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CHAPTER 1
INTRODUCTION

The interface plays an important role in almost all fields of science including
chemistry, physics, and engineering. In the field of surface chemistry, the physical and
chemical phenomena are mainly studied at the interface. The interface is that region or
boundary where two phases meet. The interface is very important in physical and chemical
processes, as the atoms or molecules forming the surface or interface have different
properties than those in the bulk due to different environment for both. The interfacial effect
results in various applications like electro-catalysis, photo-catalysis, surface engineering,
charge transfer, semiconductors, polymerization, bio-interface and many other critical
processes.

In pharmaceutical industry, the drug has to pass through the interface for its
pharmacological effect. The amount of dosage depends upon the way drug interacts with
interface. The physical properties of composite material also depend upon the interface
fractional volume. The stability and performance of solar cells can also be improved by

understanding of different interfaces.
Different types of interfaces are:

i.. Liquid — Gas interface

ii.  -Liquid - Liquid interface
iii.  Solid — Liquid interface
iv.  Solid — Gas interface

There is no interface between gases due to complete miscibility. The surface
molecules of a liquid have higher energy than the molecules in the bulk. The bulk molecules
have a similar kind of attraction from all the sides whereas the surface molecules have an
absence of the neighboring molecules above them. This unbalanced force on the surface
molecules gives rise to tension to the atoms known as surface tension. The other gas atoms or

molecules attract towards the surface due to this unbalanced forces.



The process of accumulation of gas molecules at the surface of the liquid is termed as
adsorption. The molecules which are adsorbed at the surface are called adsorbate and the
surface at which molecules are adsorbed called adsorbent. In adsorption, the gas molecules
are first adsorbed at the surface and then by overcoming the surface tension, these molecules
are uniformly distributed in the bulk liquid.[1-5] The reverse process of adsorption, i.e
removal of adsorbed molecules or atoms is known as desorption. In present work liquid gas
interface is study due to its importance in the field of industry, biology, and atmospheric
chemistry. During respiration the oxygen and carbon dioxide molecules from blood stream
gets breathe in and out. In atmospheric chemistry, carbon dioxide gets dissolve in sea water
resulting decrease of pH. The study of the interfacial phenomenon has a variety of
application in petroleum industries including the separation of a mixture of hydrophilic solute
molecules.[6] The interfacial phenomenon has an indirect application for gas hydrates in

natural gas industries.
1.1 Literature survey

A molecular level understanding of the surface is important to understand the
processes happening at the surface and this can be obtained by molecular dynamics
simulation studies. The studies on the interface between water and gas molecules reported
earlier[5,7,8] considered the surface as a slab neglecting the roughness of the interface.[3-5]
The recent studies conducted on the water-methane interface by Sujith et al. considered the
role of surface roughness. In a real system, the interface is not a planar surface instead it is a
rough surface with several humps and wells.[9,10] The problem with the studies considering
interface as a planar surface is that the molecules at the interface may be from the bulk phase
or from the gas phase. Hence, the results reported while considering interface as planar
surface are erroneous. In the present study, CO, gas is adsorbed on the surface of the water-
methanol mixture. The interface also takes an important role in the formation of gas
hydrates.[11-18] CO; is selected due to its important role in the extraction of CH, by a
replacement mechanism using CO,.[19-25] In this method, the CO, gas molecule in the
gaseous or liquid form is injected to hydrate sediment. In liquid slab, methanol a hydrate

inhibitor[26] is used with water.



The best feature of this replacement technique is sequestration of CO, gas that makes
this technique environmental friendly as compared to other techniques of extraction of CH,.
Another advantage of this technique is CO, hydrate formation is an exothermic process and
the heat released is sufficient for dissociation of CH, hydrate.[27] During the extraction
process of gas hydrate, the surface dissociation takes place by various techniques including
thermal stimulation, depressurization and inhibitor injection.[28-42] In contrast to the
alternative extraction technique, the formation of CO;, gas hydrate during the replacement
method ensures the stability of the ocean sediment. The low temperature studies on gas
hydrates suggested that CH,4 hydrate are thermodynamically less stable compared to CO,
hydrate.[43] The molecular dynamic simulation studies supported the substitution of CH,4

molecules with CO; gas molecules inside the water cages[44,45].

In the present work, an algorithm similar to the algorithm suggested by Pértay et
al.[46,47] and used earlier by Sujith et al.[9,10] is implemented to find the truly interfacial
surface. To find the solvent molecules at the interface, a probe in the z-direction is moved as
reported earlier.[9,10] By applying this method, all of the water-methanol molecules at the

interface are identified.
1.2 Interfacial structure and dynamics: (Liquid-Gas)

The interfacial phenomenon like the dissolution of gas and formation of hydrate
cannot be inferred without a deep understanding of the dynamic structure of the interface
between liquid and gas.[48] The interface between liquid and gas plays a key role in the
adsorption and dissolution of gases and is very important in the fundamental and application
points of view. Among those gases, the interaction of methane and carbon dioxide with water
is of utmost importance in gas hydrate nucleation, ultimately significant in atmospheric
chemistry.[49] Earlier studies were focused solely on the interactions of gas molecules with
pure water.[8] However, considering the role of methanol as a gas hydrate inhibitor, it is very
important to study the interactions in the presence of a co-solvent such as methanol.[50]
Experimental studies on the solubility of carbon dioxide (CO,) in water-methanol mixture
revealed that the solubility of the gases increases either by adding methanol in excess or by

decreasing the temperature.[51]



There are two types of mechanisms reported in the literature on the dissolution of
gases. In the first mechanism, the gas molecules enter into the bulk water with progressive
hydration by the surface water molecules.[3] In the latter, gas molecules cross the liquid-gas
interface by forming the cavities arising due to the density fluctuations in water.[5] However,
the above mechanisms on the dissolution of gases through the interface into the bulk of water
do not consider the effect of co-solvent at the liquid-gas interface. Although there are some
studies available about the dissolution of methane in water both in the presence and absence
of a co-solvent, not much is known about the dissolution of carbon dioxide; the gas that leads
to global warming.[10] Considering the fact that experimental studies are difficult to perform
to get insight at the molecular level, the present work based on molecular dynamic simulation

is an attempt on the same.
1.3 Objectives of the Dissertation

The objective of the dissertation is to study the interfacial phenomenon of the
interaction of gases like CO, and CH,4 with a liquid surface that is vital for understanding gas
dissolution and hydrate nucleation. Some studies are reported on the structure and dynamics
of water—gas interaction.[7] Still, the understanding of the interaction of gas molecules at the
water-gas interface is inadequate to explain the processes like gas adsorption and dissolution.
The goal of the dissertation is to study the interface between water and carbon dioxide gas
especially the effect of methanol on the surface roughness of water-carbon dioxide system at

the molecular level which was not reported in earlier studies.

In this study, the number density distribution of CO, molecules at humps and wells is
studied with various concentration of methanol in water. The dissertation also aims on the
understanding of the interface at the molecular level for the water-methanol mixture.
Methanol is amphiphilic in nature which affects the characteristic properties of the water-
methanol surface.[52-55] The interaction of a mixture of CO, and CH,; on the water-
methanol mixture is also studied. The competitive nature of CO, while adsorption and
dissolution on the water-methanol surface instead of CH, is also analyzed in the present

work.



1.4 Organization of Dissertation

An introduction about surfaces and a brief literature review of earlier studies on the
interface, particularly the molecular level studies of the water-methanol mixture is

summarized in Chapter-I.

In Chapter-11 details about various models and theoretical aspects of computational methods
used for the present study are given.

Chapter-111 reports the density distribution of carbon dioxide at humps and wells
corresponding to different fractions of methanol in water. The effect of methanol on
interfacial surface tension and kinetic energy of the CO, at interface is examined. The effect
of the gas hydrate inhibitor methanol on the surface roughness of the interface is presented.
The difference between the number density of humps and wells is analyzed. The simulations
are performed to determine the effect of CH, on the adsorption of CO,. The effect of non-
bonded interactions between Cco,-Cch,, CcH,-On,0, Cco,- Om,0, Cehi-Hr,o and Cco,-Hr,0 0n the
adsorption of carbon dioxide and methane mixture is studied. The entry of gas molecules
from the interface and the effect of pressure is also examined for the mixture of CO, and CHy4

gases.

Chapter-1V concludes the important analysis of the present study and the future scope.



CHAPTER 2
COMPUTATIONAL METHODOLOGY

The present work aims on the investigation of the interfacial surface between water
and gas molecules. To understand the structure and dynamics of the water-gas interface at
molecular-level, molecular dynamics (MD) simulations are used in several studies.[4,5,56]
Hence, molecular dynamics (MD) simulation techniques are employed in this study. A brief
introduction to molecular dynamics and an outline of molecular models and various steps

involved in the simulations are discussed below.

2.1 Molecular Dynamic Simulation

The development of technology leads to digitalization whether it is a day to day life
activities or any kind of research. The development of research leads to use of fields like
computational studies, complex algorithms, and various techniques. The computational
techniques like molecular dynamic simulations made possible to study protein structures,
physical and chemical properties of nanomaterial at the molecular level with respect to time.
The position and velocity of molecules with respect to time is updated and to do so a deep
knowledge about the interaction of forces on each atom and molecule during simulation steps
is very important. On the basis of the force field calculation, the molecular dynamics
technique is divided into two categories viz (i) classical molecular dynamics [57] and ( ii )

ab initio molecular dynamics (AIMD).[58]

In ab initio molecular dynamic techniques, the quantum mechanics concepts are used
for force field calculation whereas in classical molecular technique Newtonian equations of
motion and empirical potential equations are used for force field calculation. The ab initio
molecular dynamics technique generates accurate forces at small time step but the issue is
higher computational simulation cost and limitation of the number of atoms that can be used

in the simulation.

In classical molecular dynamics (MD) simulation, the computational expense is less
and the force field calculation associated with this technique guaranteed accurate quantum

mechanical results for the simulation containing a large number of atoms.



The advantages like lesser computational cost, generating accurate force field and
applicability to a large number of atoms made classical MD simulation to be our choice for
the present study. MD simulation mimics the real system and helps to understand the
molecular level details. Additionally, computer simulation is a good tool to replicate
experimental results. The potential energy and various bonded and non-bonded interaction to

atom and molecules at any instant are discussed below.
2.2 Empirical Force Field

The important step during simulation is to calculate a force field. The force field

consists of two types of interaction energies, bonded and non-bonded.
2.2.1 Bonded Interaction

The bonded atoms include four types of interaction potential: stretching, bending,
improper dihedral and proper dihedral. The interaction potential energy (V) consisting of
bonds and angles are depicted by harmonic potential functions.

(a) Potential energy function

The bond stretching potential energy function (V) is given by

L;r:' = %ksrr (T = Tﬂj: 2.1

Where kg is stretching force constant and (r-ro) is the change in equilibrium bond length.

(b) Angle bending potential energy

The angle bending potential energy (Vpend) iS given by

If’band . %kbsnu‘ (E B ED:I: 2.2

Where Kpeng is the bending force constant and (€ — &, ) is the deviation from the equilibrium

bond angle.



(c) Improper dihedral potential energy

The improper dihedral potential energy (Vimp) is given by
=$k- (0 — w,)? 2.3

imp

|

imp

Where Kimp is force constant and (« — w,) is a change in optimal angle value.

(d) Proper dihedral potential energy

The proper potential energy (Vpro) IS given by
1
Wora — Ekwocos(n@ —@,) 24

Where Ky, is rotational force constant, n corresponds to periodicity and the optimal value of

the dihedral angle is represented as @o.

2.2.2 Non-Bonded Interaction

The bonded interactions between covalently bonded atoms or molecules are discussed
above. Other than bonded interactions, there are interactions between non-covalently bonded
atoms or molecules known as non-bonded interaction. This non-covalent interaction potential

includes Lennard-Jones (L-J) potential and Coulombic potential.

(a) Lennard-Jones (L-J) potential

The van der-Waals interaction between non-charged atoms is accounted for the
Lennard-Jones potential energy function. The van der Waals interaction at an infinite
interatomic distance (r) is zero. As the interatomic distance (r) decreases, the energy
decreases and passes through minimum energy. On further decrease of interatomic distance
(r), the energy goes up. The Lennard-Jones potential is defined as

V= 4.9[(%)12 . (5)5] 25

L

Where £ and o are L-J parameters. o is van der waals diameter and = is the well depth.

In the above L-J potential function, the repulsive term, r*? will be dominating at a small
distance else the second term r® of L-J potential will be dominating which accounts for the

attractive interactions.



(b) Coulombic Interactions

The interaction between charged ions or molecules is known as electrostatic or

columbic interaction. The coulombic interactions V. is expressed as

v, == 2.6

$TEL Ty
The columbic interactions are directly proportional to partial charges g4 and g, and inversely

proportional to , and ry,, the dielectric constant and interatomic distance respectively.

The bonded and non-bonded interactions are considered in the force field used for the
simulation. In the present study on the effect of roughness of the interface on the dissolution
of gas molecules, water, carbon dioxide, and methanol molecules were represented by
TIP4P[59], EPMZ2[60] and OPLS-UA[61,62] models, respectively. In this study, the force
fields employed is OPLS.[63] As earlier studies reported[64] with this force field showed

accurate results and compatibility of the above models.
2.3 Leap-Frog Algorithm

Integrating Newton’s equation of motion are used for simulations starting with initial
conditions. To know detailed dynamics such as motion of atoms in classical molecular
dynamics the algorithm called “leapfrog” is used. In the leap-frog algorithm, the position and
velocity leap over each other with the evolution of time. In the leap-frog algorithm, the
position is calculated at constant time interval dt and velocities are calculated at a half time
interval of position. The disadvantage of the leap-frog algorithm is that the position (X) and
velocity (V) are updated half a time step, due to which exact velocity cannot be calculated at
a position for the same time.

dX

E=V 2.7

LI s 2.8
daXx dt

Here, U(X) and F(X) are potential energy and force on particle when it is at position X and

mass is assumed to be unity.



0 1 2 3 4 5 6 7
uwuwu
\"

Figure 1: Leap Frog representation of position and velocity.

By applying Euler’s method and midpoint method of approximation to equation 2.7 and 2.8,
the general formulae for the leap-frog algorithm are

Xpy1 = Xp T hV 2 2.9
Vo= Vs + hF(X500) 210

2.4 Velocity Verlet Algorithm

The above discussed leap-frog algorithm is only useful when we have the starting

velocity V: of the algorithm. As initial velocity ¥, and initial position X, are known, the

leapfrog algorithm cannot proceed without calculating the value of 1= .

Thus, an approximation is done to Euler method in which instead of doing a full step

for the Euler method, a single half step is performed for velocity calculation.

Vi=V, +2 hF(X,) 2.11

As a result, velocity calculation is done in two equal half steps successively which are

related to each other. This method of determination of position X and velocity IV at the same

time using the leapfrog algorithm is called velocity verlet.

V.,:=V, += hF(X,) 2.12
Xps1 = X, +hV 2 2.13
Vo = Vi +3 R F(Xp) 2.14
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2.5 Types of Ensembles

In the present study, the widely used molecular dynamics simulation program
GROMACS is used for all the calculations [65]. The thermodynamic properties like
temperature and pressure are replicated with experimental processes to perform the
molecular dynamic simulation. The MD simulation is performed in microcanonical (NVE) or

in canonical (NVT) ensemble.

In the case of the NVE ensemble, the temperature and pressure are not constant.
Thus, the position and velocity by Newton's equation of motion are not correct. Hence,
resulting in an error in conservation of energy while performing simulations. Also, in NVE
ensemble more precise position and velocity can be calculated by taking smaller time step

during simulation which results in higher computational cost.

The canonical NVT ensemble, the temperature is maintained constant and NVT
simulations are executed for a fixed number of atoms in a closed system. To maintain the
temperature, the simulation system is coupled with thermostat, named as Nose-Hoover.[66-
67] The temperature and pressure are kept constant throughout the simulation using the
isothermal-isobaric (NPT) ensemble, where Parrinello-Rahman barostats [68 ] is coupled

with Berendsen thermostat[69] for this purpose.

In this work both, NVT and NPT ensembles are performed for liquid slab
simulations. The final energy minimization is performed followed by production simulation.

Different steps performed in MD simulation are discussed below.

2.6 Simulation Procedure

The molecular dynamic simulation involves various steps viz. energy minimization,
NVT ensemble, NPT ensemble and finally production simulation for 100 ns with a time step
of 2fs. The interface between the methanol-water liquid mixture and carbon dioxide was
simulated for 0.0, 0.1, 0.3, 0.5, 0.7, mole fraction of methanol in water. The simulation box
of dimensions 4nm x 4nm x 20nm used for this purpose (Fig. 2) was divided into two parts;
one containing a mixture of water and methanol keeping the total number of molecules as

4000 and the other containing carbon dioxide molecules maintain a pressure of 40 bar. The
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interaction of CO, with pure water as well as that with various mole fractions of methanol in

water is studied.

Figure 2: Initial simulation box of dimension 4nm x 4nm x 20nm system containing
methanol (Grey), water (Red point) and CO, (Green) molecules

The numbers of particles are limited in molecular dynamics simulation. To overcome
this problem the periodic boundary condition is applied in X, y, z, direction. In periodic
boundary condition, the image of the simulation box is surrounded to itself which ensures
that the system is continuous in all directions. The simulations were carried out at a
temperature of 270 K and a pressure of 40 bar using the program GROMACS-4.6.5.[57]

More details about the simulation are briefly discussed below.
2.6.1 Energy Minimization

The removal of unfavorable interactions of the initial simulation system between the
atoms or molecules is done in energy minimization step. The energy minimization in
molecular dynamic simulation is done according to the steepest descent method. In the
steepest descent method, a critical value is set for maximum potential force as 1000 kJ mol™
nm™ for a system containing 2000 — 6000 water molecule and when simulation system
reaches this maximum force of 1000 kJ mol™® nm™ the energy minimization step is
successfully finished. The negative potential energy after energy minimization step should be

in the order of 10°-10° for the simulation system containing water.
2.6.2 NVT and NPT Ensemble

In the energy minimization step, the unfavorable interaction between atoms or
molecules is removed from the initial simulation system. In the equilibration step, the desired

temperature and pressure is achieved by a series of simulation. The NVT ensemble
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simulations are performed to equilibrate the temperature to 270K and NPT ensemble
simulations are performed to compress the liquid slab to a pressure of 40 bar. In this step
Nose-Hoover[66,67] thermostat is coupled with Parrinello-Rahman barostat[68], where
temperature and pressure are controlled, respectively. The NVT simulation is performed to
bring the simulation system to the desired temperature whereas isothermal-isobaric NPT
simulation is performed to bring the simulation system to the desired pressure. In NPT
simulation the system is coupled to barostat for equilibrating pressure and simultaneously
coupled with a thermostat to maintain the temperature of the simulation system.

2.6.3 Production Simulation

In this step, the well equilibrated simulated system from NVT-NPT ensemble is
allowed to simulate for a sufficiently long time. The trajectory generated after the simulation
is analyzed to get insight on the process after production simulation. The various properties
like surface roughness and density distribution are studied with the help of trajectory
generated. Detailed analysis and discussion of the results after production simulation are
given below in chapter-3.
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CHAPTER 3
RESULTS AND DISCUSSION

The earlier studies on the liquid-gas interface were reported only for the adsorption of
methane gas (CH,) and not much is known about the carbon dioxide adsorption.[1-3,10,53]
Besides, there has been no conclusive understanding of the optimum amount of methanol
required for surface roughness in previous studies.[9,10,46,50,51,55] In this chapter, we have
examined the effect of methanol (CH3OH) concentration on the surface roughness of the
water-carbon dioxide (H,O-CO,) interface. The adsorption and dissolution of the gases such
as CO, and CH, in their different composition on the methanol-water mixture are
investigated and the results are analyzed. The compositions of CHzOH, H,O and CO,
incorporated in the simulation system are listed in table 3.1.

3.1 Effect of methanol on interfacial surface tension

The water molecules present in the bulk experience similar interactions from all the
sides while that present in the surface do not have balancing interactions among themselves.
Different interaction forces for the molecules at the interface give rise to the surface tension.
The average surface tension at the interface of methanol-water (CH3;OH-H,0) mixture was
analyzed and the results are listed in table 3.2. The average surface tension was obtained by
Berendsen pressure coupling method as implemented in the program by calculating the
difference between the normal and lateral pressure at the surface.[69] From the table, it can
be seen that the average surface tension decreases as the concentration of methanol increases
in the liquid slab. The methanol molecules favour the adsorption phenomenon and hence the
surface tension shows a sharp decline. During the adsorption process, the gas molecules
come close to the neighboring molecules of the interface resulting a decrease in surface
tension. Further, addition of methanol on water weakens the interaction forces between them.
The interaction energy between water molecules, methanol molecules and their mixture
follows the trend: H,O-H,O > CH3;0H-H,O > CH3;0H-CH;OH. As can be seen from table
3.2, the system with minimum interaction energy has lowest value of surface tension and that

with maximum interaction energy exhibits the highest surface tension value. Thus, methanol
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favours the adsorption as well as dissolution of carbon dioxide suggesting that the gas

molecules can easily penetrates the liquid-gas interface in the presence of methanol.

Table 3.1 Composition of CH3OH, H,O and CO; in the simulation box of dimension 4 nm x
4 nm x 20 nm.

Mole fraction of Number of CH3OH | Number of H,O | Number of CO,
CH3;0OH
0 0 4000 330
0.1 400 3600 330
0.3 1200 2800 258
0.5 2000 2000 212
0.7 2800 1200 159

Table 3.2 The average value of surface tension corresponding to different mole fractions of
CH3OH in the liquid slab.

Mole fraction of CH3;OH Average surface tension ( bar nm)
0 924
0.1 637
0.3 467
0.5 433
0.7 417

3.2 Effect of methanol on kinetic energy of carbon dioxide at interface

Table 3.3 lists the values of kinetic energy of carbon dioxide molecules present in the
gas slab corresponding to the different mole fractions of methanol. It can be seen clearly
from the table that the kinetic energy of CO, molecules decreases on increasing the amount
of methanol which is also reflected from the values of average surface tension listed in table
3.2. It is well-known that the velocity of a molecule is a key factor in determining its kinetic
energy. The values of velocity were obtained via verlet algorithm as implemented in the
program.[70]

15




Table 3.3 The average kinetic energy of CO, molecules corresponding to different mole
fractions of CH3OH molecules.

Mole fraction of CH;OH Average kinetic energy of CO, ( kJ mol™)
0.0 28788
0.1 28619
0.3 28384
0.5 28126
0.7 27828

3.3 Analysis of the number density of carbon dioxide at interface

Figure 3.1 shows the number density plots for the distribution of carbon dioxide at
humps and wells corresponding to different mole fractions of methanol.  The interface
molecules are classified as in humps and in wells with respect to the average surface of the
liquid. The position of the surface of the liquid was determined by averaging the z-
coordinates of the molecules at the interface. In figure 3.1, the average surface of the liquid is
at zero of distance and the liquid region left to the surface is taken as negative and the gas
region at the right is considered as positive. The interface molecules were considered to be on
the hump when the distance from the center of the liquid slab to these molecules is more than
the distance to the average surface of the liquid. In contrast, the interfacial molecules on the
well were those for which the distance from the center of the liquid slab is less than the
corresponding distance to the average surface of the liquid. The number density of CO, at
humps and wells was obtained by moving the probe in the z-direction. The probe while
moving counts the number of CO, molecules in each segment. By repeating this procedure,
the average number density profile of CO, at humps and wells was determined.
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Figure 3.1 Number density plots of carbon dioxide corresponding to wells and humps for
different mole fraction of methanol (0.0, 0.1, 0.3, 0.5, 0.7) in the surface of water-methanol
mixture.

The region between 0.5 nm beneath the average liquid surface and 0.3 nm above the
average liquid surface is referred to as the 'surface region'. The region between 0.3 nm to 1.5
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nm above the surface is termed as ‘local region’ for further discussion. In the local region,
CO; is accumulated near the surface, however, not in direct contact with the surface
molecules. In the region beyond 1.5 nm above the liquid surface, no increment in the density
of CO;, is observed. The more density of CO, above humps and wells especially in the local
region is due to non-bonded interactions between CO, and methanol-water mixture. As seen
in figure 3.1, the key observation is the 'surface region’ in which the number density of CO,
is higher near the humps as compared to that near the wells. In contrast to this, the number
density of CO, in the local region from 0.3 nm to 1.5 nm is higher near the wells. The higher
density of CO; in humps in ‘surface region’ indicates that a higher probability of CO, to
enter the bulk liquid region through humps. Humps act as preferred channels in comparison

to wells for the entry of CO; into the bulk liquid.
3.4 Analysis of Surface Roughness

The interfacial surface roughness was examined to understand the impact of the
roughness on the distribution of carbon dioxide at humps and wells of the liquid surface. The
effect of methanol concentration on the surface roughness was also analyzed. Quantitative
analysis of surface roughness is done in terms of the height of the humps and depth of the
wells (which refers to amplitude a) and the closeness of humps or wells (which is referred to
frequency y). The horizontal separation (R) between surface solvent molecules and the
vertical separation (S) between two molecules on the average surface is calculated using the

formulae as used earlier.[71,72]

ayS
o+ yS

The variation of R versus S for various compositions is plotted in figure 3.2. It is
evident from the figure that for a small value of S, the value of R increases linearly and
becomes flat for larger values. The result indicates that with an increase in methanol
concentration, the surface becomes rougher in terms of height and depth of humps and wells,
respectively. The surface roughness increases and levels off for 0.1, 0.3, 0.5, and 0.7 mole

fractions of methanol.
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Figure 3.2 Horizontal separation (S) and vertical separation (R) between surface solvent
molecules for various methanol mole fractions 0.0, 0.1, 0.3, 0.5, 0.7.

On comparing the surface roughness for 0.5 and 0.7 mole fractions of methanol, it
can be inferred that the interface has become saturated in terms of roughness for 0.5 mole
fraction of methanol. Thus, the optimum mole fraction of methanol at which the water-
methanol surface has maximum roughness is 0.5. At this mole fraction, the maximum
adsorption of carbon dioxide molecules takes place on the surface of methanol-water

mixture.

3.5 Difference between the density of humps and wells (dhump — Awelr)

The number density of carbon dioxide on humps and wells was examined with
respect to the distance for a better understanding of the distribution of carbon dioxide at the

interface of the methanol-water mixture. The difference between the density of humps and
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wells was calculated at various distances from the interface. Corresponding to the different
mole fractions of methanol, the differences in the number density of humps and wells (dhymp

— dwenr) at various distances were plotted and are shown in figure 3.3.
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Figure 3.3 Difference in the number density of CO, molecules between humps and wells
(dhump - dwen) for 0.0, 0.1, 0.3, 0.5 and 0.7 mole fractions of methanol.
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The number density difference (dnymp — dwenr) i zero in the liquid region (< -0.5 nm)
and (> 1.5 nm) in the gas region. The difference (dnump — dwen) IS positive in the surface
region from 0.5 nm below and 0.3 nm above the liquid surface. In this region, there are more
CO; molecules on the humps than the wells imply that the former is preferred channel for the
entry of CO, molecules to the liquid region. The (dnymp — dwenr) is negative in the local region
(> 0.3 nm to < 1.5 nm) which indicates that there are more CO, molecules above the wells
compared to the humps. The more number of CO; above the well could be due to the less
width of the wells formed. However, this needs further studies and could not be investigated

due to the dynamic behavior of the system.

3.6 Analysis of mixture of CH, and CO;

The adsorption and dissolution of CO; in the presence of CH4 on methanol-water

interface were studied for 0.1 mole fraction of methanol (Xcy ox). The details about the

composition of the simulation system are provided in table 3.4. The molecular dynamics
simulations were performed to analyze the combined effect of both the gases (CO, and CHy)
on adsorption and dissolution. As mentioned in chapter-2, there are different force fields
based on interaction energies. The bonded interaction includes four types of potential:
stretching, bending, improper dihedral and proper dihedral. Whereas the non-bonded
interaction includes Lennard-Jones (L-J) potential and Coulombic potential. The non-bonded
parameters for the interactions between different types of molecules considered in this study
are listed in table 3.5. The non-bonded interactions are considered between these atoms of

molecule Cco,-CcH., CcH,-Or,0, Cco,- On,0, CeHe-Hr,0 and Cco,-Hrso.

Table 3.4 Compositions of various systems in the simulation box of dimension 4 nm x 4 nm
x 20 nm.

Xenon number of CH3OH | number of H,O | number of CO, number of
CH,
0.0 0 4000 130 130
0.1 400 3600 123 123
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Table 3.5 The parameters used for Cco,-Cch,, CcH,-On,0, Cco,- Ony0, Cchi-Hr,0 and Ceo,-Hri0

i J Sigma (¢) Epsilon (g)
Cco, Cen, 0.2892 0.3955
CeH. Owm,0 0.3116 0.2930
Cco, Owm,0 0.3030 0.5320
Cet. Hw.o 0.2814 0.3000
Cco, Hr.o 0.2194 0.3920
Xcnon VMD Analysis

0.0

0.1

Figure 3.4 Simulation box of dimension 4 nm x 4 nm x 20 nm containing methanol (violet),
water (O-red and H-white), CO, (green) and CH, (red) molecules.

The simulation systems with non-bonded interactions were visualized using the visual
molecular dynamics (VMD) program[73] and are shown in figure 3.4. The effect of above
interactions on the distribution of methane in liquid slab was analyzed from the above figure.
It can be seen from the figure that the methane molecules are not entering into the liquid slab,
irrespective of the methanol concentration and the interactions between the molecules. This
can be explained based on the solubility of methane which does not change on adding
methanol to the system.
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3.7 Effect of pressure on CH,4adsorption

The adsorption and dissolution of CH, on liquid slab was studied at a pressure of 50
bar for mixture of CO, and CH, gases. The compositions of the simulation systems are given
in table 3.6. In the simulation box, the numbers of CH4 molecules are higher than that of CO,
molecules. The simulation box for the system comprised of H,O, CO, and CHj, is shown in
figure 3.5. It can be seen clearly from the figure that methane molecules are not entering the
liquid slab. Thus, the increase in the pressure has no effect on the adsorption as well as the
dissolution of CHy4 gas in the liquid slab. This is due much higher solubility of CO, than CH,4

gas.

Table 3.6 Compositions of the simulation systems (H,O, CO, and CH,) of dimension 4 nm x
4 nm x 20 nm.

number of H,O number of CO, number of CH,

4000 70 165

Figure 3.5 Simulation box of dimension 4 nm x 4 nm x 20 nm containing water (O-red and
H-white), CO; (green) and CH, (red) molecules.
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CHAPTER 4
CONCLUSION AND FUTURE SCOPE

In the present work adsorption and dissolution of the greenhouse gases carbon
dioxide (CO,) and methane (CH,) is studied by performing classical molecular dynamics
simulations. Simulation studies done on water — carbon dioxide interface provided insight on
the effect of roughness of the interface on adsorption of carbon dioxide. The study shows that
surface tension and kinetic energy decrease as methanol concentration increases in water.
The effect of methanol was also studied which showed that an increase in concentration of
methanol leads to more roughness of the surface which leads to larger humps. Analysis
revealed that methanol facilitates the dissolution of carbon dioxide. The optimum
concentration of methanol required is found to be 0.5 mole fraction for maximum surface
roughness of the interface. The density distribution analysis and number density difference
between humps and wells showed that the humps are preferred channels for carbon dioxide
dissolution. The simulation studies are performed on mixture of CO, and CH,4 gas and results
are examined by visual molecular dynamics (VMD) program, which infer that CH, molecules
are not entering the liquid slab. This is due to lower solubility of methane than that of carbon
dioxide. Further studies are necessary to understand that why the number density of CO,
molecules is more above the wells in the local region. The probable reason could be due to
the less width of the wells formed and can be investigated further. The above studies can be
extended to other gas hydrate inhibitors in water slab. Considering the importance of present
study in gas separation the above studies can also be extended for different liquid-gas

interfaces.
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