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ABSTRACT: Clathrate hydrates of hydrogen are of specific interest due to their
potential ability to store molecular hydrogen. In particular, structure H (sH) hydrate
has a higher theoretical storage capacity in comparison with the other two more
common hydrate structures (sI and sII). This paper investigates the effect of hydrogen
(H2) concentration on the phase equilibria of sH hydrate in a quaternary system of
water, methane, hydrogen, and methylcyclohexane. Phase equilibria and cage
occupancies of the quaternary system were predicted using the van der Waals and
Platteeuw (vdWP) model for different hydrogen/methane ratios ranging from 0 to 7.
Model predictions for the quaternary systems were found to be in good agreement
with measured experimental data. It was evident from the thermodynamic equilibrium
conditions of the quaternary system (MCH + H2O + CH4 + H2) that as the H2
concentration increases (H2:CH4 ratio increased from 0 to 7), higher pressures are
required to produce sH hydrates at the same temperature. It was also found that the
fractional cage occupancy of CH4 in the small and medium cages of sH hydrate increases with pressure.

■ INTRODUCTION

Clathrate hydrates of hydrogen have been of interest as a
potential means of storing hydrogen.1−3 Clathrate hydrates are
the nonstoichiometric inclusion compounds comprising gases
of suitable size, which are trapped inside hydrogen-bonded
water cages at higher pressures and lower temperatures.
Depending upon the hydrate former (e.g., methane, hydrogen)
water molecules will arrange themselves into different cages,
which are stabilized by the hydrate formers.1−4 The three
common gas hydrate structures are sI, sII, and sH. Structure I
(sI) hydrate has a cubic crystal structure containing 46 water
molecules per unit cell, with two 512 and six 51262 cavities.
Structure II (sII) hydrate has a cubic crystal structure
containing 136 water molecules per unit cell, with 16 512

cavities and eight 51264 cavities. Structure H (sH) hydrate has a
hexagonal crystal structure containing 34 water molecules per
unit cell, with 3 small 512 cavities, 2 medium 435663 cavities, and
one large 51268 cavity.5−8 Temperature, pressure, and the nature
of the guest molecules dictate the thermodynamic stability of
the hydrate.1,6,9−14 It was also observed that the addition of
larger guest molecules results in a decrease in the hydrate
formation equilibrium condition, that is, T and P. The guest
and water cage molecular interaction dictates the stability of the
hydrate formed. It is because of these intermolecular forces that

different cavities may not stabilize in the absence of a hydrate
former. There are numerous other applications of hydrates,
including gas storage, carbon dioxide sequestration, desalina-
tion of seawater, energy recovery from naturally occurring
methane deposits, flow assurance, and gas separation.15−18

The focus of this paper is to perform phase equilibria
predictions including guest occupancy calculation and measure-
ments on hydrates containing molecular hydrogen. Pure
hydrogen is capable of forming a sII structure that has one
molecule of hydrogen stabilizing the small cavity and up to four
molecules of hydrogen stabilizing the large cavity. The
importance of incorporating hydrogen into a sH structure is
attributed to its enhanced storage capacity in comparison with
the other two structures, but the capacity of sH can be limited
by most of the promoters.19−22 The size of the hydrogen
molecule allows it to occupy the small and medium cavities of
sH hydrate, with the larger guest (promoter) molecule
occupying the large cavity. The main objective of this study
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is to investigate the phase equilibria conditions and guest
occupancy for a quaternary sH hydrate system formed in the
presence of methylcyclohexane as a sH hydrate former
(promoter), water, hydrogen, and methane (with varying ratios
of hydrogen to methane). The quaternary phase equilibria of
the system were predicted including hydrogen as a hydrate
former. This work is an extension of the first hydrogen paper
published previously22 and is a first step to the extension of a
future model.

■ MATERIALS AND EXPERIMENTAL SETUP
The list of the chemicals with their source and purity is
summarized in Table 1. The chemicals are utilized in the
experiments as is, with no further purification.

A Cailletet apparatus (operating pressures up to about 14
MPa) was used to measure the hydrate phase equilibria data.
The thick walled Pyrex glass tube was loaded with the sH
hydrate former (methylcyclohexane) and water, followed by the
addition of gas. The system was pressurized according to the
procedure previously discussed in detail by Rovetto et al.33 The
system was agitated with steel balls using a magnetic stirring
system. The temperature of the sample was kept constant by
circulating thermostat liquid through a glass thermostat jacket
surrounding the glass tube. The thermostat bath is able to
maintain the coolant fluid at the desired temperature within ±
0.01 K. A platinum resistance thermometer (Pt-100), located
close to the sample-containing part of the Cailletet tube,
records the temperature of the coolant fluid with an uncertainty
of ± 0.01 K. The pressure measurement was performed using a
dead weight gauge with an uncertainty of ± 0.05 bar.
Measurements were carried out at constant pressure, and the
temperature was varied (stepwise increase or decrease) until a
visual phase change was observed.

■ THEORY
The earliest and most successful classical hydrate model is the
van der Waals and Platteeuw model, which is based on
statistical thermodynamics, and has been further extended for
hydrates of more than one component by Parrish and
Prausnitz.22,23 The van der Waals and Platteeuw model is
based on the equality of chemical potential of each species in
each phase. The molecules are assumed to be spherically
symmetric in the calculations to minimize the complexities of
the interaction potential. Later, several researchers determined
that the basic assumptions of the van der Waals and Platteeuw

models, such as spherical symmetry of molecules, guest−guest
interactions, and lattice distortions caused by the guest
molecules introduced several errors in the predicted results.
To rectify this, corrections were applied to the basic
assumptions of the van der Waals and Platteeuw model.
Furthermore, the equality of fugacity of the species in all the
phases was utilized as a fundamental criterion for the phase
equilibrium calculations.23−25
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In the above eq 1, H represents the hydrate phase that may be
sI, sII, or sH, while the superscripts L, V, I represent the liquid,
vapor, and ice phases, respectively. Equation 2 is used to
calculate the fugacity of water in the hydrate phase.26
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Here fW
k is the fugacity of the water in an arbitrary phase k,

where k may be hydrate, liquid, vapor, or ice phase, gWo
is

standard molar Gibbs free energy, and fWo
represents the ideal

gas fugacity at 1 bar.
The standard molar Gibbs free energy, gWo

, of water at
standard conditions is corrected to temperature, T, in order to
calculate the Gibbs free energy of water at the ideal state, which
is given by eq 3.

∫= −
g

RT

g

RT

h

RT
Td

T

TW W

0

W
2

o o
0

0

o

(3)

The μW
H (chemical potential of the water in the hydrate phase)

is calculated by eq 4, where gW
ß is the Gibbs free energy of the

standard empty hydrate phase under given conditions of
temperature and pressure.
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Where T is the temperature, R is the gas constant, and vm is the
number of cavities of type i in a hydrate unit cell. The cage
occupancy, θim, of component i in cavity m is found to be a
function of the fugacity of component i and the Langmuir
constant,28 while the activity of water in the hydrate phase is
calculated by eq 5
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where

Δ = Δβg a vw H
0 0

Δ = Δβh b vw H0 0

Table 1. Components Used for the Experiments with Their
Source and Purity

component supplier purity (mol fraction)

water, distilled in-house DI > 0.99
methylcyclohexane Merck > 0.99
hydrogen Hoek Loos 0.99999
methane Hoek Loos 0.99995

Table 2. Properties of Pure Hydrate Phases27

phase v0/cm
3·mol−1 α1/K

−1 α2/K
−2 α3/K

−3 κ/bar−1

sI-β 22.7712 3.384960·10−4 5.400990·10−7 −4.769460·10−11 3.0000·10−5

sII-β 22.9456 2.029776·10−4 1.851168·10−7 −1.879455·10−10 3.0000·10−6

sH-β 24.2126 3.575490·10−4 6.294390·10−7 0 3.0000·10−7
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The activity coefficient of the hydrate phase accounts for the
nonideality of the real hydrate in terms of disturbance to the
empty lattice caused by guest occupancy. The Gibbs free energy
in the hydrate state is given by eq 6, whereas the formation
properties and parameters for the calculation of molar volume
of hydrate are listed in Table 2.1
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The cage occupancy of the hydrate is given by eq 8

θ =
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Here Cji is the Langmuir constant of component j in cavity i,
and f i is the fugacity of component i. Equation 9 is used to
calculate the overall Langmuir constant of the system. The
Langmuir constant is a function of temperature, which is
calculated by assuming a spherically symmetric potential. It was
assumed that the size of the empty hydrate is equal to the size
of the actual hydrate, and the lattice size is not found to be a
function of composition. The numerical value of the Langmuir
constant is defined by the guest−cavity interactions.23,24,26
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Where ωin is the potential function, which is obtained as a result
of interaction between a guest molecule and the entire cage, the
summation is taken over all the shells n in a cage m. During
development of eq 9, it was assumed that binary interactions
between the guest and the water molecules are important. In
the original work of van der Waals and Platteeuw it was
assumed that hydrate lattice size is independent of the guest
molecule. This is why the value of chemical potential of the
empty hydrate is independent of the guest component. The
summed guest−host interactions over all the guest−host
interactions in the cage is given by eq 10.29,30 The interaction
potential between guest i and shell n is given by the spherically
symmetric Kihara potential.
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Rn and Z are the cavity cell radius and the coordination number,
respectively (listed in Table 3), while the parameters a, σ, and ε
are the spherical core of the hydrate guest, distance between the
core surfaces corresponding to zero potential energy, and depth
of intermolecular potential well for water−guest interactions,
respectively, as shown in Table 4. The fugacity of water in the
liquid phase is calculated using the Helgeson equation that is
given in eq 2.31,32

■ RESULTS AND DISCUSSION
Experimental (Table 5) and predicted hydrate phase equilibria
data for the CH4−MCH−water system were compared with

the system containing CH4−MCH-H2−water (where hydro-
gen-to-methane concentration ratios were varied from 0 to 7).
The results show that increasing the H2/CH4 ratio raises the
equilibrium pressure of the system. This shift in phase equilibria
behavior with increasing hydrogen concentration occurs
because hydrates of hydrogen are found to be more stable at
higher pressures and lower temperatures.33

Figure 1 shows the phase behavior of the methylcylohexane
+water+methane (MCH+H2O+CH4) system, where predicted
results are in good agreement with the experimental measure-
ments.
Phase equilibria predictions for a quaternary system

containing CH4 + MCH + H2O + H2 as a function of H2/
CH4 ratio were calculated and compared with experimental
data (Figure 2). The calculations were performed by keeping
the MCH composition constant, while the ratio of hydrogen to
methane was varied from 0 to 7. Figure 2 shows that the

Table 3. Gas Hydrates Structural Parameters and Formation
Properties

Structure H

number of cavities perwater molecule (v) 3/34 2/34 1/34
radius of the firstcell (Rn/nm) 0.391 0.406 0.571
number of water molecules surrounding a cavity
in the first shell (Z)

20 20 36

number of cavities 3 2 1
gW0/J mol−1 −235491.02
hWo

0/J mol−1 −291979.26

Table 4. Kihara Potential Parameters

component σ/nm a/nm ε/k/K

methane 0.314 0.0383 155.593
hydrogen 0.307 0.0197 80.424
MCH 0.358 0.106 237.98

Table 5. Experimental Data for Clathrate Hydrates of
Methane + Methylcyclohexane + Hydrogen

T/K (± 0.01) p/MPa (± 0.05)

Methylcyclohexane + Methane + Water
284.82 5.052
287.87 7.552
289.53 10.05
291.04 12.549

Methylcyclohexane + Methane + Hydrogen + Water (1:1 H2/CH4)
278.20 4.951
281.39 7.548
283.40 10.048
284.85 12.5

Methylcyclohexane + Methane + Hydrogen + Water (3:1 H2/CH4)
272.87 5.051
275.68 7.550
277.82 10.049
279.21 12.549

Methylcyclohexane + Methane + Hydrogen + Water (7:1 H2/CH4)
272.79 10.048
274.72 13.049
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hydrate conditions for the methylcyclohexane (MCH) + water
+ CH4 system are at more moderate P and T than those for the
(MCH) + water + CH4 + H2 systems.
The phase equilibria data for the 1:1 hydrogen−methane

system are at relatively higher pressures and lower temperatures
compared with the CH4 + MCH + H2O system without H2.
This shift in the phase equilibrium curve toward higher
pressures is because of the increase in hydrogen concentration,
which is directly indicative of the equilibrium pressure being
dependent on hydrogen concentration. Further increases in the
hydrogen to methane mole ratio results in a pronounced
pressure increment; this increase in hydrogen results in more
hydrogen trapped in the hydrate cages, but at relatively higher

pressures and lower temperatures. The calculated data were
found to be in good agreement with the experimental
measurements (Figure 2).
The thermodynamic model can be also used to estimate the

cage occupancies of the small, medium, and large cavities of
structure H hydrate. The calculated results are shown in Figures
3 and 4. Figure 3 shows the change in occupancy in the small

cavity as a function of the pressure at different ratios of
hydrogen-to-methane (for the feed gas mixture). As the
pressure increases, the occupancy of methane molecules in
small hydrate cages increases, while an increase in hydrogen
concentration displaces the methane molecules from the
cavities. The guest/cage size ratio is a measure of the interactive
forces between a cage and an entrapped molecule. Increasing
the pressure above 50 MPa results in smaller increases in the

Figure 1. Hydrate phase equilibrium diagram for ternary system of
CH4+MCH +water:33,35 +,●, experimental data; ―, model
predictions.

Figure 2. Hydrate phase equilibria plots for the quaternary system of
CH4 + MCH + water + H2 as a function of H2/CH4 ratio. Lines are
predictions. Points are experimental data measured by Peters and
Rovetto;33,35 H2/CH4 ratios = +, 7; ▼, 3; ▲, 1; ○,∗, 0; ―, model
predictions.

Figure 3. Cage occupancies of methane in the small cavity of sH at
different H2/CH4 ratios.

Figure 4. Cage occupancies of methane in the medium cavity of sH at
different H2/CH4 ratios.
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cage occupancy. However, the mechanism of replacement of
methane with hydrogen molecules at higher pressure is still not
well understood.34

Similarly, increasing the hydrogen/methane ratio of the feed
gas mixture results in a lower fractional cage occupancy of
methane in the medium sized cage of sH, since more hydrogen
molecules can compete with methane molecules and enter the
hydrate lattice (Figure 4).

■ CONCLUSIONS
Hydrate phase equilibria predictions for ternary and quaternary
systems were performed and found to be in good agreement
with experimental measurements. Increasing the hydrogen to
methane (feed gas) ratio shifts the phase equilibria curves
toward lower temperatures and higher pressures. The cage
occupancies of methane and hydrogen in sH (methane +
hydrogen + MCH) hydrate were found to increase with
increasing pressure.
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