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Abstract 

In this paper, the effect of hydrogen addition on methane coupling in a microwave moderate 

pressure (55 mbar and 110 mbar) plasma reactor has been studied. The use of optical emission 

spectroscopy allowed the determination of the rotational temperature of heavy particles and 

showed it to be in the range of 3000- 4000 K. Due to the high temperature in the discharge the 

dominant product was acetylene and it was concluded that the methane coupling process is 

mainly through thermal decomposition with a key role of H radicals. It was revealed that the 

addition of hydrogen can increase both methane conversion and acetylene and ethylene yield and 

selectivity. With the CH4:H2 ratio of 1:1, the methane conversion increased from 31.0% to 42.1% 

(55 mbar) and from 34.0% to 48.6% (110 mbar), when compared to pure methane plasma. 

Respectively, the yield of acetylene increased from 14.4% to 25.3% (55 mbar) and from 20.1% to 

34.0% (110 mbar). Moreover, the addition of hydrogen decreased the output of the problematic 

soot-like product. These results indicate that hydrogen addition can be a simple yet effective 

method of increasing selectivity to desirable products in plasma reforming of CH4. 
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1. Introduction 

Methane is believed to play a key role as a hydrocarbons feedstock in the near future [1–3]. One 

of the main reasons is that, as opposed to depleting crude oil reserves that are commonly used in 

the petrochemical industry, the number of methane sources is constantly increasing (new deposits 

of natural gas and alternative sources of methane) [1,2]. As a result, much effort is put into 

developing a process that allows for efficient methane conversion, especially to valuable C2 

products (C2H2 and C2H4) that are commonly used as feedstock in the chemical industry [4–6]. 
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Despite the scientific attention given, no significant industrial-scale breakthrough has been 

achieved in that matter yet. Conversion of methane to valuable chemicals can be done by indirect 

routes involving multiple steps, i.e. via production of synthetic gas or methanol, that further can 

be processed into olefins [7]. The main drawback of such a process is the complexity, leading to 

high costs and the usual need for additional H2. Moreover, with the hydrogen being produced 

coming mainly from fossil fuels by steam reforming, these methods would contribute greatly to 

CO2 emission. 

Another possible process of C2 compounds production is oxidative methane coupling (OMC). 

While this process has been intensively investigated over the last 20-30 years the main 

problematic issue - providing a perfect catalyst - remains unsolved [7,8]. This issue is connected 

with oxidation of methane, resulting in formation of CO2, which is competitive to C2 production 

[9,10]. Moreover, the secondary problem is the stability of the catalyst and its sintering in the high 

temperature of the process [8,11] as well as the need for an expensive oxygen/nitrogen 

separation [8,10]. 

With the European Green Deal, focusing on CO2 reduction, being implemented and the 

unavoidable shortage of oil reserves, the direct non-oxidative methane coupling into C2 

compounds might become a highly desired process in the near future. However, conventional 

processes of thermal methane coupling are limited by the high energy required to activate the 

stable methane molecule [5,7]. Additionally, these processes suffer from a few other drawbacks, 

like catalyst deactivation in the presence of soot, long start-up/shut-down periods, low energy 

efficiency, and indirect CO2/NOx production [5].  

In that context, plasma non-oxidative methane coupling is considered as a promising method of C2 

compounds production. Plasma provides a high concentration of chemically active species that can 

enhance methane activation. Moreover, plasma reactors have a low inertia and can be started 

/shut-down quickly all the while being considered CO2 neutral if powered with renewable energy. 

Plasma driven methane activation can be done in both thermal and non-thermal plasma; the 

thermal plasma, for example the Hüels process, is characterized by low energy efficiency and the 

need of intensive quenching [10,12,13]. A suitable alternative could be found in non-thermal 

plasma. Many non-equilibrium plasmas are described extensively in literature in the context of 

methane coupling [5,14,15]: dielectric-barrier discharge (DBD) [16–19], nanosecond pulsed 

discharge (PD) plasma [1,6,20,21], glow discharge [22,23],  corona plasma [24,25], gliding-arc (GA) 

plasma [4,26,27] and microwave (MW) plasma [5,10,28]. Of these plasma sources, MW plasma is 

often claimed to show the highest rate and energy efficiency of methane conversion. The MW 

plasma parameters can vary in a wide range from strictly non-equilibrium to close to thermal 
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equilibrium depending on the operating pressure and power [5]. Regardless of the condition, the 

temperature within the methane plasma is usually above 1000-2000 K [10,29] providing a suitable 

condition for methane decomposition through thermal chemistry, thereby reaching conversions 

above 80% and maintaining high selectivity towards C2 compounds [14]. The MW plasma can be 

considered a warm plasma [26,30], meaning, that despite the high temperature it can still show a 

vibrational non-equilibrium of its particles. In fact, some authors have stated that this non-

equilibrium, as a result of vibrational excitation of methane, can enhance its decomposition 

[4,10,16,31,32]. However, experimental validation of vibrational non-equilibrium and its role in 

dissociation of methane was often lacking [14,32,33]. Moreover, recent research in this field 

suggests, that in fact this phenomenon is rather negligible in the commonly used experimental 

plasma reactors (including MW plasma), and the process of methane conversion is thermally 

driven [14,33]. Nevertheless, applying MW plasma can also be beneficial from a technical point of 

view. Magnetrons used in microwave plasma generation are the same as those used in other 

industrial applications of microwaves, which are considered to be mature technologies, e.g. 

drying, food processing, and heating in general [34]. Microwave technology elements are relatively 

cheap and have a simple and compact construction [35], they are produced by many companies 

and their power can vary from few to hundreds of kW, creating the potential to scale up the 

technology. 

Regardless of the method applied for methane coupling, one of the main, unavoidable products is 

hydrogen. Interestingly, the addition of hydrogen into the methane gas stream can significantly 

affect the process, i.e. methane conversion rate and distribution of the products. This effect can 

be twofold. In high temperature conditions, as in warm microwave plasma, the addition of 

hydrogen can result in the presence of additional highly energetic H radicals that can enhance 

methane conversion [36]. On the other hand, typical for conventional thermal pyrolysis of 

methane or strictly non-thermal plasmas [5,37], the addition of hydrogen can result in both a 

lower conversion, due to methyl radical recombination into methane, as well as suppression of 

benzene and soot production by inhibition of acetylene decomposition. However, these two 

effects are not always contradicting. In works where atmospheric MW plasma was studied, a high 

hydrogen dilution (e.g. CH4:H2 ratio above 1:1) resulted in both increasing methane conversion 

and C2 compounds yield as well as inhibiting soot production [2,3]. 

Despite the promising potential of MW plasma application in methane coupling and the possible 

benefits of hydrogen addition, the amount of works focusing on this issue is limited. The two 

prominent works in that field are the work of Heintze et al. [38] and the work of Shen et al. [3]. 

The first work used a moderate pressure (30 mbar) MW plasma and therein focused on the 
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mechanism behind C2 compound formation and the effect of H-atoms on it. The H2 addition was 

limited to only 17% v/v. The latter work used an atmospheric MW plasma reactor and studied a 

wide range of CH4:H2 ratios (from 5:1 to 1:5) in order to find the effect of H2 addition on methane 

conversion and product distributions. This work lacked any information considering plasma 

parameters, and the mechanisms behind the hydrogen addition were only briefly discussed. 

Taking into account the limited literature data and the variety of possible process conditions (i.e. 

MW plasma pressure and temperatures, hydrogen dilution), this work aims to investigate the 

impact of hydrogen addition (CH4:H2 ratios of 3:1 and 1:1) on methane coupling in a moderate 

pressure (55 mbar and 110 mbar) MW plasma reactor. The work involves the determination of the 

methane conversion products along with the investigation of the plasma temperatures. 

 

2. Material and methods 

2.1. Experimental setup 

The experimental layout is schematically shown in Fig. 1. A magnetron power source (IBF 

PGEN2450/1-2KW5CSW) applies microwaves of up to 1000 W peak power via a WR340 waveguide 

to a 27 mm inner diameter quartz tube, where the plasma is generated. An EH tuner and an 

adjustable short are used to tune the electrical field for minimal reflected power.  Gas is injected 

tangentially, which is a common design in MW plasma reactors [29,39].  The tangential injection 

creates a vortex in the quartz tube which stabilizes the plasma in the center and prevents the walls 

of the reactor from coming into contact with the plasma [40]. The pressure and velocity in the 

reactor center are lower than at the wall [41], two effects that ensure the ignition is favored in the 

tube center. At the wall, the pressure and velocity are higher leading to better cooling of the 

discharge tube. Lack of the swirl would impede the ignition of the discharge and leave the quartz 

tube vulnerable to the high plasma temperatures, which eventually would melt the quartz. 
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Fig. 1. Schematic overview of the complete reactor system. MFCs regulate gas flow to a tangential gas injection 

manifold, creating a swirl flow in the quartz tube. Microwave power is applied through WR340 waveguides, creating a 

plasma in the center of the quartz tube. Emission of the center of the plasma is imaged into an optical fiber connected 

to a spectrometer for optical emission measurements. Downstream of the plasma pressure is registered, and a gas 

analyzer is connected after the vacuum pump for H2 measurements. Samples for gas-chromatograph measurements 

can be taken from the exhaust.  

The flow rates of the gases used during the experiments were controlled with the use of mass flow 

controllers (MFC) (Tylan 2900 for hydrogen and Bronkhorst EL-FLOW F-201AV  for methane) with 

the total flow kept constant at 6 SLM (standard liter per minute). The changes in the volumetric 

gas flow rate occurring during the process were measured with the use of a gas meter (G1.6, 

Metrix) connected to the exhaust of the vacuum pump (Edwards XDS35i). Alternatively, the outlet 

of the setup could have been connected to the gas analyzer or Tedlar’s bags used for gas sampling. 

Pressure was recorded by an MKS Instruments 910 DualTrans gauge, located 20 cm downstream 

of the quartz tube.  

 

2.2. Methodology 

2.2.1. Process parameters 

On the base of previous research [10] and preliminary tests with different sets of power, gas flow 

rate, and pressure, it was decided to work with the total gas flow rate of 6 SLM, the microwave 

power of 600 W (with the socket power of the MW source being 1000 W), and two pressures: 55 

mbar and 110 mbar. These two sets were selected as they provided a noticeable and similar 

conversion of methane with a distinctively different ethylene output and plasma shape. The 

plasma shape is significantly altered due to a change in operating mode: radial confinement takes 
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place, empirically seen to occur around 100 mbar. The contraction mechanics of methane are not 

well characterized, and neither is the effect of contraction on reactor output and product 

selectivity, for which we provide a first characterization in this work. For the two mentioned 

pressures, the 55 mbar plasma resulted in a diffuse shape while at 110 mbar the plasma was 

radially confined to a bright filament. From other molecular plasma, it is expected the 

confinement to be accompanied by a local higher temperature and dissociation degree [42]. If this 

holds for methane it is thus expected to alter the product distributions accordingly. Finally, within 

these two sets of parameters, hydrogen was added to the gas mixture. The gas flow rates of 

methane and hydrogen were changed to provide the following CH4:H2 ratios: 1:0, 3:1 and 1:1. 

Higher ratios were not possible to achieve due to problems with plasma stability. With higher 

hydrogen content the swirl flow could no longer stabilize the plasma, leading to strong heat fluxes 

to the quartz tube and subsequent melting of the reactor. It should be noted that the referred 

work [10] also discusses the influence of a flow rate and input power on the methane conversion 

process which is not in the scope of this work. 

 

2.2.2. Gas analysis 

The concentration of hydrogen was measured online with the use of analyzer (GAS 3100 Syngas 

Analyzer, GEIT), connected to the outlet of the vacuum pump, equipped with a thermal 

conductivity detector. The rest of the products were determined with the use of gas 

chromatography (GC) techniques. The GC analyses were done with the use of outlet gas samples 

collected in the Tedlar’s bags.  The samples were analyzed with the use of mass spectrometry (GC-

MS) (7820 with MSD 5977, Agilent) for the purpose of qualitative analysis, and with the use of 

flame-ionized detector (GC-FID) (6890, Hewlett-Packard) for the quantitative analysis. The 

quantitative analysis was based on methane and acetylene calibration curves and the fact that the 

FID response is proportional to the concentration and number of C atoms in the molecule [43]. 

Additionally, the qualitative analysis was supported by the comparison of the GC-FID results with 

the standard column chromatogram provided by the column producer. More information on the 

columns used and the GC conditions are given in Table 1. 

Table 1. GC methods applied in the experiment. 

Detector Column Carrier gas Temperature program Purpose 

MS HP-PLOT Q (Agilent J&W) 

30m x 0.320mm x 20μm 

He, 1 ml/min 

split: 50 

60°C (5 min) 
10°𝐶/𝑚𝑖𝑛
→      180°C (8 min) Qualitative 

FID RT-Alumina BOND/KCl (Restek) 

50m x 0.530mm x 10μm 

H2, 8 psi 

split: 5 

45°C (1 min) 
10°𝐶/𝑚𝑖𝑛
→      200°C (3.5 min) Qualitative 
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FID RT-Alumina BOND/KCl (Restek) 

50m x 0.530mm x 10μm 

H2, 8 psi 

split: 5 

100°C (20 min)  Quantitative 

 

2.2.3. Plasma parameters diagnosis 

Optical emission spectroscopy (OES) is a relatively simple but powerful plasma diagnostic method 

that is non-intrusive and in-situ. It has a widespread use in plasma assisted processes in order to 

identify the atomic and molecular species present in the discharge. Common analysis of plasma 

with OES is based on the fact that the relative intensities of lines in molecular emission spectra 

depend on the temperature of the emitting species [44–47]. 

Optical emission measurements were recorded through an optical access in the center of the 

waveguide. Two parabolic mirrors imaged the emitted light of the core of the discharge into a 

narrow-band OceanOptics HRC29301 spectrometer (400-530nm). Acquisition time varied between 

10 ms to 1 second, depending on plasma emission intensity. Spectra were corrected for the 

sensitivity of the CCD (charge-coupled device) array. To find the heavy particle temperature in the 

plasma, the measured spectra were fitted to synthetic spectra in Lifbase [48] and Specair [49] 

programs. 

For the temperature determination in this work the following transitions were used: 

• CH (A-X) system (A 2Δ→ X 2Πr) 415 nm - 445 nm band, 

• C2 Swan system (d 3Πg → a 3Πu) 490 nm - 520 nm band. 

 

2.2.4. Parameters describing the reactor’s performance 

In order to determine the microwave plasma reactor performance basic parameters are defined as 

follows: 

Methane conversion: 

XCH4 (%) = (1 −
[CH4]out×υout

[CH4]in×υin
) × 100            (1) 

Hydrocarbons selectivity: 

SCxHy (%) = (
x×[CxHy]out

×υout

[CH4]in×υin−[CH4]out×υout
) × 100           (2) 

Hydrocarbons yield: 

YCxHy (%) = 
XCH4 (%)× SCxHy(%)

100
                (3) 

Lack of carbon — the difference between the quantified amount of carbon at the inlet and outlet 

of the reactor (it corresponds to the yield of all the not quantified carbon-containing products): 

C lack (%) = (1 −
υout×∑(x×[CxHy]out

)

[CH4]in×υin
) × 100            (4) 



8 

Selectivity of carbon lack: 

SC lack (%) = 
C lack (%) 

XCH4 (%)
× 100                (5) 

Hydrogen selectivity: 

SH2 (%) =  (
1

2
×

[H2]out×υout−[H2]in×υin

[CH4]in×υin−[CH4]out×υout
) × 100          (6) 

Hydrogen yield: 

YH2 (%) = 
XCH4 (%)× SH2(%)

100
             (7) 

Lack of hydrogen — the difference between the quantified amount of hydrogen at the inlet and 

outlet of the reactor: 

H lack (%) = (1 −
υout×∑(y×[CxHy]out

)+υout×2×[H2]out

4×[CH4]in×υin+2×[H2]in×υin
) × 100        (8) 

Specific energy input (SEI): 

SEI (kJ/mol) = 
P∙60∙22.4

υin∙1000
              (9) 

Specific energy requirement (SER): 

SER (kJ/mol) = 
P∙60∙22.4

([CH4]in×υin−[CH4]out×υout)∙1000
                   (10) 

Energy requirement (ER): 

ER (kJ/molC2H2) = 
P∙60∙22.4

[C2H2]out×υout∙1000
         (11) 

where [CxHy], [CH4], [C2H2], and [H2] corresponds to volumetric concentration (%) of the relevant 

compound, ν to volumetric flow rate (SLM), x to the number of C atoms in a molecule, y to the 

number of H atoms in a molecule, P to socket power supplying the MW source (1000 W), and 

subscripts in and out refer to the inlet and outlet, respectively. In the case of C lack and H lack 

calculations, the [CxHy] refers to all the quantified hydrocarbons presented in Table 4. 

 

2.2.5. Uncertainty of GC measurement 

The GC quantitative analyses involved at least three tests for each sample. The results represent 

an average value. The uncertainty analysis involved standard deviation, residual standard 

deviation, and the equipment uncertainty (gas analyzer, gas meter, flow regulators). 

Concentrations of hydrocarbons other than methane and acetylene were determined based on 

the acetylene calibration curve, hence these were burdened with an additional error. Based on 

[43], this was estimated as 5% of the measured value. 

 

3. Theory 

3.1. Reactions of methane conversion 
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The process of methane decomposition, requiring a high temperature (> 1273 K [5]) due to 

methane’s stability [10], can be described with a simplified stepwise reaction (R1): 

2𝐶𝐻4 → 𝐶2𝐻6 + 𝐻2 → 𝐶2𝐻4 + 2𝐻2 → 𝐶2𝐻2 + 3𝐻2 → 2𝐶 + 4𝐻2     (R1) 

Since it is a gradual process, the distribution of the products depends on the temperature and 

reaction time. Many researchers agree that the primary product is C2H6, however it is promptly 

dehydrogenated into further products [5,50].  This phenomenon is mostly affected by the fact that 

in high temperature (required for sufficient CH4 conversion rate) the stability of products increases 

from left to right (in R1) [6,37]. Therefore, long reaction time and high temperature favor the 

production of unsaturated C2 compounds, soot, and hydrogen [5,12] with the two latter products 

being the final one if the conditions are severe enough. Regardless of the products, the 

decomposition process of methane starts with H abstraction, like in reaction R2, which has a high 

activation energy and is rate-determining step [50,51] 

𝐶𝐻4 → 𝐶𝐻3 + 𝐻           (R2) 

The released H radicals play an important and dominant role [27] in further decomposition of 

methane, accelerating this process due to reaction R3 [5,52]. 

𝐶𝐻4 + 𝐻 → 𝐶𝐻3 + 𝐻2          (R3) 

The CH3 radical can further dimerize into C2H6 or undergo subsequent dehydrogenation, either 

thermally or by the H abstraction mechanism [38,53] as in R4-5: 

𝐶𝐻3 + 𝐻 → 𝐶𝐻2 + 𝐻2          (R4) 

𝐶𝐻2 + 𝐻 → 𝐶𝐻 + 𝐻2           (R5) 

Subsequently, the C2 compounds can be produced through two main pathways:  dehydrogenation 

of ethylene, which might involve the H abstraction mechanism, and CHx radicals coupling [38,53–

55]. Some exemplary reactions of these pathways are presented in Table 2. 

Table 2. Exemplary reactions of C2 compounds creation. 

Dehydrogenation of ethylene via H abstraction mechanism 

𝐶2𝐻6 + 𝐻 → 𝐶2𝐻5 + 𝐻2 (R6) 

𝐶2𝐻5 + 𝐻 → 𝐶2𝐻4 + 𝐻2 (R7) 

𝐶2𝐻4 + 𝐻 → 𝐶2𝐻3 + 𝐻2 (R8) 

𝐶2𝐻3 + 𝐻 → 𝐶2𝐻2 + 𝐻2 (R9) 

Exemplary reactions of CHx radicals coupling 

𝐶𝐻2 + 𝐶𝐻2 → 𝐶2𝐻2 +𝐻2 (R10) 

𝐶𝐻 + 𝐶𝐻2 → 𝐶2𝐻2 +𝐻 (R11) 

𝐶𝐻3 + 𝐶𝐻3 → 𝐶2𝐻4 +𝐻2 (R12) 

𝐶𝐻2 + 𝐶𝐻3 → 𝐶2𝐻4 +𝐻 (R13) 
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Additionally, with severe enough conditions, carbon black is produced through intermediate 

radicals like C, C2, and C2H [13,28]. Moreover, the presence of CxHy radicals and acetylene can lead 

to the creation of heavier compounds, e.g. unsaturated C4 compounds and benzene [13,37,51]. 

With acetylene and benzene being present in the gas, heavier aromatics and soot can also be 

found in the methane pyrolysis products, mainly due to the HACA (H-abstraction/C2H2-addition) 

mechanism [13,56,57].  

 

In the case of plasma, the process might be affected not only by the temperature but also by the 

electrons. A direct electron impact, leading to hydrogen abstraction, requires high-energy 

electrons (ca. 10 eV) [20] that are not abundant for typical microwave plasma conditions. In fact, 

the typical energy of electrons in MW plasma is ca. 1 eV, a value that is most suitable for 

vibrational excitation [55,58]. While it is believed that vibrational excitation of methane may play 

an important role in its decomposition providing an energetically favorable route, recent research 

suggests that is not the case for most of the tested plasma reactors, including MW plasma reactors 

operating at a wide range of pressures [14,15,33]. This process would require highly non-

equilibrium plasma with a strong difference between vibrational (Tvib) and rotational (Trot) 

temperatures as well as generally low bulk temperature. In such conditions, the thermal effect is 

negligible and methane decomposition is driven by electron impact (including vibrational 

excitation). In the case of MW plasma, that would possibly be achievable by applying extremely 

low pressure, e.g. 0.1 mbar [33]. In other cases, the vibrationally excited methane molecules are 

short-living — vibration-translation (V-T) relaxation timescales of CH4 are circa 2 μs∙atm at room 

temperature [58]. The vibrational energy of methane molecules is promptly lost in vibrational-

translational relaxation – a process that is enhanced in higher pressures and temperatures. The 

energy of the vibrational quanta increases the gas temperature, thereby creating a positive 

feedback loop: more V-T relaxation gives more heat resulting in even more V-T relaxation [58]. 

These considerations lead us to believe vibrational excitation to play a minor role in the 

dissociation process in the conditions given in the presented work.  

 

The influence of hydrogen addition on methane decomposition might be twofold. Firstly, the H 

radicals have a crucial role in methane decomposition. In fact, in the diamond deposition process, 

where mixtures of methane highly diluted in hydrogen are used in low pressure MW plasma, 

reaction R3 is the dominant route leading to methane decomposition [38,59]. This phenomenon 

can be explained by a high concentration of H radicals (reaching up to 10% [60,61]) and high 

temperatures in the MW plasma region that affect the reaction R3 (with the reaction rate constant 
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being T3 dependent) and a subsequent R4 and R5, resulting in a higher conversion rate of methane 

and its radicals. Secondly, the dilution with hydrogen suppresses the production of benzene and 

soot by inhibiting the decomposition of acetylene [37,50,62]. As a result, higher selectivity of 

acetylene is obtained which is usually accompanied by a higher selectivity of ethylene. It should be 

noted that this effect was observed in the typical (non-plasma) thermal process of methane 

decomposition with the temperature range being c.a 1200-2000 K and was accompanied by a 

decrease in the conversion rate of methane due to reaction reverse to R3. However, this reaction 

loses its importance in high temperatures (c.a 2500 K) due to the low reaction rate constant 

[38,62]. Moreover, the effect of soot formation suppression by the presence of hydrogen is also 

strongly limited in high temperatures [62].  

 

4. Results and Discussion 

4.1. Plasma diagnosis 

Fig. 2 presents the spectrum of the CH4-H2 plasma measured with the HRC29301 spectrometer. It 

can be seen the dominant emission in the spectrum is from the CH (A-X) system. The other 

components that are observed in the spectrum are the C2 Swan system and the H line. 

 

Fig. 2. OES spectrum of CH4-H2 plasma (55 mbar, 600 W, measured with OceanOptics HRC29301 spectrometer). 

The measured systems were used to determine the rotational and vibrational temperatures. In the 

case of the CH (A-X) system, the Lifbase [48] software was used (Fig. 3a). For the C2 Swan (Fig. 3b) 

the determination of temperatures was done with the Specair [49] program. Determining error 

margins with unresolved spectra is a complex subject. Errors in CCD calibration and in the applied 

models (approximation of the slit function, emission coefficients etc.) all play a role in the overall 

uncertainty. For these measurements we estimate the error on both Tvib and Trot to be within 

100 K, which is the margin in which satisfactory overlap between synthetic and measured spectra 

could be achieved. The measured temperatures are collected in Table 3. As it can be seen, Trot is 
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exceeding 3000 K in all the cases. It should be noted, that rotational-translational relaxation is an 

extremely fast mechanism occurring on the timescale of a single collision [63]. Considering the 

radiative lifetimes of the detected C2 and CH systems are in the range of 0.1-1 𝜇s [64], we can 

safely conclude Trot of the emitting state to be equal to the gas temperature [38,65]. Another 

conclusion from the temperature measurements is that the plasma is very close to thermal 

equilibrium as Trot and Tvib show similar values. This is not surprising as the high gas temperature 

intensifies V-T relaxation [58] as discussed before (Section 3.1). The equilibrated temperatures are 

especially visible in the C2 Swan system. In the case of CH (A-X) emission a higher distinction 

between Tvib and Trot is observed. The disagreement between both systems has been described 

before and was attributed to the different origins of excited species [66]. In the case of C2 (d) the 

predominant production mechanism is electronic impact excitation and carbon-atom 

recombination [64,66,67]. Similarly, CH (A) can be created through collisions with electrons [64] or 

through chemiluminescent reactions with H2 (R14) [64,66,68]: 

𝐶 + 𝐻2 → 𝐶𝐻 (𝐴) + 𝐻                    (R14) 

It is speculated that the CH (A) can be formed with a high quantum number through reaction R14, 

analogous to N2 recombination in plasma, which could in turn explain the higher vibrational 

temperature of this system [69]. This reasoning would explain why the CH temperature is affected 

by the H2 addition and the C2 temperature is not. Another change with the temperature 

distribution is associated with the pressure — with increased pressure the difference between CH 

Trot and Tvib is decreasing. This is in good agreement with theory as the collision frequency 

increases with pressure, thereby intensifying relaxation processes and thus magnifying the 

thermal equilibrium. Finally, the observed increase in Trot (more evident in the case of CH) might 

also be attributed to higher power density due to the contraction of the plasma taking place at 

110 mbar [42]. As the final remark, it should be noted that the presented temperatures do not 

include cases with pure methane. This is due to vast amounts of soot-like deposit produced when 

no hydrogen was added. Consequently, due to strong interferences, the gathered spectra did not 

allow estimating the temperature reliably. However, as the temperatures determined with the C2 

Swan system do not change with the H2 addition, it could be safely assumed that these cases 

should be characterized with similar temperatures.  
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Fig. 3. Comparison of the measured and simulated spectra of CH (A-X) (a) and C2 Swan (b) systems (55 mbar, 600 W, 

CH4:H2 -3:1 measured with OceanOptics HRC29301 spectrometer). 

 

Table 3. Rotational and vibrational temperatures of different species within the MW plasma.  

 
 

CH (A-X) C2 Swan 

p, mbar CH4:H2 ratio 415-445 nm 490-520 nm 

  Trot Tvib Trot Tvib 

  K 

55 
3:1 3200 5000 3200 3200 

1:1 3000 5000 3000 3400 

110 
3:1 3500 3500 3300 3300 

1:1 4000 5000 3200 3200 

 

Regardless of the specific particle mechanisms providing the excited species, the most important 

conclusion from the OES analysis is that the plasma provides high gas temperature and is close to 

thermal equilibrium. This leads to the conclusion that the chemical processes taking place in the 

plasma are thermally driven. The same conclusion, based on chemical kinetic modeling of a few 

plasma reactors (including MW plasma), was presented in the work of A. Bogaerts et al. [14].  

 

4.2. Products of methane conversion 

Table 4 presents products from methane coupling obtained in the experiments. Besides these, 

carbonous soot-like material, negligible amounts of propane and C4 compounds (2-Butene, 1-

Butene or 1-Propene, 2-methyl-), benzene and probably a C5 unsaturated compound (with m/z of 

64) are also produced during the process.  While benzene and the C5 compound were not 

quantified (as not eluting in the GC-FID column), the high selectivity of acetylene and ethylene, 

and the high temperature of plasma resulting in the production of soot-like material, suggest that 

the yield of these compounds is relatively low. It should be noted that some other heavier 

compounds can also be present as intermediate products in the soot creation pathway.  

The products identified in the experiment are in good agreement with the methane 

decomposition process described in Section 3.1. Due to the high temperature of plasma, the 

dominant products are acetylene, hydrogen, and soot-like material, which was observed as a black 

deposit on the reactor’s quartz tube. The conversion of methane, along with the concentration of 

acetylene and hydrogen, is lower in the 55 mbar conditions compared with 110 mbar. On the 
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other hand, the concentration of ethylene is significantly higher. This phenomenon can be 

attributed to the lower temperature and shorter expected residence time in the plasma with 

lower pressure. Similar results were obtained in previous research [10] with the use of the same 

setup, where a wider spectrum of lower pressures was investigated. It was shown that with the 

increase in pressure higher conversion rates of methane were achieved and the distribution of the 

products shifted from ethane to acetylene.  

 

 

 

Table 4. Composition of the quantified components from the outlet stream of the MW plasma reactor. 

 55 mbar 110 mbar 

 CH4:H2 ratio 

 1:0 3:1 1:1 1:0 3:1 1:1 

 Concentration (% v/v) 

Methane (CH4) 55.50±1.13 41.38±1.13 24.94±1.13 51.27±1.13 35.79±1.13 21.18±1.13 

Ethane (C2H6) 0.19±0.01 0.18±0.01 0.11±0.01 0.07±0.00 0.07±0.00 0.05±0.00 

Ethylene (C2H4) 1.01±0.09 1.10±0.09 0.88±0.08 0.17±0.01 0.20±0.01 0.22±0.01 

Propene (C3H6) 0.02±0.00 0.02±0.00 0.01±0.00 0.00±0.00 0.01±0.00 0.01±0.00 

Acetylene (C2H2) 5.79±0.07 5.32±0.07 5.44±0.07 7.78±0.07 8.18±0.07 7.00±0.07 

Allene/Propyne (C3H4) 0.08±0.01 0.08±0.00 0.05±0.00 0.05±0.00 0.05±0.00 0.04±0.00 

Allene/Propyne (C3H4) 0.18±0.01 0.16±0.01 0.10±0.01 0.12±0.01 0.11±0.01 0.08±0.01 

C4
a 0.03±0.00 0.03±0.00 0.02±0.00 0.01±0.00 0.01±0.00 0.01±0.00 

C4
a 0.08±0.00 0.07±0.00 0.04±0.00 0.04±0.00 0.03±0.00 0.02±0.00 

Diacetylene (C4H2) 0.31±0.03 0.19±0.01 0.12±0.01 0.40±0.04 0.35±0.03 0.15±0.01 

Hydrogen 28.60±1.15 46.40±1.15 73.10±1.15 30.50±1.15 50.60±1.15 73.00±1.15 

a - 1-Butyne/2-Butyne/1,2-Butadiene/1,3-Butadiene (C4H6) 

 

4.3. Influence of hydrogen addition 

The expected beneficial effect of hydrogen addition, described in Section 3.1, was confirmed in the 

experiments. Fig. 4 shows that the presence of hydrogen in the gaseous mixture significantly 

increases the conversion rate of methane (calculated as in eq. 1). The increase in conversion rate is 

36% and 43% for the pressure of 55 mbar and 110 mbar, respectively. The higher increase 

obtained in the case of 110 mbar can be attributed to the higher temperature that additionally 

should result in a higher population of H radicals derived from both methane and hydrogen 

decomposition [38]. It should be pointed out, that the presence of excited H radicals in the plasma 

was confirmed with the OES analyses (Section 3.2 – Fig. 2). While the measurements of H lines 
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emission alone do not provide information about the density of ground state H radicals or their 

source (whether from CH4 decomposition of H2 dissociation) they indicate the presence of atomic 

hydrogen in the plasma. The high concentration of H radicals through a high H2 dissociation rate 

has been proven in diamond deposition experiments conducted in similar conditions to those 

presented in this work (See Section 3.1). This suggests that the addition of H2 provides an 

additional pool of H radicals that play a crucial role in methane decomposition (R3).  

 

Fig. 4. Conversion rate of methane depending on the pressure and CH4:H2 ratio. 

Besides increasing the conversion rate of methane, the addition of hydrogen influences the 

distribution of the products. The higher conversion rate of methane and methane radicals (R3 and 

R4-5) opens the pathway for dimerization reactions (R10-13). Moreover, the presence of H 

radicals enhances the important route of ethylene and acetylene creation [38,53], as in R6-9, 

which are favored at higher temperatures [38]. This results in the increase in acetylene and 

ethylene yield (calculated as in eq. 3) presented in Fig. 5. 

The optical emission, providing information on the temperature and presence of excited H 

radicals, was collected from the center of the waveguide (Fig. 1), here power is provided and 

logically temperature and H concentration are the highest. Moving away from the waveguide, 

both temperature and H radical concentration decrease, thereby making molecular hydrogen the 

dominant form of hydrogen. Therefore, it can be assumed that the conditions downstream of the 

plasma begin to resemble the conditions of the typical thermal methane decomposition process. 

Consequently, the abundance of H2 can influence the dehydrogenation reactions shifting them to 

the left (as in R1). This process might explain the increase in selectivity (calculated accordingly to 

eq. 2) of both ethylene and acetylene (Fig. 6). 
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Fig. 5. Yield of ethylene and acetylene depending on the pressure and CH4:H2 ratio. 

 

Fig. 6. Selectivity of ethylene and acetylene depending on the pressure and CH4:H2 ratio. 

When considering the increase in acetylene selectivity, the nature and changes in the soot-like 

deposit should be discussed. The black carbonous deposit produced in plasma processing of 

hydrocarbons is a mixture of carbon particles, heavier hydrocarbons, soot, amorphous carbon, and 

its graphitized structures [56,57]. Therefore, with lighter hydrocarbons being quantified, the C lack 

can be identified as the yield of a mixture of heavier compounds including aromatic compounds, 

carbon material, and soot. The C lack, along with H lack, and selectivity of C lack (determined from 

eq. 4, 5, and 8) is shown in Fig. 7 and 8.  
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Fig. 7. C lack and H lack depending on the pressure and CH4:H2 ratio. 

 

Fig. 8. Selectivity of C lack depending on the pressure and CH4:H2 ratio. 

As presented, the C lack remains more or less the same within the whole range of tests. However, 

as the methane conversion increases with the hydrogen addition, the selectivity of C lack 

decreases. While acetylene is a crucial compound in the formation of all the above mentioned 

products [28,51,70], its role in the formation of the specific products might be different. The 

production of heavy aromatic compounds, including polycyclic aromatic hydrocarbons (PAHs), 

followed by the formation of soot is explained by HACA mechanism [71]. Simplifying, the 

mechanism can be described as in R15-16: 

𝐴𝑖 + 𝐻 ↔ 𝐴𝑖− + 𝐻2                     (R15) 

𝐴𝑖− + 𝐶2𝐻2 ↔ 𝐴𝑖𝐶2𝐻2                    (R16) 
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where Ai is a molecule consisting of aromatic rings and Ai- is its radical derived from H abstraction. 

As the reaction R15 is reversible, the abundance of molecular hydrogen leads to consumption of 

aromatic radicals, thereby suppressing reaction R16. Otherwise, acetylene is attached to the 

aromatic rings in a multistep process that leads to acetylene consumption and aromatic structure 

growth with soot being the final product. The role of acetylene in soot formation is limited not 

only to the condensation of aromatic rings, but it also plays a crucial role in the formation of 

lighter, initial soot precursors as C2H radicals. Additional hydrogen can, however, lead to the 

recreation of acetylene, limiting the presence of soot precursors (R17) [13,70]: 

𝐶2𝐻 + 𝐻2 → 𝐶2𝐻2 + 𝐻                      (R17) 

This explains the increase in acetylene selectivity at the cost of PAHs and soot when hydrogen is 

added. This process is typical for flames and was proved both experimentally and by modeling 

[71,72]. Therefore, it can be assumed that in the MW plasma reactor it takes place in the 

downstream part of the reactor. In the upper part of the reactor, aromatic compounds are not yet 

formed. On the other hand, the high temperature in the core of the MW plasma reactor favors the 

creation of hydrogen-less carbonous structures, e.g. carbon black, carbon particles, and 

amorphous carbon, as they may be created via condensation of C and C2 particles [67,73]. 

Interestingly, these assumptions seem to be supported by the obtained results. In Fig. 7 and 8, for 

the case with the highest H2 addition, the stable C lack is accompanied by the slight decrease in C 

lack selectivity and a significant decrease in H lack (the H lack corresponds to the hydrogen in the 

not quantified products – the soot-like deposit). This might be a result of the changes in the 

distribution of the soot-like product. With the PAHs and soot (containing hydrogen) being 

suppressed by the hydrogen addition, the formed deposit might consist mainly of hydrogen-less 

forms of carbon. However, it should be noted that the C lack and H lack determination is 

overburdened with a high error. More detailed quantitative (possibly direct) and qualitative 

analyses of the soot-like product should be carried out to prove this assumption. As the final 

remark considering the soot-like deposit, it should be noted, that while the C lack shows similar 

values regardless of the CH4:H2 ratio, the real amount of produced carbonous material is 

proportional to the inlet concentration of CH4. In other words, in the case of ratio 1:1 the output 

of soot-like deposit is ca. twice smaller than in the case 1:0. 

Another indicator showing the shift from heavier compounds to acetylene is diacetylene. Creation 

of this compound is also strictly connected with acetylene and its radical (C2H), as in R18 [70]: 

𝐶2𝐻2 + 𝐶2𝐻 → 𝐶4𝐻2 + 𝐻                    (R18) 

Therefore, hydrogenation of C2H radical (as in R17) would result in increased selectivity of 

acetylene at the cost of diacetylene. As presented in Table 4, the concentration of diacetylene is 
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decreasing with the addition of hydrogen. These values correspond to the decrease in selectivity 

from 5.04% to 2.64% (for the pressure of 55 mbar and CH4:H2 ratio of 1:0 and 1:1, respectively) 

and from 6.12% to 3.09% (for the pressure of 110 mbar and CH4:H2 ratio of 1:0 and 1:1, 

respectively). Analogically, the yield of diacetylene decreases from 1.56% to 1.11% (55 mbar) and 

from 2.08% to 1.50% (110 mbar).  

Finally, the increase in ethylene selectivity might be explained analogically to acetylene but with 

the involvement of C2H3 radical as in R19: 

𝐶2𝐻3 + 𝐻2 → 𝐶2𝐻4 + 𝐻                    (R19) 

While this process is happening at the cost of acetylene (R9), the decrease in its output in not 

observed due to the simultaneous increase in acetylene yield and selectivity via other, above 

discussed pathways. The other explanation of ethylene selectivity increase might be due to simple 

acetylene hydrogenation (as in R20), however, this is an exothermic reaction thus believed to have 

a marginal influence in the given conditions [53]. 

𝐶2𝐻2 + 𝐻2 → 𝐶2𝐻4                     (R20) 

The final product to consider is hydrogen. The selectivity and yield of H2, presented in Fig. 9 and 

calculated accordingly to eq. 6 and 7, follow the same trends as acetylene. This seems logical as 

the acetylene is produced due to dehydrogenation of methane that leads to H2 production. As a 

result, the net output of hydrogen is positive. From the point of the process concept, this would 

allow to recirculate part of the produced hydrogen back into the process, with the rest being a 

valuable product on its own. Moreover, with the implementation of a catalyst, it could be also 

used to hydrogenate acetylene shifting the products into ethylene (R20) [21]. 

 

Fig. 9. Yield and selectivity of H2 depending on the experimental conditions. 
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As a final remark, it should be noted that the effect resulting from H2 addition was more evident 

when the ratio of 1:1 rather then 3:1 was applied. In some cases of the 3:1 ratio tests, the effect of 

hydrogen addition can be barely noticeable. This can be observed for the selectivity of acetylene 

and C lack (Figures 6 and 8). Moreover, even a drop in the H2 selectivity can be observed for the 

case with the smaller addition of hydrogen (Figure 9). On the other hand, the increase in methane 

conversion and the resulting increase in the yields (C2 compounds, C lack, and H2) are more 

distinct. This could mean that while the addition of hydrogen with the CH4:H2 ratio of 3:1 was 

enough to enhanced methane conversion, the applied amount of hydrogen was too small to 

significantly affect the distribution of the products, e.g. through reactions R15 (reversed) and R17. 

Similarly to the already discussed changes in the nature of soot-like material with the ratio of 1:1, 

the presence of additional hydrogen in the case 3:1 might have also affected the composition of 

the soot-like material and the resulting H2 selectivity. The growth of aromatic structures (that 

leads to PAHs and soot production) may be exemplary presented as follows: benzene (C6H6) → 

naphthalene (C10H8) → phenanthrene (C14H10) → pyrene (C16H10). While this process may be 

accompanied by other mechanisms then HACA, they all involve radicals and a stepwise hydrogen 

release [74]. The radical propagation of the aromatic structure growth can be terminated by H2 

molecules (reversed R15). Therefore, the additional hydrogen in the case with CH4:H2 ratio of 3:1 

could have resulted in intensified blocking of the growth pathway, when compared to the case 

with no hydrogen addition, and preventing condensation of the aromatic structures. 

Consequently, a higher amount of hydrogen would remain bounded within the aromatic structure 

rather than being released. That could lead to decreases in the H2 selectivity. This assumption is in 

good agreement with the increase in the H lack that was observed for the ratio of 3:1 (Figure 7). As 

the aromatic compounds were not quantified, the increase in their hydrogen content would result 

in the observed increase in the H lack. However, it should be noted that the small changes in the 

results observed for the case with CH4:H2 ratio of 3:1 are accompanied with relatively high errors. 

Consequently, these results are hard to interpret and should be treated with caution. 

Nevertheless, the trends clearly show that changing the H2 content from 25% to 50% increases its 

impact on the process significantly. With overcoming the problems with plasma stability, a higher 

dilution with hydrogen (e.g. CH4:H2 ratio of 2 or 3) should enhance the beneficial effects of 

hydrogen addition even more, as it was proven in other works [2,3]. 

 

 

5. Energy costs and comparison with other plasma techniques 
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To determine the energy costs of methane coupling three parameters are used, i.e. specific energy 

input (SEI), specific energy requirement (SER), and energy requirement (ER), calculated as in eq. 9-

11, respectively. The SEI is constant due to the fixed input volumetric gas flow rate (6 SLM) and 

magnetron power consumption (1000 W) and its value is 224 kJ/mol. The SER and ER are 

presented in Fig. 10 and 11, respectively. As it can be seen, the SER is gradually increasing with the 

CH4:H2 ratio. As the SER is calculated per converted CH4 molecule, this decrease is caused by a 

significant drop in the input CH4 concentration that is not compensated by the obtained increase 

in the CH4 conversion rate. The ER, calculated per produced acetylene molecule, shows rather 

more fixed values. This can be explained by the fact, that the C2H2 yield increase, caused by the 

addition of H2, is relatively higher than the increase in the CH4 conversion. As it was shown in Table 

4, the concentration of C2H2 is rather constant despite a significant drop in the input CH4 

concentration.  

 

Fig. 10. SER for different CH4:H2 ratios in two pressure regimes. 

 

Fig. 11. ER for different CH4:H2 ratios in two pressure regimes. 
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hydrogen addition on the plasma process. The process was conducted in fixed conditions, while 

changes in all the parameters, i.e. MW input power, pressure, gas flow rate, and CH4:H2 ratio 

would affect the process efficiency and energy cost. Secondly, the calculation of all the three 

above mentioned parameters do not include the power consumption of the vacuum pump. In the 

case of presented work, the vacuum pump power consumption is estimated to be ca. 500 W 

(accordingly to the producer’s datasheet) meaning that all the energy parameters would increase 

by 50%. However, the pump used in the system was not well-fitted to the process requirements. It 

is designed to work with much higher gas flow rates (with a peak pumping speed of 35 m3/h). 

Applying a better-matched vacuum pump should decrease energy consumption significantly. 

Thirdly, the SER involves only C2H2 while the C2H4 share is still noticeable (at least in the case of 55 

mbar). While this approach is justified by the need of comparing results from different 

experiments, the real ER should be lower as C2H4 is one of the desired products. Finally, the tests 

involved a 2.45 GHz microwave generator. These types of generators are usually used in a 

laboratory test due to their high availability, low costs, and suitable power range. However, their 

energy efficiency is only ca. 60%. On the other hand, 915 MHz generators, usually working in a 

higher power range, have the energy efficiency of ca. 85%. Applying this kind of a MW generator 

would result in a significant decrease in energy consumption.  

In general, the overall efficiency of the methane coupling process in the moderate pressure MW 

plasma reactor with the addition of H2 is somewhere between the results obtained for different 

kinds of plasmas. Their comparison in the context of methane coupling, based on the review work 

of Scapinello et al. [5], is presented in Table 5. As can be seen, the conversion rate of methane in 

the tested MW plasma reactor is higher than in the case of DBD, corona, pulsed discharge, or 

gliding-arc plasmas, similar to atmospheric MW plasma, and significantly lower than in 30 mbar 

MW plasma. The SEI is usually higher (but similar for DBD and corona plasma and much lower than 

in other MW plasmas) yet the SER is lower or similar with exception of PD plasma. 

Table 5. Performance of different kinds of plasma reactors. The literature references present the best results achieved 

[5] while the results from this work(*) present the whole scope of results for two different pressure regimes (55 mbar 

and 110 mbar) and three CH4:H2 ratios (1:0, 3:1, 1:1). 

Plasma type SEI 

kJ/mol 

XCH4 

% 

Selectivity 

% 

SER 

kJ/mol 

ER 

kJ/molC2H2 

Ref. 

   C2H6 C2H4 C2H2    

DBD 202 10.5 34 19 (C2H2+C2H4) 1921 - [18] 

Corona 194 8.5 - - 76.5 2278 5957 [25] 

PD 86 23.5 1.9 5.4 85 365 860 [75] 

GA 115 15 2.9 8.7 75 769 2050 [76] 
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MW 1076 50.7 - 11.5 61.4 2122 6920 [2] 

MW (30 mbar) 617 93.7 1.8 9.8 65.3 659 2018 [59] 

MW* 224 31.0-48.6 - 1.3-9.7 46.4-70.0 663-1069 2245-3618 This 

work 

 

6. Conclusions 

Methane coupling to valuable C2 compounds by means of plasma was studied. The focus of this 

work was the impact of hydrogen addition on the non-oxidative methane coupling in a warm, 

moderate pressure microwave reactor in two different regimes of radial confinement. Optical 

emission measurements were coupled with downstream measurements of conversion and 

product distributions.  

The dilution with hydrogen has a twofold beneficial effect. Firstly, it increases the conversion rate 

of methane and yields of ethylene and acetylene when compared to pure methane plasma. For 

the CH4:H2 ratio of 1:1 the conversion rate increases by ca. 36% and 43% for the pressure of 55 

mbar and 110 mbar, respectively. The yield of acetylene increases by ca. 76% and 69%, while the 

yield of ethylene increases by 64% and 175% for the pressure of 55 mbar and 110 mbar, 

respectively. Due to the high temperature of the plasma (with the use of OES techniques the 

rotational temperature of heavy particles was determined to be above 3000 K), the dominant 

product is acetylene. The product distribution can be shifted towards ethylene by decreasing the 

pressure. It shortens residence times and changes the plasma shape from radially confined to 

diffuse which is characterized by a more homogenous discharge with lower gas temperature. 

Secondly, with the CH4:H2 ratio of 1:1 the addition of hydrogen results in an increase in C2 

compounds selectivity at the cost of problematic soot-like product. It is believed that these two 

effects can be associated with two plasma regions. Close to the center of the plasma, the high 

concentration of H radicals plays a crucial role in the high-temperature driven process of methane 

decomposition. Further downstream an abundance of molecular hydrogen leads to suppression of 

carbonous material deposition, presumably mainly PAHs and soot.  

In general, these results have shown that the addition of hydrogen is an easily applicable method 

for methane coupling improvement in warm plasmas. Overall, the test with hydrogen addition 

(CH4:H2 ratio of 1:1) resulted in a similar output of C2 compounds as in the case of pure methane, 

with a twice smaller production of soot-like materials, ca. twice smaller consumption of methane, 

and a similar energy requirement. With the suppression of soot deposit, this method might be 

beneficial in terms of hybrid plasma-catalytic systems that are vulnerable to deactivation caused 

by soot presence. Moreover, it should be noted that hydrogen is one of the main products of the 

methane coupling process, the yield of which is also enhanced by hydrogen addition resulting in a 
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positive net output of this product. As the hydrogen needs to be separated from the outlet stream 

regardless of whether it was initially introduced or not, this creates a simple technological 

possibility of recirculating part of the produced hydrogen allowing for a more flexible control 

(along with the possibility to adjust the reactor’s pressure) of the process depending on the 

demanded products. While the work of the reactor was not optimized yet, it shows one of the 

highest conversion rates of methane when compared to other types of plasma reactors with 

balanced energy requirement parameters.  

Therefore, it is believed that warm plasma coupling of methane into C2 compounds in the 

presence of hydrogen might be a promising and flexible way of non-oxidative production of 

valuable acetylene and ethylene. To establish the conclusion on the dualistic effect of hydrogen 

addition further work including wider range of H2:CH4 ratios, soot-like material analyses, 

determination of the H radicals density, and modeling of the presented mechanisms should be 

carried out. Moreover, it should be noted, that while the presented work investigated moderate 

pressure MW plasma, the discussed process might also be applicable for other warm plasma 

sources, e.g. atmospheric MW plasma or GA plasma. 
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