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ABSTRACT: Plasma-assisted methane (CHy) activation is a promising way for a hydrogen (H»)
production. In this paper, we describe our studies of microsecond and nanosecond pulsed spark
discharge plasmas use in a CHy4 pyrolysis for a H, production. The dependence of CH4 conversion
and gas discharge product composition on discharge power, discharge gap length and gas flow
rate are studied. The electrical and optical characteristics of the discharges are also studied to
reveal discharge plasma parameters and chemical reactions leading to CHs pyrolysis.
Experimental results show that H, and acetylene (C,H;) are the major gas discharge products
accompanied by trace gas discharge products, such as ethane (C,Hg), ethylene (C,H4) and carbon.
The highest CH4 conversion and H» yield, 91.2% and 38.4%, respectively, are achieved with an
energy conversion efficiency of 44.3% using the microsecond pulsed spark discharge at a gap
length 6 mm and a gas flow rate 50 mL/min. The carbon balance under the studied operating
parameters varies from 66.7% to 92.8%. The morphology of carbon deposition is presented by
two crystal forms identified by SEM and Raman spectral analyses. Finally, comparatively low
electron temperature and high vibrational molecular temperature are observed in our experiments,
which suggests that V-V transition for CHy4 excitation process and V-T transition for CH4 heating
process play important roles in CH4 pyrolysis sustained by the pulsed spark discharge.

Keywords: Microsecond pulsed spark discharge; nanosecond pulsed spark discharge; needle-to-

plate discharge reactor; CHy4 pyrolysis; H, production.
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1. Introduction

The rapid exhaustion of fossil fuel reserves (petroleum and coal) and the increased
energy requirements cause serious energy and environmental problems associated
with the greenhouse CO, emissions. The development of new and emerging clean
energy technologies [1-3], such as use of a natural gas whose annual production
grows up to 4.5x10'* m’ worldwide [4], is essential and may play an important
role in the future. Clean and efficient utilization of natural gas resources require a
process wherein the CHy is selectively converted into a range of value-added sub-
products, such as H,, C,Hy4, C;H; and methanol (CH3OH) [5-7]. However, CHy is
characterized by high C—H bond strength (435 kJ/mol), negligible electron affinity,
high ionization energy, and weak polarizability [8]. In the last century, various
chemical technologies had been developed for converting CHy4 into H, and other
value-added chemicals [8-10]. In the beginning of this century, Guo et al. [11]
developed a novel catalyst with single iron molecules embedded in a silica matrix
at 1363 K for direct, non-oxidative conversion of CH; with maximum CHy
conversion 48.4% and total hydrocarbon selectivity 99%. However, the high
temperature of the process and high costs of manufacturing the highly active and
stable catalyst remain the main challenges for that type of CH4 conversion in a

commercial scale [12].

Low-temperature plasma (LTP) provides a promising alternative route to tackle
the challenges in CHy activation and conversion [ 13-15]. LTP systems can directly
excite, dissociate and ionize CH4 molecules [16-19] to create a range of reactive
species, including vibrationally and electronically excited species and radicals
[20-23], at a comparatively low-temperatures. In the past decades, various LTP
systems, such as spark discharge [24-25], dielectric barrier discharge (DBD) [26],
gliding arc discharge (GAD) [27-29], radio frequency (RF) discharge [30-31],
microwave (MW) discharge [32-33], and corona discharge [22, 34| had been used
for the conversion of CH4. Thanyachotpaiboon et al. [22] investigated the direct

conversion of CHy to higher hydrocarbons using an AC LTP system and obtained



a highest conversion efficiency 25% at an applied voltage 11 kV. Kado et al. [24]
evaluated the direct conversion of CH4 by comparing pulsed DC DBD, corona
discharge and spark discharge and found that the energy efficiency of plasma
process using the spark discharge, 32.3%, was three times as much as that if using
DBD and corona discharge. Li et al. [25] developed a stable kilohertz spark
discharge system for high energy-efficient conversion of CH4 to H, and C,H, and
obtained the energy costs 6.6 — 10.7 eV per CH4 molecule converted, 4.4 — 6.7 eV
per Hy molecule, and 16.9 — 27.6 eV per C,H; molecule produced. Dae Hoon et al.
[29] designed a rotating GAD system to evaluate the influence of arc length on C,
selectivity and suggested that the arc length plays an important role in the
controlling of ambient temperature and chemical reaction. Higher-energy LTP
excited by RF and MW power sources were employed to CHy4 conversion for a
better conversion performance, especially for the pyrolysis of CH4 hydrate [30].
Jasinski et al. [32] converted CH4 with MW power of few kilowatts at a gas flow
rate of thousands L/h and obtained H, production rate and energy efficiency of H,
production of about 600 NL [Hz]/h and 200 NL [H,]/kWh, respectively. Putra et
al. [31] and Rahim et al. [33] investigated CH4 reforming using RF and MW
plasmas and showed that H, content of 55% can be obtained in RF plasma at 150

W and that microwave plasma optimizes pyrolysis of CH, at a fast-emitted rate.

Series of experiments mentioned above are mostly conducted with DC, AC, RF or
MW power sources, when the injected power is used for heating CH4 molecules in
the discharge area, which results in considerable energy losses. In recent years,
however, pulsed discharge plasma has become an important subject of academic
research and applications [36-39]. Especially, the ultra-fast repetitive pulsed
discharges have been rapidly developed and used in many applications, such as H;
generation [40-42], surface modification [43], heavy oil catalytic-cracking [44]
and VOC degradation [45]. The repetitive pulses initiate discontinuous discharge
that prevents remarkable heat losses between pulses and improves, by such a way,

the discharge stability and the energy efficiency without overheating effect.



Nishida et al. [46] investigated the influence of a pulse power source on efficient
H; production from CHy, and showed that the microsecond pulses can effectively
enhance the conversion efficiency. Khalifeh et al. [47-48] studied the pyrolysis of
CH4 using a nanosecond pulsed plasma in a cylindrical DBD reactor and found
that the maximum CHy4 conversion 87% and H; yield 80% can be achieved at the
average input power 268 W. Scapinello et al. [49] employed a nanosecond pulsed
plasma for CH4 and CO; reforming and achieved an energy efficiency up to 40%.
Rousso et al. [50] developed a nanosecond pulsed discharge system for a low-
temperature conversion processes of n-heptane and found that argon dilution
induced by higher argon concentration enhanced the oxidation and pyrolysis of n-

heptane by increasing the electron energy and electron density.

Thus, a high efficient and energy saving direct conversion of CH4 to value-added
chemicals is still considered to be a challenge. Although the thermal processes
have demonstrated excellent conversion performances at high temperatures and
high pressures, long cycle times, harsh conditions, and complicated reprocessing
of these technologies can’t be neglected. The LTP technology is also considered
as a potential direct CH4 conversion method because of its easy operation, efficient
reaction process and mild condition. It should be noted that the conversion and
energy efficiency of cold plasmas (such as corona and DBD) are not as high as it
is with warm plasmas (i.e. gliding arc, spark, MW, and RF) because of their low
reaction temperature, stability, controllability, and other factors. However, the
severe overheating effect in warm plasmas can result in coking processes, which

may attenuate and terminate the reaction.

The pulsed plasma can be used to obtain excellent conversion performances and
mitigate the coking problems. The stability and controllability of a discharge also
may be enhanced larger duty cycle of a pulsed plasma. Moreover, the higher
average electron energy induced by short-pulsed plasmas is more favorable to

excite and dissociate CH4 molecules and further improve energy efficiency.

In our previous work, we verified the advantage of repetitively pulsed discharge



plasma produced by microsecond and nanosecond duration pulse power sources
for flow control and material modification [51-54]. It was also showed that the
electro-thermal coupling effect played a dominated role in plasma chemical
reactions. The pulse power sources are more favorable in controlling electro-
thermal coupling effect comparing to the traditional DC, AC, RF, and MW power

sources.

The core issue of CH4 non-oxidation is to find an optimum condition to investigate
the balanced relation between the conversion degree of reactant, energy efficiency
and coking. The average electron temperature in electric-field and the gas
temperature can be efficiently improved using pulse power sources. The coking

process is also well suppressed when a considerable energy efficiency is achieved.

In this paper, we describe the experimental results of CH4 non-oxidative
conversion for H, production in a needle-to-plate discharge reactor using
nanosecond and microsecond pulse power sources. The voltage-current
characteristics and optical emission spectra of the plasmas, as well as CHy
conversion and gas product distributions are evaluated using different pulse power
sources, gap lengths and gas flow rates. The power consumption, plasma
parameters, carbon and hydrogen balances and energy efficiency are estimated and

the possible reaction approaches of CH4 pyrolysis are explored.
2. Experimental setups and methods
2.1. Experiment

Fig. 1 shows the experimental setup consisting of a pulse power source, a needle-
plate discharge reactor, an electrical measurement system, a gas supply with a flow
control system, an optical emission spectrometer and a gas chromatograph. The
microsecond (peak voltage 0-40 kV, rising time 500 ns and FWHM 300 ns) and
nanosecond (peak voltage 0-30 kV, rising time 350 ns and FWHM 150 ns) pulse

power sources are triggered with a repetition frequency varied from 1 to 5 kHz.

In the needle-to-plate discharge reactor, two PTFE connectors and O rings are used

to fix and seal a quartz tube with an outer diameter 60 mm and wall thickness 4



mm. A stainless-steel plate (diameter 50 mm) and a rod (length 120 mm, diameter
4 mm) with a needle-head (radius of curvature 0.5 mm) are placed inside the quartz
tube and used as ground and high voltage electrodes, respectively. The gap length
between the needle and the plate electrode may be varied from 0 to 10 mm. The
gap lengths of the nanosecond pulsed spark discharge are 4 mm, 6 mm, 8§ mm and
10 mm, while those of the microsecond pulsed spark discharge are 2 mm, 4 mm
and 6 mm. The applied voltage and the discharge current are measured by a high
voltage Tektronix probe P6015A and a current Pearson probe 6595, respectively,
and recorded by a Tektronix oscilloscope DPO 2024. Flow of CH4 (99.999%) at
various gas flow rates (50, 100, 150 and 200 mL/min) is controlled using a mass
flow controller D07-19, SEVENSTAR. The discharge gas products are detected
by a gas chromatograph GC-9900, HSPX with a flame ionization detector (FID),

and a thermal conductivity detector (TCD).

The emission light from the reactor is directly detected using an optical fiber
placed about 10 mm away from the discharge reactor. An optical emission
spectrometer AvaSpec-3648-6 is used to record the emission spectra of the plasmas
within the wavelength range from 200 to 900 nm with a resolution 0.06 nm. The
morphology and structure of carbon deposition are determined using a scanning
electron microscope Merlin Compact, ZEISS and a high spectral resolution

analytical Raman microscope LabRAM HR Evolution, HORIBA.
2.2. Data analysis

The experimental procedure is performed as follows. The reactor is fed by the CHy4
flow for 5 minutes. Then, the high voltage is applied to the needle electrode for 10
minutes, during which time an equilibrium is reached, and then the gas discharge
products are measured. Finally, the high voltage is turned off and the discharge
reactor is cleaned by the CHy4 flow for 5 minutes before the next pyrolysis process

starts again.

Experimental results for plasma-assisted CH4 pyrolysis are characterized by CHy4

conversion, H; yield and selectivity, hydrocarbons yields and selectivities, and the



resulted carbon and hydrogen balances.

The CH4 conversion XCH4, is calculated as follows:

Fi‘n _Foul chm
X, (%)=( = o C“‘)xloo, (1)
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where Fch;h (mL/min) is CH,4 gas flow rate at the inlet of the reactor, F°"' (mL/min)

is total output gas flow rate at the outlet of the reactor, and C(y, is the molar
fraction of CHy in the output gas flow.

The selectivities and yields of H, (S, ) and hydrocarbons ( SCXH).) are calculated as

follows:
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The yield is defined above as the ratio of the target products to all raw reactants,
while the selectivity is defined as the ratio of raw reactants for the target products

to all consumed reactant.

Carbon and hydrogen balances are calculated as follows:
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Hydrogen balance (%) = x100, (7)

where x and y are the numbers of carbon and hydrogen atoms of hydrocarbons,

respectively.



Specific energy input (SE/) and energy conversion efficiency (ECE) are calculated

as follows:

60 x RH ut

CH,

molesY,; xLHV,, +molesY., xLHV_.,
ECE= - : — —-x100%, )
P +moles CH, xLHV,,,

where Pinpue 18 the input power of a pulsed spark discharge, IIIOICSYH2 and
mOlCSYCXH‘_ are the molar quantities of H, and C Hy for a unit-time (1 second), and

LHVH2 and LHVH2 are the low heat values of H, and CyH,.

3. Results and discussions
3.1. Pulsed discharge characteristics

Fig. 2 shows the typical waveforms of applied voltage, plasma current and
instantaneous power consumptions of the nanosecond (Fig. 2a) and microsecond
(Fig. 2b) pulsed spark discharges. One can see there that amplitudes of applied
voltage and plasma current of the nanosecond pulsed spark discharge are 12.9 kV
and 37.2 A, respectively (Fig. 2a), with unipolar plasma current behavior, while
amplitudes of applied voltage and plasma current of the microsecond pulsed spark

discharge are 12.1 kV and 13.3 A, respectively (Fig. 2b).
3.2. CHy flow conversion

H; and C,H; are usually identified as the major discharge gas products in the CH4
conversion, while light hydrocarbons, such as C,H4 and C,;Hg, are identified as
trace products only. However, results of our measurements shows that all
hydrocarbons, C,H,, C,H4 and C,Hg, are the major discharge gas products as well.
Since the saturate peak of CHy4 indicates that GC/FID method is not suitable for
the measurement of high CHy4 concentration, the GC/TCD method is used to detect

the CH4 concentration.

The discharge gas products detection at each specific condition has been



performed 3 times to achieve a satisfactory accuracy with an experimental error
less than 2%. This value of that experimental error is considered as introducing a

little effect on the measurement results because of the high CH4 conversion.
3.2.1 Effect of gap length

Fig. 3a shows dependences of the conversion of CH4 and the yields of gas product
on the discharge gap length in the nanosecond pulsed spark discharge operated
with a constant repetition rate 1 kHz at 50 mL/min CHy4 flow rate. It is clearly seen
that conversion of CH4 and yields of discharge gas product proportionally increase
with the increase of discharge gap length. The maximum CHy4 conversion 54.5%
and H; yield 17.9% are obtained in the nanosecond pulsed spark discharge with a
gap length 10 mm. This is an expected result because both applied voltage and
discharge power increase with the increase of the gap length at a fixed pulse
repetition rate and gas flow rate. For example, the CH4 conversion increases by

12.8% when the gap length increases from 4 mm to 6 mm.

Fig. 3b shows dependences of the selectivities of discharge gas products on the
gap length in the nanosecond pulsed spark discharge. One can see that the H,
selectivity increases with the increase of the gap length and reaches its maximum
of 32.9% at the gap length 10 mm. The highest C,H; selectivity 43.5% is obtained
at the gap length 4 mm. The selectivities of C;H4 and C,Hg is maintained at 1.8%

and 1.2%, respectively, almost independently on the gap length.

Fig. 3¢ shows dependences of the carbon and hydrogen balances on the gap length
in the nanosecond pulsed spark discharge. It is seen that the carbon and hydrogen
balance reach their maxima of 83.2% and 75.9%, respectively, at the gap length 4
mm, and then decrease by 12.9% and 15.9%, respectively, when the gap length
increases to 10 mm. It is assumed that the incomplete carbon and hydrogen
balances are caused by deposition of carbon and hydrocarbons on the electrodes,
which is not included into the mass balance calculations due to the existing
limitations of our measurement equipment. Different liquids, such as hydrochloric

acid, alcohol, acetone, n-heptane, and so on, have been used to dissolve and clean



carbon and hydrocarbon depositions. However, the depositions seem not to be

dissolved completely.

Fig. 4a shows dependences of the conversion of CH4 and the yields of gas product
on the gap length in the microsecond pulsed spark discharge operated with a
constant repetition rate 1 kHz at a gas flow rate 50 mL/min. The CH4 conversion
and the yields of discharge gas product ultimately reach their saturation values,
while show similar to the nanosecond pulsed spark discharge dependence when
the gap length increases. For example, the highest CH4 conversion 91.2% and H,
yield 38.4% are obtained in the microsecond pulsed spark discharge at the gap
length 6 mm, which is almost double of that in the nanosecond pulsed spark

discharge at the same gap length.

Fig. 4b shows the dependences of the selectivities of the gas products on the gap
length in the microsecond pulsed spark discharge. While C,H, selectivity
fluctuates slightly around 60% and H, and C,H4 selectivities fluctuate around 39%
and 2%, C,Hs selectivity reduces from 0.2% to 0.1% with the gap length increase

from 2 mm to 6 mm, respectively.

Fig. 4c shows the dependences of the carbon and hydrogen balances on the gap
length in the microsecond pulsed spark discharge. It can be seen that both carbon
and hydrogen balances achieve their maxima of 72.4 % and 46.7%, respectively,
at 2 mm gap length, and slightly decrease by 3.8% and 3.3%, respectively, at 6
mm gap length. It should be also noted that the carbon balance is higher than the
hydrogen balance and less depend on the gap length in the microsecond pulsed
spark discharges, if compared with the nanosecond pulsed spark discharges under
the same experimental conditions. The reduced carbon balance in the microsecond
pulsed spark discharge may be associated with a higher generation rate of carbon

deposition, when compared with the nanosecond pulsed spark discharge.

It is also observed that severe coking problems in the microsecond pulsed spark
discharges at the gap lengths of 8 mm and 10 mm lead to the rapid carbon

depositing processes on the ground electrode with subsequent suppressions of the



discharges.
3.2.2 Effect of gas flow rate

Fig. 5a shows dependences of CH4 conversion and gas product yields on the gas
flow rate on in the nanosecond pulsed spark discharge with a repetition frequency
1 kHz and a gap length 6 mm. It can be clearly seen that the increase of the gas
flow rate significantly decreases CH4 conversion and yields of the discharge gas
products because of the reduced CH4 residence time within the plasma area. It can
also be seen that increase of the gas flow rate from 50 to 200 mL/min decreases
the CHy4 conversion and H; yield from 44.3% and 13.5% to 10.6% and 4.3%,
respectively. The maximum CH4 conversion 44.3% is obtained at a gas flow rate
50 mL/min. It is reasonable to assume that a higher gas flow rate decreases the
residence time of reactants in the discharge, which reduces the possibilities of

collisions between electrons and CH4 molecules and its intermediates subsequently.

As it is indicated in the Fig 5b, the selectivities of gas products varies when the
gas flow rate changes from 50 to 200 mL/min. The increase of the gas flow rate at
a constant input power increases selectivities of gas products but decreases their
production. The highest H, and C,H, selectivities reaches 40.5% and 42.2%,
respectively, at the gas flow rate 200 mL/min at a gap length 6 mm. Fig. 5b also
shows that selectivities of C;Hg and C,H4 are less influenced by the changing the

gas flow rate and stabilizes around 2% and 1%, respectively.

Fig. 5¢ shows dependences of the carbon and hydrogen balances on the gas flow
rate in the nanosecond pulsed spark discharge. It could be seen that the maximum
carbon and hydrogen balances reach 92.8 % and 92.6%, respectively, at a gas flow
rate 200 mL/min, and then decrease by 20.9% and 25.5%, respectively, when the

gas flow rate decreases down to 50 mL/min.

Fig. 6a shows dependences of CH4 conversion and gas product yields on the gas
flow rate in the microsecond pulsed spark discharge at a gap length 6 mm and a
constant repetition rate 1 kHz. It is clearly seen there that CH4 conversion and gas

product yields in the microsecond pulsed spark discharge also increase with a



decrease of gas flow rate in the nanosecond pulsed spark discharge. Specifically,
the highest CH4 conversion 91.2% and H, yield 38.4% are obtained in the
microsecond pulsed spark discharge at a gas flow rate 50 mL/min, which is more

than twice of that achieved using the nanosecond pulsed spark discharge.

Fig. 6b shows dependences of selectivities of discharge gas products on the gas
flow rate in the microsecond pulsed spark discharge. C,H; selectivity varies from
63.4% to 48.8% when the gas flow rate changes from 50 to 150 mL/min. The
maximum C,H; selectivity 67.9% is still obtained at the gas flow rate 200 mL/min,
which is different from the nanosecond spark discharge. H, selectivity fluctuates
a little around 38% and selectivities of C,H¢ and C,H4 are maintained at 1% and

2%, respectively.

As shown in Fig. 6c¢, the carbon and hydrogen balances in the microsecond pulsed
spark discharge achieve their maxima of 83.3% and 65.6%, respectively, at a gas
flow rate 200 mL/min. Then slightly decrease with decrease of the gas flow rate

to 68.5% and 43.4%, respectively, at 50 mL/min.
3.3 Morphology and structure of carbon deposition

The graphite, as it is reported by Peng et al. [55], is the most thermo-dynamically
stable allotrope of carbon. Reaction temperature over 3300 K is required for
graphitization process of an amorphous carbons. However, the traditional high-
temperature processes in DC and AC arc plasmas [56] can only provide a partial
graphitization, while most of amorphous carbons are remain non-graphitizable.
The filamentary micro discharge channels in microsecond and nanosecond pulsed
spark discharges are formed only to the end of the pulse duration time (< 1us), so
their heating effect is much weaker than that in DC and AC arc plasmas. According
to the researches of Hooshmand et al. [57] and Song et al. [58], the fast-rising
pulsed voltage prevents local overheating of micro discharges and suppress the
carbon deposition. In our experiments, however, more favorable conditions might
exist for generation of carbon nano-tubes and carbon nano-fibers. To prove this

assumption, the morphology and structure of carbon depositions on the ground



electrode are studied with scanning electron microscope (SEM) and Raman

spectrometer.

The carbon depositing area could be classified into three types as determined by
SEM and Raman spectrometers (Fig. 7): (1) carbon particles in the darkest zone
in the central part of the discharge area; (2) carbons and hydrocarbon mixtures in
a lighter-colored zone which surrounds the central area; (3) the unidentified carbon
formed in the soot formation zone outside the yellow—colored zone. Fig.7a shows
that lots of carbon filaments are generated on surface of area (1). In contrast to the
area (1), the carbon depositions in the area (2) are found to be mainly consisted of
the micro-scale carbon particles, which formed into an annular region on the
surface of ground electrode (Fig. 7b). The reason for different carbon formations
in these two areas is caused by different discharge properties in these two areas.
The central part of the area (1) has higher generation rate of discharge channels,
which creates more energetic electrons and ionization excitation of CH4 molecules.
Higher electron temperatures are obtained in the stronger electric field of spark
discharge in the area (1), which makes the CH4 dehydrogenating process more
completed and the carbon depositions formed only into filaments and other nano-
scale structures. The discharge channels in the area (2) are less likely generated
because of the longer distance to a needle electrode. Less energy is injected to
accelerate electrons in this area, and more CH;, and CH species are activated and
recombined into hydrocarbons by energetic electrons with lower energy states. The
carbon depositions are also less likely to suffer secondary damages from the
discharges, so the surface of these micro-scale particles are smoother than those

in the area (1).

The Raman spectra of the carbon depositions in the nanosecond pulsed spark
discharges are shown in the right side of Fig. 7 for the quality evaluation of carbon
structures. The intense G—band (~1580 cm ') emission caused by the stretching
vibration mode of a sp2-like carbon is clearly seen in the measured spectra. The

peak at ~1340 cm™' (D-band) belongs to the Raman mode of the amorphous carbon



or defects in the wall structure. The Raman spectra also shows a band at 2650 cm™
! called the G’ band attributed to the overtone of the D band [59]. The intensity
ratio of the bands, Ip/lg, gives a measure of the degree of crystallinity of the
graphite layers, since decrease of the Ip/Ig ratios corresponds to lower fractions of

a sp3-like carbon and, hence, to less structural defects.

Fig. 7a shows that there are more of the sp3 hybridized carbon atoms presented in
the area (1), which indicates the higher generation rate of amorphous carbons.
More sp2 bonding carbons with amorphous graphite structure are observed in the
Fig. 7b, as compared to the images shown in Fig. 7a. The obtained Ip/Ig ratio of
1.1 in the area (1) of the carbon sample suggests that the graphitization degree of

the nano-scale carbons is relatively low.
3.4. Energy efficiency of the plasma process

The CH4 conversion energy efficiency in our experiments with microsecond and
nanosecond pulsed spark discharges is calculated and compared with that obtained
in other different discharges [24, 28, 34, 60, 61] by extracting relevant data from
the literature and re-calculating it into SEI and ECE numbers using Eqgs. (8) - (9).
Fig. 8 shows various experimental results of SEI with CH4 conversion and ECE.
Our experimental results of CH4 conversion are plotted in Fig. 8a as a function of
SEI in the microsecond pulsed spark discharge (blue scatter) and in the nanosecond
pulsed spark discharge (red scatter), along with the published data. It is clear seen
in Fig. 8a that the CH4 conversion in all the discharges (including our pulsed spark
discharges) are proportional to the SE/. A higher SEI yields more of high energetic
electrons, which initiate more intensive collisions between electrons and CHy
molecules and generate more reactive species leading to the higher CHy
conversion. Also, it is evident that CH4 conversion in the microsecond pulsed
spark discharge (blue scatter) is higher than that in the corona discharge, DBD and
spark discharge driven by AC power supply, as well as in nanosecond spark
discharge (red scatter) and microwave discharge. However, it is slightly lower than

that in the GAD at the same SEI.



The ECE is plotted in Fig. 8b as a function of SE/ the same way as it is done in
Fig. 8a. It can be seen there that the FCE in the microsecond pulsed spark
discharge is higher than that in the most other discharge types (AC driven corona,
DBD and spark, nanosecond spark discharges and MW discharge), but slightly
lower than that in the GAD at the same SEI. Furthermore, it is clear that the
maximum ECE in the microsecond and nanosecond pulsed spark discharges occurs
at SEI of 12.1 kJ/L and 13.2 kJ/L, respectively, with corresponding gas flow rate
50 mL/min at gap lengths 2 and 4 mm. The input power is higher at gap lengths 2
mm (in the microsecond pulsed spark discharge) and 4 mm (in the nanosecond
pulsed spark discharge), while CH,4 conversion and product selectivity are lower
than that at other gap lengths. Therefore, ECEs are maximum, according to Eq.
(9).

CH4 conversion and ECE in the microsecond pulsed spark discharge are higher
than that in the nanosecond pulsed spark discharge which can be attributed to the

different electron impact probability in different experiments.

The differential cross section of the incident electron scattering with energy
transfer A¢ to the valence electron can be described as following [13], according
to the Rutherford Formula Eq. (10):

1 e’
do, = > 5
(4me,)” e(Ae)

d(Ae). (10)

The transferred energy exceeds the ionization potential and the direct ionization
will take place when Ae>1. Eq. (10) is integrated into the expression for the
ionization cross section by direct electron impact, which is known as the Thomson

formula Eq. (11):

1 met 1 1
. e 2o, 1
S (4ne,)’ (Ae)’ (I 8) (1)

Electrons initiated by high instantaneous power in the pulsed spark discharge are

accelerated to a higher energies, e>>1, where the Thomson cross section reduces



as g ~ 1/e. The decrease of the Thomson cross section ¢;, which determines the
direct electron impact probability, is caused by higher instantaneous power and
shorter pulse width of the nanosecond pulsed discharge. More energetic electrons
are activated in the nanosecond spark discharge, but most of them move straightly
to the ground electrode without impacting heavy particles, which results in the

lower energy consumption of the nanosecond spark discharge.
3.5. Chemical Reaction of the plasma process

Optical emission spectrometry is used to diagnose the distribution of particles in
their excited states and both the electron and the gas temperatures. Fig. 9 shows
the typical optical emission spectra between 350 nm and 700 nm of the
microsecond and nanosecond pulsed discharges. The spectra are dominated by H-
Balmer lines, vibrational-rotational bands of C, Swan (AB'Hg - X’I,) and C* *°D
— ’F) spectral line [62]. The C; Swan (d°Il; — a’I1,, Av=-1) is used to estimate the
vibrational temperature of the pulsed spark discharge. The ratio of C, Swan (A3Hg
— X’M,, 563 nm) to C* (*D — *F, 427 nm) spectral line in the nanosecond pulsed
spark discharge is lower than that in the microsecond pulsed spark discharge. It is
seen in Fig. 9a that the H-Balmer lines are the most intense spectral lines in the
nanosecond pulsed spark discharge, which indicates that the dissociation of CHy

leads to the formation of H radicals [63].

The electron temperature is estimated by calculating the Electron Energy
Distribution Function (EEDF) using Boltzmann equation [64] and taking into
account electron induced wvibrational excitation of CHy, eclectron induced
dissociation of CHy, electron-induced ionization of CH4 and elastic impact
between electron and CHy, as shown in Fig. 10. While the Boltzmann plot method
is still used to calculate electron temperature [65], it has been shown that it is not
applicable to use in our experiments, where the discharge plasma is far from the

equilibrium.

The time-average applied voltage and the gap length are used to calculate the

electric field intensity (E). The reduced electric field (£/N) is defined then as the



ratio of £ to N, where the corresponding density of gas molecules (V) 1s calculated
using the ideal gas state equation and the estimated gas temperature. An integrated

Boltzmann equation solver BOLSIG+ is used to estimate the electron temperature

(T.) and the electron momentum ( x4, ). The electric current density je 1is

calculated using the time-average discharge current / and width of spark discharge
channel d. A digital camera Cannon 500D is used to capture the width of spark
discharge channel d The electron density (N,.) is calculated finally using CHy4
collision cross sections [66-68] as follows, Eqgs. (12) — (14) [69-70]:

v, = -E(cm-s™), (12)

. 4.1 _

Je=— (A-cm™). (13)

Ne=—L— (em™) (14)
e-Vd

The calculated results and electrical properties of the pulsed power sources at

different gap lengths are summarized in Table 1:

It is widely considered that the gas phases of a low-temperature plasma are
characterized by a thermal non-equilibrium state and that the gas temperature is
far less than the electron temperature. Generation of a low-temperature plasma is
performed by series of steps, as described by Scapinello et al [71]. Initially, free
electrons are accelerated to very high velocities by strong electrical field, which
results in the electron temperature (7,) of accelerated electrons usually ranged
from 1 to 5 eV [71]. Then these energetic electrons collide with the gas molecules
leading to excitation, dissociation, ionization and other plasma chemistry reactions
of gas molecules in the energy-transfer processes [69]. The most important
electron-impact reactions in the non-oxidation CH4 conversion process include

reactions listed below [72].

Vibrational excitations:



CH4+ e — CH4(V24) + ¢, Threshold energy = 0.162 eV;(15)

CHs+e — CH4(V13) + ¢, Threshold energy = 0.361 eV;(16)
Dissociations:

CHs;+e¢ —> CH;+H+e¢e, Threshold energy =9 eV;(17)
CH4+e¢ — CH,+ Hy + ¢, Threshold energy = 10 eV;(18)
CH4+e —->CH+H,+H+e, Threshold energy = 11 eV;(19)

Ionizations [73]:

CH4+ e — CHy + 2¢ Threshold energy = 12.6 eV;(20)
CH4+e — CH;'+2¢ +H, Threshold energy = 14.3 eV;(21)
CH4+ e — CHy'+ 2¢” + Hy, Threshold energy = 15.1 eV;(22)
CH4+e — CH'+2¢" +H, + H, Threshold energy = 22.2 eV;(23)
CH;+e — C'+ 2¢” + 2H,, Threshold energy = 25 eV;(24)

Only few energetic electrons participate in ionization because of the high energy

requirements for the CHy4 ionization.

To understand the electron impact reactions in CH4 non-oxidation process, Nozaki
et al. developed a model describing fragmentation of CH4 and polymerization
process [74]. According to his research, the CHs dehydrogenation initiated by
electrons is the main reaction, and CHj is the main radical with low reduced
electric field (< 500 Td), although extremely CHj3 selectivity (60%) can even be
obtained at 80 Td. The concentration of CHj; radicals can be effectively increased
at higher electron densities when the radical combination can also be enhanced by

the high reactants (CHj3 radicals) concentration [75]:
CH3 + CH3 — C2H6, (25)

However, the recombination of radicals results in plenty of heat and leads to a
remarkable increase of the gas temperature. Dors et al. [76] developed a simplified
model and pointed out that thermal effect should also be taken into consideration.

The dehydrogenation reactions induced by H radicals play a dominated role in the



chemical kinetics of CH4 conversion when the gas temperature is over 1000 K [75]:

H + CH,; — CH; + H,, (26)
H + CoHg — C,Hs + H, (27)
C,Hs — CoH,+ H, (28)
H + C,Hy — C,H;, (29)
C,H; — CoH, + H, (30)

The chemical reactions shown above explain the high selectivities of C,H, and Hy.
However, the electron impact dissociation should also be taken into consideration
because of the high electron density in the pulsed discharges. The most remarkable
vibrational — rotational spectral bands in the microsecond pulsed spark discharge
is C, Swan (A31_Ig — X’I1,) system (Fig. 9b), which results from formation of
excited C, species due to the stronger thermal effect of vibrational excitation on
CH4 molecules. The overall thermal cracking reaction of CH4 is achieved as

follows [67]:
CH4 + CH4 — Csz + 3H2, AH=366 kJ/mol,(3 1)

The longer rising time of the microsecond pulsed spark discharges, if comparing
with the nanosecond pulsed spark discharge, reduces the number of high energetic
electron collisions with lower energy states, so that the lower instantaneous power
become not sufficient for CH4 molecules dissociation through direct electron
impact. The impact of electrons in the microsecond pulsed plasmas creates more
ground state CH4 molecules that transfers them to different vibrational levels
(V13=0.36 eV, V24=0.16 eV) [70]. Finally, injected energy accumulation excites
CH4 molecules into high vibrational excited levels whose broken chemical bonds

more easily converted into reactive radicals and other species.

As mentioned before, heavier hydrocarbons and soot are generated in the
microsecond pulsed spark discharge, which indicates lower hydrogen balance of
these microsecond pulsed spark discharge. According to the previous research [77],

the thermal pyrolysis of CHy4 generally follows the mechanism suggested by Kassel,



so the pyrolysis of CH4 at high reacting temperatures forms CH, radicals, which

is followed by the recombination of CH, with CHy4 into C,Hg [77]:

CH4 — CH; + Hy, (step 1)
CH; + CH4— C,Hes, (step 2)
Overall reaction:

2CH;—C,H¢+H,, AH=67.4 kJ/mol, k=4.5x10" exp (-46000 K/T), s ';(32)
Further dehydrogenization results in a gradual conversion of C,Hs into C;H4 and

then into C,H», and finally conversion of C,H; into soot [77]:

C,Hg — CoHs+ Ha, AH=134.8 kJ/mol, k=9.0x10"* exp (-35000 K/T), s '; (33)
C,Hs — CoH, + Ha, AH=173.2 kJ/mol, k=2.6x10% exp (-20500 K/T), s '; (34)
C,H, — 2C(s) + Hy, AH=-225.4 kJ/mol, k=1.7x10° exp (-15500 K/T), s ". (35)

The electron energy increases at the reduced electrical field at the beginning of
electron impact (Fig. 10). About 99% of the electrons with energies between 0.1
and 4 eV lost their energy into vibrational excitation of CH4 molecules, due to
their high vibrational excitation reaction cross section. The dissociation induced
by excited electronic levels contributes much less, if comparing with the
vibrational dissociation, due to its higher threshold and smaller cross section at
low electron energies. The vibrational excitation cross section decreases

dramatically at higher electron energies.

The average calculated electron energy of pulsed spark discharge is around 1.1 —
2.6 eV (Table. 1). The vibrational excitation cross section plays a dominant role in
the energy loss and vibrational channels became the main dissociation mechanism
of the molecules in the pulsed spark discharges. The vibrations dissipates their
energy into translational or rotational degrees of freedom immediately after the
main part of energy is transferred to vibrations by electrons. The CHy is thermally
cracked into C,Hg, CoH4, CoH, and C(s) when the gas temperature rises to more

than 1100 K.

Conclusions:



Different pulsed plasmas are generated in a needle-plate reactor to maintain the
non-oxidation conversion of CHy at a desirable CH4 conversion rate 91.2% and
considerable energy efficiency 44.3%. Selective generation of the target product
with improved stability, weaker overheats effect and higher energy efficiency by

adjusting parameters of pulsed plasma is achieved.

H, production by direct conversion of CH4 using microsecond and nanosecond
pulsed spark discharges with a needle—plate electrode configuration is

experimentally and parametrically investigated.

(1) The maximum CHy conversion 91.2% and H; yield 38.4% with an ECE 44.3%
are achieved using microsecond pulsed spark discharges, while the maximum
carbon balance 92.8% and hydrogen balance 92.6% are obtained using

nanosecond pulsed spark discharges.

(2) CH4 conversion and H; yield continue to increase with the gap length increase
because of the increasing power consumption, and with the gas flow rate
decrease because of the increased residence time in both nanosecond and

microsecond pulsed spark discharges.

(3) The carbon deposition is studied using SEM and Raman spectroscopy and
classified into two different types. The high-value carbons are supposed to be

formed in more sophisticated plasma systems.

(4) Three chemical reaction are suggested to perform CHy pyrolysis at our
experimental conditions. Higher effect of the thermal activation process is
suggested to take place in the microsecond pulsed spark discharge because of

the overriding selectivity of the C,Hs.

The lab-scale and adjustable needle—plate reactor driven by repetitive high voltage
pulse power sources is designed. The reactor is used for the direct conversion of
greenhouse gas (CH4) to renewable energy (H,) and functional material (carbon
material). The multi-needle to plate configuration of the reactor driven by
nanosecond pulse power source can be also used for the H, generation or the

carbon material production in the further research. The described experimental



procedure has a potential to improve selectivity of the plasma process by using a

catalysis. It 1s believed to have huge potential in the C,H, generation industries.
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List of figure captions

Fig. 1. Schematic of the experimental apparatus and diagnostic system.

Fig. 2. Typical voltage-current waveforms of pulsed spark discharges: (a)
nanosecond pulsed spark discharge, (b) microsecond pulsed spark discharge. (Gas
flow rate: 50 mL/min, frequency: 1 kHz, gap length: 6 mm).

Fig. 3. The effect of gap length on CH4 conversion and gas products distribution
in the nanosecond pulsed spark discharge: (a) CH4 conversion and gas product
yields, (b) selectivity of gas products, (c) carbon and hydrogen balances. (Gas flow
rate: 50 mL/min, frequency: 1 kHz).

Fig. 4. The effect of gap length on CH4 conversion and gas products distribution
in the microsecond pulsed spark discharge: (a) CH4 conversion and gas product
yields, (b) selectivity of gas products, (c) carbon and hydrogen balances. (Gas flow
rate: 50 mL/min, frequency: 1 kHz).

Fig. 5. The effect of gas flow rate on CH4 conversion and gas products distribution
in the nanosecond pulsed spark discharge: (a) CH4 conversion and gas product
yields, (b) selectivity of gas products, (c) carbon and hydrogen balances.
(Frequency: 1 kHz, gap length: 6 mm).

Fig. 6. The effect of gas flow rate on CH4 conversion and gas products distribution
in the microsecond pulsed spark discharge: (a) CH4 conversion and gas product
yields, (b) selectivity of gas products, (c) carbon and hydrogen balances.
(Frequency: 1 kHz, gap length: 6 mm).

Fig. 7. The SEM images and Raman spectra of nano-carbon particles: (a) area 1,
(b) area 2.

Fig. 8. CH4conversion and ECE as a function of SEI: (a) CH4 conversion, (b) ECE.
(Blue/red scatter represents micro-/nano- second pulsed spark discharge).

Fig. 9. Typical optical emission spectra of pulsed spark discharges: (a) nanosecond
pulsed spark discharge, (b) microsecond pulsed spark discharge. (Gas flow rate:
50 mL/min, frequency: 1 kHz, gap length: 6 mm).

Fig. 10. Schematic diagram of CHy4 cracking process in pulsed needle—plate
discharge plasma. (The width of arrows indicates the possibility fraction of each
channels).



Table 1. Characteristics and parameters of plasma produced by different pulsed
power sources at different gap lengths.

Mean Mean Mean Mean

Power source D (mm) P (W)
E/N (Td) N, (cm™) T, (eV) T, (K)
4 12.7 20.4 1.1E+16 2.0 6800
Nanosecond 6 14.8 16.5 9.3E+15 1.7 6670
pulse power 8 16.3 11.6 5.3E+15 1.3 6450
10 20.0 9.4 7.24E+15 1.1 5400
Microsecond 2 10.1 31.5 1.41E+14 2.6 9450
pulse power 4 19.6 18.2 2.79E+14 1.9 7350

6 243 14.5 4.6E+14 1.6 6150




