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In this study, we perform grand canonical Monte Carlo simulations to evaluate the hydrogen storage capacity of structure I (sI)
hydrogen hydrates at pressures up to 500 MPa. Initially, we calculate the upper limit of H, content of sI hydrates by studying
the hypothetical sI hydrate, where H; is the single guest component. It is found that the storage capacity of the hypothetical
pure H, sI hydrate could reach 3.5 wt% at 500 MPa and 274 K. Depending on pressure, the large cavities of the pure H,
hydrate can accommodate up to three H, molecules while the small ones are singly occupied at most, even at pressures as high
as 500 MPa, without any double occupancy being observed. Subsequently, the binary H,—ethylene oxide (EO) hydrate is
examined. In this case, the large cavities are occupied by a single EO molecule while the small cavities can accommodate at
most a single H, molecule. Such configuration results in a maximum H, content of only 0.37 wt%. The hydrogen storage
capacity does not improve significantly even in case when EO is replaced by a component with smaller molecular weight.

Keywords: sl hydrogen hydrates; Monte Carlo; occupancy; hydrogen storage

1. Introduction

Under suitable conditions, usually low temperatures and
high pressures, if water coexists with a gas, it can form
clathrate hydrates. Clathrate hydrates are non-stoichio-
metric inclusion compounds consisting of a network of
hydrogen-bonded water molecules that form cavities
(cages) where small guest molecules can be encaged
[1-3]. The guest molecules stabilise the cavities via van der
Waals interactions with the water molecules of the hydrate
lattice. Over 130 different guest molecules are known to
form hydrates [3]. Three different hydrate structures are the
most common: structure I (sI), structure II (sIT) and structure
H (sH), each containing different types of cavities [3].

Hydrates have been under investigation for many years
due to their wide variety of applications in engineering
and scientific problems. Hydrates initially attracted the
industry’s attention when they were identified as the
cause of pipeline blocking in the process of natural gas
production and transportation [4]. Since then, flow
assurance has become a major issue in the oil and gas
industries [5]. In addition, clathrate hydrates have been
studied for a variety of applications including energy
production from methane hydrate deposits in oceanic
sediments and the permafrost [6], CO, sequestration in
oceanic environments [7] or injection in oceanic sediments
[8], water desalination [9] and gas separation [10]. Finally,
they are considered as a possible cause of global warming
due to the sudden release of methane from oceanic/perma-
frost deposits [11,12] and as indicators for palacoclimates
due to their presence in ice cores [13].

The capacity of hydrates to store large amounts of gas
renders them possible candidates for transportation or
storage of energy-carrier gases (e.g. methane [14] and
hydrogen [15]). The gravimetric gas content of the hydrate,
along with the pressure and temperature conditions
required for hydrate formation, is among the crucial issues
in order to decide whether using a hydrate is a satisfactory
solution for gas transportation/storage.

Hydrogen storage is a major issue that needs to be
addressed adequately in order to move from the ‘carbon-
based economy’ to the ‘hydrogen-based economy’ [16,17].
Until recently, it was believed that H, molecule is too small
to stabilise any hydrate cage and therefore could not form
hydrates by itself [2,3]. A significant advancement occurred
when, initially, Dyadin et al. [18] and subsequently Mao
et al. [19] synthesised pure H, hydrate that was found to be
of the slI type. It was initially estimated that this hydrate
could store up to 5.0 wt% H, (a value that is close to the US
DOE target of 6.0 wt% by 2010). Pure H, hydrate is stable
only at very high pressures or low temperatures (e.g. at
200 MPa and 280 K or at ambient pressure and 145 K [19]).
Such conditions are not very satisfactory for everyday
applications (e.g. automotive), where moderate pressure and
temperature conditions are required. Later, Florusse et al.
[20] succeeded to stabilise binary H, hydrate (also slI) at
close-to-ambient conditions (274K and 5MPa), using
tetrahydrofuran (THF) as the promoter.

The role of the promoter is to stabilise the hydrate of a
gas at lower pressures when compared with the hydrate
of the pure gas. This is clearly shown in Figure 1 where
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Figure 1. Hydrate equilibrium curves of pure (sII) H, hydrate
and binary hydrates of H, with several promoters. Solid lines
represent hydrates of the slI structure [18,20,23] and dashed
lines represent hydrates of the sH structure [21,22]. Hydrates are
stable in the region above the equilibrium curve. The data for the
H,—THF hydrate refer to the stoichiometric THF concentration
(5.56 mol%), while the rest of the promoters are insoluble
in water.

equilibrium P—T experimental values for the cases of pure
H, and various binary H,-promoter hydrates [18,20—23]
are shown. Promoters are usually liquid organic substances
either soluble or insoluble in water. Most promoters (e.g.
THE, ethylene oxide and acetone) can also form hydrates
by themselves (pure promoter hydrates) without the need
for the presence of an additional guest gas. Due to their
large molecular size, promoters can stabilise the hydrate
lattice by occupying only the large cavities, leaving the
small cavities empty. If an additional guest gas is present,
it can occupy some of the unoccupied small cavities. This
is the main idea that is exploited in this study.

Obviously, the use of a promoter results in a reduction
in the H, storage capacity of the hydrate since the promoter
molecules occupy the large cavities, thus leaving only
the small ones available for hydrogen enclathration. Lee
et al. [23,24] suggested that the H, content of the binary
H,—THF hydrate can be ‘tuned’ by suitably adjusting the
THF concentration in the equilibrium solution. In this case,
the H, content could reach up to 4.1 wt% when an optimal
THF concentration of approximately 0.15mol% is used
[23]. Very recently, Sugahara et al. [25] have estimated that
the H, content can reach 3.4 wt%. However, other
experimental [26—30] and computational [31-35] studies
do not support the concept of ‘tuning’ hydrates. These
works reported various values of H, content ranging from
0.30 up to 1.05wt%, but in all cases this was found to
be constant regardless of the THF concentration in the
solution. The value 1.05 wt% corresponds to the case where
all large cavities are occupied by one THF molecule and all
the small cavities are occupied by one H, molecule.

Molecular Simulation 737

Recently, Strobel et al. [21] and Duarte et al. [22] have
synthesised sH binary H, hydrates using several organic
promoters including methyl-cyclohexane (MCH), 2,2,3-
trimethyl butane (2,2,3-TMB), 1,1-dimethyl-cyclohexane
(1,1-DMCH) and methyl tert-butyl ether (MTBE). The
phase diagram of these hydrates is also shown in Figure 1.

Kim and Lee [36] examined the possibility of using
the binary gas mixture H,—CO, to form hydrate, instead
of using liquid organic promoters. Using X-ray diffraction
(XRD) data, they identified the formation of hydrate of sI.
Using NMR, they concluded that two H, molecules are
found in the small cavities; however, their Raman studies
were inconclusive on that issue. They also suggested
that a number of binary H, hydrates of sl, sII and sH may
possibly form with various gaseous guests. Kumar et al. [37]
and Linga et al. [38] conducted experiments for the H,—CO,
binary hydrate and the analysis of their results indicated the
incorporation of H; into the hydrate. The idea of hydrogen
enclathration in the small cavities of the H,—CO, binary
hydrate has been questioned by Sugahara et al. [39,40] based
on Raman studies of single hydrate crystals. Sugahara et al.
[40] examined also two additional cases of sI binary hydrates
(i.e. Hy—ethane, H,—cyclopropane) and concluded, again,
that hydrogen is not incorporated in the small cages of
sI hydrates. Skiba et al. [41] studied the H,—CH, binary
hydrate using XRD and identified the hydrate structure to
be sl. Their Raman spectra could not detect any hydrogen
encaged in the hydrate at pressures up to 250 MPa. In two
recent studies, Kumar et al. [42] used NMR spectroscopy
and attenuated total reflection IR spectroscopy [43] in
order to resolve the issue of cage occupancy for the sI binary
H,-CO, hydrate. Both studies concluded that CO, only
occupies the large cavities and the small cavities are either
occupied by H, or remain nearly empty with a very small
amount of CO, (<2%) in the small cages.

It is evident, therefore, that hydrogen could be the
second guest of a binary hydrate of all the common hydrate
structures (i.e. sl, sII and sH). However, the H, content
of these hydrates, which is the decisive factor for their
suitability as hydrogen storage materials, still remains
under discussion. The experimental estimation is a difficult
task that usually requires the combination of sophisticated
experimental facilities. Approaches including Raman
spectroscopy and neutron diffraction have been success-
fully used to determine the occupancy of hydrogen in small
and large cages of clathrate hydrate crystals, and gas release
measurements have been used to determine the hydrogen
content of hydrates. For this reason, a valuable source of
complementary information on the H, content of hydrates,
at low cost, is the results from molecular simulations.
sII hydrates of H, were the first to be discovered [18—20]
and there is significant computational work for this material
either as a hydrate of pure H, [32,33,44] or along with a
promoter [31,33,35]. sH H, hydrates were experimentally
[21,22] synthesised later and a limited number of
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computational studies have appeared in the literature so far
[34,45]. To this day, the hydrogen storage capacity of sl
binary hydrates has been studied only experimentally
[42,43] and no computational work has been reported.

The main objective of this work is to use molecular
simulations in order to estimate the H, content of sl
hydrates either with or without promoter. In particular, we
employ grand canonical Monte Carlo (GCMC) simu-
lations [32-35,46,47]. An inherent assumption of the
simulations in this study is the hydrate stability, since
the GCMC approach (as used here) cannot provide the
hydrate stability range. Initially, the sI hydrate of pure H,
is examined in order to determine the maximum amount
of H, that can be stored in sl hydrates. Then, the more
realistic case of a binary sl hydrate is examined, where
ethylene oxide (EO) is the promoter. EO is a water-soluble
promoter that is known to form sl hydrate [48] and has
been extensively studied [48—51].

This paper is organised as follows: first, we present
the simulation details regarding the hydrate structure and
the molecular models used, the GCMC runs and the
methodology to calculate the fugacities. Then, we proceed
to examine the accuracy of the H, model used by
calculating hydrogen properties in the bulk phase. We
obtain very good agreement between our GCMC results
and the reported experimental values. Finally, we report,
and discuss in detail, the application of the methodology to
the cases of pure H, and binary H,—EO sI hydrates.

2. Simulation details
2.1 Hydrate structure

The unit cell of the sI hydrate crystal (Pm3n space group)
consists of 46 water molecules that form two types of
cavities: the small, a pentagonal dodecahedral (5'%), and the
large that is formed by 12 pentagons and 2 hexagons
(5]2 62). There are two small cavities and six large cavities
in each unit cell of the sl hydrate [3] as depicted
schematically in Figure 2. The simulations are carried out
on a cubic simulation box of eight unit cells (2 X 2 X 2)
containing a total of 368 rigid water molecules placed on a
fixed lattice. Three-dimensional periodic boundary con-
ditions are applied. The lattice constant of the unit cell is
12.03 A, as it has been derived from XRD data [48]. Oxygen
atoms are placed exactly on the positions imposed by the
symmetry of the crystal [48]. Since the structure is proton-
disordered, the orientation of the water molecules is such

Figure 2. Schematic representation of the two types of empty
water cavities and the resulting sI hydrate.

that the dipole moment of the system is minimised (A.
Galindo, personal communication, 2008; [52]), and the ‘ice
rules’ [53] are obeyed.

2.2 Water, H, and EO models

Water molecules are simulated by the extended simple
point charge (SPC/E) model [54]. SPC/E has been widely
used for molecular simulations of hydrates [31,33-35,44—
47]. In the SPC/E model, the van der Waals interactions
are described with a Lennard-Jones (LJ) interaction site
placed on the oxygen atom. For the electrostatic
interactions, a positive partial charge is assigned to each
hydrogen atom and the double negative charge to the
oxygen atom. All parameters of the SPC/E model are
shown in Table 1. The O—H bond length is 1.000 A and the
H-O-H angle is 109.47°.

The length of the H-H bond in the H, molecule is
taken as 0.7414 A [55]. H,—H, interactions are described
with an LJ potential based on the Silvera—Goldman
isotropic pair potential for H, gas [56]. The simplest way
to derive the LJ parameters from the Silvera—Goldman
potential is to keep the same well depth & and the zero-
potential distance o [44]. The values of these parameters
are also shown in Table 1.

For the EO molecule, the TIPS potential [56] has been
used. It follows the united-atom approach and assigns LJ
sites and partial charges to each of the methylene groups
and to the oxygen atom, as shown in Table 1. Prior to the
GCMC simulation, the intramolecular geometry (bond
lengths and angles) of EO molecule was optimised using
the universal force field [57].

The interaction parameters between different types of
atoms are calculated using the Lorentz—Berthelot combin-
ing rules [58] and there is a cut-off distance of 20 A for any
type of interaction. The Ewald summation [59] has been
used for the long-range electrostatic interactions.

2.3 GCMC runs

In this work, the GCMC approach developed by
Metropolis et al. [60] has been used to study the
‘adsorption’ of H; in sl hydrates. A detailed presentation
of the method can be found in the book of Allen and
Tildesley [59] and in our previous works [33,34,47].

For a given temperature, GCMC runs are carried out at
several pressures from 0.1 up to 500 MPa. In the grand
canonical statistical ensemble, the volume, V, of the
simulation box, the temperature, 7, and the fugacity, f, of
the enclathrated components should be explicitly deter-
mined. Volume, V, has a constant value of 1241 A> and all
the results below refer to 274 K. The calculation of the
fugacities of H, and EO is explained in detail in Section
2.4. During each GCMC run, 107 microstates are sampled.
The initial 2.5 X 10° microstates are considered as the
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Table 1. Interaction parameters and partial charges for each molecule.

Molecule Reference Atom Zero-potential distance o (A) Well depth & (kJ/mol) Charge (e)
H,O [53] 0] 3.166 0.6502 —0.8476
H 0.000 0.0000 +0.4238
H, [55] H 0.000 0.0000 +0.4932
Middle of H—H bond 3.038 0.2852 —0.9864
EO [68] C 3.983 0.4779 —0.2900
o 3.420 0.8172 —0.5800
H 0.000 0.0000 0.0000

equilibration stage and are not accounted for the statistics.
Three types of MC ‘moves’ are used: creation, destruction
and translation of a molecule, with equal probabilities
(33.3%). After each run is completed, 3 X 10° of the
accepted microstates (one out of every 25) are examined
for the location of the H, molecules. Each molecule is
assigned to the cavity whose centre is closer to the position
of the H, molecule. In this manner, the average number of
H, molecules per cavity can be calculated, and finally, the
occupancy in each type of cavity is determined.

2.4 Fugacity calculations

For the calculation of the hydrogen gas fugacity, the
Soave—Redlich—Kwong (SRK) equation of state (EoS)
has been used with the specific Soave term for hydrogen
proposed by Graboski and Daubert [61].

The fugacity of EO in the aqueous solution has been
used the following equation:

1 P
f = yx¢*P*exp (ﬁ LQVL(p)dp> , (D

where f is the fugacity, T is the temperature, P is the
pressure, y is the activity coefficient and x is the molar
fraction of EO in the solution, P *® is the vapour pressure of
EO at temperature T, ¢ ° is the fugacity coefficient of EO at
temperature Tand vapour pressure P °, R is the gas constant
(8.31447J/mol K) and Vi is the molar volume of pure
liquid EO (m*/mol).

The vapour pressure of EO as a function of
temperature is [62]

5293.4

PS=10%exp (91.944 - — 11.682 - In(T)
2

+1.4902 X IOZT)PS(MPa), T(K).

The fugacity coefficient at vapour pressure ¢° is
calculated with the SRK EoS, although it can be
considered unity. The exponential term in Equation (1) is
the Poynting factor that accounts for the correction at
high pressures.

The molar volume, Vi, as a function of pressure P, for
the liquid EQ, is given by the Tait equation [63]:

N b+ P
VLP)=V {1 c ln(—b+PS)J’ 3)

where V* is the molar volume of the saturated liquid at
temperature 7 and b, ¢ are constants. The saturated liquid
volume can be calculated with the Hankinson—Brobst—
Thomson technique [64]. The calculation of the constants
b and c is described by Thomson et al. [63]. The entire
procedure for the estimation of Vy_ is presented in detail by
Reid et al. [65].

Finally, for the fugacity calculation in Equation (1), the
activity coefficient y of EO in water should be determined.
Huo et al. [66] give the following correlation for the
activity coefficient of EO:

A
(14 (Ax/(B(1 — x))*’

Iny 4)

where the parameters A and B are functions of temperature,
T: A = 0.004488T + 0.577 and B = —0.002145T + 2.958.

3. Results and discussion
3.1 Pure H, in bulk phase

Before we proceed with the simulations of sI hydrates, we
verify the use of the selected potential for the H, molecule.
To this purpose, we have performed a series of GCMC
simulations for the bulk phase of hydrogen gas. For this set
of GCMC simulations, we consider a suitable size of the
simulation box, such that it contains between 200 and 500
H, molecules for each pressure considered. The remaining
parameters of the simulations are those described
in Section 2. For the sake of simplicity, electrostatic
interactions have not been taken into account in this series
of simulations.

The evaluation of the H, potential is carried out as
follows: At a constant temperature of 274K and at the
selected pressure P, hereafter termed as the ‘experimental’
pressure (P.y,), we calculate the fugacity of hydrogen with
the SRK equation, as described in Section 2.4, and perform
a GCMC run at exactly this fugacity. The pair distribution
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function g(r) is calculated from the positions of the H,
molecules in a sample of 30,000 microstates derived from
this GCMC run. Then, g(r) can be used for the calculation
of the pressure,P . [59]:

2 o0
_ NkaT _ 2_7r<N>J ) )

P =
cle =7y 3ve ), Tdr

where (N) is the average number of H, molecules in the
simulation box, kg is the Boltzmann constant, V is the
volume of the simulation box and u(r) is the LJ pair
potential.

If the pair potential u(r) describes the interaction
between the H, molecules with full accuracy, then P.,,, and
Py should be identical. The comparison performed in
this study is shown in Figure 3. For the entire pressure
range considered (up to 500 MPa), there is very good
agreement between the ‘experimental’ pressure and the
pressure calculated from the GCMC simulation. The
deviation is less than 5% at pressures up to 100 MPa and it
reaches 12% at 500 MPa. However, this deviation at such
high pressures is expected because both the LJ potential
and the SRK EoS of H, are parameterised for lower
pressures. Since we need a single pair of LJ parameters to
be used for the entire pressure range, the selection of the
specific set of parameters is justified despite this
inaccuracy at high pressures.

3.2 Pure H, sI hydrate

Initially, we consider the case of the pure H, sI hydrate,
even though the stability of this hydrate has not been
experimentally confirmed. Nevertheless, such kinds of
simulations can give important information regarding the
hydrogen storage efficiency of this hydrate. The case of
pure H, hydrate represents the upper limit for the storage
capacity of binary H, hydrates of the same type with any

1000

100 A

10 1

GCMC calculated pressure (M Pa)

1 10 100 1000
‘Experimental’ pressure (M Pa)

Figure 3. Comparison between ‘experimental’ pressures and
calculated pressures through MC simulations (Equation (5)) for
bulk phase hydrogen at 274 K.

promoter. The importance of the study of such hypothetical
hydrate structures is highlighted by Tribello and Slater [67].

Figure 4 shows the results of these GCMC simulations
as H, content by weight (wt%) at 274 K. We found that for
the pressure range examined (0.1-500 MPa), this material
can store up to 3.5 wt% H,. The value of 3.5 wt% seems
attractive for hydrogen storage applications considering
the advantages of hydrates (e.g. low cost, complete
reversibility and minimal environmental hazards with only
water as by-product). However, the high pressure required
(of the order of 500 MPa) reduces the suitability of this
material for ‘on-board’ applications.

The unit cell of an sI hydrate contains 46 water
molecules that form two small and six large cavities. If we
assume that each cavity cannot accommodate more than
one H, molecule, the maximum H, content would be
1.9 wt%. However, our GCMC results show that this value
can be exceeded at pressures above 120 MPa. This is a
clear indication of multiple occupied cavities. If all the
cavities were singly occupied, the ‘occupancy isotherm’
shown in Figure 4 should present a Langmuir-type form.
But this Langmuir-type behaviour is observed only at low
pressures (below 100 MPa). Above 100 MPa, the ‘iso-
therm’ becomes approximately linear with an average
slope of about 0.4 wt% per 100 MPa. Also, Figure 4 shows
how the results would change if there was a discrepancy of
*20% in the calculation of the corresponding pressure for
each fugacity value.

Next, the locations of the ‘absorbed” H, molecules
during each GCMC run are utilised in order to study, in
detail, the occupancies of both types of cavities separately.
The results for the small cavities are shown in Figure 5

31 H, pure

H> content (wt%)
N

0.37 Wt% H,—EO

0 100 200 300 400 500
Pressure (MPa)

Figure 4. Hydrogen content from GCMC simulations at 274 K
for the hypothetical pure H, sl hydrate (circles) and the binary
H,—EO sl hydrate (triangles). The horizontal dashed line denotes
the H, content (0.37 wt%) when all the small cavities are
occupied by one H, molecule and all the large ones occupied by
an EO molecule. Error bars show the deviation in the calculated
H, content for an error of *20% in the pressure calculation from
the fugacity value.
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Figure 5.  Comparison of the small cavity occupancies between
the pure H, (solid line) and the binary H,—EO (dashed line) sI
hydrates.

and those for large ones are shown in Figure 6. For the
entire pressure range examined, it seems that one H,
molecule, at most, can be encaged in the small cavities. At
any pressure, the fraction of doubly occupied cavities is
less than 0.2%. Similar MC simulations of sII [32,33,35]
and sH [34] hydrates have also reported single occupancy
of the small cavities. This observation is in excellent
agreement with the current study. Since the size and shape
of the small cavity is about the same in these three hydrate
structures, this is a completely consistent result.
Regarding the large cavities, the occupancy depends
on pressure as shown in Figure 6. This cavity can
accommodate up to three H, molecules at pressures up
to 500 MPa. As shown in Figure 6, in the pressure range
25-260MPa single occupancy is dominant. Double
occupancy becomes significant above 50 MPa, and above
260 MPa the majority of the large cavities are doubly

100

Occupancy ratio (%)

Pressure (MPa)

Figure 6. Occupancy ratio (%) of the large cavities (i.e. % of
cavities occupied by 0, 1, 2 or 3 H, molecules) as a function of
pressure for the hypothetical pure H, sI hydrate at 274 K.

Molecular Simulation 741

occupied. Triply occupied cavities occur at pressures
above 300 MPa and the frequency of their occurrence
tends to increase with pressure but higher occupancies are
not observed. Another notable observation in Figure 6
is the fact that a non-negligible fraction of the cavities
remains empty even at pressures up to 200 MPa, although
simultaneously there is a high fraction of doubly occupied
cavities. For instance, 10% of the large cavities are
empty at 100 MPa while another 10% of them are already
doubly occupied while the remaining cavities are singly
occupied.

The isosteric heat of H, adsorption in the sl hydrate
is about 6.5kJ/mol on average and it decreases slightly
with pressure. This value indicates that H, is physically
adsorbed in the hydrate. However, this value of heat of
adsorption is rather low which shows that the attractive
interactions between the water and H, molecules are weak
and, consequently, the material cannot store large amounts
of H2.

3.3 Binary H,—EO sl hydrate

In this section, we examine the binary H, hydrate with
EO as the promoter. Prior to these simulations, some
simulations with pure EO (without H,) were carried out in
order to examine the behaviour of EO inside the hydrate
cavities. It is found that the EO molecules singly occupy
the large cavities and do not enter the small ones.
However, due to the small acceptance ratio of EO
creations/destructions, a large number of MC steps are
required to obtain reliable statistics. For this reason, a
canonical MC simulation is performed (with 48 EO
molecules in order to fill all the large cavities) and the
minimum energy configuration of this run is retained for
the simulations of the binary hydrate. For this run, an
accurate value of the EO fugacity is required and it
is calculated as described in Section 2.4. During the
simulations with both EO and H,, the locations and
orientations of EO molecules are kept fixed. This approach
results in an important computational speed-up.

The results of the GCMC simulations for the binary
H,—EO hydrate, at 274K in the pressure range
0.1-500 MPa, are also shown in Figure 5. The H, content
as a function of pressure presents a Langmuir-type trend
with a plateau at 0.37 wt%. The calculated hydrogen
content value corresponds to the case where all small
cavities are occupied by one H, molecule and all large
cavities by one EO molecule. This value is very low and
this material cannot be considered as a candidate for
hydrogen storage. As it happens with sII and sH hydrates,
the inability of the small cavities to host more than one H,
molecule limits the hydrogen storage capacity. The case is
much worse for sI hydrates where the number of small
cavities per water molecule is only 0.043, which is lower
than 0.118 for sII hydrates and 0.147 for sH hydrates.
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Recall that only the small cavities can store H, since the
large ones are occupied by the promoter.

Figure 5 also shows the comparison of the small cavity
occupancy between the pure H, hydrate and the binary
H,—EO hydrate. A reasonable agreement is observed
leading to the conclusion that the presence of the promoter
in the large cavities does not affect significantly the
occupancy of the remaining small cavities. Similar
observations were made for the case of sH hydrates [34].
One could, therefore, suggest the replacement of EO (with
molecular weight MW = 44.05) with a promoter of lower
MW in order to increase the storage capacity of the binary
hydrate. The results of this simple calculation are shown in
Figure 7 for two hypothetical promoters with MW 30 and
16. The hydrogen content increases to 0.39 and 0.43 wt%,
respectively. Despite this increase, the efficiency of binary
sI hydrates in hydrogen storage is still very poor and,
therefore, there is no prospect of practical application.

3.4 Structural analysis

A convenient way to investigate the location of H,
molecules within the cavities is the radial distribution
function, g(r), of the guest molecules. Figure 8 shows the
g(r) from the GCMC simulations of pure sI H, hydrate at
four pressures, where r is the distance between the centres
of mass of H, molecules. The first peak corresponds to the
doubly occupied large cavities. The diameter of the sl
large cavity is 4.33 A [3]. The height of this peak increases
with pressure but its position remains constant at 2.8 A.
This is the separation distance between two H, guest
molecules that occupy the same large cavity. Since the
LJ size parameter o of H, is 3.038A (Table 1), these
‘cavity-mate’ H, molecules repel each other. At 500 MPa,
a significant fraction (19%) of the large cavities are
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Figure 7. The effect of the molecular weight of the promoter on
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Figure 8. Radial distribution function g(r) of H, guest
molecules from a GCMC simulation of the pure H, hydrate at
several pressures.

occupied by three H, molecules as shown in Figure 6.
However, neither the first peak of g(r) is shifted nor a new
peak appears. This could lead to the conclusion that these
three H, molecules inside the same large cavity form an
equilateral triangle with a side equal to 2.8 A.

Figure 9 shows the g(r) of EO (centre of mass) from a
simulation of pure EO at 100 MPa. This g(r) is essentially
the same at higher and lower pressures because the EO
occupancy hardly changes with pressure. Due to their large
size, EO molecules have very limited freedom to move
within the large cavity and, thus, they give sharp peaks
exactly at the distances between the centres of the large
cavities (6.02, 7.37 and 11.25A) as Figure 9 clearly
demonstrates. Figure 10 shows a 3D view of the sI hydrate
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Figure 9. Radial distribution function g(r) of EO molecules
from a GCMC simulation of the pure EO hydrate at 100 MPa.
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Figure 10. Part of the sI hydrate lattice. The distances between
the centres of the large cavities are shown with arrows. The cross
denotes the centre of a small cavity.

unit cell, and the distances between the centres of different
large cavities are depicted.

4. Conclusions

MC simulations have been proved to be a valuable
approach to study gas adsorption inside porous materials.
In this work, we have utilised grand canonical MC
simulations to evaluate the hydrogen storage capacity of sl
hydrates with and without promoters, under a wide range
of pressure conditions. The hypothetical pure H; hydrate is
found capable of storing up to 3.5 wt% H,. This value is
promising, however, still lower than the US DOE target
values. The hydrogen storage capacity of the binary H,—
EO sI hydrate is found to be up to 0.37 wt% H,. This value
is very low for the sl hydrate to be considered as a
hydrogen storage material for any practical applications.
This poor performance does not improve even in case a
promoter with lower molecular weight is used. This study
also confirms previous observations that the 5'% cavities
can accommodate only up to one H, molecule.
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