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Propane hydrate has been studied to investigate its use as a possible storage medium for methane gas. For
practical purposes, hydrate formation needs to be efficient at near ambient conditions. Ice particles exposed
to varying mixtures of propane and methane gas are found to form the double hydrate efficiently and may be
quite effective for storing methane. For instance, exposure of the ice particles to a 2/1 methane/propane gas
mixture for 18 h converts 66% of the ice to hydrate with 77% occupancy of the 512 cages and a final dissociation
temperature of 287 K. The samples were then decomposed to determine the pressure versus temperature at
a rate of 1 K/h. It was found that deviations from equilibrium were minor. The compositions of the hydrates
were determined via gas chromatography. For the 180 µm particles employed in this study, 77% of the water
was converted to double hydrate over 72 h. Additional experiments were performed in which the ice particles
were sequentially exposed to propane and then methane to make the double hydrate. However, this technique
did not prove to be as efficient as exposure to the mixed gas. Finally, gas composition measurements during
decomposition of the double hydrates reveal that the two gases are released simultaneously.

I. Introduction

Vast quantities of natural gases are stored within the lattice
structures of clathrate hydrates located in deep sea sediments
and in permafrost.1,2 Because 1 m3 of hydrate may contain as
much as 180 m3 of gas at standard temperature and pressure,
hydrates act to concentrate gas.3 So, clathrate hydrates may also
serve as a storage and/or transportation medium for methane.4

They have certain advantages over highly compressed or
liquefied gas in that higher temperatures and/or lower pressures
may be employed. However, formation of methane clathrates
can be difficult because liquid water and methane are inherently
immiscible. Of course, if clathrates are going to be used for
practical applications, huge quantities must be quickly synthe-
sized. Even on the laboratory scale, synthesis often involves
pressures from 2-35 MPa at 273-288 K.1,5 Storing methane
clathrate at 273 K requires maintaining a pressure of 2.5 MPa.1

An alternative is to employ a mixed clathrate formed with the
large cavities stabilized by propane leaving the small cavities
available for methane. This may allow for storage at a relatively
low pressure of 0.27 MPa and a moderate temperature of 274.8
K as demonstrated by Deaton and Frost with a methane/propane
double hydrate made with 63.8% propane and 36.2% methane.6

In addition to storing methane at near ambient temperature and
pressure conditions, there may be other advantages in terms of
safety and environmental impact.

The experiments reported here investigate methods for quickly
forming mixed methane/propane hydrates to store the maximum
amount of methane at relatively low pressure and high temper-
ature. We chose to investigate the methane/propane mixed
hydrates because propane is readily available and forms sII
hydrate that can, in principle, store two methane molecules for
every propane molecule. The sII hydrate contains two 512 cages
(dodecahedra formed from 20 water molecules with an oxygen
atom at each vertex and a diameter of 5.02 Å) for every 51264

cage (formed from 28 water molecules with a diameter of 6.6

Å). The smaller cages nearly match the methane diameter, 4.36
Å, while the larger cages nearly match the propane diameter,
6.28 Å. Nearly full occupancy of the cages results in a very
stable hydrate with a melting point, or dissociation temperature,
of nearly 284 K at a pressure of 1 MPa for a double hydrate
formed from a 2/1 methane/propane mixture (see below).

Phase equilibrium on propane + methane hydrate was first
studied by Deaton and Frost in 19467 and subsequent studies
on the binary hydrate were performed for various gas composi-
tions of methane and propane.8-11 In 1988, cross-polarization/
magic angle spinning 13C NMR techniques confirmed that the
cage-dependent 13C chemical shift of enclathrated methane can
be used to determine the relative cage occupancies by methane.12

Further important work was published in 2002, which dealt with
the use of additives to form a C3H8 hydrate at lower pressures
and higher temperatures. Addition of methane molecules to the
C3H8 hydrate system resulted in shifting the hydrate equilibrium
toward lower pressures and higher temperatures, confirming that
methane serves to stabilize the propane hydrate.13 Growth rates
of methane/propane hydrate were reported in 2004, where mixed
hydrates were prepared by condensing the gases on powdered
ice and characterized by 13C NMR spectroscopy. Initial growth
rates were rapid, followed by a slower rate of hydrate forma-
tion.14 Kumar et al.15 found the formation rate of methane-
propane-water to hydrate to range from 0.0010 to 0.0025 mol/
min.

In the present study, the efficient production and incorporation
of methane into the propane hydrate sII is investigated. As it is
well-known,14-17 complete conversion of ice to propane clath-
rate is time-consuming. Therefore, several methods were
investigated to produce the hydrate more rapidly and to optimize
the storage of methane. Both sequential and simultaneous
addition of the gases to finely divided ice particles at different
pressures were investigated. After samples were formed and
decomposed, the gases were analyzed by gas chromatography
to determine the occupancy ratios and percent conversion of
the ice particles to hydrate. For propane hydrate, a Clausius-
Clapeyron plot was made from temperature and pressure
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measurements to determine whether equilibrium was maintained
during decomposition of the hydrate.

II. Experimental Section

Our goal was to work with large enough samples to provide
insight into large scale synthesis but small enough so that gas
waste was minimized. Therefore, we studied 30 g ice samples,
and the apparatus was constructed to conveniently process
several samples per week.

A. Experimental Apparatus. The schematic diagram of the
apparatus constructed for this study is displayed in Figure 1. A
stainless steel manifold line was employed to connect the
reaction cell to gas supply lines, the vacuum pump, vent, and
gas chromatograph sampling valve. The reaction cell is a
cylindrical stainless steel cell (7.62 cm in diameter, effective
volume of 310 cm3) fabricated in the UC Irvine machine shop.
The stainless steel cell contains 3 T-type thermocouples (Omega
Engineering, part: TJC36-CPSS-040U-12-SMP-M, 73-623 K
( 1.0 K) placed at varying heights within the cell. The cell
was immersed in a temperature controlled ethylene glycol/water
bath to maintain stable temperature conditions. A pressure
transducer (Omega Engineering, model: PX303-1KG5V, 0-1000
psig ( 0.25% full scale) was attached to the manifold line to
monitor pressure. The gases were introduced to the reaction cell
via the manifold line and controlled by pressure regulators. A
sampling valve was attached directly to the manifold line,
wherefrom gas compositions were determined by an off-line
gas chromatograph (GC; Shimadzu model GC-1014). The gas

chromatograph was calibrated against methane/propane mixtures
prepared on the gas manifold, and so, the precision of the gas
composition measurements is that of the pressure transducer.

B. Materials and Preparation. Research grade methane
(99.999%) and chemically pure grade propane (99.0%) supplied
from Airgas were used in preparing the gas hydrates. The gas
mixtures were prepared by adding the two gases to a third tank
and allowing them to mix for 24 h.

C. Experimental Procedure. Mixed methane/propane samples
were prepared in two different ways for this study. First, propane
hydrate was prepared and then exposed to methane. Second,
the gases were mixed in advance and added together. We also
performed studies on pure propane hydrate for comparison.

Following the suggestion of Stern et al.,5,18 powdered ice
was used as a starting material in order to maximize the
surface area of ice exposed to gas. The powdered ice was
made by grinding small ice pellets into a fine powder. The
ice pellets were formed by a steady drip of nanopure water
from a buret into liquid nitrogen. The ice pellets were then
strained from the liquid nitrogen and ground in a coffee
grinder (Cuisinart model: DBM-8) at 253 K. The powder
was then forced through a 180 µm sieve. Powdered ice (30
g) was placed in a reaction cell precooled with liquid
nitrogen. The cell was then sealed, placed in a water bath
preset to 269 K, and attached to the manifold line, where
the head space of the cell was evacuated to eliminate air.

For the studies for which propane hydrate was first prepared
and then exposed to methane, propane was introduced to the
reaction cell at a rate of 0.2 MPa/h (to minimize melting of the
fine powder) to a total pressure of 0.38 MPa. This pressure was
chosen to avoid forming liquid propane. The temperature of
the sample was increased to 272 K, and the sample remained
exposed to propane for a period of 72 h. Next, methane was
added to the desired final pressure. After 24 h, the samples were
placed in a freezer set to 243 K. After 24 h, analysis of the
hydrate was performed by connecting the sample back to the
manifold line, adjusting the temperature to 253 K, evacuating
the gas above the hydrate, and then heating to release gas from
the hydrate while recording the temperature and pressure.
Periodic samples of 100 µL were collected for analysis by gas
chromatography during decomposition of the hydrate. To obtain
the amount of gas consumed and subsequently the amount of
ice converted to hydrate, eq 1 was used:

n ) PV/ZRT (1)

where P, V, and T are the gas pressure, volume, and temperature,
respectively. R is the gas constant, and Z is the compressibility
factor obtained from the Peng-Robinson equation of state.19

When using premixed methane/propane gas, the procedure
was quite similar. In this case, several different hydrate
formation procedures were employed to try to maximize gas
uptake, and these will be described more completely below.

III. Results and Discussion

Our goal in carrying out the experiments was to increase the
rate of formation of mixed methane/propane clathrate hydrate.
In addition, we carried out a Clausius-Clapeyron analysis of
the pressure versus temperature curve for propane hydrate and
compared the resulting ∆H values to those in the literature.20

A. Propane Hydrate. First, a pure propane hydrate sample
was studied to provide a reference for the mixed gas studies. The
propane hydrate was formed by placing 30 g of powdered ice in
a precooled reaction cell, the headspace was evacuated to eliminate
air, and propane was introduced to the reaction cell at a rate of 0.2

Figure 1. Schematic of the experimental apparatus.

Figure 2. Temperature and pressure during decomposition of propane
hydrate. The decomposition is not complete until T ) 280 K is reached.
This is close to the thermodynamic melting point. The points where the
dashed lines intersect on the pressure and temperature graphs will be referred
to as the highest decomposition pressure and highest decomposition
temperature, respectively, for this sample.
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MPa/h to a total pressure of 0.38 MPa at 272 K. After each sample
was formed, it was decomposed by raising the temperature at a
rate of 0.36 deg/h. A typical data set for pressure and temperature
versus time is shown in Figure 2. Note that the sample temperature
stalls slightly at 273 K indicating that some of the water is still in
the form of ice. Also, note that the rate of pressure increase changes
when the sample reaches 273 K. This is due to the fact that ∆H
for hydrate decomposition depends on whether it decomposes to
solid or liquid water. Applying the Clausius-Clapeyron relation
to the data above and below 273 K yields values of 129 and 26
kJ/mol, respectively for ∆H. These compare to the values reported
by Handa et al.,21 129.2 and 27 kJ/mol, respectively, so we were
not too far from maintaining equilibrium. In this sense, the hydrate
shows little of the metastability that has been reported for methane
hydrate.5

We conclude that over the time scale of these decomposition
experiments, equilibrium was maintained. The pressure leveled
off at 0.53 MPa at 280 K, again, close to the equilibrium
dissociation temperature for that pressure. From the total gas
release, it was determined that 81% of the initial 180 µm ice
powder had been converted to propane hydrate by this synthesis
procedure. To investigate the effect of particle size, a similar
experiment was performed in which the ice was sieved through
a 106 µm mesh before loading into the cell. Propane hydrate
yield increased to 91%. Clearly, to optimize hydrate synthesis,
one would like to employ the finest possible mesh. However,
using the smaller mesh is much more time-consuming, and the
180 µm mesh was employed in the subsequent experiments.

B. Hydrate from Premixed Methane/Propane Gas. Be-
cause our goal is to store propane and methane as efficiently as
possible, and since the ratio of small to large cages is 2:1, we
first studied a 2:1 methane to propane ratio for the synthesis
gas. The powdered ice was exposed to 1.1 MPa of the gas
mixture for 6, 18, and 72 h, and then the samples were slowly
decomposed while monitoring pressure and temperature as
described above.

Figure 3 shows the pressure as a function of temperature during
decomposition of the methane/propane double hydrate formed over
72 h using the 2:1 sample mixture and heated from 253 K at a
rate of 1 K/h. As for pure propane hydrate, there are two regions
of pressure increase: above and below the water melting point.
Decomposition was complete by 287 K, yielding a final pressure
of 1.3 MPa. Analysis by gas chromatography shows that this gas
was 58% methane and 42% propane. So, more than 50% of the
available small cages were filled with methane even though the
sample was prepared with a modest initial pressure.

Because the methane partial pressure maintained in this study
is well below that necessary to obtain pure methane clathrate,
we assume that the percent conversion of ice to clathrate is
roughly given by the amount of propane that is trapped. This
analysis yielded a conversion fraction of 77 ( 5% for two
samples synthesized with the 2:1 methane/propane mixture at
1.1 MPa. More importantly, the data shows that significant
amounts of methane were incorporated into the clathrate during
formation: 70 ( 1% of the available 512 cages were occupied
by methane. Note that some of the sample decomposed as the
head gas was evacuated before the decomposition study. So,
the percent conversion is slightly higher than 77%. Table 1
reports similar data for these runs and those for a 2.8:1 methane/
propane mixture, also with total initial pressure 1.1 MPa, and
for sample preparation times ranging from 6 to 18 h.

The data in Table 1 shows that, for the 2:1 methane/
propane mixture, increased exposure of the ice particles to
the gas continues to improve the percent conversion up to
72 h. Most probably, the hydrate that is formed initially serves
to isolate the remaining ice from the gas. So, for a practical
process, one would need to employ either smaller initial
particle sizes or some method to continuously expose the
remaining ice surface to the gas. The methane/propane ratio
in the solid decreases very slightly with increased exposure
time. For the mixture with the 2.8:1 methane to propane ratio,
there was slightly more methane uptake into the available
small cages, but fewer small cages were formed due to the

Figure 3. Plot of pressure vs temperature during decomposition of a
methane/propane double hydrate formed over 72 h with a 2:1 methane/
propane mixture at 1.1 MPa and 272 K. Note that if one wanted to store
the double hydrate at 1.0 MPa, the temperature could be maintained at 283
K.

Table 1. Properties Observed for Double Hydrates Formed from Two Different Mixtures for Different Synthesis Times

time that ice was
exposed to gas (h)

initial gas composition
of methane/

propane
final decomposition

pressure (MPa)
final decomposition

temperature (K)

final hydrate gas
composition: methane/

propane
% of ice converted

to hydrate

% of 512 cages
filled with
methane

6 2/1 1.00 287 1.50 57 75
18 2/1 1.15 287 1.54 66 77
72 2/1 1.27 ( 0.06 289 ( 0.7 1.41 ( 0.01 77 ( 5 70 ( 0.7
6 2.8/1 0.882 286 1.61 48 80
18 2.8/1 0.799 285 1.54 45 77

Figure 4. Total pressure and ratio of methane/propane molecules as a
function of temperature for the sequentially formed propane hydrate
pressurized with 1.48 MPa of methane for 24 h.
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lower partial pressure of propane. The partial pressure of
propane in this case was 0.3 MPa, still well above the propane
hydrate vapor pressure. In terms of gas storage at near
ambient conditions, the data in Table 1 indicates that solid
hydrate can be maintained at temperatures up to 285 K with
modest total pressures in the range of 1 MPa. Alternatively,
if lower pressures are preferred, the hydrate can be maintained
at 0.2 MPa for temperatures slightly below 273 K.

C. Sequential Methane/Propane Hydrate Production. As
an alternate to simultaneous mixed gas clathrate production,
we investigated the sequential storage of methane after propane
hydrate was first produced. This study was motivated by the
possibility that a stable propane hydrate might absorb and release
methane reversibly. Propane hydrate was formed as described
above and then exposed to varying pressures of methane gas
for 24 h. In addition to measuring the pressure release as a
function of temperature, gas chromatographic analysis was
performed during decomposition to determine whether the
methane is released preferentially at temperatures below the final
decomposition temperature. Figure 4 shows an example of such
data. In this case, the propane hydrate was exposed to methane
at a partial pressure of 1.48 MPa for 24 h. The pressure versus
temperature plot of the sample formed by this procedure is quite
similar to that formed by the mixed gas discussed above, except
that the final pressure is lower. The lower final pressure shows
that sequential exposure to methane is less efficient than syn-
thesis with premixed gases. However, in spite of obtaining lower
final pressures, the sequentially formed hydrates are still capable
of filling 33% of the theoretically available 512 cages. The
methane to propane ratio in the gas phase is nearly constant
over the decomposition range. From this, we conclude that the
methane that was absorbed was distributed relatively evenly over
the surface of the particles.

Table 2 summarizes the results from the decomposition of
gas hydrate samples synthesized by exposure of propane hydrate
to four different methane pressures, ranging from 0.38 to 1.48
MPa. The amount of methane trapped by the propane hydrate
increased only slowly as the methane pressure was raised.
The final gas composition for the sequentially formed propane
hydrate pressurized with 1.48 MPa of methane was 60% propane
and 40% methane. 82% of the ice was successfully converted
to hydrate, and 34% of the 512 cages was occupied by methane.
The cage occupancy of methane molecules in the small cages
remained roughly constant throughout decomposition of the
hydrate, indicating that both the small and large cages of the
sII breakdown at the same rate during decomposition. This was
true for all sequentially formed methane/propane hydrates. This
indicates that, for the decomposition rates of these experiments,
near equilibrium conditions were maintained.

If the initial particle size were small enough, perhaps the
sequential dosing technique might be comparable in efficiency
to the dosing with mixed gas. However, it appears that there is
no advantage to using the sequential dosing in terms of selective
release of methane upon warming for the decomposition rates
employed in this study.

IV. Conclusions

The goals of this study were to determine the efficiency of
forming methane/propane double hydrate by exposing small ice
particles to gas mixtures and to determine if the resulting
hydrates decompose close to equilibrium conditions for a given
rate of temperature increase. We find that ice particles screened
through a 180 µm mesh yield 81% propane hydrate when
exposed to 0.38 MPa propane for 72 h. Propane hydrate
synthesis was more efficient for small particle sizes, but the
time to create the particles increased significantly, and we
employed the 180 µm mesh in the mixed gas studies reported
here. Decomposition of the propane hydrate prepared by this
technique yielded ∆H values in reasonable agreement with the
literature. This indicates near-equilibrium conditions were
maintained during decomposition.

It was found that direct exposure of the ice particles to a methane/
propane mixture was more efficient for forming the methane/
propane double hydrate than was exposure of propane hydrate to
pure methane gas. For the 2:1 methane/propane mixture at 1.1 MPa,
57% of the ice was converted to double hydrate in 6 h, increasing
to 77% in 72 h, as measured by propane uptake. Also, about 70%
of the available 512 cages were filled by methane at the end of the
run. In the literature, it is common to compare the methane and
propane density in the hydrate to an effective ideal gas pressure.
In the case of the best sample produced here, the effective gas
pressures are 5.4 MPa for propane and 7.6 MPa for methane. The
resulting hydrate decomposed near equilibrium conditions for a
temperature ramp of 1 K/h. At 270 K, the mixed propane/methane
vapor pressure of the sample was 0.2 MPa, and the vapor pressure
gradually increased to 1.25 MPa at 289 K. So, the double hydrate
prepared by these techniques can store significant amounts of
methane under mild conditions of temperature and pressure.
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