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ABSTRACT: This study examined the phase behavior of hydrogen hydrates with
additives containing oxygen-containing groups. The phase equilibrium of the H2 +
propylene oxide (PO) + water hydrate system and the H2 + 1,2-Epoxycyclopentane
(ECP) + water hydrate system was measured using the isochoric pressure search
method. The mole fractions of PO and ECP were 0.056 and 0.028, respectively. The
experimental data were determined in the temperature range of 273.90 to 285.20 K and
the pressure range of 3.18 to 18.57 MPa. In the presence of PO and ECP, the hydrate
phase equilibrium of the systems moved to a lower pressure and a higher temperature
region compared to that of the hydrogen hydrates without additives. The addition of
ECP with a mole fraction of 0.056 had the best promotion effect among all reported sII-
type thermodynamic additives. The data obtained in this study also showed that the
equilibrium was affected by the ether (c−o−c) functional group in epoxy heterocycle
compounds, which was the effective functional group in changing the equilibrium
conditions of hydrogen hydrates. The results provided a basis for hydrogen storage and transportation based on hydrate technology.

■ INTRODUCTION
Clathrate hydrates are nonstoichiometric compounds, where
small molecules, like CH4, CO2, and H2 (guest molecules), are
trapped in a cage composed of hydrogen-bonded water
molecules (host molecules).1 Low temperatures and high
pressures are relatively favorable conditions for hydrate
formation. In recent years, clathrate hydrate technology has
been widely used in many fields, like natural gas storage and
transportation,2−4 desalination,5,6 CO2 capture and separa-
tion,7,8 and hydrogen storage.9−11 Hydrate-based hydrogen
storage technology has received sustained interest due to its
high gravimetric/volumetric densities, high safety, and low
energy consumption.12 Moreover, hydrogen stored in clathrate
hydrates as molecules can be utilized with thermal or
depressurization stimulation.13

Hydrogen can occupy cavities in cages formed by water
molecules either alone or along with other guest molecules.
Pure hydrogen hydrate, an sII-type hydrate structure consisting
of sixteen small cavities (512) and eight large cavities (51264),
had the highest hydrogen storage capacity, which reached 5.3
wt % under extreme pressures of 250−600 MPa and 249
K.14,15 However, the extreme conditions of the formation and
stabilization of pure hydrogen hydrate hindered the develop-
ment and application.16 Thus, the major challenge of hydrogen
storage in hydrate is to reduce the formation pressure of
hydrogen hydrate while not decreasing the hydrogen storage
capacity.

The first reported thermodynamic additive of hydrogen
hydrates was tetrahydrofuran (THF), which could maintain

stability at 5 MPa and 279.6 K.17 Besides THF, cyclopentane
(CP),18,19 methylcyclohexane (MCH),20,21 methyl tert-butyl
ether (MTBE), tetra-n-butylammonium bromide (TBAB),22,23

and tetra-n-butylammonium fluoride (TBAF),24 are considered
as effective thermodynamic additives. Depending on the size of
the additive molecules, mixed hydrogen hydrates have three
main different crystal structures: (i) structure II (sII),
(ii)structure H (sH), and (iii) semi-clathrate.25 Various
structures are characterized by cages with different sizes and
geometries.

Of the three proven hydrogen hydrate structures, sH
hydrogen hydrate has the highest theoretical storage capacity
with relatively harsh conditions;10,20,26−28 the semi-clathrate
hydrogen hydrate has the mildest formation conditions but
with low theoretical storage capacity. While the hydrogen
storage capacity and synthesis conditions of sII hydrate are in
the middle of the above two. Considering the above, sII
hydrates are regarded as the most suitable structure for
hydrate-based hydrogen storage, which has been widely
studied.
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However, sII hydrogen hydrates with different additives have
various phase equilibrium conditions, which lead to different
hydrogen storage capacities. Generally, higher hydrogen
storage capacity is obtained under the same conditions with
milder hydrate formation conditions, due to the relatively
larger driving force. For instance, 2,5-dihydrofuran (DHF) and
tetrahydrofuran (THP) have a similar structure to THF, but
the phase equilibrium pressure of hydrogen hydrate with DHF
or with THP is higher than that with THF. Consequently, the
hydrogen storage capacity of DHF (0.16 wt %)29 and THP
(0.19 wt %)29 is lower than that of THF (0.26 wt %)30 under
similar operating conditions. These results suggested the
importance of the additives under milder conditions on the
hydrogen storage capacity and stability of the hydrate phase.

Shi et al.31 reported that carbonyl oxygen was pinned down
as the most effective functional group in enhancing the
formation of methane hydrate. The turned hydrogen bonds
between water molecules, which are close to the carbonyl
oxygen group, contributed to the enhanced formation. Men et
al.32 measured the hydrate phase equilibrium of CO2 + epoxy
heterocycles (ethylene oxide, 1,3-propylene oxide, tetrahydro-
furan, 1,3-dioxolane, 1,4-dioxane, and 1,3,5-trioxane) + H2O.
The addition of different epoxy heterocycles shifted the
hydrate equilibrium condition to a higher temperature and
lower pressure region, while THF exhibited the highest
stabilizing effect. Seol et al. suggested a novel sII guest
compound for hydrate-based energy storage, 1,2 -epoxycyclo-
pentane (ECP), whose thermodynamic promotion effect was
notably superior to those of hydrates containing tetrahydrofur-
an (THF) and cyclopentane (CP).33 However, phase
equilibrium data for such thermodynamic additives are mainly
about CH4 and CO2 hydrate. Little data on hydrogen hydrate
phase equilibrium with these promoters have been published.

In this work, the effect of two oxygen-containing group
compounds, propylene oxide (PO) and ECP, as thermody-
namic additives of hydrogen hydrate was studied. The
influence on the phase equilibrium of hydrogen hydrate was
obtained. The experimental data obtained in this study is
significant for the future investigation of hydrate-based
hydrogen storage technology.

■ EXPERIMENTAL SECTION
Materials. Table 1 lists the purities and suppliers of

materials used in this work. Deionized water was used. The
mole fractions of PO and ECP solution used in this work were
5.6 and 2.8 mol %, with an uncertainty of ±0.03%. Hydrogen
(99.999 %), was supplied by Guangzhou Shengying Gas Co.,
Ltd. All chemicals were used without any further purification.
Experimental Apparatus. Figure 1 shows the schematic

diagram of the experimental apparatus used in this work. The
main part of the apparatus was a stirred, high-pressure
stainless-steel cell with an effective volume of 300 cm3. It
could withstand high pressure up to 25 MPa and was
immersed in a cool bath (Huber CC-E-S74) to control the
temperature. A platinum resistance thermometer (PT-100)
with a maximum uncertainty of ±0.01 K was inserted into the
cell to measure the temperature. A pressure sensor (Senex DG-
2AYBB) with an accuracy of ±0.01 MPa was used to measure
the system pressure. The data of pressures and temperatures
were recorded every 10 s by a data logger (Agilent 34970A).
Experimental Method. In this study, the equilibrium of

H2 hydrate with different additives was measured using the
isochoric pressure-search method,34−36 which was made along
the hydrate dissociation path under a constant volume. The
method is a well-established method for hydrate equilibrium

Table 1. Supplier and Purity of the Chemicals

chemical name chemical or linear formula CAS no. purity supplier

hydrogen H2 1333-74-0 99.999% Guangzhou Shengying Gas Co., Ltd
1,2-epoxycyclopentane C5H8O 285-67-6 98.0% Beijing Ouhe Technology Co., Ltd
(±) propylene oxidea C3H6O 75-56-9 99.0% Shanghai Aladdin Technology Co., Ltd
water H2O 7732-18-5 deionized water laboratory made

a(±) represents the optical activity of propylene oxide, a mixture of two optical isomers.

Figure 1. Schematic diagram of the experimental apparatus.
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determination and has been proven to be reliable and has been
used to measure the hydrate equilibrium data in a variety of
experimental systems.37−41 All the experiments were con-
ducted according to the following procedures. The cell was
first cleaned out and then washed with deionized water. The
cell was then evacuated after being filled with 100 mL of the
experimental solution, and hydrogen was injected to a preset
pressure. The thermostatic bath and magnetic stirrer (around
600 rpm) were then turned on. The system was cooled at a
rate of 3 K/h. The sudden rise in temperature and decrease in
pressure indicated the nucleation of hydrate. As the hydrate
completely formed (at least kept for 6 h under the formation
temperature), the system began to warm up at a rate of 0.1 K/
h. When the temperature approached the equilibrium point,
the heat rate of the temperature was changed to 0.025 K/h. In
this way, the equilibrium conditions of the hydrate were
determined as the intersection point of the P−T curve of the
hydrate formation and dissociation processes, as shown in
Figure 2.

■ RESULTS AND DISCUSSION
To verify the reliability of the experimental method and
equipment, the equilibrium of CH4 + water was measured and
compared with those reported in the literature42,43 in Figure 3.
The measured data were listed in Table 2. As shown in Figure
3, the experimental equilibrium data are consistent with those
in the literature, demonstrating that the experimental method
and equipment were reliable.

Equilibrium data (pressure and temperature) for PO + H2 at
various concentrations are summarized in Table 3 and plotted
in Figure 4. Figure 4 also compares the hydrate equilibrium of
PO + H2 system with those of other oxygen heterocyclic
thermodynamic additives in the literature44−46 at a specified
pressure.

The equilibrium of binary hydrogen hydrate was affected by
the geometry of epoxy heterocycles.44 The results in Figure 4
showed that the stability of the mixed hydrogen clathrate
hydrates with different epoxy heterocycles increased in the
following order: 1,4-dioxane < PO < 1,3-dioxolane <2,5-
dihydrofuran < tetrahydropyran (THP) < THF < Furan. The
epoxy heterocycle compounds with pentagonal and hexagonal
ring structures were consistent with the structure of clathrate
hydrates, which had a great influence on the hydrate stability.47

As shown in Figure 4, the presence of the ether (c−o−c)

functional group in the epoxy heterocycle significantly
decreased the hydrate formation pressure substantially
compared with that of pure hydrogen hydrate (above 200
MPa at 275 K48).The ether functional group (c−o−c) in
epoxy heterocycle compounds influenced the hydrogen bond
among water molecules, which induced and changed the order
of hydrogen bonding between water molecules.32,49 The van
der Waals force between thermodynamic additive molecules
and water molecules is reinforced. As consequences of that, it
was thermodynamically easier for epoxy heterocycles contain-
ing the ether functional group (c−o−c) to form hydrate cages
with water and promote the formation of hydrogen hydrate.50

However, the above mentioned results indicated that 1,4-

Figure 2. Schematic diagram of the hydrate equilibrium measurement
method.

Figure 3. Hydrate phase equilibrium for the CH4 + H2O system.
Black ■, ref 42; blue ▲, ref 43; red ●, this work.

Table 2. Measured Hydrate Equilibrium Data for the CH4 +
Water Systema

T/K P/MPa

279.26 4.80
283.14 7.26

aUncertainties are u (mole fraction) = ±0.03%, u(T) = ±0.01 K, and
u(P) = ±0.01 MPa.

Table 3. Measured Hydrate Phase Equilibrium Data for the
H2 + PO + Water Systema

PO mole fractions(mol %) T (K) P (MPa)

5.6 275.16 15.90
275.30 16.26
275.37 16.61
275.47 17.24
275.55 17.82
275.64 18.57

2.8 273.90 14.31
274.02 14.75
274.07 15.23
274.13 15.84
274.19 16.40
274.23 16.91

aUncertainties are u (mole fraction) = ±0.03%, u(T) = ±0.01 K, and
u(P) = ±0.01 MPa.
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dioxane with double ether functional groups(c−o−c) had the
worst promoting effect, which may be the weakened hydrogen
bond caused by the competition between double ether
functional groups(c−o−c) and water molecules. Meanwhile,
double ether functional groups(c−o−c) induced the increase
of molecular diameter, as an example with 1,3-dioxolane, which
led to a relatively worse promotion effect as compared to those
of other thermodynamic additives. It could be concluded that
the molecular diameter of the epoxy heterocycle compound
had an influence on the hydrogen hydrate stability. Similar
results were also found in the systems containing THF and
THP, where the molecular diameter of THP with a hexagonal
ring structure was relatively larger than that of THF with a
pentagonal ring structure. The corresponding hydrate equili-
brium conditions were worse than those for the THF−H2
binary gas mixture.

The results in Figure 4 also indicated that an additive
compound with symmetry was able to form a more stable
clathrate hydrate, which was consistent with the systems
containing furan and 2,5-dihydrofuran. In view of pure
hydrogen hydrate, PO could promote the formation of
hydrate. With a higher mole fraction in the aqueous solution,
lower pressure or higher temperature was needed to form
hydrate, which indicated that PO could act as a thermody-
namic additive. However, at the same mole fraction of 0.056, it
was obvious that PO, a unique epoxy heterocycle with a three-
membered ring structure containing methyl as side chain, was a
weaker thermodynamic additive compared to those data in the
literature. The main reason was attributed to the long center-
to-center distances caused by the side chain and the
asymmetric structure. It could be inferred that there might
be an optimal molecular geometry (symmetrical pentagonal or
hexagonal ring structures with a single ether functional group
(c−o−c) and the corresponding suitable molecular size (the
diameter ratio of guest molecules to cages is better to 0.76−

1.0) for thermodynamic additives, which might be beneficial to
the potential applications of gas hydrates, such as gas storage.
It was obvious that oxygen-containing group compounds had a
great effect on the hydrate phase equilibrium, while most
studies focused on epoxy heterocycles compounds containing
the ether (c−o−c) functional group, few on other oxygen
groups. The mechanism of how organic compounds containing
other oxygen groups affect its performance in shifting the P−T
curve of hydrogen hydrate is not completely clear and more
research is still needed.

Considering the solubility limit of 1,2-epoxycyclopentane in
water and the volatility, the concentration range for the 1,2-
epoxycyclopentane additive in our measurements was set at
0.028 and 0.056 mole fraction. Table 4 shows the measured

phase equilibrium data for H2 at 5.6 and 2.8 mol % ECP
solutions in this work. The presence of ECP significantly
influenced the equilibrium of H2 hydrates, which led to the
dissociation pressure decreasing from 0.76 GPa to 9.76 MPa at
a given temperature as compared to the H2 + H2O system,
suggesting that the ECP−H2 hydrate could keep stable at a
relatively lower pressure region.

The hydrate phase equilibrium for the ECP + H2+water
system compared with other thermodynamic additives in the
literature33,44,46,51 are displayed in Figure 5. As shown in
Figure 5, the hydrate phase equilibrium of 5.6 mol % ECP +
H2 was relatively consistent with that of 5.56 mol % ECP + H2,
while the hydrate phase equilibrium curve in this work shifted
slightly to the left side of the reported curve. In a comparison
of the hydrogen hydrate systems containing 5.6 mol % ECP
and 5.6 mol % CP, the insertion of the ether functional group
(c−o−c) resulted in the hydrate phase equilibrium curve
moving to a more moderate region. At a given pressure, every
phase equilibrium temperature of the ECP + H2 hydrate
system with a mole fraction of 0.028 was found to be at least 1
K and 3.58 K higher than those of the CP + H2 and THF + H2
hydrate systems, respectively. The latter two have been known
to be the most effective sII thermodynamic additives. When
the mole fraction increased to 0.056, the hydrate phase
equilibrium temperature could be further enhanced by 0.6−1
K, while the slope is slightly gentle. With the increase in
pressure, the difference in the hydrate phase equilibrium
temperature between the two kinds of concentration systems
increases gradually. The experimental results also showed that

Figure 4. Comparison of equilibrium for H2 hydrates with various
additives: black ■, PO−H2(2.8 mol %) hydrate, this work; red
●,PO−H2(5.6 mol %) hydrate, this work; blue ▲, 1,3-dioxolane−
H2(5.62 mol %) hydrate, ref 44; green ▼ 1,4-dioxane−H2(5.61 mol
%) hydrate, ref 45; purple ◆, THF−H2(5.6 mol %) hydrate, ref 46;
orange ◀, Furan−H2(5.61 mol %) hydrate, ref 44; cyan ▶,2,5-
dihydrofuran−H2(5.61 mol %) hydrate ref 44; and brown ⬢, THP−
H2(6.02 mol %) hydrate, ref 44.

Table 4. Measured Hydrate Phase Equilibrium Data for the
H2 + ECP + Water Systema

ECP mole fractions(mol %) T (K) P (MPa)

5.6 282.38 3.18
283.13 4.28
284.10 6.65
284.70 8.58
285.00 9.76
285.20 10.52

2.8 282.77 4.99
283.11 6.26
283.53 7.34
283.95 8.55
284.52 10.48
285.03 11.93

aUncertainties are u (mole fraction) = ±0.03%, u(T) = ±0.01 K, and
u(P) = ±0.01 MPa.
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the hydrate phase equilibrium curve of the ECP + H2 hydrate
system was close to that of the TBAB + H2 semi-clathrate
hydrate system, indicating the powerful promotion effect of
ECP on hydrogen hydrate formation during sII-type
thermodynamic additives. The ether functional group (c−o−
c) of ECP is above the epoxy heterocycles, which means
folding up on the three-dimensional structure. It could be
inferred that the unique structure of ECP may fit within the
cages of clathrate hydrates, resulting in a strong promotion
effect. The hydrate equilibrium temperature was also strongly
affected by the presence of ECP (which has a symmetrical
structure).

■ CONCLUSIONS
In this work, hydrate phase equilibrium for two binary
hydrogen hydrate mixtures, hydrogen/propylene oxide and
hydrogen/1,2-Epoxycyclopentane at two different mole
fractions of 0.056 and 0.028 were reported in the temperature
range of 273.90 to 285.20 K and in the pressure range of 3.18
to 18.57 MPa using the isochoric pressure search method.
These two thermodynamic additives, used as co-guests along
with hydrogen, could drastically lower the hydrogen hydrate
formation pressures and shift the hydrate phase equilibrium
curve to moderate temperature and pressure conditions.
Among them, the promotion effect of 5.6 mol % ECP was
the most obvious, which raised the hydrate phase equilibrium
temperature by about 2−4 K over that of the THF−H2 and
CP−H2 systems under the same pressure and was considered
to be the most powerful sII-type thermodynamic additive.
Additionally, the experimental data also showed that the ether
functional group (c−o−c) affected the hydrogen bond to
reinforce the van der Waals force between guest molecules and
water molecules and played a role in thermodynamically
promoting the formation of hydrogen hydrates. The results
and conclusions obtained through this study can provide a
basis for hydrogen storage and transportation technology.
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