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ABSTRACT: Water-methane hydrate interfaces are ubiquitous in oil and gas technologies and
in Nature. The structure and properties of this liquid/crystal interface plays a significant role in
transport phenomena between the bulk phases. In this paper, we use molecular dynamics technique
to characterize the liquid water-crystalline methane hydrate in the bulk, and particularly, the
interface. We show that the interfacial mechanical approach based on the novel constant normal
pressure-cross-sectional area (NPyAT) ensemble with a computational slab length equal to the
lattice parameter of the methane clathrates can accurately predict the interfacial free energy of a
curved interface. Notably, the computational platform for the interfacial tension characterization
includes contributions from elastic strains. In the studied temperature and pressure ranges, we find
that the interfacial tension slightly increases with temperature upturn or pressure drop due to less
disordered orientation and dispersed distribution of the molecules at the interface. We generate a

full molecular-level characterization by computing the excess enthalpy and stress, local density



profile, radial distribution function, hydrogen bonding density, and charge distribution to confirm
the observed interfacial tension trend, which significantly contributes to the evolving

understanding of gas hydrate formation.

INTRODUCTION

Under favorable thermodynamic conditions, of low temperature and high pressure, water and gas
molecules from a crystalline guest-host solid material known as clathrate or gas hydrate, where the
water forms an ordered hydrogen-bonded network that encapsulates the guest gas.! These
clathrates can form several crystalline structures depending on the size and properties of the
encapsulated gas molecules, including sI,?> sII,>*# and sH.? In this work, we focus on methane gas
as the trapped guest molecule in water cavities forming the sI hydrate phase since the methane

hydrate is the most common and important gas hydrates.®’

A fundamental understanding of hydrate nucleation forms the basis to control their formation
by inhibition or promotion processes. Based on the application of classical nucleation theory
(CNT) to elucidate clathrate formation,'®!° | a complete knowledge of the interfacial energy
contributions between all the involved phases, including the hydrate-liquid is critically needed but
currently poorly understood.'''? According to CNT, the formation work is the sum of a

spontaneously driven supersaturation and a surface energy contribution:"

W({)= —nlAu+ c(nvh)ga (1)

where n, Au(J), ¢, v, (m?), and o (J/m?) represent the crystal unit cell number, chemical potential
difference (supersaturation), shape factor, hydrate volume, and surface energy, respectively.
Figure 1 shows representative examples of the water-hydrate interactions in different

morphologies,'* depending on many factors such as the involved phases'> and fluid flow.!¢!8



Undeniably, there exists a need for extensive characterization of the interfacial tension at the liquid
water-clathrate interface, which is shared among all the formation processes. The distribution of
hydrate in nature emphasizes the prominence of surface energy, which dictates the optimal
morphology and location in the hydrate formation process and its growth rate underlying the
Gibbs—Duhem equation.”” The interfacial tension extensively contributes in the total free energy
owing to the normally large surface area engaged in the hydrate systems. The aggregation of
hydrate particles is a function of this hydrate-water interfacial tension. A better understanding of
interfacial phenomena facilitates the control of the macroscopic behavior of hydrate solutions in
nature and technologies in the energy industries based on hydrates. For instance, we may inhibit
the hydrate formation in both unconventional and traditional fuel production systems by adsorbing
surfactant obtained from synthetic and natural sources.!* In addition to the formation process, the
phase transitions and thermodynamic stability are regulated by the interfacial properties influenced
by molecular interactions and structure, which highlights the great importance of surface

investigations.!:13:19-20
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Figure 1. Schematic of water/hydrate interfaces

under different nucleation conditions. y denotes

the interfacial tension of this interface.

The mixture of sI methane hydrate in direct contact with liquid water can have significant

implications in flow assurance (i.e., management of fluid transportation in multiphase flow), clean



energy resources, gas storage and transportation, climate change, environmental processes, and
reservoirs associated with the petroleum industries.?> In all these applications, interfacial
transport phenomena and thermodynamics, are essential for process control and simulation?”-%
Nevertheless, the characterization and molecular-level understanding are precluded without inputs
from simulation.’*3! Hence, a combination of the analytical theory with numerical computation on
the interface between the water and methane hydrate forms the main scope of this work. However,
molecular simulations have their own computational challenges in capturing the thermodynamics
and physics of the liquid-crystal interfaces due to factors such as sudden density change, unrealistic
fluctuations, hydrogen and ion bonding, and adequate time and length scales to obtain sensible
results.*23 In this work we use specifically tailored molecular dynamic (MD) techniques combined
with sophisticated analytical theory to investigate the thermodynamic and mechanic parameters at
the bulk and interface as a function of temperature and pressure in both microscopic and

macroscopic scales.

Since the water-methane hydrate mixture displays chemical and structural asymmetry and
mechanical anisotropy across the interface, we must tackle this system with an appropriate
statistical ensemble to predict accurate results. Therefore, we employ the unique NPyAT ensemble
to constrain and control the cross-sectional area (A) and the perpendicular pressure (normal stress
component) imposed on the interface (Py) inspired by its application in the other systems with
anisotropic interfaces*-¢ including the liquid-solid mixtures.*’

In this computational study, we use the well-known mechanical definition of the interfacial
tension over the thermodynamic approach,*! although we acknowledge that both local and global
perspectives can yield high accuracy.*'#? The only issue for the mechanical approach is that it is

generally applicable to infinite, non-planar (curved) interfaces.*'#* Here, we demonstrate that we



may remarkably overcome these issues allowing us to generate accurate results using a proper MD
ensemble and slab length along with an interfacial energy term correction discussed below. To
capture the interfacial tension at the desired interface, we require a complete knowledge of the
stress tensor which governs the mechanics of the interface. Hence, we follow the Kirkwood and
Buff method to obtain all the local components of the tensorial pressure at the water-methane
hydrate interface.** Additionally, since the mixture interface interpolates a liquid on one side and
a crystal on the other, the elastic deformation of the solid surface might influence the interfacial
tension via the addition of a reversible work per interfacial area to elastically stretch the surface.
This work represents the surface energy change with strain, and it must be included in all the
stress-sensitive interfaces, particularly the crystal or solid surfaces, so that the interfacial tension
and free energy of the liquid-crystal mixtures are different.** We generalize the formula of the
interfacial tension to incorporate the elastic deformation energy using the Shuttleworth equation.>*-
53 In particular we demonstrate the need and importance of this elastic correction to the interfacial
tension in the field of gas hydrates.

In addition, we seek to understand how this interfacial tension behaves while being subjected
pressure and temperature changes. To the best of our knowledge, this is the first work that reports
the interfacial tension at a wide range of practical temperatures and pressures considering the
elastic deformation of the crystalline methane hydrate at the interface. Furthermore, this study
explains how the molecular orientation, hydrogen bonding network, charge distribution, and local
mass density at the interface relate to the interfacial tension.

The organization of this work is as follows. In the following section, we present the modeling
and MD simulation details in conjunction with the computational approach for the interfacial

tension. In the next section, we report the pressure and temperature effects on the local density and



potential energy, the lattice parameter effect, interfacial tension, excess enthalpy and entropy,
adsorption, radial distribution function, hydrogen bonding density, and charge distribution. Lastly,
we conclude the manuscript with the substantial potential impact of the novel results of this study
on present and future work of gas hydrates physics and technologies.

METHODOLOGY

Model and Computational Methods.

We confine the methane hydrate phase between two liquid water phases as previously
done.**>* The crystalline hydrate phase with 100% cage occupancy contains 1,328 methane and
7,636 water molecules surrounded by 5,468 liquid water molecules in a 3D simulation box with
the initial size of 48x48x200 A and periodic boundary conditions. Figure 2 displays an schematic
diagram and snapshot sample of a typical initial configuration of this system.**

In this study, we use the LAMMPS software> to simulate the force fields for the methane and
water molecules using the united atom optimized potentials for liquid simulations (OPLS-UA)>*
and transferable intermolecular potential with the four points (TIP4P) models,’” respectively. In
addition, we implement the TIP4P-optimized particle-particle particle-mesh (PPPM) method with
the force computation accuracy of 10 devised by Hockney and Eastwood®®: % to compute the
Coulombic electrostatic interactions. We also apply the Lennard-Jones (LJ) potential with Lorentz-

Berthelot mixing rule to account for the intermolecular interactions:

0y =4¢[(7)" = (%) @

O'il'+0'jj

L 122 2

J jj > 3)

O-ij =

where €, g, and r represent the LJ potential well depth, the finite distance at zero potential, and the

particles distance, respectively, as shown in Figure 2.5¢57 The cut-off distance of both the LJ and



Coulombic electrostatic interactions is chosen to be 12 A. Moreover, we utilize the Shake
algorithm to constrain the water molecules so that the existing bond lengths and angles refrain

from any considerable change throughout the simulations.
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Figure 2. The simulation template showing the

red, white, and green particles as the oxygen atom,
the hydrogen atom, and the methane molecule,
respectively. The brown regions on both sides
denote the interfacial zones, which separate the

liquid and crystal phases.

We choose a time step of 2 fs through the Verlet algorithm to integrate the non-Hamiltonian
equations of motion. The applied thermostat and barostat are Nosé-Hoover and Parrinello-

Rahman, respectively, to adjust the temperature and pressure of the system using a damping



constant of 4 ps for the characteristic fluctuations. Please note that the damping constant must not
be undervalued as we may accommodate with large pressure fluctuations in such solid-liquid
systems, which adds to the high complexity of the tensorial pressure calculations. To sample the
system configurations, we initially run the simulations for 300 ns using the isothermal-isobaric
(NPT) ensemble to reach the equilibrium and appropriate lattice parameters at each temperature
and pressure. We ensure thermodynamic equilibrium by a series of calculations on the correlation
factors of mechanical and thermodynamic properties. We further carry out the simulations for 20
ns employing the isothermal-isobaric-isointerface area (NPyAT) ensemble, which demands a
constant normal pressure (Py) imposed onto an interface with a persistent cross-sectional area (A)
to accurately capture the interfacial phenomena. Constraining the normal pressure and contact
surface will help to overcome the above-mentioned issue of pressure control in solid mixtures. We
analyze and report the data collected from the last 10 ns of the simulation-run to guarantee accurate
results.

Interfacial Tension. We calculate the interfacial tension the following equation based on

Bakker’s method (y5):%°

ve =3 (Py = Pr(2)) dz @)

where Py and Pr denote the normal and tangential pressures, respectively. Py and P; can be

obtained from the stress tensor given the relations below:!
1
Py=P,=P, P = E(Pxx +P,) (5)

If we neglect the tensorial pressure fluctuations, the Py and Pr are essentially identical along
the simulation box apart from the interfaces owing to a substantial drop in the tangential pressure.

Please note that eq 4 is an average of the two standing interfaces on both sides of the methane



clathrate phase, which enhances accuracy. Furthermore, the interfacial tension for inhomogeneous
multicomponent systems requires a long range or tail correction to compensate the underestimated
interatomic interactions caused by the truncation error of setting a cut-off distance.5* Blokhuis et

al. developed the following formula to calculate the correction term:%

0 3_
o = 117 1m0 (552) o (2) s o

where 7., ¢, s, and Apy,; represent the cut-off distance, interfacial thickness, position, and molecular

density difference between the hydrate and liquid phases, respectively.

According to the Shuttleworth equation, the interfacial tension is the sum of the interfacial free
energy (6) and the derivative of the interfacial energy with respect to the deformation or strain

(T):4749

Gl 9(yB+Ytail)
y=0+A— = (yp + Vean) + A= (7)

We use a combination of adaptive NPT and NPyAT ensembles throughout the simulations to
achieve both cross sectional area variation and precise interfacial energy calculation. Whenever

possible the fidelity of the methods and predictions are established with experimental data.

RESULTS AND DISCUSSION

The first step is to find the local density profile of the mixture to perform the tail correction
(eqn. 6). The local density is influenced more by the system temperature than the pressure. Figure
3 clearly shows that these density values abruptly decrease as we move from the liquid water phase
to the crystalline methane clathrate phase. Such decrease coincides with an increase in the local
potential energy across the interface as demonstrated in Figure 4. We fit the density profiles by the

standard hyperbolic tangent function to obtain the water and methane hydrate density.
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Figure 3. Local density profiles (g/cm?) of the water-methane hydrate
mixture along the simulation box at 10 MPa and different temperatures.
The plus sign, circle, star, cross, square, diamond, and triangle markers
represent the system temperature of 271 K, 273 K, 275 K, 277 K, 279 K,

281 K, and 283 L, respectively.
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Figure 4. Potential energy (kcal/mol) of the system along the z
direction at 10 MPa and 275 K. The potential exhibits a sudden upturn

from the liquid water phase to the methane hydrate crystal phase.
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We divide the simulation box into several slabs to separately perform the interfacial energy
calculation for all slabs. Each slab holds the same planar area in the x- y plane with a constant
length along the z direction. This slab length should be carefully chosen to avoid fluctuations in
material properties. The appropriate moving average method and slab length are crucial to fully
control the pressure of such crystalline solid-liquid mixture; see Figure 5 for representative results
on the impact of length scale on pressure’s oscillatory behavior. Therefore, we systematically
increase the slab length from low to high values and calculate the difference of the normal and
tangential pressures, which is critical for the interfacial energy calculation. Figure 6 shows that 12
A is the shortest length that damps the fluctuation and provides accurate results. Not surprisingly,
this length is equal to the lattice parameter of methane hydrate.!s5 That is why a length of 6 A,
which is half the lattice parameter reveals less fluctuation than 9 A. This approach allows us to
transform a non-planar crystal surface into a planar surface to resolve the issues of the mechanical

definition of interfacial tension.
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Figure 5. Representative pressure oscillations of the methane hydrate-liquid water mixture at
10 MPa and 275 K. In Figure 5(a), the blue line shows the measured pressure without a damping

constant or averaging method. The red line represents the pressure for a system with the use of
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sufficient damping constant and moving average method. Figure 5(b) depicts the intense
pressure fluctuations when using a short slab length. The blue and red represent the local

pressure with the slab length of 0.5 A and 12 A, respectively.
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Figure 6. Different slab length changes the difference between the normal
and tangential pressures multiplied by the unit length. The temperature of
the system is 275 K and the pressure is 10 MPa. Red plus sing, green

circle, purple star, and black square markers represent the slab length of 3

A, 6 A, 9 A, and 12 A, respectively.

With the use of an appropriate slab length, we calculate the interfacial energy and its changes
with the elastic deformation. As per eqn. 7, we require these two components to calculate the
interfacial tension between the water and methane clathrate phases. Figure 7 shows the interfacial
energy decreases as we increase the temperature of the system in a wide range of pressure (5 to 30
MPa). Such a trend for the interfacial energy is observed for the liquid water and methane gas

mixtures.?3383966-68 [y contrast to the interfacial energy, the T contribution increases with the system

12



temperature. The T values are consistent with the reported results for other crystals and metals.

One reasonable explanation is that the temperature rise causes a greater interaction mismatch due

to the thermal expansion between the liquid and crystal phases, but the exact calculation of thermal

expansion coefficients is beyond the scope of this work. The surface water can be further

influenced by the strain as the structure is better ordered than regular liquid water, which could

possibly adjust the increase in the lattice and thermal stress which originated from the hydrate

phase with temperature increase. This effect understandably corroborates the contribution of the

thermal strain in the interfacial tension. Therefore, different pressure regimes at constant

temperature reveal a very similar behavior concerning the interfacial crystal elasticity, except for

the system with the pressure of 5 MPa because of naturally intense fluctuations in MD simulations

of the systems at low pressures.
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Figure 7. The plot (a) depicts that the interfacial energy decreases with the system temperature

at different pressures. Plot (b) shows the variation of the interfacial energy under elastic

deformation. The plus sign, circle, star, square, diamond, and triangle markers represent the

system pressure of 5 MPa, 10 MPa, 15 MPa, 20 MPa, 25 MPa, and 30 MPa, respectively.

We now combine these two interface and elastic energies terms to obtain the interfacial tension

for the systems with systematic increases in the temperature and pressure. Figure 8a evidently
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exhibits a monotonic increase in interfacial tension of water-methane hydrate mixture with
temperature. Such increase in interfacial tension is also observed for other materials such as liquid
crystals and ice-water mixtures.”””” However, the interfacial tension decreases as the pressure of
the system increases following the regular classical behavior until it reaches a plateau due to the
very limited compressibility of liquid water and crystalline hydrate (see Figure 8b). These
interfacial tension trends with temperature and pressure are also compatible with the surface
energy contribution in eqn. 1 since we already know, from thermodynamics, that the hydrates are
more likely to form in a high pressure and low temperature regime that imparts a minimum
formation work of the surface. Table I presents the interfacial tension values reported in the
literature and they are in excellent agreement with those predicted and explained in this work in
Figures 8, with approximately a 1.94% deviation. Please note that this deviation is 7.83% when

the contribution of the interfacial elastic deformation is neglected.

(a) (b)
AR AR A At A At A A A A A oo
gg 010 MP4| 38
+ %* 15 MPa| 37
37 + + 7 020 MPa| +
T SR 025MPaf =36 to+
E35 Asompa] < 35
Z34 P I
533 * * * X E34 +
T3 * ¥ E g é 8 8 é g 8 & & <33 S S —
31 E g 3 32 +—+
30 A
29 31
271 273 275 277 279 281 283 285 287 289 291 293 295 5 6 7 8 9 10 11 12 13 14 15
T (K) P (MPa)

Figure 8. The interfacial tension values (mN/m) for the mixture of water and methane hydrate
with increasing system temperature (a) and pressure (b). The plot (b) shows the results of a
mixture at 275 K. The plus sign, circle, star, square, diamond, and triangle markers denote the
pressure of 5 MPa, 10 MPa, 15 MPa, 20 MPa, 25 MPa, and 30 MPa, respectively. The blue line

presents the fitting curve for the system at 10 MPa.
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Table 1. Interfacial tension at the water-methane hydrate interface

Investigators Year P (MPa) T (K) Interfacial tension (mN/m)
Naeiji et al.™ 2017 15 275 31.710
Naeiji et al.™ 2017 20 275 30.776
Jacobson et al.” 2011 6 275 3642
Anderson et al % 2003 10 275 3243
Uchida et al ¥ 2002 10 275 3416

Direct numerical simulation (DNS) was utilized in this study to calculate the interface excess
enthalpy (H*) in order to verify the interfacial tension trends with temperature and pressure
presented in Figure.8. Figure 9 depicts that the excess enthalpy (H*) increases with a temperature

upturn or with a pressure drop, which is consistent with the interfacial tension increase.
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Figure 9. Excess enthalpy (kcal/mol) of the system with systematic change of temperature (a)
and pressure (b). The system temperature for the results shown in the plot (b) is 275 K. The

excess enthalpy increases as the temperature increases or the pressure decreases. The plus sign,
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circle, star, square, diamond, and triangle markers are the system with the pressure of 5 MPa, 10

MPa, 15 MPa, 20 MPa, 25 MPa, and 30 MPa, respectively.

In addition, the excess enthalpy data allow us to calculate the interface excess entropy (§*) by
the thermodynamic relation for Helmholtz free energy:*

yA = H®* — (PV)** — TS~ ©)

Moreover, we can exploit the fundamental thermodynamic equations and seek more insights into

the excess entropy of the mixture in units of kcal/mol using appropriate unit conversions:
(), -3
J - (aT AP - aoT AP (9)

Hence, we first fit the interfacial tension data of the mixture at 10 MPa with a linear master
curve to report the increasing tension (in units of mN/m):

y =0.12T — 0.99 (10)

Figure 10 shows the excess entropy values obtained from these two distinct methods deviate
by 0.88%, which shows very good agreement between the theory and direct computational
thermodynamics. As the system temperature increases, the molecular orientation at the interface
becomes less disordered with low fluctuation that consequently weakens the surface entropy and
promotes the interfacial tension. Compared to the water bulk phase, the well-ordered water
molecules at the interface inhibits the water molecular rotations, which lessens the dielectric
constant of the interfacial liquid water adjacent to the crystal surface.®* Subsequently, this lower
water dielectric constant coincides with a tension increase.’*#5 Interestingly, such anomalous
behavior does not obey the regular classical entropic effects, which normally shows increase with

the temperature.
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Figure 10. The interfacial excess entropy decreases as
the temperature increases. The plus sign and circle
markers represent the data obtained from the theory and

computational thermodynamics, respectively.

The intermolecular attractions at the interface can suppress the force imbalance leading to the
tension decrease. Therefore, an investigation on the interfacial adsorption of the molecules could
explain the irregular increase in the interfacial tension with the temperature. Figure 11 depicts that
the adsorption of the water molecules onto the water-methane hydrate interface disappears with
the temperature increase or pressure decrease. We choose a slab length of 1 A to obtain an accurate
local density profile. The density fluctuations in the right side refer to the crystalline structure of
the methane clathrate phase.

Physical van der Waals forces, not chemical interactions, between the guest methane molecules
and the host water molecules inside the hydrogen-bonded hydrate cavities provide a sufficiently
stable fully-occupied crystalline solid. From a microscopic point of view, the temperature increase
at constant pressure leaves the solubility in the hydrate phase unaffected with nearly constant
cohesive forces in the bulk, and yet creates larger thermal activity of the water molecules at the

interface to disperse the adhesive action, which allows the interfacial tension readily to grow.®® On

17



the other hand, the increase of system pressure at constant temperature minimizes the tension at
the interface by re-arranging the interfacial molecules such that they maximize their contacts inside

the surrounding environment.
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Figure 11. Local density profile of the water molecules demonstrates the interfacial adsorption.
The molecular adsorption at the interface vanishes as the temperature increases and the pressure
decreases. Please note that the interfacial center exists at z ~ 66 A with the liquid water phase
on the left and the crystalline methane hydrate phase on the right side. The blue, red, and green
lines in the plot (a) represent the system temperature of 271 K, 275 K, and 289 K, respectively,
at 10 MPa. The blue and red lines in the plot (b) denote the system pressure of 15 MPa and 10

MPa, respectively, at 275 K.

Next, we report the radial pair distribution function (g) to examine the structure of the water
molecules in the bulk and the interfacial region. Figure 12a shows that the water molecules become
dispersed and disordered as we move from the structured order of the hydrate bulk to the water
bulk organization, which is concluded from short and fewer peaks, respectively. This transition
influences the interfacial adsorption of the surface water molecules. As well as what has been
discussed, Figure 12b represents the interfacial distribution functions between the methane

molecules and the oxygen and hydrogen atoms of the water molecules. A higher peak for the
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oxygen atoms suggests a water molecule orientation with the negative charge towards the methane

molecules near the interface.
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Figure 12. The plot (a) presents the radial pair distribution function between the oxygen atoms
in the water bulk (the solid blue line), interface (the dashed red line), and methane hydrate bulk
(the dotted green line). The plot (b) shows the radial pair distribution function between the
methane molecules and the oxygen atoms (the solid blue line) and the methane molecules and
the hydrogen atoms (the dashed red line) at the interface. The temperature and pressure of the

mixture are 275 K and 10 MPa.

Additional important insights are gleaned from the hydrogen bonding density near the interface
at different temperatures and pressures. We define the distance and angle between the acceptor
and donor of the hydrogen bonds subject to constraints. The criterion is that the O --- 0 — H angle
and distance between oxygen atoms must be less than 30° and 3.5 A, respectively. The hydrogen
bonding network near the interface might indirectly impact the surface free energy through the
interfacial adsorption and the incompatible interaction with the hydrate lattice. A favorable
interaction between the hydrogen bonds and the molecules at the interfacial zone leads to the
molecular adsorption. In the liquid water-methane gas mixture, a peak in the number of hydrogen

bonds has been observed to explain adsorption onto the interface.’>¢¢88” Conversely, Figure 13
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shows a minimum in the hydrogen bond density profile near the interface of the liquid water-
methane clathrate mixture at the different temperature and pressure regimes. Temperature
increases triggers larger thermal fluctuations at the interface that diminishes the stable hydrogen
bonding network, and consequently, its favorable interaction with the bulk water molecules, which
leads to less molecular adsorption and higher tension. Furthermore, the interfacial hydrogen

bonding seems to be independent of the pressure of the system.
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Figure 13. The hydrogen bond density profiles across the simulation box averaged over 1000
configurations at equilibrium at the different system temperature (a) and pressure (b). The
interfacial center exists at z ~ 184 A with the liquid water phase on the left and the crystalline
methane hydrate phase on the right side. In the plot (a), the plus sign, circle, and square markers
represent the temperature of 271 K, 275 K, and 289 K, respectively, at 10 MPa. In the plot (b),
the circle and triangle markers denote the pressure of 10 MPa and 15 MPa, respectively, at 275

K.

Lastly, we characterize the interfacial polarization charge density to validate the interfacial
tension results. Figure 14 clearly demonstrates that a temperature rise or a pressure drop penalizes
the interfacial energy by decreasing the interface charge. This reverse proportionality is attributed

to the negative electric charge contribution in the tangential pressure tensor component at the

20



interface that has been previously reported.®®*! The interfacial energy contribution of this unique
property can be used to manipulate (i.e., inhibit or promote) the crystal nucleation and growth
process via applying an external electric field.”***
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Figure 14. Interfacial charge distribution in units of electron charge at different temperatures
(a) and pressures (b). The center of the interface is at z =~ 66 A with the water and hydrate phases
on the left and right sides, respectively. The blue, red, and green lines in the plot (a) denote the
mixtures at 10 MPa and the temperature of 271 K, 275 K, and 289 K, respectively. The red and
blue lines in the plot (b) represent the mixtures at 275 K and the pressure of 10 MPa and 15
MPa, respectively. The charge density profiles are enlarged in the insets to better distinguish the

lines.

CONCLUSIONS

In the present work, we used molecular dynamics as a computational technique to study the
mixture of liquid water and methane hydrate crystal, particularly at the interface. We calculated
the potential energy and local density profile of the system at different temperature and pressure
to seek the structure-properties relations. The system anisotropy required the application of a novel
NP\AT ensemble and appropriate lattice parameter equal to the methane hydrate lattice parameter

to provide an accurate platform for interfacial tension calculations for a non-planar surface, as per
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the mechanical definition, in order to obtain the most reliable and comprehensive molecular-level
information of this important interface. We accounted for a correction based on the Shuttleworth
equation to look into the elastic strain contribution to the interfacial tension. The interfacial tension
showed slight increase with temperature increase or pressure decrease from 271 K and 30 MPa,
respectively, until the melting point pertaining to the methane clathrate-water phase diagram. Such
strongly anomalous temperature effect on the interfacial tension defies the standard classical
behavior.

In conjunction with the computational approach, we used direct numerical simulation
technique to validate the results on the basis of available experimental data. We investigated the
excess enthalpy and entropy and concluded that the molecular orientation at the interface become
less disordered as the temperature increases. Furthermore, a series of complex calculations on the
adsorption, radial pair distribution function, hydrogen bonding density, and charge distribution at
the interface generated a full molecular-level characterization and confirmed the interfacial tension
variation trend with the system temperature and pressure.

As we increased the temperature or decreased the pressure, the interfacial polarization charge
density, minimum number of hydrogen bonding, and intermolecular attractions further perturbed
the force balance at the interface, and led to the interfacial tension increase. Furthermore, the
interfacial water became less disordered with lower molecular rotation compared to bulk water,
which significantly dropped the water dielectric constant near the crystal surface, and
subsequently, added to the interfacial tension.

In summary, the results reported provide a sound foundation for the characterization of the

water and hydrate interfaces with respect to gas hydrate formation studies. Furthermore, the

22



discussed methods can be extended to the interfacial energy calculations of many industrial,

environmental, and biological processes, which deal with the water-crystal mixtures.
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