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Abstract
A co-axial packed-bed DBD reactor was used to conduct plasma-assisted non-oxidative 
coupling of methane (NOCM) utilizing glass beads as packing material at a fixed plasma 
power of 30 W. The influence on NOCM of five different bead size distributions (2000–
5000 µm, 900–1100 µm, 425–600 µm, 212–300 µm, 150–212 µm) and operating pressure 
(1.2 bar, 1.7 bar) was investigated. The observed products consist of a mixture of saturated 
and unsaturated C2–C5 hydrocarbons. The conversion of methane decreased from 8.5 to 
3.7% with decreasing bead size, while the selectivity towards unsaturated C2 compounds 
increased from 16 to 50% with decreasing bead size. These reactor performance variations 
are associated with the transitional plasma dynamics and degree of partial discharging, as 
determined by characterization of non-ideal charge–voltage plots for the five tested glass 
bead sizes.

Keywords  Non-oxidative coupling of CH4 · Packed bed DBD reactor · Non-thermal 
plasma · Partial discharging · Plasma–packing interactions

Introduction

The detrimental consequences of the anthropogenic emissions of greenhouse gasses into 
the atmosphere have forced the global society to focus more on developing and implement-
ing sustainable and green energy solutions. However, the intermittent character and fluc-
tuating production capacity of such technologies impose a substantial need for efficient 
energy storage. This, as of now, remains unresolved due to several factors, including the 
inadequate matureness of existing storage technologies, coupled with the compelling need 
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for a comprehensive advancement of the electrical grid stability and resilience [1, 2]. One 
possible solution, which is frequently highlighted as an efficient energy storage technology 
and an essential contributor to the energy storage challenge of renewables, is power-to-X 
(PtX). Converting renewably produced electricity into chemical energy carriers (hydrogen, 
ammonia, methanol, synthesis gas, hydrocarbons) is expected to increase significantly in 
the coming decades, and it advantageously equalizes the imbalance between energy supply 
and demand [3, 4]. One branch of reaction routes that has attracted considerable attention 
regarding conventional applications, as well as PtX, is the direct conversion of methane to 
value-added chemicals, such as synthesis gas, olefins, and aromatics, due to the abundant 
availability and economic upgrading potentials of methane [5–7]. Currently, the chemical 
industry’s most widely used methane conversion technology is the indirect route, produc-
ing synthesis gas that requires very energy-intensive process steps (steam reforming or par-
tial oxidation), followed by coupling reactions to long-chain hydrocarbons or to methanol. 
Therefore, significant research has been devoted to exploring catalysts and process condi-
tions that effectively can activate the C–H bonds of methane and keep a high selectivity 
towards targeted C–C coupling reactions, to improve the direct conversion of methane for 
more efficient utilization. However, the direct non-oxidative coupling of methane (NOCM) 
has proven challenging, due to the inertness of the strong C–H bonds, where high-tem-
perature conditions are required for activation, causing severe catalyst deactivation [8]. In 
contrast to conventional approaches, a promising technology that has proven to overcome 
the thermodynamic and kinetic barriers of NOCM is plasma technology [7, 9–11]. In non-
thermal plasmas (NTP), the energy input is based on the acceleration and collisions of 
charge carriers due to the strong externally applied electric field, creating a very reactive 
environment consisting of free electrons, ions, radicals, excited species, besides ground-
state molecules, under mild (low temperature) reaction conditions [12–14]. Moreover, the 
only energy input is electricity, which, when produced renewably, designates NTP as a 
promising alternative PtX technology for NOCM, accommodating the substantial need for 
efficient energy storage of renewables.

During the last century, NTP technologies were developed and already applied for 
industrial applications as the first ozone generation process. The most widely used NTP 
technology is the dielectric barrier discharge (DBD) reactor, often operated as a packed-
bed reactor (PBR) [15]. In the recent decade, the application of packed-bed DBD 
plasma reactors loaded with catalysts (plasma catalysis) has been subjected to extensive 
research as a promising gas conversion technology, potentially combining the advan-
tages of both catalysis and plasma technologies. The hybridization of combining plasma 
and catalysis has been proven in the existing literature to result in enhanced process out-
comes that cannot be achieved by plasma or catalysis separately [16, 17]. These surplus 
effects are often referred to as synergistic effects, originating from the complex inter-
play between the plasma and the catalyst [18]. However, the abundant studies address-
ing the utilization possibilities and mechanisms of plasma catalysis as a promising new 
technology largely report inconsistent observations [19–24], showing this technology 
involves underlying complexities, particularly regarding the synergistic effects, which 
need clarification to achieve further advances. Irrespective of the unresolved difficulties, 
previous research agrees on and distinctly assigns some properties, like dielectric con-
stant or roughness, of the packing material to have a prominent influence on the plasma 
dynamics in the bed zone [25, 26]. Several investigations have been aimed at assessing 
the effects of not only the dielectric constant, but also surface area, porosity, geom-
etry, and packing efficiency, on the co-dependent mechanisms of plasma and packing 
material [21, 26–32]. Changes in these material properties, primarily in the dielectric 
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constant, can significantly modify the plasma’s electrical properties, enhancing the elec-
tric field in local contact points in the proximity of the packing material, attributed to 
polarization effects [32]. This, in turn, affects the streamer formation and propagation, 
and hence the chemical reactivity, dissociation, excitation, and ionization rates taking 
place in the plasma zone.

Previous work conducted prior to this study has investigated streamer dynamics in 
packed-bed DBD plasmas by modeling or experimental work for various processes to 
understand the inter-reliant dependency of plasma and packing materials [26, 30–34]. But-
terworth et al. [35] found that a decrease in the particle size (180–2000 µm) of the packing 
(Al2O3 and BaTiO3) significantly affected the discharge behavior of the plasma for CO2 
reduction, as surface discharging became increasingly dominant over micro-discharges due 
the increase of local contact points. In a subsequent study, Butterworth et al. [36] devel-
oped a single pellet reactor, investigating the effects of the dielectric constant (4–4000) on 
the co-dependency of the plasma and packing, across a wide range of applied voltages in an 
N2 plasma. Results showed that the threshold of the observed discharge phenomena, partial 
and surface discharging, was dependent on the dielectric constant of the packing. Further-
more, the ignition properties of the plasma were found to vary, as materials with moderate/
high dielectric constant tend to ignite as partial discharges, contrasting to materials with 
low dielectric constant where the ignition occurs directly in the surface streamer mode. 
Similar research efforts have been directed toward plasma-assisted NOCM. Results of ear-
lier research dealing with plasma-assisted NOCM have primarily used packing materials, 
such as glass beads, glass wool, sea sand, γ-Al2O3, α-Al2O3, and BaTiO3. Kim et al. [37] 
investigated the influence of the particle size (1–149 µm) and dielectric constant on NOCM 
in a DBD plasma, where the gap distance of the particles (KIT-6, sea sand, α-Al2O3) was 
found to be an influential parameter on the conversion and product composition. Out-
comes of the study revealed an increase in the selectivity towards unsaturated C2 species by 
decreasing the particle size of the packing, due to increased interactions between CH4 and 
oxygen ion vacancy sites on the particles, facilitating the formation of methyl radicals and 
dehydrogenation routes of saturated C2 species. Also, Taheraslani et al. [38] examined the 
effects of the dielectric properties and porosity of the packing (BaTiO3, γ-Al2O3, α-Al2O3, 
Silica-SBA-15) on NOCM in a DBD plasma. The results showed an improved CH4 conver-
sion and C2 yield using α-Al2O3 and γ-Al2O3 as the packing, whereas the performance of 
BaTiO3 was observed to be poor, attributed to the small pores and high dielectric constant 
of BaTiO3, impeding the enhancement of the local electric field.

As outlined, significant research efforts have been made to understand the co-depend-
ent dynamics of combining NTP with packing materials. However, the underlying mecha-
nisms are still far from understood. The scope of this work is related to the fundamental 
understanding of the packing materials’ effect on plasma dynamics in a co-axial DBD and 
how this influences NOCM chemistry. Unlike other studies [37–39], the plasma-assisted 
NOCM was conducted using an undiluted CH4 feed stream. For this purpose, inert glass 
beads of different sizes were utilized as packing in the DBD reactor. To understand and 
explain the observed changes in CH4 conversion and the product composition, electrical 
characterization of Lissajous figures was used to elucidate and analyze the plasma behavior 
and discharge phenomena. In addition, the limitations of existing analysis techniques and 
equivalent circuit models is discussed. The major outcome of this study is related to the 
plasma and packing material dependency that was proven to significantly alter the NOCM 
chemistry in a co-axial DBD. A substantial increase in selectivity towards unsaturated C2 
was observed and was suggested to be an effect entirely related to changing plasma dynam-
ics showing the importance of particle size on the plasma behavior.
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Experimental Set‑Up

Geometric Specifications and Operating Conditions of the DBD Plasma Setup

The NOCM experiments were conducted in a coaxial packed-bed DBD reactor. This DBD 
configuration consists of five main components: a customized cylindrical quartz glass reac-
tor acting as the dielectric, two electrodes, and two end plugs, as shown in Fig. 1.

The cylindrical quartz glass reactor had inner and outer diameters of 19 mm and 22 mm, 
respectively, resulting in a dielectric barrier thickness of 1.5  mm. The outer electrode, 
working as the high voltage electrode, was a 5 cm long stainless steel mesh (wire diam-
eter = 0.22 mm, mesh size = 415 µm) covering the outer surface area of the quartz glass 
reactor. The inner grounded electrode was a stainless steel rod with a diameter of 10 mm, 
fixed at the center of the tube, resulting in a gap distance of 4.5 mm. The high voltage elec-
trode was powered by a Trek 20/20C-HS-H-CE high voltage amplifier, capable of giving 
voltage amplitudes of up to 20 kV peak alternating current at frequencies up to ~ 10 kHz. A 
Tektronix function generator (AFG1022) controlled the signal, selecting the frequency and 

Measurement of 

operating pressure

Fig. 1   a Schematic diagram of the applied packed bed DBD plasma reactor. The schematic drawing is color 
coded to distinguish the different materials: quartz glass reactor (blue), end plastic plugs (dark red), sili-
cone O ring (yellow), stainless steel rod (black), stainless steel mesh (grey), glass beads (orange), insulated 
grounded wire (green), insulated HV cable (red). b Schematic representation of the experimental setup, 
showing the gas lines, position of manometers (P1–P3), needle valves (V1 and V2) and GC. The operating 
pressure in the reactor was measured using P2 located just after the reactor (Color figure online)
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the peak-to-peak voltage to the Trek amplifier. The electrical characterization of the plasma 
was obtained by monitoring three electrical signals: the voltage output from the ampli-
fier, the total current, and the charge transfer in the reactor. The voltage output from the 
Trek amplifier was measured using a Tektronix high-voltage probe (P6015A) connected 
to the outer HV electrode, whereas the total current was measured using a Rogowski coil 
(Pearson, 4100) installed on the grounded line. The charge transfer in the reactor was 
obtained by measuring the voltage across a ceramic monitor capacitor with a capacitance 
of 10 nF using a low-voltage probe (Picotech, TA150). A digital oscilloscope (Picotech, 
Picoscope 6402C) recorded and collected these signals for continuous measurements of 
the DC plasma power during the experiments that were conducted. The plasma power was 
determined by integrating both the instantaneous plasma power and the enclosed area of 
the resulting Q–V diagram for a number of cycles (8 cycles were used). These charge–volt-
age (Q–V) diagrams were continuously acquired and saved every 5 min during the experi-
ment to elucidate the electrical properties of the plasma. A schematic representation of the 
experimental setup in terms of the applied diagnostics is presented in Fig. 2.

The plasma was generated in the DBD reactor by applying voltages of ~ 31–34 kV at a 
fixed frequency of 3 kHz, resulting in a plasma power of 30 W ± 1.5 W. Upon ignition, the 
reactor was flushed in CH4 (Air liquid, N55, > 99.9995%) and a plasma stabilization period 
of 30 min at a plasma power of 30 W was practiced prior to any measurements. This was 
practiced to let the system equilibrate, heat the gas by the plasma, and ensure steady state 
operation during the experiments. The CH4 gas was introduced to the inlet glass joint via 

Fig. 2   Schematic diagram of the experimental setup showing the configuration and connections of the elec-
trical circuit



848	 Plasma Chemistry and Plasma Processing (2025) 45:843–871

silicone tubing at a volumetric flow rate of 50 Nml/min by Bronkhorst mass flow control-
lers. Noteworthy is that no dilution gas was used in any of the conducted experiments. 
Experiments were conducted at two different pressures, i.e., a low- and a high-pressure 
condition. The low-pressure tests constitute reaction conditions similar to ambient condi-
tions (p = 1.2 bar), whereas the high-pressure tests correspond to a slightly elevated pres-
sure (p = 1.7 bar). These operating pressures were kept at 1.2 bar and 1.7 bar and monitored 
during the experiments. The reactor pressure was monitored and regulated manually using 
a needle valve (V1) and a manometer (P2) placed right after the reactor outlet, as depicted 
in Fig. 1b. The product composition of the effluent gas stream was analyzed using an online 
gas chromatograph (Thermo Fischer TraceGC 1300). The GC was calibrated to measure 
the following species: N2, CH4, C2H2, C2H4, C3H6, C3H8, and C4H10. To account for the 
gas expansion of the outflow from the reactor, a small N2 flow of 8 Nml/min was added to 
the reactor effluent as a standard for the GC measurements, allowing for estimation of the 
volumetric outflow. Before every experiment, the volumetric flow rate and inlet concentra-
tion of CH4 was measured from at least three GC samplings. The peaks from the chromato-
grams were converted to concentrations using the calibrations, as they were integrated and 
averaged for the steady-state operation. Thus, the molar flow rate of the products and unre-
acted CH4 was calculated from the volumetric outflow and the product concentrations from 
the GC measurements, allowing for conversion and selectivity calculations. Further, the 
standard deviation of the integrated peaks of the various species from the calibrations and 
experiments was determined and used to estimate the uncertainty on the concentration of 
every specie. The column that was installed in the GC was a RESTEK Rtx-5. The GC was 
also equipped with a flame ionization detector (FID) and a thermal conductivity detector 
(TCD), both using helium as carrier gas. The conducted experiments were repeated with a 
fresh packing of glass beads to account for uncertainties. All experiments were conducted 
without any external heating, and the duration of an experiment was 100 min, correspond-
ing to five GC measurements of the continuous effluent gas stream. The operating condi-
tions and relevant geometric specifications used in this study are summarized in Table 1.

Additional information regarding the experimental methodology (estimation of molar 
flows, GC specifications, reactor filling, photographic documentation (Figure S1) of the reac-
tor with fresh and spent packing, estimation of packing density, residence time calculations, 

Table 1   Overview of the 
geometric specifications and 
operating conditions used in this 
study

Geometric specifications Value

Reactor inner diameter [mm] 19.0
Inner electrode diameter [mm] 10.0
Discharge gap [mm] 4.5
Outer electrode length [cm] 5.0
Plasma zone volume [cm3] 10.3

Operating conditions Value

Frequency [kHz] 3
Plasma power [W] 30
Volumetric flow rate, CH4 [Nml/min] 50
Temperature Ambient, no external 

heating
Low-pressure condition [bar] 1.2
High-pressure condition [bar] 1.7
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and plasma power measurements (Figure S2)) is provided in section S.1 in the supplementary 
information (SI).

Packing Materials

The packing materials tested in this study were glass beads of five different size distributions, 
as listed in Table 2. The beads were tightly packed in the gap between the inner electrode 
and the glass barrier across the bed zone. Quartz glass wool was placed on each side of the 
bed zone, to restrict any movement of the glass beads elsewhere of the plasma zone. After 
the packing procedure for the glass beads and fixation with glass wool, the zone was slightly 
compressed, with a thin metal rod, to ensure the densest packing possible for the beads. It can 
be noted that the reactor porosity of the various sizes is quite similar, except for the largest 
particles with a size of the same order of magnitude as the gap distance, which hinders a tight 
packing. The procedure for estimation of the packing porosity of the different bead sizes is 
described in the SI in section S.1.

Evaluation Criteria: Conversion, Product Selectivity, and Energy Efficiency

The performance of the different plasma-glass bead systems was evaluated in terms of CH4 
conversion, product composition, and energy efficiency. The conversion of CH4 (X) and selec-
tivity (S) were obtained according to Eqs. (1) and (2), where (x) denotes the number of carbon 
atoms and (F) denotes molar flow rates in and out of the reactor of specific compounds in the 
unit mol/s.

The carbon balance (CB) is defined according to Eq. (3), taking the ratio between the 
sum of the effluent carbon atoms of each product relative to the inlet number of carbon 
atoms. The CB was used as a control parameter to validate that the GC measurements cov-
ered all formed major species in the product stream.

(1)XCH4
(%)=

Fin,CH4
− Fout,CH4

Fin,CH4

⋅ 100%

(2)SCxHy
(%)=

x ⋅ FCxHy

Fin,CH4
− Fout,CH4

⋅ 100%

Table 2   Overview of the different utilized bead sizes and their corresponding reactor porosity and dielectric 
constant

Bead size distribution 
[µm]

Packing porosity, 
Vvoid/Vtotal

Dielectric con-
stant, εr

Sphericity, Ψ Supplier

Glass beads
2000–5000 0.75 4 ≈ 1 Sigma Aldrich
900–1100 0.45 4 ≈ 1 Assistent
425–600 0.41 4 ≈ 1 Sigma Aldrich
212–300 0.41 4 ≈ 1 Sigma Aldrich
150–212 0.36 4 ≈ 1 Sigma Aldrich
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The energy efficiency (η) of the NOCM was defined in terms of the higher heating value 
(HHV) and calculated as the fraction of accessible energy of the products relative to the 
energy of the converted amount of CH4 and the applied plasma power, as seen in Eq. (4). 
The molar flow of hydrogen (FH2) in Eq. (4) is theoretically estimated from the CH4 reac-
tions shown in the SI in section S.1 due to the fact that helium was used as the carrier gas 
on the TCD in the GC, preventing a precise quantification of the hydrogen concentration.

Results and Discussion

This section provides a thorough evaluation of the tested plasma-glass bead systems in 
terms of CH4 conversion, product composition, and energy efficiency. Further, electrical 
characterization of the plasma dynamics has been conducted to obtain a detailed analy-
sis of Q–V plots (also known as Lissajous plots), illuminating the transition of discharge 
regimes obtained for the different bead sizes.

Conversion of CH4, Product Composition, and Energy Efficiency

The obtained conversion of CH4 and the energy efficiency for the high- (1.7 bar) and low-
pressure (1.2 bar) conditions as a function of the bead size and a comparison to an empty 
reactor (blue dashed line, p = 1.2 bar) are provided in Fig.  3. Additional time on stream 
data for the conducted experiments is provided in the SI in Figures S3-S10.

The CH4 conversion was found to be relatively low in contrast to other studies 
[37–39] and observed to decrease with decreasing bead sizes for both pressure condi-
tions, as seen in Fig. 3a. The low CH4 conversion is likely due to the absence of a dilu-
tion gas in the feed stream since the presence of a dilution gas (up to 90 vol% is com-
monly used) typically enhances the discharge homogeneity and conversion of CH4 [40]. 
An undiluted feed was used since it is much more industrially relevant, allowing for 
easier separation of products from unconverted feed. Similarly to the CH4 conversion, 
the same tendency is reflected in Fig.  3b, showing a decreasing energy efficiency for 
the plasma-assisted NOCM with decreasing particle size. This is a result of the low 
conversion of CH4 and constant plasma power of 30 W, yielding low energy efficien-
cies. The effect is more prominent for the high-pressure condition, as the CH4 conver-
sion decreased from 8.5 to 3.7%, compared to the low-pressure condition, where the 
CH4 conversion only decreased from 8.7 to 5.5%. Comparing the CH4 conversion of 
the two pressure conditions for the two largest applied glass beads (2000–5000 µm and 
900–1100 µm), almost identical reactor performances are observed. Due to the higher 
porosity of the large particle packing, the residence time of the gas is longer than for 
the next largest bead size (2000–5000  µm vs 900–1100  µm), indicating increases in 
residence time caused by the different bead sizes seems not to improve the conversion 

(3)CB(%)=

∑

x ⋅ FCxHy

Fin,CH4

⋅ 100%

(4)η(%)=

∑x = 3

x = 2
HHV

�

CxHy

�

⋅ FCxHy
+ HHV

�

H2

�

⋅ FH2

HHV
�

CH4

�

⋅ (Fin,CH4
− Fout,CH4

) + Plasma power
⋅ 100%
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result. Furthermore, an identical CH4 conversion is obtained for the empty reactor 
exhibiting the longest gas residence time. Thus, the CH4 conversion dependency on par-
ticle size, more prominently observed for the high-pressure condition, may be a com-
bined effect of the slightly elevated operating pressure (1.7 bar) and spatial confinement 
of the plasma zone and its impact on the plasma. The observed effect appears to become 
increasingly important with decreasing size of the interparticle void spaces. To substan-
tiate this, Fig. 4, shows the CH4 conversion as a function of either the gas residence time 
or number of micro-discharges per half cycle. The results shown in Fig. 4a indicate that 
the CH4 conversion is roughly independent of the gas residence time between 5 to 12 s 
and 8 s to 13 s for the low- and high-pressure conditions, respectively.

For shorter residence times < 5.5 s and < 7.8 s for the low- and high-pressure conditions, 
the decrease in CH4 conversion shown in Fig. 4a may be a combined effect of transitional 
plasma dynamics affected by decreasing bead size and the residence time decrease (caused 
by the different bead sizes). However, the transitional plasma dynamics are anticipated 
to play a relatively larger role due to the fact that the residence time for the three small-
est bead sizes is very similar, as shown in Table  3. In addition, as seen in Fig.  4b, the 

Fig. 3   a CH4 conversion and b energy efficiency, as a function of the particle size of the glass beads. 
Results from an empty reactor (1.2 bar) experiment is also shown for comparison. Horizontal and vertical 
error bars indicate the span of the bead size and the standard deviation of the four last GC measurements. 
The operating conditions and geometric specifications of the investigated plasma systems can be found in 
Table 1
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CH4 conversion is correlated with the plasma mode and, more specifically, the number of 
micro-discharges formed in the reactor. The number of micro-discharges was estimated 
by examining the current profiles which are shown later in “Electrical Characterization of 
Resulting Plasma Dynamics” section. To elaborate, an algorithm was used to count the 
micro-discharges and if the current spikes or peaks increase above the standard devia-
tion, similar to the study of Andersen et al. [41]. A thorough discussion of the transitional 
plasma dynamics for the different bead sizes is provided in “Electrical Characterization: 
Theory and Methodology” section. Furthermore, a comparison of the residence times and 
number of micro-discharges for the different beads sizes is shown in Table 3.

The results presented in Fig.  5 demonstrate that not only is the CH4 conversion 
affected by the different applied glass bead sizes, but also the resulting product compo-
sitions and carbon balances for both pressure conditions. The main products obtained 
for the two pressure conditions consisted of a mixture of saturated and unsaturated C2 
and C3 species, as shown in Fig. 5a. The exact degree of saturation between saturated 
and unsaturated C2 and C3 was not determined due to separation limitations of the 
RESTEK Rtx-5 column utilized in the GC, which we are aware is not ideal. Preferably, 
another GC column should have been used to allow for this determination of the satu-
ration degree between unsaturated C2. However, based on results from a similar study 
[40], it is expected that ethylene constitutes an equivalent or slightly larger fraction 
than acetylene of the measured unsaturated C2 species. In addition to the main prod-
ucts summarized in Fig. 5a, longer hydrocarbon products were detected (C4 and C5) in 
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Table 3   Comparison of the 
residence time and number of 
micro-discharges per half cycle 
for the different bead sizes and 
operating pressures

Glass bead 
distribution, 
[µm]

Residence time (τ) [s] Number of micro-
discharges per half cycle 
(NMD)

p = 1.7 bar p = 1.2 bar p = 1.7 bar p = 1.2 bar

150–212 6.27 4.43 32 40
212–300 7.14 5.04 46 50
425–600 7.14 5.04 37 48
900–1100 7.84 5.53 55 64
2000–5000 13.1 9.22 63 60
Empty – 12.3 – 77
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the FID spectrum, however, the concentrations (trace amounts) were insignificantly low, 
and were not accounted for. Therefore, these longer hydrocarbons were neglected in 
the calculation of the carbon selectivity of the different products, which is a reasonable 
approach, substantiated by the carbon balances shown in Fig. 5b, covering > 95% of the 
fed carbon for both pressure conditions. However, it should be mentioned that the good 
closure of the carbon balances is partly due to the low conversion of CH4. Furthermore, 
the carbon balance closure decreases slightly with larger bead size, which could be a 
result of formation of higher hydrocarbons or carbon deposition on the beads. Whether 
the latter has a significant influence on the carbon balance or conversion of CH4 longer 
experiments would have to be conducted and the amount of deposited carbon quantified.

The results presented in Fig.  5a show a significant increase in selectivity towards 
unsaturated C2 species with decreasing bead size for the investigated high- and low-
pressure conditions, from 16 to 50% and 15 to 42% for the high- and low-pressure con-
ditions. Also noteworthy is that the empty reactor and the largest bead size showed 
very similar product selectivities. The most prominent increases in selectivity towards 
unsaturated C2 are observed when comparing the largest bead size (2000–5000 µm) and 
empty reactor with the second largest bead size (900–1100 µm). The highest selectiv-
ity towards unsaturated C2 species for the high- and low-pressure conditions was 50% 
and 42%, respectively. Furthermore, it should be noted that the high-pressure condition, 
except for the largest bead size (2000–5000 µm), consistently enhances the selectivity 
towards unsaturated C2 species relative to the selectivity towards the saturated C2H6 
compared to the low-pressure condition.

Fig. 5   a Carbon selectivity of the 
products in the effluent stream 
for the high- and low-pressure 
conditions (as indicated on the 
figure) and for the different glass 
bead sizes. Note the empty reac-
tor results are shown combined 
with the low-pressure condition. 
b Resulting carbon balance of the 
different tested glass bead sizes 
for the two pressure conditions 0
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In contrast, the selectivity towards saturated C2 (ethane) remained approximately con-
stant with bead size, whereas the selectivity towards C3 species decreased with decreas-
ing bead size for both pressures. This indicates that the activation mechanism of CH4 and 
the dominating reaction routes determining the chemistry of NOCM are affected by the 
applied size of the glass beads. From the results shown in Fig. 5a, and in line with other 
studies proposing various reaction paths [40, 42], it is proposed that the formation of C3 
species most likely proceeds through an activation mechanism of unsaturated C2 with CHx 
species (R1) or hydrogen radicals (R2) or electron impact dehydrogenation of C2H6 (R3 
and R4). With decreasing bead size, the reaction pathways (R1 and R2) appear to be pro-
gressively inhibited, favoring the formation of unsaturated C2 rather than C3 species via 
these reaction pathways.

The change in product selectivity is suggested to be primarily an effect of chang-
ing streamer dynamics related to the co-dependent behavior of the plasma and the pack-
ing beads rather than a gas residence time or CH4 conversion effect. This is substantiated 
in Fig. 6, which displays the selectivity to unsaturated C2 as a function of the number of 
micro-discharges per half cycle. Following these results, the selectivity towards unsatu-
rated C2 is found to be correlated with the number of micro-discharges in the DBD reactor 
and, thereby, the dominating plasma regime.

The overall reactor performance of the conducted plasma-assisted NOCM for the 
empty reactor and utilizing glass beads of the five different bead sizes is summarized in 
Fig.  7. The results show the selectivity towards unsaturated C2 plotted against the CH4 
conversion for the two pressure conditions. The results in Fig. 7 emphasize that the opti-
mal reactor configuration depends on whether the purpose is conversion or selectivity to 
unsaturated products. A high selectivity towards unsaturated C2 species is not directly cor-
related with the highest CH4 conversion, as seen from the results utilizing the largest glass 
beads (2000–5000 µm) and vice versa. As demonstrated, the intermediate glass bead sizes 

(R1)C2H4 + CH2 → C3H6

(R2)C2H4 + H → C2H5

(R3)C2H6 + e− → C2H5 + H + e−

(R4)C2H5 + CH3 → C3H8

Fig. 6   CH4 conversion as a 
function of the number of micro-
discharges per half cycle
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(212–300 µm, 425–600 µm, 900–1100 µm) contribute to a higher conversion of CH4 while 
simultaneously being selective towards unsaturated C2 species, exhibiting the most opti-
mal reactor performance for the plasma-assisted NOCM. This characteristic reactor perfor-
mance for the different tested glass bead systems is, however, not captured by the energy 
efficiency factor provided in Fig.  3b, as the performance of the sizes of the glass beads 
(425–600 µm, 900–1100 µm, 2000–5000 µm) displays similar performances. The results 
in this section show that the occurring chemistry in the plasma-assisted NOCM strongly 
depends on the size of the utilized glass beads. The change in reactor performance is 
attributed to the resulting plasma dynamics, i.e., the change of discharge regime and elec-
tron energies, which seems to be strongly dependent on spatial confinement and operat-
ing pressure. Understanding the transitional behavior of the discharge regime and streamer 
propagation related to operating conditions and the co-dependency of the packing mate-
rial is very important and suggested to be the determining factor controlling the chemi-
cal reaction routes. This is discussed further in “Electrical Characterization: Theory and 
Methodology”–“Effects of Transitional Plasma Dynamics on the Chemistry of NOCM” 
sections, elucidating the relationship between the observed plasma dynamics, discharge 
regimes, and shapes of Q–V plots obtained for the different bead sizes.

Electrical Characterization: Theory and Methodology

Electrical characterization of reactor properties in PBR DBD plasmas is useful for explor-
ing the inherently complex character of the co-dependent behavior of discharge regimes 
and the utilized packing material. For this purpose, the most commonly applied and, gener-
ally, the most accurate method is the capacitor method, also used in this study, as shown 
in Fig.  2. This allows for power measurements (by integrating the Lissajous figure with 
respect to time) alongside in-depth electrical characterization by analysis of charge–voltage 
(Q–V) plots, combined with a suitable equivalent circuit model, as shown in Fig. 8 [35].

As presented in Fig. 8, the simplest equivalent circuit model of DBD systems is often 
used to interpret ideal Q–V data by two capacitors in series, corresponding to the dielec-
tric and gap capacitances (Cdiel and Cgap) with a resistor (Rplasma), typically time-depend-
ent, parallel to the gap capacitance to account for the variable conductivity of the gas gap 

0

10

20

30

40

50

60

3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

C
2

un
sa

t. 
se

le
ct

iv
ity

 (%
)

CH4 conversion (%)
p=1.7 bar p=1.2 bar Empty, p=1.2 bar

150-212µm
212-300µm 425-600µm

900-1100µm

2000-5000µm

150-212µm 212-300µm 425-600µm

900-1100µm

2000-5000µm

Fig. 7   Carbon selectivity to unsaturated C2 species plotted against the conversion of CH4



856	 Plasma Chemistry and Plasma Processing (2025) 45:843–871

during the discharge phase [35]. The ideal Q–V diagram for a sinusoidal voltage cycle of a 
DBD has the characteristic shape of a parallelogram with clearly distinguishable discharg-
ing phases. The four sides constitute a complete cycle of the applied voltage in a DBD. 
The discharge properties are derived from the gradient of the capacitive (AB and CD lines, 
‘plasma off’) and discharging phases (BC and DA lines, ‘plasma on’). During the ‘plasma 
off’ phase, the reactor works entirely as a capacitor with a capacitance equal to Ccell 
when no plasma is present. Conversely, during the discharging phase, the gas gap voltage 
exceeds the threshold breakdown voltage, generating micro-discharges that transfer charge 
across the gas gap in the DBD. Consequently, the gas gap ceases to behave as a capacitor, 
while the dielectric barrier remains capacitive, meaning the capacitance is equal to Cdiel 
during the discharging phase. The capacitance of the dielectric, Cdiel, is often a fixed value, 
neglecting temperature effects, and is only dependent on the reactor geometry and material 
properties. The relationship between the capacitances of the equivalent circuit model of 
DBDs is provided in Eq. 5. Further, the parameter ζdiel, appearing in Fig. 8, corresponds to 
the effective dielectric capacitance, which is defined later in this paragraph.

The Q–V plots combined with the equivalent circuit model are increasingly utilized 
as a diagnostic tool for power measurements and measurements of the gas gap charge 
transfer, reactor capacitance, and ignition voltage of the plasma. These are parame-
ters that collectively quantify the reactor performance of the PBR DBD [35, 43, 44]. 
However, the dielectric properties of the packing material are known to enhance local 
electric fields in the vicinity of the bead or pellet, affecting the behavior of the plasma 
by effects of their polarization ability, often resulting in irregular forms of the Q–V 
plots [25, 35, 36]. A common irregularity observed and reported by previous studies 
[35, 36, 38, 45], exemplifying deviations from the ideal Q–V diagrams for PBR DBDs, 
is the occurrence of almond-shaped Q–V plots. The co-dependent dynamics of plasma 
and packing materials increase the complexity of interpreting the electrical behavior 
through analysis of almond-shaped Q–V plots of such systems as the capacitance dur-
ing the discharging phases varies. Therefore, the transition point between the capacitive 
and discharging phases becomes undistinguishable, as the reactor capacitance during 
discharging varies due to the strong dependency on the externally applied voltage and 
capacitive properties of the packing [46]. Consequently, the description of the electrical 
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Fig. 8   Depiction of the equivalent circuit model of a classical DBD plasma based on series capacitances for 
the discharge gap and dielectric material, with a corresponding ideal Q–V plot shaped as a parallelogram 
for one cycle of the applied voltage. The color-coding corresponds to the capacitive phases (black) and the 
discharging phases (blue) of a classical DBD plasma (Color figure online)
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behavior of PBR DBDs exceeds the application limitations of the classical equivalent 
circuit model. For this reason, the partial discharging formalism proposed by Peeters 
et al. [46], combined with extended methods of this theory by Butterworth et al. [36], 
have been used in this study to analyze the non-ideal Q–V plots. Hence, explaining 
the electrical behavior of the plasma in the tested PBR DBD systems for NOCM. The 
model of Peeters et al. [46] is an extension of the classical equivalent circuit model of 
DBDs, as seen in Fig. 9a, which accounts for the phenomenon of partial discharging by 
splitting the equivalent circuit geometry into two parts. One part describing the areal 
fraction of the non-discharging (α) and another part describing the discharging (β) areas 
of the electrode.

Partial discharge regimes are established in PBR DBDs, when the applied voltage 
only marginally exceeds the breakdown voltage of the reactor [35, 36, 47]. Under such 
conditions, if determinable, the discharging gradients (slopes BC and DA) would be less 
than the capacitance of the dielectric, Cdiel, introducing the parameter, ζdiel, termed as 
the effective capacitance, as shown in Fig. 8. However, the often irregular Q–V shap-
ing implies difficulties with the determination of the effective capacitance. Thus, the 
extended methods of Butterworth et  al. [36], based on the formalism of Peeters et  al. 
[46], have been applied for this purpose, allowing for the electrical characterization 
of non-ideal Q–V diagrams for PBR DBDs. The analytical method characterizes the 
plasma behavior and dominating discharge regime in terms of the fractional area of the 
electrode that is non-discharging (α). Thereby, indirectly accounting for the variable 
gradient during the discharging phases through the determination of the effective capac-
itance. The partial discharge coefficient, α, is defined according to Eq. 6.

The value of α is defined in the range between zero and one and can be used as a quali-
tative measure to describe the plasma behavior and dominating discharge regime. In this 
respect, a low α value (~ 0–0.1) corresponds to an operating mode where almost complete 
charge transfer occurs, unaffected by the capacitive properties of the packing, represented 

(6)α =
Cdiel − ζdiel

Cdiel − Ccell

Fig. 9   a Depiction of the partial discharging equivalent circuit model proposed by Peeters et al. [46]. As 
shown, the dielectric and gap capacitances are divided into a non-discharging areal fraction (α), and a dis-
charging areal fraction (β). b Visual representation of the application of the analytical approach proposed 
by Butterworth et al. [36] used to estimate the effective dielectric capacitance (ζdiel). The estimation of the 
maximum and minimum effective capacitances for the positive and negative half cycles are based on the 
average of four consecutive AC cycles. This procedure has been repeated five times, every 20 min, to cover 
the full operating time and capture any transitional behavior of the resulting plasma. The data provided is 
from the experiment utilizing the glass bead size (212–300 µm) for the low-pressure condition
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through a discharge regime of stable streamers bridging the discharge gap. Oppositely, a 
high alpha value (~ 0.9–1) is characteristic of incomplete plasma formation dominated by 
a partial discharging regime, limiting charge transfer across the discharge gap, as every 
single packing bead or pellet acts as individual capacitors. The controlling mechanisms 
of the transitional behavior of discharge regimes and streamer dynamics is a combined 
effect of the dielectric constant of the packing material and applied voltage. In practical 
applications of PBR DBD systems, the discharge dynamics are inevitably affected by the 
packing’s capacitive ability, resulting in a varying instantaneous capacitance during the 
discharging phase, causing non-ideal forms of the Q–V diagram. To overcome analysis 
implications of irregular Q–V plots, the effective capacitance is measured four times dur-
ing a full cycle of the applied voltage, defining a range of values for the effective capaci-
tance. A visual depiction of the concept is provided in Fig.  9b. According to the analy-
sis, the effective capacitance is determined through two sets of gradients, the maximum, 
and minimum, during the positive and negative half periods (+ ζdiel,min/max, − ζdiel,min/max) 
of the full cycle. The maximum effective capacitance, ζmax, corresponds to the steepest 
gradient of the discharging phases, whereas the minimum effective capacitance, ζmin, cor-
responds to the gradient obtained between the apex points and the approximated beginning 
of the discharging phases. These gradients, the maximum and minimum effective capaci-
tances (+ ζdiel,min/max, − ζdiel,min/max) for the positive and negative half cycle, were estimated 
using linear regression based on a weighted least square method on four consecutive Q–V 
cycles. This procedure was repeated every 20 min to account for the possibility of chang-
ing plasma dynamics during the operation of the PBR DBD. Thereby, a span of values 
is averaged for the effective capacitance. The application of this concept is similar to the 
classical equivalent circuit model of DBDs, however, it allows for more accurate electrical 
characterization of non-ideal Q–V diagrams due to the estimation of the maximum and 
minimum effective capacitances. Deviations from ideality are related to the width of the 
interval range of the effective capacitances, as a difference of zero between the maximum 
and minimum value of the same half period would correspond to a constant gradient of 
Cdiel, yielding an ideal parallelogram-shaped Q–V plot. The approach presented here and 
visually shown in Fig. 9b has been used for the characterization of the electrical behavior 
of the resulting plasma dynamics of the NOCM for the different glass bead systems. The 
parameter, α, has been calculated according to Eq. 6, requiring the effective capacitance, 
ζdiel, the cell capacitance, Ccell, and the dielectric capacitance, Cdiel, to be known. The effec-
tive capacitance, ζdiel, and the cell capacitance, Ccell, are determined through analysis of the 
gradients according to Fig. 9b. Conversely, the dielectric capacitance, Cdiel, is very often 
a fixed value solely dependent on geometry and material properties, as seen in Eq. 7 [48]:

where ε0 and εr are the absolute and relative permittivity of vacuum and quartz glass, 
respectively, and R, x, and L correspond to the reactor’s inner radius, barrier thickness, 
and plasma zone length. By inserting the real dimensional values, a dielectric capacitance, 
Cdiel, of ~ 71 pF for the reactor used in this study is obtained. The calculation is shown in 
the SI in Equation (S.10).

(7)Cdiel =
2��0�rL

ln
(

R+x

R

)
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Electrical Characterization of Resulting Plasma Dynamics

The obtained Q–V plots for all the tested glass bead systems for both pressure conditions, 
alongside corresponding values of alpha, are provided in Fig. 10, clearly displaying non-
ideal behavior. The Q–V plots presented in Fig.  10a, b demonstrate that a transitional 
behavior of the plasma with decreasing bead size occurs for both pressure conditions due 
to the shape transition. Similar electrical characterizations were observed for the plasma 
behaviors for the two pressure conditions. Therefore, the remaining part of this section is 
focused on elucidating the plasma behavior through the results obtained for the high-pres-
sure condition, whereas the results showing the electrical data for the low-pressure condi-
tion are provided in Figure S11-S12 in the (SI). As seen in Fig. 10a, b, the shape of the 
Q–V plots shifts from an approximately characteristic parallelogram towards an elongated 
almond shape for decreasing bead sizes, featuring the distinct curved transition between 
the capacitive and discharging phases. The shift in shape is most distinctively observed 
when comparing the largest beads (2000–5000 µm) and the empty reactor with the remain-
ing bead sizes. This plasma transition is also reflected and substantiated by the correspond-
ing values of α provided in Fig. 10c. The α value is determined four times for a full cycle 
of the applied voltage due to its dependency on the effective capacitance, according to 
Eq.  6. For this reason, in Fig.  10c, the alpha coefficient is presented as a defined range 
of values, with the upper and lower boundary corresponding to the estimation acquired 
using the minimum and maximum gradient of ζdiel for the positive and negative half cycle, 
as outlined in “Electrical Characterization: Theory and Methodology” section. The alpha 
value following the analytical methods of Butterworth et al. [36] can be interpreted as a 
measure of the fractional charge conductively transferred across the discharge gap between 
the electrodes. For increasing alpha values ( 1 ≥ � ≥ 0 ), the packing material increasingly 

Fig. 10   Q–V plots measured for the different bead sizes (empty reactor, 150–212 µm, 212–300 µm, 425–
600 µm, 900–1100 µm, 2000–5000 µm) for a the low (1.2 bar) and b high-pressure (1.7 bar) condition. c 
Estimated interval ranges for resulting α value for the high-pressure condition (p = 1.7 bar)
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acts as a capacitor, limiting the charge transfer between the electrodes. In this respect, 
the value of α can be used as a measure reflecting the extent of plasma formation and the 
resulting discharge dynamics, wherein low alpha values correspond to a stable streamer 
regime, whereas a high value would correspond to partial discharging, as explained above. 
Previous studies have reported values of alpha in the intermediate range (α ~ 0.4–0.6), 
and in such cases, the resulting plasma behavior was strongly dependent on the dielec-
tric constant of the packing [36, 47]. In this respect, identical values of alpha and plasma 
powers can be obtained for different packing materials utilizing similar operating condi-
tions, although significant differences in the discharge regime are observed. However, in 
this work, since the only tested packing material has been glass beads with an identical 
dielectric constant, the alpha estimations are considered a reliable parameter for charac-
terizing the plasma behavior for the applied size relative to each other. In Fig.  10c, the 
determined values of alpha for the high-pressure condition are shown as an interval range. 
It is demonstrated that the width of the interval range of the alpha coefficient decreases 
towards a very narrow interval range in the high end of the spectra with decreasing bead 
size (α2000–5000 µm ~ 0.62–0.91 to α150–212 µm ~ 0.92–0.95) indicating that transitional plasma 
dynamics is obtained. The widest interval range for alpha alongside the lowest values is 
obtained for the largest glass beads (2000–5000 µm) and the empty reactor. This implies 
that the plasma behavior is characterized by a discharge regime where streamers appear, 
only partly affected by the capacitive properties of the glass beads, conductively transfer-
ring significant charge across the gas gap during discharging. The formation and propaga-
tion of intense streamers are suggested to be a result of the relatively high reactor porosity 
and large interparticle void spaces creating physically unhindered gap channels, facilitating 
the possibility of initiating breakdown in these gas channels. Thereby, bridging stream-
ers appear, transferring significant charge, which is confirmed by the stepped discharging 
regions of the Q–V plots in Fig. 10a, b, which are found to be more prominent for the low-
pressure condition [35, 36]. On the other hand, for the glass bead sizes smaller than the 
largest (900–1100 µm to 150–212 µm), the plasma zone becomes more spatially confined, 
referring to Table 2, substantially affecting the alpha coefficient, suggesting transitioning 
behavior of the plasma and dominating discharge regime. The decreasing glass bead size 
lowers the reactor porosity, which increases the gap capacitance of the reactor due to the 
increasing amount of glass beads present in the bed. Further, the interparticle void spaces 
decrease, which reduces the possibility of having radial physically unhindered channels 
through the packed bed, restricting the occurrence of bridging streamers. As a result, the 
interval range of alpha is observed to be consistently narrow (α900–1100  µm ~ 0.83–0.93 to 
α150–212 µm ~ 0.92–0.95), as shown in Fig.  10c, indicating that the combined effect of the 
lower reactor porosity and increasing zone capacitance affect the plasma formation and 
propagation. This limits the charge transfer during discharging, as every bead acts as indi-
vidual capacitors by trapping charge. Consequently, the increasing alpha values suggest 
that the discharge regime transitionally shifts toward a regime dominated by partial dis-
charging, absenting stable streamers bridging the discharge gap. This causes incomplete 
plasma formation and restricts charge transfer during discharging, resulting in almond-
shaped Q–V plots. These inter-reliant plasma and packing mechanisms, experimentally 
demonstrated in this study, are designated to control the discharge dynamics and, thus, 
the electron energy distribution and densities that directly influence the chemical reaction 
routes [36, 46]. The assessment of these effects, related to the changing plasma regime and 
to which extent the NOCM is dependent on these dynamics, are addressed and clarified in 
“Effects of Transitional Plasma Dynamics on the Chemistry of NOCM” section.
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The varying spatial confinement of the bed associated with the different sizes of the 
glass beads is also suggested to influence the ignition characteristics of the plasma. The 
origin of the complicated plasma behavior of partial discharge regimes has previously been 
stated to be related to the ignition mechanism of the plasma, which is dependent on the 
polarization ability and capacitive properties of the packing materials [35, 36]. During an 
AC voltage cycle, not necessarily in the peak, the gap voltage exceeds the threshold break-
down voltage in the contact points of the packing material due to enhanced local electric 
fields, igniting the plasma. With increasing AC voltage, as long as the breakdown criteria 
are fulfilled, the plasma propagates radially away from the ignition point, on a timescale 
of nanoseconds, conductively transferring charge towards nearby regions with larger dis-
charge gaps and thereby weaker electric fields. These radially varying expansion conditions 
for the plasma constitute the complex behavior of partial discharging regimes associated 
with PBR DBDs, resulting in the varying discharge gradient alongside altering breakdown 
voltage and almond-shaped form of the Q–V plot. Figure 10a, b show that the discharg-
ing regions of the Q–V plots for the largest glass bead (2000–5000 µm) are slightly more 
defined and distinguishable. In contrast, the remaining four glass bead sizes feature the 
curved transition between the capacitive and discharging phases, exhibiting the non-ideal 
almond-shaped Q–V diagrams. Alone, the observed shape transition of the Q–V diagrams 
substantiates the changing character of the plasma with varying reactor porosity. The dis-
tinctive difference in the discharging regions of the Q–V plots further suggests that the 
ignition mechanism occurs differently and is strongly influenced by the reactor porosity. As 
outlined previously, the volume of the interparticle void spaces changes significantly with 
the interval range of the applied bead sizes. Herein, the increasing density of contact points 
for the smaller glass beads combined with the absence of physically unhindered gap chan-
nels suggests ignition in the contact point due to electric field magnification effects. Oppo-
sitely, the stepped profile of the discharging phases of Q–V plots for the empty reactor 
and largest glass beads (2000–5000 µm) suggests that the plasma ignition and breakdown 
mechanism proceeds through streamers. In addition to the Q–V plots and alpha coefficients 
presented in Fig. 10, the voltage and instantaneous current data, shown in Fig. 11, provide 
additional insight into the plasma behavior that substantiates the distinctive transition of 
the discharge dynamics with decreasing particle size.

The most apparent characteristic in Fig.  11 is the difference in the magnitude 
of the instantaneous current pulses. The empty reactor and the largest glass beads 
(2000–5000 µm) exhibit significantly higher current pulses than the rest of the tested glass 
bead sizes. This validates that the discharge regime is established by the formation and 
propagation of streamers. Moreover, a shorter discharging period is observed for the larg-
est glass beads (2000–5000 µm), comprising a filament distribution of relatively intense 
current pulses for both the negative and positive half cycles, demonstrating symmetrical 
discharging. The shorter discharging duration indicates that a higher breakdown voltage 
is required to initiate the breakdown mechanism. This is attributed to the greater reactor 
porosity, wherein the plasma zone is less spatially confined, resulting in fewer contact 
points that would have increased the existence of narrow channels, allowing the breakdown 
mechanism to progress through streamers due to the weaker electric field magnification 
effects. Oppositely, considering the remaining four glass bead sizes, the discharging dura-
tion, filament distribution, and discharging symmetry are observed to change with decreas-
ing bead size, with the specific bead size (900–1100 µm) exhibiting transitional behavior. 
Irrespective of the relatively high values of α estimated for this bead size (900–1100 µm), 
high-magnitude current pulses intermittently occur during discharging, indicating that the 
plasma behavior is found in an alternating state, transitioning between the propagation of 
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streamers and partial discharging regimes. A magnification of voltage-current character-
istics for the three smallest glass bead sizes (425–600 µm, 212–300 µm, 150–212 µm) is 
shown in Figure S13 in the SI. Marginal increases in the discharging duration are observed 
with decreasing particle size, indicating that the increasing spatial confinement of the 
bed contributes to a reduction of the breakdown voltage, substantiating that the ignition 
occurs in the contact points of the glass beads, resulting in uniform filament distribution. 
Further, with decreasing particle size of the glass beads, most prominently displayed for 
the smallest glass beads (150–212 µm), an increasing tendency to asymmetrical discharg-
ing is observed, implying that varying plasma behavior for the positive and negative half 
cycles of the applied voltage is obtained. This phenomenon may be attributed to a com-
bined effect, which develops with increasing spatial confinement of the plasma bed and the 
inherent asymmetric reactor design with only one of the electrodes being covered with a 
dielectric [35]. The results presented in this section demonstrate that the plasma behavior, 
given the constant operating conditions aiming to yield a plasma power of 30 W, strongly 
depends on the discharge zone’s capacitance, which is collectively defined by the physi-
cal properties of the packing material and the gas. This dependency was demonstrated by 
varying the bead size of the packing rather than the dielectric constant. The increasing 
spatial confinement of the bed substantially changed the character of the plasma, as the 
partial discharging degree was proven to increase and become the dominating discharge 
regime. This effect of the glass beads on the plasma behavior inevitably affects the charge 
transfer between the electrodes, which, together with the breakdown criterion, determines 
excitation, dissociation, and ionization rates that collectively influence the chemical reac-
tion routes of the plasma-assisted NOCM [46].

Fig. 11   Voltage-current characteristics for the empty reactor (1.2 bar) and tested glass bead systems meas-
ured after 40 min run time for the high-pressure condition. The presented discharge characteristics was fil-
tered with a 20-point Savitzky–Golay filter to minimize noise (Color figure online)
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Effects of Transitional Plasma Dynamics on the Chemistry of NOCM

As demonstrated in this study, through analysis of Q–V plots and voltage-current character-
istics, a transitional behavior of the dominating discharge regime is observed. A transition 
from a streamer regime to a partial discharging regime, with increasing spatial confinement 
of the plasma zone is observed to occur. However, the important question to address is how 
the chemistry of NOCM is affected by the change in plasma dynamics.

The Conversion of CH4

The results provided in “Conversion of CH4, Product Composition, and Energy Effi-
ciency" section showed a correlation between the plasma behavior for the different bead 
sizes and the CH4 conversion. In Fig. 4b, it was shown how the resulting plasma dynam-
ics, in particular how the increasing number of micro-discharges was correlated with an 
increasing conversion of CH4. Further, the results in Fig.  4a indicated that the gas resi-
dence time reduction caused by the glass beads did not influence the CH4 conversion for 
large bead sizes. When the gas residence time is increased roughly by a factor of two, when 
going from the largest beads to the empty reactor, the CH4 conversion remains constant 
at both pressures. This is substantiated for the three smallest bead sizes (150–212  µm, 
212–300  µm, 425–600  µm), as the low-pressure condition, despite the shorter residence 
time compared to the high-pressure condition, demonstrated a higher CH4 conversion. 
Thus, the results suggest that it is primarily a plasma effect related to the shift in discharge 
regime rather than a residence time effect that causes changes in the CH4 conversion, how-
ever, for small beads an effect of residence time cannot be excluded.

Herein, two influential characteristics should be highlighted. Firstly, the formation and 
propagation of bridging streamers between the electrodes for the largest beads increase the 
probability of activating the strong CH3-H bonds (~ 439 kJ/kmol) of CH4, enhancing the 
conversion [49]. Secondly, the lower magnitude of current pulses alongside the asymmetric 
discharge dynamics, observed in Fig. 11, with the decreasing size of the beads, is antici-
pated to diminish the activation and, in turn, the conversion of CH4.

Despite very similar plasma behaviors and characteristics for the two pressure condi-
tions for the applied bead sizes, a difference in CH4 conversion is observed when compar-
ing the three smallest bead sizes (150–212  µm, 212–300  µm, 425–600  µm) for the two 
pressures.. The slightly elevated pressure condition coupled with the increasing spatial 
confinement of the plasma zone is anticipated to affect the breakdown criteria and plasma 
dynamics following Paschen’s law [36]. Moreover, the elevated pressure condition is 
expected to favor the number of recombination events of methyl species (three-body reac-
tion) (R5) relative to the number of activation events of CH4, which should be restricted by 
the elevated pressure as emphasized in reaction equation (R6) where M denotes a collision 
partner.

The incomplete plasma formation combined with the enhancement of recombination 
events of methyl species could result in a lower conversion of CH4 for the high-pressure 
condition and the smallest bead sizes. This could indicate that the difference in CH4 con-
version may be associated with the higher operating pressure’s (p = 1.7 bar) effect on the 

(R5)CH3 + H + M → CH4 + M

(R6)CH4 + e− → CHx+(4 − x)H + e−
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enhanced methyl recombination vs CH4 dissociation mechanism. Lastly, it should be men-
tioned that the changing plasma behavior might, in principle, affect the temperature of the 
bulk gas in the DBD reactor and, thus, the NOCM chemistry. However, the conversion of 
CH4 and the product selectivities were found to be constant and independent of the tem-
perature in the range of 25–200 °C, as shown in Figures S14 and S15 in the SI.

The Product Distribution

Besides influencing the conversion, the product composition was also observed to change 
significantly with decreasing size of the glass beads. A clear increase in selectivity 
towards unsaturated C2 products was observed for both pressure conditions as a function 
of decreasing bead size. The selectivity towards unsaturated C2 increased substantially 
by ~ 25% and ~ 45% when comparing the reactor performance for the empty reactor, the 
packed reactor with the largest (2000–5000 µm) and smallest (150–212 µm) glass beads, 
for the high- and low-pressure conditions, respectively. This tendency is also suggested to 
be primarily a combined effect of the operating pressure and transitional plasma behavior. 
The dominating reaction pathways for the formation of unsaturated C2 are proposed to be 
strongly dependent on the plasma behavior, as the plasma is the only activation mechanism 
and as the C–C coupling reactions require significant activation energy in the required ini-
tial step of H-abstraction, as seen in Table 4.

With increasing spatial confinement of the plasma zone, the small interparticle void 
spaces constrain the formation of a complete plasma, resulting in low-magnitude current 
pulses and a high degree of partial discharging. The incomplete plasma behavior is still 
sufficiently energetic and capable of activating CH4 generating reactive CHx species (R6), 
which can react to form stable C2 species (R7), metastable electronically excited C2 spe-
cies, or recombine with hydrogen as the first reaction step (R5) [40, 42].

Subsequently, a second activation of stable C2 species (ethane, ethylene, acetylene) 
might follow as shown previously in (R1–R4) and (R8) [40, 42].

However, ethane has weaker C–H bonds (421  kJ/mol) in comparison to those of 
ethylene and acetylene (465 kJ/mol, 558 kJ/mol). Coupled with the weaker plasma for 
smaller beads (due to the partial discharging regime), this suggests that a higher fraction 
of the formed ethane, relative to the formed ethylene or acetylene, can be activated and 
react to form primarily unsaturated C2 or C3 species as previously shown in (R3) and 
(R4) [40, 42, 49]. However, plasma activation of ethylene or acetylene that can react 
with methyl and hydrogen radicals may also contribute to the formation of C3 but these 
reaction pathways are anticipated to contribute less with decreasing bead size.

(R7)CH3 + CH3 → C2H6

(R8)C2H6 + e− → C2H4 + H2 + e−

Table 4   Overview of the bond dissociation energies (BDE) of hydrogen for the products obtained in this 
study [49]

C–H BDEs CH3-H CH3CH2–H H2C = CH–H HC≡C–H

D°
298/kJ/mol 439.3 420.5 465.3 557.8
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The reactions facilitating the formation of unsaturated C2 are suggested to be margin-
ally enhanced at the elevated pressure condition (1.7 bar), as the residence time, com-
pared to the low-pressure condition (1.2 bar), is prolonged, increasing the probability 
of secondary activation events of ethane. Still, the pressure effect on the competing 
activation and recombination mechanisms, alongside the increasing transition towards 
partial discharging dynamics (exhibiting low-magnitude current pulses) observed with 
decreasing bead size, are suggested to be the key factor in controlling the reaction routes 
of NOCM. The incomplete plasma formation is expected to be insufficiently energetic 
to facilitate activation of the formed ethylene or acetylene, increasing the selectivity 
towards these compounds. As a direct result of this, the selectivity towards C3 species 
decreases with decreasing bead sizes. The higher degree of partial discharging and 
lower current peaks, which reflect a weaker plasma, inhibit and decrease the probability 
of having further reactions occurring with the formed ethylene or acetylene for both 
pressure conditions. This effect is slightly more apparent for the elevated pressure due 
to the increased collision frequency, favoring recombination events of methyl, relative 
to the activating mechanism of methane. This lowers the concentration of methyl spe-
cies available for further reactions with formed C2 species, thus influencing the forma-
tion of C3 species.

A simplified overview of the discussed reaction dynamics in this study and in agree-
ment with other studies [40, 42] is provided in Fig. 12, showing the possible reaction 
pathways relevant for the plasma-assisted NOCM. However, substantiation by modeling 
would be necessary to determine and confirm the detailed reaction mechanism for the 
different operating conditions associated with the different glass bead systems.

Limitations of Equivalent Circuit Models

In agreement with most publications on PBR DBDs, this study confirms that partial dis-
charging is a common phenomenon occurring in PBR DBDs, often exemplified through 
non-ideal almond-shaped Q–V plots, which increases the complexity of the electrical 
characterization of the plasma behavior [27, 38, 50–52]. The understanding and deter-
mination of reactor properties of discharge regimes rely on equivalent circuit models, 

Fig. 12   A proposed simplified reaction scheme for the high-pressure condition of the possible reaction 
pathways for the plasma-assisted NOCM. Note that the reaction scheme only includes radical reactions. The 
mechanisms shown to the left and right sides show proposed reaction pathways using different bead size as 
indicated. The effect of the plasma dynamics and specifically degree of partial discharging on the product 
distribution is visualized using thick black arrows. The main products are highlight in a red box
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which, as it stands, could be improved in capturing the variable breakdown voltage and 
varying capacitance during discharging associated with the incomplete plasma forma-
tion in PBR DBDs. Thus, the development of more extensive and accurate equivalent 
circuit models, accounting for the complex characteristics of the co-dependent dynamics 
of plasma and packing material, could provide useful information about the mechanisms 
of plasma formation and, thereby, the exact operating conditions of PBRs. Future circuit 
models should describe the intercorrelated dependency of the applied voltage, reactor 
porosity, and the capacitive properties of the packing material on the capacitance during 
discharging, to capture and quantify the non-ideality of partial discharging regimes.

In addition, there is another complexity to consider that such circuit models should 
be capable of describing to understand the complete mechanism. During the operation 
of PBR DBDs working with carbon chemistry, carbon deposition is anticipated to grad-
ually accumulate on the surface of the packing material. This affects the electrical con-
ductivity alongside the effect of the capacitive properties of the packing material in the 
plasma zone, which may influence the plasma behavior significantly. This effect is rarely 
addressed in the scientific literature, despite the fact that it might be highly significant 
for the plasma behavior and when utilizing catalytic materials that rely on surface reac-
tions. Small amounts of carbon deposits were observed on the glass beads in this study, 
however, the amount or composition was not quantified or determined. Furthermore, the 
deposited amount of carbon was similar to oil in texture, and the deposition was so little 
that it did not have a measurable effect on the electrical behavior of the plasma during 
the experiments. As outlined, existing equivalent circuit models still face limitations in 
describing the complex plasma-packing material interactions. However, in the absence 
of the complete mathematical formalism, this study has applied the partial discharging 
formalism by Peeters et al. [46] coupled with the extended methodology of Butterworth 
et  al. [36]. This combined formalism allowed for the determination of the partial dis-
charging coefficient alpha, for the different glass bead systems, as a qualitative measure 
used to quantify the plasma behavior in terms of partial discharging degree. The out-
comes of this study show an increase in reactor partial discharging, resulting in increas-
ing alpha values, with increasing spatial confinement of the plasma zone for the glass 
beads tested under equivalent operating conditions. However, the accuracy and interpre-
tation of the value of alpha for different packing materials is still debatable. Especially 
in the intermediate region (α = 0.5), as existing literature has reported similar values 
of alpha for different materials despite observing, by visual inspection or analysis of 
voltage-current data, significant differences in the plasma behavior and dominating dis-
charge regime [36]. This indicates that alpha can be a useful indicator in quantifying the 
plasma behavior, however, additional data is required to substantiate the plasma dynam-
ics when testing and comparing the reactor performance of different packing materials. 
Conversely, in this study, the only packing material that was tested was glass beads for 
all the experiments conducted. Thus, the determined value of alpha is suggested to be a 
reliable parameter for the characterization of the plasma behavior and dominating dis-
charge regime for the different glass bead systems relative to each other. In general, this 
approach and application of alpha is an uncommon practice in the majority of the sci-
entific literature dealing with PBR DBDs. In this respect, it becomes rather difficult to 
evaluate in detail the performance of a given packing material or catalyst, as enhanced 
process outcomes may be either related to a significant catalytic activity of the catalyst 
or transitional plasma dynamics related to its physical properties or a combined effect of 
both [53].
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Plasma Packing Interactions

The outcomes of this study illuminate the inherently complex nature of the inter-reliant 
dependency of the plasma and the packing material. Utilizing glass beads as the pack-
ing material, the plasma behavior and dominating discharge regime were proven strongly 
dependent on the applied bead size, due to the significant increase in the capacitive behav-
ior of the plasma zone attributed to the spatial confinement. The change in plasma behav-
ior, wherein the partial discharging degree plays an essential role due to the limited charge 
transfer, was proven to affect the chemistry of NOCM, raising an important question. The 
synergistic effects reported in the literature have previously been stated to originate from 
the complex interactions between the plasma and the catalyst and vice versa, however, the 
question is if these co-dependent effects are equally influential on the process outcomes 
and if they are distinguishable. In this study, the plasma dependency on the packing mate-
rial was demonstrated and confirmed by the changing discharging regime, however, it 
should be noted that the utilized glass beads are expected to act inert on the chemistry, only 
affecting the plasma. On the other hand, the exact effect of the plasma exposure on cata-
lytic materials is still debatable, especially considering the ambient operating conditions 
associated with NTP systems, which significantly contrast conventional thermo-catalytic 
approaches. Under ambient conditions, the activity of conventionally applied catalysts for 
methanol synthesis, ammonia synthesis, or synthesis gas production would be minimal in 
NTP systems, as very energy-intensive operating conditions are required [54, 55]. This 
tendency is also demonstrated in the academic literature, where an extensive screening of 
catalytic materials has been conducted for their utilization in plasma-assisted NTP systems, 
often showing insignificant improvements compared with pure plasma operation [10, 11, 
21, 23, 24]. Under ambient conditions, the activation mechanism in NTPs relies on plasma 
activation. This mechanism produces a reactive mixture of short-lived species, including 
radicals and vibrationally excited species. The high chemical reactivity of such mixtures 
suggests that the chemical reactions are already occurring in the gas phase rather than on 
a catalytic surface. Therefore, the plasma dynamics dependency on the applied packing 
material, wherein the influence on the dominating discharge regime is essential, is sug-
gested as the dictating factor controlling the chemistry utilizing ambient operating condi-
tions. The role of the catalyst in plasma-catalytic systems still needs clarification; however, 
its role in working as a conventional catalyst is proposed to be of less importance, rela-
tive to its influence on the plasma and dominating discharge regime [53]. Further, its role 
may become increasingly important with increasing operating temperature, as such reac-
tion conditions are more similar to those conventionally applied. In conclusion, this study 
recommends that emphasis should be directed towards obtaining a detailed understanding 
of the plasma behavior and resulting discharging mode and its dependency on the applied 
packing material as the resulting plasma dynamics, are suggested to be the determining 
factor controlling the excitation, dissociation, and ionization rates and thereby the occur-
ring chemistry.

Conclusion

Plasma-assisted non-oxidative coupling of methane was investigated using a co-
axial packed bed DBD, utilizing glass beads of five different bead size distributions 
(2000–5000 µm, 900–1100 µm, 425–600 µm, 212–300 µm, 150–212 µm) as the packing 



868	 Plasma Chemistry and Plasma Processing (2025) 45:843–871

and compared with an empty reactor. The experiments were conducted at a constant plasma 
power of 30 W for two pressure conditions (p = 1.2 bar, p = 1.7 bar). The reactor perfor-
mance of the empty reactor and the five tested glass bead sizes was evaluated in terms of 
CH4 conversion, the product composition, and the resulting energy efficiency and explained 
by conducting a detailed analysis of non-ideal almond-shaped Q–V plots for electrical 
characterization of the resulting plasma dynamics and dominating discharge regimes.

The partial discharge coefficient (α) was determined and used as a qualitative indicator 
for the tested glass bead systems, to assess the extent of plasma formation and dictating 
discharge regime. This was further substantiated by analysis of the resulting voltage-cur-
rent data. From the results of this study, it has been shown that transitional plasma dynam-
ics, specifically the degree of partial discharging of the reactor, was found to be dependent 
on the spatial confinement of the plasma zone. The partial discharging degree of the reac-
tor is shown to increase with decreasing size of the glass beads, significantly affecting the 
controlling reaction routes of the NOCM. As a result, the selectivity towards unsaturated 
C2 species increased significantly, from 16 to 50% and 15% to 42% for the high- and low-
pressure conditions, comparing the reactor performance associated with the packing of the 
largest (2000–5000 µm) and smallest (150–212 µm) size of the glass beads. Conversely, 
the increasing degree of partial discharging was found to decrease the CH4 conversion and 
the energy efficiency of plasma-assisted NOCM. The CH4 conversion decreased from 8.5% 
to 3.7% and 8.8% to 5.5% for the high- and low-pressure conditions. Similarly, the energy 
efficiencies decreased from 8.1% to 3.9% and 8.4% to 6.5% for the high- and low-pressure, 
exemplifying that plasma-assisted NOCM suffers from the difficult activation mechanism 
of CH4. The relatively low CH4 conversions obtained in this work are also a result of using 
an undiluted feed stream. In an industrial setting, an undiluted feed would allow easier 
downstream separation of products and unconverted CH4. To this end, this work elucidates 
the importance of understanding the influence of the inherently complex nature of the co-
dependent dynamics of the plasma and packing interactions, as the plasma behavior and 
discharging properties are proposed to control the chemistry of the NOCM under ambient 
reaction conditions.
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