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The carbon dioxide reforming of methane to synthesis gas was investigated in a dielectric barrier discharge reactor (DBD) at room temperature. The influence of dilution of reactants by helium was studied. We showed that, at a fixed contact time, the conversions of CH4 and CO2 increase when the amount of helium in the gas mixture increases. This result is attributed to the "penning ionization" phenomenon, which corresponds to an energy transfer from excited He to molecules in ground state (CH4, CO2). The selectivity to products is affected by the dilution factor. As soon as helium is present in a large amount the formation of products resulting from recombination of methyl radicals (such as C2,C3 and C4) is less favourable due to the lowest probability of collisions to proceed. A kinetic model is proposed based on the assumption that the reactant molecules CH4 or CO2 are attacked by active species produced by the plasma discharges, and the production of this active species are function of the plasma power. This model which takes into account the dilution by helium fits particularly well the experimental data we obtained.

Introduction

Synthesis gas (CO + H2) is used as a feedstock in many chemical industries to produce hydrogen fuel, methanol and higher hydrocarbons. It can be manufactured from any hydrocarbon feedstock like natural gas, coal, petroleum coke and residual oil. Due to its high availability in various countries through the world the natural gas is one of the most interesting based resource. A lot of research has been done in catalytic reforming of methane with carbon dioxide : CH4 + CO2  2CO + 2H2 . The advantage of this reaction is not only the use of two greenhouse gases but also the production of synthesis gas with a low H2/CO molar ratio which is a preferable feedstock for the Fischer-Tropsch synthesis of liquid hydrocarbons [1]. The main catalysts reported in the literature are principally metal oxide supported noble metals or metallic Ni supported on oxides. The catalyst system, kinetics and mechanistics studies of the catalytic processes have been largely described in the literature. However, the major drawback of catalytic CO2 reforming is the cost of the process which requires temperatures between 800 and 1000°C.

Therefore, it would be interesting to perform the reaction in milder operating conditions, and less energetically consumptive. The potentiality of using a non-thermal plasma reactor to perform the methane reforming reaction has been yet reported in the litterature [2][3][4].

Non-thermal plasma is far from thermodynamic equilibrium, it is an effective tool to generate energetic electrons, which can initiate a series of chemical processes such as ionization, dissociation and excitation.

Corona discharges and dielectric barrier discharges (DBD) are two of the commonly used methods for producing nonequilibrium plasmas at atmospheric pressure. Most of the studies focused on the plasma technology, but the fundamental investigations in reaction mechanism and kinetic is very scarce.

In numerous studies the influence of gas composition was investigated showing that products selectivities depend strongly on the ratio CH4/CO2 used [5][6][7]. Carbon dioxide and methane are often introduced into the plasma reactor with a dilution gas known as chemically inactive, like helium or argon [8,9]. However if the presence of a diluent in a catalytic process does not modify the mechanism of activation of CH4 and CO2, it is not the case under plasma. Indeed, it has benn shown in the literature that helium species such as He + can be formed and thus considered as energy transfer in reactions [10].

Consequently it seems important to investigate more deeply the role of helium in the CO2 reforming of methane under plasma which is the main objective of the present study. We propose also here a kinetic model which take into account the dilution factor by helium.

Experimental

The reaction was performed, at room temperature and atmospheric pressure, in a coaxial dielectric barrier discharges (DBD) alumina reactor (15 mm i.d., wall thickness: 2.5 mm) with an inner stainless steel electrode (3.2 mm o.d.), as represented in Figure 1. The outer electrode is a 50 mm length copper tube wrapping around the alumina tube of the reactor, giving a discharge volume of 8.4 cm 3 and a gas gap of 5.9 mm.

Figure 1

The feed gases CH4, CO2 and He were introduced into the reactor via mass flow controllers (MFC). A stoechiometric mixture of CH4 and CO2 was diluted by helium, to maintain a constant flow rate at 45 mL.min -1 . The resulting residence time was equal to 11.2 seconds. Table 1 summarizes the experimental conditions used.

Table 1 Plasma was generated by a unipolar square pulsed electric generator (A2E Technologies). The voltage and current measurements were monitored with a digital oscillocope (Lecroy CT3744, 500MHz, 46510) through a high voltage probe (Lecroy, PPE 20kV, 100MHz) and a current probe (Stangenes Industrie 60MHz). All the experiments were performed at a constant frequency of 300Hz. Typical voltage and current profiles are shown in Figure 2, the voltage rising front is very high : ≈10 3 V.ns -1 , which induced a high electrical field.

Figure 2

The input energy per discharge was calculated from the time integration of discharge voltage and current (Equation 1). The power was determined by the multiplication of the input discharge energy and the pulse frequency. Energy = U(t) I(t) dt (Eq. 1)

The gaseous products were analyzed by a four way gas chromatograph (µ-GC Varian Quad CP 4900).

A The measurements were performed after half an hour under plasma, the GC analysis were performed at least two times to check the reproducibility. The differences between each run did not exceed 5%.

The conversion, selectivity of gaseous products and carbon balance were defined as: 

Conversion (%) of CH4 (or CO2) =

Results and discussion

Influence of dilution by helium on energy deposit

The dilution by helium was varied from 20 to 80% while the molar ratio CH4/CO2 was kept constant.

The deposited energy, measured at different voltage (from 12 to 18 kV) is reported in Figure 3.

Figure 3

The energy deposit per pulse increases significantly as the dilution by helium increases, whatever the applied voltage. This phenomenon is due to the physico-chemical modification of the plasmagen gas resulting from the presence of the dilution gas: helium. The presence of helium leads to a lower breakdown voltage leading to a higher energy deposit [11].

Conversion and reactivity

The deposited plasma power was kept constant at 9W while the dilution factor was varied from 0 to 80%. The conversions of CH4 and CO2 increase when the dilution by helium in the mixture increases as shown in Figure 4.

Figure 4

The higher reactivity of CH4 and CO2 in the presence of helium can be explained by the "Penning ionization" phenomenon, which corresponds to an energy transfer from excited atom or molecule to other atom or molecule in ground state [12][START_REF] Fridman | Plasma Chemistry[END_REF][START_REF] Lieberman | Principles of plasma discharges and materials processing[END_REF]. In our case the energy transfer proceeds from metastable helium (He*) to the reactants molecules (CH4 and CO2). The major metastable helium species are 2 3 s:

19.8eV and 2 1 s: 20.6eV [START_REF] Fridman | Plasma Chemistry[END_REF][START_REF] Lieberman | Principles of plasma discharges and materials processing[END_REF]. These energy values are much higher than the CH4 and CO2 ionisation potential, consequently, the ionisation of the reactants proceeds according to [START_REF] Brock | [END_REF]16]:

He * + CH → He + CH + e
He * + CO → He + CO + e

The energy transfer can also result in the reactant dissociation, according to a "Penning dissociation" phenomenon [START_REF] Chapman | Glow Discharge Processes[END_REF][START_REF] Wanga | [END_REF]:

He * + CH → He + CH + H He * + CO → He + CO + O
An increase of the helium dilution factor favors the Pennig ionization and dissociation phenomenons, so the reactitivy of CH4 and CO2 increases. Figure 3 shows that methane conversion is higher than CO2 conversion whatever the helium dilution factor. However, the difference between CH4 and CO2 conversions is not constant and depends on the amount of helium. In order to illustrate this observation the value corresponding to (convCH4 -convCO2)*100/convCH4 was calculated and reported in Figure 5.

Figure 5 It appears that the gap between CH4 and CO2 conversions decreases significantly as the dilution factor by helium increases. This result shows that in the presence of helium the reactivity of CH4 is closest to the reactivity of CO2 than in the absence of helium. So the value of the ionization potential of reactants plays a less important role in the presence of helium most probably because the available energy obtained from metastable helium is much more higher than dissociation potential of reactants.

This attractive energetic effect is not only observable with helium dilution, but could also be observed with other rare gas (neon, argon, etc.).

Less expensive dilutant gas, like N2, can also be used. But in this case, non-desired by-products can be formed, from nitrogen radicals issued from N2 dissociation.

Selectivity to products

From Table 2, it is observed that the dilution by helium enhances greatly the selectivity to hydrogen and carbon monoxide (synthesis gas) while the selectivities for higher hydrocarbons decreases significantly.

This result can be explained by the mechanisms of the reactions involved, indeed H2 and CO are formed As soon as the reactive species (methyl radicals) are diluted with helium, the probability of the collision of radicals decreases, consequently the selectivities for higher hydrocarbons decresase as the dilution factor increases.

Table 2 The selectivity to oxygenated compounds remains very low whatever the amount of helium. The carbon balance which is far from 100% can be mainly attributed to a carbon deposit experimentally observed on the electrodes during the reaction. However the presence of other compounds such as: 2-methyl-2hexanol, 3-methyl-2-heptanone (detected as traces amount)… cannot be excluded since the formation of such heavy molecules was observed in a previous study [19]. The carbon balance is particularly bad when methane and carbon dioxide are used without diluent. The same results were obtained and comment previously [19] we showed that an increase of the residence time leads to decrease the carbon balance. With the experimental conditions used here, the residence time is high: 11.2 seconds, consequently not only heavy molecules are formed but also the methane cracking to hydrogen and solid carbon is favored. The formation of coke deposits during the reaction was also evidenced by Huang et al. [9]. They showed that an excess of methane lowered the carbon balance which prove that methane is mainly responsible for carbon deposit. However, an important dilution by helium allows to limit the carbon deposit and/or formation of heavy molecules, more difficult to produce when started species are diluted.

These results are in accordance with the work of Rueangjitt et al. [20], which attributed the benefit effect of helium to a better stability of the plasma in the presence of helium.

Chemical kinetic

A simplified global kinetic model can describe the experimental behavior observed by changing the helium dilution factor.

This model was already used by several authors in the field of pollutant removal by using a plasma reactor [21][22][23].

It is generally accepted that free radical processes are the main mechanisms in nonequilibrium plasma reaction [24].

This model is based on three hypothesis:



The reactant molecules CH4 or CO2 (M) are attacked by active species R (radicals and He active species) produced by plasma discharges:

M + R  products
The reaction rate would be: r = km R.M, with km: reaction rate constant, R = radical concentration , M = (CH4+CO2) concentration



The production rate of R is proportional to the plasma power supplied. We use the parameter rRP (rR being the production rate of radicals per power supplied).



The loss of R results from radicals recombination and from plasma chemical reactions with CH4+CO2 and carbonaceous products.

The mass conservation equations for the molecules M and gas phase radicals R are given by :

dt dM = -km R.M (1) dt dR = rR  P -kRR -km R.M0 (2) 
Where kR represents the reaction rate constant of the R loss, P the input power and M0 the reactant (CH4+CO2) initial concentration since in a first approximation the number of carbonaceous molecules does not vary a lot.

By application of the stationary state principle and if we expect that the plasma discharges are reproducible, the concentration of radicals is constant along the reactor.

Thus :

dt dR = 0 and R = 0 m R R M k k P r   (3) and dt dM = -km M 0 m R R M k k P r   (4)
After integration from reactor inlet (t = 0) to reactor oulet (t= ), we obtain :

0 M M = exp ( - 0 m R R m M k k P r k     ) (5)
Or with X (reactant conversion)

X = 1-exp ( - 0 m R R m M k k P r k     ) (6) X = 1 -exp ( - ) M ( P 0    ) (7) With 0 M (  ) = R r 1 ( m R k k + M 0 ) (8)
The conversion of reactants is an exponential function of the product P × τ. The  parameter is a linear function of the initial reactant concentration with a slope depending only on the production rate of radicals.

The experimental data obtained for a dilution by helium of 80% were fitted to equation (7) in order to obtain the  value for CH4 and CO2 (Figure 6).

The  value is characteristic of the energy cost, in the literature, it is often used to comment on the efficiency of system using plasma for VOC removal [25,26]. A low value for  represents a better efficiency. In our experimental conditions the  value for CH4 and CO2, respectively equal to 475 and 626 J, are in accordance with the higher dissociation energy of CO2 compared to CH4, Figure 7 presents the evolution of  values with the dilution factor by helium. It is observed a linear decrease of  by increasing the amount of helium in the feed gases. The decrease is much pronounced for CO2 than for methane. At high helium dilution the characteristic energy () is quite the same for CH4 and CO2, which can be explained by the "Penning ionization" and "Penning dissociation" phenomenon as commented above.

By measuring the helium dilution dependence of the  parameter it is possible to determine the production rate of radicals "rR" for CH4 and CO2. The ratio kR/km was deduced from the following expression:

β(M ) = 1 r k k + M = k r k + M r
The values rR and kR/km obtained for CH4 and CO2 are reported in Table 3. It shows that the production rate of radicals depends strongly on the nature of reactant, for CH4 it is quite twice the value for CO2.

Table 3 From the kR/km ratio value, it is possible to indicate the dominating reaction: the reaction between actives species and reactant driving to products formation, or the active species loss reaction by recombination or desexcitation. For CO2, the value of kR/km ratio (0.52) indicates that the reaction of active species is favored compared to their loss. For CH4 (kR/km ratio: 0.80), the loss of active species is quite as important as the reaction, so the recombination of active species originated from methane occurs more readily than from carbon dioxide.

CH4 and CO2 conversions can be foresee according to the energy transfer to the gas (P). The  values for both reactants were calculated for different dilution factors by He from the (M0) linearity law (Table 3), and introduced in the following equation:

X = 1 -exp - P × τ β(M )
As shown in figures 8 and 9, this modelization fit well with the experimental data of CH4 and CO2 conversion by the plasma discharges.

Figure 9 This simple model, based on a global kinetic approach give a correct foresee of the CH4 and CO2 conversions according to the helium dilution of the feed gas.

Conclusion

A study of the helium dilution effect on carbon dioxide reforming of methane was performed using dielectric barrier discharge. The reaction being performed at room temperature, we showed that helium addition (dilution) by changing the plasmagen gas charateristics, modifying the physical parameters (discharge energy) and the chemical reactivity (reactants conversion and products selectivity) of the plasma discharges.

We propose a kinetic model based on the assumption that the reactant molecules CH4 or CO2 (M) are attacked by active species produced by the plasma discharges, and production of this active species are function of the plasma power. The modelization allows to foresee the reactants conversion (CH4 and CO2) according to the energy transfer to the gas (P), but the model consider also the helium dilution value in the feed gas. The experimental data (CH4 and CO2 conversion) fit very well with the kinetic law proposed. Table 1: Flow rates of the feed gases and corresponding dilution factor (total flow rate:45mL.min -1 , CH4/CO2=1) 
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 1 

	2 (%)	He 66% He 80%
		He 33%
		He 20%
	P*t (J)	

Table 2

 2 

	dilution	Ratio				Selectivity (%)				CB
	(%)	H2/CO	H2	CO	C2H2 C2H4 C2H6 C3 C4 CH3OH CH2O (%)
	0	1.2	43.9 34.9	0.7	1.0	5.5	1.9 0.5	0.7	0.3	45.5
	20	1.2	46.2 39.9	0.4	0.7	4.9	1.8 0.4	0.7	0.3	49.1
	33	1.1	47.5 43.2	0.3	0.6	4.8	1.6 0.4	0.7	0.3	51.9
	50	1.0	44.1 42.8	0.2	0.4	3.9	1.5 0.3	0.7	0.3	50.1
	66	0.9	47.4 51.1	0.2	0.2	3.8	1.5 0.3	0.8	0.2	58.1
	80	0.9	50.3 57.5	0.1	0.1	3.2	1.2 0.2	0.8	0.2	63.3