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ABSTRACT: The purpose of this study is to experimentally investigate the applicability of a rod-electrode-type microwave plasma source
(MPS) for pure carbon dioxide (CO,) splitting at atmospheric pressure. This paper demonstrates that the rod-electrode-type MPS can
convert pure CO2 gas into plasma. The CO2 splitting by the CO2 plasma is investigated in terms of the pure CO2 flow rate into the
rod-electrode-type MPS and the average transmission power to the rod-electrode-type MPS. In the investigations, the emission spectrum
of the CO2 plasma is measured using a spectrometer to observe the dissociation reaction of the CO2 gas, and the exhaust gas after the
CO> plasma generation is analyzed using a mass spectrometer to evaluate the CO> conversion. As a result, the CO2 conversion decreases
with an increase in either the average transmission power to the rod-electrode-type MPS or the CO2 flow rate into the rod-electrode-type
MPS. Under the experimental conditions, the highest CO2 conversion and energy efficiency are 6.3% and 3.7% at a specific energy input
of' 4.9 eV/molecule (equivalent to approximately 19.6 kJ/L), respectively.

1. INTRODUCTION

In recent decades, the progress of climate change, which is
caused by increasing greenhouse gas (GHG) emissions into
the atmosphere, has been a growing concern worldwide. The
most considerable share in the GHGs is carbon dioxide (CO;)
gas. CO; gas is mainly emitted from the combustion of fossil
fuels in the power generation, industrial, residential, and trans-
port sectors [1]. Therefore, the emission of CO5 gas into the
atmosphere must be reduced to suppress climate change.

A promising approach to sustainably reduce the CO2 con-
centration in the atmosphere is carbon capture, utilization and
storage (CCUS), which includes COs, capture storage (CCS) [1]
and CO4 capture utilization (CCU) technologies [2]. In these
technologies, COs is first separated and captured from the emis-
sion source and the atmosphere by chemical absorption, phys-
ical absorption and adsorption, and membrane separation pro-
cesses [1]. CCS stores captured COs in the deep ocean and
underground. CCU mainly synthesizes captured CO, to value-
added products, including methanol, polymer, and urea [2].
The production of carbon monoxide (CO) gas from CO, gas
is also an interest conversion, because CO is an essential feed-
stock in chemical industries [2]. For example, CO gas can be
utilized for producing carbon-containing fuels by the Fischer-
Tropsch process [3,4] and chemicals such as organic acids,
esters, alcohols, and aldehydes [5,6]. In particular, the di-
rect splitting of CO4 gas into CO gas using renewable energy
sources is useful for producing valuable electro-fuels and chem-
icals.
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Recently, plasma technology has attracted attention for dis-
sociating CO- gas, which is a highly stable molecule [7].
The primary plasma types for COs splitting include dielec-
tric barrier discharges, microwave discharges, and gliding arc
discharges. Their plasmas can activate the electrons in CO2
molecules via the generated discharge field. Additionally, mi-
crowave and gliding arc discharge plasmas can use most of the
electron energy for the vibrational excitation of CO2 molecules,
and the vibration level plays an important role in the efficient
splitting of CO5 molecules. In particular, microwave discharge
plasma can achieve high CO4 conversion or energy efficiency
under reduced pressure, although there is a trade-off between
them [7—14]. However, the reduced pressure operation with a
vacuum pump may not be suitable for industrial applications,
resulting in a reduction in the energy efficiency of the entire
system [14]. Therefore, the current focus of microwave dis-
charge plasma for CO; splitting has shifted to the conversion
and the energy efficiency at atmospheric pressure.

So far, several types of microwave discharge plasma have
been experimentally investigated for CO; splitting at atmo-
spheric pressure [14—18]. The microwave discharge plasma at
atmospheric pressure is close to local thermodynamic equilib-
rium (LTE) [13]. The microwave power is typically transmitted
to a resonator via a standard or tapered rectangular waveguide.
The reactor generally consists of a coaxial or cylindrical res-
onator. In [14,15], a combination of cylindrical and coaxial
resonators has been used as a reactor via a standard rectangular
waveguide. In addition, CO, gas is injected through tangen-
tial gas inlets, creating a swirling flow within the reactor. In
[14], the pure CO, conversion and the energy efficiency are
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FIGURE 1. Structure diagram and photograph of rod-electrode-type MPS.

approximately 14% and 22%, respectively. In [15], the pure
COq conversion of 8% is achieved at a specific energy input
(SEI) of 1.5 eV/molecule, while the energy efficiency of about
25% is achieved at an SEI of 0.6 eV/molecule. Ref. [16] has
reported a reactor consisting of a nozzle protruded from a stan-
dard rectangular waveguide. In the middle of the nozzle, a tung-
sten electrode is positioned to focus the microwaves. The re-
actor achieves the pure COy conversion of approximately 9%
at an SEI of 0.5 eV/molecule. Ref. [17] has presented the use
of a commercial compact coaxial plasma torch powered by ul-
trafast microwave pulsation from an advanced solid-state mi-
crowave generator, achieving the energy efficiency of approx-
imately 27% at an SEI of about 0.077 eV/molecule. As a side
note, Ref. [18] has utilized a water-cooled Surfaguide device
with a catalyst as a reactor, achieving the pure CO- conver-
sion of approximately 45% at an SEI of 28 eV/molecule and
the energy efficiency of approximately 20% at an SEI of about
1.5 eV/molecule. However, the use of thermal catalysts can be
costly and require additional catalysts and electric power.

On the other hand, a rod-electrode-type microwave plasma
source (MPS) has been developed for gas processing at atmo-
spheric pressure [19-21]. The rod-electrode-type MPS uses
a coaxial line instead of a conventional waveguide to supply
the microwave power to the working gas, resulting in a simple
and compact reactor. The microwave energy can be directly
supplied to CO5 gas from a rod electrode attached to a panel
mound coaxial connector through the coaxial line. The com-
pact rod-electrode-type MPS has the following advantages. It
can be installed in a suitable location via a coaxial cable. Two
or more rod-electrode-type MPSs can be parallelized using a
coaxial distributor from a high-power magnetron. Therefore,
the rod-electrode-type MPS will be reasonable for practical ap-
plications. On the other hand, to the author’s knowledge, there
are no studies on the pure COq splitting using rod-electrode-
type MPS with its unique structure. The investigation of its
applicability is crucial for the effective use of COs.

The purpose of this study is to experimentally investigate the
applicability of a rod-electrode-type MPS for pure CO- split-

ting without the use of catalysts and additional gases at atmo-
spheric pressure. The experimental investigations ultimately
focus on evaluating the CO4 conversion, SEI, and energy ef-
ficiency in terms of the pure CO5 gas flow rate into the rod-
electrode-type MPS and the average transmission power to the
rod-electrode-type MPS.

2. EXPERIMENT

2.1. Experimental System and Method

Figure 1 shows the structure diagram and photograph of a rod-
electrode-type MPS in this study. The basic structure has been
reported in detail in the previous literature [19-21]. The sizes
of the parts and materials are shown in millimeters (mm) in
Fig. 1(a). In the rod-electrode-type MPS, the working gas can
flow around the tungsten rod in the quartz tube, and the tungsten
rod can directly supply the microwave energy to the working
gas. Here, it is noted in Fig. 1(b) that the photograph is slightly
tilted by the camera position.

Figure 2 shows the schematic diagram of the experimental
system for the pure CO; splitting using the rod-electrode-type
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MPS. In this study, argon (Ar) and CO, gases were used as
the working gas. Their flow rates were controlled by the mass
flow controllers under the standard ambient temperature and
pressure (SATP) of 298.15K and 101.325 kPa.

The microwave energy supply system, digital single-lens re-
flex (DSLR) camera, and spectrometer used in this study have
been described in detail in the previous literature [19-21]. The
experiments were conducted in a dark room to observe the
emission of light from the plasma. Here, the head of the op-
tical fiber was then positioned at a height of 5 mm and a hori-
zontal distance of 30 mm from the tip of the tungsten rod. The
DSLR camera was used to capture the plasma, and the spec-
trometer was used to investigate the dissociation reaction in the
CO- plasma.

In addition, a mass spectrometer (V&F Analyze-und
Messtechnik GmbH, CombiSense) was used to analyze the
exhaust gas after the CO, plasma generation. The mass
spectrometer used can measure the concentrations of the target
components between 0 and 100vol% with an accuracy of
< £2% using a suction flow rate of about 0.2 L/min. It can
output the analog voltages corresponding to the concentrations
of the measured target components. Here, mass spectrom-
eters have often been used to measure the concentration of
CO; [10,14-16,22].

In the end, the data logger with a sampling period of 1 us
(Graphtec Corporation, GL980) was used to record the forward
and reflection voltages at the input port of the rod-electrode-
type MPS detected by the waveguide-to-coaxial adapter and the
analog voltages corresponding to the concentrations of the tar-
get components measured by the mass spectrometer. The for-
ward and reflection voltages were converted to the correspond-
ing powers using the correction function of the waveguide-to-
coaxial adapter. The transmission power to the rod-electrode-
type MPS was calculated by subtracting the reflection power
from the forward power.

In the experiments, first, only Ar gas with a flow rate of
0.3 L/min was fed into the rod-electrode-type MPS. By increas-
ing the forward power to the rod-electrode-type MPS, only Ar
gas was converted into plasma through autoignition near the tip
of the tungsten rod in the quartz tube. Second, CO; gas with a
specific flow rate was added into the Ar plasma, and the Ar/CO,
plasma was generated in the rod-electrode-type MPS. The Ar
plasma then acts as an electron source stimulating the vibra-
tional excitation of the CO5 molecule. The vibrational excita-
tion can convert COs into plasma. Finally, the Ar gas was shut
off and only pure CO5 gas was converted into plasma. Namely,
the Ar gas was used only for the plasma ignition in the rod-
electrode-type MPS. As a side note, noble gases such as Ar are
known to be easily converted into plasma. The pure CO5 gas
could not be converted directly into plasma through autoigni-
tion in the experiments, because CO- has a higher dielectric
breakdown voltage than Ar. In the subsequent experiments,
the average transmission power was in the range of about 90
to 150 W, and the CO, flow rate was in the range of 0.3 to
0.9 L/min.
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FIGURE 3. Capture images of CO2 plasmas generated by average
transmission powers of approximately 90 W and 118 W at flow rate
of 0.3 L/min.

2.2. Evaluation Method of CO, Splitting

A pure CO- splitting occurs commonly according to the en-
dothermic reaction of Eq. (1).

1
CO; — CO + =09,

5 AH = 283.3 [kJ/mol],

©)
where AH is the reaction enthalpy at the SATP. On the other
hand, the pure CO; splitting can occur according to the en-
dothermic reaction of Eq. (2), but it has been found to be a
challenging reaction from the literatures [8, 12].

COy — C+0s, AH = 395.4[kJ/mol]. ©)

Therefore, the exhaust gas after the CO5 plasma generation
may contain CO,, CO, and oxygen molecule (O,) due to the
COq splitting of Eq. (1). In the experiments, the CO2, CO,
and O5 concentrations in the exhaust gas can be analyzed us-
ing the mass spectrometer. The CO2 conversion xco,% can
be then calculated from the CO5 concentration CO;, e, VO1%,
taking into account the gas expansion after the CO, splitting of

Eq. (1) [15].

100 [vol%] — CO42_voLy [vol%)]

T x 100.
100 [VOl%} + §C027\/0]_% [VOl%}

Xco, (%] = (3)

Here, the unit of vol% stands for percent by volume. The SEI
kJ/L can be calculated from the transmission power T'P,,,. kW
to the rod-electrode-type MPS and the CO, gas flow rate
CO;_fiow L/min into the rod-electrode-type MPS.
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(eV) per CO5 molecule:
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FIGURE 4. Forward, reflection, and transmission power waveforms corresponding to Fig. 3 at the input port of the rod-electrode-type MPS.

where 1€V is equal to the energy about 1.602 x 1071 J; V;,, is
the molar volume of about 24.45 L/mol at the SATP; and N, is
the Avogadro constant about 6.022 x 10> molecule/mol. The
energy efficiency 1% can be defined as:

AH [ﬂ] X XCO0, [%]

mol

SEI 8] x V,,, [ ]

mol

n (%] = (6)

Egs. (3)—(6) can evaluate the effects of the pure COs splitting
of Eq. (1) in the experiments.

3. RESULTS AND DISCUSSION

3.1. Generation and Spectrum of CO, Plasma

Figure 3 shows the capture images of the CO2 plasmas gen-
erated by the average transmission powers of about 90 W and
118 W at the flow rate of 0.3 L/min into the rod-electrode-type
MPS. These images were taken at the same viewing angle as
Fig. 1(b) in a dark room. The white solid and dashed lines show
the outlines of the self-made metal adapter and the quartz tube,
respectively. In Figs. 3(a) and (b), the CO, plasma can be
confirmed to be generated at the tip of the tungsten rod in the
quartz tube. It may be operating as a diffuse discharge due to
the properties of the CO5 gas. The CO5 plasma had two distinct
regions: a whitish-bright region near the tip of the tungsten rod
and a bluish-dimmer region around the whitish-bright region.
These regions of the CO- plasma slightly expanded with the in-
crease in the average transmission power. According to the lit-
erature [23], the whitish-bright region has a high-temperature,
where CO, molecules dissociate into CO molecules and oxy-
gen atoms (O atoms). On the contrary, the bluish-dimmer re-
gion has a relatively low-temperature, where CO molecules and
O atoms recombine into CO5 molecules.

After the experiments, the tip of the tungsten rod was visu-
ally observed to remain the same shape but turn white. The
white discoloration is probably caused by the oxidation of the
tungsten due to exposure to oxygen radicals. The tungsten rod
with the whitened tip could be used subsequently for the COo
plasma generation.

Figure 4 shows the forward, reflection, and transmission
power waveforms corresponding to Fig. 3 at the input port of
the rod-electrode-type MPS. In Figs. 4(a) and (b), the period
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of these waveforms was approximately 0.01 s, because the full
wave voltage doubler circuit was used in the microwave energy
supply system. This means that the CO5 plasma actually turns
on and off in a 0.01-second period, although it appeared to be a
very stable small flame. The power waveforms were complex
due to the electrical characteristics of the CO5 plasma, the rod-
electrode-type MPS, and the microwave energy supply system.
Incidentally, the radiated power density leaked from the CO5
plasma was lower than 5 mW/cm? in all experiments. Namely,
the transmission power contained the slight radiated power to
the CO, plasma generation power. The average transmission
powers were calculated as the mean values of the transmission
power during the 10 second period. The power transmission ef-
ficiencies were then about 70% in Figs. 4(a) and (b). The power
transmission efficiency can be improved by adjusting the length
of the tungsten rod from the previous literature [19].

Figure 5 shows the spectra of the CO, plasmas correspond-
ing to Fig. 3. Some emission peaks can be commonly observed
in the spectra of the CO, plasmas. The emission peaks at the
wavelengths of 248 nm and 777 nm were identified as the typ-
ical carbon and oxygen neutral lines. From the literature [16],
the emission peaks at the wavelengths of 473 nm and 516 nm
were identified as the C, Swan band system. According to the
literature [23], a broadband continuum emission in the wave-
length range of about 300—700 nm is attributed to the recombi-
nation processes of CO + O and/or O + O. So, the emission
spectra imply the dissociation reaction of the CO5 gas. Fur-
thermore, no solid carbon deposition was observed in the rod-

CN Violet system
30000

JL ——Average transmission power: 90 [W]
25000 —A—=- Average transmission power: 118 [W]
220000 = =
. g £ ~ g
©
L © E |E ~
215000 & © g ~
5 Y sz =
E 10000 N o
% o o
5000 |/ o

200 300 400 500 600 700 800
Wavelength [nm]

FIGURE 5. Spectra of CO» plasma corresponding to Fig. 3.
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power to rod-electrode-type MPS. Error bars represent the accuracy
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electrode-type MPS after the experiments, similar to the results
of [8, 12] on the CO- splitting using microwave plasma. As a
result, the CO5 plasma in the rod-electrode-type MPS can be
expected to have the CO; splitting of Eq. (1). Here, the emis-
sion peaks in the wavelength range of about 350-430 nm coin-
cided with the CN Violet system. The CN Violet system may
be caused by nitrogenous compounds as impurities in the COo
liquid cylinder with a purity of > 99.5%.

3.2. CO,, CO, 0, Concentrations in Exhaust Gas after the CO,
Plasma Generation

Figure 6 shows the relationships of the CO5, CO, and O3 con-
centrations in the exhaust gas after the CO5 plasma generation
to the CO5 flow rates of 0.3, 0.6, and 0.9 L/min into the rod-
electrode-type MPS. The CO5, CO, and O3 concentrations were
indicated as the mean values of 1,000,000 measurements over
a 10-second period. Here, the average transmission power to
the rod-electrode-type MPS was set to be almost the same, al-
though the forward and reflection powers varied with the CO2
flow rate. As a result, the CO5 concentration increased and the
CO and O5 concentrations decreased with the increase in the
CO, flow rate. Under the experimental conditions, the CO,
concentration was lowest at the CO5 flow rate of 0.3 L/min. On
other words, the CO5 conversion increases with the decrease in
the CO5, flow rate.

On the other hand, the increase in the CO5 flow rate results
in the increase in the flow velocity in the quartz tube. It de-
creases the CO4 dissociation time in the CO5 plasma region,
and increases the non-dissociative CO5 flow volume outside
the CO5 plasma region. Therefore, the diameter of the quartz
tube should be essentially matched to the width of the plasma to
reduce the non-dissociative CO5 flow volume outside the CO9
plasma region in the near future.

Next, Fig. 7 shows the relationships of the CO5, CO, and O4
concentrations in the exhaust gas after the CO5 plasma genera-
tion to the average transmission powers to the rod-electrode-
type MPS at the CO2 flow rate of 0.3 L/min into the rod-
electrode-type MPS. As a result, the COy concentration in-
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gas after CO2 plasma generation to average transmission powers to rod-
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MPS. Error bars represent the accuracy of measured concentrations,
and invisible error bars indicate values smaller than the symbol.

creased and the CO and O concentrations decreased with the
increase in the average transmission power. At each average
transmission power, the sum of the CO, CO, and O, concentra-
tions was between 99.1% and 99.6% despite the measurement
accuracy of < £2%. Also, the ratio of the CO concentration to
the O concentration was approximately 1.9. Namely, the COo,
CO, and O concentrations were measured with high accuracy,
and were almost in accordance with Eq. (1). The increase in
the CO2 concentration may be caused by the fact that the low-
temperature region increased relative to the high-temperature
region in the expansion of the CO5 plasma with the increase in
the average transmission power, as described in Subsection 3.1.
Namely, the region where CO molecules and O atoms recom-
bine into CO, molecules may have increased relative to the re-
gion where CO5 molecules dissociate into CO molecules and
O atoms.

3.3. Evaluations of CO, Splitting

The effects of the pure CO, splitting in the experiments were
evaluated by the CO2 conversion, the SEI, and the energy effi-
ciency, based on Subsection 2.2. Fig. 8 shows the relationship

o

CO, conversion [%]
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————
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FIGURE 8. Relationship of CO> conversions to average transmission
powers to rod-electrode-type MPS at CO2 flow rate of 0.3 L/min into
rod-electrode-type MPS. Error bars are calculated from Eq. (3) taking
into account the accuracy of measured CO2 concentration.
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of the CO> conversions to the average transmission powers to
the rod-electrode-type MPS, corresponding to Fig. 7. As ex-
pected, the CO4 conversion decreased with the increase in the
average transmission power to the rod-electrode-type MPS. The
highest CO5 conversion was 6.3% at the average transmission
power of 97.8 W.

Figure 9 shows the relationship of the CO5 conversions to the
SEls, and Fig. 10 shows the energy efficiencies to the CO, con-
versions, corresponding to Fig. 8. From Fig. 9, the highest CO,
conversion was 6.3% at the SEI of 4.9 eV/molecule (equivalent
to approximately 19.6kJ/L from Eq. (4)). From Fig. 10, the
highest energy efficiency was 3.7% at the highest COy con-
version of 6.3%. Namely, the highest CO5 conversion and en-
ergy efficiency achieved at the same SEI. However, the highest
CO, conversion and energy efficiency were lower than those
in [14—17]. The reason may be due to the quenching effect of
the CO- plasma. According to the literatures [7, 8, 11, 13], the
quenching of the CO4 plasma is effective in suppressing the re-
combination reactions between the CO molecules and O atoms
produced in the CO5 plasma, thereby enhancing the CO2 con-
version and the energy efficiency. Therefore, the rod-electrode-
type MPS will be improved to enhance the quenching effect in
the near future. The quenching in the rod-electrode-type MPS
may be achieved by inducing swirl flow [14, 15], incorporating
cooling mechanism [14-16], and applying pulsed power [17].
The improvements are currently under consideration.

4. CONCLUSIONS

This paper has demonstrated that the rod-electrode-type MPS
can convert pure CO- gas into plasma, in terms of COs split-
ting at atmospheric pressure. Some of the pure CO, gas was
split into CO and O gases after the CO5 plasma generation.
The CO5 conversion decreased with the increase in either the
average transmission power to the rod-electrode-type MPS or
the COs flow rate into the rod-electrode-type MPS. The high-
est CO9 conversion of 6.3% and energy efficiency of 3.7% were
achieved at the SEI of 4.9 eV/molecule (equivalent to approx-
imately 19.6 kJ/L). The results indicated that a rod-electrode-
type MPS was applicable to pure CO; splitting at atmospheric
pressure. However, the highest CO4 conversion and energy ef-
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FIGURE 10. Relationship of energy efficiencies to CO2 conversions,
corresponding to Fig. 8. Error bars are calculated from Eq. (3) and (6)
taking into account the accuracy of measured CO> concentration.

ficiency were lower than those in the conventional microwave
plasma systems.

In the future study, the rod-electrode-type MPS will be im-
proved to increase the CO4 conversion and energy efficiency.
The diameter of the quartz tube will be matched to the width
of the plasma to reduce the non-dissociative CO5 flow volume
outside the CO; plasma region. The quenching mechanism of
the CO4 plasma will be incorporated into the rod-electrode-type
MPS. Besides, the length of the tungsten rod will be adjusted
to increase the power transmission efficiency. The effects will
be discussed in the future.
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