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Abstract. The instability of supplied power is a serious problem for chemical plants in 
developing countries. An easy start-up/shut-down system is important in this situation. The 
present report describes a hydrocarbon decomposition system using nonequilibrium plasma 
for hydrogen production. A microwave oven was used as a preliminary microwave reactor, 
which contained a quartz glass tube that passed through the top panel to the bottom panel 
of the microwave oven. Argon and methane flow were directed into the reactor, where the 
argon gas became plasma in the tube. A carbon stick was set in the tube as the excitation 
material of argon to plasma. Initially, the reaction was conducted under a methane partial 
pressure of 200 hPa. The main products were hydrogen and acetylene, with a small amount 
of ethylene also produced. Conversion and yields decreased with increasing methane partial 
pressure. Hydrogen production rate initially increased with methane partial pressure, but 
then decreased. The optimum methane partial pressure was determined. Gas flow rate had 
no effect on conversion or yield. The reactant and products reached an equilibrium state as 
soon as the reactant was introduced to the plasma. Pure hydrogen, 95%, was obtained by 
adjusting the experimental conditions. 
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1. Introduction 
 

Hydrogen is produced by steam reforming of 
hydrocarbons [1-3]. However, this process also produces 
carbon dioxide, which is one of the causes of global 
warming. Some reports describe the use of carbon dioxide 
instead of steam [4-6], but carbon dioxide formed even in 
this dry reforming system. Capturing carbon dioxide and 
storing it in an underground is one solution for reducing 
carbon dioxide, which is currently under investigation [7-
9]. 

Hydrocarbons contain hydrogen and carbon atoms. 
The direct removal of hydrogen from hydrocarbons 
would allow the production of hydrogen while fixing 
carbon. 

The use of hydrocarbons as a resource for reactions 
has a major problem of carbon deposition on the catalyst 
surface [10-12]. However, this problem could also be 
viewed as the fixation of carbon on the catalyst surface. 
Upham [13] proposed the use of molten metals catalyst 
for hydrogen production. In this process, the carbon was 
skimmed off and pure hydrogen was produced. 

Power supply instability can be a serious problem for 
chemical plants in developing country [14]. An easy start-
up/shut-down system is important in this situation. In 
general, catalytic processes require complex procedures 
for start-up and shut-down. Frequent black outs are 
detrimental to chemical plant systems, and deactivation/ 
acceleration at every start-up and shut-down [15-17] 
cannot be ignored. 

This report describes a hydrocarbon decomposition 
system using nonequilibrium plasma for hydrogen 
production. Nonequilibrium plasma is low-temperature 
plasma, nearly room temperature. Only electrons have 
high energy. These high-energy electrons activate 
hydrocarbons and break the carbon-hydrogen bond. 
Hydrogen atoms become hydrogen gas and carbon atoms 
become solid carbon. This is a noncatalytic system that has 
simple and rapid start-up and shut-down operations. 

Some reports on low pressure nonequilibrium plasma 
have been published [18, 19], but few involve atmospheric 
pressure nonequilibrium plasma. The possibility of 
hydrogen production using atmospheric nonequilibrium 
plasma was examined in this study. 

  

2. Experimental 
 
Microwave activated electrons of argon gas resulted in 

the gas becoming nonequilibrium plasma. A microwave 
oven, Haier Jm-17E 2.45GhZ 700W, was used as a simple 
microwave reactor. Although the actual power of the oven 
was unknown, the actual power to the tube reactor was 
constant during the experiments. A quartz glass tube, 30 
mm in diameter, passed through the top panel to the 
bottom panel of the microwave oven. The length of the 
tube in the oven cabinet was 20 cm. Figure 1 shows the 
plasma reactor schematic. Argon and methane gas flowed 
into the reactor where the argon gas became plasma in the 
tube. Reaction was conducted at atmospheric pressure. 

The total flow rate of argon and methane was fixed at 300 
cm3/min. Flow rate of each gas was maintained to control 
the partial pressure of methane. The reaction temperature 
was unknown, because a thermocouple could not be 
placed in the microwave oven. A carbon stick, 6 cm in 
length and 0.5 mm in diameter, was set in the tube and 
was used as the excitation material to promote argon to a 
plasma. Outlet flow rate was measured using a soap film 
meter and the product concentration was measured by 
TCD-GC (GL-Science Inc. GC-323). The outlet molar 
flow rate was calculated from these values. 

 

 
 

Fig. 1. Reactor schematic diagram. 
 

Reactions in the reactor were as follows. 
 
Objective reaction 
CH4         C + 2H2 

 
Observed side reactions 
CH4        CnHmsolid, C2Hm+ H2 
 
Conversion and yields were calculated using the 

following equation: 
Methane conversion, XCH4 
XCH4 = (inlet methane molar flow rate - outlet 

methane molar flow rate) / inlet methane molar flow rate  
Hydrogen yield, YH2 
YH2 = 2 x outlet hydrogen molar flow rate / 4 x (inlet 

methane molar flow rate- outlet methane molar flow rate) 
Ethane, ethylene, and acetylene yield, YC2H6, YC2H4, 

YC2H2 
YC2H6, YC2H4, YC2H2 = 2 x molar outlet flow rate of 

each material / (inlet methane molar flow rate - outlet 
methane molar flow rate) 

Material balance 

Quartz tube

Microwave

Mixed Argon and Methane
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Quartz wool

Rubber plug
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Fig. 2. Nonequilibrium argon plasma in the tube. 
 

 
 

Fig. 3. Reaction profiles at the methane partial pressure 
of 200 hPa. 
 

Carbon balance = carbon atom number of each 
material in outlet molar flow / inlet methane molar flow 
rate 

Hydrogen balance = Hydrogen atom number of each 
material in outlet molar flow / 4 x inlet methane molar 
flow rate 
 

3. Results and Discussions 
 

3.1. Standard Condition 
 

Initially, only methane flowed into the reactor. No 
reaction occurred and no light emission was observed in 
the reactor. Then, only argon flowed into the reactor. 
Bright green light emission was observed in the reactor. 
Microwave radiation generated nonequilibrium argon 
plasma. Figure 2 shows the nonequilibrium argon plasma 
in the reactor tube. Without the carbon stick, plasma was 
not generated. The carbon stick was required to excite 
argon to plasma. Microwave ovens normally heat all of the 

materials in the oven because the microwaves are 
dispersed and do not focus on one point. The electric field 
in a microwave oven is not strong enough to excite argon 
to plasma. The carbon stick diffracted microwaves to 
increase field intensity around the stick. The carbon stick 
absorbed microwaves and emitted electrons, which 
excited the argon gas. 

At first, the reaction was conducted at a methane 
partial pressure of 200 hPa. Figure 3 shows product yields 
and methane conversion. Conversion and product yields 
were stable before 90 seconds. The argon plasma became 
smaller and vanished after 90 seconds. The carbon 
deposited on the tube wall absorbed microwaves [20]. The 
carbon stick could not absorb enough microwaves. Figure 
4 shows the deposited carbon. Carbon also deposited on 
the carbon stick tip. Absorbed electrons were emitted 
from the edge of the stick. Deposited carbon covered the 
edge. Electron emission was inhibited. These two carbon 
depositions caused the disappearance of the plasma. The 
main products were hydrogen and acetylene, along with a 
small amount of ethylene. The same products were 
formed when low-pressure nonequilibrium plasma was 
used [21]. Figure 5 shows the material balance. The 
hydrogen balance was 1 while the carbon balance was 0.6. 
This result indicates that the deposited black solid was 
carbon, not hydrocarbon. 

 

 
 

Fig. 4. Carbon deposited on the tube inner wall. 
 

 
 

Fig. 5. Material balance for hydrogen and carbon at the 
methane partial pressure of 200 hPa. 

0 50 100
0

0.5

1

Time [s]

C
o
n
v
e
rs

io
n
, 
Y

ie
ld

 [
−

]

●　Conversion

○　Hydrogen

□　Acetylene

×　Ethylene

0 50 100
0

0.5

1

Time [s]

M
a
te

ri
a
l 
b
a
la

n
ce

 [
−

]

●　Hydrogen

○　Carbon



DOI:10.4186/ej.2021.25.2.285 

288 ENGINEERING JOURNAL Volume 25 Issue 2, ISSN 0125-8281 (https://engj.org/) 

Table 1 shows the effect of methane partial pressure 
on the argon plasma. Bright green plasma was observed 
until 150 hPa. The color turned to white and the plasma 
field decreased. A white color in the emission 
spectroscopy is indicative of methane intermediates. 
Eventually, no emission was observed and the carbon 
stick appeared to be red-hot. Methane inhibited the 
excitation of argon to plasma. 

 

Table 1. Effect of methane partial pressure on the plasma. 
 

 
 
 
Figure 6 shows the effect of methane partial pressure 

on conversion and product yields, which decreased as 
methane partial pressure increased. An increase in 
methane partial pressure increased inlet methane molar 
flow rate and decreased methane residence time. In 
general, methane residence time affects conversion in 
many tubular reactors. However, flow rate did not affect 
conversion in this system. This point was discussed in the 
section 3.3. Decreasing argon plasma volume caused a 
decrease in conversion and yields. Methane partial 
pressure had no effect on the product distribution. 
 

 
 
Fig. 6. Effect of methane partial pressure on the reaction. 
 

Figure 7 shows the effect of methane partial pressure 
on hydrogen production rate. Hydrogen production rate 
initially increased with methane partial pressure, but 
eventually decreased. The maximum value was 80 
cm3/min. Increasing methane flow rate and decreasing 

hydrogen yields resulted in this maximum value. An 
optimum methane partial pressure also was determined. 

 

 
 
Fig. 7. Effect of methane partial pressure on hydrogen 
production rate. 

 
3.2. Reaction Mechanism 

 
Methane was converted to CH*, C*, H*, and others 

in the plasma. These active species collided and formed 
products. Some intermediates collided with the tube wall 
and formed solid carbon. Table 2 [22] shows the binding 
energy for each bond. A carbon-carbon single bond 
possesses lower energy than a carbon-hydrogen bond. A 
carbon-carbon triple bond has greater energy than a 
double or single bond. Thus, acetylene is more difficult to 
produce than ethane or ethylene. However, acetylene was 
the major product among these three hydrocarbons. 
Carbon bonds were activated and split again in the plasma, 
but the activation energy was not high enough to split the 
carbon-carbon triple bond. Thus, only acetylene remained 
in the plasma. Carbon atoms were converted to acetylene 
and solid carbon. Remaining hydrogen atoms became 
hydrogen molecules after leaving the plasma.  
 

Table 2. Binding energy of carbon and hydrogen. 
 

 
 
3.3. Effect of Gas Flow Rate and Direction 

 
Gas flow rate was varied to control residence time. 

Figure 8 shows the effect of gas flow rate on conversion 
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and yields. The methane partial pressure was 220 hPa. Gas 
flow rate had no effect on these values. Reaction rate in 
the plasma field was very high. Reactant and products 
reached an equilibrium as soon as reactant was introduced 
to the plasma. Hydrogen production rate increased linearly. 

Deposited carbon inhibited continuous plasma 
production. When the gas flow direction was reversed, the 
carbon deposition location was expected to move, but the 
result was the same as in the standard experiment. 

Argon and methane mixed gas was supplied to the 
carbon stick during the standard experiment. Methane 
around the carbon stick resulted in carbon deposition near 
the location of the carbon stick. The methane supplying 
tube was extended to the middle of the reactor tube, which 
resulted in the argon plasma being produced at the bottom 
of the tube and then transferred to the methane inlet. This 
represents a simple model of a commercial microwave 
reactor. Continuous plasma production was expected and 
a larger plasma area was observed. But, a high 
concentration of methane around the methane inlet 
extinguished the plasma, indicating that a higher energized 
plasma was required. The location of the carbon 
deposition leaved exciting material. Stable reaction time 
was enhanced 1.5-fold, but conversion was decreased to 
0.35. As mentioned earlier, this reactor cannot focus the 
microwaves to one point. Carbon deposition absorbed 
microwaves even far from the carbon stick. The electric 
field around the exciting material became weaker, 
indicating that separating the plasma production point and 
methane reaction point was effective for promoting 
continuous reaction. The commercial microwave reactor 
allowed focus of the microwaves on the one point, 
resulting in continuous plasma generation. 

 

 
 

Fig. 8. Effect of gas flow rate on conversion. 
 

3.4. Effect of Tube Diameter 
 

To decrease gas phase thickness between tube wall 
and carbon stick and the amount of methane around the 
carbon stick, a smaller diameter reactor tube was used. 
Tube diameter was decreased from 30 mm to 20 mm. 

Figure 9 shows the effect of methane partial pressure on 
conversion and yields using the 20-mm diameter quartz 
tube. The flow rate was the same as in previous 
experiments, i.e., 300 cm3/min. Plasma was observed at 
high methane partial pressure. The amount of methane in 
the reactor tube decreased when using the 20-mm tube, 
and the carbon stick could absorb larger amounts of 
energy. The carbon stick emitted enough electrons to 
produce plasma, even at high methane pressures. These 
results are presented in Table 3. The amount of solid 
deposition on the tube wall was also increased. The 
hydrogen and carbon balance was 0.82 and 0.30, 
respectively. Their value was small compared to those 
obtained when using the 30-mm tube. The number of 
collisions of carbon active species with the tube wall was 
increased by using the 20-mm tube.  Solid deposition is 
therefore believed to have increased with the number of 
collisions. In this narrow tube, the hydrogen balance was 
less than 1, indicating that either hydrocarbon was 
deposited instead of carbon or the deposited carbon 
adsorbed the hydrogen. 
 

Table 3. Effect of methane partial pressure on the plasma. 
 

 
 

 
 

Fig. 9. Effect of methane partial pressure on the reaction 
when using a 20-mm tube. 
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Fig. 10. Effect of methane partial pressure on hydrogen 
production rate when using a 20-mm tube.  

 

 
 

Fig. 11. Effect of methane partial pressure on the reaction 
when using an 8-mm tube. 
 

Hydrogen production rate increased with methane 
partial pressure (Fig. 10), and then decreased. Maximum 
hydrogen production rate was 140 cm3/min, which was 
larger than that found using the 30-mm diameter tube. 

Next, an even more narrow tube, 8 mm in diameter, 
was used. Figure 11 shows the effect of methane partial 
pressure on conversion and yield. Conversion was stable 
within the range, and exciting material absorbed more 
energy in this narrow tube.  The hydrogen and carbon 
balances were 0.65 and 0.25, respectively.  Mass balance 
decreased. The amount of solid deposition increased. The 
carbon deposits absorbed microwaves, resulting in the 
rapid extinguishing of the argon plasma at greater than 300 
hPa. 

 

 
 

Fig. 12. Effect of methane partial pressure on hydrogen 
production rate when using an 8-mm tube. 

 
Hydrogen production rate increased with methane 

partial pressure (Fig. 12). No decrease was observed in this 
range.  
 
3.5. Position of Exciting Material 

 
Use of a narrow tube promoted efficient plasma 

production. The thickness of the methane gas phase 
around the carbon stick was thin when a narrow tube was 
used and the carbon stick absorbed a large amount of 
energy. The effect of the distance from the tube wall to 
the carbon stick was varied. When the carbon stick was 
located near the tube wall, the distance from opposite side 
wall became longer. For these experiments, two carbon 
sticks were used, arranged in two patterns. One pattern 
had the carbon sticks located symmetrically along the wall 
sides. The other pattern had the two carbon sticks located 
in the center of the tube, slightly apart. Figure 13 shows 
the conversion profiles of the center pattern at a methane 
partial pressure of 230 hPa. Conversion and yields were 
nearly the same as those resulting when one carbon stick 
was used. The number of carbon sticks had no effect on 
the reaction. As with the effect of flow rate, one carbon 
stick is enough to allow the reaction to achieve equilibrium. 
Figure 14 shows the conversion profiles of wall pattern at 
a methane partial pressure of 230 hPa. Conversion was 
increased by moving the carbon sticks to the wall because 
the sticks absorbed greater energy and the plasma had 
stronger electric field intensity. With the carbon sticks 
against the tube wall, a lower acetylene yield occurred. A 
strong plasma field is powerful enough to split carbon-
carbon triple bonds, so the carbon atoms stayed in an 
intermediate state until they hit the tube wall and were 
deposited as a solid. Little hydrocarbon was detected in 
the outlet flow, indicating that many of the carbon atoms 
were deposited as a solid. Pure hydrogen, 95%, was 
obtained under these conditions. 
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Fig. 13. Reaction profiles when using two carbon sticks 
located in the center of the reaction tube. 
 

 
 
Fig. 14. Reaction profiles when using two carbon sticks 
located on the wall of the reaction tube. 
 
3.6. Effect of Reactant 

 
To investigate the use of various reactants, propane 

was used for the reaction. Figure 15 shows the reaction 
profile at a propane partial pressure of 100 hPa. Hydrogen 
and acetylene were the main products along with a small 
amount of methane. Molecules containing 3 carbon atoms, 
such as propylene, were not produced. The same products 
were detected when methane was used. Intermediates in 
the plasma were the same as when using methane. Carbon 
deposition on the tube wall was greater than when 
propane was used. Increasing the number of carbon atoms 
in the reactor increased the number of carbon atom 
collisions with the tube wall. The conversion value was 

0.57, which was smaller than that for methane. Propane 
has more bonds than methane, and propane absorbed 
more energy than methane. Therefore, the plasma 
weakened. Acetylene yield from propane was greater than 
that from methane, partly due to the weaker plasma and 
to the amount of carbon atoms in the reactor. More 
carbon atoms result in more carbon-carbon collisions, 
which increase the likelihood of carbon-carbon triple 
bond formation. 

 

 
 
Fig. 15. Reaction profiles when propane was used as 
reactant. 
 

4. Conclusions 
 
Hydrogen production using nonequilibrium argon 

plasma was reported. Nonequilibrium plasma was made 
by microwave irradiation on argon gas. Pure hydrogen was 
obtained by adjusting the experimental conditions. 
Carbon also was fixed as a solid material. The amount of 
irradiation energy input to the argon gas was an important 
factor. 

Because a preliminary microwave reactor was used, 
exciting material was required for focusing the 
microwaves on the argon gas. No exciting material should 
be needed when using a standard microwave reactor. In 
this case, the locations of nonequilibrium plasma 
generation and hydrocarbon reaction can be separated. 
Continuous hydrogen production is possible by spraying 
plasma onto hydrocarbon gas. 
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