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Abstract: In this work, a new plasma reactor operating with a butane/propane (C4H10/C3H8)
gaseous mixture, designed for hydrogen molecule production, was experimentally studied. This
reactor is based on a rotating electrode, biased by an AC high voltage. The plasma discharge was
investigated for different AC voltages, rotational frequencies, and gas flow rates. A discharge in the
filamentary mode was produced as proved by the electrical characterization. Gas Chromatography
(GC) was applied to study the LPG remediation. The maximum conversion factors of 70% and
60% were found for the C3H8 and C4H10, respectively, with an H2 selectivity of 98%. Hydrogen
atomic lines from the Balmer series and various molecular bands were detected by optical emission
spectroscopy (OES). The stark broadening of the Hα Balmer line was used for the determination of the
electron density. The spectra simulation of the C2 band was permitted to obtain the gas temperature
while the first five lines of hydrogen atoms were used to calculate the electron temperature. A
non-equilibrium plasma with two very different temperatures for electrons and heavy particles was
found. The spectroscopic study allowed us to explain the experimental results of the LPG conversion
and its dependence on the plasma conditions, resulting in optimizing the H2 formation.

Keywords: rotating plasma reactor; LPG decomposition; hydrogen production; optical emission
spectroscopy

1. Introduction

Liquefied petroleum gas (LPG) is mainly composed of propane and butane gases,
which are produced generally from the wet natural gas purification (55%) and the refining
process of crude oil (45%). While LPG is used extensively for heating and cooking, its
reforming is required for vehicle applications by a low energy output. A solution is to
reform LPG towards hydrogen generation as a clean fuel and different methods such as
steam and oxidative reforming techniques are used [1].

Malaibari [2] studied the hydrogen production from the LPG through oxidative steam
reforming with bimetallic catalysts. Moreover, in the performed experiments by Khan-
dan et al. [3], the LPG steam conversion reactions on the nickel catalysts supported by
four different zeolites (H-Y, Na-Y, HZSM5, and ferrierite) were examined. The type of sup-
port and the specific surface area significantly affected the catalyst activity and selectivity;
however, the Ni/Na-Y catalyst exhibited the highest surface area (696.4 m2/g) and a low
degree of coke formation. Hence, the stability of the LPG steam reforming process was
increased. Thus, the highest LPG conversion of about 95.7% and H2 yield of 48.6% was
observed for the Ni/Na-Y catalyst.
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Using a thermodynamic analysis, Silva et al. [4] investigated the operational conditions
of molecular hydrogen production through the LPG steam and oxidative conversion
process. The performance of LaNiO3 as a catalyst precursor was analyzed based on the
thermodynamic equilibrium predictions. The H2 formation increased at high temperatures
and water concentrations, while the coke production decreased gradually.

Wang et al. [5] performed a parametric study on the auto-thermal LPG reforming. The
effects of temperature and the ratios of steam and O2 to carbon (S/C and O2/C) along
with the performance indicators of the LPG conversion extent, catalyst coking, and sulfur
poisoning were studied. In addition, Zhixiang et al. [6] used the auto-thermal reforming
for propane conversion where the water–gas shift and preferential oxidation occur when
water is added to the system. Hence, the temperature in the hot and cold streams can be
controlled in a balanced condition.

So far, the electrical plasma discharges have recently been used for the conversion
of gases such as methane, ethane, acetylene, and other hydrocarbons to hydrogen and
syngas [7,8]. Aleknaviciute et al. [9] converted propane gas to hydrogen with a low COx
production using an atmospheric pressure cold plasma system. They used argon to increase
the ionization rate in the plasma discharge medium of the system. The discharge input
power joined with the residence time of propane gas in the discharge medium of the system
had a significant effect on the propane conversion. Hence, the hydrogen selectivity and
efficiency of energy conversion were increased. In a theoretical work by Khadir et al. [10], a
plasma discharge system which was based on dielectric barrier discharge (DBD) at the gas
pressure of 600 torr was used for conversion of the pure methane gas. The applied voltage
was assumed to be sinusoidal and the temporal variations of the discharge parameters
were examined. While their numerical findings were compared with experimental works,
it was found that the dielectric capacitance plays a critical role in the methane conversion
and H2/CH4 ratio.

Lindner et al. [11] implemented a micro-plasma for conversion of the liquid fuel
methanol and five different experiments showed that the conversion within the microchan-
nel reached about 100%. The results of the experiments on the variations of the input
electrical power, flow rate, and concentration were validated by a numerical model. Mean-
while, the continuous production of hydrogen gas along with carbon black from CH4 using
a specific reactor based on the direct current (DC)-spark discharge plasma at atmospheric
pressure was experimentally examined by Moshrefi et al. [12]. Their experimental findings
showed that, while the density of different formed species in the plasma discharge medium
of the reactor increased, a stable performance of the reactor for long time applications was
guaranteed. Moreover, at higher methane supply rates, while the density of hydrogen
molecules was decreased, the flow rate of formed hydrogen was higher.

On the other hand, there is lack in the investigations of the conversion of LPG to
hydrogen using the electric discharge technique in the literatures. The electric discharge
technique is expected to be an efficient technique for conversion of LPG to other alternative
fuel gases such as hydrogen and study of the electric and spectroscopic characteristics of
the electric discharge in LPG is one of the important keys to understanding the conversion
mechanisms and achieve efficient reforming of LPG.

Elradi et al. [13] investigated the electric discharge in LPG using DC high voltage
(0.4–3 kV) at gas pressure in the range of 1 to 25 torr and the electric and spectroscopic
characteristics of the discharge were studied at different discharge conditions. Deviations
from Paschen’s law were observed as a result of the change of the distance between the
two electrodes. Two discharge modes, namely, glow and spark discharges, were observed in
the discharge current waveforms. The discharge current waveforms indicated a repetitive
pulsed behavior with frequencies of 5 kHz to 5 MHz depending upon the applied voltage
and the gas pressure. The emitted spectra from the discharge were also studied near both
the cathode and anode using different electrode materials. The Hα line and C2 Swan
band system were observed, which confirmed the conversion of LPG to hydrogen and
carbon clusters.
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In 2018, Moshrefi et al. [14] introduced a DC reactor with rotating electrode for hy-
drogen production from methane decomposition and the effect of the electrode rotational
frequency over the methane decomposition was studied. One of the main conclusions
was that the methane conversion and energy efficiency with the rotating electrodes was
improved in comparison to the fixed electrode, because the produced plasma was stabilized
in this configuration.

In this work, a new rotating electrode plasma reactor is introduced for hydrogen
production from LPG gases. The developed plasma reactor works at atmospheric pressure,
room temperature, and a relatively low operating power. Hence, it has a stable perfor-
mance without electrical shocks. Electrical characterization of the plasma produced in
this reactor is performed to determine the plasma mode. Then, the hydrogen production,
conversions of the C4H10 and C3H8 gases and the energy efficiency of the conversion in
the developed reactor are studied by GC. Moreover, preliminary characterization of this
plasma is made using the OES technique and the main objective is to study the applicability
of this reactor in hydrogen production with low COx formation, by analyzing the emission
spectrum and species formed inside the plasma. The dependence of the spectrum on the
applied high voltage, electrode rotation frequency, and flow rate is also studied. The main
plasma parameters of discharge produced in this reactor, such as the gas temperature, the
electron density and temperature are determined as these parameters have an important
influence on the capacity of plasma for the dissociation of the C4H10 and C3H8 molecules
of the mixture.

2. Materials and Methods

A schematic diagram of the different parts of the innovated plasma reactor is shown in
Figure S1 of the Supplementary Materials. The discharge medium consists of a cylindrical
glass tube with an 80 mm diameter and 110 mm length. A disk electrode with a 50 mm
diameter and a 2 mm thickness was been placed on the axe of a glass tube as an anode
which was connected to the high voltage. This anode could be rotated by an electric motor
that allows for varying its frequency between 9000 and 18,000 revolutions per minute (rpm).
Moreover, a cylindrical electrode clinging to the inner wall of the glass tube was connected
to the ground. The electrodes were made of copper, and the gap distance between the
two electrodes was fixed at 10 mm. The cylindrical electrode was covered by a dielectric
polyamide layer. Therefore, a dielectric barrier discharge (DBD) could be produced between
the electrodes when a high voltage was applied.

The LPG had been left to flow through the discharge medium at the flow rate range
of 1–5 standard liters per minute (sLm). This LPG gas exited through the bottom part
of the reactor, which was open to the air with a conical shaped piece designed to reduce
the air entrance (see Figure 1). Therefore, the reactor was considered to be working at
atmospheric pressure.

The used samples of LPG consisted of about 65% butane (C4H10) and 35% propane
(C3H8). Some traces of plasma and other hydrocarbons such as ethane, ethylene, propylene,
butylene, etc., were also expected. An AC power supply of 50 Hz manufactured by our
laboratory was used as the high voltage source (0–22 kV).

Generally, owing to their special geometrical constructions and non-uniformity of the
electric field, the ionization rate in this plasma discharge media was significantly high. The
values of the ionization degree, namely, the ratio of the electron density to the density of
neutral particles (α = ne/na), was between 10−5 and 10−4, and that is high for this type
of plasma. Moreover, due to the rotation of the power electrode, fewer electrical shocks
were created in the discharge medium of the plasma reactor. Additionally, this plasma
reactor could dissociate heavy hydrocarbon molecules at atmospheric pressure and room
temperature as a hydrocracker.
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Figure 1. Scheme of the experimental setup.

Figure 1 shows the experimental set-up used to perform the experiments. A spectrome-
ter (HR4000 Ocean Optics) was used for the spectroscopic measurements. This spectrometer
had a focal distance of 101.6 mm, a grating of 2400 grooves/mm, and a linear silicon CCD
array of 3648 pixels. The slit width of the spectrometer was adjusted to be 5 microns. The
UV-optical emission light was probed at 5mm away from the plasma zone by putting an
optical fiber on the quartz tube. The full spectrum in the wavelength range of 200–1100 nm
at every millisecond was recorded. It must be noted that, to calibrate these spectrometers, a
light source which can produce emission lines in the spectral range must be provided. An
HG-1 Mercury–Argon lamp was used for this purpose. To tightly focus on the plasma zone
for better collecting the emitted light of the plasma, a confocal quartz lens was used in the
experimental setup to obtain the optical spectra with a high signal-to-noise ratio. Indeed,
an optical fiber probe was placed on the focal point of the lens.

For electric characterization, the discharge current was measured with an AC/DC
current probe (Tektronix, Beaverton, OR, USA, TCP202) which was connected to an oscillo-
scope (Tektronix, Beaverton, OR, USA, HM1508).

GC was used to study the H2 formation from the LPG remediation. The exhaust
gases were analyzed using a compact-gas chromatograph (CGC) type GC, Agilent 6890 N
(Agilent, Santa Clara, CA 95051, USA), equipped with Hayesep Q and N and molecular
sieve 139 (MS-139) packed columns, a thermal conductivity detector (TCD) (Agilent, Santa
Clara, CA 95051, USA) for the H2 analysis and a flame ionization detector (FID) (Agilent,
Santa Clara, CA 95051, USA) for the hydrocarbon analysis.

3. Results and Discussion
3.1. Electrical Characterization

The plasma discharge was initiated inside the plasma reactor by applying an AC
high voltage between 10 and 15 kV on the electrodes. The voltage waveform measured
in the plasma discharge at the applied voltage of 14 kV is shown in Figure S2 of the
Supplementary Materials.

The variations of the current waveforms of the plasma discharge as a function of
voltage, the rotation frequency of the power electrode, and the gas flow rate are presented
in Figure 2. The charge current was due mainly to the formation of instantaneous current
shocks between the electrodes for high voltage conditions. These filamentary shocks
produced instabilities in the discharge and fluctuation of the current shape. When the
applied voltage was increased, the number of shocks increased also, and the discharge
current was higher (Figure 2a). As shown in Figure 2b, the detected current also had a
high dependence on the frequency of the power electrode. The increment in this frequency
resulted in the discharge current rising. The behavior with the gas flow was the opposite
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case. A higher gas flow rate produced a reduction in the current, due to the reduction in
the current shocks by the increment in the flow rate.
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Figure 3 shows the formation of the filamentary current shocks in the reactor for the
stationary power electrode and different rotation frequencies of this electrode. When the
rotation frequency increased, the number of shocks was incremented, and the discharge
filled the reactor. This fact explains the growth that was observed in the current waveform.
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The average of the consumed power was obtained from the integration of instants
power over a period according to the following equation [15]:

P =
1
T

∫ T

0
IVdt (1)

Table 1 shows the value of the averaged consumed power, P, together with the cur-
rent in the peak, Ip, for the different studied conditions. The maximum variation of the
consumed power was with the applied voltage, where P grew clearly when the applied
voltage was increased. As shown, a slighter dependence had the power on the motor
revolution frequency. This power decreased for the higher rpm. Finally, the consumed
power decreased in the highest flow rate, where the current shocks reduced.
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Table 1. Dependence of the averaged consumed power, P, and the peak current on the voltage
applied (stationary power electrode and 1 sLm), the rotational frequency (at 14 kV and 1 sLm), and
the gas flow rate (at 14 kV and 18,000 rpm).

Applied
Voltage

(kV)
Ip (mA) P (W)

Rotational
Frequency

(×1000 rpm)
Ip (mA) P (W) Gas Flow

Rate (sLm) Ip (mA) P (W)

10.5 30 182 9 45 360 1 52 375
11.5 34 223 11 46 363 2 46 340
12.5 38 268 13 47 366 3 40 317
13.5 42 319 15 49 370 4 37 301
14.5 49 398 18 52 375 5 33 285

When the power electrode started to rotate, the filaments were increased in the plasma
discharge and consequently the electrical current was slightly raised. Because of this
increase in the electrical current, the consumed power was also changed from 360 W to
375 W. Moreover, the neutral particles passed faster from the electric field zone with the
increase in the gas flow rate in the plasma medium. The ionization and thus the production
of charged particles in the plasma medium, which affected the electrical current, was
decreased. When the current was dropped, the consumed power was also decreased.

3.2. GC of the Exhaust Gas

The results of the GC showed that hydrogen and carbon molecules, between the
other species, were detected in the exhaust gas. These molecules were produced by the
decomposition of the C4H10/C3H8 species in the plasma discharge. The conversion factors
of these species were obtained using the following equations:

C4H10 Conversion = moles of C4H10 converted
moles of C4H10 introduced

C3H8 Conversion = moles of C3H8 converted
moles of C3H8 entered

(2)

where the moles of the converted hydrocarbons are calculated by the difference between
the inlet and outlet concentrations obtained by the GC.

The dependence of the conversions on the applied voltage, the electrode rotation
frequency, and the gas flow rate are shown in Figure 4. The behaviors were similar to the
peak intensity and the consumed power (see Table 1). The C4H10/C3H8 conversion grew
with the applied voltage and the rotational frequency and decreased with the flow rate.
This could mean that the decomposition of LPG species is also related to the number of
current shocks formed in the reactor.
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Figure 4. The C3H8 and C4H10 conversions versus (a) different voltages applied on the stationary 
power electrode at 1 sLm gas flow rate, (b) rotational frequencies of power electrode at 14 kV ap-
plied voltage and 1 sLm gas flow rate, and (c) gas flow rates at 14 kV applied voltage and 18,000 
rpm rotational frequency of the power electrode. 
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voltage and 1 sLm gas flow rate, and (c) gas flow rates at 14 kV applied voltage and 18,000 rpm
rotational frequency of the power electrode.
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The energy efficiency (η) of the LPG conversion in the developed reactor gives us an
idea of the energy required for this conversion in the studied conditions. It is calculated
from the number of moles of butane and propane converted by second, which can be
obtained from the values of the conversion factors and the gas flow rate, divided by the
consumed input power:

η =
moles of C4H10 and C3H8 converted/s

P
(3)

Figure 5 shows the variations of the energy efficiency as a function of applied voltage,
rotational frequency of the power electrode, and the gas flow rate. As can be seen, the
energy efficiency of the reactor decreased by increasing the applied voltage while it grew at
a higher rotation frequency of the power electrode and the gas flow rate.
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Figure 5. The energy efficiency of hydrogen production versus (a) different voltages applied on the
stationary power electrode at 1 sLm gas flow rate, (b) rotational frequencies of power electrode at
14 kV applied voltage and 1 sLm gas flow rate, and (c) gas flow rates at 14 kV applied voltage and
18,000 rpm rotational frequency of power electrode.

As mentioned, when the voltage grows, the number of filamentary shocks does
also, and the consumed power and the LPG conversion increase consequently, but this
study shows that the energy efficiency decreases for high applied voltage. This means
that additional energy is not efficiently used for LPG decomposition. There are different
processes that cause the energy lost in the plasma discharge, especially the joule heating and
electron-heavy particle impacts, which result in all electron collisions not being effective for
LPG conversion in the plasma. Thus, the exchange of kinetic energy between the electrons
and the heavy particles largely determines the efficiency of the conversion.

The highest growth of the energy efficiency is produced when the gas flow varies. The
energy efficiency of the designed reactor increased from 1.1 to 6.7 mmol/kJ when the gas
flow varied from 1 to 5 sLm at the applied voltage of 14 kV and a power electrode rotation
frequency of 18,000 rpm. Although the LPG conversion decreased with the flow due to the
formation of less shocks in the plasma, higher inlet flows produced a greater amount of
LPG treated by the time unit.

For a fixed applied voltage and LPG gas flow, Figure 5b shows the dependence of
energy efficiency on the frequency of the rotating power electrode. As shown, the rotation
electrode produced a more energy efficient conversion of LPG. It is possible to treat a larger
amount of LPG gas with less energy consumption and the highest number of filaments
produced in the reactor when the electrode started to rotate (see Figure 3), produced a
better LPG conversion with a small variation of the consumed power.

The energy efficiency at the static configuration had a maximum value of 1.65 mmol/kJ
in this work which was more than the 1.21 mmol/kJ in ref. [14]. Moreover, the maximum
value of the energy efficiency was 6.7 mmol/kJ in the applied voltage of 14 kV, rotational
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frequency of 18,000 rpm, and gas flow rate of 5 sLm, which is higher than the efficiency
peak of 1.46 mmol/kJ in the ref. [14].

In hydrogen production applications, it is very relevant to know the ability of the reac-
tor to produce hydrogen and its subproduct carbon molecule when the C4H10/C3H8 species
are decomposed. The selectivities of H2 and C2 species are defined with this purpose:

H2 Selectivity = moles of H2 formed
5×moles of C4H10 converted +4×moles of C3H8 converted

C2 Selectivity
= moles of C2 formed

2×moles of C4H10 converted +1.5×moles of C3H8 converted

(4)

The selectivities depend on the reactions responsible for the hydrogen and carbon
production from the dissociation of the C4H10/C3H8 molecules and their derivatives. A
detailed study of the possible reactions that occur inside the filamentary is presented in
Section 3.1.

Figure 6 plots the dependence of the H2 selectivity on the applied voltage, the electrode
rotation frequency, and the gas flow rate. Figure 6a shows that selectivity grows with the
applied voltage for the stationary power electrode, and that means that the increase of
the C4H10/C3H8 conversion is accompanied by a more effective H2 formation when the
voltage grows. The selectivity raises also with the electrode rotation frequency in the range
from 9000 to 18,000 rpm (Figure 6b), being the maximum value of this factor equal to 98%
for 18,000 rpm. It is shown that, in the designed reactor, the rotation of the power electrode
allows for improving the H2 formation with a low power consumption. Conversely to
the other parameters, when the gas flow rate increases in the range from 1 to 5 sLm, the
hydrogen selectivity decreases from 98 to 84% (Figure 6c), and that means that the hydrogen
released when the C4H10/C3H8 molecules are decomposed by forming other species are
different to H2 molecules. Therefore, despite the improvement of energy efficiency with
the gas flow, the conversion factors and efficiency of the H2 formation decrease.
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frequency of the power electrode.

Figure 6 also shows the variations of C2 selectivity as a function of voltage applied
on the electrode, rotation frequency of the power electrode, and the gas flow rate. The
dependences on electric voltages and gas flow were similar to the hydrogen case, but a
different dependence was found when the electrode rotation frequency varied. In the case
of C2, its selectivity in the exhaust gas dropped when the rotation frequency was raised. An
explanation of this behavior could be that the carbon produced in the LPG decomposition
deposited on the reactor wall in a cluster or recombined with the other molecules.

The soot deposited on the walls was weighed, in order to determine the dependence on
the working conditions, but it was found that part of the carbon cluster was lost due to the
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dragging by the exhaust gas to the bottom hole. The results of this measure are presented in
the Figure S4 of the Supplementary Materials, but the dependences on rotational frequency
and flow rate are not representative because the dragging effect was higher.

Other important parameters to know the applicability of this technology are the
production rates of H2 and C2 in the exhaust gas. Figure S5 of the Supplementary Materials
shows the estimated vales of these production rates for the different working conditions.
The maximum H2 production for the conditions of 1 sLm and 14 kV corresponded to
2.3 mmol/s (4.6 mg/s) when the rotational frequency was 18,000 rpm and, when the flow
was varied, a higher value of 7.1 mmol/s (14.2 mg/s) could be reached. The technical
procedure to separate this hydrogen from the C2 and other elements is important for its
applicability and will be the aims of further studies.

3.3. Spectroscopic Characterization

In the last section, the ability of the new reactor to LPG gas remediation and its
transformation in H2 and C2 molecules was studied using gas chromatography. The LPG
conversion seemed to be correlated with the number of filamentary shocks that were
produced in the reactor, because the obtained conversion factors had similar behaviors
that detected the current intensities and consumed power. This is logical because the LPG
decomposition was occurring mainly in the contact of these micro-discharges with the gas,
but other factors were affecting the H2 formation and the dependence of this formation
on the working conditions. As mentioned, the efficiency of the H2 and subproduct C2
formation depend on the reactions that produce these species inside the filament. If the
electron density is enough high, the electron collisions are the main reactions responsible
for C4H10/C3H8 dissociation. The temperature and density of electrons largely determine
the kinetic in the plasma. In this section, a spectroscopic study of the plasma in the devel-
oped reactor was performed. This study picked the radiation emitted by the plasma and
allowed us to obtain information about the species formed in the discharge. Additionally,
the spectroscopic analysis of the detected lines gave information about the values of tem-
perature and density of the electron and heavy particles. The spectroscopic setup recorded
radiation from the brightest area of the plasma, which were the formed filament in the
reactor. In fact, these spectroscopic measures are not representative of the local values in
a filament, rather, they could be considered as apparent measures and averaged results
about different filaments are given. For the integration time used in the spectroscopy setup,
500 ms, and considering the representative time of the micro-discharges to about 0.05 ms
(See Figure 2), the typical number of filaments detected in one measure was about 5000.
But these measures permitted us to know the general behavior of the produced filamentary
discharges and the relation between the plasma parameters and the H2 production.

3.3.1. Detected Species in Plasma

In the plasma, the electron and heavy particles collision processes excite several plasma
species to the upper states decaying and emitting photons with different wavelengths.
Through recording of the emission spectra of the plasma discharge medium, these photons
can be detected and analyzed. In this work, the OES technique was used to identify the
different produced reactive species in the C4H10/C3H8 gas in the developed plasma reactor.

Figure 7 shows the recorded emission spectra for the spectral wavelength range of
200–1000 nm for the plasma reactor at atmospheric pressure with the C4H10/C3H8 gas
mixture, a 14 kV AC applied voltage, a motor rotation frequency (power electrode) of
18,000 rpm, and a gas flow of 1 sLm. The identified lines have been highlighted in this
figure and presented in Table 2 together their main data.



Appl. Sci. 2022, 12, 4045 10 of 23Appl. Sci. 2022, 12, 4045 10 of 22 
 

200 300 400 500 600 700 800 900 1000
3,000

6,000

9,000

12,000

15,000

18,000

21,000

24,000

27,000

30,000

N2

CO

C2 N2

N

N

N

C
H

 B
an

d

H
2 B

an
d

 C
2 S

w
an

 B
an

d

CO+

Hβ

Hγ

N

CN

Hα

N

O

CH

CO2

C
N

 B
an

d

O
H

 B
an

d

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

N
O

 γ
 B

an
d C2

CO

O

O+
2

NH

N2

  
Figure 7. Example of the emission spectrum detected for the rotating electrode AC plasma reactor 
with the main identified lines at applied voltage of 14 kV, rotation frequency of 18,000 rpm, and gas 
flow rate of 1 sLm. 
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Table 2. Parameters of the atomic lines and molecular bands detected by OES in the rotating electrode
AC plasma reactor [16,17].

Species λ (nm) Transition Name Transition Symbol

NO (γ) 200–300 Molecular Transition A2Σ→ X2Π

OH (Q) 306–312 Molecular Transition A2Σ→ X2Π

CO2

326.1 Fox, Duffendack and Barker’s System X2Πg → A2Πu

338.3 Fox, Duffendack and Barker’s System X2Πg → A2Πu

368.2 Fox, Duffendack and Barker’s System X2Πg → A2Πu

407.3 Fox, Duffendack and Barker’s System X2Πg → A2Πu

NH 336.5 Molecular Transition A3Π→ X3Σ−

CN
385–388 Violet Band System B2Σ+ → X2Σ+

762.3, 790.9 Molecular Transition A2Π→ X2Σ

CH

314.5 Molecular Transition C2Σ+ → X2Π

389.1 Molecular Transition B2Σ− → X2Π

427–432 Molecular Transition A2∆→ X2Π

Hε 397.1 Atomic Transition 7→ 2

Hδ 410.05 Atomic Transition 6→ 2

Hγ 434.01 Atomic Transition 5→ 2

Hβ 486.1 Atomic Transition 4→ 2

Hα 656.2 Atomic Transition 3→ 2

H2 627–637 Fulcher Band System X1Σg → G1Πu

C2

473.4 Swan Band System d3Πg → a3Πu

516.4 Swan Band System d3Πg → a3Πu

560.1 Swan Band System d3Πg → a3Πu
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Table 2. Cont.

Species λ (nm) Transition Name Transition Symbol

CO

458.5 The Triplet Bands d3∆→ a3Π

564.2 The Triplet Bands d3∆→ a3Π

601.4 The Triplet Bands d3∆→ a3Π

643.2 The Triplet Bands d3∆→ a3Π

CO+
427.3 Comet-tail system (First Negative System) X2Π→ A2Σ

484.1 Comet-tail system (First Negative System) A2Π→ X2Σ

O2
385.3 Chamberlains Airglow System a1∆g → C3∆u

406.2 Molecular Transition A3Σ+
u → X3Σ−g

O+
2 588.3, 602.5 Molecular Transition b4Σ−g → a4Πu

O
777.1 Atomic Transition 3p5P→ 3s5S

843.2 Atomic Transition 3p3P→ 3s3S

N+
2 391.05 Second Negative System B2Σ+

u → X2Σ+
g

N2

357.2, 380.2 Second Positive System C3Πu → B3Πg

664.1, 672.4, 683.2 First Positive System B3Πg → A3Σ+
u

968.3, 994.1 First Positive System B3Πg → A3Σ+
u

N

740–750 Atomic Transition (3-lines Multiplet) 3s4P− 3p4S0

815–825 Atomic Transition (7-lines Multiplet) 3s4P− 3p4P0

855–875 Atomic Transition (8-lines Multiplet) 3s4P− 3p4D0

The most recognized spectra in these figures are H2, C2, and CH bands that are
directly produced by the dissociation of the propane and butane molecules by the following
reactions [13,18,19]:

2C4H10 + e→ C2 + 2C3H8 + 2H2 + e
C3H8 + e→ C2H4 + CH4 + e
C3H8 + e→ C3H6 + H2 + e
C2H4 + e→ C2H2 + H2 + e
2CH4 + e→ C2 + 4H2 + e

C3H6 + e→ C2H2 + CH4 + e

(5)

The Balmer lines of hydrogen were also detected. It is obvious that the amount of
H2 produced in all the above reactions was higher than in the carbon one. The theoretical
ratio between the H2 and C2 production was 9/3.5. by the stoichiometric relationship.
For each C3H8 and C4H10 mol converted, 9 moles of H2 and 3.5 moles of C2 were formed.
The hydrogen atoms play an important role in increasing the ionization processes, hence
the ignition to an active filamentary mode. An increase in the concentration of H and
subsequently H* atoms led to an increase in the secondary ionization processes [13,18]:

H2 + e→ H + H + e
H + e→ H+ + e + e

H + e→ H∗ + e
H∗ + e→ H+ + e + e

(6)

In this secondary ionization process, the hydrogen metastable state H*, which has
a relatively long lifetime up to 12 s, had an important contribution [2]. A scheme of the
main mechanisms that produce the dissociation of C4H10/C3H8 molecules in a kinetic
dominated by the electron collisions is presented in Figure 8.
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relatively long lifetime up to 12 s, had an important contribution [2]. A scheme of the main 
mechanisms that produce the dissociation of C4H10/C3H8 molecules in a kinetic dominated 
by the electron collisions is presented in Figure 8. 
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and oxygen in the discharge tube. The reactions of the oxygen, hydrogen, and nitrogen of 

Figure 8. Scheme of the dissociation of C4H10/C3H8 molecules by electron collisions.

The detection of N2, NH, CO2, CO, and CN bands confirmed the existence of nitrogen
and oxygen in the discharge tube. The reactions of the oxygen, hydrogen, and nitrogen of
air with the carbon produced in the LPG dissociation explain the detected species [16,19].
These species could have been coming from the air entrance by the bottom part, impurities
of the LPG gas and sputtering of the dielectric polyamide layer. The gas chromatography
analysis of the exhaust gas showed that the concentration of these species was lower than
3% and did not have a big influence on the plasma kinetic.

Figure 9 shows the normalized intensities of the band heads and the maximum of
atomic lines obtained by the emission spectra of the plasma reactor with the C4H10/C3H8
gas mixture in two respective stages, namely, the stationary and rotating power electrodes.
It must be noted that the presented results were at various voltages from 10.5 to 14.5 kV and
the frequency of 50 Hz for the fixed power electrode with a 1 sLm gas flow rate, at different
frequencies from 9000 to 18,000 rpm for the rotating power electrode with 14 kV and 50 Hz
as long as at a 1 sLm gas flow rate, and at different gas flow rates for 14 kV and 50 Hz at
18,000 rpm in atmospheric pressure and a spectral wavelength range of 200–1000 nm. As
can be seen from Figure 9a, the intensities of all lines were increased with more voltage
applied to the discharge medium. The growing voltage produced a rise in the electric field
between the electrodes and the acceleration of electrons. The production of species by the
reactions of Equation (5) and its excitation was also increased.
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kV applied voltage and 18,000 rpm rotation frequency of the power electrode. 
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was higher when the electrode was rotating [2]. The formed C2 molecules were a stable 
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discharge tube [18]. This process was enhanced with the higher rotation frequency of the 
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On the other hand, similarly to the consumed power, the intensity of emission lines 
of all species decreased with the gas flow rate (see Figure 9c). The axial transport of energy 
by the gas flow produced a diminishment of the energy of electrons and heavy particles. 
Therefore, the formation and excitation of species in the plasma also dropped. It should 
be also mentioned that the dependence of the intensity of C2 and H2 bands with the con-
ditions was similar to the H2 and C2 selectivities obtained by the GC of the exhaust gas, 
showing that we were observing the formation of these species inside the filament. 

The OES permitted us also to characterize the plasma produced in this reactor. In our 
case, the lines corresponding to hydrogen and carbon were of enough intensity to deter-
mine the main plasma parameters, such as the electron density and temperatures of the 
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voltages applied on the stationary power electrode at 1 sLm gas flow rate, (b) rotational frequencies
of the power electrode at 14 kV applied voltage and 1 sLm gas flow rate, and (c) gas flow rates at
14 kV applied voltage and 18,000 rpm rotation frequency of the power electrode.

The intensity of the emission line of C2 was reduced by increasing the rotation fre-
quency of the power electrode, unlike the other intensities that were raised (see Figure 9b).
The growth of intensities was because the contact of the LPG gas with the filaments was
higher when the electrode was rotating [2]. The formed C2 molecules were a stable species
which recombine together to form carbon clusters. The formed carbon clusters diffused
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in all directions and then deposited on the electrodes and on the walls of the discharge
tube [18]. This process was enhanced with the higher rotation frequency of the electrode.

On the other hand, similarly to the consumed power, the intensity of emission lines of
all species decreased with the gas flow rate (see Figure 9c). The axial transport of energy
by the gas flow produced a diminishment of the energy of electrons and heavy particles.
Therefore, the formation and excitation of species in the plasma also dropped. It should be
also mentioned that the dependence of the intensity of C2 and H2 bands with the conditions
was similar to the H2 and C2 selectivities obtained by the GC of the exhaust gas, showing
that we were observing the formation of these species inside the filament.

The OES permitted us also to characterize the plasma produced in this reactor. In
our case, the lines corresponding to hydrogen and carbon were of enough intensity to
determine the main plasma parameters, such as the electron density and temperatures of
the electrons and heavy particles by different spectroscopic methods. The values of these
parameters define the kinetic of the plasma and the transformation of LPG gas to H2 gas.

As a discharge dominated by the electron kinetic, where the dissociation reactions of
Equation (5) are given by the collisions with electrons, the number of electrons given by the
electron density determine the efficiency of the LPG conversion. The values of the electron
density can be obtained by analyzing the Stark broadening of atomic lines. In this work,
where intense lines of hydrogen atoms were detected, the broadening of the Hα line was
used (Section 3.3.4).

The kinetic of reactions in the plasma discharge (Equation (5)) depend also on the
energy of these electrons, that is, the electron temperature. Electrons pick the energy directly
from the electric field and share it with the rest of the particles by collisions, producing
their excitation and ionization. Then, the population of excited states is given by the
electron temperature. In the case of the equilibrium condition, the distribution function of
excited states follow the distribution of Boltzmann with a temperature equal to the electron
temperature. The intensities of the atomic emission lines, that depend on the populations
of an upper excited state, can be used to determine the electron temperature. In this work,
five lines of the Balmer series of hydrogen, Hε, Hδ, Hγ, Hβ, and Hα, were used for this
purpose (Section 3.3.3).

The gas temperature, or temperature of heavy particles, is another important parame-
ter for the study of the application of this type of plasma discharge. The heavy particles
acquire translational energy by collisions with energetic electrons. When the equilibrium
among these species is reached, their temperatures are equal. In a non-homogenous plasma,
like the filamentary discharge, the conditions are far from this equilibrium and the electron
temperature is different to the gas temperature. It is called a 2-temperature plasma condi-
tion. In this sense, it should be mentioned that the LPG conversion to hydrogen is more
effective when the difference between these temperatures is higher. This is due to a part of
the energy of the electron being used for gas heating with a less efficient LPG conversion.
The gas temperature is usually associated with the rotational temperature that gives the
distribution of the vibro-rotational states of molecules in the discharge, because these are
mainly populated by collision with heavy particles. The simulation of a vibro-rotational
spectrum and its fitting to the experimental data was used to determine the rotational
temperature. The C2

(
d3Πg → a3Πu

)
band has enough intensity in all study conditions

and was used for the determination of this temperature (Section 3.3.2). Table 3 presents
a summary of the species and techniques used in this work for the determination of the
different parameters.

Table 3. Summary of techniques used for spectroscopic characterization of the plasma.

Species Parameter Technique

Hα Electron density, ne Stark Broadening

Hε, Hδ, Hγ, Hβ, Hα Electron Temperature Boltzmann Plot

C2

(
d3Πg → a3Πu

)
Gas temperature Fitting to simulated spectrum (SPECAIR)
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3.3.2. Gas Temperature

The gas temperature (Tg) in the plasma discharges is considered as close to the rota-
tional temperature (Tr) [20]. This temperature describes the population of rotational states
of the molecules. These states are mainly populated by collisions with the heavy particles.
At the atmospheric pressures, the collision frequency is significantly high. Hence, prior to
the instant photon emission, there is enough time to reach the equilibrium between the
excited molecules and the gas particles.

The theoretical emission intensity of the transition vJ ′′ → vJ′ corresponding to the
vibro-rotational bands is given by [21]:

IJ′ J′′ = D0k4Sexp
(
−

EJ′
kBTr

)
(7)

where S is the oscillator strength, k is the wavelength, and kB is the Boltzmann constant.
Ep and D0 are the energy of the rotational level J′ and a coefficient that depends on the
rotational partition function, Qr, respectively, and can be calculated by:

D0 = C(J′+J′′+1)
Qr

EJ′ = BvhcJ′(J ′′ + 1)
(8)

where C is a constant and Bv depends on the vibrational state v.
Equation (7) can be used for the simulation of the bands, introducing the broadening

of lines. In our case, where the instrument broadening was the predominant, a value of
0.108 nm was considered. The best fitting of this simulated spectrum to the experimental
measurements permits to estimate the values of Trot. The SPECAIR [22] software was used
as the source of coefficients of Equation (7) and for this fitting.

Figure 10 shows an example of the fitting processes with the C2(d3Πg, v = 1 →
a3Πu, v = 1) system to calculate the rotation temperatures for the C4H10/C3H8 gas mixture
at a 14 kV applied voltage, 18,000 rpm rotation frequency of the power electrode, and a
1 sLm gas flow rate.
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Figure 10. Fitting of the simulated spectrum to experimental measures for determination of the
rotational temperature using a C2

(
d3Πg, v = 1→ a3Πu, v = 1

)
band for C4H10/C3H8 gas mixture

at 14 kV applied voltage, 18,000 rpm rotation frequency, and 1 sLm gas flow rate.

The variations of the rotational temperature as a function of the applied voltage,
rotation frequency of the power electrode, and the gas flow rate are shown in Figure 11.
As seen, the rotational temperature for the developed plasma reactor changes between
700–1300 K. These values are a good estimation of the gas temperature when the population
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of the vibro-rotational levels follow the equilibrium (7). For separation of the equilibrium,
these values could be overestimated.

Appl. Sci. 2022, 12, 4045 14 of 22 
 

where S is the oscillator strength, k is the wavelength, and kB is the Boltzmann constant. 
Ep and D0 are the energy of the rotational level J′ and a coefficient that depends on the 
rotational partition function, Qr, respectively, and can be calculated by: 

 
𝐷𝐷0 =  𝐶𝐶(𝐽𝐽′+𝐽𝐽′′+1)

𝑄𝑄𝑟𝑟
 

𝐸𝐸𝐽𝐽′ =  𝐵𝐵𝑣𝑣ℎ𝑐𝑐𝐽𝐽′(𝐽𝐽′′ + 1)
 (8) 

where C is a constant and Bv depends on the vibrational state v. 
Equation (7) can be used for the simulation of the bands, introducing the broadening 

of lines. In our case, where the instrument broadening was the predominant, a value of 
0.108 nm was considered. The best fitting of this simulated spectrum to the experimental 
measurements permits to estimate the values of Trot. The SPECAIR [22] software was used 
as the source of coefficients of Equation (7) and for this fitting. 

Figure 10 shows an example of the fitting processes with the C2 (𝐼𝐼3Π𝑔𝑔,𝑣𝑣 = 1 →
𝑎𝑎3Π𝑢𝑢,𝑣𝑣 = 1) system to calculate the rotation temperatures for the C4H10/C3H8 gas mixture 
at a 14 kV applied voltage, 18,000 rpm rotation frequency of the power electrode, and a 1 
sLm gas flow rate. 

506 508 510 512 514
0.0

0.2

0.4

0.6

0.8

1.0

(2-2)

(1-1)

N
or

m
al

iz
ed

 C
2 S

w
an

 B
an

d 
In

te
ns

ity
 (a

.u
.)

Wavelength (nm)

 SPECAIR Simulation
 Experiment

Tr=1000 K

 
Figure 10. Fitting of the simulated spectrum to experimental measures for determination of the ro-
tational temperature using a C2(𝐼𝐼3Π𝑔𝑔,𝑣𝑣 = 1 → 𝑎𝑎3Π𝑢𝑢 ,𝑣𝑣 = 1) band for C4H10/C3H8 gas mixture at 14 kV 
applied voltage, 18,000 rpm rotation frequency, and 1 sLm gas flow rate. 

The variations of the rotational temperature as a function of the applied voltage, ro-
tation frequency of the power electrode, and the gas flow rate are shown in Figure 11. As 
seen, the rotational temperature for the developed plasma reactor changes between 700–
1300 K. These values are a good estimation of the gas temperature when the population 
of the vibro-rotational levels follow the equilibrium (7). For separation of the equilibrium, 
these values could be overestimated. 

10 11 12 13 14 15
800

900

1000

1100

1200

1300

1400

R
ot

at
io

na
l T

em
pe

ra
tu

re
 (K

)

Voltage (kV)  
(a) 

8 10 12 14 16 18
900

1000

1100

1200

1300

R
ot

at
io

na
l T

em
pe

ra
tu

re
 (K

)

Rotational Frequency (×103 rpm)  
(b) 

1 2 3 4 5
600

700

800

900

1000

1100

R
ot

at
io

na
l T

em
pe

ra
tu

re
 (K

)

Flow Rate (sLm)  
(c) 

Figure 11. Variations of the rotational temperature with (a) different voltages applied on the stationary
power electrode at 1 sLm gas flow rate, (b) rotational frequencies of the power electrode at 14 kV
applied voltage and 1 sLm gas flow rate, and (c) gas flow rates at 14 kV applied voltage and 18,000 rpm
rotation frequency of the power electrode.

The gas temperature in the plasma reactor was increased by raising the applied
voltages due to more energy being fed to the discharge medium while it was reduced by
growing the rotation frequency and gas flow. As presented in the next section, this was due
to the decrease in the energy of electrons in these conditions, and consequently the transfer
to heavy particles decreased.

3.3.3. Electron Temperature

The collisions of electrons with the atoms in the filamentary discharge produce the
excitation and ionization of these species. The excited states with the highest excitation
energy are in equilibrium with the ground state of ions. Their populations follow the
Saha distribution:

n(p)
gp

=
nen+

2g+
[

h2

2πmekBTe
]
3/2

exp
(

Eion − Ep

kBTe

)
(9)

where n(p) is the population of the excited level related to p, ne is the electron number
density, n+ is the density of positive ions, me is the electron mass, Eion is the ionization
energy of the hydrogen (13.596 eV), and Ep is the energy of the level [23].

The measure of intensities Iexp of different atomic lines allows us to obtain the relative
populations of the upper levels by [24]:

n(p)
gp

∝
Iexp.λpq

gp.Apq
(10)

where gp is the departure level degeneracy, and Apq and λ denote the transition probabilities
and the wavelength of the lines, respectively.

A Boltzmann plot is a semi-log representation of these relative populations vs. the
ionization energy, which shows a linear behavior with slope equal to 1/(kBTe) when they
follow the Saha distribution of Equation (9), and this allows us to estimate the electron
temperature. It should be mentioned that the results of the electron temperature obtained
by this procedure could give incorrect values if the populations of the excited state are far
from the equilibrium of the Saha distribution.

Torres et al. [24] have shown that, in a pure hydrogen plasma, the separation of states
corresponding to these transitions from the Saha distribution follow a p−6 law, with p as
the principal quantum number of these levels, and they proposed a modified Boltzmann
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plot method to obtain more accurate electron temperatures in the plasma. They assumed
that the atomic distribution function is given by:

n(p)
gp

= p−6 nen+

2g+
[

h2

2πmekBTe
]
3/2

exp
(

Eion − Ep

kBTe

)
(11)

The modified Boltzmann plot was formed by plotting the log
(

Iexp .λpq
gp .Apq .p−6

)
vs. the

energy level. With this modification, the behavior was linear again and its slope allowed us
to obtain the electron temperature (Figure 12).
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1 sLm.

In this work, the first five lines of the hydrogen Balmer series were used in the calcula-
tion of electron temperature. Table 4 presents the parameters needed for this calculation.

Table 4. Parameters used in the calculation of electron temperature.

Balmer Series λpq Ep (eV) gp Apq (108 s−1) Transition (p→ q)

Hα 656.28 12.088 18 0.44100 3→ 2

Hβ 486.13 12.749 32 0.08419 4→ 2

Hγ 434.05 13.055 50 0.02530 5→ 2

Hδ 410.17 13.221 72 0.00973 6→ 2

Hε 397.01 13.321 98 0.00439 7→ 2

Figure 12 shows the modified Boltzmann plot of the emission lines of hydrogen atoms
at the applied voltage of 14 kV, rotation frequency of the power electrode of 18,000 rpm,
and gas flow rate of 1 sLm. By excepting the α-line in the Balmer series, which can
present a self-absorption in its own discharge [24], the populations due to each transition
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were linearly distributed. Therefore, by ignoring the Hα line in the fitting procedure, the
electron temperature was determined from the calculation of the line slope (14,400 K for
these conditions).

Figure 13 shows the variations of electron temperature as a function of applied voltage,
rotation frequency of the power electrode, and the gas flow rate. It can be observed that
the electron temperatures had a similar behavior to the gas temperatures with the changes
of the experimental parameters. The temperature of electrons increased with the increase
of applied voltage while their temperature decreased by increasing the rotation frequency
of the power electrode and the gas flow rate. This shows the transfer of energy between
electrons and heavy particles.
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For all studied conditions, the rotational temperature was much lower than the electron
one, due to no equilibrium condition in this plasma. It means that this discharge was not in
equilibrium and was a 2-temperatures plasma, where the electron and gas temperatures are
different. As mentioned, the electric field directly gives the energy to the electrons, which
transfer this energy to heavy particles by elastic and inelastic collisions. If the equilibrium
between particles is not reached, the translational energy of heavy particles is lower than
one of the electrons: Te > Tg [25,26]. This difference of temperatures of both species justifies
the high values of LPG conversion and H2 formation. The energy of electrons is efficiently
used in this conversion instead of the heating of heavy particles.

3.3.4. Electron Density

To understand the dissociation of molecules by electron impact in the formed plasma
discharge media, the electron number density in the developed plasma reactor must be
calculated. The Stark broadening analysis of the hydrogen Balmer series emission lines is
one of the most usual spectroscopic methods to obtain the electron density of the plasma
discharge [27–29]. In this work, the Stark broadening of the α-series (Hα) at the wavelength
of 656.3 nm was used.

Several mechanisms separate the emission line of its monochromatic behavior and
produce a broadening in this line. The interaction of emitting particles with the charged
particles produces a Stark broadening that depends on the density of these particles,
i.e., electron density, by the following expression [30]:

∆λstark(nm) = 1.097
(

10−17ne

)1/1.47135
(12)

with the electron density ne in cm−3. If we can determine the value of this broadening, the
Equation (12) can be used for the calculation of electron density. The other broadening
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mechanisms of the full width half maximum (FWHM) of the line must be identified and
eliminated for this determination.

The pressure broadening occurs when the states of the emitters are disturbed by the
neutral species collisions. There are two types of this broadening: resonant broadening,
due to the dipole–dipole interactions of the emitter with the ground-state atoms of the
same element, and van der Waals broadening, that is produced by collisions with other
species. For the hydrogen lines in this discharge, the resonant broadening is neglected by
the small concentration of the hydrogen atom. Van der Waals broadening can be estimated
by [30,31]:

∆λvdW(nm) = 8.18·10−26 λ2
(

α
〈

R2
〉)2/5

(
Tg

µ

)3/10 P
kTg

(13)

where µ is the reduced mass of the colliding particles, λ is the wavelength of the line
(656.3 nm in our case), α is the polarizability of the perturber species, 〈R2〉 is the difference
of the square radius of the upper and lower levels of emitting particles, Tg is the gas
temperature, and P is the pressure (1 atm). In the discharge of this work, the main perturbers
were the C4H10 and C3H8 gases that compounded the LPG gas. The van der Waals of the
gas mixture can be calculated by:

∆λvdW(nm) = XC4H10 ∆λ
C4H10
vdW + XC3H8 ∆λC3H8

vdW (14)

where ∆λ
C4H10
vdW and ∆λC3H8

vdW are the van der Waals broadenings of the butane and propane
gases, respectively, and XC4H10 and XC3H8 are the volume fractions of these gases. The pa-
rameters that are needed to calculate the van der Waals broadening of the C4H10 and C3H8
gases are given in Table 5. For these calculations, the gas temperature of the Section 3.3.2
was considered.

Table 5. Parameters of C4H10 and C3H8 for the calculations of van der Waals broadenings.

Species Reduced Mass, µ Polarizability, α Volume Fraction, X

C4H10 0.98305 8.10 × 10−24 cm3 0.65

C3H8 0.97778 6.3 × 10−24 cm3 0.35

Both these mechanisms contribute with a Lorentzian profile whose FWHM is given
by [29]:

∆λLorentz(nm) = ∆λStark + ∆λvdW (15)

In addition to these both Lorentzian effects, there are other mechanisms that produce a
Gaussian profile. The Doppler broadening, that it is produced by the movement of emitting
particles in respect to the observer, and the instrumental one, given by the resolution of the
optical system, ∆λI = 0.108 nm in this set-up. The Doppler broadening depends on the gas
temperature by the following expression [30–32]:

∆λD(nm) = 7.2× 10−7

√
Tg

M
λ (16)

where λ is the wavelength of line and M is the atomic mass, 656.3 nm and 1 g/mol for Hα,
respectively. The combination of both of these Gaussian broadenings is a Gaussian profile
with a FWHM [33–37]:

∆λG =
√

∆λ2
D + ∆λ2

I (17)

It must be noted that, the superposition of the Gaussian (Doppler + Instrumental
broadenings) and Lorentzian (Stark + van der Waals broadening) profiles will result in
the Voigt profile (see Figure 14). Using the Origin software, the fitting procedure was
performed and the FWHM of the Lorentz broadening was distinguished. Removing the
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van der Waals effect of this total Lorentz FWHM from Equation (15), the Stark broadening
and, consequently, the plasma electron density could be calculated.
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tal data.

Figure 14 shows an example of this fitting for the case of an applied AC voltage kept
at 14 kV with the C4H10/C3H8 gas mixture, an electrode rotation frequency of 18,000 rpm
and a 1 sLm gas flow rate. The FWHMs of the Gaussian and Lorentzian profiles are equal
to ∆λG = 0.105 nm and ∆λL = 0.093 nm, respectively.

Figure 15a shows the changes of the electron number density as a function of applied
voltages. It is obvious that by increasing the applied voltage, the electron number density is
raised. This is owing to the fact that, the electric field between the electrodes is strengthened
by raising the voltage. On the other hand, the charged species is more accelerated in
the electric field and the ionization collision will be higher. Hence, the electron density
is increased.

The electron number density is also grown by raising the rotation frequency of the
power electrode at the maximum applied voltage as shown in Figure 15b. This growing
of electron density is due to a secondary effect produced by hydrogen (see Equation (6)).
As mentioned, the density of hydrogen atoms rises with the electrode rotation frequency.
These hydrogen atoms produce more ionization and consequently a higher electron density.
At the higher gas flow rates, the influences of ionizing collisions on the neutral particles
will significantly decrease, as shown in Figure 15c.

The results of the electron density agree with the H2 formation detected by the GC.
The hydrogen selectivities (see Figure 6) had similar behaviors to the obtained ones for the
electron density. This confirms that the mechanisms that lead to the hydrogen formation
were governed by electron kinetic energy.
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4. Conclusions

A new plasma reactor was designed for H2 formation from C4H10/C3H8 gas mixture
(LPG) conversion. The plasma discharge was formed by an AC voltage applied to the
developed plasma reactor at atmospheric pressure. The discharge was investigated in
two phases, namely, the stationary and rotating power electrodes.

A filamentary mode was found in the plasma, where the electron current was due to
high numbers of current discharges between the electrodes. The dissociation processes
were attributed to two processes: the electron collision with propane and butane molecules
and the dynamic of these filaments.

The present discharge produced the dissociation of C4H10/C3H8 molecules, and H2
and C2 formations under all the studied conditions. GC measurements permitted the
estimation of the conversion factors for these species and the obtained values were 70%
and 60%, respectively.

The energy efficiency of converted LPG in the designed reactor was also investigated
and it was shown that the energy efficiency reduced by increasing the applied voltage and
gas flow rate while it increased with an increase in the rotation frequency of the power
electrode. The energy efficiency was equal to 1.17 mmol/kJ for the rotation frequency of
9000 rpm that increased to 1.35 mmol/kJ for the rotation frequency of 18,000 rpm, showing
the efficiency of the rotating electrode design.

The dependence of conversion factors and energy efficiency on the experimental
conditions was explained by the number of filaments formed in the reactor.

These good results of the LPG conversion were accompanied by an efficient formation
of H2. The selectivity in this plasma reactor reached 98% for the highest electrode rotation
frequency. The results are explained by the plasma condition in the filamentary discharge.

A spectroscopic study was performed to determine the species presented in the
discharge and the values of the main parameter of this plasma.

Hydrogen atoms and molecules, C2 molecules and CN radicals were the predominant
species detected using OES measurements. These species were the results of the dissociation
of C4H10/C3H8 molecules by the electron collision processes and recombination with air
contaminants in the discharge.

The high values obtained of the electron densities and temperatures confirm that the
kinetic of the dissociation is governed by electron impact. The gas temperatures were
obtained by a spectra simulation of the C2 band. Moreover, the first five lines of hydrogen
atoms were used to calculate the electron temperature by a modified Boltzmann plot. By
the comparison of these temperature values, a 2-temperatures non-equilibrium plasma
was found, where the electron temperature was much higher than the translational heavy
particles, about 15,000 K and 1200 K, respectively.
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The electron density was found to grow with the rotating electrode, passing from
1.9 × 1015 cm−3 to 2.7× 1015 cm−3. The secondary ionization processes of the H2 molecules,
whose numbers were increased, can explain this behavior. Conversely, the gas and electron
temperatures decreased with the electrode rotation frequency, therefore, it is obvious that
the electric power is shared between a high number of particles, reducing their kinetic energy.

In conclusion, the rotating electrode stage permits the improvement of H2 production in
comparison to the stationary stage with a reduction in the power and LPG gas consumption.

The soot accumulation in the reactor wall is also advantageous for H2 separation, as it
avoids the posterior recombination of these two molecules in the hydrocarbon species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12084045/s1, Figure S1. Schematics of the developed plasma
reactor; (1) quartz tube, (2) metal plate, (3) metal rod, (4) cylindrical electrode, (5) disk electrode,
(6) disk rotating rod, (7) electromotor, (8) gas output, (9) gas inlet, (10) place of diagnostic instruments
(optical fiber or probes). Figure S2. The voltage waveform of the plasma discharge at 14 kV applied
voltage, 18,000 rpm rotational frequency, and 1 sLm gas flow rate. Figure S3. Photographs of the
discharge in the reactor for stationary power electrode and the rotational frequencies between 9000
and 18,000 rpm at 14 kV applied voltage. Figure S4. Soot deposited on the reactor wall versus
(a) different voltages applied on the stationary power electrode at 1 sLm gas flow rate, (b) rotational
frequencies of power electrode at 14 kV applied voltage and 1 sLm gas flow rate, and (c) gas flow
rates at 14 kV applied voltage and 18,000 rpm rotation frequency of the power electrode. Figure S5.
Production rate of H2 and C2 in the exhaust gas versus (a) different voltages applied on the stationary
power electrode at 1 sLm gas flow rate, (b) rotational frequencies of power electrode at 14 kV applied
voltage and 1 sLm gas flow rate, and (c) gas flow rates at 14 kV applied voltage and 18,000 rpm
rotational frequency.

Author Contributions: A.B. designed the research; A.B., S.I.M. and A.F. performed the experiments
and the numerical calculations; A.B. and A.R. supervised the research (experiments and calculations);
A.B., A.R. and D.A.K. were involved in writing and editing the manuscript; A.R. and D.A.K. were
involved in funding acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: The research and APC was funded by the project BUT InterAcademic Partnerships
(PPI/APM/2018/1/00033/U/001) of The Polish National Agency for Academic Exchange.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors are grateful for the part-financing of the study by the Andalusian
Regional Government (Research Groups FQM-136). This publication was financed within the project
BUT InterAcademic Partnerships (PPI/APM/2018/1/00033/U/001) of The Polish National Agency
for Academic Exchange. The study was conducted in the Scientific Cooperation Agreement, “The
possibility of the renewable energy sources usage in the context of improving energy efficiency and
air quality in the buildings and civil constructions” between BUT and UCO. The research was carried
out as part of the Białystok University of Technology grant and financed from a research subsidy
provided by the minister responsible for science.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Qi, D.H.; Bian, Y.Z.; Ma, Z.Y.; Zhang, C.H.; Liu, S.Q. Combustion and exhaust emission characteristics of a compression ignition

engine using liquefied petroleum gas-diesel blended fuel. Energy Convers. Manag. 2007, 48, 500–509. [CrossRef]
2. Malaibari, Z. Hydrogen Production from Liquefied Petroleum Gas (LPG) by Oxidative Steam Reforming Over Bimetallic Catalysts.

Ph.D. Thesis, University of Waterloo, Waterloo, ON, Canada, 2011.
3. Khandan, N.; Ziarati, M.; Karkeabadi, R.; Ghafouri Roozbahani, M.A. Hydrogen production via steam reforming of LPG on

Ni/Zeolite catalysts. Iran. J. Hydrog. Fuel Cell. 2015, 1, 233–238.

https://www.mdpi.com/article/10.3390/app12084045/s1
https://www.mdpi.com/article/10.3390/app12084045/s1
http://doi.org/10.1016/j.enconman.2006.06.013


Appl. Sci. 2022, 12, 4045 22 of 23

4. Silva, P.P.; Ferreira, R.A.; Nunes, J.F.; Sousa, J.A.; Romanielo, L.L.; Noronha, F.B.; Hori, C.E. Production of hydrogen from the
steam and oxidative reforming of lpg: Thermodynamic and experimental study. Braz. J. Chem. Eng. 2015, 32, 647–662. [CrossRef]

5. Wang, W.; Turn, S.Q.; Keffer, V.; Douette, A. Parametric study of auto thermal reforming of LPG. Prepr. Pap.-Am. Chem. Soc. Div.
Fuel Chem. 2004, 49, 143.

6. Zhixiang, L.I.U.; Zongqiang, M.A.O.; Jingming, X.U.; Hess-Mohr, N.; Schmidt, V.M. Operation conditions optimization of
hydrogen production by propane autothermal reforming for PEMFC application. Chin. J. Chem. Eng. 2006, 14, 259–265.

7. Capezzuto, P.; Cramarossa, F.; d’Agostino, R.; Molinari, E. The Decomposition of Methane, Ethane, Ethylene and n-Butane in
Electrical Discharges of Moderate Pressures. Contrib. Plasm. Phys. 1977, 17, 205–220. [CrossRef]

8. Smyaglikov, I.P.; Chekan, N.M.; Akula, I.P.; Pobol, I.L.; Rajczyk, J. Spectroscopic diagnostics of a pulsed arc plasma in the presence
of acetylene. Vacuum 2013, 90, 165–169. [CrossRef]

9. Aleknaviciute, I.; Karayiannis, T.G.; Collins, M.W.; Xanthos, C. Non-thermal plasma reactor for decomposition of propane to
generate COx free hydrogen. J. Clean Energy Technol. 2013, 1, 105–109. [CrossRef]

10. Khadir, N.; Khodja, K.; Belasri, A. Methane conversion using a dielectric barrier discharge reactor at atmospheric pressure for
hydrogen production. Plasma Sci. Technol. 2017, 19, 095502. [CrossRef]

11. Lindner, P.J.; Besser, R.S. Hydrogen production by methanol reforming in a non-thermal atmospheric pressure microplasma
reactor. Int. J. Hydrogen Energy 2012, 37, 13338–13349. [CrossRef]

12. Moshrefi, M.M.; Rashidi, F.; Bozorgzadeh, H.R.; Zekordi, S.M. Methane conversion to hydrogen and carbon black by DC-spark
discharge. Plasma Chem. Plasma Process. 2012, 32, 1157–1168. [CrossRef]

13. Abd Elradi, A.; Morgan, N.N.; Ghalab, S.; Elsabagh, M.; Hassaballa, S.; Samir, A.; Elakshar, F.F.; Garamoon, A.A. Experimental
Study of Electric and Spectroscopic Characteristics of Electric Discharge in LPG. J. Mod. Phys. 2014, 5, 1450. [CrossRef]

14. Moshrefi, M.M.; Rashidi, F. Hydrogen production from methane decomposition in cold plasma reactor with rotating electrodes.
Plasma Chem. Plasma Process. 2018, 38, 503–515. [CrossRef]

15. Thapa, B.B.; Tyata, R.B. Study of dielectric barrier discharge in air and estimation of electron density and energy deposition. J. Sci.
Eng. 2019, 7, 1–9. [CrossRef]

16. Barkhordari, A.; Ganjovi, A. Technical characteristics of a DC plasma jet with Ar/N2 and O2/N2 gaseous mixtures. Chin. J. Phys.
2019, 57, 465–478. [CrossRef]

17. Barkhordari, A.; Ganjovi, A.; Mirzaei, I.; Falahat, A.; Ravari, R. A pulsed plasma jet with the various Ar/N2 mixtures. J. Theor.
Appl. Phys. 2017, 11, 301–312. [CrossRef]

18. Von Engel, A. Electric Plasmas—Their Nature and Uses; Taylor and Francis, Ltd.: London, UK, 1983; pp. 100–185.
19. Barkhordari, A.; Karimian, S.; Rodero, A.; Krawczyk, D.A.; Mirzaei, S.I.; Falahat, A. Carbon Dioxide Decomposition by a

Parallel-Plate Plasma Reactor: Experiments and 2-D Modelling. Appl. Sci. 2021, 11, 10047. [CrossRef]
20. Chiper, A.S.; Chen, W.; Mejlholm, O.; Dalgaard, P.; Stamate, E. Atmospheric pressure plasma produced inside a closed package

by a dielectric barrier discharge in Ar/CO2 for bacterial inactivation of biological samples. Plasma Sources Sci. Technol. 2011,
20, 025008. [CrossRef]

21. Moon, S.Y.; Choe, W. A comparative study of rotational temperatures using diatomic OH, O2 and N2
+ molecular spectra emitted

from atmospheric plasmas. Spectrochim. Acta Part B At. Spectrosc. 2003, 58, 249–257. [CrossRef]
22. Laux, C.O. Radiation and Nonequilibrium Collisional-Radiative Models von Karman Institute for Fluid Dynamics, Lecture Series 2002–2007;

Fletcher, D., Magin, T., Charbonnier, J.-M., Sarma, G.S.R., Eds.; Von Karman Institute: Rhode Saint-Genese, Belgium, 4–7 June 2002.
23. Torres, J.; Van De Sande, M.J.; Van Der Mullen, J.J.A.M.; Gamero, A.; Sola, A. Stark broadening for simultaneous diagnostics of

the electron density and temperature in atmospheric microwave discharges. Spectrochim. Acta Part B At. Spectrosc. 2006, 6, 58–68.
[CrossRef]

24. Torres, J.; Iordanova, E.; Benova, E.; van der Mullen, J.J.A.M.; Gamero, A.; Sola, A. Temperature diagnostics in a high-pressure
hydrogen microwave plasma torch I: Experimental characterization. J. Phys. Conf. Ser. 2006, 44, 025. [CrossRef]

25. Barkhordari, A.; Mirzaei, S.I.; Falahat, A.; Rodero, A. Numerical and experimental study of an Ar/CO2 plasma in a point-to-plane
reactor at atmospheric pressure. Spectrochim. Acta Part B At. Spectrosc. 2021, 177, 106048. [CrossRef]

26. Fridman, A. Plasma Chemistry, 1st ed.; Cambridge University Press: Cambridge, UK, 2008; pp. 231–254.
27. Griem, H.R. Plasma Spectroscopy, 2nd ed.; Cambridge University Press: Cambridge, UK, 2005; pp. 342–390.
28. Barkhordari, A.; Ganjovi, A.; Mirzaei, S.I. Experimental study of a positive DC corona jet working with Ar/CO2 gaseous mixture.

Pramana 2021, 95, 62. [CrossRef]
29. Laux, C.O.; Spence, T.G.; Kruger, C.H.; Zare, R.N. Optical diagnostics of atmospheric pressure air plasmas. Plasma Sources Sci.

Technol. 2003, 12, 125. [CrossRef]
30. Gigosos, M.A.; Cardenoso, V. New plasma diagnosis tables of hydrogen Stark broadening including ion dynamics. J. Phys. B-At.

Mol. Opt. 1996, 29, 4795. [CrossRef]
31. Foley, H.M. The pressure broadening of spectral lines. Phys. Rev. 1946, 69, 616. [CrossRef]
32. Garamoon, A.A.; Samir, A.; Elakshar, F.F.; Kotp, E.F. Electrical characteristics of a DC glow discharge. Plasma Sources Sci. Technol.

2003, 12, 417. [CrossRef]
33. Barkhordari, A.; Ganjovi, A.; Mirzaei, I.; Falahat, A. Study of the physical discharge properties of a Ar/O2 DC plasma jet. Indian J.

Phys. 2018, 92, 1177–1186. [CrossRef]

http://doi.org/10.1590/0104-6632.20150323s00003441
http://doi.org/10.1002/ctpp.19770170402
http://doi.org/10.1016/j.vacuum.2012.03.044
http://doi.org/10.7763/JOCET.2013.V1.25
http://doi.org/10.1088/2058-6272/aa6d6d
http://doi.org/10.1016/j.ijhydene.2012.06.054
http://doi.org/10.1007/s11090-012-9408-6
http://doi.org/10.4236/jmp.2014.515146
http://doi.org/10.1007/s11090-018-9875-5
http://doi.org/10.3126/jsce.v7i0.26780
http://doi.org/10.1016/j.cjph.2018.10.017
http://doi.org/10.1007/s40094-017-0271-y
http://doi.org/10.3390/app112110047
http://doi.org/10.1088/0963-0252/20/2/025008
http://doi.org/10.1016/S0584-8547(02)00259-8
http://doi.org/10.1016/j.sab.2005.11.002
http://doi.org/10.1088/1742-6596/44/1/025
http://doi.org/10.1016/j.sab.2020.106048
http://doi.org/10.1007/s12043-021-02090-4
http://doi.org/10.1088/0963-0252/12/2/301
http://doi.org/10.1088/0953-4075/29/20/029
http://doi.org/10.1103/PhysRev.69.616
http://doi.org/10.1088/0963-0252/12/3/317
http://doi.org/10.1007/s12648-018-1197-1


Appl. Sci. 2022, 12, 4045 23 of 23

34. Liu, D.X.; Rong, M.Z.; Wang, X.H.; Iza, F.; Kong, M.G.; Bruggeman, P. Main species and physicochemical processes in cold
atmospheric-pressure He + O2 Plasmas. Plasma Process. Polym. 2010, 7, 846–865. [CrossRef]

35. Belostotskiy, S.G.; Ouk, T.; Donnelly, V.M.; Economou, D.J.; Sadeghi, N. Gas temperature and electron density profiles in an argon
dc microdischarge measured by optical emission spectroscopy. J. Phys. D Appl. Phys. 2010, 107, 053305. [CrossRef]

36. Nikiforov, A.Y.; Leys, C.; Gonzalez, M.A.; Walsh, J.L. Electron density measurement in atmospheric pressure plasma jets: Stark
broadening of hydrogenated and non-hydrogenated lines. Plasma Sources Sci. Technol. 2015, 24, 034001. [CrossRef]

37. Staack, D.; Farouk, B.; Gutsol, A.; Fridman, A. Characterization of a dc atmospheric pressure normal glow discharge. Plasma
Sources Sci. Technol. 2005, 14, 700. [CrossRef]

http://doi.org/10.1002/ppap.201000049
http://doi.org/10.1063/1.3318498
http://doi.org/10.1088/0963-0252/24/3/034001
http://doi.org/10.1088/0963-0252/14/4/009

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Electrical Characterization 
	GC of the Exhaust Gas 
	Spectroscopic Characterization 
	Detected Species in Plasma 
	Gas Temperature 
	Electron Temperature 
	Electron Density 


	Conclusions 
	References

