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reactor. The variation of temperature distribution and reaction energy intensity were also examined. The experimental results
indicate that CH, conversion and gaseous product formation are promoted by increasing the DBD input power or decreasing the
inlet gas flow rate. At an input power of 90 W and an inlet gas flow rate of 200 mL/min, the single-pass CH, conversion reach
46.6%, with an H, yield of 23.3%, demonstrating that CH, cracking is governed by electron induced. While the Joule heating
from the inner and outer electrodes is relatively limited. The reaction energy intensity increases as the CH4 conversion decreases.
When the inlet gas flow rate increases from 200 to 800 mL/min, the energy intensity rises by approximately 2.8 times, indicating
that higher inlet gas flow rates enhance the convective heat transfer and shorten the gas residence time, thereby suppressing deep
CH, cracking. Moreover, BOLSIG+ calculations further reveal that CH, activation is dominated by electron induced vibrational
excitation, in which stepwise energy accumulation drives C—H bond dissociation. The energy transfer and species transformation
pathways of overall CH, cracking process, which comprises electron energy injection, vibrational excitation, stepwise
dissociation, radical chain extension, and final product formation, can be summarized into three stages, i.e. methane activation,
radical evolution, and product formation.
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Methane (CH,), the main component of natural gas, attributes as both an energy carrier and a chemical feedstock!'!.
coalbed methane, shale gas, combustible ice, and biogas, However, CH, leakage can cause a severe greenhouse
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effect’®. Therefore, the efficient conversion and utilization
of CH, have always been a research hotspot in the fields of
energy and chemical engineering®'?. Currently, industrial
CH, conversion mainly involves steam reforming to
produce syngas (a mixture of carbon monoxide and
hydrogen), which is then further converted into liquid fuels
or chemicals"™*". Numerous studies"*'*! have explored
partial oxidation of CH, to produce syngas, as well as
thermal cracking of CH, to produce high-value products
like hydrogen and carbon materials. However, CH,
molecules are chemically stable due to a non-polar structure
and a relatively high C-H bond dissociation energy of
approximately 439.3 klJ/mol at 298.15 K and 101 kPa,
making thermal cracking typically under high temperatures
and in the presence of catalysts™”.

Non-Equilibrium Plasma (NEP) refers to a system where
the electron temperature is significantly higher than that of
heavy particles during the discharge process!'”. Due to the
overall low gas temperature, even close to room
temperature, NEP is often referred to as a non-thermal
plasma, characterized by the ability to directly activate
molecules under mild conditions using high-energy
electrons to produce particles such as atoms, ions, free
radicals, and active species. These particles undergo
dissociation, excitation, and chain reactions, enhancing the
molecular activity and accelerating the reaction rates, thus
overcoming the dependence on high temperatures in
traditional thermal catalytic reactions!?. In the past decade,
with the rapid development of intermittent renewable
energy sources such as wind and solar power?"’, renewable
electricity-driven chemical conversions have gradually
become a potential alternative to traditional thermochemical
processes™ !, NEP has attracted widespread attention in
the fields such as the high-value utilization of carbon
resources™ *” and is of significant importance for
greenhouse gas treatment.

To date, the main methods for generating NEP include
dielectric barrier discharge (DBD), corona discharge, and
gliding arc discharge!'”. Among these, DBD offers
advantages such as simple equipment, stable discharge,
scalable structure, and ease of continuous reactions®”’ . In
the past decade, many studies’™ ! have been conducted on
experiments and numerical simulations on DBD induced
CH, conversion. For instance, Xu et al.’¥ used a DBD
reactor to directly convert CH, to C,—C, hydrocarbons and
hydrogen under ambient temperature and pressure. The
results showed that CH, in DBD reactor exhibited a
filamentary discharge mode, with residence time having the
most significant impact on CH, conversion and hydrogen
yield. While the effect of frequency was negligible. Wang et
al.®* employed a miniature DBD reactor to directly
synthesize high-carbon hydrocarbons from CH,. The effects
of input power, residence time, discharge gap, and outer
electrode length on CH, conversion and product selectivity
were studied, highlighting the positive correlation between
input power or residence time and CH, conversion. Konno
et al.’% investigated the impact of electrode structure on

CH, conversion in a DBD reactor, revealing the critical role
of reactor geometry in plasma conversion efficiency.
Moreover, Li et al’” simulated methane-air plasma
discharge characteristics, analyzing the spatiotemporal
distribution of key active radicals such as ‘CH; and O-,
providing a microscopic kinetic perspective on plasma
discharge. Chen et al.*® compared the kinetic roles of CO,
and O, additives in plasma activated CH, conversion,
finding that O,, due to its lower ionization energy, more
easily promoted the CH, oxidation. Whereas CO, favored
the formation of syngas and C, hydrocarbons. Gadkari et
al.®”! simulated the effects of dielectric constant, voltage,
and frequency on discharge characteristics in a coaxial
DBD reactor, clarifying the regulatory mechanism of
operating parameters. The above research revealed the
potential application of non-equilibrium plasma in the high-
value conversion of CH, from the aspects of discharge
mode, reactor structure, operating parameters, and
numerical simulation, using a continuous flow DBD reactor
combined with online gas chromatography for quantitative
analysis of product composition, or based on fluid scale
simulation and microscopic reaction kinetics analysis.
However, most of the existing research focused on
conversions, yields, energy efficiency, and device
optimization. The reaction pathway of CH, from electronic
vibration excitation to stepwise dissociation in DBD reactor
remains to be better understood, and the impact of the
temperature field distribution on the CH, cracking has yet to
be systematically analyzed.

Building on previous investigations into the effects of
pulse mode, cooling method, and packed bed on CO,
splitting performance in a DBD reactor®”), the synergistic
effects of manganese-based composite catalysts on the
reaction between toluene and CO, induced by DBD were
explored™!, followed by a recent examination of how the
temperature field in the DBD reactor influences the
discharge characteristics and reaction performance during
CO, reforming of CH,?. This work focuses on the
characteristics and reaction mechanisms of CH, cracking in
a DBD reactor. Moreover, the influence of variations in the
temperature field on the reaction performance is examined.

1 Experimental

Figure 1 illustrates the schematic of the experimental
setup for DBD provoked CH, cracking, which consists of
four main parts, i.e. the DBD reactor, plasma generator, gas
inlet unit, and detection unit. The DBD reactor uses a quartz
tube with an inner diameter of 20 mm and a wall thickness
of 2.5 mm as the discharge barrier medium. The inner and
outer electrodes are made of stainless steel rods with a
diameter of 16 and a 150 mm long stainless steel wire mesh
wrapped around the outer surface of the quartz tube. The
plasma generator consists of a high-frequency, high-voltage
power supply (Corona Lab CTP-2000K) and a voltage
regulator. The power supply outputs a sinusoidal AC signal
with a voltage range of 0—30 kV and a frequency range of
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5-20 kHz. The gas inlet unit includes gas cylinders, mass
flow meters, and a gas mixer. The detection unit consists of
an oscilloscope (Tektronix TBS2000B), infrared thermal
imager (FLIR A6750), soap film flowmeter (Beilao
BL1000), and gas chromatograph (Shimadzu GC-2014) to
measure  discharge current and voltage, reaction
temperature, outlet gas flow rate and gas composition and
concentration after the reaction, respectively.

Before each experiment, N, with 99.99% purity is
introduced into the reaction system at a flow rate of
100 mL/min for about 30 min to ensure that no O, is
detected at the outlet using a gas chromatograph. CH, and
N, are then mixed in a ratio of 10:90 by mass flow
controllers. Following thorough mixing, the mixture is
introduced into the DBD reactor. The addition of 90% N, is
used to dilute the CH, gas, stabilize the discharge process,
and improve the accuracy of gas chromatographic
measurements. The applied voltage and frequency of the
DBD reactor are adjusted using the voltage regulator and
high-frequency high-voltage power supply. The input
voltage and current are displayed on the power supply
panel, and the discharge voltage and current are monitored
and recorded in real time on the oscilloscope. After stable
discharge in the DBD reactor for about 50 min, the
temperature in the reactor reaches a near equilibrium state.
The real-time temperature is recorded using the infrared
thermal imager. The outlet gas flow is measured using the
soap film flow meter, and the gas composition and
concentration are analyzed online by gas chromatograph.
The experiments are conducted at ambient temperature and
pressure. The performance of the CH, cracking is
characterized by single-pass CH, conversion (xc,), gas
products yields (Yy,, Y, You> Yo Yeues Youmns Yom,)
and reaction energy intensity (EI). Each experiment is
repeated for three times to calculate the average value and
standard deviations. Moreover, the reaction pathways and
the underlying mechanisms are explored by combining the
electron collision rate coefficients and energy loss fractions
for CH, calculated by BOLSIG+.

= :
- -

The CH, conversion is calculated as:

XCH4:n<CH4reacted) % 100% ( 1 )

Pcyinput)

The gas product yield is derived from:

YHZZn(Hzpmduced) X 100% ( 2 )

2n(CH4inpu()

X P, produced)

Yeu= x 100% (3)

N chginpun
where n refers to the number of moles of reactants or
products, and the “reacted”, “input”, and “produced” stand
for the reacted, input, and produced substances,
respectively. The “x” and “y” are the numbers of carbon and
hydrogen atoms in the molecule.
The reaction energy intensity (EI) is calculated as:
El(%) =
(O AH? (product)xnp,?mp)d—(Afoj (CH4)><nCH4,emd)X100%
t

(4)

where n represents the number of moles of the substance,
AH? is the standard molar enthalpy of formation of the
substance, P represents the discharge power and ¢ is the gas
residence time.

The discharge power (P) is calculated using the classic
Lissajous figure method™*:

P=fxC,xA (5)
where f'is the frequency of the plasma AC power supply, C,,
refers to the sampling capacitance and A represents the area
of the Lissajous figure.

The principle of the Lissajous figure method is that when
discharge occurs, the capacitor C,, measures the amount of
charge Q transported by the discharge. The current flowing
through the circuit is as following:

;=42 _ 4GV _ o dVa

dr dr " dt (6)
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A schematic of the experimental setup for DBD provoked CH, cracking
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where 7 is the discharge circuit current, V,, refers to the
voltage across the measuring capacitor C,, and V,,
represents proportional to the charge O on the measuring
capacitor. Consequently, the discharge power is:

p= % f VIdi = % j v Wi e, [vav,

dt
(7)
where V is the output voltage of the power supply, T refers
to the period, output frequency f/=1/T. Applying V and V,, to
the x-y axes of the oscilloscope yields a closed curve, i.e.
the Q-7 Lissajous figure. The area of the closed curve is
proportional to the discharge power P.

2 Results and discussion

2.1 Methane cracking characteristics

This section specifically examines the effects of carrier
gas ratio, input power, and inlet gas flow rate on the
reaction performance, temperature distribution, and reaction
energy intensity.

2.1.1 Effect of gas carrier ratio

Figure 2 shows the Lissajous figures under pure N, and

different CH,/N, ratios. It can be observed that when the
CH, concentrations are 0, 5%, 10% and 20%, the discharge
power is 49.5, 49.1, 49.0 and 48.9 W, respectively, with a
maximum difference of less than 1.2%. Although there are
slight differences in the Lissajous curves of pure N, and
CH/N, mixture discharge (Figure 2(a)), the CH,
concentration has minimal impact on discharge
characteristics  (Figure 2(b)). Therefore, 90% N,
concentration is selected as the carrier gas which not only
the accuracy of gas chromatographic
measurements but also stabilizes the CH, cracking in DBD
reactor. Mohsenian et al.”*! also confirmed that N, helps
maintain stable plasma operation.

improves

2.1.2 Effect of input power

Figure 3 illustrates the CH, conversion and its main
gaseous product yields at different input powers. The results
indicate that when the input power increases from 50 to 110
W, the CH, conversion increases from 17.6% to 34.4%
(Figure 3(a)), with the main gaseous products being H,,
C,H,, C;Hg, C,H,, CH,, CiH,, C;H,. The yields of H,,
C,H,, C;H;, C,H, and C;H, increase with the increase of
input power (Figure 3(b)), from 8.6%, 3.9%, 1.1%, 0.5%,
0.2% to 16.5%, 6.4%, 2.9%, 0.7%, 0.3%. While that of
C,H, decreases from 0.6% to 0.5%.
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Fig.2 Lissajous figures of pure N, and different CH,/N, ratios under DBD at 8 kHz frequency, 500 mL/min inlet flow gas rate,
and 60 W input power
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Fig. 3  Effect of input power on CH, conversions (a) and product yields (b) at 8 kHz frequency and 500 mL/min
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This reveals that as the input power increases, the electric
field intensity in the DBD reactor also increases, leading to
an increase in the energy of electrons, the number of high-
energy electrons and the active radicals®”. As a result, CH,
molecules in the discharge area have an increased
probability of being dissociated by high-energy electron
collisions. Simultaneously, the energy density in the DBD
reactor also increases, promoting the CH, cracking and
benefiting the gaseous product generation. The decrease in
C,H, yield may due to that the consumption rate of C,H,
exceeds its formation rate.

To explore the mechanism of DBD provoked CH,
cracking, Figure 4 presents the temperature distribution
under different input powers. As the input power increases
from 60 to 100 W, the maximum temperature increases
from 481 to 561 K. This is primarily because of the Joule
heating loss from the DBD electrodes® and energy loss
from the collision of active radicals against the dielectric
wall. However, the temperature is still significantly lower
than that required for traditional CH, thermal cracking™*,
indicating that the process is primarily driven by high-
energy electron collisions.

2.1.3 Effect of inlet gas flow rate

Figure 5 shows the CH, conversion and the main gaseous
product yields at different inlet gas flow rates. When the gas
flow rate increases from 200 to 800 mL/min, the residence
time of the reaction gas in the discharge region decreases
from 5.1 to 1.3 s. The CH, conversion decreases from
46.6% to 24.6% (Figure 5(a)). The main gaseous products
are H,, C,H,, C;H,, C,H,, C,H,, C;H,, C;H,, with the yields
of H,, C,;Hy, C;Hg, C;H decreasing from 23.3%, 7.0%,
3.6%, 0.3% to 12.2%, 4.7%, 1.7%, 0.2% (Figure 5(b)).
While those of C,H, and C,H, increase from 0.6% and 0.5%
to 0.7% and 0.8%, respectively. This suggests that the
decreases in residence time of CH, reduce the collision
probability between gas molecules and high-energy
electrons or active radicals. At the same time, the energy
density also decreases, which is unfavorable for CH,

100
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& 50F =
= > 460
.2
5
> 40
g 140
O B
-
30r o x(CH,) > 420
m Carbon balance = hd -
A Hydrogen balance
200 300 400 500 600 700 800

Inlet gas flow rate/(mL-min")

Fig. 5

Carbon/Hydrogen balance/%

cracking. The increase in C,H, and C,H, yields may due to
the decreasing residence time of intermediate radicals
(-CH;, -CH,, -CH), limiting the coupling reactions to form
saturated hydrocarbons and promoting the formation of
unsaturated hydrocarbons through recombination.

Figure 6 presents the temperature distribution in the DBD
reactor at different inlet gas flow rates. As the gas flow rate
increases from 200 to 800 mL/min,
temperature decreases slightly from 549 to 540 K, i.e.
increasing the inlet gas flow rate strengthens the convective

the maximum

heat transfer, causing more rapidly removing of the heat
generated by the DBD electrodes Joule heating and
discharge. Additionally, the discharge maintenance time per
unit volume of gas is shortened, reducing the accumulation
of energy and leading to decline in the overall temperature
field. Similar to the effect of input power, CH, cracking are
also dominated by electronic collision excitation.
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Fig. 4 Effect of input power on temperature distribution in
DBD reactor at 8 kHz frequency and 500 mL/min inlet
flow gas rate
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Effect of inlet gas flow rate on CH, conversions (a) and product yields (b) at 8 kHz frequency and 90 W input power
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Fig. 6 Effect of inlet gas flow rate on temperature distribution
in DBD reactor at 8 kHz frequency and 60 W input power

2.1.4 Reaction energy intensity

Reaction energy intensity (EI) is one of the key indicators
for evaluating the economic viability of the DBD system**!.
To assess the CH, cracking performance, EI is defined as
the ratio of the enthalpy change of the target reaction to the
discharge energy of the DBD reactor™. Figure 7 shows the
discharge power and reaction energy intensity under
different input powers and inlet gas flow rates. It can be
found that the discharge power of CH, cracking increases
with increasing of input power. While the reaction energy
intensity shows a decreasing trend with increasing input
power (Figure 7(a)), i.e. when the input power increases
from 50 to 110 W, the discharge power increases from 41.3
to 98.2 W. While the energy intensity decreases from 5.1%
to 4.1%. This demonstrates that although higher energy
input favors the generation of more high-energy electrons,
which collide with CH, molecules to generate more active
radicals, enhancing the discharge and increasing the
conversion and major product yields. It also increases the
thermal losses during discharge and energy losses from the
dielectric, resulting in a decrease in reaction energy
intensity. Within the experimental range, reaction energy

6 110
(a)
o 71100
190
R 5| E 3 3 * E
2 T . 180 8
g 2
g * 1 ¢
B : B -
1 =
E 4| e = 1% 2
= 450 .
= @ Energy intensity 4140
@ Discharge power
3 L L L 3

50 60 70 80 90 100 110
Input power/W

Fig. 7

intensity increases with the increase in inlet gas flow rate
(Figure 7(b)). When the gas flow rate increases from 200 to
800 mL/min, the discharge power decreases from 82.9 to
77.4 W. Whereas the reaction energy intensity increases
from 2.4% to 6.8%. This indicates that the DBD discharge
remain relatively stable, revealing that the total number of
high-energy electrons and active radicals in the discharge
gap is relatively less affected by the inlet gas flow rate, but
mainly influenced by input power and reactor
characteristics. Simultaneously, the increase in inlet gas
flow rate shortens the gas residence time, suppressing the
deep cracking of CH,, thus increasing the reaction energy
intensity.

2.2 Reaction mechanism exploration

This section explores the activation process of CH, in
DBD reactor based on the discharge characteristics and
clarifies the CH, cracking reaction network.

2.2.1 CH, discharge characteristics

Figure 8 shows the discharge voltage and current under
different input powers, with corresponding discharge
phenomena illustrated in Figure 9. The results indicate that
under the applied sinusoidal voltage, the discharge current
shows a nearly sinusoidal waveform. In each half-period of
the applied voltage, current pulse peaks are observed which
are caused by CH, filamentary discharges and are randomly
distributed in time and space in the discharge gap.
Theoretically, the duration of a single micro-discharge pulse
is only 10—100 ns™**® whereas the free electrons in the gap
can still be accelerated to form high-energy electrons, which
collide with CH, molecules to generate CH4(v;), ‘CH;, H-,
and other active radicals. This process continues until the
electron density in the space exceeds the critical value and
the Paschen breakdown voltage is reached, at which point
many micro-discharge filaments are formed between the
inner and outer electrodes, resulting in a luminescent
phenomenon in the reactor.

9
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Effect of (a) input power, and (b) inlet gas flow rate on the DBD discharge power and reaction energy intensity at 8 kHz

frequency, 500 mL/min inlet flow gas rate, or 60 W input power



SUN Yiping et al.: Reaction mechanisms and cracking performance of...... /J Fuel Chem Technol, 2026, 54(8), 20250384 (7 of 14)

10 - 0.08
(a) —— Discharge voltage 40W

—— Discharge current

0.04

-5 —-0.04
—-10 L L -0.08
0 1.0x10™* 2.0x10™*
t/s
10 0.08
—— Discharge voltage
© —— Discharge curre% sow
5 0.04
>
<0 0 Z
-5 0.04

! ! —0.08
0 1.0x10°* 2.0x10*

t/s

10 Diseln m 0.08
— Discharge voltage
(b) — Discharzéc currc%lt 60 W

5 10.04

=5 —0.04

—-10

+ + —0.08
0 1.0x10* 2.0x10°*
t/s

10 0.08

0.04

=5 —0.04

Discharge voltag

—— Discharge current
1.0x10*

t/s

-10 0.08
0

2.0x10™*

Fig. 8 Representative photographs showing the effect of input power on time-resolved discharge voltages and currents during DBD

provoked CH, cracking at 8 kHz frequency and 500 mL/min inlet flow gas rate
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Fig. 9
power on plasma discharge phenomena during DBD provoked

Representative photographs showing the effect of input

CH, cracking at 8 kHz frequency and 500 mL/min inlet
flow gas rate

As the input power increases from 40 to 100 W, both the
discharge brightness and the number of micro-discharges
filaments increase, and individual discharge filaments
become more prominent (Figure 9). Although it is difficult
to quantitatively measure the total number of micro-
discharge filaments and their energy in the reactor, Figure 8
clearly reveals that higher input power leads to more current

pulses and higher current peaks in each half-period. This is
consistent with the enhanced discharge phenomena
observed in the discharge photographs (Figure 9).
Theoretically, the number and energy of micro-discharge
filaments in each cycle directly determine the electron
density and electron temperature in the discharge region!*.
Therefore, changes in discharge characteristics will further
affect the CH, conversion and the product formation.

2.2.2 CH, activation process

To quantitatively describe the collision dynamics
between electrons and CH, molecules in the DBD reactor,
BOLSIG+*"* is used to calculate the electron energy
distribution function (EEDF). BOLSIG+ is a numerical
solver based on the Boltzmann equation to solve the
electron  transport  behavior  under  steady-state
approximation and one-dimensional isotropic assumptions.
It has been widely applied in the study of electron transport
parameters and collision reaction rates in non-equilibrium
plasma systems. For the series of electron collisions with
CH, molecules, including elastic collisions, attachment
dissociation, vibrational excitation, dissociative excitation,
and ionization, this work calculates the rate coefficients and
energy loss fractions based on the electron collision
reactions involved in the CH, cracking. The electron energy
distribution function f; under steady-state conditions is
given by the following one-dimensional isotropic
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Boltzmann equation:

Oy yovp- 2BV f=Clf) (8)
ot m

where, the left side describes the free movement of particles,
including the time evolution term, space convection term,
and external force term. f; is the electron energy distribution
function, v refers to the velocity coordinate, e is the
elementary charge, m represents the electron mass, E is the
electric field strength, and V, stands for the velocity
gradient operator. The right side represents the collision
term, which characterizes the interaction between particles,
and C is the rate of change of £; due to collisions.

Subsequently, based on the electron energy distribution
function f,, the rate coefficients k; for various complex
reactions i involved in CH, activation, such as elastic
collisions, attachment dissociation, vibrational excitation,
dissociative excitation, and ionization (shown in Table 1),
are calculated as:

k=y j e, f,de (9)

where y is a constant coefficient, y=(2e/m,)"?, ¢ refers to the
electron energy, and o, is the collision cross-section for the
reaction i.

The energy loss fraction for reaction i is obtained by
calculating the ratio of the energy loss from reaction i to the
sum of energy losses from all reactions:

kAg;

ZkAg,

where Ag; is the average energy loss per collision for
reaction i.

The reduced electric field (denoted as E/N) is defined as
the ratio of the electric field strength to the gas particle
density, with units in Td (Townsend) determined by the
input power and inlet gas flow rate. Figure 10 shows the
rate coefficients and energy loss fractions for the major CH,
activation reactions under different E/N conditions. The
results indicate that the rate coefficient for CH, elastic
collisions E3 is the highest (Figure 10(a)), suggesting that
elastic collisions between electrons and CH, molecules are
frequent. However, this process causes almost no chemical
reactions, only leading to minor energy dissipation. The rate
coefficients for CH, vibrational excitation E4 and E5 are
significantly higher than other pathways in the E/N range of
98.5-123.9 Td, indicating that electron vibrational
excitation is a key driving force for CH, activation and
dissociation. This is primarily due to high-energy electrons
can stepwise excite the vibrational energy levels of the C—H
bond in CH, molecules. After multiple accumulations, the
C—H bond breaks, generating active intermediates such as
‘CH;, which then experience subsequent chain cleavage
reactions.

At lower E/N (<79 Td), vibrational excitation processes
E4 and E5 are the major energy loss pathways (Figure 10(b)),
revealing that at this stage, the average electron energy is
lower, and most of the energy is used to excite the

(10)

m=

vibrational modes of CH,. As E/N increases, the energy loss
fraction for the dissociative excitation E6 gradually
increases, reflecting that with an increase in the number of
high-energy electrons, there is an increase in the directly
induction of C—H bond breaking. When E/N is in the range
of 98.5-123.9 Td, E5 and E6 are the main energy loss
pathways, with vibrational excitation and dissociative
excitation both contributing to the energy loss in CH,
cracking. Additionally, the energy loss fraction for elastic
collisions E3 is very small and can be neglected. Therefore,
the core pathway for CH, cracking is the stepwise energy
accumulation leading to bond breakage, driven by electron
vibrational excitation.

Table 1 Electron collision reactions during DBD provoked
. [53-
CH, cracking

Number Reaction equations Reaction type
El e +CH, > CH;+H dissociation attachment
E2 e +CH, > H,+CH,  dissociation attachment
E3 e +CH,—e¢ +CH, elastic
g4 ¢ TCHi—e +CH, (V24 yiprational excitation
(0.162 ¢V)
ES e *CH,—e +CH, (VI3)  irational excitation
(0.361 eV)
E6 ¢ +CH, —>.e +CH, dissociation excitation
(9 eV-dissoc)
E7 ¢ +CHy—~e +CH, dissociation excitation
(10 eV-dissoc)
E8 ¢ +CH, — N +CH, dissociation excitation
(11 eV-dissoc)
E9 ¢ +CH,—~e +CH, dissociation excitation

(12 eV-dissoc)
E10 ¢ +CH, —2¢ +CH, ionization

Ell ¢ +CH,—2e +H+CH, dissociation ionization

2.2.3 Main reaction pathways for CH, cracking

In the DBD reactor, the CH, cracking process involves a
series of complex reactions, including methane activation,
free radical recombination, intermediate formation, and
product generation. Based on the experimental results from
Section 2.1 and the calculations in Section 2.2.2, it can be
observed that the maximum temperature in the DBD reactor
is approximately 560 K, which is much lower than that
required for traditional CH, thermal cracking[“‘”. However,
the high-energy electrons generated during the discharge
process can effectively drive stepwise CH, molecules
excitation to form a radical chain reaction, thus achieving
stepwise activation and cracking. The result reflects the
non-equilibrium plasma characteristic of CH, cracking
provoked by DBD, where the electron temperature is much
higher than the gas temperature!.
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Fig. 10 Effect of E/N on the rate coefficient and energy loss fraction during DBD provoked CH, cracking
(Black dashed: range of varying input power; Yellow dashed: range of varying inlet gas flow rate)
From a mechanistic perspective, on the one hand, the dissociation threshold significantly lower than that of

vibrationally excited CH,(v;) is a key intermediate, with ground-state CH,. Therefore, higher electron temperatures



SUN Yiping et al.: Reaction mechanisms and cracking performance of...... /J Fuel Chem Technol, 2026, 54(8), 20250384 (10 of 14)

are favorable for continuously exciting the vibrational
energy levels. On the other hand, the lower gas temperature
slows down the relaxation loss of vibrational energy, thus
prolonging the lifetime of the vibrationally excited CH,(v;).
The combination of high electron temperature and low gas
temperature provides favorable conditions for CH,
molecules to follow a stepwise accumulation to ladder type
vibrational excitation dissociation pathway.

From a reactor perspective, Joule heating generated by
the electrodes during discharge causes the increased
temperature of the reaction zone (Figures 4 and 6). This
suggests that the electrical energy input not only maintains
the discharge but also partially transfers to the reaction
system in the form of heat, raising the reaction temperature
which enhances the thermal motion rate of neutral particles
and free radicals, thereby increasing the collision frequency
and energy between neutral-neutral particles and neutral-
radical species, further promoting the CH, cracking.

The thermal effect of the DBD discharge process
indirectly influences the CH, cracking pathway by affecting
transport characteristics. However, the reaction is still
mainly driven by collisions between high-energy electrons
and CH, as well as the intermediates. The vibrationally
excited CH4(v;), induced by electron collisions, plays a key
role in enhancing the cracking activity. The vibrationally
excited CH,(v;) includes asymmetric stretching vibration
and bending vibration, which respectively reduce the bond
energy by weakening the C—H bond strength and altering
the molecular configuration, thereby increasing the
probability of bond breaking. Under non-equilibrium
plasma conditions, high-energy electrons preferentially
excite the molecular vibrational degrees of freedom,
concentrating the energy in the C—H bonds, creating a
favorable environment for selective bond breaking.
Additionally, the CH, cracking induced by the vibrational
excitation pathway has a lower activation barrier than direct
dissociation. Moreover, the vibrational energy levels serve
as a stepwise energy accumulation channel, further
promoting CH, cracking during subsequent -electron-
molecule collisions. The non-equilibrium plasma effectively
suppresses the rapid relaxation of vibrational energy,
maintaining a higher concentration of vibrationally excited
states. The combined effect of these factors significantly
enhances the activity of CH, cracking by electron driven
vibration excitation-stepwise dissociation mechanism.

In summary, the DBD provoked CH, cracking process
can be divided into three stages, i.e. methane activation,
radical evolution, and product formation, as summarized in
Table 2.

It should be noted that the CH, cracking in the DBD
reactor include a total of 13 key reactions. In this work, it is
also observed that there is certain degree of carbon
deposition (or coking) on the surface of the metal inner
electrode and the inner surface of quartz tube (Figure 11).
The middle section of the quartz tube is relatively clean,
while carbon deposition is mainly on the metal electrode
surface and the reactor tail region.

Table 2 Reaction pathway during DBD provoked CH,4

cracking
Stage Reaction equation Number
I e +CH, > e + CH,(v) R1
Meth tivati - - *
ethane activation ¢ +CH,—¢ +CH, R2

¢ +CH,—»e +-CH;+H  R3
¢ +CH;, »>e +-CH,+H R4

e +CH,—e +-CH+H- RS
II H+H +M—>H,+M R6
Radical evolution -CHj; + -CH; — C,H, R7

CHs+e — CH;+H +e R8
‘C,Hs+e — CH,+H: R9

CH,+e -CH,+H,+e RI10

I -C,H;s + -CH; — C;Hg R11
Final product formation C.H, — CH, + H, R12
C;H¢— C;H, + H, R13

| 150 mm

Quartz tube

Before the experiment

After 12 h of CH, decomposition

Fig. 11 Carbon deposition in the inner electrode and quartz
tube before and after CH, cracking

This phenomenon may be due to the higher electric field
strength in the middle section and that the metal electrode
surface is more likely to induce adsorption and deposition
of carbon-based radicals. Meanwhile, at the tail region,
where the temperature is relatively lower, radicals and
unsaturated hydrocarbons are more likely to form solid-
phase carbon deposits. This can alter the surface roughness
and local properties of the electrode and dielectric, leading
to changes in discharge uniformity and affecting the
stability of the operation™®. However, the deposited product
has potential as a high-value material®”.

The reaction system (R1-R13) can be summarized in
Figure 12. Stage I involves methane activation, primarily
driven by high-energy electrons, inducing vibrational
excitation and energy level accumulation, followed by
stepwise dissociation. As shown in Figure 10, during this
stage, high-energy electrons in the discharge area transfer
the energy to CH, molecules (R1 and R2), forming
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vibrationally excited states and electronic excited states.
Compared to traditional CH, thermal cracking, this
significantly reduces the energy barrier required for C—H
bond breaking. The system then enters typical stepwise
dissociation, generating active radicals such as H-, -CH,,
‘CH, and -CH (R3—RS5), forming a radical-dominated non-
equilibrium plasma environment and achieving energy
conversion from electrical energy to chemical energy.

Stage II is the radical evolution process, primarily
manifested as reactions among the radicals through
recombination, rearrangement, and electron collisions.
From the experimental results (Figures 3 and 5), possible
intermediates or products like -C,Hs, H,, C,H,, C,H,, C,H,
are generated. With increasing input power, the degree of
CH, cracking deepens, and the reaction system gradually
evolves from being dominated by C, saturated
hydrocarbons to coexistence of various saturated and
unsaturated C,—C; hydrocarbons. With increasing inlet gas
flow rate, the reaction system shifts from a mode
characterized by deep cracking and sufficient radical
coupling to a mode characterized by short residence time
and rapid radical recombination, increasing the proportion
of unsaturated hydrocarbons (e.g. C,H, and C,H,) in the
product. Combined with the calculation results in Figure 10,
it is explained that H- radical recombination and its
collision with a third species M (typically CH, or inert
carrier gas molecules) generate hydrogen (R6).
Theoretically, this is the main source for hydrogen.
Simultaneously, dehydrogenation of hydrocarbon products
also produces a small amount of hydrogen (R10, R12, R13).
Additionally, small amounts of methyl radicals undergo
coupling reactions to form ethane (R7) and subsequent
stepwise dehydrogenation to generate -C,H; (R8), ethylene
(R9), acetylene (R10), etc.

i DBD provoked @ :

i f |

Stage I: Electron collision excitation ~ Vibration excitation

' Methane v L 3
ion [ cw |
i : :

Stepwise dissociation

CH, —» -CH; — -CH,—» -CH—-C J 3
: ‘ I ‘ 3
i Stage II: H- accumulate Carbon-based radical recombinationi

3 Radical
: i
+ evolution -

Stage I1I:
Final
product

generation

Fig. 12 Proposed main reaction paths during DBD provoked
CH, cracking

Stage III is the product generation process, characterized
by the further coupling of radicals and other intermediates
generated in the first and second stages to form saturated
and unsaturated C; and higher hydrocarbons (Figure 3 and
5). This indicates that the products mainly include H,, C,H,,
C;H,, C,H,, C,H,, C;H,, C;H, and a small amount of carbon
deposits and medium or long-chain hydrocarbons. Among
them, propane may originate from the coupling of -CH; and
-C,H; radicals (R11). Propylene and propyne are speculated
to be formed via stepwise dehydrogenation of propane (R12
and R13), respectively.

Comprehensively considering the product distribution
and the microscopic electron activation processes obtained
from BOLSIG+ calculations, Figure 12 illustrates the
evolution of energy transfer and reactive species
transformation during the DBD provoked CH, cracking,
encompassing electron energy injection, vibrational
excitation, stepwise dissociation, radical chain extension,
and product formation. This is summarized as three stages,
i.e. methane activation, radical evolution, and product
formation.

3 Conclusion

Increasing input power or decreasing inlet gas flow rate
promotes CH, cracking and gaseous product generation. At
an input power of 90 W and an inlet gas flow rate of
200 mL/min, the single-pass CH, conversion is 46.6% with
H, yield of 23.3%. The CH, cracking is dominated by
electron driven reactions, with the Joule heat produced by
the electrodes having a limited contribution.

The reaction energy intensity shows an inverse
relationship with CH, conversion. It increases with
decreasing input power or increasing inlet gas flow rate.
When the inlet gas flow rate increases from 200 to
800 mL/min, the reaction energy intensity increases by
approximately 2.8 times, indicating that a higher inlet gas
flow rate enhances the convective heat transfer and shortens
the gas residence time, thereby inhibiting deep CH,
cracking.

Combining the CH, electronic collision reaction rate
coefficients and energy loss fractions obtained from
BOLSIG+ calculations, the electron vibrational excitation is
the main pathway for CH, activation, mainly induced by the
accumulation of high-energy electrons through stepwise
vibration to induce C—H bond breaking and promote the
subsequent free radical reactions.

The DBD provoked CH, cracking involves electron
energy injection, vibrational excitation, stepwise
dissociation, radical chain extension, and product
generation. The energy transfer and species transformation
pathways can be summarized into three stages, i.e. methane
activation, free radical evolution, and product formation.
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