired several molecular dynamics
simulation studies aimed on understanding the structure and dynamics of this interface at a
molecular level [115, 123-128]. An important characteristic of the interface revealed by these
studies is that solute molecules get readily adsorbed on the water surface leading to the formation
of a thin film [123-127]. The observation of a minimum in the free energy when a gas molecule
is close to the surface of water confirmed the thermodynamic feasibility of the adsorption of gas
molecules on the water surface. However, when the gas molecules moves closer and comes in
contact with the liquid surface, the value of free energy increases from its minimum to reach a
maximum value [123, 126, 127]. A molecule must overcome this free energy barrier in order to
cross the water-gas interface and dissolve into the bulk liquid region. Based on the analysis of
free energy profiles for water-gas interaction, it was suggested that the dissolution of gas
molecule is a two step process [126]. In the first step, the gas molecule gets adsorbed on the
surface of water followed by the incorporation of adsorbed molecule into the bulk liquid. Recent
studies of water-methane interface proposed two contrasting descriptions of methane dissolution
at the interface [125, 127]. Ghoufi et al. suggested that water molecules play an active role in the

dissolution of methane molecules adsorbed on the water-methane interface through the
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progressive hydration of methane molecules [125]. In this process, the structure of water surface
is affected by methane molecules adsorbed on it. Murina et al. proposed a different mechanism
for the dissolution of methane molecules in which the molecular level configuration of water
surface is unaffected by the presence of adsorbed methane [127]. Here, water molecules do not
have an active role in the dissolution of methane. Instead, methane molecules dissolve by
occupying the cavities formed due to the spontaneous fluctuations in water density. The
uncertainties in the mechanism of important interfacial phenomena such as methane dissolution
arises from the lack of proper understanding of the structure of water-gas interface. One of the
crucial properties of this interface which has been neglected by earlier studies is its inherent
molecular level roughness. The importance of surface roughness in the study of water-gas
interfaces is discussed below.

In earlier molecular dynamics simulation studies [115, 127, 259] of water-methane
interface, the interface was considered as a slab of definite width bound by smooth parallel
surfaces whose positions are defined based on the average densities of water and methane
phases. However, at any instant the surface of water at the interface is significantly different
from a perfectly planar surface. The surface is rough at a molecular level with several humps and
wells arising from the presence of capillary waves [129, 260]. Thus, when the water-methane
interface is approximated as a slab, an interfacial molecule may lie on either side of the slab due
to inherent roughness of the surface (figure 5.1). At a given instant, some of the molecules
present within the slab may belong to the bulk phase instead of the interface. Similarly, all the
molecules belonging to the interface may not always be included within the slab representing the
interface. Hence, the representation of interface as a slab will introduce an error in the results
obtained from such analysis. Recent molecular dynamics simulation studies on the dissolution of
methane at the methane-water interface did not take into account the influence of molecular level
surface roughness on the interaction of gas molecules with the water surface [125-127]. The
influence of thermodynamic conditions and other factors like water-gas interaction on the
adsorption of methane at the water-methane interface are also not well studied.

In this chapter, we present results from a classical molecular dynamics simulation study
of the structure of water-methane interface. The distribution of methane molecules adsorbed at
the interface is examined and the influence of surface roughness on this distribution is analyzed.

The effect of pressure and water-gas interaction on the properties of the interface is also studied.
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5.2 Models and Methods

5.2.1 Simulation System and Simulation Method

The initial configuration of the simulation system considered in the present study consists
of a spherical water cluster containing 4000 molecules surrounded by methane molecules
enclosed in a cubic box with a dimension of 12 nm (figure 5.2). The water cluster present in the
system was prepared through an independent simulation starting with molecules dispersed in the
simulation box. During the course of the simulation, the molecules aggregate leading to the
formation of a stable spherical cluster. The spherical water cluster contains a large fraction of its
molecules near the surface making it suitable for studying the surface properties in presence of
methane. The choice of a similar spherical geometry for the molecular dynamics simulation
study of surface phenomena such as water evaporation has been reported earlier [261]. To study
the effect of pressure on the structure of water-methane interface, three different compositions of
the simulation system were considered in which the number of methane molecules is 475, 2050
and 4540, respectively. These compositions correspond to pressures of 10, 40 and 80 bar,
respectively, at a temperature of 270 K considered in the simulations. The large number of CH4
molecules in the system ensures adequate sampling for studying the adsorption and ditribution of
methane on the water surface. At the temperature applied in the simulations, water remains in the
liquid state for the model considered in the present study. Hence, the cluster of water molecules
remain stable throughout the simulation and the probability for a molecule to desorb from the
surface of the cluster is less. To ensure that a change in the curvature of the water surface does
not affect the trends in the surface properties observed in the present study, all the simulations
were repeated for a water cluster of larger radius containing 6000 molecules surrounded by
methane at densities corresponding to 10, 40 and 80 bar, respectively, at 270 K.

The water and methane molecules were modeled using the TIP4P [221] and the
OPLS-UA [238] forcefields, respectively. The Lennard-Jones parameters for interaction between
water and methane was obtained from a modified Lorentz-Bethelot combination rule [248] given
by

_Outoy,

Ton=— (5.1)

N —=

eou= X|€0€ ] (5.2)
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methane
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Figure 5.1 Schematic representation of the rough water-methane interface. The shaded region bound by

brown lines indicate the interface approximated as a slab.

Figure 5.2 The initial conformation of the simulation system containing a water cluster (H-white, O-red)

surrounded by methane molecules (cyan spheres).
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A scaling factor, x was introduced in the expression for &y, between water and the gas
molecule to examine the effect of water-gas interaction on the properties of the interface. Four
values of x (1.0, 1.1, 1.2 and 1.3) were considered corresponding to various strengths of
interaction between the gas and water molecules. The value of x=1.0 corresponds to the
interaction between water and methane. An increase in the value of x means an increase in the
strength of water-gas interaction and hence an enhancement in the solubility of the gas molecule.
The short range interactions were truncated at 1.2 nm and long range electrostatic interactions
were calculated with the particle-mesh Ewald summation method. Periodic boundary conditions
were applied in all three directions. In addition to the simulations at different values of pressure,
the effect of the strength of water-gas interaction on the properties of the interface was examined
by performing a set of four simulations at 40 bar for different values of .

The simulations were performed in the canonical (NVT) ensemble at a temperature of
270K using the program GROMACS-4.6.5 [241]. The simulations started with an energy
minimization followed by a 200 ps simulation which brought the system to an equilibrium at 270
K. This was followed by a production run for a total simulation time of 10 ns with a time step of
2 fs. The simulation time was sufficient for the methane molecules to come in equilibrium with
the surface of water. The temperature of the system was maintained by coupling it to a
Nosé-Hoover thermostat with a time constant of 0.5 ps [232, 233]. The geometry of water
molecule was maintained stable by applying the SETTLE algorithm [244]. The structural
features of the water-methane interface were studied by analyzing the last 3 ns of the 10 ns
simulations. Various properties of the interface were calculated by analyzing 3000 equally spaced

trajectory points lying within this 3 ns time window.

5.2.2 Identification of Molecules at the Surface of Water Cluster

It was mentioned in the introduction that the interface between water and a gas is rough at
a molecular level with several humps and wells present. Thus, it is incorrect to consider the water
cluster to be a sphere with a smooth surface. Due to the roughness at the surface of the cluster,
the molecules present at the surface are found at various distances from the geometric center of
the cluster. Therefore, the definition of an interfacial region based on the value of average density
is insufficient. For an accurate analysis of the interface, it is important to identify the water

molecules present at the outermost molecular layer of the water cluster. This was achieved by
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implementing an algorithm described below which is similar to the one proposed by Partay et al.
[129, 260] who reported the identification of truly interfacial molecules (ITIM) at the interface of
aqueous mixtures.

For a given conformation of the simulation system, the algorithm for identifying water
molecules present at the surface of the cluster starts by discarding those molecules which are
isolated and far away from the surface of the cluster. Water molecule that does not have any
neighbouring molecule within its first hydration shell of radius 0.33 nm is considered as isolated
and is not considered to be associated with the cluster. Following this step, a water molecule
associated with the cluster is examined to test whether it belongs to the outermost layer of the
cluster. This is done by considering a vector directed from the geometric center of cluster to the
oxygen atom of the water molecule. Then, a spherical probe is moved from the center of the
cluster along the direction of the vector. The diameter of the probe is equal to the Lennard-Jones
distance parameter ( 0, ) of the water molecule. If the water molecule considered belongs to
the outermost molecular layer of the cluster, it will be the last molecule with which the moving
probe will come in contact with. The analysis when applied to all the water molecules associated
with the cluster led to the identification of all molecules present in the outermost molecular layer
of the cluster for a given conformation. These water molecules will be referred to as 'surface

water molecules' in the following sections.

5.3 Results and Discussion
5.3.1 Effect of Methane Molecules on the Surface of the Water Cluster

Earlier reported studies about the entry of methane molecules into the water phase across
the water-methane interface were not conclusive in understanding the role of water surface in the
process [125, 127, 128]. Some of these works [125, 128] suggested that the water surface plays
an active role in the entry of methane molecules into water with the dissolution process involving
changes in the configuration of the water surface. Whereas, a more recent study [127] on the
dissolution of methane indicated that the moelcular level configuration of the water surface is
unaffected by the presence of methane molecules at the water-methane interface. Therefore, a
detailed analysis of the effect of the methane molecules on the surface of water is necessary.

Recently reported experimental studies confirmed that the presence of hydrophobic solutes
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enhance the hydrogen bonding interaction between water molecules [262, 263]. A change in
hydrogen bonding interaction between water molecules present close to a hydrophobic surface
has also been investigated [264-266]. However, the effect of hydrophobic solutes on the
molecular level roughness arising from capillary waves at the surface of water has not been
studied. To understand this, we examined the surface of the cluster in presence of methane at
various pressures around the cluster. The method applied for this analysis and the resulting
observations are explained below.

To understand the effect of pressure on the roughness of water surface, a quantitative
description of surface roughness is necessary. For this, the roughness of the spherical water
cluster surface was characterized in terms of two parameters; the frequency and amplitude [129,
260]. The frequency of roughness refers to the frequency at which the humps and wells on the
surface are present while moving on the surface. The amplitude refers to the height or depth of
these humps or wells. The values of the frequency and amplitude parameters for the rough
surface of the water cluster were determined as follows.

For a given conformation of the simulation system, the 'surface water molecules' of the
cluster were identified. Following this, the average radius ( T, ) of the cluster was calculated
as the mean of the distances from the geometric center of the cluster to the oxygen atoms of the
surface water molecules. Then, for a given pair of these water molecules, the following analysis
was performed. The separation (R) between oxygen atoms in the radial direction was calculated.
Then, a sphere of radius r,, was constructed with its center at the geometric center of the
water cluster. The positions of the pair of water molecules were projected to the surface of this
sphere and the minimum distance (S) between them on the spherical surface was calculated.
Repeating this for all pairs of surface water molecules gave the value of R as a function of S. The
analysis was performed over 3000 different conformations of the simulation system obtained
from the last 3 ns of the simulation and the results were averaged. A schematic representation of
the analysis is given in figure 5.3.

The above analysis was carried out for the simulation systems containing the water
cluster consisting of 4000 molecules surrounded by methane molecules at various pressures. The
resulting plot of R as a function of S is shown in figure 5.4. The value of R rises steeply at low

values of S and becomes steady at larger values of S. As reported by Partay et al. [129] and later
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position of surface H.O separation in radial direction (R)

# projection on average surface Irj - ril

separation on the average spherical surface (S)

—— real surface
— average surface

Figure 5.3 Scheme of analysis of the surface roughness of the water cluster
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by Darvas et al. [140] the slope of R vs S at the steep portion of the graph indicates the frequency
of surface roughness, and the steady value attained by R at large values of S gives the amplitude
of roughness. For a more accurate determination of the roughness parameters, the R vs S plots at
different pressures (figure 5.4) was fitted with the function [140, 267]

__ayS
a+yS

(5.3)
where, the values of a and y represents the amplitude and frequency parameters of surface
roughness of the spherical water cluster. The values of a and y for the surface of the smaller
water cluster surrounded by methane molecules at different pressures are given in table 5.1. The
corresponding data obtained from a similar analysis of surface roughness of the larger water
cluster containing 6000 molecules is also given in table 5.1.

From figure 5.4 and table 5.1, it is clear that the presence of methane molecules around
the water cluster influences the roughness of the water surface. With an increase in pressure of
gas around the water cluster, the amplitude of roughness is found to increase with a simultaneous
decrease in the value of the frequency parameter. This indicates that the presence of methane
molecules makes the surface of the water cluster more uneven in terms of the height and depth of
the humps and wells on the surface. However, the frequency at which these humps/wells appear
on the surface decreases with increase in the pressure of methane around the cluster. Thus, it can
be concluded from the above analysis that the presence of methane molecules around the water
cluster affects the surface roughness of the cluster and that the roughness parameters vary as a
function of pressure.

Following the roughness of the water surface, we also examined the adsorption of
methane molecules on the surface of the water cluster at various pressures. Earlier studies [115]
on the water-methane interface examined gas adsorption at the interface by dividing the system
into several slabs or slices parallel to the interface followed by determining the average number
density of methane molecules within each of these slabs. However, as explained earlier, the
interface is rough at a molecular level and hence cannot be contained within a slab of definite
width. Therefore, we examined the adsorption of methane on the surface of the water cluster by
identifying the gas molecules that are in direct contact with the 'surface water molecules' of the
cluster. The effect of hydrophobicity of a gas molecule on its adsorption on the surface was also

investigated. The analysis and the results obtained are described in the following section.
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Figure 5.4 The separation (R) between surface water molecules in the radial direction as a function of the

minimum distance (S) between them on the surface of the spherical water cluster containing 4000

molecules at different pressures.

Table 5.1 Values of roughness parameters, o (amplitude) and y (frequency) for the surface of spherical

water cluster containing 4000 and 6000 molecules surrounded by methane at different pressure.

pressure (bar)

smaller cluster

larger cluster

o (nm) 14 o (nm) Y
10 0.224 0.813 0.236 0.775
40 0.236 0.771 0.238 0.771
80 0.241 0.755 0.241 0.754
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5.3.2 Adsorption of Methane Molecules on the Water Surface

Earlier studies [125, 268] reported that hydrophobic forces [269] result in an
enhancement in the density of methane molecules at the water surface leading to the formation of
a thin film of methane at the surface. We studied the adsorption of methane on water surface in
detail and examined the effect of pressure and water-gas interaction on adsorption. At a given
instant of simulation, the gas molecules which are adsorbed on the surface of water cluster were
identified as follows.

To identify methane molecules adsorbed on water cluster at a given instant, all methane
molecules away from the cluster were discarded and only those molecules which have more than
one water molecule within a distance of 0.5 nm were considered. The methane molecules which
are adsorbed on the surface of the cluster were identified by a method similar to the one applied
to identify the 'surface water molecules' as explained in section 5.2.2. In this method, for a given
methane molecule, a spherical probe is moved along the vector pointing from the geometric
center of the spherical water cluster to the position of methane. If methane molecule considered
is adsorbed on the surface of the cluster, the probe will not come in contact with any water
molecule once it has passed through this methane. By performing this analysis for all methane
molecules near the cluster, those methane molecules which are adsorbed on the water surface
were determined. Such molecules will be referred to as 'surface methane molecules' in rest of the
discussion.

To examine the effect of pressure on methane adsorption, the surface density of methane
molecules adsorbed on the water cluster was examined. For a given conformation of the system,
the surface density of methane was obtained by dividing the number of 'surface methane
molecules' by the surface area of the water cluster. The surface area was estimated as the area of
the sphere of radius, r,, ,which is the average radius of the water cluster as defined in section
5.3.1. The value of surface density (<p>) at various pressures determined by averaging over
3000 conformations of the simulation systems containing the smaller and larger water clusters is
given in table 5.2. The results indicate that the surface density of methane molecules increases
with an increase in pressure as expected.

In addition to the effect of pressure on methane adsorption, we also examined the effect
of hydrophobicity of the gas molecule on its adsorption on the water surface. To study this, we

performed simulations at 270 K and 40 bar on four systems which differ in the hydrophobicity of
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Table 5.2 Surface density (<p>) of methane molecules adsorbed on the surface of water cluster at

different pressure.

Table 5.3 Surface density (<p>) of gas molecules adsorbed on the surface of water cluster for different

smaller cluster | larger cluster

pressure (bar) <p> (nm?) <p> (nm?)
10 0.254 0.254
40 0.958 0.949
80 1.730 1.703

hydrophobicity of the gas at 40 bar.

smaller cluster | larger cluster
X <p>(@m?) | <p> (nm?)
1.0 0.958 0.949
1.1 1.104 1.097
1.2 1.267 1.249
1.3 1.442 1.417

gas molecules surrounding the water cluster. The hydrophobicity of the gas molecule was tuned
by varying the parameter yx in equation 5.2. Lower values of x lead to weak water-gas interaction
making the gas molecule more hydrophobic. With an increase in the value of ¥, the gas molecule
becomes less hydrophobic. The average surface density (<p>) of molecules adsorbed on the
surface of the water clusters was determined for the systems with different values of x and are
listed in table 5.3. As expected, the results show that a less hydrophobic gas molecule will be
more readily adsorbed on the surface of water.

The method for determining 'surface methane molecules' as explained above identifies a
single layer of methane molecules in direct contact with the outer most layer of the water cluster.

However, the layer of methane adsorbed on the water surface is thicker and extends beyond the
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single molecular layer of 'surface methane molecules'. Thus, the film of methane adsorbed at the
water surface includes molecules which are in direct contact with the surface as well as other
methane molecules which are held near the surface by attractive water-methane non bonded
interactions. For a complete analysis of methane adsorption on the surface, both the surface
density of methane molecules in direct contact with water as well as the density of methane
molecules in a region of finite thickness above the surface must be considered.

In the following section, we present the analysis of the distribution of methane molecules
adsorbed on the surface of the cluster by considering both the 'surface methane molecules' as
well as the molecules which lie above this surface layer. The influence of molecular level

roughness of water surface on this distribution is examined in detail.

5.3.3 Distribution of Methane Molecules on the Water Surface
At molecular level, the surface of the water is rough with several humps and wells as
explained in section 5.3.1. To understand the effect of roughness on the distribution of 'surface
methane molecules’, the 'surface water molecules' which form the humps and wells were
identified. For a given conformation of the simulation system, the 'surface water molecules'
which lie at a distance greater than r,, from the geometric center of the cluster were
considered to form the humps. Whereas, the 'surface water molecules' at a distance less than
', from the center were considered to form wells on the surface. The distribution of 'surface
methane molecules' was examined by determining the fraction of these molecules adsorbed on
the humps and wells of the water surface. A 'surface methane molecule' is considered to be on the
hump, if it has more 'surface water molecules' of the humps within 0.5 nm than those of the wells
within the same distance. Whereas, the 'surface methane molecules' which has more 'surface
water molecules' of the wells within this distance are considered to be adsorbed on the wells. A
small fraction of these methane molecules has equal number of 'surface water molecules' of the
humps and wells around them. Such molecules are not considered as either belonging to the
hump or the well. The average fraction of surface methane adsorbed on the humps and wells of
the rough surface of the water clusters at different pressure is given in table 5.4.
It is clear from the table that irrespective of the size of the cluster, the methane molecules

in direct contact with the water surface prefer to be adsorbed at the humps rather than the wells.
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Table 5.4 Fraction of surface methane molecules directly adsorbed on humps and wells at the surface of

water at different pressure.

smaller cluster larger cluster
Pressure (bar) humps wells humps wells
10 0.489 0.390 0.494 0.393
40 0.506 0.378 0.508 0.379
80 0.521 0.365 0.523 0.367

Table 5.5 Fraction of gas molecules directly adsorbed on humps and wells at the surface of water for

different hydrophobicity of the gas at 40 bar.

smaller cluster larger cluster
X humps wells humps wells
1.0 0.506 0.378 0.508 0.379
1.1 0.500 0.385 0.504 0.383
B2 0.496 0.386 0.502 0.385
1.3 0.493 0.394 0.495 0.398

Thus, the distribution of these moleclues on the water cluster is not uniform and has a greater
presence at the humps compared to that at the wells. It is also observed that with an increase in
pressure the fraction of 'surface methane molecules' near the humps increases indicating an
increasingly non uniform distribution of methane on the surface. A similar analysis was
performed for the simulation systems which contain the water cluster surrounded by gas
molecules of varying hydrophobicity. The results of the analysis given in table 5.5 indicate that at
different values of y corresponding to different hydrophobicities, the distribution of gas

molecules which are in direct contact with the water surface is non uniform with greater presence
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Figure 5.5 Schematic representation of the non uniform distribution of methane molecules adsorbed on

the rough surface of the water cluster.

at the humps as observed in the above case. The results also suggest that with an increase in the
value of x (decreasing hydrophobicity), the distribution becomes slightly more uniform. A
schematic representation of the non uniform distribution of gas molecules on the rough water
surface is given in figure 5.5.

As explained above, methane molecules adsorbed on the surface of the water cluster
extend beyond the first layer, which is in direct contact with the water surface due to attractive
water-methane non bonded interactions. To understand the distribution of the adsorbed methane
molecules present beyond the first layer of methane, the following analysis was carried out.

For a given 'surface water molecule', a vector is constructed which originates from the
geometric center of the water cluster and points towards the oxygen atom of the water molecule.
Starting from a distance of 0.5 nm above the surface water oxygen, a spherical probe is moved
away from the center of the cluster along the direction of the vector. The probe which has a
radius equal to the Lennard-Jones distance parameter of methane is allowed to move until it has
covered a distance of 0.5 nm from its initial position. At a given instant of time the number of
methane molecules with which the probe comes in contact was determined. This when divided
by the volume of the region covered by the probe gives the number density of methane in the

region above the 'surface water molecule' at that instant. The number density of methane above
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the water surface thus obtained will be referred to as the 'local density' of methane in the
following discussion. The value of the 'local density' of methane was calculated by averaging
over all the 'surface water molecules' and over 3000 points in the trajectory within 7 to 10 ns of
the simulation. From this analysis, the 'local density' of methane near the humps and wells of the
rough surface of the water cluster was determined. The results obtained for the small and large
water clusters at different pressures of methane are given in table 5.6. Results from a similar

analysis for the systems at 40 bar with varying hydrophobicity of the gas are given in table 5.7.

Table 5.6 Local density of methane molecules near humps and wells at the water surface at different

pressure.

local density of CH,4 local density of CH,4
Pressure (bar) (smaller cluster) (larger cluster)
humps wells humps wells
10 0.306 0.352 0.293 0.333
40 1.344 1.527 1.294 1.456
80 2.995 3.333 2.883 3.154

Table 5.7 Local density of gas molecules near humps and wells at the water surface for different

hydrophobicity of the gas at 40 bar.

local density of gas local density of gas
. (smaller cluster) (larger cluster)
humps wells humps wells
1.0 1.344 1.527 1.294 1.456
1.1 1.352 1.563 1.304 1.489
1.2 1.365 1.609 1.308 1.525
1.3 1.369 1.638 1.309 1.554
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The results indicate that the 'local density' of methane molecules near the water surface is
influenced by the molecular level roughness of the surface. In all the simulation systems
considered, the average density of methane beyond the first layer of methane molecules that in
direct contact with the surface is higher at the region above the wells on the surface compared to
that above the humps in contrast to distribution of density observed for the surface layer. This
indicates that inspite of more availability of methane molecules above the wells of the rough
water surface, methane prefer to come in direct contact with the humps on the surface as
indicated by tables 5.4 and 5.5. Thus, it is clear that there is a preference for methane molecules
to be adsorbed directly on the humps of the water surface rather than on the wells. The reason
behind the non uniform distribution of methane near the water surface can be related to the

nature of interaction between the gas moleclue and the water surface as explained below.

5.3.4 Interaction between Methane and Water Surface

The interaction of a methane molecule with the water surface involves contributions from
both attractive and repulsive components [103]. The attractive component arises from the
non-bonded interactions between methane and the water molecules of the surface. This attractive
interaction is prominent when methane molecule is close to the water surface but not in direct
contact with it. The repulsive component of the interaction is due to the excluded volume effect
which refers to the free energy cost for the formation of a cavity in water to host a methane
molecule. The repulsive component dominates when methane molecule comes in contact with
water surface and tries to enter into the bulk water region. The 'surface methane molecules'
identified in the present study are in direct contact with the water cluster. Hence, repulsive
interaction due to the excluded volume effects will be more predominant in this case. Whereas,
the molecules near the water surface above the layer of 'surface methane molecules' are not in
direct contact with the surface and their interaction with water is dominated by the non-bonded
attractive component.

Based on the above arguments, we examined the characteristics of the 'surface water
molecules' that come in contact with a methane molecule approaching the cluster. The density of
these water molecules was analyzed in terms of the number of molecules within a given distance
around a water molecule of the surface layer. For regions of high density, each of these

molecules will have more number of neighbouring molecules within a given distance. The
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average number (<nw>) of 'surface water molecules' within a distance of 0.5 nm around a
molecule of the surface layer was determined. The values of <nw> for the molecules belonging
to the humps and wells of the rough surface of the water clusters surrounded by methane at
various pressures are given in table 5.8. The results of a similar analysis performed for the cluster

surrounded by gas molecules of varying hydrophobicity at 40 bar are shown in table 5.9.

Table 5.8 Number of surface water molecules (<nw>) within 0.5 nm around a water molecule at humps

and wells on the water surface at different pressure.

<nw> (smaller cluster) <nw> (larger cluster)

Pressuré (bat) humps wells humps wells
10 4.370 4.553 4.220 4.367

40 4.355 4.543 4.206 4.343

80 4.371 4.479 4.187 4.325

and wells on the water surface for different hydrophobicity of the gas at 40 bar.

Table 5.9 Number of surface water molecules (<nw>) within 0.5 nm around a water molecule at humps

<nw> (smaller cluster) <nw> (larger cluster)
X humps wells humps wells
1.0 4.355 4.543 4.206 4.343
1.1 4.175 4.331 4.186 4.329
1.2 4.142 4.322 4.164 4.296
1.3 4.136 4.293 4.141 4.252
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The results indicate that the 'surface water molecules' are closer to each other at the wells
than at the humps of the water surface. Thus, these molecules when present at the humps are
more free to move making a cavity in which the 'surface methane molecule' can occupy when in
contact with the water surface. Therefore, the repulsive contribution to the interaction between
methane and water surface due to the excluded volume effect will be less prominent at the humps
than at the wells. This explains the preferential adsorption of 'surface methane molecule' at the
humps of the water surface. The earlier analysis of the distribution of adsorbed gas molecules
also showed that the 'local density' of gas molecules present beyond the layer of 'surface methane
molecules' is more above the wells of the surface than that above the humps. This can be
explained based on the predominant attractive interaction of these gas molecules with the water
surface. A methane molecule above the hump of the water surface is at a greater distance from
the average surface of the water cluster compared to a methane molecule above the well. Thus,
above the wells, the gas molecule interacts with more number of water molecules of the cluster.
This leads to a higher 'local density' of methane in a region above the wells compared to that

above the humps.

5.4 Conclusion

The structure of the water-methane interface was studied at a molecular level by applying
classical molecular dynamics simulations. Simulations were performed on systems consisting of
a water cluster surrounded by methane molecules at different pressures. To understand the effect
of methane molecules on the structure of the water surface, molecules forming the outermost
layer of the cluster were identified. Analysis of the molecular level roughness of the surface
showed that an increase in the pressure of methane made the water surface more rough in terms
of the amplitude of humps and wells of the surface.

The adsorption of methane molecules and their distribution on the surface of water
cluster was examined. The results indicated that the methane molecules those are in direct
contact with the surface prefer to be adsorbed at the humps of the surface. However, the density
of adsorbed methane molecules above the layer in direct contact was found to be more near the
wells rather than that near the humps. The nonuniformity in the distribution of adsorbed methane

molecules in direct contact with the water surface and those above this layer is explained in
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terms of the interaction between water and methane. The interaction between the water surface
and methane molecules in direct contact is dominated by the repulsive component arising from
excluded volume effect. However, the interaction of adsorbed methane molecules above the
surface layer of methane is dominated by attractive non-bonded terms. The humps of the surface
have less density of water making excluded volume effect less prominent at these sites. This
causes the methane molecules which are in direct contact with the surface to be preferentially
adsorbed on the humps. However, the adsorbed methane molecules above this layer will be
closer to the average surface of the cluster when above the wells rather than on the humps. This
leads to stronger attractive non-bonded interactions between these methane molecules and water
at the wells, resulting their higher density in the region above the wells than the humps.

The results of the present study indicate a clear preference for adsorbed methane
molecules to come in contact with water surface at the humps. The methane molecules which are
in direct contact with the surface can be considered to be in an intermediate state during their
passage from the gaseous phase into the bulk liquid region. The preferential binding of these
molecules on the humps suggests that the roughness of the water surface has an important role in
the process of methane dissolution. The humps formed at the surface can act as regions of low

water density where a cavity can easily form to accommodate the methane molecule.
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Chapter 6
Adsorption and Dissolution of Methane at the Surface of the

Methanol-Water Mixture

6.1 Introduction

In chapter 5, adsorption and distribution of methane on the surface of water was studied.
Several previous experimental studies about water-methane interaction examined the solubility
of methane in water and various factors affecting the solubility [270-279]. Molecular dynamics
simulation studies on the factors affecting the solubility of methane in water have also been
reported [248, 280-283]. These studies showed that thermodynamic conditions as well as the
presence of different chemical species has a significant effect on the solubility of methane.
Among the chemical species which influence the solubility of methane, the effect of methanol on
methane dissolution is of particular significance to the natural gas industry. Methanol, which is a
widely used thermodynamic inhibitor of gas hydrate formation is reported to act as a cosolvent
for methane [141, 279 ]. Therefore, it is important to understand the effect of methanol on the
dissolution of methane. The dissolution of methane is a process that occurs at the interface
between gaseuos methane and the liquid phase. Earlier reported simulation studies of this
important interface were mainly focussed on the interaction between methane and pure water at
their interface [115, 125, 127]. Some of the recent studies of water-methane interface and the
insights they provide about methane dissolution are discussed below.

The most important characteristic of the methane-water interface is the formation of a
thin film of methane adsorbed on the surface of water [125, 127]. This was supported by the
observation of a minimum in the free energy of interaction when a methane molecule approaches
the water surface from the gas phase [125, 127]. Somasundaram et al. reported that adsorption of
gas molecules on the liquid surface is the first step in gas dissolution which is followed by the
entry of the adsorbed molecule into the bulk liquid [126]. As explained in chapter 5, two
different mechanisms for the entry of methane into water across the water-methane interface
have been reported [125, 127]. One of the mechanisms involves progressive hydration of the

methane by water molecules at the interface [125]. According to the other mechanism, CH4
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enters the liquid phase by occupying the cavities formed due to spontaneous fluctuations in water
density [127]. The latter mechanism does not involve any change in the molecular level
configuration of interfacial water.

The above mentioned studies did not consider the effect of an aqueous solute on the
dissolution of methane at water surface. As explained above, understanding the effect of aqueous
methanol on methane dissolution at the surface of methanol-water mixture is of great relevance
to the natural gas industry. Earlier reported studies on the liquid-vapor interface of the
methanol-water mixture provided molecular level insight into the structure and properties of this
interface [129-131, 133, 134, 136-140]. Experiments [133, 134, 136]] indicated an enhancement
in the concentration of methanol molecules at the surface of the mixutre which was later
supported by simulation studies [129-131, 137, 138, 140]. Simulations also showed that
interfacial methanol molecules have a strong orientational preference with its methyl group
pointing towards the vapor side of the interface [129, 131, 137, 138, 140]. Partay et al. and
Darvas et al. studied the molecular level roughness of the methanol-water liquid surface and
examined the residence time of molecules at the surface layer [129, 140]. In addition to the
structural characteristics of the liquid-vapor interface of the methanol-water mixture, studies of
its dynamic properties have also been reported. Studies of the hydrogen bond dynamics at this
interface by Paul et al. and Choudhuri et al. revealed that the relaxation of hydrogen bonds in the
interfacial region is slower than that in the bulk region of the mixture [138, 139]. It was also
showed that both water and methanol molecules at the interface have higher diffusivity compared
to that in the bulk.

The studies of the liquid-vapor interface of methanol-water mixture discussed above did
not consider the interaction of gas molecules with the interface. In this chapter, we report the
results of classical molecular dynamics simulation study on the interaction of methane with the
surface of methanol-water mixture. The effect of the structural characteristics of the interface on
adsorption and dissolution of methane is examined in detail for different compositions of the
mixture. The influence of methane on the molecular level orientation of interfacial methanol

molecules is also studied.
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6.2 Computational Methods
6.2.1 Simulations

To study the interaction of methane with the surface of methanol-water mixture, the
interface between liquid mixture and methane gas was simulated for various concentrations of
aqueous methanol. The simulation system consists of a slab of liquid mixture in contact with the
gas phase containing methane at the interface (figure 6.1). The equilibrium conformation of the
liquid slab which contains 4000 molecules was prepared by an independent simulation. The slab
which has a dimension of 4 nm along X and Y directions is then placed in an expanded
rectangular box of dimensions 4 nm x 4 nm x 20 nm. The liquid slab occupies a portion of the
simulation box along the z-axis and the remaining volume is filled with methane. Thus, the
simulation system contains a planar interface between the liquid and methane whose plane is
perpendicular to the z-axis. Three different compositions of the liquid mixture were considered
in which mole fraction of CHsOH is 0.1, 0.3 and 0.5 (table 6.1). In addition to the interface of
methane with methanol-water mixture, its interface with pure water was also studied. The
number of methane molecules in each system corresponds to a pressure of 40 bar at the
simulation temperature of 270 K. The high pressure of methane enhances its dissolution into the
liquid thereby decreasing the simulation time required to study dissolution. The number of gas
molecules varies since the volume occupied by the liquid slab increases with increasing
concentration of methanol. The initial conformation of the simulation system (figure 6.1) was
energy minimized followed by a 200 ps simulation in the NVT ensemble during which the
system attained an equilibrium temperature of 270 K. After equilibration, a production
simulation was performed for a total simulation time of 100 ns in the NVT ensemble with an
integration time step of 2 fs. During the simulation, the system was coupled to the Nose-Hoover
thermostat [232, 233] with a time constant of 0.5 ps.

The CH30H and CH4smolecules were modeled using the OPLS-UA force field [238, 252]
and water molecules were represented by the TIP4P model [221]. The cross interaction
Lennard-Jones parameters were obtained using the Lorentz-Berthelot combination rule. The
short range non-bonded interactions were truncated at 1.2 nm and particle mesh Ewald
summation method was applied to treat the long electrostatic interactions. LINCS algorithm

[243] was applied to constrain the molecular geometries and water molecules were maintained
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stable using the SETTLE algorithm [244]. Periodic boundary conditions were applied in all three

directions.

Table 6.1 Composition of the simulation systems consisting of the liquid slab and CH, molecules.

number of CH;0H number of H.O number of CH,4
0 4000 240
400 3600 225
1200 2800 207
2000 2000 192

Figure 6.1 TInitial conformation of the simulation system containing CH;OH (cyan), H,O (red-O,

white-H) and CH, (green) molecules.

6.2.2 Identification of Interfacial Solvent Molecules

The conventional method in molecular dynamics to identify the interface between two
phases is to consider it as a region of finite thickness within which the average density of the
system undergo a transition from its value in one phase to that in the other. As discussed in
section 5.2.2 of chapter 5, this method is unsuccessful in the accurate determination of interfacial
molecules due to the inherent roughness of the interface. A region of definite thickness may not

contain all the molecules which are present at the rough interface between the two phases.
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Similarly, some molecules in the bulk phase may be misidentified as belonging to the interface.
Thus, a more accurate study of the interface requires the identification of the layer of molecules
of methanol-water mixture present at the boundary of the liquid phase. The method for
identifying molecules present at a curved interface between methane and water was discussed in
section 5.2.2 of chapter 5. We followed a similar approach in identifying the solvent molecules at
the planar interface between methanol-water liquid mixture and methane which is perpendicular
to the z-axis as shown in figure 6.1. The details of this method are explained below.

The origin of z-coordinate was placed at the center of the liquid slab along the z-axis such
that the interface between methanol-water mixture and methane lie along the positive z-direction.
Following this, all the molecules of the liquid mixture with a positive z-coordinate were
identified. For a given such molecule of the liquid, a vector parallel to the z-axis was constructed
which originate from the XY plane at the center of the slab and points to the molecule
considered. The position of the water or methanol molecules were considered to be the respective
positions of their oxygen atoms. Then a spherical probe was moved along this vector whose
diameter is equal to the Lennard-Jones distance parameter of the oxygen atom of CH3;OH or H,O
considered. If the molecule considered belongs to the layer at the boundary of the liquid phase,
the probe after passing through it will not come in contact with any other molecule of the liquid.
Through this procedure, all the water and methanol molecules which belong to the surface layer
of the methanol-water liquid slab at an instant were identified. The molecules thus identified will

be referred to as 'surface solvent molecules' in the following sections.

6.3 Result and Discussion

6.3.1 Role of Surface Roughness in Methane Dissolution

Earlier studies reported that, at molecular level, the surface of a liquid is rough with
several humps and wells due to the presence of capillary waves [129, 140, 260]. We examine in
detail the effect of surface roughness on the adsorption and dissolution of methane at its interface
with methanol-water liquid mixture. The distribution of methane at the interface was analyzed by
determining its number density profile along the z-direction perpendicular to the interface. The
effect of interfacial roughness on the distribution of methane was examined by performing the

following analysis on the conformations of the systems between 90 and 100 ns of the simulation.
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For each 'surface solvent molecule', a vector parallel to the z-axis was considered which
originate from the bulk liquid region and pass through the solvent molecule considered. Along
this vector, a spherical probe was moved whose diameter is equal to the Lennard-Jones distance
parameter of CH,. The probe when moved from within the methanol-water liquid mixture to the
gas phase across the interface between the liquid and methane cover a cylindrical volume as
shown in figure 6.2. The number of CH, molecules with which the probe comes in contact when
moving through the cylindrical region was determined. For a given conformation of the
simulation system, this analysis was performed for all 'surface solvent molecules' present at the
humps and wells of the rough surface of the liquid (figure 6.2).

To classify the solvent molecules at the liquid surface as belonging to the humps and
wells, we consider an XY plane which represents the average surface of the liquid. The position
of this plane along the z-axis was determined by averaging the z-coordinates of the 'surface
solvent molecules'. A 'surface solvent molecule' is considered to be at the hump, if the distance
from the center of the liquid slab to this molecule is greater than the corresponding distance to
the average liquid surface. Similarly, the solvent molecules at the wells of the interface were
identified as the ones which are nearer than the average liquid surface to the center of the liquid

slab.

interface

N
- Y

liguid gas

. — (well

~

L
-
Ny

Figure 6.2 Movement of the spherical probe (red) across the interface (cyan) between the methanol-water

liquid mixture and methane.
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To obtain the number density profile of methane along the z-axis, the cylindrical volume
(figure 6.2) covered by the probe was divided into several smaller segments. Within each such
segment, the number of methane molecules with which the probe came in contact while passing
through the segment was determined. This, when divided by volume of the segment gave
number density of methane within that segment at an instant. By repeating this analysis over a
larger number of conformations of the simulation system, the average number density profile of
CH, along the z-direction passing through humps and wells of the liquid surface was determined.
The result of this analysis for the interface between methanol-water liquid mixture and methane
is shown- in figure 6.3 in which, the density of CH, is scaled by its value in the bulk gas phase.
The number density profile of methane for its interface with pure water is also included in the
figure.

In the density profile of methane (figure 6.3), zero on the horizontal axis represents the
position of 'surface solvent molecule' at the hump or well of the liquid surface. The distance from
the liquid surface is considered to be negative on moving towards the bulk liquid region and
positive on moving towards the gas phase. The region lying between a distance of -0.5 nm and
0.3 nm from the surface is referred to as the 'surface region' where, methane is at the surface of
methanol-water liquid mixture or just above or beneath it. The region extending from 0.3 nm to
1.5 nm is referred to as the 'local region' where methane molecules which are not in direct
contact with the liquid accumulate near its surface. The region beyond 1.5 nm above the 'surface
solvent molecule' correspond to the bulk gas phase where there is no enhancement in the density
of methane. The bulk liquid region lie at a distance beyond -0.5 nm from the ligiud surface
where the density of methane corresponds to its solubility in the liquid. A maximum in the
density of methane is observed in the 'local region' above both humps and wells on the liquid
surface. This arises from attractive non-bonded interactions between methane and the molecules
of methanol-water liquid mixture.

An important observation from the number density profile of methane (figure 6.3) is that,
in all the cases, density of methane in the 'surface region' is higher near the humps on the liquid
surface compared to that near the wells. This is in contrast to the distribution of methane in the
'local region' where its density is higher above the wells compared to that above the humps. The
larger value of density of methane at the 'surface region' near the hump indicates that there is a

higher probability for methane to enter the bulk liquid region through the humps of the surface.
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Figure 6.3 Number density profile of CH, along the z-direction for the regions corresponding to humps
(red) and wells (blue) of the surface of methanol-water mixture containing (a) 400 CH;OH and 3600 HO,
(b) 1200 CH3;OH and 2800 H,0, (c) 2000 CH30H and 2000 H,O molecules. The corresponding density
profile for the surface of pure water (d) is also shown. The number density is scaled by its value in the

bulk gas phase. The vertical line at zero corresponds to the position of the liquid surface.
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Thus, the humps on the liquid surface acts as preferred channels for methane dissolution inspite
of the lower density of methane in the 'local region' above the hump. The results suggest that
roughness of the liquid-gas interface has an important role in the entry of gas molecules into the
liquid.

To understand the distribution of methane molecules at its interface with methanol-water
liquid mixture in detail, the number density of methane at various distances from the humps and
wells of the liquid surface was examined. For a given distance from the surface of the liquid, the
difference between densities of methane corresponding to the humps and wells of the liquid
surface was calculated. The difference between corresponding densities of methane at various
distances from the humps and wells (dhump-dwen) for the systems studied is plotted in figure 6.4. As
expected from the number density profiles of methane (figure 6.3), the difference (dhump-dwen) is
close to zero at distances corresponding to the bulk liquid (< -0.5 nm) and gas (> 1.5 nm)
regions. Whereas, dnmp-dyen is positive at distances corresponding to the 'surface region' and
negative at distances corresponding to the 'local region'. It can also be observed from figure 6.4
that the value of dhmp-den changes from negative to positive at a distance of ~0.3 nm from the
liquid surface towards the gas phase. This distance is close to the value of the Lennard-Jones
distance parameter (0.3730 nm) for methane molecule. This indicates that the difference between
densities of methane, dnmy-dwen change from negative to positive starting from a distance above
the liquid surface where methane comes in direct contact with the surface. Thus, the role of
humps of the ligiud surface as preferred channels for the entry of methane molecule into the bulk
liquid may be related to the interaction of solvent with methane molecules in direct contact with
it. To examine this, we determined the average number of solvent molecules in the 'surface
region' near the humps and wells for liquid mixtures of various compositions considered. The
procedure for this is similar to that applied for determining the density profile of methane (figure
6.2). Here, the number of molecules of the liquid mixture with which the probe comes in contact
at the 'surface region' was determined. The results obtained from this analysis is shown in table
6.2 which indicate that more liquid molecules are present in the 'surface region' near the wells on
the surface in comparison to the humps. Thus, density of liquid is higher in the region near the
wells, which makes it difficult for a methane molecule to enter into the bulk liquid region
through the well. This explains the role of humps of the liquid surface as preferred channels for

the dissolution of methane.
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Figure 6.4 Difference between the number densities of methane at various distances from the humps and

wells (dnump-dwen) for methanol-water mixture containing (a) 400 CH;OH and 3600 H,0, (b) 1200 CH;OH

and 2800 H-0, (c) 2000 CH;0H and 2000 H,O molecules. The corresponding plot for the surface of pure

water (d) is also shown. The vertical line at zero corresponds to the position of liquid surface.
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Table 6.2 Average number of solvent molecules in the 'surface region' near the hump and well at the

surface of the liquid mixture containing different concentrations of methanol.

number of solvent molecules in surface region
mole fraction of CH;OH h
ump well
0 6.760 7.322
0.1 6.177 6.827
0.3 5.310 5.868
0.5 4.760 5.108

Considering the role of surface roughness in the dissolution of gas molecule at the surface
of methanol-water mixture, we examined the effect of methanol on the molecular level
roughness of the liquid surface. A quantitative estimate of surface roughness was made in terms
of the amplitude () and frequency (y) of roughness as explained in section 5.3.1 of chapter 5.
Amplitude of roughness refers to the height and depth of the humps and wells, respectively, of
the surface. The frequency of roughness indicates the closeness of the humps or wells present on
the liquid surface. The values of roughness parameters for the liquid mixtures of varying
composition was determined from the following analysis as proposed by Partay et al. [129, 140,
260].

For a pair of 'surface solvent molecules', the separation (R) between them in the direction
normal to XY plane representing the average surface of the liquid mixture was determined. The
lateral separation (S) between the two molecules on the average surface was also calculated. By
repeating this procedure over all pairs of 'surface solvent molecules' and over a large number of
conformations of the system, the value of R corresponding to various values of S was obtained.
The R versus S plots for the surface of liquid mixtures of varying composition considered in the
present study are shown in figure 6.5. The figure indicates that the value of R increases almost
linearly for small values of S and that the graph becomes flat at larger values of S. The slope of
the linear portion gives a measure of frequency (y) of roughness and the value attained by R at
larger values of S represents the amplitude (a) of surface roughness. The values of roughness
parameters were obtained by fitting the function [140, 267],

_ays

= 6.1
a+yS (6.1)
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to the R versus S data. The values of a and frequency y thus obtained for the liquid mixtures of
varying composition considered are given in table 6.3. The results indicate that with an increase
in the concentration of methanol, the surface of the liquid becomes increasingly rough in terms
of both frequency and amplitude.

The number density profile (figure 6.3) of methane along the direction normal to its
interface with the methanol-water liquid mixture indicates that there is higher probability for
methane molecules to enter into the bulk liquid through the humps of the surface. The above
analysis of the molecular level roughness of the liquid surface shows that as the concentration of
methanol in the liquid-increases, the humps and wells of the surface becomes larger in terms of
their height or depth. It is also observed that the humps and wells at the surface becomes closer
to each other as the liquid mixture becomes rich in methanol. These results suggest that the larger
humps at the surface of methanol rich liquid mixture can facilitate the transfer of methane
molecules across the interface between the gas and liquid. Thus, a greater roughness at the
surface of methanol-water liquid mixture containing high concentrations of methanol can be
considered as a factor which affects the dissolution of methane into the liquid. This can lead to a
larger number of CH, molecules crossing the liquid-methane interface within a given time in the
case of methanol-water liquid mixture containing high concentration of methanol. Thus, due to
the roughness at the liquid-methane interface, the distribution of methane molecules between the
gas and the liquid phases can reach its equilibrium within a shorter time. For the present
simulations, the average number density of methane at various distances from the center of the
liquid slab along the direction normal to the interface is plotted in figure 6.6. The figure indicates
a greater number density of methane in the bulk liquid at high concentrations of methanol. The
maximum in the density of CH4 adsorbed on the liquid surface shifts to larger distances as the
volume of the liquid mixture increases with an increase in the concentration of methanol.

The number density profile of methane (figure 6.3) also showed that the density of
methane in the 'local region' above the liquid surface is higher above the wells in comparison
with the humps. This can be explained in terms of the non-bonded attractive interaction between
the liquid molecules and the methane molecules present in the 'local region' above the surface.
The potential energy of interaction between molecules of the methanol-water liquid mixture and
the methane molecules in 'local region' above the humps and wells of the liquid surface was

calculated. For a given such methane molecule, the potential energy of this interaction is given
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Figure 6.5 Separation between surface solvent molecules in the direction normal (R) to the interface
plotted against the lateral separation (S) between them on the average surface of the methanol-water

mixture containing different mole fractions of methanol.

Table 6.3 Values of amplitude («) and frequency (y) of surface roughness of the methanol-water mixture

containing different mole fractions of methanol.

mole fraction of amplitude (a) (nm) frequency (y)
CH;0OH
0 0.218 0.847
0.1 0.249 0.926
0.3 0.292 1.032
0.5 0.320 1.097
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Figure 6.6. Number density profiles of methane in the direction normal to its interface with
methanol-water mixture for various mole fractions of methanol. The distance is measured from the center

of the liquid slab along the z-axis normal to the interface.
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Table 6.4 Difference between potential energy of interaction per CH, in the 'local region' above humps
(<PEwmy>) and wells (<PE,.;>) of the surface of the methanol-water mixture for different concentrations

of methanol.

mole fraction of CH;OH | <PEp,> - <PE,;> (kJ mol™)
0 1.000
0.1 1.177
0.3 1.308
0.5 1.450

by the sum of the pair interaction Lennard-Jones terms between methane and molecules of the
liquid lying within a cutoff distance of 1.2 nm applied in the simulations. The difference between
average potential energy of interaction per methane molecule present above the humps
(<PEhmy>) and wells (<PE,.;>) of the liquid surface is given in table 6.4.

The results indicate that the potential energy of interaction between methane and the
molecules of the methanol-water mixture is more negative when methane is present in the 'local
region' above the wells than the humps of the surface. It is also observed that the difference
between potential energies for the regions above the humps and wells increases with an increase
in concentration of methanol. These observations can be explained based on the larger amplitude
of humps and wells at the surface of the methanol rich liquid mixture. An increase in the height
of the hump means that methane molecules within the 'local region' above the hump will in
general be farther from the average surface of the liquid. This leads to weaker interaction
between solvent moleclues and methane above the humps resulting in the lower density of

methane in the 'local region' above the hump compared to the wells (figure 6.3).

6.3.2 Effect of Methane on the Orientation of Interfacial Methanol Molecules

Earlier reported studies of the methanol-water liquid mixture showed that methanol
molecules at the surface of the liquid prefer to have their methyl group pointing towards the gas
phase with the O-CH; bond perpendicular to the average plane representing the liquid surface

[129, 131, 140]. It was also reported that the surface of the methanol-water mixture is nearly
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saturated with methanol even for low concentrations of methanol in the mixture [129-140]. We
examined the orientation of methanol molecules in the first molecular layer at the interface
between the methanol-water mixture and methane. Methanol molecules at the interface interact
with methane molecules in the gas phase when they come near the liquid surface. To understand
the effect of methane on the orientation of interfacial methanol molecules, we identified those
methanol molecules at the surface which has atleast one methane molecule within the distance
(0.59 nm) corresponding to the first minimum in the CH4,~CH3;0H pair distribution function. The
orientation of these interfacial methanol molecules was examined by determining the probability
distribution of the cosine of angle (¢) made by the O-CH; bond of methanol with the vector
which is normal to the average planar surface of the liquid mixture and points towards the gas
phase. Similarly, the probability distribution of cos(¢) was determined for interfacial methanol
molecules which does not have any methane molecule near them. The result of this analysis for
the methanol-water mixtures containing different mole fractions of methanol is shown in figure
6.7.

It can be observed from the figure that the probability is highest for orientations of the
O-CH; bond corresponding to value of cos(¢) close to unity. This indicates that interfacial
methanol molecules of the liquid mixture have a high probability to have its -CH; group oriented
towards the gas phase. It is also revealed that the probability distribution of orientations of
methanol molecules at the interface is affected by the presence of methane near the liquid
surface. The probability for an interfacial methanol molecule to have its -CH3z group oriented
towards the gas phase is higher if the molecule has methane near it. The effect of methane on the
orientation of interfacial methanol molecules of the methanol-water mixture can be attributed to
the interaction between methane and hydrophobic methyl group of methanol. As a methane
molecule approaches the liquid surface, it forms non-covalent interactions with the methyl group

of methanol thereby enhancing its tendency to be oriented towards the gas phase.

6.4 Conclusions

Classical molecular dynamics simulations were performed to study the adsorption and
dissolution of methane at the surface of the methanol-water liquid mixture. The number density

profile of methane along the direction normal to its interface with the liquid mixture showed that
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Figure 6.7 Probability distribution of the cosine of the angle (¢) between the O-CH; bond of the methanol
and the vector normal to the XY plane representing the average surface of the liquid mixture containing

(a) 400 CH;OH and 3600 H.,0, (b) 1200 CH:;OH and 2800 H.O and (c) 2000 CH;OH and 2000 H,O.
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a methane molecule is more likely to enter the bulk liquid through the humps of the liquid
surface which is rough at a molecular level. Analysis of the density of the liquid mixture near the
surface indicated that density is lower at the region below humps compared to the wells. The
lower liquid density in the surface region below the hump makes the dissolution of methane
molecules easier through the humps.

Examining the effect of composition of the liquid mixture on its surface showed that an
increase in concentration of methanol made the liquid surface more rough. The larger humps and
wells at the surface of methanol rich mixture can assist the dissolution of methane through the
humps which act as preferred channels for the entry of methane molecule into the bulk liquid.
Thus, an increase in the surface roughness of methanol-water liquid mixture induced by
methanol can lead to greater number of methane molecules crossing the interface between
methane and the methanol rich liquid mixture within a given time.

The dependence of the distribution of methane adsorbed above the surface of
methanol-water mixture on surface roughness was analyzed and it was observed that the
distribution is non uniform with higher density of methane above the wells than the humps of the
surface. The non-uniform distribution of adsorbed methane was found to be related to the
potential energy of its interaction with the molecules of the liquid mixture. The methane
molecules adsorbed above the humps are farther from the average surface of the liquid and
therefore interact weakly with liquid molecules compared to those adsorbed above the wells.

The effect of methane on the orientation of interfacial methanol molecules of the
methanol-water mixture was also examined. The results indicate that the presence of methane
enhanced the tendency of interfacial methanol molecules to be oriented with its methyl group

pointing towards the gas phase.
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Chapter 7

Conclusions and Future Scope

The aim of the thesis was to apply molecular dynamics simulations to improve the
understanding of two important physical systems which are of significance to energy and
environment. The first class of system studied was the aqueous solution of hydrate forming gases
in water at high concentration which resemble the liquid phase formed during hydrate
decomposition.

The CH4-CO,-H>0 ternary mixture is known to be formed during extraction of methane
from hydrate sediments by the replacement method. The evolution of dissolved gas from this
ternary mixture was investigated. The study showed that the presence of CO; significantly affects
the evolution of dissolved gas molecules by enhancing the formation of nanobubbles. The
bubbles formed were found to be of the mixed type containing both CH,and CO, molecules in it.
The role of CO, in enhancing the formation of nanobubbles was examined. For this, the
distribution of gas molecules in the bubble was analyzed which showed that CO, molecules
accumulate at the interface between the bubble and the surrounding liquid. The CO, molecules
present at the interface formed energetically favorable interactions through direct contact with
the CH, molecules. In addition to this, CO, was also observed to reduce surface tension at the
interface thereby enhancing the stability of the nanobubble formed. These factors lead to
enhanced bubble nucleation in CHs-CO,-H,O system at high concetrations of CO,. Finally, the
state of CHy inside the nanobubble was examined which showed that at the conditions applied,
methane exist in the supercritical state inside the bubble. Further analysis of the properties of
supercritical methane, showed that it forms a repulsive mixture with CO, which may have a role
in limiting the entry of CO, molecules into the interior of the bubble.

An imoportant technique applied in the extraction of natural gas from hydrate sediments
involves the injection of thermodynamic hydrate inhibitors into the sediment. The inhibitor
induces the dissociation of the hydrate structure leading to the formation of a hydrate melt. To
understand the effect of hydrate inhibitors on the evolution of natural gas from the hydrate melt,
simulations were performed on the CHs;-H,O and CH4CO,-H,O systems containing

themodynamic hydrate inhibitors. The role of two commonly used hydrate inhibitors, NaCl and
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CH30H were considered in the study. An increase in the concentration of these inhibitors were
found to promote the formation of nanobubbles in the CH4-H,O system. The presence of NaCl
was found to assist nanobubble formation by enhancing hydrophobic interactions between the
dissolved gas molecules leading to their aggregation. Whereas, the role of CH;0H as a promoter
for nanobubble nucleation is attributed to its amphiphilic nature. On examining the structure of
the nanobubble formed in presence of CHs;OH, it was observed that CH;OH molecules
accumulate at the surface of the bubble with its methyl group oriented towards the bubble. The
precence of CH3;OH at the bubble-liquid interface was found to reduce the excess pressure inside
the bubble as well as the value of surface tension at the interface. This makes the nucleation of
nanobubbles energetically favorable in solutions where CH3;OH is present at high concentrations.
The study of the evolution of dissolved gas in presence of NaCl and CH;OH was extended to the
case of systems containing both CH4 and CO, dissolved in it. It is observed that for a given
concentration of the inhibitor, the presence of CO; lead to significant reduction in the induction
time preceding bubble nucleation. The role of CO, in enhancing bubble nucleation was explained
in terms of the distribution of molecules in the bubble. It was observed that CO, molecules
accumulate at the surface of bubble thereby enhancing its stability. In addition to the effect of
NaCl and CH;OH on the formation and stability of nanobubbles, the role of these inhibitors in
influencing the properties of the bubbles formed was examined. It was observed that
nanobubbles interact with the surrounding liquid through a continuous exchange of gas
molecules between the bubble and the liquid. Both type of inhibitors considered in the study
were found to reduce this gas exchange thereby making the bubble less dynamic in nature. The
effect of inhibitor molecules on the exchange of gas molecules between the bubble and the
surrounding liquid was explained based on the excess pressure inside the bubble and the
solubility of gas molecules in the surrounding liquid phase.

The second type of system studied in the thesis is the interface between methane and
water which is of significance to gas hydrates and atmospheric chemistry. Classical molecular
dynamics simulations were carried out to study the structure of the methane-water interface. A
quantitative analysis of the molecular level roughness of the surface of water was performed. The
results indicated that an increase in the pressure of methane lead to an increase in the roughness
of the water surface in terms of the height and depth of the humps and wells on the surface. The

effect of pressure and the strength of water-gas interaction on the surface adsorption of gas was
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studied. It was observed that an increase in pressure and stronger gas-water interaction lead to
enhanced adsorption of the gas on water surface. The effect of molecular level roughness of the
surface on the adsorption of methane was examined. It is revealed that surface roughness
influences the distribution of methane adsorbed on the surface. The methane molecules which
are in direct contact with the water surface were found to be preferentially adsorbed on the
humps of the surface. In contrast, the density of methane adsorbed above the surface molecular
layer of methane was found to be higher above the wells than above the humps. The results
indicated a clear preference for methane to come in contact with the water surface at the humps.
The non uniform distribution of methane over the water surface is explained in terms of the
repuslive and attractive components of the methane-water interaction. The attractive component
which arises from non-covalent water-gas interaction is dominant in the case of methane
molecules above the surface molecular layer of methane. For the methane molecules in direct
contact with water, methane-water interaction is dominated by the repulsive component arising
from excluded volume effects. The density of water at the humps on the surface is found to be
lower than that at the wells which reduces the excluded volume effect at the hump. This leads to
a greater fraction of methane molecules in direct contact with water surface to be adsorbed on the
humps. The interaction between water and methane above the surface molecular layer of
methane is weaker for the region above the humps than that above the wells. This explains the
lower density of methane in the region slightly above the humps on the surface.

Several thermodynamic and chemical factors are known to influence the solubility of
methane in water. One of the most important chemical species that affects the solubility of
methane is methanol. Methanol is the simplest amphiphilic molecule and is also known to act as
a cosolvent for methane in water. The effect of methanol on the dissolution of methane at its
interface with the methanol-water liquid mixture was examined through molecular dynamics
simulations. The average number density profile of methane along the direction normal to the
interface was determined which showed that methane molecules prefer to enter the bulk liquid
through the humps on the liquid surface which is rough at a molecular level. The role of humps
as preferred channels for methane dissolution is explained based on the density of the solvent at
the surface region. Solvent density is found to be lower in the region below the hump thereby
facilitating the entry of methane into the bulk liquid through the hump. The effect of methanol on

the structure of the liquid surface was examined and it is shown that the surface becomes more
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rough with an increase in the concentration of methanol. The humps on the surface of methanol
rich liquid mixture are larger in amplitude and can facilitate the dissolution of methane by acting
as channels for the entry of methane into the liquid. This can lead to a larger number of CH,4
molecules entering across the interface within a given time into the bulk liquid region of the
methanol rich mixture. Methanol molecules at the surface of the methanol-water liquid are
known to have a tendency to have their methyl group oriented towards the gas phase. The effect
of methane on the orientation of methanol moleclues at the surface of the methanol-water liquid
mixture was examined. It is observed that the presence of methane near a methanol molecule
increases the tendency of surface methanol molecules to orient their methyl group towards the
vapor phase.

The studies about the evolution of dissolved gas from the liquid phase formed during
hydrate dissociation showed that nanobubbles are formed in the liquid. The formation of
nanobubbles is more rapid in the CH4-CO,-H,0O mixture which is formed during the replacement
of CH, in its hydrate by CO,. The formation of nanobubbles during the replacement process can
have significant role in the kinetics of replacement. The nanobubbles capture CO, molecules
from the liquid thereby reducing their availability for hydrate formation. Further studies are
necessary to understand the role of nanobubbles in the replacement mechanism. The study must
include long scale simulations of the replacement process and analysis should take into account
the properties of the liquid phase formed from hydrate decomposition during the replacement
process.

Simulation studies of the water-methane interface provided insight into the effect of
surface properties on the adsorption of methane. The effect of aqueous methanol on the
properties of the liquid surface was also studied. The study considered the interaction of a single
gas species with the surface. The study can be extended to consider the interaction of a mixture
of gases with the liquid surface. Understanding the interaction of different gas species with the

liquid surface can assist the development of methods for gas separation.
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