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Methane hydrate is believed to contain a massive amount of potentially extractable
hydrogen gas due to methane as the main component. A high-frequency argon jet plasma
method has been proposed for decomposing hydrogen content. The excitation
temperature of plasma can be directly observed from atomic emission lines. This
information is more efficient to characterize the plasma behavior to optimize the
decomposition process. In this study, the plasma excitation temperature was determined
using spectroscopy and Boltzmann’s plot with a higher argon gas flow rate. An argon gas
flow rate varied from 300, 400, 500, 1000, 1500, 2000, 2500, and 3000 mL/min. It flows

inside a hollow tube in the counter electrode. A 27.12MHz high-frequency power source
of plasma was applied to produce jet plasma at atmospheric pressure. The excitation
temperature was observed in the range of 4310K to 5133K. The highest excitation
temperature of 5133K was obtained at an argon gas flow rate of 500 mL/min.

1. INTRODUCTION

During recent years, there has been an increasing interest in
plasma technology on account of the adaptability of its
application in nanoparticle production [1-3], surface and
coating modification [4-6], sterilization [7], fuel gas and
hydrogen production [8-11] to name a few. A higher
production rate, more straightforward reaction mechanism,
and high reactivity that enhance the chemical reaction rate are
some of the advantages of using plasma technology. Plasma
can generate under atmospheric pressure and higher pressure.
There is an increasing concern about the advancement of
plasma-generating technologies under atmospheric pressure [4,
12-15].

Plasma jet technology is one of thermal plasma processing
with high speed and high heat capacity. In this method, plasma
was penetrated and propagated inside small holes and flexible
dielectric tubes. Research on plasma jet application has been
carried out in many applications. Deposition of diamond-like
carbon (DLC) layer as a hydrophobic film on cotton textile has
been reported using atmospheric argon plasma jet [16]. Cold
argon plasma jet at atmospheric pressure was applied for the
inactivation of microorganisms [17]. The argon plasma jet was
also introduced as an effective apparatus and a favorite for
research in plasma medicine science [18, 19]. Production of
high-purity carbon nanotubes by methane decomposition is
conducted using an arc-jet plasma of high temperature [20].
An investigation of the argon gas flow rate effect in methane
decomposition using catalytic pulsed plasma reported that the
highest methane conversion and hydrogen production occurs
at an argon flow rate of 70 mL/min [21].

Methane hydrate is a massive reserve in the world as a
hydrogen energy resource. It originates on the ocean floor
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under strict environments of pressure and temperature. A
considerable number of works of literature have been
published on the decomposition of methane hydrate. Fluidized
bed application in the thermal decomposition of methane can
provide up to 40% of hydrogen. The effect of catalyst,
temperature, and residence time was investigated. The result
shows that black pearl 2000 was the best catalyst, the optimum
operating temperature was 920-940°C, and increasing
residence time by 90% will increase hydrogen concentration
[22]. Hydrogen and carbon dioxide could be reformed in an
endothermic process by sequestering carbon dioxide. The
objective of this simulation plan is to produce hydrogen
without the release of CO; into the atmosphere [23].

The In-liquid plasma method is simultaneously developed
in the hydrogen production from methane hydrate. Our
previous work confirmed that microwave and high-frequency
irradiation plasma decomposition can produce hydrogen with
a purity of 42 to 63% [18]. However, the high-pressure
condition was hard to achieve using this apparatus. When
applying argon jet plasma, a higher pressure up to 2.0MPa,
which Argon as the carrier gas under a flow rate of 200mL/min,
resulted in less hydrogen production efficiency [24].

Likewise, some parameters in plasma processing such as
ionization, dissociation, and excitation are essential to
understand related to plasma science, and optical emission
spectroscopy is one of the techniques to determine those
parameters. The excitation temperature is describing the
plasma discharge and characterizes a population of excited
atomic levels [25]. The free electron motion temperature is
usually related to the electronic excitation temperature (Texc)
of the bound electrons in an atom or molecule since the
excitation processes that determine the distribution of excited
states are mainly driven by free electrons [20]. Since electronic
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and thermal reactions become an important role in
decomposition, the knowledge of the electron number density
and the neutral gas temperature in the plasma is therefore
essential for finding the chemical dynamics and optimization
of gas decomposition [26].

Stark broadening is an excellent approach for electron
measurement among various techniques owing to the
independence from local thermal equilibrium (LTE),
ingenious procedure, and the availability of suitable
theoretical stark broadening line profiles for emission lines of
hydrogen, helium, and argon [27].

Moreover, as an inert gas, Argon has an appropriate atomic
mass amongst noble gases. It has been widely used for many
applications due to this characteristic. A previous study
reported the electron temperature and number density at
constant input power and flow rate of 2.45GHz microwave
argon plasma [26]. An excitation temperature at 7000K was
determined at atmospheric pressure microwave argon plasma
with a gas flow rate of 100 and 200mL/min [28, 29].

In this study, the experiment was performed by generating
an argon jet plasma at a higher flow rate to determine the
excitation temperature using spectrometry and Boltzmann’s
plot method. The observation of plasma behavior becomes
essential to optimize the efficiency of hydrogen production
from methane hydrate.

2. EXPERIMENTAL PROCEDURES
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Figure 1. High-frequency argon jet plasma mechanism

The experimental procedures of the argon plasma jet is the
same as in previous work [24], as shown in Figure 1. Plasma
was generated to an electrode using a 27.12MHz high-
frequency power source (T161-5766LQ, Thamway). An argon
gas flow rates was varied from 300, 400, 500, 1000, 1500,
2000, 2500, and 3000mL/min. It discharged through a hollow
tube made from stainless steel. The input power of plasma jet
was set to 250W, and after its initiation, the pressure was

adjusted to atmospheric pressure.

Figure 2 shows a multichannel spectrum analyzer
(Hamamatsu Photonics-PMA 11 C7473-36). The input signal
pulses and emission spectroscopy from the plasma irradiation
was measured [30]. It is commonly used to digitize a large
number of spectroscopic experiments, such as nuclear physics
and including various types of spectroscopies.
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Figure 2. Multichannel spectral analyzer

3. RESULTS AND DISCUSSION

A Boltzmann diagram was set up from the net intensity of
the argon | line. Such diagrams show the distribution of atoms
at various energy levels as a function of energy and
temperature. The equation of Boltzmann’s plot is as follows:

ln (Iij )‘ij): Eij
9giAij) KTexc
where, Ei=upper-level energy (cm™); k=Boltzmann constant;
gi=statistical weight of the wupper level; Aj=transition
probability (nm); lj=emission intensity of line; Aj=wavelength
(nm).

These spectra lines are then used to estimate the excitation
temperature. The list of selected argon lines with the
configuration of the upper level is shown in Table 1.

Figure 3 shows observation of Argon | lines from argon
plasma jet. It was found that the wavelength ranges from 706.7
to 922.4nm. A previous study confirmed when a high argon
flow rate of 100 and 200L/min was applied using a microwave
plasma source, the emission spectra at the range of 300 to
600nm were recorded [28]. Following the present results, the
previous study has demonstrated a micro discharge of argon at
various pressure. It was found that the emission intensity of
Argon lines was from 400 to 820nm correlates with the 5p-4s
and 4p-4s transition. This condition indicated a high electron
temperature in the observed region [31].

Table 1. Spectral lines of argon |

No. Substance Wavelength Configuration of upper level

1. Argon | 706.7 nm 3s23p*[*P]5p—3s¥3p*[*P]5d

2. Argon | 738.4 nm 3523p3[2P°32]4s—3s23p°[2P°12]4p
3. Argon 763.5 nm 3s23p3[2P°3/2]4s—3s23p°[2P°32]4p
4. Argon I 801.5 nm 35%3p°[2P°32]4s—35%3p°[2P°32]4p
5. Argon I 811.5 nm 35%3p°[2P°32]4s—35%3p°[2P°32]4p
6. Argon I 842.5 nm 35%3p°[2P°32]4s—35%3p°[2P°32]4p
7. Argon I 852.1 nm 35?3p°[2P°12]4s—35?3p°[2P°12]4p
8. Argon 1 912.3 nm 3s23p3[2P°3/2]4s—3s23p°[2P°32]4p
9. Argon I 922.4 nm 3s523p3(3P°12)4s— 3s23p>(3P°32)4p
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Figure 3. The emission line spectrum of Argon I from argon
plasma jet under atmospheric pressure

Furthermore, excitation temperature is one of the plasma
parameters describing an inhabitant of excited atomic levels.
It may be more efficient to identify plasmas at both low- and
high-pressure plasmas. Emission of atomic beam can be
recognized by its transition both in low and high energy. High-
frequency plasma discharge consists of two mechanisms,
which are the collision between electrons and atoms of the
background gas and the voltage across the sheaths [32]. In
high-frequency plasma, collisional excitation was assumed to
be predominant [33].
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Figure 4. Excitation temperature at 300mL/min
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Figure 6. Excitation temperature at 500mL/min
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Figure 7. Excitation temperature at 1 L/min
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Figure 8. Excitation temperature at 1.5 L/min
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Figure 9. Excitation temperature at 2.5 L/min
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Figure 10. Excitation temperature at 3 L/min

Aswell, it is necessary to measure an excitation temperature
to clarify the quality of the generated plasma. The
spectroscopic properties were referred to the database from the
National Institute Standards and Technology (NIST) [34].
Since the collisional excitation coefficient (Cij) is higher than
the transition probability (Aj), Boltzmann’s plot method for
temperature measurement is applicable. Figure 4 to Figure 10
displays the excitation temperature determines by
Boltzmann’s plot from the net intensity of Argon I lines at
various argon gas flow rates.

High-frequency plasma irradiation was performed under
atmospheric pressure with an argon flow rate of 300-
3000ml/min, and the excitation temperature was in the range
of 4310K-5133K. The highest excitation temperature was
obtained at the argon flow rate of 500mL/min. In comparison,
at atmospheric pressure, the excitation temperature when
using argon jet plasma was approximately 15% higher, and
plasma irradiation was more stable than in the previous study
when using high-frequency in-liquid plasma [15]. In the last
study, an increase in excitation temperature was obtained
when gas pressure was a rise in consequence of a higher
frequency of electron collision. At high pressure with 2082K
to 3960K of excitation temperature, hydrogen decomposition
from methane hydrate was found to be relatively low than
when methane hydrate was decomposed at atmospheric
pressure with excitation temperature around 3500K [24].
Another study reported that excitation temperature
measurement using 1.33g/s of the flow rate of argon jet plasma
tended to rise higher than 6000K around the central position
of the jet when a strong magnetic field was applied. However,
toward the outer side of the jet, the considerable temperature
declined [35].
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Figure 11. Optical emission intensity of Argon I line with
various argon flow rate
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Table 2 and Figure 11 show the disparity in emission
intensities of several Argon | line as a function of argon gas
flow rate. The reduction in excitation temperature with
increasing pressure has been reported elsewhere [36]. The
trend of the excitation temperature also decreases as the
increase of argon gas flow rate. However, the plasma
irradiation is more stable observed by the naked eye. When
increasing the pressure, the stability of plasma irradiation is
relatively difficult to obtain [8]. Since methane hydrate is
stable under high pressure, an appropriate plasma behaviour,
in this case, the excitation temperature, must confirm this
condition.

Table 2. Measured excitation temperature at various argon

flow rate
Argon Flow rate Texe

[mL/min] [K] [°C]
300 4660 4387
400 4497 4224
500 5133 4860
1000 4776 4502
1500 4311 4038
2000 4715 4442
2500 4425 4152
3000 4696 4423

4. CONCLUSIONS

The excitation temperature of the plasma is one of the
essential parameters to clarify the quality of plasma. To
optimize the hydrogen decomposition from methane hydrate,
an appropriate excitation temperature should be achieved. In
this research, an argon jet plasma was generated at a higher
argon flow rate to determine the excitation temperature. In the
range of 4310K to 5133K, excitation temperature was
measured using Boltzmann’s plot at an argon flow rate ranging
from 300 to 3000mL/min. The highest excitation temperature
was observed at 5133.2K with an argon gas flow rate of
500mL/min. The present result enlightens the excitation
temperature fluctuation at a higher flow rate of argon jet
plasma which can be valuable information to maximize the
decomposition process.
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