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Methane hydrate, formed by injecting methane into 100 g of shaved ice at a pressure of
7 MPa and reactor temperature of 0 °C, was decomposed by applying 27.12 MHz radio
frequency plasma in order to produce hydrogen. The process involved the stimulation of
plasma in the methane hydrate with a variable input power at atmospheric pressure. It
was observed that production of CH, is optimal at a slow rate of CH, release from the
methane hydrate, as analyzed by in light of the steam methane reforming (SMR) and the
methane cracking reaction (MCR) processes in accordance with the content of gas
production. In comparison with the steam methane reforming (SMR), it was found that
methane-cracking reaction (MCR) was dominant in conversion of CHy into hydrogen. An H,
content of 55% in gas production was obtained from conversion of 40% of CH, at an input
power of 150 W. The results clearly show that hydrogen can be directly produced from
methane hydrate by the in-liquid plasma method.

Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Sustained economic growth coupled with environmental
protection requires the availability of environmentally-
friendly energy. Hydrogen, whose current application is
largest in the chemical industry, has great potential as a non-
polluting fuel gas for this purpose. At present, hydrogen as an
energy source must be produced mainly from fossil fuels such
as natural gas, coal, and fuel oil. Methane, with its significant
C:H ratio and availability, is a preferred energy source for
producing hydrogen. Hydrogen is most commonly produced
from steam methane reforming (SMR) and in commercial
application supplies from 80 to 85% of the world’s demand for
hydrogen [1]. The SMR process converts natural gas or
methane with steam at high temperature and high pressure
by endothermic reaction, however in the second step in the

* Corresponding author.

E-mail address: nomura.shinfuku.mg@ehime-u.ac.jp (S. Nomura).

process to efficiently produce hydrogen, a large quantity of
CO, is produced as a byproduct of the exothermic reaction.
A great deal of research is being conducted to increase the
quantity and purity of hydrogen production for fuel cell needs
using the economic resources and processes. Plasma genera-
tion technology seems very suitable for application in the
hydrogen industry because its high temperature of greater
than 1000 K could accelerate the reaction rate and could
produce hydrogen from methane [2—4]. Research into plasma
decomposition of other energy sources such as iso-octane and
gasoline [4], and coal [5] has also been conducted. On the other
hand, the technology for generating plasma in liquid by radio
frequency (RF) or microwave (MW) irradiation has been con-
ducted in the chemical fields concerned with the direct
decomposition of the liquid itself for diamond deposition [6]
and synthesis of nanoparticles [7]. MW plasma irradiation

0360-3199/$ — see front matter Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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has been successfully applied to produce 70—-80% of hydrogen
at atmospheric pressure from waste oil, and n-dodecane [8,9],
as well as 65% of hydrogen from cyclopentane hydrate (CP)
[10].

Methane hydrate known to exist in a stable form in deep
sea deposits and permafrost at a low temperature and high
pressure has a huge potential as an untapped source of
methane. A single cubic meter of methane hydrate may
contain as much as 170 m® of methane [11] which estimates to
be about 21 x 10" m? at STP condition throughout the world
[12]. Therefore, methane production from methane hydrate is
being actively researched through methods of depressuriza-
tion [13] or thermal stimulation [14,15]. However, though
hydrogen production from methane hydrate may be possible
[12], it has not been investigated in detail.

Since RF irradiation could easily be used to generate
plasma in water at high pressure [16] and the energy
consumption required to produce hydrogen, oxygen, and
hydrogen peroxide from water at atmospheric pressure is
0.4% of 150 W of RF power supplied [17]. It can be said that, RF
plasma could be generated at a lower power than the MW
plasma in water. Therefore, it is feasible that RF irradiation
may be used to decompose the methane hydrate found in
hydrate fields as a foreseeable source of hydrogen production
by plasma stimulation that has the added benefit of mini-
mizing any effect on global warming through the release of
methane and CO, gas byproducts into the atmosphere.

In addition, gas hydrates for storage and transportation of
natural gas at atmospheric pressure with the temperature
below the freezing point of water, which is formed on the
floating production unit of natural gas, can save 24% of the
capital cost compared to the LNG process [18,19]. These
hydrates may also be decomposed to produce hydrogen by the
in-liquid plasma method.

In this paper, the initial experimental results of 27.12 MHz
RF plasma stimulation to decompose methane hydrate into
hydrogen at atmospheric pressure are presented. This study is
a first step toward the ultimate goal of producing hydrogen
from hydrate fields through the application of the in-liquid
plasma method. In-liquid plasma can be sustained in
a bubble created at the tip of electrode by the evaporation of
the liquid, and the cooling properties of the liquid itself can
mitigate heat damage to the electrode. Furthermore, the in-
liquid plasma method results a high localized temperature
with the liquid temperature around the plasma tending to
remain constant in its environmental state. With RF plasma in
water, the electron temperature, and rotational temperature
reach 3400 K at atmospheric pressure [17].

2. Methane hydrate formation

Hydrates are formed into crystalline solids by the presence of
constituent molecules such as methane, CO,, and even
cyclopentane within the cavity of lattice water. For methane
hydrate formation by exothermic reaction, the correspon-
dence between the amount of water and methane, and
a suitable combination of pressure and temperature needs to
be considered. Methane hydrate categorized as cubic struc-
ture I (sI) has an ideal unit cell formula of 6(5'%6%)-2(5'?)-

46H,0. This means that the ideal composition of methane
hydrate is CH,-5.75H,0 assuming all cavities are occupied by
methane. The pressure phase equilibrium at 0 °C is approxi-
mately 2.3 MPa with a mixed content of ice, liquid water and
hydrate [20]. In addition, stirring can be effective to enhance
the gas consumption rate through an increased gas—liquid
interface [21], and injecting methane (290 K, 30 MPa) into
granular ice can complete the reaction of methane hydrate
formation in approximately 12—15 h [22]. Methane hydrate
formation by cycling pressure and temperature close to the
hydrate stability boundary at 4—5 MPa and at 273.16—279.16 K
can convert approximately 90% of water to methane hydrate
[23]. In addition, Stern et al. [22] investigated the dissociation
rate of methane hydrate at atmospheric pressure and sug-
gested that methane hydrate can be temporarily stored and
transported at 242—271 K, at 0.1 MPa.

Methane hydrate formation has also been synthesized for
this study by injecting pressurized methane into shaved ice in
the formation reactor. Fig. 1 depicts the experimental equip-
ment used for methane hydrate in this research. The volume
of the reaction vessel is 400 mL with a height of 140 mm and
an inner diameter of 60 mm. The maximum pressure is
15 MPa, and temperature of reactor casing is maintained by an
ethylene glycol cooling medium. A magnetic stirrer with
a diameter of 40 mm and a methane injection tube are posi-
tioned 30 mm from the reactor bottom.

100 g of shaved ice were put into the formation reactor that
had been cleaned by water. The air in the reactor was then
purged by decompression using an aspirator and substituted
with methane. The temperature of the cooling bath was kept
constant at 0 °C, the methane was pressurized to about 7 MPa
and the stirrer was activated to agitate the solution at 400 rpm.
The temperature of methane hydrate formation was moni-
tored by a thermocouple at 30 mm from the reactor bottom.
Temperature and pressure during the process was recorded
every 15 min.

Methane hydrate began to be formed immediately after the
stirrer was activated at the beginning of the process, which
was characterized by the pressure drop to approximately
5.6 MPa and an increase in temperature to approximately 2 °C.

Stirrer
drive

]

Cooling
bath

Methane

Fig. 1 — Structure of the methane hydrate formation
apparatus.
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This was due to an exothermic reaction, as shown in Fig. 2.
The methane was pressurized to 7 MPa with a corresponding
increase in temperature to approximately 6 °C. The formation
of methane hydrate then occurred continuously from the
melting ice. The remaining ice was melted to form hydrates by
a change in the temperature of cooling bath to 2 °C after the
stirrer was stopped. Pressurization with methane to 7 MPa
was performed in several times. After the methane hydrate
formation process was complete, when the formation pres-
sure was constant at 7 MPa, it rapidly reduced to atmospheric
pressure with the further cooling process by the refrigerator.
The further cooling of the hydrate is required to prolong the
completion of hydrate dissociation [24].

3. Hydrogen production procedure

The main parts of experimental apparatus for methane
hydrate decomposition are shown in Fig. 3. Plasma generated
at the tip of the electrode decomposed methane hydrates in
the reactor vessel at atmospheric pressure.

A transparent silica glass pipe was used as the reactor
vessel with an inner diameter of 55 mm, a thickness of 2 mm,
and a height of 85 mm. An electrode consisting of 2 mm of
a tungsten rod protruding from a silica glass tube with an
outer diameter of 6 mm and a thickness of 1.5 mm as dielectric
substance was inserted from the bottom of the reactor and
connected to a 27.12 MHz RF power source (T161-5766LQ,
Thamway) via a matching box (T020-5766M, Thamway).
Additionally, a copper tube was inserted from the top of the
reactor to a distance of 4 mm from the lower electrode that
served not only as a counter electrode but also as gas outlet as
well.

30 g of methane hydrate were poured into the reactor
vessel. Then, an aspirator decompressed the reactor vessel to
expel air and to facilitate plasma generation. The generation
of RF plasma in methane hydrate was conducted at 150, 180,
and 200 W at atmospheric pressure. The power values were
calculated by subtraction of the reflected power from the
forward power. The reflected power was kept constant at the
lowest possible level. A gas chromatograph (Shimadzu 8A)
with a column temperature 60 °C (6 min hold) to 160 °C and
Helium as the carrier gas was used to identify the contents of
collected gas.

Cool. bath set to 2 °C g

Pressure (MPa)
(Do) dameaadway,

S = MW R Ly =
T
.

S = N W R L

24 48
Time (hr)

<
~J
]

Fig. 2 — Pressure and temperature for methane hydrate
formation.

[ | O-ring
Counter electrode/gas outlet
Silica glass = | l(C'I'PIT'?I’ tube)
Plasii Methane hydrate

Polymethyl methacrylate
Pyrex tube

Electrode (tungsten), @1.5 mm
Matching box

N, 27.12 MHz Power source

Fig. 3 — Experimental apparatus for RF plasma
decomposition of methane hydrate.

4, Results and discussion

According to Stern et al. [22], it is possible to save 93% hydrates
in storage condition at 242—271 K and 0.1 MPa. The dissocia-
tion rate of hydrates at 0.1 MPa increases with an increased
storage temperature, but methane hydrate containing 30%
CH,, after having been exposed to further cooling to —8 °C,
takes 12 days for the completion of hydrate dissociation at
—4°C and 0.1 MPa [24]. This stability provided the opportunity
for methane hydrate to be decomposed by 27.12 MHz RF
plasma at atmospheric pressure. The plasma generated by the
in-liquid plasma method results a high temperature localized
between the two electrodes, which then results in heating the
deposit temperature above the temperature for hydrate
dissociation. Methane (CH,), which is released by the heating
process, flows toward outlet pipe through the plasma. The
plasma then decomposes methane (CH4) into the product
gases. The product gases are hydrogen (H,), methane (CHy),
carbon monoxide (CO) as the main products, and byproducts,
consisting of carbon dioxide (CO,), acetylene (C,H,), ethylene
(CoH,), and carbon (C) adhered to the reactor walls. The
totality of the reactions can be expressed by the following:

CH,-nH,O—x(aH; + bCO + cCO, + dCH4 + eC,H, + fC,H,)
+yC(s) + zH,0 (1)

Where, a, b, ¢, d, e, f are ratios of gas content,

x=2/(a—b—2c+2d+e+2f) 2)
y=(a—3b—4c—3e—2f)/(a—b—2c+2d+e+2f) (3)
and

z=n-2(b+2c)/(a—b—2c+2d+e+2f) 4)

To identify the hydrate number and dissociation enthalpy
that can be applied in the series of calculation refer to the
previous study [25,26].
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Based on the pressure conditions of 1.9-9.7 MPa and
temperature of formation of 253—285 K, the methane hydrate
had a stoichiometric number of n = 5.81-6.10 H,O with an
average CH,-5.99(+0.07)H,0 [25]. In addition, the Clapeyron
equation was used to determine the hydrate number and the
dissociation enthalpy which were found to be 5.90 + 0.3 and
53.5 + 1.3 kJ/mol respectively [26]. This is in agreement with
the hydrate number (n) of Handa, n = 6.00(+0.01). Therefore, it
may be assumed that the amount of (CH,) in methane hydrate
is referred to by the hydrate number of Handa, n = 6.00 and
dissociation enthalpy of MH is 53.5 kj/mol [26].

The CH, conversion was influenced by the rate of methane
hydrate dissociation which was assumed to be equivalent to
the gas production rate. The gas production rate, which
increases with increasing input power, is 0.018, 0.022, and
0.027 mol/min at 150, 180, and 200 W respectively. Therefore,
the total CH4 conversion ratio was calculated using Eq. (5):

The total of CH, conversion ratio
= {((CH‘l)reactam - (CH4)pr0duct)/(CH4)reactant] x 100 (5)

(CHa)reactant Was determined by the mole of CH, trapped in
30 g of methane hydrate, and (CHa)product Was the mole of CH,
content in the product gases. Referring to the hydrate number
(n) = 6.00, the amount of CH, trapped in 30 g of methane
hydrate is expected to be 0.242 mol. The actual CH4 content in
the product gases was 0.146 mol at 150 W, which then
remained constant in the range 0.161—-0.165 mol with increase
of the input power, as shown in Fig. 4. Then, the total CH,
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Fig. 4 — Content of product gases from methane hydrate
decomposition.

conversion ratio as calculated by Eq. (5) was found to have
increased from 32 to 40% with a decrease of input power. The
increased CH, conversion ratio was followed by an increase in
the H, content in product gases from 48% to 55%. Therefore,
a slow rate of CHy release from the methane hydrate can
optimize plasma decomposition of CH, to produce hydrogen.

The chemical reaction of plasma decomposition of CHy
that is demonstrated in Eq. (1) is based on methane hydrate
dissociation (MHD), steam methane reforming (SMR) and
methane-cracking (MCR) reactions. In the initial MHD reaction
as described above CH, and water are produced. Then, the
SMR and the MCR reactions simultaneously decompose the
released CH, into H,, CO, and other byproducts. The amount
of water that turns into steam by the plasma reacted with the
CH, to produce H,, CO and CO, through the SMR process.
Similarly, a certain amount of CH, was directly decomposed
by the plasma by MCR to produce H, and the byproducts of
C,H,, CoHa, and C(s). The reaction equations and enthalpies
concerned with MHD, SMR, and MCR are shown in Table 1.

Taking into account of the amount of CO and CO, content
in the gas production, the CH4 conversion ratio by the SMR
was calculated as shown in Eq. (6). The CH,4 conversion ratio
by MCRin Eq. (7) was calculated from the amount of C,H, and
C,H,4 content in product gases and carbon production.

The CH, conversion ratio by SMR

= {(CH‘l)consumed by SMR/(CH‘l)reactant] % 100 (6)

The CH,4 conversion ratio by MCR
= {(CH‘l)consumed by MCR /(CH‘I)reactant} x 100 (7)

The CH,4 conversion ratio by SMR is proportional to the
amount of available steam. Unfortunately, the steam
produced in this process was estimated to be only about 1% of
the water content in the methane hydrate. Meanwhile, in
comparison with SMR, MCR was found to be dominant in the
CH, conversion, with a ratio that reached to 27—31% as shown
in Fig. 5.

H, selectivity is determined by the number of H atoms in H,
content of the product gases, divided by the total of H atoms in
the converted reactant. Similarly, CO selectivity is defined as
the number of C atoms in CO contents of the product gases,
divided by the total of C atoms in the converted reactant.
Likewise, H, yield is the number of H atoms in H, content of
the product gases, divided by the total of H atoms in the
reactant. Fig. 6 shows that the H, selectivity tends remain
constant around 97% with a change in the input power and the

Table 1 — Basic reactions for methane hydrate
decomposition.

Reactions AH (kJ/mol) Category
CH,-nH,0 — CHy (g) + nH,0 53.5 + 1.3 [21] MHD
CH4 + H,O — 3H, + CO 206.16 SMR
CO + H,0 — H, + CO, —41.2 SMR
CH, — 2H, + C (8) 74.87 MCR
2CH, — 3H, + C,H, 376.47 MCR
2CH4 — 2H, + CoHy 202.21 MCR
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Fig. 5 — Effect of input power on CH, conversion ratio.
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Fig. 6 — Main product selectivity and H, yield for methane
hydrate decomposition.

CO selectivity was at a maximum of 19% at 150 W. In addition,
the maximum H, yield of 41% resulted at 150 W.

The amount of energy used to decompose 1 mol of
methane hydrate to produce hydrogen with RF plasma, is
shown in Fig. 7. Consequently, the power consumed when
taking the gas production rate into account was estimated to
be approximately 6.3—7.3% of the input power.

In addition, as mentioned above, the C(s) generated by the
MCR as a byproduct in this process is estimated by the balance
of the reaction as shown in Fig. 4b. In a real hydrate system in
a porous medium, C(s) attached to the reactor wall in this
study may also attach to the surface of the porous medium.

0O SMR B MCR @ MHD |
40

20

Enthalpy (kJ/mol)

150 180 200
Input power (W)

Fig. 7 — Net amount of energy used for methane hydrate
decomposition.

The deposition of C(s) on the porous medium could signifi-
cantly reduce its permeability and also allow the blockage of
the porous medium to interfere with hydrogen production. On
the other hand, the availability of water in a real hydrate
system could be expected to meet the needs for steam to
optimize the SMR in the evaporation process of plasma and
C(s) production by the MCR would decrease. Both of these
issues are not clear and will need to be examined extensively
in experimental studies in the future.

5. Conclusion

27.12 MHz RF plasma decomposition of methane hydrate was
proposed as a method for production of hydrogen with vari-
ations in input power at atmospheric pressure. In this inves-
tigation, steam methane reforming and methane cracking
reactions simultaneously occurred to decompose CHy
released from methane hydrate, with the optimal process
being found at 150 W, due to the slow rate of methane release.
The result at 150 W is a CH, conversion rate of 40%; an H, yield
of 41% and an H, selectivity of 97% at an H, content in product
gases of 55%; based on the enthalpy of formation for 1 mol of
gas of 35.6 kJ/mol with a power consumption of about 10 W.
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