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The proliferation of natural gas production had led to increased utilization of methane as a raw material for

chemicals. The most significant bottleneck in this process is the high activation energy of methane. This

paper reports the direct conversion of methane to acetylene in a novel rotating arc driven by AC

electrical power. By feeding a sufficiently high concentration of CH4 (greater than 43%) diluted in H2 (the

discharge gas) through the arc column, a low specific energy requirement (SER) of 10.2 kW h kg�1 C2H2

was achieved. The use of hydrogen as the discharge gas strongly suppressed soot formation during the

methane conversion process under high methane concentration conditions, resulting in a carbon

balance of greater than 95% and a C2H2 selectivity of greater than 90% while maintaining a methane

conversion rate of greater than 70%, depending on the conditions. The novel rotating arc enabled the

elongation of the arc column itself, which controlled heat loss and improved the energy use for reaction.

The ability to control the arc length based on low-current type arc generation has additional benefits for

reaction enhancement. These results demonstrate that arc control, optimization of the reaction

conditions, and a full understanding of reaction pathway are viable means for the energy-efficient direct

conversion of methane to acetylene.
1. Introduction
1.1. Methane conversion

Global warming is already creating serious problems in
everyday life. As a result, the demand for social and techno-
logical solutions to achieve continuous reductions in CO2

emissions is increasing. Among the hydrocarbon fuels,
methane generates the smallest amount of CO2 per unit of heat
produced, and thus is a fuel that canminimize the generation of
CO2 in fossil fuel-based energy systems. For this reason, efforts
have been made to convert existing liquid-fuel-based combus-
tion devices to gas-based devices; recent explosive shale gas
production is accelerating this trend. The increase in natural
gas production also opens the way to utilize methane as a raw
material for value-added chemicals as well as a fuel for heat and
power production.

In existing technologies that use methane as a raw material
for value-added chemicals, methane is rst converted into
a synthesis gas that is mainly composed of hydrogen and
carbon monoxide.1 The gas-to-liquid (GTL) concept has been
applied to produce synthesis gas from methane through the
reforming and synthesis of methanol or the production of
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synthetic oil through polymerization. However, because the
reforming process for producing syngas from methane begins
with the decomposition of methane, a very stable compound,
a large amount of energy is required for the methane activation
process, making it difficult to achieve economic efficiency in the
overall process. Thus, various process concepts for the
production of C2 or higher compounds through the direct
conversion of methane without a synthesis gas step have been
proposed. Representative examples of such processes include
the oxidative coupling of methane (OCM) and non-oxidative
conversion of methane (nonOCM) processes.2–4

The OCM process, which allows the synthesis of C2 chem-
icals via the coupling of methane, has been developed for
decades. However, this method has two important drawbacks:
(1) the yield of C2 chemicals is low (typically less than 20%,
even considering the overall sum of C2 species), and (2) the
production of CO2 is inevitable due to the oxidizer in the
reactant stream. Recently, a methane conversion of approxi-
mately 50% with 50% ethylene selectivity has been reported
using a single-site iron catalyst at 1363 K, and a high ethylene
yield of 25.7% has been achieved in plasma-catalyst hybrid
reactor.5,6 However, the high-temperature condition, poor
reliability of the catalyst, and the inability to obtain a selec-
tivity greater than 50% remain obstacles to the commercial
feasibility of this technology.

In addition to the OCM and nonOCM processes, which are
based on catalytic processes, plasma treatment has been
RSC Adv., 2019, 9, 32403–32413 | 32403
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proposed as an alternative tool for methane conversion. Plasma
can achieve higher temperatures (>2000 K) that a typical burner
or heater, and can also produce chemically active species such
as radicals, ions, and high-energy electrons, which can promote
the initial activation of methane via the formation of a methyl
radical.7,8

In the direct conversion of methane, the composition of the
main products varies depending on the reaction conditions or
the degree to which methane is thermally activated. A low-
temperature process such as OCM will result in C2H6,2–4 while
mid-scale thermal activation such as that achieved using non-
OCM processes, which have a temperature range of 1000–1500
K, will produce C2H4 as the main product.5,6 However, in the
high-temperature plasma process (>1500 K), C2H2 is the main
product.9–11 At such high temperature conditions, highmethane
conversion and high C2H2 yield are obtainable.2–4,9–11

Once high conversion and selectivity for a specic C2 are ob-
tained, a range of C2 chemicals can be produced via intercon-
version between C2 species.12–14 Considering this background, in
this work, an efficient plasma process to achieve the high
conversion of methane and high selectivity for C2H2 is proposed.
1.2. Plasma process for direct conversion of methane

Plasma can be generated under different conditions; the gas
temperature can range from close to room temperature to
thousands of degrees Kelvin.15–22 In non-thermal plasma, the
electron temperature is several eV, while the temperature of the
gas molecules is low, being close to room temperature. In
comparison, thermal plasma has a lower electron temperature,
but a higher heavy molecule temperature. Thus, thermal
plasma generation, in which the electron temperature is rela-
tively low, but the density of charged species and gas tempera-
ture are relatively high, should be employed to create high
temperature conditions for methane activation.

In general, plasma is generated using a high electric eld,
and the discharge process inevitably consumes electric power,
which is an expensive energy source. The generation of plasma
itself presents an energy conversion issue; only part of the input
electrical energy is delivered to or adsorbed by the plasma.
Moreover, the energy distribution of the activated species is
based on non-equilibrium phenomena. Not all of the energy in
generated plasma can be delivered for reactant activation. Thus,
the generation of plasma results in inefficient energy usage in
general; this inefficiency is one reason that plasma is not widely
applied in chemical processes. However, the characteristics of
plasma can be positively applied in methane activation to
produce C2 chemicals. The required conditions for a high yield
of C2H2 from methane are: (1) a high gas temperature (much
higher than 1500 K), (2) a short reaction time (quenching within
a few milliseconds), and (3) the presence of an additive to
suppress solid carbon generation. Conditions (1) and (2) can be
provided by thermal plasma.

High-temperature. In the equilibrium condition, a tempera-
ture of approximately 3000 K is required to provide the highest
yield in methane activation.23 Given this, the application of
partial oxidation, regenerative pyrolysis, or indirect heating via
32404 | RSC Adv., 2019, 9, 32403–32413
combustion gas are not appropriate, as these techniques cannot
meet this requirement. Although studies based on partial
oxidation for the direct conversion of methane have been re-
ported,24–29 the generation of synthesis gas and other hydro-
carbons due to the relatively low temperature reduces the C2H2

yield.28 Additionally, little progress has been made towards
overcoming the temperature andmaterial issues in regenerative
methane pyrolysis using combustion heat and regenerative heat
transfer.24,30–33

In comparison, in the case of thermal plasma, the methane
is heated not by the chemical energy released during combus-
tion (or oxidation), but instead via direct joule heating of the
reactant inside the arc via the discharge process and direct heat
transfer from the arc to the surrounding reactant or methane.34

The principle can enable the reactant to reach temperatures
above 2000 K, depending on the power supplied. The main
concern in plasma heating is its efficiency. The efficiency of the
conversion from electric energy to thermal energy or heat must
be optimized in order for plasma treatment to be economically
feasible. Currently, the only commercialized plasma process for
methane activation is the Hüels process, which is reported to
have a cost of approximately 12.1 kW h kg�1 C2H2.23,35 The
equation for the reaction is shown in eqn (1). The absolute
enthalpy difference between the reactant and the product is
approximately 4 kW h kg�1 C2H2; however, taking into account
the energy required for the activation of methane, the cost of the
Hüels process is reasonable.

2CH4 / C2H2 + 3H2, DH
0 ¼ 377 kJ mol�1 (1)

In addition, an arc process using a DC power source has been
attempted to rotate the arc using a magnetic force to reduce
electrode erosion and increase the possibility of the methane
contacting the arcs.36–38

Fast quenching. At sufficiently high temperatures, fast
quenching of the reaction to prevent the successive thermal
pyrolysis of C2H2 is required to obtain a high yield of C2H2.
Successive thermal pyrolysis results in the generation of solid
carbon, which reduces the C2H2 yield and increases the reaction
temperature required for the production of C2H2. Given this, it
is essential to immediately lower the reaction temperature aer
the formation of acetylene to x the product in the acetylene
state. At a reaction temperature of 1800 K or higher, the reaction
time should be limited to approximately 4 ms in order to
guarantee a C2H2 yield greater than 70%, as shown in Fig. 1.38

Additives. The pyrolysis of methane begins with the breakage
of the C–H bond followed by chain reactions initiated by methyl
radicals. The details of this process have been described thor-
oughly in the literature.39–43 During the course of the reaction,
the most important concern is avoiding the generation of solid
carbon. The generation of solid carbon will decrease the acet-
ylene yield and the operation of the reactor will be prohibited.
One means of suppressing carbon generation is the addition of
hydrogen. Because hydrogen is produced in the course of
methane conversion to acetylene, it can be recirculated into the
reactor. Kinetically, the effects of hydrogen addition are: (1)
suppression of soot formation, which results in higher
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Effect of residence time (reaction time) on the product yield,
calculated based on a simplified reaction model proposed by
Holmen.38
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selectivities towards hydrocarbon species and (2) inhibition of
methane conversion. Details of the kinetic aspects can be found
in ref. 39, 42 and 43.

In light of the above, arc plasma is an efficient tool for the
activation of methane to form acetylene, and has been inves-
tigated for decades. However, there is still room for improve-
ment in this process, including reduction of the process cost.
This work introduces a systematic approach for the cost opti-
mization of the process by enhancing the reactor design,
optimizing the reaction conditions, and employing a low-
current AC power.
2. Materials and methods
2.1. Novel rotating arc reactor and experimental setup

The conventional rotating arc reactor has been reported to be an
efficient tool to convert fuels into value-added chemicals.44–48

The principle of the conventional rotating arc is similar to that
of the gliding arc. Following ignition at the shortest gap
between the electrodes, the arc column is convected downward
via elongation of the arc itself. The end of one side of the arc
reaches the tip of the high-voltage electrode, the arc detaches,
and the process is then repeated. However, this design can be
modied by connecting a converging nozzle in the reactor at
a designed distance downstream from the high-voltage elec-
trode, called novel rotating arc reactor. In this new setup, the arc
column is stably anchored to the tip of the high-voltage elec-
trode without detachment. The anchoring of the arc at the
nozzle throat results in a highly thermal volume inside the
nozzle structure. The formation of a stable elongated arc
reduces the energy losses due to repeated ignition with variable
arc lengths.49 The high temperature environment in the modi-
ed arc reactor has been effectively applied in endothermic
reactions such as NH3 decomposition and the dry reforming
process.49–51 In this work, the same principle is used to induce
the strongly endothermic process of methane activation to form
acetylene.
This journal is © The Royal Society of Chemistry 2019
The main materials used in the experiment are shown in
Fig. 2a. The novel reactor was constructed using a conical
copper high-voltage electrode (15 mm diameter) enveloped by
a cylindrical stainless-steel ground (17 mm in diameter). The
reactor was connected to a nozzle with a diameter of 6 mm
joined to a straight tube of the same diameter (6 mm) to ensure
that the stable elongated arcs operated in a rather wide range of
electrical energy. The distance between the high-voltage elec-
trode tip and the nozzle was approximately 20 mm.

The methane feedstock was diluted in the discharge gases at
Gate 1 to pass through the arc column (CH4 premixed with the
discharge gas, Case 1) or separately fed at Gate 2 (CH4 non-
premixed with the discharge gas, Case 2). In this study, the
discharge gases were pure H2 or a mixture of H2 and Ar, and
were tangentially injected at Gate 1 to form elongated stable
arcs. The arcs were rotated inside the reactor using rotating
ows as described in previous reports.49 As mentioned previ-
ously, in order to prevent the decomposition of C2H2 to solid
carbon, a fast quenching process is required. Further cooling
does not have an impact once the temperature is below the
value required for further thermal pyrolysis of the product.
Considering this, the heat transfer via the walls was sufficient to
quench the reaction. The reduced diameter of the reactor
provided a large surface-to-volume ratio for increased wall heat
transfer. A thermocouple was placed 60 mm downstream from
the nozzle to measure the outlet gas temperature. Although the
measured temperature did not exactly reect the temperature
inside the reaction chamber because of the non-uniform
temperature distribution inside the reactor, the thermocouple
reading could be used to compare the thermal environment
inside the reactor under different experimental conditions.

An AC plasma power supply providing a voltage up to 12 kV
and current of several amperes (i.e. RMS current lower than 10
A) at a frequency of 20 kHz was employed to generate the stable
elongated arcs. Depending on the gas discharge and electrical
power condition, the value of current can vary from 1 A to 10 A.
The AC power provides high voltage transformation driven by
sinusoidal wave input. A Tektronix P6015A high voltage probe
and Tektronix TCP303 current probe were employed to measure
the voltage and current, which were used to calculate the
applied electric power using an oscilloscope (Tektronix
TDS5054B). The plasma voltage and current waveforms were
shown in Fig. 2b for several arcing events, which indicated good
in-phase voltage and current characteristics. An oscillogram of
the well stable elongated arcs was shown in Fig. 2c. The plasma
power was calculated by the direct integration of the product of
the voltage and current as expressed in eqn (2).

Plasma power ¼ 1

T

ðT
0

V � IdtðW Þ (2)

here, V denotes the voltage (V) and I denotes the current (A). In
our calculation, the voltage and current are in phase.

The sampling rate of the voltage and current was 2 million
samples per second or 2 MHz, which was sufficiently high to
perform the direct integration considering the AC frequency of 20
kHz. In the proposed reactor conguration, the arc spot in the
ground electrode was rotated; because of this, no thermal erosion
RSC Adv., 2019, 9, 32403–32413 | 32405
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of the reactor wall was observed. However, the arc spot was focused
on the tip of the high-voltage electrode. To prevent its thermal
erosion, active cooling was applied to the high-voltage electrode.
2.2. Analysis method

To calculate the mass balance of the product, N2 was added to
the reactor in the downstream region, where the gas tempera-
ture was low enough to completely inhibit further reactions
between N2 and the product. The product mainly included
gaseous species such as CH4, C2H2, H2, Ar, and other hydro-
carbons. Therefore, aer being passed through a cold trap, the
Fig. 2 (a) Novel rotating arc reactor with a stable elongated arc, (b) oscill
line: voltage; blue line: current), overall time span: 100 ms, at the condit
representing the voltage and current characteristics of the stably elonga

32406 | RSC Adv., 2019, 9, 32403–32413
sampled product was analyzed using a gas chromatograph (GC)
that could measure H2, CO, CO2, and N2 with a thermal
conductivity detector (TCD, Carboxen1010) and hydrocarbons
with carbon numbers of up to 4 with a ame ionization detector
(FID, HP-AL/KCL).

Themethane conversionwas calculated using eqn (3) as follows:

XCH4
¼
�½CCH4

�in � a½CCH4
�out

½CCH4
�in

�
� 100ð%Þ (3)

where a is the correction factor to account for the gas expan-
sion, which was calculated using eqn (4) as follows:
ogram representing the plasma voltage and current waveforms (yellow
ion of 850 W power, H2 ¼ 8 SLMP and CH4 ¼ 2 SLPM, (c) oscillogram
ted arc having overall time span of 0.1 second.

This journal is © The Royal Society of Chemistry 2019
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a ¼ ½CN2
�in

½CN2
�out

(4)

where [CCH4
]in and [CN2

]in are the concentrations of CH4 and N2

measured aer passing through the reactor in the absence of
plasma, while [CCH4

]out and [CN2
]out represent their concentra-

tions in the effluent gas in the presence of plasma,
respectively.

The selectivity for hydrocarbons with a carbon number of 2
(C2Hy) and the carbon balance (Cb) are expressed in eqn (5) and
(6), respectively.

SEL
�
C2Hy

� ¼ 2a
�
CC2Hy

�
out

½CCH4
�in � XCH4

� 100ð%Þ (5)

Cb ¼

0
BBBB@
a

 
½CCH4

�out þ
P

x¼2;3;4

x
�
CCxHy

�
out

!

½CCH4
�in

1
CCCCA� 100ð%Þ (6)

where [CCxHy
]out represents the concentration of hydrocarbons

(CxHy) in the effluent gas, x ¼ 2, 3, 4.
The energy cost of acetylene production as represented by

the Specic Energy Requirement (SER) was calculated using eqn
(7).

SER ¼

�
Pin

1000� 3600

�
mC2H2

�
kW h kg�1 C2H2

�
(7)

where mC2H2
is the mass ow rate of C2H2 (kg s�1).

The acetylene concentration in the product ([C2H2]product)
was dened using eqn (8):

½C2H2�Product ¼
½CC2H2

�out
½CCH4

�out þ ½CH2
�out þ ½CAr�out þ

P
x¼2;3;4

x
�
CCxHy

�
out

(8)

where [CC2H2
]out, [CAr]out, and [CH2

]out represent the concentra-
tions of acetylene, argon, and hydrogen in the effluent gas,
respectively.

The specic energy input (SEI) was obtained from eqn (9):

SEI ¼ Pin � 60=1000

F i
CH4

þ F i
H2

þ F i
Ar

�
kJ L�1� (9)

where Fi
CH4

, Fi
H2
, and FiAr are the owrates of CH4, H2, and Ar

(SLPM), respectively, and Pin is the real plasma power calculated
by integrating the product of voltage and current as in eqn (2).
3. Results
3.1. Effect of the methane inlet position

The novel rotating arc was designed such that the discharge gas
was introduced tangentially to generate a swirling ow inside
the reactor, which rotated and stabilized the arc. Meanwhile,
methane was fed in at one of two different positions: either
premixed with the discharge gas at Gate 1 (Case 1) or separately
at Gate 2 (Case 2) as shown in Fig. 2. Comparison of these
This journal is © The Royal Society of Chemistry 2019
methane inlet positions is important in optimizing the reactor
design and to have a full understanding of the characteristics of
methane activation in the arc region and the jet region.

Introducing the methane via Gate 1 could affect the gener-
ation of the arc. The physical properties of the gas are a critical
factor during arc generation. An electronegative gas could
potentially degenerate high energy electrons, and non-
monatomic gas molecules could be decomposed during arc
generation. In terms of hydrocarbon species, the generation of
solid carbon would also have a negative effect on arc generation.
However, introducing CH4 at Gate 1 rather than Gate 2 would
increase the probability that the gas molecules would come into
contact with the arc and promote heat transfer from the arc
column to the gas molecules. Thus, experimental observation
was required to assess which strategy could better achieve the
conversion of methane to acetylene.

The experiments were conducted at different electrical
energies with a xed reactant composition (4 SLPM of Ar, 4
SLPM of H2, and 3 SLPM of CH4). The experimental results
showed that when the methane was diluted in the discharge gas
before passing through the arc column (Case 1), the methane
conversion was much higher and the acetylene selectivity was
slightly higher than when the reactant was fed in downstream of
the arc column (Case 2). For example, at an SEI of 4.6 kJ L�1, the
conversion in Case 1 was approximately 2.5 times higher than
that in Case 2 (73.7% vs. 29.5%, respectively). This showed that
a signicant portion of the methane was converted in the arc
region (approximately 44.2% conversion in the arc region at an
SEI of 4.6 kJ L�1), as shown in Fig. 3a. The efficient conversion
in the arc region can be explained by the impact of the electron
direct activation, and the higher temperature environment
resulting from the gas phase heat transfer from the arc. Fig. 3b
shows the higher selectivity towards C2H4 and C2H6 in the jet
region than in the arc region, which indirectly indicates that the
temperature in the jet area is much lower than that in the arc
area. Therefore, premixing the methane with the discharge gas
to pass through the arc column resulted in a dramatically lower
energy requirement for acetylene production in the novel arc
reactor, as shown in Fig. 3c.

Increasing the electric power increased the temperature
inside the reactor, resulting in increasedmethane conversion in
both cases. However, the effect of increasing the electric power
on the SER differed for the two cases. The SER in Case 2 was
dramatically reduced when the electrical power was increased,
whereas that in Case 1 remained unchanged. For example,
increasing the SEI from 3.4 kJ L�1 to 4.6 kJ L�1 reduced the SER
from 64.8 kW h kg�1 C2H2 to 32.3 kW h kg�1 C2H2 in Case 2,
while the SER in Case 1 remained constant at 12 kW h kg�1

C2H2, as shown in Fig. 3c. This indicates that the further
addition of electrical power increased the temperature and
volume of the jet region, reducing the temperature difference
between the arc and jet region. Therefore, the difference in
energy cost (SER) between the two cases was reduced. This
comparison shows that the methane should be premixed with
the discharge gas in order to achieve a lower energy cost in arc
technology.
RSC Adv., 2019, 9, 32403–32413 | 32407
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Fig. 3 Effect of themethane feedingmethod on the (a) conversion, (b) selectivities and carbon balance, and (c) SER using 4 SLPM of Ar, 4 SLPM of
H2, and 3 SLPM of CH4.
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3.2. Effect of the methane concentration (methane feed rate)

Previous studies have shown that the methane feed rate or the
methane concentration is the main parameter affecting the
energy cost of acetylene production.23,35 In this study, we re-
examined the effect of the methane feed rate on the SER by
using different discharge gases: either H2 (8 SLPM) or a mixture
of H2 and Ar (4 SLPM H2 and 4 SLPM Ar). The methane feed-
stock was adjusted from 1 to 8 SLPM in the H2 discharge gas
and from 1 to 6 SLPM in the H2 and Ar mixture; the supplied
electrical power was set as 2 kW. As previously mentioned, the
methane feedstock was diluted in the discharge gases before
being passed through the arc column. The differences in the
composition of the reactants led to slight variations in the
measured plasma power (the real plasma power) as shown in
Fig. 4a. The plasma power increased slightly with the higher
methane feed rate.

Fig. 4b shows that the SER quickly decreased with increasing
methane concentration. For example, when a sufficiently high
amount of methane was introduced, the SER value could be
reduced to 9.8 kW h kg�1 C2H2 in the H2 discharge gas and 11.2
kW h kg�1 C2H2 in the H2 and Ar mixture, respectively. In
contrast, at low methane feed rate, a considerable amount of
32408 | RSC Adv., 2019, 9, 32403–32413
the electrical energy was wasted in heating the discharge gases,
reducing the fraction of electrical energy used to induce the
conversion of methane to acetylene, resulting in a high energy
cost. Therefore, increasing the methane feed rate was benecial
in terms of reducing the SER; however, it also led to higher soot
formation and lower acetylene selectivity. For example, the
carbon balance was reduced from 99.8% to 95% in the H2

discharge gas and from 99.6% to 85.5% in the Ar and H2

mixture with increased methane concentration, as shown in
Fig. 5b. The methane conversion also decreased as the methane
concentration in the feed was increased, as shown in Fig. 5a.
3.3. Effect of the discharge gas

TheH2 dilution (H2/CH4 ratio) has a strong effect on the kinetics of
the methane conversion. Increasing the H2/CH4 ratio accelerates
the backward reaction, inhibiting methane conversion. Speci-
cally, greater H2 dilution results in a reduction in the CH3 radical
concentration via the reaction shown in eqn (10) below.33,38,39

Additionally, hydrogen dilution also strongly depresses carbon
formation, increasing the selectivity for acetylene.33,38,39

CH3 + H / CH4 (10)
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Effect of themethane feed rate on the (a) plasma power and (b) energy cost (SER) using either H2 (8 SLPM) or an Ar and H2mixture (4 SLPM
of Ar and 4 SLPM of H2) as the discharge gas.
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In comparison, Ar dilution has only a weak effect on the
reaction kinetics of the methane conversion process. Increasing
the Ar concentration can enhance Ar excitation (Ar*) and Ar
ionization (Ar+), inducing methane conversion via direct colli-
sions, as in eqn (11) and (12).42–53 However, the previous studies
reported that thermal activation is the main contributor in arc
plasma processes, whereas the effect of direct collisions (the non-
thermal effect) is smaller.50,51 As a result, the effect of Ar dilution
on the reaction kinetics of methane conversion is negligible.

CH4 + Ar* / CHy + (4�y)H + Ar (11)

CH4 + Ar+ / CHy + (4�y)H + Ar (12)

In this study, the acceleration of the backward reactions by
hydrogen during methane conversion was clearly observed at
low methane concentrations. For example, at a 20% methane
concentration (2 SLPM of CH4), the use of H2 as the discharge
gas (8 SLPM of H2, H2/CH4 ¼ 4) resulted in a signicantly lower
methane conversion (83% vs. 91%, a decrease of 8%) compared
to themixed gas (4 SLPM of Ar mixed with 4 SLPM of H2, H2/CH4

¼ 2), as shown in Fig. 5a.
Fig. 5 Effect of the methane feed rate on the (a) conversion and (b) se
mixture (4 SLPM of Ar and 4 SLPM of H2) as the discharge gas.

This journal is © The Royal Society of Chemistry 2019
A comparison of the product selectivity and carbon balance
showed that the use of H2 as the discharge gas rather than the
Ar and H2 mixture resulted in a slightly higher hydrocarbon
selectivity (Fig. 5b). For example, the C2H2 selectivity achieved
using the hydrogen discharge gas was approximately 2% higher
than that observed when the Ar and H2mixture was used (94.7%
vs. 92.2%, respectively). This shows that in addition to acceler-
ating the reverse reactions, H2 also partially suppresses soot
formation. As a result of the dramatically reduced methane
conversion at low CH4 concentrations (e.g., 20%), the SER was
higher for the hydrogen discharge gas than for the Ar and H2

mixture (15.6 kW h kg�1 C2H2 vs. 14 kW h kg�1 C2H2, respec-
tively), as shown in Fig. 4b.

In contrast, at high CH4 concentrations (e.g., 43% and 6
SLPM of CH4), H2 mainly participates in suppressing solid
carbon formation, increasing the acetylene selectivity. Fig. 5b
shows that the use of H2 as the discharge gas (H2/CH4 ¼ 4/3)
resulted in signicantly (9%) higher acetylene selectivity than
when the Ar and H2 mixture was used (H2/CH4 ¼ 2/3), while the
conversion was only slightly lower (1%), respectively. Although
the soot formation was not measured quantitatively during this
lectivity and carbon balance using either H2 (8 SLPM) or an Ar and H2

RSC Adv., 2019, 9, 32403–32413 | 32409
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study, the carbon balance of 96% in the H2 discharge gas
compared to 86% in the Ar and H2 discharge gas indirectly
demonstrated that a higher hydrogen concentration signi-
cantly reduced soot formation. As a result, the use of the H2 as
the discharge gas reduced the SER by 9% versus that obtained
using the Ar and H2 mixture at 42.8% CH4 concentration (10.5
kW h kg�1 C2H2 in the H2 discharge gas versus 11.2 kW h kg�1

C2H2 in the Ar and H2 mixture, respectively), see Fig. 4b.
In summary, for methane concentrations from 38.5% to

50%, the use of H2 as the additive gas reduces the energy cost
and results in relatively high acetylene selectivity and high
carbon balance or low soot formation.
3.4. SEI effect

Increasing the SEI increases the supply of heat during this type
of process, in which plasma is the main heat source for the
activation of the reaction. Given this, it is natural to expect
higher conversion of the reactants under higher SEI conditions;
this expectation was fullled during the experiments in which
the temperature measured 60 mm downstream from the nozzle
was 780 �C and 1068 �C for an SEI of 3.9 kJ L�1 and 6 kJ L�1,
respectively. The different temperatures also resulted in
different methane conversions of 43% and 68%, respectively, as
shown in Fig. 6a. Thus, an increase in the acetylene concen-
tration was achieved by increasing the electric power. For
example, the C2H2 concentration increased from 7% to 10.6%,
while the energy cost of acetylene production remained
unchanged 10.2 kW h kg�1 C2H2 when the electric power was
increased from 3.9 kJ L�1 to 6 kJ L�1, as shown Fig. 6b. The
acetylene selectivity and carbon balance were not dependent on
the SEI, nor did they show any meaningful change, because the
increase in the temperature inside the reactor due to additional
heat or SEI did not produce an environment in which acetylene
could undergo subsequent pyrolysis, but did make the further
conversion of methane more favorable. Below the upper limit of
the SEI at which the acetylene begins to decompose into carbon,
increasing the SEI increases the conversion of methane and the
concentration of the product acetylene.
Fig. 6 Effect of the SEI on the (a) conversion, selectivity, and carbon bala
SLPM).

32410 | RSC Adv., 2019, 9, 32403–32413
4. Discussion

The high carbon balance in Case 1 (Fig. 3b) ensures that the
possible deterioration of arc generation due to the formation of
solid carbon is effectively suppressed. The carbon balance in
Case 2 is nearly 100% except at the highest SEI. This means that
the temperature in the jet (downstream of the nozzle) was below
the threshold temperature for the thermal pyrolysis of the
produced acetylene. However, the carbon balance in Case 1 is
relatively lower (but still much greater than 90%), implying that
the methane is subjected to much higher temperatures in the
arc region than in the jet region. However, even given the high
temperature in the arc region, a carbon balance of greater than
90% can be achieved by controlling the reaction time. Based on
the ow rate and the reactor geometry, the estimated time scale
of the methane conversion reaction, that is, the time required
for the ow to pass from the tip of the high-voltage electrode to
the nozzle, was approximately 3 ms. As shown in Fig. 1, this
time scale lies within the range at which a high acetylene yield
and reduced solid carbon generation can be achieved at
temperatures lower than 1800 �C. The result implies that a well-
designed reactor geometry can provide a sufficiently short time
scale for the reaction, suppressing solid carbon generation.

Anchoring the arc on the nozzle inlet resulted in intensive
heating near the arc spot. The heat released in the nozzle inlet by
rotating the arc spot enabled rapid heating of the methane feed
stream as it owed past. Although it is possible for methane to
come into contact with the arc string in zone I, most of the heat
transfer and subsequent pyrolysis take place in the narrow region
at the inlet of the nozzle, as shown in Fig. 7. The effective time
scale of the reaction is estimated to be less than 1 ms, which is
very favorable for the suppression of carbon generation and the
resultant lowering of the temperature for the conversion of
methane to acetylene. The endothermic reaction and heat loss to
the outside of the reactor consume heat in most of the reactive
region, and the temperature gradient in the nozzle inlet area is
large. Thus, the temperature in zone II results in less reactivity
and does not induce further pyrolysis of the product. This is the
nce and (b) SER and C2H2 concentration using CH4 (6 SLPM) and H2 (8

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Methane conversion in the novel rotating arc reactor, classified
into two reaction zones.
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key feature of the proposed novel reactor design, enabling a high
carbon balance and high selectivity for acetylene.

In comparison to other well-known plasma approaches that
have been employed to induce the direct conversion of methane
to acetylene, our novel rotating arc technology has a lower SER
than the Hüels process (10.2 kW h kg�1 C2H2 vs. 12.1 kW h kg�1

C2H2, respectively). The lower SER is due to the differences in (1)
the methane feeding method and (2) current–voltage charac-
teristics. All the feedstocks are diluted with hydrogen gas before
being passed through the arc column in our technology, while
a fraction of the feedstock is injected downstream of the arc
during the Hüels process. Additionally, our technology adopted
AC electric power with a lower current (several amperes) and
high voltage (several kV), while the thermal arc used in the
Hüels process utilizes DC electric power with a current of
hundreds of amperes and a low voltage.

Due to the re-ignition characteristics, AC can supply more
stable continuous discharges compared than DC that re-
ignition is hard to get one detached. In addition, AC source is
easier to support a higher potential condition that results in
elongation of the arc string. This elongation of the arc string
provides a greater volume for mixing and heat transfer in the
region labelled as zone I in the proposed reactor design.

In addition to promoting arc stability, the higher voltage and
lower current have an additional benet. In our previous
publication, we have extensively investigated the energy balance
of the plasma system. We found that lower current conditions,
by virtue of the resulting arc elongation, reduced conductive
heat loss to the reactor body, which further enhanced heat
transfer to the feed gas and enhanced the reaction.51 Therefore,
the use of low current and high voltage conditions for the
elongation of the arc column can reduce the energy cost of
direct methane conversion in arc plasma.

In comparison to the methane-to-acetylene conversion in
pulsed plasma, to remain a well stable discharge condition in
our technology, the methane concentration should be lower
than 50%. Meanwhile, pulsed discharge in pure methane is
possible.20,54,55 Because of this difference, a slightly lower SER in
the pulsed discharge can be achieved. For example, SER of 9.2
kW h kg�1 C2H2 has been reported, but the conversion is as low
as 23.5%.55 Pulse discharge showed a good SER but high value
of conversion was limited.
5. Conclusion

A low energy cost (10.2 kW h kg�1 C2H2) for the direct conver-
sion of methane to acetylene was obtained by employing low
This journal is © The Royal Society of Chemistry 2019
current AC rotating arc technology and optimizing the experi-
mental conditions. The generation of the plasma using AC
power rather than DC power is benecial in terms of arc
stability, while the use of a low-current arc rather than a high-
current arc is benecial in terms of reducing conductive heat
loss to the reactor body, resulting in more heat transfer to the
feed gas. To obtain a low energy cost, the CH4 feed rate should
be greater than 43%, and the CH4 should be diluted with H2

discharge gas before being passed through the arc column. The
acetylene yield is primarily determined by the electrical energy
input; increasing the electric power increases the acetylene yield
via increased CH4 conversion, resulting in a higher C2H2

concentration in the product. This work gured out the optimal
conditions for a low specic energy requirement in methane-to-
acetylene conversion in arc plasma.

This study also provides experimental evidence of the effect
of H2 on the reaction pathway of direct methane conversion,
demonstrating the effect of H2 dilution on the SER for the rst
time. H2 mainly depresses carbon formation to increase acety-
lene selectivity at a high methane concentration, while it
strongly accelerates the reverse reactions to inhibit CH4

conversion at a low methane concentration. As a result, the use
of H2 discharge gas signicantly reduces the SER compared to
an Ar and H2 mixture (a decrease of 9% at a methane concen-
tration of 42.8%).
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