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Introduction

The coupling of methane to C2 is a reaction that has been the subject of a large number of publications since the 1980s. The reaction is generally carried out in the presence of basic metal oxides in a temperature range between 700 and 900 °C [1]. The oxidizing coupling of methane is highly exothermic, with a limited ethylene yield (maximum 26%) due to the formation of COx, which constitutes an obstacle to the commercial development of the process [2].

High ethylene selectivities (>90%) were obtained by non-oxidizing coupling of methane on a Mo2C/ZSM-5 catalyst, however the methane conversion did not exceed 1% [3]. The chemical looping (CL) concept was used in which CH4 and O2 are fed in two separated cyclic steps using metal oxide catalyst. CL avoids undesired combustion gas phase reaction but the catalyst stability remains a challenge [4]. In this context, new activation routes have been proposed [5], and, among them, non-thermal plasma technology has already shown an interest in the transformation of methane into synthesis gas (dry reforming) [START_REF] Trinh | Innovations in Thermochemical Technologies for Biofuel Processing[END_REF], in hydrocarbons (in the presence or not of an oxidant) [START_REF] Zhang | [END_REF] and in oxygenated compounds (methanol, formaldehyde) [8].

Under plasma discharge, very energetic electrons are generated leading to the formation of active species such as radicals promoting the formation of hydrocarbons [START_REF] Zhang | [END_REF]. Plasma sources are numerous, but, for an industrial application, those operating at atmospheric pressure (and not reduced pressure) are preferred. The most investigated plasma reactors are corona discharge (Corona), spark discharge (Spark), sliding discharge (Gliding arc) and finally Dielectric Barrier Discharge (DBD) reactors. It has been shown that the "Gliding arc" and "spark discharges" lead to higher energy efficiencies than those obtained in DBD [9]. However, the stability of the discharge is not maintained under high voltages, the residence time of the gases in the plasma zone is limited and the plasma-catalysis coupling difficult to implement. This is why DBD reactors are often preferred, especially wire-cylinder geometries, similarly to catalytic reactors.

The only constraint is then linked to the catalyst loading, which must occupy the entire plasma zone without generating excessive pressure drops.

The role of diluting gas such as helium, argon, and hydrogen has been recently investigated on the non-oxidative methane coupling mechanism by one-dimensional fluid simulations [10].

Using argon and helium at high noble gas-methane ratio increased the electron temperature, the methane activation (through Penning dissociation) and energy efficiency. Hydrogen co-feeding with methane led to lower methane conversion, when compared to He and Ar, and attributed to the lower electron temperature. However, substituting expensive noble gases with hydrogen can be of economic interest and deserves further study. Hydrogen is considered as the fuel of the future as it can be produced by carbon-based fuels (grey and blue hydrogen) or by water electrolysis (green hydrogen). The international Energy Agency's (IEA) expects that 10% of total energy consumption will be met by hydrogen by 2050 [11]. The production cost is heavily dependent upon the cost of electricity but when the process operates with renewable electricity (solar or wind), at periods that production exceeds demand, a lower cost of hydrogen can be achieved. As a result, new ways of using hydrogen can be developed at an acceptable cost.

The positive effect of adding hydrogen to methane with non-equilibrium plasma was shown for the first time by Bin et al. using a pulsed high voltage discharge with a needle-board type reactor (spark discharge) [12]. The sole effect of the CH4/H2 ratio was studied in their paper and high yield in acetylene was obtained with a fixed deposited power of 30W, reaching about 30% with CH4/H2=1/5. The production of C2 was accompanied by a significant carbon deposit via the following chain reaction: 2CH4 → C2H6 → C2H4 → C2H2 → CmHn→ 2C + H2. Experimentally ethylene and acetylene became predominant over ethane at high SEI with nanosecond pulsed discharge in spark regimes [13,14]. This scheme is probably not valid in the case of non-equilibrium plasma processes of DBD type as indicated by Mlotek et al. [15]. Studying methane cracking with a 5vol% CH4 in Ar, Barni et al. [16] obtained a high methane conversion (>30%), a hydrogen yield >15% and some hydrocarbons, mainly ethane while the deposited power was as high as 180W.

We consider that there are needs to better understand the role of H2 for methane coupling in DBD. For that purpose, a systematic study was performed by varying parameters such as contact time, deposited power and CH4/H2 ratio. Moreover, it is proposed here to perform the reaction without inert diluent, although the presence of these species clearly affects energy channeling and overall reaction pathways.

In a first part, the effect of the nature of the oxidant, O2 and CO2, was studied and compared to the results obtained in presence of hydrogen using different H2/CH4 ratios. In order to have more insight into the chemical mechanism in the presence of hydrogen, a simple kinetic study was performed by varying the residence time. Plots of products yield versus residence time allow to propose the dominant reaction in the same way as what is done in heterogeneous catalysis [17]. It is a very powerful method based on experimental results. To the best of our knowledge such a study has never been reported in the literature in the field of plasma.

The obtained results were compared with published data considering the specific energy input (SEI) [18].

2.

Experimental part

Reactor geometry and reaction conditions

The reaction was carried out in a coaxial Dielectric Barrier Discharges (DBD) reactor (Fig. 1) A sinusoidal AC supply of power was applied across the electrodes (TG1010A Aim-TTi, Thurlby Thandar Instruments Brand). The figure of Lissajous was used to calculate the discharge power. A series of experiment was performed at a fixed deposited power of 8W (19.5kV, 800Hz) and 21W (10.5kV, 8 kHz). The applied voltage was measured with high voltage probes (PMK, model PHV4-2757) using an oscilloscope (waveRunner 62 Xi, Lecroy).

at

Gas phase analysis and calculation

The gas analyses were conducted on-line by gas chromatography. A flame ionization detector allowed the identification of hydrocarbons from C3 to C6 and oxygenated products, while a thermal conductivity detector is used for the quantification of hydrogen, carbon monoxide, carbon dioxide, methane and C2. All the reactions lasted 1 hour.

Each experiment was repeated 3 times resulting in a margin error of ± 3 %.

The conversion, yield, selectivity and energy efficiency were defined as: Conversion (%) of CH4 and CO2 = 100  mole of CH4 (or CO2) converted / mole of CH4 (or CO2) in the feed. The Specific Energy Input (SEI) was calculated as follows: SEI (J.L -1 ) = P(W) × 60/flow CH4 (L.min -1 )

The energy required (ER) for the production of 1 mol of HC ER (kJ.mol -1 ) = SEI/yield

Results and discussions

Preliminary study on methane transformation in the presence of helium

The composition of the reaction mixture, and in particular the nature of the diluent gas, plays an essential role in the transformation of the reactants under plasma discharge. The addition of noble gases (He, Ne, Ar) to CH4 increases its conversion [19]. Noble gases act as an "energy vector", where energy is transferred to methane by excited noble gas atoms leading to subsequent dissociation of CH4. Indeed, the threshold energies for excitation and ionization of He are 19.8 eV and 24.6 eV, higher than methane ionization potential (12.6 eV) [20]. This phenomenon is called "Penning ionization".

A study was performed in an excess of helium, the deposited power was fixed at 8 W (19.5 kV, 800 Hz). The reaction was carried out for one hour, reactant conversion and products selectivity were stable over time. Table 1 shows the absolute conversion of CH4 as well as the effective conversion expressed in mmol.h -1 . A slight decrease of CH4 conversion occurs with the addition of CO2 from 22.3% to 21.7% but the carbon balance increases significantly from 41.9 to 76.2%.

The main product obtained without CO2 was is ethane with a selectivity of 25.9% and a small amount of unsaturated C2. A similar product distribution was obtained by Yang et al. [21] in DBD discharge. While this author showed that acetylene was the main product (with a corona discharge), propane and propene were produced in this case with a selectivity reaching 11.7%.

The low carbon balance is attributed to carbon deposition which is clearly visible (black deposit) on the inner electrode at the end of the reaction. The addition of CO2 leads to the production of a high amount of CO (selectivity of 51.4 %). The formation of ethane is favored in excess of methane (ratio CH4/CO2 = 3) in the feed but, as expected, CH4 conversion decreases, reaching 11.6% or 4.7 mmol.h -1 . The results agree with recent work of Mei et al. [22] showing a rapid decrease of methane conversion and an increase of ethane selectivity with an increase of methane-carbon dioxide ratio using nanosecond pulsed DBD. When CO2 is switched to O2, the highest effective conversion is reached (6.3 mmol.h -1 ) and the carbon balance reaches 100%, but, under those experimental conditions, CO2 and CO are produced with a selectivity of 80.1% in COx. Consequently, the addition of CO2 or O2 for hydrocarbons production is not appropriate and hydrogen was chosen as co-feed gas. Results reported in table 1 show that hydrogen increases significantly the carbon balance as compared to methane without oxidant but the CH4 conversion decreases from 22.3 to 8.2 %. Despite this loss, the presence of hydrogen leads to a high selectivity to ethane (51.8 % against 25.9 % without H2). [20] proposed that the dilution of methane with hydrogen stabilizes the discharge.

They obtained a high yield of C2 (57%, mainly in acetylene) under a CH4/H2 ratio of 0.5 and using a direct current pulsed plasma generator (P=30W).

The dilution of methane in helium has a positive effect on CH4 conversion due to the presence of metastable excited species, as explained above. However, due to the high cost of such a noble gas, experiments without this diluent were performed and the results obtained are reported in the following section.

Methane transformation without helium

A parametric study was carried out on methane conversion in the presence of hydrogen. The effect of the H2/CH4 ratio and the influence of deposited power towards CH4 conversion and selectivity to products were investigated. The reaction was achieved at different residence times.

Influence of the ratio H2/CH4

As expected, without helium, the use of pure methane leads to a significant decrease of methane global conversion (from 22.3% for the mixture He/CH4: 30/10 mL/min to 6.5% for 40 mL/min of pure CH4). However, methane conversion reaches 7 mmol.h -1 , which is higher than when helium is used (6.1 mmol.h -1 as reported in Table1) since the feed of methane is increased in absence of noble gas.

Adding hydrogen to methane results in a lower global conversion of methane as indicated in Table 1. This can be explained by the reaction between CH3 and H radicals due to the increase of the H radical density upon H2 addition [23].

However, the conversion remains constant, slightly above 4%, for an H2/CH4 ratio between 0.33 and 3 (Figure 2). The carbon balance is higher in the presence of hydrogen, reaching 75% when the H2/CH4 ratio 217 is equal to 1, whereas it is only 62% in the absence of hydrogen. A similar behavior was reported 218 by Lefferts et al. [24]. However, with a large excess of hydrogen (H2/CH4 = 3), the carbon 219 balance is only 65.3% and the selectivity to ethane decreases (Figure 3). 
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It could be explained by a lower probability of methyl radicals' coupling, due to dilution in hydrogen, leading to carbon deposition.

It has been described in the literature that the conversion of methane occurred via electron impact dissociation producing radicals: CH3, CH2, CH and C the excitation threshold being 9.0, 10.0, 11.0 and 12.0 eV, respectively [25,26].

The non-oxidative coupling of methane under plasma, although involving complex reaction mechanisms, can however be described by the following reactions, based on fluid modelling in DBD [START_REF] De Bie | Plasma processes polym[END_REF][START_REF] Maitre | [END_REF]:

CH4 + e -→ CH3 + H + e- (1) 
CH4 + e -→ CH2 + H2+ e -

CH4 + e -→ CH + H2 + H + e -

CH4 + e -→ C + 2H2 + e -

CH + CH4 → C2H4 + H (5) CH3 +CH3 +M → C2H6 +M ( (4) 
) 6 
Where M is a third body.

The most important reactions being reactions (1) and ( 6) according to the calculations performed by Heijkers et al. in a DBD at atmospheric pressure [29].

At small energy density, ionization of ethane is not effective enough for producing to produce large amount of ethylene [15], so the formation of C2H4 and C2H2 is not favoured, as obtained in our study.

In DBD plasma reactor, C2H4 and C2H2 are considered as precursors for the formation of deposits, taking place via H abstraction generating C2H3 and C2H intermediates which lead to the formation of deposits via polymerization/oligomerization [30]:

C2H4 + e -→ C2H3 + H → deposit [START_REF] Zhang | [END_REF] C2H2 + e -→ C2H + H → deposit (8) Ethane selectivity is favored in the presence of hydrogen as shown in Figure 3, while propane and propene selectivities are only slightly modified. Moreover, the low selectivities to ethylene and acetylene, particularly in the presence of hydrogen, seem to indicate that unsaturated C2 react to produce C3 and C4.

From an industrial perspective, the use of hydrogen as co-feed could be of interest to limit carbon deposition and thus prolong the operation of the plasma reactor.

Also, in addition to reactions (1) to ( 8) indicated above, the following reactions should be added when hydrogen is introduced in the plasma reactor:

H2 + e -→ H + H + e ( 9)

H+ CH3 → CH4 (10) C + H → CH (11) C + H2 → CH + H (12) 
CH + H → CH2

CH2 + CH4 → C2H6 ( 14)

C2H4 + H + M → C2H5 + M (15) 
C2H5 + H + M → C2H6 + M (16) Note that the reaction between carbon and a methyl radical was proposed by Heintze et al. [31] as part of a study on the coupling of methane in a sliding discharge reactor (glidarc):

C + CH3 → C2H2 + H (17)
Moreover, the removal of carbon deposits by hydrogen radicals (Eq. 10) and by excited modes of hydrogen (Eq. 11) was proposed by Zhang et al. [32] and Sun et al. [33] using pulsed microwave plasma and a RF dielectric barrier discharge, respectively.

The yield of hydrocarbons is maximum without hydrogen (Figure 4) due to the higher CH4 conversion. However, part of methane is lost by carbon deposition as indicated by the lower carbon balance without hydrogen. 

Influence of the deposited power

In the presence of hydrogen, increasing deposited power from 8 to 21 W leads to an increase of CH4 conversion, as expected, since a higher amount of electrons with sufficient energy for CH4 dissociation is produced (Figure 5). Interestingly the carbon balance increased with deposited power from 66.4 to 76.8%, indicating that reactions [START_REF] Zhang | [END_REF] and ( 8) are not the dominant ones in the presence of hydrogen. Consequently, under the experimental conditions used in this study, the yield into hydrocarbons reaches 9.1%. The selectivity to higher hydrocarbons (from C3 to C6) is increased at higher deposited power while the selectivity of C2H2 and C2H4 is slightly decreased (Figure 6). Thus, the recombination of radical species, to convert them into higher hydrocarbons, is favoured at high power [34,35]. With hydrogen in the feed, H abstraction is unfavorable, 
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limiting deposit and increasing the carbon balance. Saleem et al. [36] reported that the formation of C2-C5 hydrocarbons was a hydrogen consuming process. Therefore, the presence of excess H radicals with H2 in the feed promote the formation of C2-C5 hydrocarbons.

On the contrary, when methane is introduced alone in a DBD reactor or with a noble gas as diluent, an increase of the deposited power favours CH4 decomposition to H2 and carbon deposits as shown in various publications [21,[37][38][39][40].

Influence of the residence time

The presence of hydrogen plays a key role for the transformation of methane into hydrocarbons, because the carbon balance is significantly improved, even if the conversion of CH4 is relatively low when the power deposited is equal to 8W. Residence times of 2.1, 4.2 and 8.4 s were studied by working with flow rates of 80, 40 and 20 mL min -1 , respectively and by keeping constant the H2/CH4 ratio (1/3) and the power at 8 W (19.5 kV and 800Hz).

Under the operating conditions used, the conversion of CH4 raises with the increase of residence time, since the probability of collision between the methane and the highly energetic electrons is directly linked to the residence time (Figure 7). The highest conversion of methane at a residence time of 8.4 s is accompanied by the highest carbon balance. Surprisingly, we would have expected an opposite trend as decomposition of hydrocarbons would occur when the residence time increases. Here again, the results clearly show that the hydrogen introduced in the reactor plays an important role in the process using DBD. Note that in a pure thermal cracking process (Temperature from 1180-1230°C) the reaction is described as a step-wise dehydrogenation:

2CH4 → C2H6 + H2 → C2H4 + H2 → C2H2 + H2 → 2C + H2 (18) 
An increase of the residence time leads to an increase of coke formation associated with a decrease of C2H2, known as the major coke precursor [41]. Moreover, hydrogen dilution avoids carbon formation. It is explained by the inhibition of reaction ( 19):

C2H4 + CH3 • = CH4 + C2H3 • (19) 
Which leads to a smaller C2H4 consumption and an increase of its concentration. With hydrogen dilution, the ratio C2H2/C2H4 increases and ethane formation becomes less important. The Hüels plasma driven thermal process for the conversion of natural gas to acetylene has been used since 1940 [42]. The plasma gas is composed of methane and/or hydrogen, the residence time in the discharge and reactor section is on the order of a few milliseconds (ms). Immediately downstream of the reactor the gas is abruptly cooled by liquid water spray injection. The rapid cooling allows the quenching of the product to prevent acetylene decomposition to solid carbon soot. The Hüels process operates at 1875°C. The introduction of hydrogen into plasma inhibits the formation of soot [43]. A kinetic model reveals that acetylene is formed via successive reactions (Eq. 18), the quench process hinders the thermal decomposition to carbon deposit.

Unlike thermal processes, the carbon deposit is not favored at high residence time under the experimental conditions used in the present study using a DBD. A different reaction path is proposed (see below). Ethane selectivity is maximum when the residence time is the longest, as is the C3 selectivity (combining propane and propene). In contrast, the selectivity to ethylene and acetylene, although very low, decreases significantly with residence time (Figure 8). The formation of compounds C4 and C6 becomes significant for the longest residence time, while no C5 is not observed at higher residence time. 

In order to better understand the transformation of the products during the reaction under plasma in the presence of hydrogen, the yields of C2H6, C2H4 and C2H2 but also of C3, C4, C5 and C6

were plotted as a function of the residence time (Figures 9 and10).

The shape of the curves indicates that C2H6, C2H4 and C2H2 appear as primary products whereas In the present study, using a DBD plasma reactor, the evolution of C2H6 yields with residence time suggests that ethane was not dehydrogenated under the experimental conditions, while C2H4 and C2H2 yields confirm that these two compounds were transformed under plasma discharge. The formation of C3 and C4 at higher residence time support the fact that the addition of CH3 to C2 and C2 coupling occur.

Higher hydrocarbons from C3 to C6 are obtained in very small quantities and the C6 are only produced when the residence time reaches 8.4s.

From the kinetic study it is possible to propose a reaction pathways of methane transformation in presence of hydrogen (Fig. 11). An important point is the transformation of carbon deposition in the presence of hydrogen. so Solid C is not an end product but is a source of hydrocarbons which makes the process with hydrogen of particular interest, by limiting the loss of carbon.

Comparison with published results

The plasma reactor configuration is a key parameter to perform chemical reactions with high efficiency. Various designs were reported within DBD reactors (pin to plate, plate to plate, planar or cylindrical configuration…) using different kind of electrical sources [46].

In most of the articles dealing with activation under non-thermal plasma, the power deposited (in W) is indicated as well as the specific energy supplied to the system (SEI: Specific Energy Input) which can be used to compare studies. In Table 2 the conversion of CH4 and selectivity to hydrocarbons over the specific energy input are presented and the energy required (ER) to produce one mole of hydrocarbon is calculated.

The data selected from literature were obtained using methane without the presence of noble gas for a better comparison with the results of the present study. The number of available data is scarce as shown in Table 2. The results obtained by Saleem et al. [37] are similar to those we observed in the present work in terms of ER conversion of CH4 with a value of 16000 kJ/mol. Note that the authors observed hydrocarbons from C2 to C5, C2 being the major products formed but selectivities to ethane, ethylene and acetylene were not indicated. An increase of the deposited power from 10 to 20W leads also to a higher energy efficiency. Scapinello et al. [13] investigated the use of a Nanosecond Pulsed Discharge (NPD) technology for methane coupling. It is indicated by the authors that a streamer-to-spark regime may be significant and consequently C2H2 was mainly formed among C2. Using an equimolar methane/hydrogen feed, they showed that the addition of hydrogen decreased carbon lack (modified carbon balance that considers carbon deposited on the reactor wall and unquantified C3-C6 compounds). Methane conversion reached 73.9 mmol.h -1 which is much higher than the values reported in methane-H2 mixture. A high dilution of methane in hydrogen had a negative effect on effective conversion and ER, even if the carbon lack was significantly reduced from 5.2% (for CH4/H2:1/1) to 1.6% (for CH4/H2:1/3). It confirms the behaviour observed in thermal pyrolysis and also in the present study (row 7 and 8), an excess of hydrogen leading to a high energy requirement to produce one mole of hydrocarbon. It is was proposed that acetylene, the main product obtained, was produced through hydrogenation of atomic carbon (Eq. 11). The energy required to produce one mole of acetylene was relatively low since a nanosecond pulsed discharge was used.

Conclusion

The synthesis of hydrocarbons from methane was investigated in a DBD plasma reactor and the effect of hydrogen as co-feed was studied. In the presence of helium, the addition of hydrogen favoured considerably the selectivity to hydrocarbons, reaching 66.6 % against 41.9 % without H2, the main products being ethane (selectivity of 51.8 %). Adding hydrogen into the feed improved the carbon balance, showing that H2 has a beneficial role in hindering carbon deposition. A series of experiment performed without helium revealed that methane conversion
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 1 Figure 1: Experimental setup

  The effective methane conversion corresponding to the number of mmol of methane converted per hour was also calculated according to: CH4 conv. (mmol.h -1 ) = molar flow of methane  conversion (%) of CH4 Selectivity to CnHy (%) = 100  n  mole of CnHy / (mole of CH4 converted + mole of CO2 converted) Selectivity to CO (%) = 100  mole of CO / (mole of CH4 + mole of CO2) converted Yield to CnHy (%) = n  mole of CnHy / (mole of CH4 initial + mole of CO2 initial) Yield to CO (%) = n  mole of CO / (mole of CH4 initial + mole of CO2 initial) Carbon Balance: CB (%) = 100  (mole of CO +∑ n  mole of CnHy) / (mole of CH4 converted + mole of CO2 converted)
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 2 Figure 2: CH4 conversion, carbon balance a) and effective methane conversion (mmol/h)
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 3 Figure 3: Selectivity towards hydrocarbons for different ratio H2/CH4, residence time: 4.2s,

Figure 4 :

 4 Figure 4: Hydrocarbons yield for different ratio H2/CH4, residence time: 4.2s, P=8W (19.5kV, 800Hz), total flow: 40 mL.min -1

Figure 5 :

 5 Figure 5: CH4 conversion and C balance at P=8 and 21W, H2/CH4: 1/3, residence time: 4.2s, P= 8W (19.5 kV, 800Hz), P=21W (10.5 kV, 8000Hz), total flow: 40 mL.min -1
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 6 Figure 6: Selectivity to hydrocarbons at P=8 and 21W, H2/CH4: 1/3, residence time: 4.2s, P= 8W (19.5 kV, 800Hz), P=21W (10.5 kV, 8000Hz), total flow: 40 mL.min -1
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 7 Figure 7: CH4 conversion and carbon balance (%) versus residence time, H2/CH4: 1/3, P= 8W
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 8 Figure 8: Selectivity to hydrocarbons (%) for different residence time, H2/CH4: 1/3, P= 8W

Figure 10 :

 10 Figure 10: C3, C4, C5 and C6 yield (%) for different residence time, H2/CH4: 1/3, P= 8W

6 Figure 11 :

 611 Figure 11: Schematic representation of the dominant reaction pathway in the presence of

Table 1 .

 1 Effect of gas composition on methane transformation, residence time: 4.2s, P=8W

	(19.5kV, 800Hz)								
	Gas composition (mL/min)	CH4 conv. (%)	CH4 conv. (mmol/h)	CB* (%)	C2H4	Selectivity (%) C2H6 C2H2 C3H8 + C3H6	COx
	He/CH4 30/10	22.3	6.1	41.9	2.0	25.9	2.3	11.7	0
	He/CH4/CO2 20/10/10	21.7	5.9	76.2	0.4	18.1	0.7	5.5	51.4
	He/CH4/CO2 20/15/5	11.6	4.7	72.4	1.3	26.5	1.6	10.7	32.3
	He/CH4/O2 20/15/5	15.5	6.3	100	0.9	5.6	0.9	1.1	80.1
	He/CH4/H2 20/10/10	8.2	2.2	66.5	1.2	51.8	1.4	12.2	0
	* Carbon balance								
	Kado et al.								

Table 2 .

 2 Comparison of the reported hydrocarbons yields and energy required for the production of 1 mol of hydrocarbons produced using a

	mixture of H2 and CH4 with the current work							
	Plasma	Feed (sccm) H2 CH4	P (W)	SEI (kJ/mol)	Conversion (%)	CH4 conv. (mmol/h)	Selectivity HC (%)	ER (kJ/mol HC)	Ref.	Comment
	DBD	2	20	10	672	6	3.3	67	16000	[39]	C2 to C5
	DBD	2	20	20	1344	16	8.7	68	12330	[39]	
	NPD (nanosecond	133	67	5.8	365	16	29.1	83.9	42000	[13]	Mainly C2H2 (61%sel)
	pulsed discharge)	100	100	5.7	238	27.2	73.9	80.8	6740	[13]	Mainly C2H2 (69%sel)
	DBD	10	30	8	380.8	4.7	3.8	69.1	11717	This work	Mainly C2H6 (42.1%sel)
	DBD	10	30	21	940.8	11.9	9.7	76.8	10338	This work	Mainly C2H6 (42.4%sel)
	DBD	20	20	8	557.8	4.4	2.4	75	16902	This work	Mainly C2H6 (60%sel)
	DBD	30	10	8	1142.4	4.1	1.1	65.3	42627	This work	Mainly C2H6 (57.5%sel)
	* Carbon balance										
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depends on H2/CH4 ratio, a high ratio decreases CH4 conversion but increases significantly the carbon balance and the selectivity to ethane. As expected, the higher the deposited power (from 8 to 21W), the higher the methane conversion (from 3.2 to 11.9%), and, less expected, the higher the carbon balance at 21W. It was proposed that hydrogen reacts either by hydrogenation of coke precursor (ethylene, acetylene) which is consistent with the lower selectivity to alkenes at high H2/CH4 ratio, or directly on C deposit. The best yield in hydrocarbons reached 9.1% in the presence of hydrogen and for a SEI of 42 kJ.L -1 . From a kinetic study, the dominant reaction pathways for the conversion of methane in the presence of hydrogen are proposed. Future researches are required to provide higher CH4 conversion and maintain high selectivity to hydrocarbons. The coupling of plasma and catalysis to achieve high efficiency should be developed with a strong focus on the definition of active catalyst under plasma discharge to favour hydrogenation of coke precursor and/or solid carbon.

Declarations

Competing interests

The authors declare no competing financial interest

Authors' contributions

Valeriia Maslova and Raluca Nastase performed the experiments and interpreted the results.

The study was done collaboratively by Elodie Fourré, Gleb Veryasov and Catherine Batiot-Dupeyrat. Catherine Batiot-Dupeyrat wrote the main manuscript. All authors reviewed the manuscript.