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A B S T R A C T   

The European Green Deal has set a target for Europe to achieve net-zero greenhouse gas emissions by 2050, 
necessitating a transition to more sustainable energy sources. Hydrogen gas (H2) has emerged as a promising 
solution, with methane pyrolysis presenting a viable method for its production. This study explores the opti-
mization of methane plasma pyrolysis for hydrogen and high-quality carbon production. Employing a statistical 
approach by a design of experiment software, critical process parameters are systematically analyzed to predict 
their impact within a defined range. Additionally, the paper conducts comprehensive characterization of the 
solid carbon produced during pyrolysis using imaging, spectroscopic and elemental analysis, and gas sorption 
analysis methods. The experimental investigation was conducted using a thermal plasma reactor with several 
settings of influential parameters including methane gas (CH4) content in the plasma gas, electric current, and arc 
length. The DC-transferred plasma arc is formed using a variable gas mixture of argon gas (Ar) and CH4, with a 
constant flow rate of 5 Nl/min. Thirteen tests were designed, evaluating responses such as power input, process 
stability, and H2 yield. The H2 yield indicates the hydrogen produced from CH4, with 100% representing total 
conversion. While the process exhibited inconstancy, attributed to reactor design constraints, a high H2 yield of 
67%–100% was achieved. The results indicate that a higher CH4 content in the plasma gas and extended arc 
lengths disturb the plasma arc, hence reducing the H2 yield. Increased power input, achieved through higher 
amperage levels, and a wider reaction zone eased by extending the arc length both led to an improved H2 yield. 
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) revealed microstructural 
differences, with carbon samples from the filter exhibiting finer textures and carbon samples from the reactor 
larger sizes and dendritic particles. Raman spectroscopy confirmed crystalline graphitic-like structures with low 
defect concentrations, a finding supported by X-ray diffraction (XRD) analysis. Inductively coupled plasma mass 
spectroscopy (ICP-MS) analysis confirmed high-purity carbon with slight impurities from initial filter contami-
nation. Brunauer-Emmett-Teller (BET) specific surface area calculations based on gas sorption analysis showed 
significant variations, with filter-collected samples exhibiting 40–170 m2/g and reactor-collected ones showing 
7–30 m2/g.   
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1. Introduction 

The European Green Deal, a set of policies approved by the European 
Commission, has set an ambitious goal for Europe — to achieve net-zero 
greenhouse gas emissions by 2050 [1]. As part of this initiative, the focus 
is on the transition from traditional fossil fuels to more sustainable and 
eco-friendly energy sources [2]. Hydrogen gas (H2) has gained signifi-
cant attention as a promising alternative energy carrier and a potential 
solution in this transition. Nevertheless, similar to other emerging 
technologies, the production, storage, and transportation of H2 present 
several challenges [2,3]. The majority of H2 utilized in industrial ap-
plications is currently derived from fossil fuels, primarily through con-
ventional processes like steam methane reforming (SMR) [4–6]. 
Although electrolysis of water should ideally stand out as the only 
genuinely sustainable method for H2 production, its widespread adop-
tion as a primary source of H2 faces challenges, primarily due to eco-
nomic and energy-related constraints [3,6]. Considering the current 
infrastructure, in the immediate future, hydrocarbons are expected to 
continue serving as the primary H2 feedstock [5,7]. Consequently, a 
method drawing interest is methane pyrolysis, a process that converts 
methane gas (CH4) into H2 gas and solid carbon, offering advantages 
worth considering [8–10]. The H2 produced by this method is known as 
turquoise hydrogen, which acts as a bridging technology towards 
achieving completely carbon-free H2 production [2,11]. Notably, in 
methane pyrolysis, carbon oxide is not released into the atmosphere; 
instead, carbon is deposited as solid carbon, readily available for utili-
zation [10]. 

The demand for H2 is rapidly increasing, according to the Net Zero 
Emissions by 2050 (NZE) scenario outlined by the International Energy 
Agency (IEA) [12,13]. Given that approximately 75% by weight of CH4 
is converted into solid carbon as a by-product, the methane pyrolysis 
process could potentially generate a considerable amount of high-value 
solid carbon. Hence, the characterization of the resulting carbon is 
pivotal in finding suitable applications and, subsequently, offsetting 
production costs [14]. 

Various methods have been proposed for methane pyrolysis, with 
plasma technology being one of the intriguing options [15–25]. Plasma 
offers advantages, as it can provide the necessary energy for the process 
and can be turned on and off without additional heating or processing 
steps [26]. This is particularly useful for on-site applications like 
hydrogen-based steelmaking since it allows for immediate adjustments 
in hydrogen supply, eliminating the need for long-term storage. 
Furthermore, thermal plasma normally operates at extremely high 
temperatures, up to 10000 K, eliminating the need for catalysts [27]. 
Certain plasma systems may even exceed this temperature range. This is 
significant because catalysts can be problematic due to carbon buildup 
and concerns about product purity. However, understanding plasma 
technology can be complex and relies on experiments additional to 
theoretical calculations. 

Fincke et al. [28] investigated methane plasma pyrolysis using a 
direct current (DC) plasma reactor. They studied specifically the carbon 
yield with respect to the gas residence time and suggested a model for 
the carbon growth. They also studied other possible reaction products, 
such as acetylene (C2H2) and benzene (C6H6). Two measures to increase 
the carbon yield were offered: first, to increase the process pressure, thus 
the reactant concentration, and second, to increase the nucleation rate 
by providing nucleation sites, for instance, graphite electrodes. 

Lee et al. [29] made use of a DC thermal plasma system with three 
torches. They focused on the CH4 conversion rate and the resulting 
products, including H2 and C2H2, by varying the CH4 flow rate and 
quenching conditions. H2 concentration in the product gas increased 
when CH4 flow rate was increased, and the quenching rate was reduced. 
At the same time, a higher CH4 flow rate reduced the CH4 conversion 
rate. They also reported that produced carbon showed characterizations 
close to carbon black (CB), with a more graphitized structure. But they 
could not find a relation between the process parameters and the carbon 

properties. Li et al. [30] used the same principle by a DC plasma setup. 
They studied the effect of different gas injection methods on the plasma 
stability and CH4 conversion rate to H2 and C2H2. They declared that the 
conversion rate is higher when Ar and CH4 are pre-mixed and intro-
duced through the plasma torch, but the graphite electrode erosion is 
more severe. They also confirmed that increasing CH4 in the gas mixture 
impacted the plasma stability and limited the testing time. In contrast to 
that, when CH4 was introduced after the torch outlet, it did not influence 
the plasma state. 

Boutot et al. [8] have used a patented plasma torch to partially 
convert natural gas to H2 and solid carbon. They demonstrated that 
increased pressure necessitates higher voltages for operation, and 
pressure levels exceeding 2 bar would demand additional power supply, 
thereby increasing the cost of the process. They also investigated the 
produced carbon and reported it as a structured mixture of amorphous 
and nanostructured carbons. They addressed the issue of process sta-
bility and its limitations: The deposition of carbon on the surface of the 
electrodes can lead to bridging and short circuits, resulting in immediate 
interruptions of the plasma arc. 

Maslani et al. [31] used a slightly different approach. They worked 
with a DC plasma torch, using water vapor and argon gas (Ar) as plasma 
gas stabilizers, while CH4 was introduced to the reactor separately. They 
studied the CH4 conversion rate and the system’s energy balance by 
changing the CH4 flow rate. They stated that a higher flow rate of CH4 
leads to a lower conversion rate. Additionally, they studied the formed 
carbon, which seems to be well-defined spherical particles of 1 μm in 
size. However, carbon oxides were also found in the product gas due to 
the presence of water vapor in the system. 

Kim et al. [32] also employed a DC plasma torch combined with a 
radio frequency (RF) torch for H2 production. They focused on the 
characterization of the produced carbon using microstructure investi-
gation methods. They reported that depending on the sample position in 
the reactor, the carbon showed slightly different structural properties. 
They also explained that samples from the chamber’s inner wall have a 
more crystalline structure compared to the fine carbon collected in the 
product gas filter. Simply because the carbon from the reaction chamber 
is exposed to high temperatures for longer periods. In another study 
[33], they identified the produced carbon as nanostructured sheet-like 
carbon and studied it extensively. They concluded that the size of the 
product is influenced by the plasma temperature, which is regulated by 
the power input. At low power supply and temperature ranges, product 
formation is inhibited, resulting in the retention of small structures 
exhibiting a turbostratic arrangement akin to CB. At elevated tempera-
tures, the reaction promotes carbon growth, resulting in the formation of 
2-D sheet-like synthetic carbon. This thermal environment facilitates 
crystal growth, yielding sheet-like carbon structures characterized by a 
high specific surface area of up to 49 m2/g and a significant degree of 
crystallization. Consequently, these properties render the material 
attractive for various applications, such as energy storage and fuel cells. 

Fulcheri et al. [34] used a three-phase alternative current (AC) 
plasma connected individually to three graphite electrodes using 
H2–nitrogen gas (N2) as plasma gas. CH4 was introduced to the plasma 
zone from a separate inlet. They studied the CH4 conversion rate and the 
carbon product and also attempted to define the system’s energy bal-
ance. According to their calculation and comparison to an electrolysis 
process, their process has 25 kWh/kg of H2 energy intensity, 42% of that 
for electrolysis, which is around 60 kWh/kg of H2. They observed that 
the carbon particles display an aggregate morphology similar to CB, 
although the primary nuclei do not exhibit the spherical or turbostratic 
characteristics typical of CB. This variation in characterization was 
attributed to the higher reactor temperature compared to conventional 
furnaces used for CB production. These findings are interpreted as 
promising indicators that such a product could potentially capture a 
significant share of the CB market. 

This study explores the concept of H2 production through methane 
pyrolysis, aiming to refine critical process parameters and to understand 
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their qualitative connections to specific outcomes. While previous 
studies have attempted to establish correlations between various factors 
and outcomes, not all have succeeded. This work uses a statistical 
approach via a design of experiment software to analyze these factors 
and predict their impact within a defined range. The aim is to simplify 
the discussion by conducting a systematic study focusing on selected 
process parameters and their effects. Another unique aspect is the in- 
depth investigation of the solid carbon produced during pyrolysis. 
Various characterization techniques, including scanning electron mi-
croscopy (SEM) and combined with energy dispersive X-ray spectros-
copy (EDS), Raman spectroscopy, and X-ray diffraction (XRD), are 
employed for imaging and spectroscopic analysis. Furthermore, induc-
tively coupled plasma mass spectroscopy (ICP-MS) is utilized for 
elemental analysis and to confirm the purity of the product. N2 
adsorption and desorption measurements at 77 K were employed to 
estimate the specific surface area (SSA) of the produced carbons on the 
basis of the Brunauer-Emmet-Teller (BET) method. 

2. Concept and methodology 

The underlying concept involves subjecting CH4 to the plasma arc, 
leading to its decomposition into H2 and solid carbon. The H2 should 
subsequently be collected and enriched while the carbon residue un-
dergoes further processing for utilization as a valuable second product. 
Fig. 1 visually illustrates the demonstrated concept. Investigating and 
optimizing both H2 production and carbon quality is vital. 

An experimental investigation was conducted, designing a series of 
experiments using the MODDE® 13 Pro software from Sartorius AG to 
determine optimal conditions. 

2.1. Experimental work 

The tests were conducted using a thermal plasma facility located at 
the Chair of Ferrous Metallurgy at Montanuniversität Leoben, as 
depicted in Fig. 2. While this facility has been extensively utilized for 
steelmaking research [35–38], certain modifications were necessary for 
purposes of the current study. Notably, the reaction chamber was 
entirely constructed from graphite to prevent impurities. The function is 
explained in detail in a previous publication [39], therefore, here, it is 
only briefly explained. 

The facility provides a DC-powered plasma arc in the range of 1–16 
kVA. Manual control of current flow is achieved through a thyristor (also 
known as a silicon-controlled rectifier or SCR) integrated into the power 
unit. Both amperage and voltage are recorded during the experiments. 

The plasma arc is vertically ignited between a graphite hollow 

cathode and a graphite anode pin within the graphite reaction chamber. 
In current experimental setup, CH4 alone cannot act as the plasma gas; to 
stabilize and facilitate pyrolysis, a mixture of Ar and CH4 is necessary. 
This is because Ar, being monoatomic, requires lower atomization and 
ionization energy, which enhances the plasma arc stabilization [39]. 
Additionally, using Ar as an inert gas is essential for mass balance cal-
culations, as it remains constant and does not react. The next section 
explains the evaluation methods in detail. The total gas flow was 
maintained at a constant rate of 5 Nl/min. 

Following the process, the resulting gas exits the reactor and un-
dergoes dust removal using a ceramic hot gas filter. Subsequently, the 
product gas is analyzed by a gas mass spectrometer. A camera system 
integrated into the top lid of the furnace provides a live stream of the arc. 

Flexibility to vary certain parameters that have a critical impact on 
the process allows to study the influence on the outcome. The selected 
influential parameters were CH4 content in the plasma gas, electric 
current, and arc length, with corresponding responses being H2 yield, 
power input, and stability time, listed in Table 1. Each of these responses 
is explained and discussed in corresponding subsections. 

Thirteen tests (P1–P13) were performed, which included three 
dedicated to confirming experimental reproducibility. In addition to 
process parameters, comprehensive characterization of the produced 
carbon was performed, involving analyses to elucidate morphological, 
microstructural, elemental, and surface area properties. The results of 
the carbon characterization studies are reported in section 4. 

Both H2 yield and power input were calculated from the raw data, 
while the stability time, a steady process time without disruption, was 
recorded and documented during the test. The calculation equations and 
the evaluation method of the results will be undertaken in the subse-
quent section. 

2.2. Evaluation 

The mass spectrometer provides volume fractions for the specified 
gas components (Ar and H2) recorded in cycles, each lasting 5–6 s. The 
gas analysis is applied for thermodynamic calculations of H2 volume in 
the product gas. To calculate the absolute volume of H2 in each cycle, the 
initial step involves computing the constant volume of Ar. This is ach-
ieved by multiplying the Ar flow rate per second by the cycle time in 
seconds, as indicated in Equation (1). Subsequently, Equation (2) is used 
to determine the H2 volume in each cycle. The absolute volume of H2 in 
the product gas is then computed, taking into account its ratio per-
centage to Ar, given that Ar is an inert gas and remains constant. 

VAr = tcyc . V̇Ar 1  

VH2− produced =CV,H2 .
VAr

CV,Ar
2  

Where VH2− produced , VAr denote the respective gas volume [Nl] for each 
measuring cycle, and CV,H2 and CV,Ar represent the respective gas con-
centration [vol. %] in the product gas during each cycle. V̇Ar stands for 
the volume flow rate of the input gas [Nl/min], and tcyc indicates the 
time of a measuring cycle [min]. With a consistent CH4 flow introduced 
to the reactor gas, the CH4 inlet for each cycle can be calculated like that 
of Ar, according to Equation (3). 

VCH4− in = tcyc . V̇CH4− in 3  

V̇CH4− in represents the volume flow rate of CH4 input, while VCH4− in refers 
to the gas volume [Nl] in the measuring cycle. Therefore, the H2 yield 
can be calculated as the ratio of produced H2 and the CH4 inlet, using 
Equation (4). 

H2 yield=
VH2− produced

2 . VCH4− in

. 100 4 
Fig. 1. Illustration of the study concept for hydrogen and carbon production 
using green electricity. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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The power input cannot be directly adjusted, however, the amperage 
is controlled through the thyristor. Employing Equation (5), the power 
input is calculated based on data obtained from the transformer. 

Power input [kW] =
I . V
1000

5  

Where I represents the current in amperes, and V represents the voltage 
in volts. 

2.3. Example for test interpretation 

To make it easier to understand the data analysis of the pyrolysis test, 
it is helpful to show an example of the data observed during the test and 
the subsequent interpretation. For instance, Fig. 3 illustrates three 
distinct stages encountered during a pyrolysis test. The initial stage in-
volves purging, where only Ar is introduced to eliminate other gases and 
air from the reactor. The actual pyrolysis experiment begins when the 
arc is ignited with a contact and short circuit of the electrodes, as 
depicted in Fig. 3. Immediately, the arc length is extended to 10 mm to 
avoid overheating of the electric supply unit and forming a stable plasma 
arc. The thyristor level is pre-set in the 95–100% range for the initial 
plasma arc supported only by Ar. Subsequently, the gas is switched to 
the intended Ar and CH4 mixture, and the thyristor level is adjusted to 
achieve the desired amperage. Consequently, a brief peak in power can 

be observed in the initial seconds, labelled as 1 and 3 for phases 1 and 2, 
respectively. Peak 2 represents a failed attempt to initiate the arc. 

It is noteworthy that immediately after the onset of the pyrolysis 
phases, there is a gradual increase in H2 in the product gas. However, 
based on experiments, there is a delay until H2 is detected by the gas 
mass spectrometer. This delay is termed as the H2 response time, which 
is consistently defined as 4 min for subsequent evaluations on the basis 
of initial measurements, as shown in Fig. 4. 

The observed drop in power is attributed to a momentary deviation 
of the plasma arc, denoted as 4 and 5 in Fig. 3, almost disrupting the arc. 
The worst scenario is total arc disruption, indicated by label 6. 

The H2 yield rates and the power input during pyrolysis were 
calculated, as illustrated in Fig. 4. The H2 response time delineated on 
the H2 yield curve served as the reference point for data extraction in the 
design of experiments. Consequently, the H2 yield value after the 4-min 
response time is considered the response value. The 4-min H2 response 
time was chosen as it signifies the point at which the curves stabilize and 
reach a continuous state. 

Fig. 2. Layout of the thermal plasma facility used in this study [39].  

Table 1 
The variable factors for the design of experiments and the resulting responses.  

Test 
Name 

Factors (pre-defined inputs) Responses (the resulting changes) 

CH4 

[%] 
Electric 
current 
[A] 

Arc 
Length 
[mm] 

H2 

yield 
[%] 

Power 
input 
[kW] 

Stability 
time [s] 

P1 20 90 15 79 4.44 6.5 
P2 20 120 15 90 5.19 20.4 
P3 20 105 15 76 4.26 30.0 
P4 40 90 15 79 4.97 4.8 
P5 40 120 15 99 6.50 5.6 
P6 20 90 25 100 5.19 13.2 
P7 20 120 25 94 3.98 15.4 
P8 40 90 25 68 5.46 2.3 
P9 40 120 25 70 7.77 1.8 
P10 30 105 20 90 6.00 4.7 
P11 30 105 20 83 5.86 2.6 
P12 30 105 20 96 5.07 5.8 
P13 30 105 20 96 5.20 3.2  

Fig. 3. Examples of product gas and power input analysis during a pyroly-
sis test. 
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2.4. Materials and characterization 

The solid carbon generated from methane pyrolysis can exhibit 
diverse morphologies, ranging from amorphous carbon to structured 
graphitic materials and even nanostructures such as carbon nanotubes 
and fibers [40]. The value and quality of this solid carbon are pivotal 
determinants of its market price. Consequently, obtaining a high-quality 
carbon product holds the potential to enhance revenue streams and 
expedite the return on investment period for large-scale pyrolysis plants 
[41]. 

Existing literature highlights the influence of several key parameters, 
notably reactor geometry, operating temperature, and plasma gas flow 
rate, on the characteristics of the produced carbon [8,42]. In the study 
from Boutot et al. [8], it was determined that the reproducibility of the 
carbon varied significantly, making it challenging to establish a clear 
link between the varying conditions and the resulting carbon properties 
[8,42]. Nevertheless, it was noted that the characteristics of the samples 
depended on their source, whether they were collected from the gas 
filter or directly from the reactor itself [8]. 

In this study, the produced carbon underwent detailed character-
ization using various analytical techniques to elucidate its nature and 
quality. 

2.4.1. Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDS) 

SEM is a technique that creates magnified images that reveal 
microscopic and even nanoscopic-scale information on a specimen’s 
size, shape, composition, and other properties. Characterization of the 
samples was performed using a JEOL 7200 F field emission SEM (JEOL 
Germany GmbH, Freising, Germany) equipped with a 100 mm2 silicon 
drift detector for EDS (Oxford Instruments Ultim Max 100; Oxford In-
struments GmbH NanoAnalysis, Wiesbaden, Germany). EDS is an 
analytical technique for elemental analysis of a specimen. To analyze the 
morphologies and chemical compositions, the Oxford Instruments 
Nanoanalysis AZtec 6.0 software was employed. The chemical compo-
sition was detected using an area scanning for 1 s at a beam energy of 15 
keV. 

2.4.2. Inductively coupled plasma mass spectroscopy (ICP-MS) 
Approximately 50–200 mg of each carbon sample underwent mi-

crowave digestion in a reagent mixture of 6 ml of concentrated HNO3 
and 2 ml of H2O2 within an Anton Paar Multiwave PRO closed-vessel 
digestion system. This system was equipped with a 24HVT50 rotor 
(Anton Paar, Graz, Austria) and 30 ml PTFE vessels. The microwave 

program was configured to attain a maximum temperature of 200 ◦C, 
which was reached within a ramp time of 10 min and then maintained 
for 15 min. The maximum microwave power utilized was 1500 W. 
Following digestion, the contents were filtered and appropriately 
diluted with 1% HNO3. The concentrations of elements in the sample 
solutions were determined using an Agilent 7500ce ICP-QMS (Agilent 
Technologies, Tokyo, Japan). The analysis employed an external stan-
dard calibration with a multi-element standard solution mixture Merck 
VI (Merck Certipur, Darmstadt, Germany) in 1% HNO3, utilizing internal 
standardization to ascertain the concentration of trace elements. 

2.4.3. Raman spectroscopy 
Raman spectroscopy is a spectroscopic method commonly employed 

for identifying the vibrational patterns of molecules and solid sub-
stances. Raman spectra were acquired using a WiTec alpha300R Raman 
spectrometer equipped with a diode-pumped solid-state laser emitting at 
a wavelength (λ) of 532 nm. A power of 1 mW was applied along with a 
2 s iteration time and 100 accumulations. To facilitate laser focusing and 
sample observation before measurement, a confocal microscope was 
employed using a 50 × long-working distance objective lens. 

2.4.4. X-ray diffraction (XRD) 
XRD is a scattering technique utilizing a single wavelength of X-rays 

as an incident beam. The intensity of the diffracted beam is recorded as a 
function of the scattering angle 2θ, or more generally, the scattering 
vector. XRD allows to investigate matter on the nanoscale to determine 
properties like the crystal structure of a given material as well as extract 
information for its purity. 

XRD measurements were performed on a Bruker D8 Advance Eco 
equipped with Cu Kα radiation (~1.5418 Å wavelength) using a voltage 
of 40 kV and a current of 25 mA. Diffraction patterns were obtained 
using the Bragg-Brentano configuration with a continuous scan speed in 
a diffraction angle 2θ range of 10◦–90◦ with a step size of 0.02◦ and 1.2 s 
exposure time. 

2.4.5. Gas sorption analysis: Brunauer-Emmett-Teller (BET) method 
BET method is applied in gas sorption data (e.g., N2 at 77 K) for 

determining the SSA of a given material. This method relies on the 
physical adsorption of gas molecules onto the surface of a solid material 
and takes into consideration the monolayer adsorbate capacity and the 
cross-sectional area of the adsorbate molecule. N2 adsorption and 
desorption isotherms were collected at 77 K (− 196 ◦C) using an Anton- 
Paar QuantaTec Autosorb-iQ3 manometric gas sorption analyzer and by 
employing ultra-pure (99.999%) N2 as adsorbate, ultra-pure (99.999%) 
helium (He) gas for void volume calculations and liquid N2 as cryogen. 
Prior to the tests, samples of ~150 mg were degassed under vacuum 
(10− 6 mbar) at 250 ◦C for 24 h to remove physisorbed species and make 
the surface more accessible. The SSA was calculated by applying the 
multi-point BET method in the adsorption data for relative pressures (P/ 
P0) between 0.05 and 0.3. 

3. Results and discussion 

The calculated data was utilized to analyze a model for the influ-
encing factors, presented individually in the subsequent sections. In 
instances where two factors are examined in relation to the respective 
response, the third factor is held constant. 

3.1. H2 yield 

An increase in the H2 content within the product gas, and thus a 
higher H2 yield, indicates enhanced process efficiency. Consequently, 
the dependence of this efficiency on various process parameters has 
been thoroughly investigated. The graphical representations in Fig. 5 
reveal that an elevated CH4 content in the plasma gas tends to reduce the 
H2 yield, whereas higher current and arc lengths have a promoting 

Fig. 4. An example for H2 yield and power input rate of the pyrolysis test.  
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effect, with higher current having a more significant influence. Specif-
ically, at currents above 110 A, arc length becomes more relevant and 
plays a larger role. These trends are further demonstrated and confirmed 
in Fig. 6. CH4 is identified as a gas component that influences the plasma 
arc, diminishing its stability and hindering it from reaching optimal 
conditions to provide the required energy for the reaction. In contrast, 
higher electric current levels contribute to increased power input, 
providing more energy for the process. Additionally, greater arc lengths 
create a more expansive environment for the reaction, resulting in a 
higher H2 yield. Besides, higher arc lengths necessitate higher power 
input. 

3.2. Power input 

The power input is not a parameter that can be directly manipulated, 
but it can be controlled indirectly through the adjustment of the electric 
current and the arc length. Increasing the amperage leads to an increase 

in power, providing more energy for the pyrolysis reaction. As a result of 
electric current adjustments using the thyristor level, the amperage 
varies between 90 and 120 A, leading to a change in power within the 
range of 5–7 kW. Moreover, both a high CH4 content and an extended 
arc length result in an increase in power input, as shown in Fig. 7. This is 
because CH4 requires more energy for excitation and ionization, and a 
greater arc length also increases the voltage, necessitating higher power 
input. Fig. 8 shows the power input changes with the variables. 

3.3. Stability time 

The stability time is defined as the duration of the process before the 
first occurrence of arc disruption. This parameter serves as a crucial 
response for evaluating the stability of the process. During the tests, a 
maximum time of approximately 30 min was employed, which means 
that a test with a stability time of 30 min or slightly longer did not 
experience any arc disruptions. 

Fig. 5. The H2 yield in relation to the interacting process parameters, shown as a contour map function of: a) Current vs. CH4, b) Arc length vs. CH4, and c) Arc length 
vs. Current. 

Fig. 6. H2 yield dependence on the process parameters: a) CH4, b) Arc length, and c) Current.  
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It is important to note that the stability time is influenced by various 
parameters. As previously mentioned, the employed plasma furnace is 
not tailored for the purpose of methane pyrolysis process. Even under 
optimal conditions, arc disruptions can still occur due to constraints 
such as the electrical unit limits or the reactor’s geometry. Fig. 9 clearly 
illustrates that higher CH4 content and an extended arc length signifi-
cantly impact arc stability, leading to arc disruptions and finally short-
ening the stability time. The amperage and, consequently, the power 
input are restricted due to limitations within the electric unit. Over-
loading the electrical unit by pushing the amperage to its maximum 
limit results in overheating due to core losses and inadequate cooling. 
This necessitates an immediate shutdown of the unit to prevent damage, 
inevitably reducing stability time. The relations between the stability 
time and the process parameters are summarized in Figs. 9 and 10. 

Another phenomenon that significantly affects process stability is the 
formation of carbon in the reaction zone. This disrupts the plasma arc 
from functioning optimally and introduces disturbances, by providing 

new surfaces for the plasma arc discharge. Further details on this aspect 
have been elucidated in a previous work [39]. 

4. Characterization of the produced carbon 

The detailed findings, elaborated in subsequent sections, provide 
significant insights into the properties of the generated carbon. How-
ever, it is important to acknowledge the limitations imposed by the 
current experimental setup, which may constrain the extent of control 
over the carbon product. Therefore, a systematic investigation into the 
interplay of various influencing parameters on the variation in solid 
carbon properties necessitates a more controllable plasma setup. 

4.1. SEM and EDS 

The SEM images of the produced carbon samples are presented in 
Fig. 11. F(1–3) depict the filter-collected samples, exhibiting a fine 

Fig. 7. Power input in relation to the process parameter, shown as a contour map function of: a) Current vs. CH4, b) Arc length vs. CH4, and c) Arc length vs. Current.  

Fig. 8. Power input dependence on the process parameters: a) CH4, b) Arc length, and c) Current.  
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texture carried away by the gas flow. On the other hand, the C(1–3) 
series illustrates the chamber-collected samples. These samples exhibit 
larger sizes compared to the filter-collected samples and are attached to 
the inner surface of the reaction chamber, forming substantial dendritic 
particles that remain within the chamber. The dendritic and coral-like 
shapes are distinctly observable in the C(1–2) images, where higher 
magnification reveals the presence of nanocrystals and primary parti-
cles, as evident in C(3). In contrast, the filter-collected samples, as 
depicted in the F(1–3) images, appear to possess a fluffier texture. 

These findings align with similar publications. For instance, Boutot 
et al. [8] described the resulting carbon of their plasma pyrolysis process 
as a mixture of amorphous and nanostructured material. Furthermore, 
as reported in the introduction section, the literature suggests that the 
carbon microstructure can vary in respect of the spot on which it is 
formed and grown. This also corresponds to the temperature and shape 
of the reactor. 

When considering the application of carbon, particularly in sectors 

like agriculture, avoiding harmful impurities is of utmost importance. 
Moreover, eliminating impurities can be challenging or even impossible 
at times, potentially leading to the oxidation of carbon and subsequent 
CO2 emissions. 

The EDS analysis aids in providing a preliminary assessment of po-
tential impurities in the carbon. The results reveal a high-purity carbon, 
with negligible metal elements below 1 wt% present in the gas filter. 
Additional methods with higher precision are deemed necessary for a 
more accurate assessment of purity and elemental identification. Fig. 12 
shows an example of the chemical analysis of a pure carbon sample 
collected from the reaction chamber. 

4.2. ICP-MS 

The ICP-MS analysis showed a highly pure carbon product with 
slight impurities, confirming the results from the EDS analysis. The re-
sults showed a carbon purity of 99.7% for the chamber-collected carbon 

Fig. 9. Interaction of stability time with the process parameters, shown as a contour map function of: a) Current vs. CH4, b) Arc length vs. CH4, and c) Arc length 
vs. Current. 

Fig. 10. Stability time dependence on the process parameters: a) CH4, b) Arc length, and c) Current.  
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and 99.4% for the filter-collected carbon. The primary impurities 
identified include metals, which stem from the initial contamination of 
the filter. These elements are caused by the steelmaking and alloying 
tests done using the same filter and can thus be neglected. This can be 
confirmed additionally by comparing the samples from the filter to the 
pure ones from the reaction chamber. 

4.3. Raman spectroscopy 

The Raman spectra were compared to those obtained from a natural 
graphite powder of high carbon purity employed as a reference material 
in the current study. All carbon samples exhibit three characteristic 
bands in their Raman spectra (Fig. 13). These are the defect-activated D- 
band at ~1338 cm− 1, the graphitic G-band at ~1570 cm− 1, and the 
second order of the D-band, G′(2D)-band, at the higher frequencies (i.e., 
~2700 cm− 1). However, in comparison with the D-band that requires 

defects for its activation, the 2D band can be observed even in defect- 
free graphitic materials. These comparisons confirm the presence of 
graphitic-like structures with a low concentration of defects, as indi-
cated by similar D/G intensity ratios for the pyrolysis-derived carbons. 
However, it is important to note that these carbon samples exhibit 
certain structural distinctions from perfect crystal graphite, primarily 
due to the presence of defects and vacancies, which are evident through 
the higher intensity of the D band in comparison to the reference 
graphite. Conversely, the presence of a G′(2D) band generally indicates a 
degree of order within the carbon material. Specifically, a single, unsplit 
G′(2D) peak suggests the development of a graphite-like structure on a 
two-dimensional lattice with an imperfect transition toward three- 
dimensional graphitization. This observation is supported by the cur-
rent studies, where the G’(2D) band does not show any splitting or 
shoulder features, suggesting the absence of a fully developed three- 
dimensional graphite lattice [43]. The position and the intensity 

Fig. 11. SEM images of the carbon samples, obtained from filter F (1–3), and reaction chamber C (1–3). The magnifications of the images were 70× for (1), 600x for 
(2), and 1600x for (3). 

Fig. 12. An example of the EDS analysis of a carbon sample from the reaction chamber. The entire image’s area (600x) was scanned.  
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values of the samples are listed in Table 2. Notably, the intensity ratio of 
the D and G bands (ID/IG) increases by progressing from the 
chamber-collected carbon to the filter-collected carbon, implying an 
increase in defects [44]. Meanwhile, the reference graphite sample has 
the lowest ID/IG. Based on the values given in Table 2, the reference 
graphite is characterized by the most ordered and defect-reduced 
structure. Comparing the carbon samples obtained by pyrolysis, the 
defect concentration is higher for the filter-collected carbon in contrast 
to chamber-collected carbon. This phenomenon can be elucidated by the 
elevated temperature inside the reactor, which promotes better crys-
tallization compared to that occurring in the filter. 

4.4. XRD 

X-ray diffractograms for all the studied samples are presented in 
Fig. 14. They revealed crystalline structures comparable to that of 
graphitic carbon (JCPDS card no. 75–1621), while no crystalline im-
purities were detected for the pyrolysis-derived carbons. All XRD pat-
terns showed a dominant peak at 2θ ~26◦ related to the (002) graphitic 
reflection, followed by much less intense peaks at ~43◦, ~54◦, 77◦, and 
83◦, representing the (100)/(101),(004), (110), and (112) crystal 
planes, respectively. Generally, the narrower and higher the (002) peak, 
the better the orientation of the aromatic layer. The narrower and higher 
the peak (100)/(101), the larger the size of the aromatic layer. Both 
carbon materials are characterized by rather narrow peaks (002), while 
only the carbon from the chamber is characterized by a larger size of 
aromatic layers compared to carbon from the filter. Diffraction peaks 
corresponding to the (100)/(101), (004), and (110) planes of graphitic 
carbon begin to appear at very high temperatures, expected in the 
reactor. These peaks are more pronounced for chamber-collected car-
bon, indicating a more ordered structure, and practically disappear for 
filter-collected carbon, indicating that the carbon from the filter was less 
subjected to the very high temperatures. The (112) peak indicates a 
complex crystalline structure or the presence of multiple phases within 
the carbon, which is slightly visible in the reference graphite sample. 

However, this peak is absent in both carbon samples collected from the 
filter and the chamber. 

4.5. BET SSA 

Selective carbon samples were chosen for assessing their BET SSA. It 
can be observed that the fine carbon from the filter with a smaller 
particle size has a higher BET SSA compared to the chamber-collected 
samples. 

To evaluate the obtained results, it is essential to commence by 
reviewing the findings presented in the literature [32–34,45]. Kim et al. 
[32] reported a BET SSA of 60 m2/g for the carbon from the cyclone and 
385 m2/g for the samples in the filter. Another study [33] reported 
42–49 m2/g SSA for nanostructured sheet-like carbon material. Fulcheri 
et al. [34] reported a BET SSA of 90–110 m2/g. In this study, the 
filter-collected carbon samples showed a wide range of BET SSA values 
between 40 and 170 m2/g. This is a considerably high BET SSA 
compared to the measured BET SSA of the reference graphite powder 
sample, which was 27 m2/g. However, it is essential to highlight that the 
chamber-collected carbon samples exhibited a lower BET SSA, ranging 
from approximately 7 to 30 m2/g. As discussed in the introduction 
section, these differences in SSA can be attributed to the finer and 
smaller particle sizes observed in the filter-collected samples compared 
to those of the reactor. Furthermore, the increased defect concentration 
identified through Raman analysis may contribute to the higher SSA 

Fig. 13. Raman spectra for the carbon collected from the filter and the reaction 
chamber versus a reference graphite powder of high carbon purity. 

Table 2 
Results of Raman spectroscopy.  

Samples D band G band G’(2D) band ID/IG 

Position (cm− 1) Intensity (a.u.) Position (cm− 1) Intensity (a.u.) Position (cm− 1) Intensity (a.u.) 

Filter carbon 1344.96 0.74 1574.16 1 2679.65 0.41 0.74 
Chamber carbon 1344.97 0.51 1574.16 1 2683.61 0.38 0.51 
Graphite reference 1340.26 0.27 1565.03 1 2697.69 0.42 0.27  

Fig. 14. X-ray diffractograms for the carbon collected from the filter and the 
reaction chamber versus a reference graphite powder of high carbon purity. 
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observed. Fig. 15 shows the N2 adsorption and desorption isotherms at 
77 K for the selected samples. Additionally, the corresponding BET SSA 
values are mentioned in the figure. No significant correlation between 
the process parameters and the BET SSA values could be found. 

5. Summary and conclusions 

This study explores the use of thermal plasma technology for 
hydrogen and carbon production through methane pyrolysis. Utilizing a 
DC-transferred plasma arc furnace, thirteen pyrolysis experiments were 
conducted, guided by a design of experiment tool. The research focused 
on three primary variables: the CH4 content in the plasma gas, the 
electric current and the arc length, all of which varied within a specific 
range. The results showed a high H2 yield, ranging from 67% to 100%. 
However, the process demonstrated instability, which was attributed to 
the reactor’s design and constraints previously discussed in another 
study [39]. A comprehensive analysis of the H2 yield, power input, and 
stability time provided valuable insights into the interaction of these 
parameters. 

An increase in the CH4 content in the plasma gas was found to 
decrease plasma arc stability, interrupting the process. This issue could 
be mitigated by increasing the power input, but at the cost of higher 
operational expenses. Longer arc lengths were associated with a greater 
risk of arc disruption, which could be offset by increasing the power 
input. While longer arcs created a larger hot reaction zone, they also 
necessitated higher power input to enhance H2 yield and prolong stable 
processing time. However, this approach may lead to increased thermal 
stress and accelerated erosion of the graphite electrodes. 

The characterization of the produced carbon involved various 
analytical techniques aimed at identifying and quantifying morpholog-
ical, microstructural, chemical, and surface area features. SEM analyses 
revealed distinct microstructural differences between samples collected 
from the gas filter and those from the reaction chamber, with the former 
displaying finer textures and the latter exhibiting larger sizes and den-
dritic particles. Raman spectroscopy confirmed the presence of crystal-
line graphite-like structures with low defect concentrations in all 
examined carbon samples. XRD further supported these findings, indi-
cating crystalline structures comparable to graphitic carbon. EDS and 
ICP-MS analyses confirmed high-purity carbon with slight impurities, 
primarily from initial filter contaminations, which can be neglected 
when comparing samples from the filter to pure ones from the chamber. 
Gas sorption measurements highlighted significant variations, with 
filter-collected samples showing higher BET SSA values between 40 and 
170 m2/g compared to chamber-collected samples of 7–30 m2/g, which 
correlate to their smaller particle size and higher number of defects. 
These differences underscore the importance of considering the source 
and collection method when characterizing carbon samples. The 
comprehensive characterization provides valuable insights into the 
properties of the produced carbon, laying a foundation for further 
research and development in this field, employing advanced experi-
mental setups to unravel the intricate relationships between process 
parameters and carbon properties. Such endeavors will not only enhance 
our fundamental understanding but also contribute to optimizing the 
plasma pyrolysis process for producing carbon materials with desired 
properties. 
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