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g r a p h i c a l a b s t r a c t
� The decomposition of methane hy-
drate is proposed using plasma in-
liquid method.

� Synthetic methane hydrate is used as
the sample for decomposition in
plasma.

� Hydrogen can be produced from
decomposition of methane hydrate.

� Hydrogen purity is higher when us-
ing radio frequency stimulation.
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This research involves two in-liquid plasma methods of methane hydrate decomposition, one using radio
frequency wave (RF) irradiation and the other microwave radiation (MW). The ultimate goal of this
research is to develop a practical process for decomposition of methane hydrate directly at the subsea
site for fuel gas production. The mechanism for methane hydrate decomposition begins with the
dissociation process of methane hydrate formed by CH4 and water. The process continues with the
simultaneously occurring steam methane reforming process and methane cracking reaction, during
which the methane hydrate is decomposed releasing CH4 into H2, CO and other by-products. It was found
that methane hydrate can be decomposed with a faster rate of CH4 release using microwave irradiation
over that using radio frequency irradiation. However, the radio frequency plasma method produces
hydrogen with a purity of 63.1% and a CH conversion ratio of 99.1%, which is higher than using micro-
wave plasma method which produces hydrogen with a purity of 42.1% and CH4 conversion ratio of 85.5%.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen seems to be one of the more promising energy
sources since it is both environmentally friendly and highly
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energy efficient. The total of energy yield of hydrogen combustion
is greater than that of any other fuel [1,2]. Consequently, intense
research has been conducted on hydrogen production as an en-
ergy source with a variety of methods being proposed such as
water electrolysis [3], steam reforming for fossil fuels [3,4],
ethanol and methanol reforming [2,5], clathrate hydrate reform-
ing [6], multi-generation energy production system [4,7], con-
version of hydrocarbons by microwave plasma or conventional
microwave oven [8e10], radio frequency plasma stimulation [11],
just to name a few.
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Fig. 1. Process for hydrogen production from hydrate fields in subsea sites using the in-
liquid plasma method.
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Furthermore, Methane hydrate is increasingly becoming one
of the more promising energy resources due to its abundance
[12], and potential role in mitigating global climate change
[13,14]. It is formed by its constituent CH4 molecules held within
the lattice cavities of water crystals occurring via an exothermic
reaction under the proper combination of pressure and temper-
ature [15]. Methane hydrate is an untapped source of hydrocar-
bon energy [16], which is believed to be both plentiful and stable
on the seabed and in permafrost at high pressure and low tem-
perature [10,12,17]. The amount of energy held in methane hy-
drate beneath the sea could possibly be as much or even more
than twice that of the entire energy reserves of the various fossil
fuels on Earth [12]. Its considerable C: H ratio and availability
make it an attractive energy source for producing hydrogen and
could be preferable to the currently most commonly used mode
of hydrogen production, steam methane reforming (SMR), which
in commercial application supplies from 80 to 85% of the world's
hydrogen [14].

Interest in methane hydrate has increased over the last several
years, with many governments including those of the USA, Can-
ada, Russia, India, and Japan becoming intrigued by the possibil-
ities of methane hydrate [12,13]. In the process of investigating
methane hydrate as an alternative potential source of hydrogen
energy, a significant number of methods for extracting hydrogen
through methane hydrate decomposition have been recom-
mended and developed. Methane hydrate has a pressure phase
equilibrium of 2.3 MPa at 0 �C and consists of an ice/liquid water
hydrate [12,16]. It has been exploited for natural gas production
through the dissociation process. One hydrate dissociation pro-
cess involves heating hydrate fields through thermal stimulation
to a temperature above the hydrate equilibrium temperature. The
thermal stimulationmethod typically employs injecting hot water
(steam and hot brine) into the hydrate field. Unfortunately, the
production cost of this method is quite high due to the high en-
ergy loss during injection of the hot water [16]. On the other hand,
the use of high-frequency waves irradiated directly into the hy-
drate field can prove to be a more rapid and effective method than
the hot-water injection [10].

Moreover, the radio frequency wave and microwave in-liquid
plasma method use a technology in which plasma is generated
inside bubbles within a liquid creating a high-temperature chem-
ical reaction field [2,18e20]. The temperatures of the in-liquid
plasma exceed 3000 K at atmospheric pressure [18]. In-liquid
plasma has been employed in the decomposition of waste oils or
hydrocarbon liquids during which the useful by-products,
hydrogen gas and carbon particles are generated simultaneously
[9]. MW plasma, which can be generated using commercial mi-
crowave ovens, is commonly used in diamond depositions and IC
manufacturing and has the advantages of simple and low-priced
operation, high plasma density and high electron mean energy
[2,21]. When 2.45 GHz of microwave plasma is generated in a hy-
drocarbon liquid, hydrogen gas with a purity of 66%e80% can be
produced, which means that the energy efficiency of hydrogen
production with this method is estimated to be 56% over that by
electrolysis of alkaline water for the same power consumption
[9,22]. On the other hand, radio frequency (RF) plasma irradiation
could easily be used to generate plasma in water under high
pressure [18] with the energy consumption required to produce
hydrogen, oxygen, and hydrogen peroxide from water under at-
mospheric pressure being 0.4% of the 150 W of radio frequency
input power [11]. This means that RF plasma could be generated at
a lower power than microwave plasma in water. Therefore, it is
feasible to use RF irradiation for methane hydrate decomposition
from hydrate fields as a foreseeable method of hydrogen produc-
tion by plasma stimulation.
In the present study, decomposition of methane hydrate at at-
mospheric pressure by radio frequency wave (RF) and microwave
(MW) plasma is conducted to compare the attributes of these two
methods. This becomes a first step in the process with the ultimate
goal of producing hydrogen from hydrate fields using an in-liquid
plasma method as shown in Fig. 1.

The in-liquid plasma method generates a high localized tem-
perature at high pressure with the plasma remaining mostly
around the tip of the electrode [6]. This makes the method pro-
posed ideal for this purpose. During the initial process of plasma
generation in methane hydrate, the hydrate would melt and pass
from a solid phase into a liquid phase, hence, the plasma generated
in methane hydrate can be considered as the in-liquid plasma.

2. Experiment apparatus & procedure

2.1. Methane hydrate formation

The apparatus for formation of methane hydrate is shown in
Fig. 2. The apparatus consists of a cooling bath, temperature control
device, magnetic stirrer, methane gas supply, thermocouple and
pressure measurement unit. Methane hydrate was formed by
injecting pressurized methane gas into shaved ice in the cooling
bath.

The inner diameter and height of the cooling bath are 60 mm
and 140 mm, respectively, giving it a volume of 400 ml. The
maximum pressure is 15 MPa, and temperature of the cooling bath
is maintained using ethylene glycol as a cooling medium. A mag-
netic stirrer with a diameter of 40 mm along with a methane in-
jection tube is positioned 30 mm from the bottom of the cooling
bath. 100 g of shaved ice were put into the cooling bath which has
been washed by water. The temperature of cooling bath was
maintained constant at 0 �C, the methane was pressurized to about
7 MPa and the magnetic stirrer rotated at 500 rpm to agitate the
solution of methane gas and shaved ice. The temperature of
methane hydrate formation was recorded by a thermocouple
located 30 mm from the bottom of the cooling bath, while pressure
change was recorded by a camera connected to a computer unit.
Pressure and temperature throughout the procedurewere recorded
every 15 min.



Fig. 2. Apparatus for synthesizing methane hydrate.
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During the formation of methane hydrate, there was an initial
increase in temperature to approximately 6 �C. The process then
continued constantly as the ice melted. The remainder of the
ice melted to create hydrates when the cooling bath temperature
fell to 2 �C [6]. Pressurization at 7 MPa was maintained by
repeatedly injecting methane [15]. The pressure remained con-
stant at 7 MPa until the end of the procedure. It then rapidly
decreased to atmospheric pressure while additional refrigeration
was conducted. The further cooling is necessary to prevent hy-
drate dissociation [23].
2.2. Plasma decomposition from methane hydrate using radio
frequency wave

The experimental apparatus for RF plasma decomposition is
shown in Fig. 3. Radio frequency plasma with a frequency of
27.12MHzwas used to decomposemethane hydrate. Argon gas was
injected into the reactor vessel to expel air before plasma genera-
tion at the electrode tip and methane hydrate was decomposed in
the reactor vessel at atmospheric pressure.
Fig. 3. Experimental apparatus using RF plasma decomposition.
An electrode made of a 2 mm tungsten rod protruding from a
ceramic tube used as a dielectric substance 10 mm in length with
an outer diameter of 6 mm and 1.5 mm thickness was inserted
into the reactor through the bottom and connected to a power
source (T161-5766LQ, Thamway) via a matching box (T020-
5766M).

Additionally, a copper tube was inserted from the top of the
reactor to a distance of 4 mm from the lower electrode that func-
tioned both as a counter electrode and a gas exhaust outlet. 10 g of
methane hydrate were put into the reactor vessel. The RF input
power was set to range from 300 to 350Wat atmospheric pressure.
The net power values were calculated by subtraction of the re-
flected power from the forward power. The reflected power was
maintained constant at the lowest value possible.
2.3. Plasma decomposition from methane hydrate using microwave
oven

A conventional microwave oven was utilized as the microwave
power source for generating the plasma with the antennas posi-
tioned facing downwards as shown in Fig. 4. 10 g of methane hy-
drate were inserted under the tips of the antennas inside the
reactor vessel. . The reactor vessel was irradiated by microwaves
from a 700 W magnetron with the antennas receiving 2.45 GHz of
microwaves at which point plasmawas generated at the tip of each
antenna.

In order to prevent the microwave energy from being absorbed
by components inside the reactor such as the reaction vessel, the
reactor platform and piping were made using heat-resistant glass
and silicone rubber. In addition, the antenna unit was installed on a
Teflon® base so that the reactor vessel would not be damaged by
the heat generated by the plasma [6]. The electrode tips protrude
into the methane hydrate and plasma starts generating the fluid-
phase. The gas produced was collected using a syringe after it
was expelled by the downward displacement of water into a pipe
inserted through the top of the device and connected to the reactor
vessel. Argon gas (Ar) was piped into the reactor filled with
methane hydrate to extract the exhaust gases. In this condition,
MW irradiation was applied and plasma generated resulting in
approximately 1000 ml of generated gas being recovered using the
water substitution method.

A Shimadzu 8A gas chromatograph with a column temperature
60 �Ce160 �C (hold 6 min) utilizing Argon as the carrier gas was
Fig. 4. Experimental apparatus for plasma generation using microwave oven.



Fig. 5. Pressure & temperature during methane hydrate formation.
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used to identify the contents of the exhaust gases from both the RF
and the MW plasma methods.

3. Results and discussion

Methane hydrate has a cubic structure I (sI) with a unit cell
formula of 6(51262)0.2(512).46H2O [12,14,15,17]. The basic formula
for methane hydrate is CH4.nH2O, where n is the stoichiometric
number or hydrate number which describes a variable number of
water molecules within the lattice structure of methane hydrate.
Based on the pressure condition of 1.9e9.7 MPa and the formation
temperature of 253e285 K, the sample of synthetic methane hy-
drate used in this experiment had a stoichiometric number of
n ¼ 5.81e6.10H2O with an average of CH4. 5.99 (±0.07) H2O [24].
Methane hydrate began forming rapidly in the cooling bath after
the stirrer was activated, and there was a concurrent pressure
decrease to about 6.7 MPa and temperature increase to around 1 �C.
This was caused by an exothermic reaction, as shown in Fig. 5.

Methane hydrate was then decomposed by the plasma into the
product gases which were hydrogen (H2) and carbon monoxide
(CO) as themain products, and carbon dioxide (CO), methane (CH4),
carbon (C), and hydrocarbon (CxHy) as byproducts [2], the same
composition was also reported by Nomura et al. [3].

Some amounts of carbon black appeared due to the readily
available methane molecules during the decomposition [1,9]. As a
result, carbonwas found adhered to the reactor walls, antennas and
counter electrodes. Also, decomposition of methane hydrate at the
copper interface of the antenna in the microwave oven resulted in
Fig. 6. Condition of antennas/electrodes before
dissolution of carbon into themetal and dispersion as particles. The
carbon then precipitated at the copper base of the antenna. The
condition of the antennas before and after methane hydrate
decomposition using MW plasma is shown in Fig. 6.

The results of the plasma decomposition of methane hydrate
showed that there remains asubstantial amount of methane in the
product gases from unconvertedmethane release. As can be seen in
Fig. 7, about 36% of the product gas was CH4 when the methane
hydrate decomposition was conducted by the MW plasma method
and 17.3% by the RF plasma method at an input power of 330 W in
comparison to 20% from n-dodecane by the MW plasma method in
previous experimentation by Nomura et al. [9].

Essentially, the electromagnetic wave from a microwave oven
has three principal properties; its wave will be reflected by metal
material such as steel or iron, it is able to penetrate a non-metallic
material without heat transfer [1], andmost significantly, it is easily
absorbed by water. Electromagnetic waves from MW oven radia-
tion can transfer enough energy to heat water by the excitation of
its molecules which leads to the enhancement of the overall tem-
perature inside, and finally results in water turning into steam [10].

Therefore, it was hypothesized that some portions of water and
methane from the reaction of methane hydrate dissociation were
vaporized and rose up out of the liquid without passing through the
plasma decomposition process for producing hydrogen. This would
explain the reason for a significant amount of unconverted
methane release in the product gases for the MW oven method,
which was more than twice that of the RF plasma method.

It took 60 s to collect 60 mL of the gas generated from methane
hydrate decomposition by the RF plasma method. However,
1100 mL of generated gas was collected in 60 s by the MW plasma
method. The result of gas chromatography analysis of the recovered
gas is shown in Table 1 with the addition of the recovered gas re-
sults of n-dodecane from previous experiment for comparison.

The entirety of the reactions can be expressed by the following:

CH4.nH2O / x(aH2 þ bCO þ cCO2 þ dCH4 þ eC2H2 þ fC2H4) þ
yC(s) þ zH2O (1)

Where, a, b, c, e, f are the contents ratio of product gases as shown in
Table 1.

x ¼ 2=ða� b� 2cþ 2dþ eþ 2f Þ (2)

y ¼ ða� 3b� 4c� 3e� 2f Þ=ða� b� 2cþ 2dþ eþ 2f Þ (3)

and
and after methane hydrate decomposition.



Fig. 7. Content of product gases from methane hydrate decomposition.
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z ¼ n� 2ðbþ 2cÞ=ða� b� 2cþ 2dþ eþ 2f Þ (4)

The chemical reaction of plasma decomposition of methane
hydrate shown in Eq. (1) is based on methane hydrate dissociation
(MHD), steam methane reforming (SMR) and methane cracking
reaction (MCR). At the beginning of the MHD reaction, CH4 and
water were produced, then the SMR and the MCR reactions
simultaneously decompose the released CH4 into H2, CO and other
byproducts. The water that turns into steam by the plasma reacting
with the CH4 to produce H2, CO and CO2 through the SMR process
[11]. The reaction equation and enthalpies concerned with MHD,
SMR and MCR are shown in Table 2.

Themolarity of thesemixed of product gases is expressed as ngas
and becomes:

$ From MH=RF plasma decomposition/a ¼ nH2
¼ 0:642$ngas (5)

b ¼ nCO ¼ 0:045$ngas (6)

c ¼ nCO2 ¼ 0:005$ngas (7)

d ¼ nCH4 ¼ 0:287$ngas (8)
Table 1
The contents of the gas generated by the RF plasma and the MW plasma.

H2% CO% CH4% CO2% C2H2% C2H4%

MH/RF plasma 64.2 4.5 28.8 0.5 0.2 0.1
MH/MW plasma 42.1 3.3 48.6 0.5 5.0 0.4
n-Dodecane/MW plasma [9] 74.0 0.0 2.0 0.0 20.0 2.0

Table 2
Basic reactions of methane hydrate decomposition.

Reactions Category DH (kJ/mol)

CH4,6H2O / CH4 þ 6H2O (l) Methane hydrate dissociation 53.5 [25]
CH4 þ H2O / 3H2 þ CO Steam methane reforming 206.16
CO þ H2O / H2 þ CO2 Steam methane reforming �41.2
CH4/ 2H2 þ C (s) Methane cracking reaction [1] 74.87
2CH4/ 3H2 þ C2H2 Methane cracking reaction 376.47
2CH4/ 2H2 þ C2H4 Methane cracking reaction 202.21
e ¼ nC2H2 ¼ 0:002$ngas (9)

f ¼ nC2H4 ¼ 0:0006$ngas (10)

The enthalpy of formation per 1 mol of methane hydrate by the
reaction can be determinedwhen the chemical reaction formulas in
Table 2 are substituted in Eq. (1). Accordingly,

x½aDHðH2Þ þ bDHðCOÞ þ cDHðCO2Þ þ dDHðCH4Þ þ eDHðC2H2Þ
þ fDHðC2H4Þ� þ zDHðH2OÞ � DHðMHÞ ¼ 369 kJ=mol

(11)

was obtained. In the same manner as the enthalpy calculation,
368 kJ/mol of enthalpy of formation was found for the MW plasma
method. That there is a positive enthalpy of formation indicates an
endothermic reaction for which energy input was required [1]. The
enthalpy of formation per 1 L of gas in the reaction in Eq. (1) was
9.73 kJ/L which was supplied by methane hydrate decomposition
by the RF plasma method. In the same manner, up to 11.46 kJ/L was
obtained by the MW plasma method.

In this experiment, the power consumption of the RF plasma
method was 327.5 W to decompose methane hydrate for an irra-
diation time of 60 s which produced 54mL of gas. Whereas theMW
plasma method consumed 700 W and took 48 s to produce 550 mL
of gas. If the energy is converted into a unit per liter gas ratio, it was
found to be 401.5 kJ/L for the RF plasma method and 65.8 kJ/L for
the MWplasmamethod. As a result, the amount of energy required
to generate 1 mol of H2 for each plasma methods was found to be
12.7 MJ/mol (¼ (327.5W)� (60 s)� (22.4 L/mol)/(0.054� 0.642 L))
for the RF method and 4.1 MJ/mol (¼ (700 W) � (60 s) � (22.4 L/
mol)/(0.55 � 0.421 L) for the MW method.

Additionally, further analysis showed that during methane hy-
drate decomposition by the MW plasma method, the formation of
acetylene was a main factor for the energy expansion. The enthalpy
of formation of acetylene is 376.47 kJ/mol as shown in Table 2,
which is greater than that of other substances. In addition, it can be
seen from the data in Table 1 that the percentage of acetylene in the
gas content was as much as 5.1% which is greater than that from
methane hydrate decomposition using the RF plasma method.
Thus, reaction conditions should be defined so as to inhibit the
formation of acetylene in the process of hydrogen production [6].

The CH4 conversion rate was affected by the rate of methane
hydrate dissociation, which should be equal to the gas production
rate. The total CH4 conversion ratio was calculated using Equation
(12) [11]:

CH4 conversion ratio ¼
�ðCH4Þreactant � ðCH4Þproduct

ðCH4Þreactant

�
x 100

(12)

(CH4)reactant was determined by the number of moles of CH4 trap-
ped in 10 g of methane hydrate, and (CH4)product was the number of
moles of CH4 content in the product gases. Referring to the hydrate
number (n)¼ 6.0 [6], the amount of CH4 trapped in 10 g of methane
hydrate is thought to be 0.0806 mol.

The actual CH4 content in the product gases was 0.0115 mol for
the MW plasma method and 0.00069 mol for the RF plasma
method. Subsequently, it can be seen from Fig. 8 that the total CH4
conversion ratio tended to decrease with an increase of the H2

content in the product gases for both plasma decomposition
methods, a comparable trend is also observed for the CO content in
the product gases.

H2 selectivity was determined by the number of H atoms in the
H2 content of the product gases, divided by the total of H atoms in



Fig. 8. CH4 conversion ratio for methane hydrate decomposition by the RF and the MW Plasma method.

Fig. 9. H2 selectivity & H2 yield by the MW and the RF Plasma method.

Fig. 10. Comparison summary of performance results of plasma decomposition by MW
& RF methods.
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the converted reactant [11]. Likewise, H2 yield is the number of H
atoms in the H2 content of the product gases, divided by the total of
H atoms in the reactant. Fig. 9 shows that the selectivity and yield of
H2 by the MW method tends to increase with a rise of the gas
production rate. On the other hand, the selectivity and yield of H2
by the RF method tended to increase with a slow rate of gas pro-
duction, while it tended to decrease at a faster rate.

The H2 energetic mass yield for the RF plasmamethod was up to
0.6 g[H2]/kWh with a CH4 conversion ratio of 99.1% (Fig. 8), while
for the MW plasma method, it was equal to 2.6 g[H2]/kWh with a
CH4 conversion ratio of 85.8% as shown in Fig. 9. In general,
therefore, it seems that the hydrogen energetic mass yield from the
RF plasma method tended to increase with an increase of the gas
production rate. However, it was followed by a decrease of the CH4
conversion ratio.

This indicates that a slow rate of CH4 release from methane
hydrate can optimize plasma decomposition of CH4 to produce
hydrogenwhen using the RF plasma method. On the other hand, in
methane hydrate decomposition by the MW plasma method, the
hydrogen energetic mass yield tended to increase with the rise of
the gas production rate, which was also followed by an increase of
the CH4 conversion ratio. This leads to an optimization of plasma
decomposition to produce hydrogen when there is a faster rate of
CH4 release from methane hydrate. Consequently, this result in-
dicates that there is a significant difference between these two
plasma decomposition methods.

Fig. 10 shows the comparison summary of the performance's
results of these two methods of in-liquid plasma.
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4. Conclusions

Plasma decomposition of methane hydrate by applying
2.45 GHz Microwave irradiation and 27.12 MHz Radio Frequency
irradiation was conducted under atmospheric pressure. The
mechanism of reaction for the plasma decomposition of methane
hydrate initiated with the methane hydrate dissociation (MHD)
process in which CH4 and water were produced. It then continued
to the simultaneously occurring steam methane reforming (SMR)
process and methane cracking reaction (MCR) during which the
released CH4 decomposed into H2, CO and other byproducts.

Methane hydrate could be decomposed to produce hydrogen
with a purity of 42.1% (CH4 conversion ratio of 85.8%) by the
2.45 GHz Microwave plasma method using a conventional micro-
wave oven, whereas the 27.12 MHz Radio Frequency plasma in-
liquid method can provide a purity of 63.1% (CH4 conversion ratio
of 99.1%). Decomposition of methane hydrate by the Microwave
plasma method can optimize plasma decomposition of CH4 to
produce hydrogen at a fast rate of CH4 release from methane hy-
drate. Conversely, the methane hydrate decomposition by Radio
Frequency plasma method occurs at a slow rate of CH4 release from
methane hydrate.

Furthermore, for forthcoming research, in order to simulate the
actual conditions of high pressure and low temperature at the
subsea site where methane hydrate is in its stable state, experi-
mentation on the decomposition of methane hydrate at high
pressure will be conducted using argon plasma jet.
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