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bstract

This work reports the effect of capacitance, cathode material, gas flow rate and specific energy input on methane conversion, energy efficiency
nd product selectivity in a co-axial cylinder pulsed corona discharge reactor. Ethane and acetylene appear to be formed from dimerization of
H3 radicals and CH radicals, respectively, while ethylene is formed mainly from the dehydrogenation of ethane. At a given power input, low
apacitance with high pulse frequency results in higher methane conversion and energy efficiency than operation at high capacitance with low pulse

requency. Platinum coated stainless steel cathodes slightly enhance methane conversion relative to stainless steel cathodes, perhaps due to a weak
atalytic effect. As specific energy input increases, energy efficiency for methane conversion goes through a minimum, while the selectivity of
cetylene has a maximum value. Comparison of methane conversion for different types of plasma reactors shows that the pulsed corona discharge
s a potential alternative method for low temperature methane conversion.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The conversion of natural gas (typically 75% by weight
ethane) to hydrogen and more valuable higher hydrocarbons,

ncluding acetylene, is of great importance to the petrochemical
ndustry. Gaseous plasma is a good source for generating chemi-
ally active species, including radicals, electronic excited states
nd ions. Direct conversion of methane using various plasma
rocessing technologies, including thermal arc plasma, dielec-
ric barrier discharge, microwave plasma and corona discharge,
as been studied for many years and has received significant
ecent attention. Thermal arc plasma is the only plasma technol-
gy for converting methane to acetylene that has been demon-
trated on an industrial scale [1]. This process, known as the
uels process, has been practiced for more than 50 years, but

he energy consumption is high due to the extremely high tem-

erature (about 2000 K) [1]. Although the selectivity for acety-
ene formation is high (72.9%), the gas contains a number of
igher unsaturated hydrocarbons and extensive gas purification

∗ Corresponding author. Tel.: +1 307 766 4257; fax: +1 307 766 4444.
E-mail address: gplumb@uwyo.edu (O.A. Plumb).
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Product selectivity

s required [2]. Nonthermal plasma technologies are charac-
erized by low gas temperature and high electron temperature
ecause high energy electrons are produced in the gas while
he bulk temperature of the gas is unchanged. Nonthermal plas-

as overcome the disadvantage of high temperature because
he majority of the electrical energy goes into the production
f energetic electrons rather than into gas heating. For reactions
hat are thermodynamically unfavorable and for which low equi-
ibrium conversions are obtained at high reaction temperatures,
onthermal plasmas have an advantage over thermal processes
ecause thermal equilibrium is not achieved. Therefore, non-
hermal plasmas are currently being investigated as a promising
lternative near ambient temperature method to convert methane
o higher hydrocarbons [3].

Extensive recent research has shown that the hydrocarbon
roduct distribution from a plasma reactor is determined by
he type of nonthermal plasma discharge. For example, in a
ielectric barrier discharge reactor, ethane is the most abun-
ant reaction product and only small amounts of unsaturated

ydrocarbons are formed [4,5]. In microwave plasma reactors,
he product distribution shifts with increasing power input, from
thane to ethylene and finally to acetylene [6–9]. However, the
nergy efficiency of microwave driven methane conversion is

mailto:gplumb@uwyo.edu
dx.doi.org/10.1016/j.cej.2006.08.008
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ery low, from 0.2 to 3.3%, as reported by Huang and Suib [9]
nd Onoe et al. [6] High selectivity for acetylene is reported only
n pulsed corona discharge reactors (PCDR’s). Yang [5] com-
ared the acetylene selectivity between corona discharge and
ielectric barrier discharge reactors. In a corona discharge, the
cetylene selectivity reaches 60%, while the acetylene selectiv-
ty is less than 6% in a dielectric barrier discharge. In a co-axial
ylinder (CAC) reactor configuration, Zhu et al. [10] reported
bout 70% selectivity to acetylene. Kado et al. [11] obtained
cetylene with approximately 94% selectivity in a point-to-
oint (PTP) reactor. They also reported mechanistic pathways
f methane conversion in a PTP reactor using isotopic tracer
xperiments [12].

The rate of methane conversion in pulsed corona reactors is
onsistently higher than that reported for microwave or silent dis-
harge [13]. The combination of high methane reaction rates and
igh selectivity to acetylene has resulted in a number of recent
esearch efforts on methane conversion in PCDR’s. These sys-
ematic investigations of methane conversion in PCDR’s [13–18]
ave included reports of over 85% acetylene selectivity in a
ulsed corona discharge at high pulse frequency in a CAC reac-
or [15] and in a PTP reactor [17]. The effects of pulse voltage rise
ime, reaction temperature, pulse voltage, pulse frequency, gas
ow rate, electrode arrangement and reactor configuration (CAC
eactor and PTP reactor) on methane conversion and product
electivities were analyzed. Pulse frequency has been reported
s the most important factor influencing acetylene selectivity
nd methane reaction rate [15]. A pulse power supply with a
requency up to 10 kHz with a PTP type reactor provided the
ptimum combination for acetylene and hydrogen production
14].

Although extensive investigations have been reported for
ethane conversion in PCDR’s, further study is necessary to

larify several issues. First, the effect of the pulse-forming capac-
tance (the capacitance of the charging capacitor) on methane
eaction rate and product selectivities is of interest. For NOx

onversion in pulsed corona discharges, many investigations
19–22] have concluded that the pulse-forming capacitance
ffects energy transfer efficiency from the external circuit to
he reactor. However, there are no studies that explore the effect
f the pulse-forming capacitance on methane conversion. Sec-
nd, the effect of the cathode material on methane reaction rate
nd product selectivities has not received attention. The role
f electrode material in plasma-induced reactions is disputed,
pecifically whether metal electrodes serve simply as conduc-
ors of electricity or exhibit a catalytic effect [23]. Tanaka et
l. [24] and Luo et al. [23] found that the metal surfaces of the
node have clear catalytic effects for ammonia synthesis and
O decomposition, respectively. However, there are no results

hat illustrate the effect of cathode material on methane con-
ersion. Third, the effect of gas flow rate or residence time on
ethane reaction rate is important. Yao et al. [15] found that gas
ow rate did not significantly affect methane conversion rate
n a very small CAC reactor (0.01 m diameter × 0.15 m long).
lthough Yao et al. [17] reported that a PTP reactor with high
ulse frequency (up to 10 kHz) can provide high methane reac-
ion rate, scale-up of such PTP reactors is not straightforward.
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ll pulsed corona discharge reactors used for methane conver-
ion have been small, with low flow rates (<2 × 10−4 mol s−1)
hat are far from practical for commercial operation [13–18]. The
esign and characterization of larger reactors that can accom-
odate high throughput are critical if these reactors are to be

pplied successfully in commercial operations.
The goals of this work are to investigate the effect of pulse-

orming capacitance, cathode materials, gas flow rates and spe-
ific energy input on methane conversion and product distribu-
ion in large-scale co-axial cylinder PCDR’s.

. Experimental

Fig. 1 shows a diagram of the experimental system. The sys-
em consists of a reactor with an electrical system built around
thyratron switch, a flow control and distribution system, and
gas sampling system. The reactor is oriented vertically, with

he gas flow from bottom to top. Experiments were conducted
sing three different metal tubes as the cathode: stainless steel,
tainless steel coated with a 100 nm thick layer of platinum, and
iobium. The cathode is 0.024 m in diameter and 0.914 m in
ength for the stainless steel and platinum coated stainless steel
ubes and 0.60 m in length for the niobium tube, while the anode
s a stainless steel wire 1 mm in diameter passing axially through
he center of the tube. The wire is positively charged, while the
ube is grounded. The gas flowing through the reactor tube is
onverted to plasma by high voltage discharge from the reactor
node.

Fig. 2 contains an electrical circuit diagram of the discharge
eactor. The electrical circuit of the plasma reactor and the pro-
esses of charging and discharging used in this work are quite
imilar to previous plasma reactor designs used for NOx con-
ersion in nonthermal plasma [25]. The only difference is that a
hyratron switch is used to initiate the corona discharge in this
ork, while a hydrogen switch was used in the previous work.
he electrical system can deliver charge voltages from 10 to
5 kV at pulse frequencies from 0 to 1000 Hz. The capacitor
ank provides space for four “doorknob” capacitors, in incre-
ents of 640 pF. The capacitance of the rest of the electrical

ystem is negligible. The thyratron switch element is cooled
ith compressed air. The capacitors are charged to the desired
oltage using a 40 kV oil-cooled high voltage power supply. A
hyratron switch is connected directly to the anode of the reactor.
n triggering the thyratron, the stored energy in the capacitors

s discharged in a few nanoseconds to the anode, giving rise
o a high rate of change of voltage (dV/dt) on the anode. This
rocess of charging and discharging the capacitors is repeated
ased on the thyratron trigger frequency leading to sustained
urrent streamers or plasma. Once triggered, the thyratron will
hut off only if the cathode potential becomes higher than the
node potential or the current reaches zero. The anode poten-
ial is always higher than the cathode potential and the cathode
otential is near zero once the corona is produced. After the

orona begins, the current reaches zero only after the capacitor
ischarges completely. In this way, the energy released by the
apacitors per pulse can be calculated from 1/2CV 2

c , where C is
he pulse-forming capacitance as shown in Table 1 and Vc is the
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Fig. 1. Exp

onstant charge voltage before discharge (20 kV for these exper-
ments). The power consumed, W (J s−1), was calculated as the
roduct of the input energy per pulse and the pulse frequency,
/2fCV 2

c , where f is the pulse frequency in Hz.
In a hydrogen switch based reactor, both reactor pressure

nd losses in the reactor due to resistance and inductance can
ause the switch to open before the capacitor has discharged
ompletely, which would introduce an error in the power calcu-
ations based on 1/2CV 2

c . However, our previous work showed
hat 97–98% of energy stored in the capacitors is discharged in
o the hydrogen switch based reactor [26]. By using a thyra-
ron switch, the energy stored in the capacitance can be com-
letely discharged into the plasma. One issue introduced by
sing a thyratron switch is the thyratron cathode is not grounded,

hich requires the triggering and heating circuit of the thyratron

o be electrically isolated using an isolation transformer. This
akes the reactor bulky and more expensive. Also, due to the

ngrounded cathode, the radio frequency (RF) emission from

C
c
t
f

able 1
xperimental matrix

athode material Tube length (m) Flow rate (×10−5 m

S 0.914 2.47, 3.71, 4.94, 7.
t/SS 0.914 2.47
b 0.609 2.47
ntal setup.

he thyratron switch is significant and causes malfunctions of
he high voltage and current measuring equipment (an oscillo-
cope). Measurements of instantaneous voltage and current are
ot reliable due to this RF emission.

The experimental test matrix is shown in Table 1. The high
urity methane (Air Gas Company, 99.97%) reactant gas flow
ates shown in Table 1 are reported at the PCDR entrance con-
itions of ambient temperature (∼300 K) and 161.4 kPa. Stable
roducts were measured with an online Residual Gas Analyzer
RGA, Stanford Research Systems Inc. QMS100), which is a
ass spectrometer with quadrupole probe.
Gas products are sampled through a capillary tube of 2.6 m

ength from reactor outlet to the RGA. To perform quantita-
ive measurements, the instrument was calibrated for H2, CH4,
2H2, C2H4, C2H6, C3H6 and C3H8 using gases of certified
omposition (ultra high purity gases from US Welding and cer-
ified binary gas mixtures of He and the respective hydrocarbons
rom US Airgas). The hydrocarbon samples in the source cham-

3 s−1) Capacitance (pF) Charge voltage (kV)

41, 9.88 1920 20
1280, 1920 20
1920 20
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Fig. 2. Reactor electrical circuit diagram.

er are ionized to create fragments of different masses. Each
pecific hydrocarbon has its own characteristic peak. The inten-
ity of each selected ion in the mass spectrum can be described
athematically as follows [27]:

(M) =
∑

j

S(M, j)P(j) (1)

here I(M) is the measured current intensity at mass M, S(M, j)
s the sensitivity factor of component j at mass M and P(j) is the
artial pressure for component j. The number of selected cur-
ent intensities must be greater than the number of components
o obtain quantitative results. The complex sample spectra are
econvoluted using the linear least squares method, which can
e expressed as:

� = (StS)
−1

St�I (2)

here �P is the vector of estimated partial pressure for every
omponent, �I is the vector containing the measured current
ntensities, S is the two-dimensional matrix containing the sen-
itivity factor of each component at specified mass M and St is
he transpose of S. The sensitivity factor for each component
as obtained using both the pure gas and mixtures of certified

omposition. The fragmentation factor of a specific species at
ach mass M (i.e., ratio of ionic signal at mass M to the ion sig-
al at the principle mass peak) is determined from the pure gas.
he sensitivity factor of N2 is obtained from the RGA manufac-

urer. The sensitivity factors of H2 and He are determined from
inary gas mixtures of H2 + N2 (49.34% H2 in N2, US Airgas)
nd He + N2 (0.972% He in N2, 50.32% He in N2 and 98.96%
e in N2, US Airgas) because there is no overlap of ionic peaks
f N2 and H2 or N2 and He. Then, binary gas mixtures of He and
ydrocarbons with different certified concentration are used to
etermine sensitivity factors for each hydrocarbon because there
s no overlap of ionic peaks of He and the hydrocarbons.

Gas products were sampled when steady-state was reached,
hich required 20 min at low gas flow rate (2.47 × 10−5 m3 s−1)
nd 5 min at high gas flow rate (9.88 × 10−5 m3 s−1). For each
arameter set, at least two experiments were performed to assure
hat the results are repeatable. The complex sample spectra of
as products were deconvoluted using the linear least squares
ring Journal 125 (2006) 67–79

ethod described above to obtain mole fractions of each species.
ll experimental data were reproducible within a ±10% error

imit, including the RGA and flow measurement uncertainties.
The atomic hydrogen balance at the reactor inlet and outlet

as used to estimate the molar flow rate of gas products at the
eactor outlet:

o = 4Ni,CH4

4xCH4 + 2xH2 + 2xC2H2 + 4xC2H4 + 6xC2H6

(3)

here Ni,CH4 is the molar flow rate of methane at the reactor inlet
mol s−1), No the molar flow rate of the gas phase at the reactor
utlet (mol s−1) and xi is the measured mole fraction of species
at the reactor outlet. The molar flow rate of all major species at
he reactor outlet can be obtained from Eq. (3). Although hydro-
arbon products containing up to three carbons were measured
sing the RGA, only methane and C2 species were included in
q. (3) because the experimental results showed that the major
roducts were H2, C2H2, C2H4 and C2H6, with only traces of
igher hydrocarbons, consistent with previously reported results
7,10,15–18]. Material balance calculations show that Eq. (3) is
ccurate for all power inputs below ∼225 W. However, Eq. (3) is
ess accurate for experimental combinations of high power input
nd low gas flow rate because C4

+ hydrocarbons that formed
ere not detected by the RGA and hydrogen containing car-
onaceous solids were observed in the reactor following these
xperiments. The amount of carbon deposition was estimated
rom the carbon balance as follows:

o,C = Ni,CH4 − No[xCH4 + 2(xC2H2 + xC2H4 + xC2H6)] (4)

here No,C is the molar rate of carbon deposition in the reac-
or (mol s−1). The solid carbonaceous deposits were analyzed
y magic angle spinning (MAS) nuclear magnetic resonance
NMR) spectroscopy (Bruker Avance DRX-700).

Several parameters used to describe the experimental results
re defined as follows:

1) Specific energy input, Es (kJ mol−1):

Es = W

1000u64.7
(5)

where u is the gas flow rate (m3 s−1) of UHP methane and
64.7 is the constant number of moles per unit reactor volume
(mol m−3) at 161.4 kPa and 300 K.

2) Methane conversion (%):

X =
[

1 − No,CH4

Ni,CH4

]
× 100 (6)

where No,CH4 is the molar flow rate of methane at the reactor
outlet.

3) Selectivity for hydrocarbons, hydrogen and carbon (%):

nNo,CnHm
SCnHm =
CH4conv

× 100 (7)

SH2 = 0.5No,H2

CH4conv
× 100 (8)
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SC = No,C

CH4conv
× 100 (9)

where No,CnHm and No,H2 are the molar flow rates of hydro-
carbon and hydrogen at the reactor outlet, respectively, No,C
the molar rate of carbon deposition within the reactor and
CH4conv is the reaction rate of methane (mol s−1). These def-
initions of selectivity are consistent with those used by other
investigators [8,10]. Carbon selectivity includes all products
with more than four carbons. As reported in Section 3, the
carbon selectivity was negligible for most experiments and
only became measurable at power inputs greater than 225 W.

As discussed above, the major products of methane con-
version are C2H2, C2H4, C2H6, C and H2. The resulting
reactions are all endothermic:

CH4 → C + 2H2, �H0
1 = 74.9 kJ mol−1 CH4 (R1)

CH4 → 1
2 C2H2 + 3

2 H2, �H0
2 = 188.2 kJ mol−1 CH4

(R2)

CH4 → 1
2 C2H4 + H2, �H0

3 = 100.9 kJ mol−1 CH4

(R3)

CH4 → 1
2 C2H6 + 1

2 H2, �H0
4 = 32.5 kJ mol−1 CH4

(R4)

Energy efficiency is defined as the ratio of the minimum
energy required to convert methane to C, C2H2, C2H4 and
C2H6 to the actual energy input in the reactor.

4) Energy efficiency (%):

E =

1000(No,C �H0
1 + 2No,C2H2 �H0

2

+ 2No,C2H4 �H0
3 + 2No,C2H6 �H0

4 )

W
× 100 (10)

. Results and discussion

.1. Product distribution

Fig. 3a–c show the reactor product distribution as a function
f power input at a flow rate of 2.47 × 10−5 m3 s−1 and pulse-
orming capacitance of 1920 pF for the stainless steel tube (SS),
latinum coated stainless steel tube (Pt/SS) and the niobium (Nb)
ube, respectively. As mentioned previously, the major products
ere H2, C2H2, C2H4 and C2H6, with only traces of higher
ydrocarbons, except at power inputs >∼225 W. The methane
oncentration decreases with increasing power input, indicat-
ng that methane conversion increases with increasing power
nput. Meanwhile, concentrations of H2 and C2H2 increase
ith increasing power input. The C2H6 concentration initially

ncreases with increasing power input, but reaches a maximum

t about 300 W power input and then decreases. At low power
nput (less than 200 W), C2H4 is not detectable. The C2H4 con-
entration begins to increase from zero near the point where the
2H6 concentration reaches a maximum. With further increases

t

[
i

ube, (b) Pt/SS tube and (c) Nb tube (�, CH4; ♦, C2H2; �, C2H4; �, C2H6; �,

2).

n power input, the C2H4 concentration reaches a maximum and
hen decreases (Fig. 3a and b). The trends of the C2H4 and C2H6
oncentrations with power input suggest that C2H4 formation is
rimarily a result of dehydrogenation of C2H6. The concentra-
ions of C2H4 and C2H6 are always less than 2 mol%, while the
oncentration of C2H2 reaches nearly 10 mol%. The concentra-
ion of C2H2 is always greater than 2 mol% even when C2H4 is
ot detectable (at power inputs less than 200 W), which suggests
hat C2H2 formation occurs via dimerization of CH radicals in
he streamer channels instead of by dehydrogenation of C H .
2 4

In corona discharges, a high voltage, short duration (<100 ns)
22,28] electrical discharge between nonuniform electrodes
s used to produce streamers through the growth of electron
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valanches formed by electron collision ionization events in
he gas. A streamer is a region of highly ionized gas where a
ide range of active radicals and chemical species are formed

hrough electron collision reactions with the background gas.
hese active species, in turn, initiate bulk phase reactions that

ead to methane conversion. Therefore, all active species are first
ormed in the streamer.

Many investigators [4,7,12,15,29,30] have explored the
echanism of CH, CH2 and CH3 radical formation. The gener-

lly accepted mechanism is via direct electron collision reactions
ith methane (E1a)–(E1c),

+ CH4 → CH3 + H + e (E1a)

+ CH4 → CH2 + H + H + e (E1b)

+ CH4 → CH + H + H + H + e (E1c)

hich initiate the subsequent dimerization reactions responsi-
le for formation of higher hydrocarbons. However, the relative
mportance of electron collision reactions (E1a)–(E1c) and the
ields of CH, CH2 and CH3 radicals depend on energy input
er pulse and specific reactor configuration. Kado et al. [12]
xplored experimentally the mechanism of CH4 decomposition
n a point-to-point reactor using isotopically labeled reactants
nd products. They showed that the dominant reaction pathways
nclude direct dissociation of methane into CH and atomic C rad-
cals, which then dimerize to form C2H2 and C2 radicals. The

2 radicals are subsequently hydrogenated to form acetylene,
hich produces C2D2 and C2HD in the presence of D2 added

o the reaction mixture. Yao et al. [15] performed an experimen-
al investigation on methane conversion in plasma reactors with
AC reactor configuration, with cylinder diameter of 10 mm,
ylinder length of 150 mm and anode wire diameters of 0.5 and
.9 mm. At an energy input of 7.5 mJ/pulse, they proposed that
he major products of electron collision with methane are CH
nd CH2 radicals based on the observed product selectivities.
irikov et al. [29] investigated theoretically the free radical for-
ation mechanism in a pulsed surface discharge plasma reactor
ith two parallel electrodes situated on a dielectric plate and

ound that the primary products are CH and CH3 radicals when
he energy input per pulse is larger than 20 mJ. When the energy
nput is larger than 30 mJ/pulse, the concentration of the CH rad-
cals exceeds the concentration of CH3 radicals, which is about
hree orders of magnitude higher than the CH2 radical concen-
ration.

Although the reactor geometry used in this work is very dif-
erent from that analyzed by Kirikov et al. [29], our results appear
o be consistent with their theoretical results [29]. For an energy
nput of 384 mJ/pulse with our larger reactor and reactant flow
ates, the results of Fig. 3 suggest that the majority of the radicals
ormed in the discharge channel are CH radicals, with a smaller
umber of CH3 radicals, and very small numbers of CH2 radi-

als because the concentration of C2H2 is far larger than that of
2H6 and C2H4, and the concentration of C2H4 is close to zero
t power inputs less than 200 W. The results are consistent with
H radicals as the main active species leading to the synthesis

a
0
t
o

ring Journal 125 (2006) 67–79

f C2H2 through the following rapid reactions [7,31]:

H + CH → C2H2, k = 1.20 × 1014 cm3 mol−1 s−1

(R5)

H + CH3 → C2H3 + H, k = 3.01 × 1013 cm3 mol−1 s−1

(R6)

2H3 + H → C2H2 + H2, k = 1.20 × 1013 cm3 mol−1 s−1

(R7)

his would explain the increase in C2H2 concentration with
ncreasing power input. CH3 radicals appear to be the main active
pecies leading to the formation of C2H6 through the following
eaction [7,31]:

H3 + CH3 → C2H6, k = 3.61 × 1013 cm3 mol−1 s−1

(R8)

ehydrogenation of C2H6 to C2H4 is highly temperature depen-
ent [7,31]:

H + C2H6 → C2H5 + H2, k = 1.44 × 109T 1.5

× exp(−3730/T ) cm3 mol−1 s−1 (R9)

here T is in K and

+ C2H5 → C2H4 + H2, k = 3.01 × 1013 cm3 mol−1 s−1

(R10)

t ambient temperatures, the reaction rate for (R9) is negligible
nd only contributes to C2H4 formation at higher temperatures.
n this work, the temperature is close to ambient at low power
nputs, leading to negligible C2H4 formation via dehydrogena-
ion of C2H6. However, the reactor temperature increases with
ncreasing power input, especially near the outlet, leading to
ehydrogenation of C2H6.

To verify the importance of thermal reactions to C2H4 forma-
ion from C2H6, the temperature profile within the reactor must
e known. However, the temperature cannot be measured accu-
ately because the thyratron RF emission heavily disturbs ther-
ocouple signals. Mechanical, bimetallic thermometers placed

n the reactor outlet stream proved to be relatively unrespon-
ive and displayed near ambient temperatures, despite the fact
hat the reactor external support casing (a 0.05 m diameter stain-
ess steel tube concentric to the reactor cathode) was hot to the
ouch (>350 K) near the reactor outlet. Therefore, the hydrogen
witch based reactor (used for NOx conversion in our previ-
us work [22,25,28,32–37]) with the same reactor geometry as
he thyratron-based reactor (tube length, 0.914 m; tube diam-
ter, 0.024 m; wire diameter, 1 mm) was used during methane
onversion to estimate the temperatures in the thyratron-based
eactor. Fig. 4 shows the measured reactor tube wall temperature

s a function of specific energy input. The data were obtained
.16 m from the reactor outlet after 10 min of operation at a reac-
or inlet flow rate of 9.76 × 10−5 m3 s−1 and pressure of 175 kPa
f pure methane. The tube wall temperature linearly increases
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ig. 4. Temperature of external reactor tube wall 0.16 m from the outlet as
function of specific energy (measured in a geometrically similar hydrogen

witch-based plasma reactor).

ith increasing specific energy input. Based on extrapolation of
ig. 4 and heat transfer calculations, the estimated temperature
t the center of the reactor at a power input of 200 W (corre-
ponding to a specific energy input of 125 kJ mol−1) is ∼853 K,
hich is sufficient to initiate a significant rate of C2H6 dehydro-
enation based on the rate constant for (R9) and the measured
utlet C2H6 concentration. The experimental results for C2H4
nd C2H6 concentrations shown in Fig. 3 are consistent with
hese arguments.

Fig. 5 shows the H/C ratio of the outlet gas as a function
f power input at the same conditions as Fig. 3. If the H/C
atio of the outlet gas is equal to 4, the material balance indi-
ates that the formation of C3

+ hydrocarbons and the deposition
f carbonaceous material within the reactor are negligible. The
esults of Fig. 5 show that C3

+ hydrocarbons or carbonaceous

eposits are formed only at power inputs higher than ∼225 W,
hich is consistent with our experimental observation. Carbona-

eous solid deposition was observed only at pulse frequencies

ig. 5. The H/C ratio of outlet gas as a function of power input at a flow rate of
.47 × 10−5 m3 s−1 and pulse-forming capacitance of 1920 pF.
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igher than 800 Hz, corresponding to 307 W power input at
920 pF capacitance. Lighter liquid hydrocarbons, such as ben-
ene, were probably formed in the power interval between 225
nd 307 W (in which no solid deposits were observed in the
eactor and yet the H/C ratio was calculated as >4), but these
pecies were not detectable with the RGA. Therefore, although
o solid deposits were observed in the reactor, the mass bal-
nce calculation accounted for these species as missing carbon.
his assumption is consistent with analysis of the carbonaceous

esidues by NMR that showed they consisted of polynuclear
romatic compounds, which were probably formed from lighter
olecular weight aromatic intermediates.

.2. The effect of capacitance

Fig. 6 shows the effect of capacitance on methane conversion,
nergy efficiency and product selectivity for the Pt/SS tube at a
ow rate of 2.47 × 10−5 m3 s−1. Two capacitances are compared

n this figure: filled symbols correspond to 1920 pF, while open
ymbols correspond to 1280 pF. At a given power input >150 W,
ethane conversion and energy efficiency are higher for the

280 pF results compared to those obtained at 1920 pF, as shown
n Fig. 6a. The selectivity for C2H6 at 1280 pF is lower than that
t 1920 pF, while C2H4 selectivities are approximately the same
or both levels of capacitance (Fig. 6b). The C2H2 selectivity at
280 pF is slightly higher than that for 1920 pF, while carbon
electivity does not appear to change with capacitance (Fig. 6c).

Identical power inputs can be achieved using high capacitance
nd low pulse frequency or low capacitance with high pulse
requency, as discussed previously. The results of Fig. 6 indicate
hat operation of the PCDR at low capacitance with high pulse
requency is better than operation at high capacitance with low
ulse frequency because methane conversion, energy efficiency
nd acetylene selectivity (which is a more valuable product than
thane) are slightly higher at low capacitance with high pulse
requency. These results are consistent with the results of Yao et
l. [15] who found that high pulse frequency promotes acetylene
ormation and improves methane conversion.

In addition, Uhm and Lee [19] reported that reactor capaci-
ance plays a pivotal role in the energy efficiency of nonthermal
lasma reactors. Mok et al. [20] found that when the pulse-
orming capacitance is five times larger than the geometric
apacitance of the reactor, the energy efficiency was maximized.
hung et al. [21] found the maximum energy efficiency for NO
onversion in a PCDR when the pulse-forming capacitance is
.4 times larger than the reactor capacitance. The NO reactor
esults should be relevant because both CH4 and NO reactions
riginate with similar electron collision reactions [7,31]. These
ndings indicate that the energy efficiency of a PCDR can be

mproved by keeping the ratio of pulse-forming capacitance to
eactor capacitance low, typically 3–5. The capacitance of a co-
xial cylinder is defined as [38]:
R = 2πεL

ln(R/r)
(11)

here ε is the permittivity of CH4, L the length of the reactor,
the inner radius of the cathode (reactor tube) and r is the
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Fig. 6. (a–c) The effect of capacitance on methane conversion and product selec-
tivity for Pt/SS tube at a flow rate of 2.47 × 10−5 m3 s−1 (1920 pF; �, CH4

conversion; �, energy efficiency; �, C2H2 selectivity; �, C2H4 selectivity; 	,
C
e
c

o
c
(

T
t
r
v
e

Fig. 7. (a–c) The effect of cathode material on methane conversion and product
selectivity for SS tube and Pt/SS tube at a flow rate of 2.47 × 10−5 m3 s−1 and
pulse-forming capacitance of 1920 pF (SS tube; �, CH4 conversion; �, energy
e
b
s

t
i

3

c

2H6 selectivity; �, carbon selectivity. 1280 pF; �, CH4 conversion; ©, energy
fficiency; ♦, C2H2 selectivity; �, C2H4 selectivity; �, C2H6 selectivity; �,
arbon selectivity).

uter radius of the anode (central wire). As our reactor has a
apacitance of 18.3 pF, the ratio of the pulse-forming capacitance
CP) to reactor capacitance (CR) for our reactor configuration is:

CP

CR
= CP

18.3
(12)

herefore, by decreasing pulse-forming capacitance from 1920

o 1280 pF, the ratio of the pulse-forming capacitance to the
eactor capacitance decreases from 105 to 70. Although both
alues are far larger than the optimal ratio suggested by Mok
t al. [20] and Chung et al. [21] our results indicate a trend

C
e
m
s

fficiency; �, C2H2 selectivity; �, C2H4 selectivity; 	, C2H6 selectivity; �, car-
on selectivity. Pt/SS tube; �, CH4 conversion; ©, energy efficiency; ♦, C2H2

electivity; �, C2H4 selectivity; �, C2H6 selectivity; �, carbon selectivity).

oward improved conversion and energy efficiency as the ratio
s decreased toward the optimum.

.3. The effect of cathode material

Fig. 7 illustrates the effect of cathode material on methane
onversion, energy efficiency and selectivity of C2H4, C2H6,

2H2 and carbon for the SS and Pt/SS tubes at the same
xperimental conditions. For power inputs less than ∼225 W,
ethane conversion for both SS and Pt/SS cathodes is nearly the

ame. However, at higher power inputs, methane conversion and
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nergy efficiency for the Pt/SS cathode are slightly higher than
or the SS cathode (Fig. 7a), suggesting that the Pt coating may
ave a small catalytic effect on methane conversion. Platinum is
known catalyst for methane conversion [39,40]. However, Pt

atalytic reactions typically require high reaction temperature
723–773 K) [41]. The temperature of the cathode and the outlet
as in our experiments increased with increasing power input
and could easily exceed 750 K), which would enhance any cat-
lytic effect of the Pt coated cathode and would be consistent
ith the experimental results in Fig. 7a. A Pt coated anode may
e more effective as a catalyst than the cathode, as suggested
y the results of Eichwald et al. [42] who used a mathematical
odel to simulate the dynamics of streamer discharges in flue

as. They found the temperature close to the wire (anode) is
uch higher (>800 K) than the temperatures near the tube wall

cathode) because of the strong electric field in the vicinity of
he wire. Therefore, a platinum coated anode should provide a
arger catalytic effect than a Pt coated cathode, as evidenced by
he strong catalytic effect reported by Luo et al. [23] for a Pt
oated stainless steel rod anode used for NO conversion.

Fig. 7b shows that C2H6 selectivity is slightly lower and C2H4
electivity is slightly higher for the platinum coated cathode
ompared to the plain stainless steel tube. Low C2H6 selectivity
nd high C2H4 selectivity for the Pt coated cathode is consistent
ith the known ability of platinum to dehydrogenate alkanes
41], in this case of C2H6 to C2H4.
Comparison of C2H2 and carbon selectivities shows no dis-

inct trends between the stainless steel and platinum coated
tainless steel cathodes.

m

o
H

ig. 8. The effect of gas flow rates on methane conversion and product selectivity fo
nput and (b) 800 Hz, 307 W power input (�, CH4 conversion; ©, energy efficienc
electivity; �, H2 selectivity).
ring Journal 125 (2006) 67–79 75

.4. The effect of gas flow rate

Fig. 8a and b show the effect of gas flow rate on methane con-
ersion, energy efficiency and product selectivity for the stain-
ess steel tube at power inputs of 154 and 307 W, respectively.
ig. 8a illustrates that at low power input, methane conversion
ecreases and energy efficiency increases with increasing gas
ow rate. Selectivity to acetylene and hydrogen decreases with

ncreasing gas flow rate, while selectivity to ethane increases
ith increasing gas flow rate. No carbon and ethylene were
etected at this lower power input, consistent with the results in
igs. 3 and 5. With increasing gas flow rate, specific energy input
ecreases at the same overall power input. Therefore, methane
onversion decreases with increasing gas flow rate. At high gas
ow rate and lower methane conversion, decreasing rates of
adical recombination reactions, such as methane formation by
ecombination reaction of H and CH3 radicals, results in higher
nergy efficiency at higher gas flow rates. However, high gas
ow rates also decrease the concentration of H radicals in the
treamers, indicating that the dehydrogenation rate of CH3 to
H is reduced, which leads to decreasing selectivity for acety-

ene and increasing C2H6 selectivity with increasing gas flow
ate. Selectivity for hydrogen decreases with increasing gas flow
ate (following the trend for C2H2) because methane conversion
o acetylene (R2) produces three times as much hydrogen as
ethane conversion to ethane (reaction (R4)).
At higher power inputs, as shown in Fig. 8b, similar trends are

bserved when the gas flow rate is greater than 4 × 10−5 m3 s−1.
owever, at low gas flow rates, the same trends do not hold

r SS tube at a pulse-forming capacitance of 1920 pF. (a) 400 Hz, 154 W power
y; ♦, C2H2 selectivity; �, C2H4 selectivity; �, C2H6 selectivity; �, carbon
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ecause a minimum in energy efficiency and a maximum in
2H2 selectivity occur and carbon deposition is observed at the

owest gas flow rate. These observations are explained in the
ollowing section.

.5. The effect of specific energy input

Specific energy combines the effects of power input and gas
ow rate, as shown in Eq. (5). Fig. 9 presents the effect of specific
nergy input on methane conversion and product selectivity for
he entire range of power input and flow rate for the stainless
teel cathode.

In the PCDR, activation and conversion of methane occur by
ollision of methane molecules with energetic electrons [29]:

H4 + e → CHn + (4 − n)H → products (R11)

uring the formation of products shown in (R11), methane
ehydrogenation is the rate determining step because electron
ollision reaction of methane determines the subsequent prod-
ct selectivity and methane reaction rate [29]. Therefore, the net
eaction rate for methane conversion can be written as

d[CH4]

dt
= k0ne[CH4] (13)

here [CH4] is the mole concentration of methane (mol m−3),
e the electron concentration (mol m−3) and k0 is the rate con-
tant (m3 mol−1 s−1). Assuming that the electron concentration
s proportional to power input [25], Eq. (13) can be solved in
erms of methane conversion (X) as
n(1 − X) = −k0αW(V/u) (14)

hereα is the proportionality constant for electron concentration
ith power input and V is the reactor volume. Substituting Eq.

e
d
t
T

ig. 9. The effect of specific energy input on: (a) ln(1 − X), (b) energy efficiency, (c
he SS cathode.
ring Journal 125 (2006) 67–79

5) into Eq. (14) produces the following result:

n(1 − X) = −k × Es (15)

here k is a proportionality constant with units of mol kJ−1.
Fig. 9a shows that ln(1 − X) versus Es has a linear rela-

ionship for specific energies less than about 130 kJ mol−1

point A). The slope of ln(1 − X) versus Es in this region is
.17 × 10−4 mol kJ−1, which provides a value for the propor-
ionality constant, k.

Fig. 9b shows the effect of specific energy input on
nergy efficiency. Energy efficiency initially decreases with
ncreasing specific energy input until reaching a minimum at

130 kJ mol−1 (point A) and then increases. Reactor temper-
ture increases with increasing specific energy input, the most
ronounced effect being at the outlet. Yao et al. [15] found that
he impedance of methane decreases with increasing gas tem-
erature. Low impedance of methane at high temperature leads
o more inefficient energy delivery from the external circuit
o the reactor. Therefore, energy efficiency initially decreases
ith increasing specific energy input. However, after the reactor

emperature reaches a critical value, thermal reactions, espe-
ially dehydrogenation reactions, may begin to be significant
ecause their rates increase exponentially with temperature (e.g.,
eaction (R9)) [7]. These thermal reactions can further enhance
ethane conversion. As discussed earlier in association with
ig. 4, the estimated temperature in the reactor at a specific
nergy input of 125 kJ mol−1 is 853 K. Therefore, thermal reac-
ions are likely the reason for the observed increase in energy
fficiency with increasing specific energy input at high specific

nergy. If the reactor were adiabatic and all energy input were
issipated in heating the gas, the calculated methane tempera-
ure is about 2000 K at a specific energy input of 130 kJ mol−1.
he actual temperatures in our nonadiabatic reactor are well

) acetylene, ethylene, ethane and carbon selectivities and (d) H2 selectivity for
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Fig. 10. Plot of ln(1 − X) vs. specific energy input. (a) Pt/SS tube and (b) Nb tube.

Table 2
Comparison of plasma processes for methane conversion

Literature Plasma mode CH4 flow rate (mol s−1) Frequency (Hz) Energy efficiency (%)

Fincke et al. [2] Thermal arc 0.098 – 25.2
Fincke et al. [2] Thermal arc (Huels process) 26.45 – 33.2
Yao et al. [17] Corona discharge (PTP reactor) 2.03 × 10−4 9.92k 51.38
Yao et al. [15] Corona discharge (CAC reactor) 1.02 × 10−4 8.0k 17.69
This work Corona discharge (CAC reactor) 1.60 × 10−3 to 6.40 × 10−3 0.1–1k 10–32
Y × 10
H × 10
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ang [5] Dielectric barrier discharge 4.74
uang and Suib [9] Microwave 2.07

elow 2000 K, but at an estimated ∼853 K, they appear to be
igh enough to initiate thermal reactions. The onset of thermal
eactions would explain the lack of linearity between ln(1 − X)
nd Es (Fig. 9a) at specific energy inputs >∼130 kJ mol−1 and
he resulting minimum value for energy efficiency in methane
onversion observed at low gas flow rates (corresponding to high
pecific energy input) (Fig. 8b).

Fig. 9c shows the effect of specific energy input on selectivity
f acetylene, ethylene, ethane and carbon. Acetylene selectivity
nitially increases with increasing specific energy input, but after
eaching a maximum at 130 kJ mol−1 (point A), it decreases
ith further increases in specific energy. The selectivities for

thylene and carbon are initially zero. Near the point where
cetylene selectivity reaches a maximum and begins to decrease,
he ethylene and carbon selectivities increase with increasing
pecific energy input. These results are consistent with those
hown in Fig. 8a and b, which have been discussed previ-
usly. The data imply an increase in ethylene selectivity due to
thane dehydrogenation. At specific energies >∼130 kJ mol−1,
ehydrogenation of acetylene apparently results in deposition
f carbonaceous residues, consistent with the results of other
tudies conducted at higher reaction temperatures [2,43]. For-
ation of solid carbonaceous deposits from acetylene would

lso explain the decrease in acetylene selectivity with increasing
pecific energy. Similar reasoning explains the trend in acetylene
electivity in Fig. 8b.

Fig. 9d shows the effect of specific energy input on the hydro-
en selectivity. At specific energy inputs less than 50 kJ mol−1,
he hydrogen selectivity increases rapidly with increasing spe-
ific energy input, corresponding to the similar increase in acety-

ene selectivity and the decrease in ethane selectivity shown in
ig. 9c. At specific energy inputs greater than 50 kJ mol−1, the
electivity of hydrogen slowly increases with increasing specific
nergy input.

e
C
l
p

−5 10–40k <1
−5 to 2.54 × 10−4 2.45G 0.2–3.3

Fig. 10a and b show a plot of ln(1 − X) versus Es for the
t/SS and Nb tubes, respectively. The slope of ln(1 − X) versus
s for the Pt/SS and Nb tubes are slightly higher than that for

he SS tube, supporting the earlier conjecture that the cathode
aterial has only a weak catalytic effect on methane conversion,

s illustrated in Fig. 7.
Table 2 compares energy efficiency and operating conditions

or plasma methane conversion in different types of plasma
eactors. Microwave discharge and dielectric barrier discharge
lasmas have low energy efficiencies (<∼3%). For corona dis-
harge reactors, energy efficiency in a PTP reactor with high
ulse frequency is highest (∼50%) [17], even higher than the
ommercialized Huels process. However, the PTP reactor is very
mall and operates with low gas throughput. The reactor in this
ork processes gas flow rates that are one order of magnitude

arger than the PTP reactor studied by Yao et al. [15,17] and
ver 100 times larger than the PTP reactor used by Kado et
l. [12]. The highest energy efficiency achieved in this study,
3%, is higher than the CAC corona discharge reactor reported
y Yao et al. [15] and close to that reported for the Huels
rocess. However, methane conversion at this highest energy
fficiency is only ∼2%, as compared to 70.5% in Huels process
1].

. Conclusions

This work shows that capacitance, cathode material, gas flow
ate and specific energy each have an effect on methane con-
ersion, energy efficiency and product selectivity in co-axial
ylinder pulsed corona discharge reactors. The formation of

thane and acetylene is apparently the result of dimerization of
H3 and CH radicals, respectively, while the formation of ethy-

ene results from the dehydrogenation of ethane. At the same
ower input, low capacitance with high pulse frequency results
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n higher methane conversion and energy efficiency than opera-
ion at high capacitance with low pulse frequency. Cathodes con-
tructed from platinum coated stainless steel may exhibit a slight
atalytic effect on methane conversion. Further, with increasing
pecific energy input, the energy efficiency for methane conver-
ion has a minimum value, while the selectivity of acetylene has
maximum value. With improved reactor designs, pulsed corona
ischarge reactors may provide a viable alternative method for
ethane conversion at low temperatures.
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