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Abstract

Direct dehydrogenation of methane to produce more useful chemicals was examined using low temperature plasmas such as DBD, corona
and spark discharge under the conditions of room temperature and atmospheric pressure. In spark discharge, acetylene was produced witt
the selectivity higher than 85% and small amount of deposited carbon. The energy efficiency in spark discharge was much higher than that in
DBD and corona discharge. By the emission spectroscopy, it was found that methane was highly dissociated to atomic carbon and hydrogen
in spark discharge. The gas temperature in spark discharge channel remained as low as 420-460 K determined by Boltzmann plot method of
CH rotational band (431 nm). The specific energy requirement for acetylene was improved by the optimization of reactor size and residence
time and reached 12.1 kW h/kg-8,, which was as same as Huels process with DC arc plasma.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction spark dischargg]. The formation of synthesis gas by car-
bon dioxide or steam reforming and partial oxidation was

From a point of view of chemical utilization of natu- also examined with and without cataly3t5]. Recently, the
ral gas, methane conversion into valuable products such asonversion of methane using non-equilibrium plasmas has
hydrogen, synthesis gasy@nd higher hydrocarbons has attracted a considerable attention in the field of reforming
been examined under various conditions. The activation of as well as deposition of carbon materials. Nozaki et al. have
methane requires a high reaction temperature due to its thersucceeded in the growth of carbon nanotubes with atmo-
mal stability. Even in the industrial process to produce hy- spheric pressure glow discharge (AH&]), and Liu et al. de-
drogen by steam reforming, the operating temperature is posited the diamond-like carbon film using dielectric barrier
higher than 1073 K in the presence of catalysts. The higherdischarge (DBD)7]. Many researches of DBD conversion
temperature is favorable for promoting the reaction, but is of methane into more useful chemicals including synthesis
not suitable for the selective formation of ethane/ethylene gas, gaseous and liquid hydrocarbons and oxygenates have
and oxygen-containing liquid compounds by oxidative cou- been dong8-12], and recently it was found that the use of
pling and partial oxidation. That is one of the reasons why starch significantly increases the selectivity to oxygenates
the high yield of these products, sufficient for the commer- [12]. Steam reforming of methane was investigated using
cialization, has not been obtaingd. ferroelectric packed-bed reactft3], and microwave re-

To resolve these problems, we have paid attention to theforming of methane with carbon dioxide has been examined
low temperature plasma having a property of high electron [14,15] The microwave plasma has also been reported to
temperature and low gas phase temperature, and succeeddake useful for the selective formation of acetyldf®6—18]
in the formation of acetylene with high yield at ambient In this work, the reactivity and the energy efficiency of the
temperature in gas phase homogeneous reaction using thepark discharge were compared with those of other cold plas-

mas such as dielectric barrier discharge (DBD) and corona
mspondmg author. Tel+81.3-5734-2179: discharge. The emission spectroscopic diagnostics of the
fax: +81-3-5734-2893. spark discharge was also done to know the gas phase temper-
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the energy efficiency for the production of acetylene was Quartz tube  Ground
improved by the optimization of reaction conditions.

Feed gas Products

2. Experimental

2.1. Reaction apparatus High voltage electrode
(a) DBD reactor

The differences of the reactivity including the conver-

sion, products selectivity and energy efficiency among DBD,

corona and spark discharge were examined with the reac-

tors as shown irFig. 1 A flow type reactor composed of Feed gas Products.
a quartz tube with 16.5mm i.d. and 19.5mm o.d. (1.5mm

thickness) was used through the all experiments under the

conditions of room temperature and atmospheric pressure
without any catalysts. The reactant was a 99.9999% purity
of methane, of which flow rate was controlled with a ther-
mal mass flow controller. In this study, the effect of the res- Fig. 1. Schematic diagram of reactors.
idence time was investigated by varying the flow rate under
the same discharge conditions.

In DBD, the electrodes configuration was the coaxial type 4.6 W. The details of DC power supply and the spark dis-
as shown irFig. 1(a). Inside of the reactor, the high voltage charge are described later.
electrode of copper with 14.5 mm o.d. was inserted and fixed
at the center. The outside of the reactor was covered with2.2. DC high voltage power supply
aluminum tape and grounded. The quartz glass of the reactor
played a role of the dielectric material. The gap distance and Fig. 2 shows the schematic diagram of DC high voltage
the length of the discharge region were 1.0 and 40 mm, which power supply used in this study. The leakage transformer
corresponded to 2.0 chvolume of the discharge region. AC  (1:150, 140 VA) produced high voltage from AC voltage of
high voltage with 75 kHz frequency was applied between the 50 Hz. AC high voltage was rectified with the diode, and the
electrodes, and the supplied discharge power was fixed atcapacitorC; (36,000 pF) was charged through the resistor
17 W, which was determined from a voltage—charge diagram Ry (1 kS2). In this study, the negative voltage was employed.
called a Lissajous figure. To reduce the effect of electrical This circuit provided the stable DC high voltage (15kV ca-
noises, we used the averaged Lissajous figure over 16 timegacity), and the capacit@; (1410 pF) was charged through
sampling. resistorR; (100 k2). The discharge current was supplied to

In corona and spark discharge, the same reactor was usethe reactor through resistéts (100$2). The stable pulsed
as shown irFig. 1(b). The electrodes configuration was nee- discharge was obtained due to the relationship of the time
dle to needle type. The stainless steel rods with @1 mm wereconstant ofR2C» >> R3Co. In the spark discharge, discharge
used as the electrodes. The electrodes were centered andoltage was measured at the end of the resRtoland the
supported with the stainless steel mesh with 5.0 mm gap dis-current was measured at the ground.
tance. DC negative high voltage was applied between the
electrodes. In corona discharge, Mhigh voltage resistor ~ 2.3. Properties of spark discharge
was inserted between the power supply and the electrode.
The corona current was estimated from the decrease in the Fig. 3shows the waveforms of voltage and current in spark
voltage at the resistor, and the discharge power was fixed atdischarge measured with a digital oscilloscope under the

uartz tube S!amless steel mesh

Negative high voltage electrode Ground

(b) Corona and Spark discharge reactor

Voltage probe
R, 1 Re R ge pl

Reactor

Volt-slider

Breaker switch

\ Current

probe

DC high voltage forming circuit OSC'HOSCOPG

Fig. 2. Schematic diagram of DC high voltage power supply.
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Fig. 3. Waveforms of voltage and current of spark discharge.

conditions of 5mm gap distance and methane flow. The in-
termittent spark discharge occurred periodically with 50 Hz
pulse frequency (20 ms pulse period) and-€&.kV incep-

tion voltage as shown iRig. 3(a). From the detail measure-
ment of voltage of one pulse (shownfig. 3(b)), it was clear
that there were a dozen of spikes at one pulse. The num-
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Fig. 4. Histogram of the number of spikes at a pulse.

current reached 20-30 A with a width of 300-500ns. This
short width of current contributed to non-equilibrium plasma
having characteristics of extremely high electron tempera-
ture and low gas phase temperature.

FromFig. 3(c), the discharge energy at a spilg) was
defined as follows:

Pq = Z (Vi x Iil + Vi1 ><21i+1|) X (tit1 — 1)
i

Total energy injection rate of spark dischard® (n watts
was defined as follows frorRs, average number of spikes
(Ns) and pulse frequencyF:

P = PsNsF

In this study, spark discharge power was fixed at 1.4 W under
standard condition.

2.4. Analysis

The waveforms of applied voltage and current were mea-
sured with the digital oscilloscope (Tektronix TDS644A,
500 MHz band width, 2 G samples/s maximum sampling
rate) using voltage probe (Tektronix P6015A, 75 MHz band
width, 1000:1) and current probe (Tektronix P6021, 60 MHz
band width, 10:1). The gaseous products were analyzed by
gas chromatography equipped with FID (G-950 column and
Porapk N column) and TCD (SHIN-carbon column).

In DBD and spark discharge, the effluent gas was analyzed
at least three times during plasma reaction time of 1 h. It was
confirmed that the experiment has already reached steady
state after 5 min from discharge on. In corona discharge, the
sampled data of 5 min after discharge on were employed to
reduce the effect of a large amount of deposited carbon.

The amount of deposited carbon was estimated from the

ber of spikes at a pulse was uncertain and distributed from total amount of CO and C£n the combustion of deposited

5 to 19 spikes as shown Fig. 4. FromFig. 4, the average
number of spikes was decided to be 12.6 spikes per pulse.
The waveforms of voltage and current in one spike were
shown inFig. 3(c), which were averaged over 16 times sam-
pling. The voltage recovered to OV in a few hundreds of

nanoseconds, and the pulsed current occurred. The pulsed — moles of methane introduced

materials in the air at 923 K. The conversion of methane was
defined as follows:

methane conversion

moles of methane consumed
x 100%
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The selectivities of products were defined as follows:

product selectivity

carbon based moles of product
= x 100%
moles of methane consumed

The deposited materials were also characterized by Rama
spectroscopy (Green laser 532 nm).

For emission spectroscopy, a standard quartz lens was
used to maintain the correct focus on the discharge channel

The emission from the discharge region was continuously
recorded with an ICCD camera (Andor DH734-18U-03 iStar
camera) with 50 ms exposure through an optical fiber, and

a 500 mm spectrometer (Acton Research Spectra, Pro 500i)

with 1200 grating was used.

3. Results and discussion
3.1. Reactivity of low temperature plasmas
The reactivity of spark discharge was compared with that

of DBD and corona discharge in methane flow. Methane con-
version and products selectivity were showrFig. 5. The

S. Kado et al./Catalysis Today 89 (2004) 47-55

addition, the consecutive dehydrogenation from ethane to
ethylene, and further to acetylene was observed with the in-
crease in methane conversion due to high gas phase temper-
ature. The detail of the estimation of gas phase temperature
is discussed later. The behavior of the selectivity to de-
osited carbon was characteristic to corona discharge. With
he increase in methane conversion, the amount of deposited
carbon drastically increased. The selectivity to carbon in-
creased from 5% at 4% methane conversion to 34% at 25%.

The carbon was deposited mainly on the tip of the cathode

and grew along the discharge channel. Finally, the deposited

carbon made a short circuit between two electrodes.

On the other hand, in spark discharge, acetylene was pro-

duced with the selectivity of 85%. The selectivity did not

depend on the conversion. The amount of deposited carbon

was small, and the selectivity to carbon was as low as 3%.
The comparison of reactivity among these three types of

low temperature plasmas was made using methane conver-

sion rate R, pumol/J) defined by Yao et a[19], which is

also shown irFig. 5

moles of methane converted per second
P

experiments were conducted under almost the same conver] € amount of deposited carbon is included in moles of

sion, and the conversion was controlled with the operation
of flow rate. Methane flow rate was 15 and 30%amin1,
and the condition of 6 cAmin~—! was added in corona dis-
charge reaction. The product of others showifrig. 5was
considered to be liquid hydrocarbons higher than C

In DBD, the oligomerization to hydrocarbons higher than

methane converted.

Methane conversion rates in DBD and corona discharge
were almost the same at Qunol/J, while the spark dis-
charge reaction showed the high reactivity of fLrdol/J.
The reactivity of spark discharge was much higher that
that of DBD and corona discharge. When the energy effi-

Cs was the main reaction, and the main componentin C ciency is taken into consideration, these differences become

hydrocarbons was ethane, which was considered formed byMore conspicuous because the formation of acetylene from
the coupling of CH radicals. The selectivity to deposited methane is highly endothermic reaction compared to that of
carbon was as low as 3%. Itis necessary to improve the rectoréthane and ethylene:

design and reaction system to obtain the desired product
selectively in DBD reaction.

In corona discharge, although the formation oftgdro-

carbons was predominant, the distribution among ethane
ethylene and acetylene was wide and almost equally. In

AH® = 325kJ/mol,
AH® =101kJmol,
AH° = 188 kJmol

CHs4 — 3CoHg + 3Ho,
CHs4 — 3CoHa + Ho,
'CHy — %Csz + %Hz,

Even if only the formation of acetylene was taken into ac-

100 ) 50 count, the energy efficiency of spark discharge in the case
— 7 of 1.7umol/J conversion rate reached 27%:
F 80 z I f 40
2 § ? & energy efficiency
o
) & o % f =0 é _ AH(376 Ymmol) x (formation rate of GH, (mmol )
20 4T TH ,4 20 2 - PIs?
2 SHN= 7| x 100%
B 20 =H | B ? 10 =
@ = : E é So, the energy efficiency will be improved when the spark
0 =y = 4 =y discharge was applied to more highly endothermic reaction
0201 1020202 117 14  Conv. rate such as the reforming to produce synthesis gas and/or hy-
DBD : Corona : Spark  /pmolJ” drogen:
] 1

CHz + H2O (g) — CO+ 3Ho,
CH4 + CO; — 2CO+ 2Ho,

AH® = 206 k¥mol,
AH® = 247 kJmol

Fig. 5. Comparison of reactivities among DBD, corona and spark discharge
in pure methane flow.
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Fig. 6. Raman spectra of deposited carbon materials in DBD, corona and Fig. 7. Emission spectra of DBD, corona and spark discharge in pure
spark discharge. methane flow and that of spark discharge in pure hydrogen flow.

When the spark discharge is considered for acetylene syn-discharge, which was cause by carbon deposition in dis-
thesis process, the specific energy required to produce 1 kgcharge channel.

acetylene is 14.6 kW h/kg-Ei>. In spark discharge, the emission intensity of CH rota-
tional band was relatively low, while the strong emission of
3.2. Deposited carbon materials C, swan band system and atomic carbor (@27 nm) was

observed. In addition, when the spectra in methane flow are

Fig. 6 shows Raman spectra of the deposited carbon ma-compared with those obtained in hydrogen flow, it is clear
terials obtained in the each plasma. The G-band locatedthat almost the same spectra of H Balmer series were ob-
around 1580 cm! attributes C—C stretching vibration of Served. These facts of the strong intensity of atomic spectra
graphite layers, and imperfect graphite structure is charac-0f carbon and H Balmer series in methane flow indicate that
terized from the D-band near 1350 ch The intensities of ~ methane was highly dissociated into C and H by the elec-
these G- and D-bands from carbon materials obtained intron impact. These results are consistent with the previous
DBD were weak, which was like tar. The D/G-band inten- work investigating the reaction mechanism using isotopes
sity ratio of the sample obtained in spark discharge was 0.7, [5]-
which was lower than that in corona discharge of 1.3. Tohji
et al. have developed a purification method and succeeded.4. Estimation of gas temperature in discharge channel
in obtaining 95wt.% purity of single-wall nanotubes from
the soot produced by arc discharge with Ni and Fe con- There have been many emission spectroscopic methods
taining graphite electrodR0,21] In spark discharge, there reported to determine the gas temperature. The Boltzmann
should be no catalyst metals contained in deposited car-plot method can be applied for plasmas in thermodynamic
bon, only the oxidative removal of the amorphous carbon equilibrium, but also in less restrictive conditions, if the
was employed. The soot obtained in spark discharge waspressure is sufficiently high, so that the collisional frequency
oxidized in O, solution for 4h at 373 K. The D/G-band of the molecules is much higher than the radiative decay
intensity ratio became lower to 0.3, but the existence of probability of the excited state under consideration, resulting
carbon nanotubes was not confirmed by FE-SEM examina-in the thermal equilibration of the state populations.

tion. Heintze et al. showed that the rotational temperature de-
termined from G swan band agreed with that determined
3.3. Emission spectroscopy from Hy Fulcheree band using the rotational energy in the

ground state between 1500 and 2500K in a pulsed mi-

Fig. 7 shows the emission spectra measured in DBD, crowave plasm§l8]. On the other hand, when the determi-
corona and spark discharge in methane flow. The spectrumnation of gas temperature fromy&wan band was applied to
Obtained in Spark discharge in hydrogen ﬂOW iS alSO Shown DBD, Pe”erin et al. Obtained abnorma”y hightemperature Of
in Fig. 7. They were quite different among these three types 2970 K, which was much higher than tig,, of 400 K ob-
of low temperature plasmas. The rotational band of 431.5 nmtained using the OHAZX ™, v = 0) — OH(X?II, v = 0)
due to an AA — X2I1 (0, 0) transition had the highest in-  transition[22].
tensity in DBD. The low intensity of emission derived from Nozaki et al. have developed a diagnostic method based
C, swan band system (517 nm?lillg — &% (0, 0)) was on the emission spectroscopy of a rotational band of CH
observed. In corona discharge, the emission intensity of CH (431.5 nm) to determine the gas temperature and confirmed
rotational band was almost the same as thatxafWzan band that the rotational temperature showed fairly good sensitivity
system. The continuous radiation was observed in coronato background gas temperaty23]. Using this method they
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Fig. 8. Boltzmann plot obtained in DBD, corona and spark discharge and Fig. 9. Effect of He/CH ratio on emission spectra of rotational band of
their estimated CH rotational temperature. CH in spark discharge.

h ined th distributi dith | struct which was much shorter than the interval between pulses of
ave examined the energy distribution and thermal Structur€ o \,g g4 the increase in the temperature is considered to

in DBD and APG (atmospheric pressure glow-discharge) be caused by changes in the heat capacity of feed gas, and

[2‘:'231', wdv. th ¢ t determined f the effect of thermal conductivity can be neglected. And the
n this study, the gas temperalure was determined from relationship between discharge power and temperature can

E.H ;otﬁtlona}[lhbaénc:t n DBD’I ctorgtng ar&df spatrrI: d|scharge(.j be written as the following equation, which was used by Yao
ig. 8shows the Boltzmann plot obtained from the measured . ., i, their calculationf19)]:

spectra versus the rotational energy of the levels in the upper
state. The rotational temperature is calculated from the slopeVIds = mC, dT
of straight line in Boltzmann plot. The rotational temperature

in corona discharge was 959 K, which was much higher than
that in DBD of 533 K. The high gas phase temperature in

corona discharge caused the consecutive dehydrogenation &
shown inFig. 5.

Although the obtained rotational temperature in spark dis-
charge was as low as 418K, which was much lower than
that of DBD and corona discharge, the reliability of this tem-
perature was low because the Boltzmann plot did not agree
with the approximate straight line. In addition, Yao et al. es-
timated that the gas temperature in spark discharge channe
increased up to ca. 2340K due to the Ohmic heating from
the calculation. They assumed that there were no reactions
and no energy and mass exchanges between gases inside ar?d5 :
outside the channel.

The reasons why the Boltzmann plot in spark discharge
did not give the straight line are: (1) weak emission inten-
sity of CH rotational band, (2) disturbed R-branches of CH
rotational band due to the strong emission from atomic car-
bon around 427 nm and (3) complex baseline due to broad- 900 1 0.2
ened Hy line (434 nm).Fig. 9 shows the spectra of CH ro-
tational band and atomic carbon obtained in pure methane
flow, and the effect of dilution with helium on spectra. It
was found that the dilution of methane with helium resolved
three problems mentioned above. The emission intensity of
CH rotational band became stronger with the increase in
helium concentration in the feed gas, and the reliable gas
temperature was determined. 300 : ' : : 0.1

Fig. 10 shows the effect of He/CHratio of the feed 0 2 4 6 8 10
gas on the rotational temperature. The rotational tempera- He/CH, ratio / -

ture increased with the increase in He/Cktio. In spark Fig. 10. Behavior of rotational temperature in spark discharge toward
discharge, the width of pulsed current was 500 ns at most, He/CH, ratio and its relationship with average heat capacity.

Here m (mol) is the total moles of feed gas in discharge
channel andC,, (JK~1mol~?t) is the heat capacity at con-
tant pressure. The reciprocal of the average heat capacity
1/C,) was also plotted with a solid line iRig. 1Q The ro-
tational temperature and the reciprocal of the heat capacity
showed the same behavior toward He/GHhttio, and the gas
temperature of 420—-460K in pure methane spark discharge
is considered reasonable. This low gas phase temperature is
favorable for quenching activated species and selective pro-
Fuction of acetylene with small amount of deposited carbon
26].

Improvement of energy efficiency

To improve the energy efficiency for the production
of acetylene and hydrogen with spark discharge, the

1000 0.22

1/Cp (Ave.) / Kmolcal™
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Fig. 11. Effect of internal diameter of reactor on reactivity of spark

discharge in pure methane flow. Fig. 13. Effect of residence time and energy injection rate on reactivity
of spark discharge in pure methane flow (2.3 mm i.d. reactor).

optimization of reaction conditions was examined besides
the discharge conditions. The maximum diameter of the Using @2.3mm i.d. reactor, the effect of residence time
discharge channel was estimated to be ca. 0.9—1.3 mm fromwas examined under the conditions of 1.4 and 4.0 W energy
the image of spark discharge taken with an ultra-high-speedinjection rate Fig. 13. It was natural that longer residence
digital imaging systen{19]. This indicated that most of time gave higher methane conversion at the same energy
methane might pass through the discharge region withoutinjection rate, and higher energy injection rate gave higher
contacting with the discharge channel. methane conversion at the same residence time without af-
Fig. 11shows the effect of internal diameter of the reac- fecting the selectivity so much. FroRig. 14 too short and
tor on the selectivity and conversion under the condition of too long residence time was not favorable to efficient pro-
the same residence time of 0.6s. The residence time wagduction of acetylene and hydrogen. There was an optimum
determined from the reactor volume between the electrodescondition in residence time, and in this case, it was 20 ms,
defined as a reaction volume. With the decrease in the inter-which corresponded to pulse period. Under this condition,
nal diameter, methane conversion increased while the mainthe reactant gas was replaced per pulse. The efficient feed
product remained acetylene although the selectivity to car- of reactant and removal of products are necessary. And the
bon slightly increasedFig. 12 shows methane conversion necessity of the optimization of energy injection rate was
rate and specific energy requirement fosHz. Methane indicated from the fact that higher energy injection rate in-
conversion rate increased from Jihol/J (@16.5mm)  creased the specific energy requirement foHE
to 2.1umol/J (@10.4mm), but decreased gradually with  In addition, the specific energy requirement faH3 ob-
further decrease in the internal diameter of the reactor. tained with @2.3mm i.d. reactor was higher than that ob-
The lowest specific energy requirement fopH; was tained with @10.4 mm i.d. shown iRig. 12 This indicates
12.1 KW h/kg-GH, obtained with 10.4 mm i.d. reactor. The that the diffusion in the direction perpendicular to the dis-
decrease in the energy efficiency with thin reactor tube charge channel is also importafig. 15 shows the effect
was considered caused by high methane conversion, whichof residence time on specific energy requirement faH£
led to low methane concentration and energy loss in the when @10.4mm i.d. reactor was used. The lowest specific
decomposition of products.

45
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Fig. 14. Effect of residence time and energy injection rate on specific

Fig. 12. Effect of internal diameter of reactor on energy efficiency. energy requirement for £, (92.3mm i.d. reactor).
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30 higher than those of DBD and corona discharge at the same
specific input energy. Even in spark discharge, the energy
efficiency decreased drastically in the range of methane
conversion higher than ca. 60%. In the pulsed microwave
plasma, this problem was overcome and linear increase in
methane conversion was observed up to §0%4. At this
stage, our pulsed spark discharge has an advantage in rela-
tively low energy injection rate.

n
o

—_
o

Specific energy requirement
for C,H, [kWh/kg-CoH;)

4. Conclusion

240 400 600 1200
Residence time / ms

Comparison of the properties among DBD, corona and
spark discharge was made under the conditions of room
temperature, atmospheric pressure and pure methane flow.
The spark discharge showed much higher reactivity and se-
energy requirement for £, of 12.1 kW h/kg-GH> was ob- lectivity to acetylene than those of DBD and corona dis-
tained at 0.6 s residence time, which was much longer thancharge. From emission spectroscopic study, it was found that
pulse period. These experiments were conducted in puremethane was highly dissociated to atomic carbon and hy-
methane flow with relatively large amount of deposited car- drogen by the collision of electrons, and that the gas temper-
bon, so it is possible that this energy cost will be improved ature in spark discharge channel was as low as 420-460K,
by mixing moderate concentration of oxygen to prevent car- which indicated that the high selectivity to acetylene was not
bon deposition and enhance methane conveli@ah caused by thermal reaction. The highest energy efficiency

The obtained energy cost of 12.1kW h/kg is as of 32.3% for the production of acetylene was obtained by
same as that of Huels process, which was industrialized asthe optimization of reactor size and residence time. Under
acetylene plant using thermal plasma of DC arc discharge this condition, the specific energy requirement for acetylene
[28]. At this optimized condition, methane conversion rate Was 12.1 kW h/kg-@H>, which was as same as that in Huels
and energy efficient were 2uimol/J and 32.3%. Yao et al.  process using DC arc plasma.
used the similar reactor and achieved 2un%0l/J with high
frequency pulsed discharge (9.92 kH2®]. They have re-
ported that methane conversion rate increased with the in-Acknowledgements
crease in the pulse frequency, and our system showed much
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