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The coupling of catalyst and nonthermal plasma for the dry reforming of methane was investigated with a special attention to the textural and structural catalyst modifications under plasma discharge. The reaction was performed using calcium oxide as material located into the DBD plasma reactor, while the deposited power was fixed at 8W and the total gas flow at 40 mL/min (75% helium as diluent). The results obtained showed that CaO grain size affects the reactant transformation in the range: 250-1000µm. CH4 and CO2 conversion increases from 18.1 to 21.1% and 8.7 to 11.2% respectively from the biggest to the smallest catalyst grain.

Ethane formation is favored when the biggest particles are used, corresponding to the largest gas space between grains, suggesting the preferential recombination of CH3 radicals to form C2H6 in gaseous phase and not at the surface of the solid. The reaction was performed from room temperature to 300°C, little effect were observed for methane conversion while high CO2 conversion was observed during the 20 minutes at 300°C. The characterization of the catalyst after reaction under plasma shows structural catalyst modification and the carbonation of CaO at the highest temperatures. The amount of carbonate species was quantified and the results show that 59 monolayers of CaCO3 are obtained after one hour of plasma at P=8W using a mixture with a CH4/CO2 ratio of 2.

Introduction

Dry reforming of methane reaction has been the subject of many studies since in this process two significant greenhouse contributors are valorized, producing syngas with low H2/CO ratio suitable for the production of methanol and liquid hydrocarbons using Fischer-Tropsch processes [1,2].The reaction is usually carried out at temperatures higher than 700°C due to thermodynamic limitations and by using catalysts based on noble metals, such as (Rh, Ru, Pt, and Pd), known for their significant resistance to carbon coking [3]. Research efforts were performed on lower cost transition metals such as (Ni, Co, Fe) that can overcome carbon deposition limitation [4]. However, despite the considerable progress made in this field, dry reforming of CH4 using conventional catalytic processes still faces two major drawbacks that limit commercial application: the high operating temperatures and the catalyst deactivation due to coke deposition at the surface of active catalytic species [5]. Nonthermal plasma is considered as an attractive alternative method for methane and carbon dioxide transformation [6]. Many reactions are initiated at low temperature under the plasma discharge leading to valuable chemicals such as hydrocarbons [7] or oxygenates [8]. However the selectivity towards targeted products is often difficult to achieve due to the occurrence of a large number of reactions in gaseous phase. The coupling of catalyst and plasma was proposed to overcome this drawback [9]. In many studies, the selected catalysts were similar to those used in conventional thermal catalytic processes, and the influence of Ni/Al2O3 located into the plasma zone was investigated using different plasma reactor geometry. The presence of the reduced Ni/Al2O3 in the discharge lead to a decrease in conversions of CH4 and CO2 [10]. It was proposed that the presence of conductive Ni active sites decreased the electric field strength and consequently the electron density reducing thus reactant conversion [11,12]. From these works it is possible to conclude that the combination of plasma and catalyst requires the development of specific materials able to transform reactants present under active species form, such as excited species, radicals and ions [13].

The combination of nonthermal plasma with different metal oxides was investigated, while alumina possesses no catalytic activity in the thermal dry reforming of methane reaction, a significant improvement in CH4 and CO2 conversion over Al2O3 was observed when coupled with plasma [14]. Gadzhieva [15] showed that CH4 adsorption sites were formed on the γ-Al2O3

surface by molecular and dissociative mechanisms under the action of an electric-discharge plasma at room temperature.

Spinel nickel ferrite nanoparticles NiFe2O4, embedded in silica was successfully used by Zheng et al. [16]. The authors exhibited excellent catalytic performance and high resistance to carbon formation during dry reforming under ambient conditions. Jiang et al. [17] showed that CH4 and CO2 conversions are reduced with the use of a zeolite A, but the formation of carbon black was inhibited. A higher CO2 conversion and a lower CH4 conversion was reported by Zhang et al. using La2O3/Al2O3 under pulse corona plasma [18].

There are needs to develop more deeply the coupling of plasma and catalysis and the main goal of the present study was to investigate particularly the structural and textural modifications of materials under plasma discharge.

In this respect, we decided to study the influence of the presence of calcium oxide located in a packed bed DBD reactor. This material was chosen due to its relatively low dielectric constant , since as shown by Wang et al. [19] a too high dielectric constant of the packing material limits the discharge to the contact point of the beads and consequently is not favorable to develop reactions at the surface of a catalyst. Moreover the basic properties of CaO, was expected to favor CO2 adsorption and activation, since in thermal catalytic processes (T>700°C) it is known that carbonate species are involved in the reaction of dry reforming of methane.

Experimental part

The reaction was performed at room temperature, 100, 200, 300°C and atmospheric pressure in a coaxial dielectric barrier discharges (DBD) reactor (figure 1). The nonthermal plasma reactor (dielectric barrier discharge) was composed of an alumina tube (ID: 4mm; OD: 6mm), a stainless steel electrode inside the reactor (1.0mm) and a copper electrode wrapped around the alumina tube (100 mm long).

For plasma reactions performed at room temperature, an optic fiber was used to measure the temperature rise closed to the plasma zone. For that purpose, a fiber optic temperature sensor Optocon (TS2: 200µm of diameter) was introduced right below the plasma zone. It was checked that the temperature did not exceed 373K under the experimental conditions used.

Helium, methane and carbon dioxide were flowed through the plasma reactor at a total flow rate of 40mL.min -1 using different ratio CH4/ CO2 (from 0.5 to 2) with a constant concentration in He: 75%, corresponding to a residence time of 1.8s without catalyst and 1.6s in the presence of a catalyst.

A sinusoidal supply of power was applied across the electrode (TG1010A Aim-TTi, Thurlby Thandar Instruments Brand). The discharge power, calculated through the figure of Lissajous (Fig. 2), was fixed at 8 watts, keeping the frequency constant at 800Hz and varying the voltage from 12 to 14kV. At room temperature the voltage was equal to 14kV and was decreased at 12kV when the reaction was performed at 300°C .The electrical signals were monitored with high voltage probes (PMK, model PHV4-2757) connected to an oscilloscope (waveRunner 62 Xi, Lecroy). The applied voltage and current intensity of the DBD at an operating frequency of 800Hz are shown in Fig. 3.

The oxide used in this study are commercial products supplied by ACROS. The powder occupies all the plasma region, the solid was packed between two glass wool plug, the gas flow coming from the top of the reactor. The solids were characterized before and after plasma treatments.

Surface areas were measured according to the BET procedure. The nitrogen adsorptiondesorption isotherms were determined with a Micromeritics Flowsorb II 2300 appartus at -196°C.

Thermogravimetric analysis were performed with a SDTQ600TA analyser under a 100mL/min flow of air up to 1173K.

The catalysts were characterized by X-Ray Diffraction (XRD) using a Siemens D-5005 diffractometer with CuK=1.5417Å, operated at 40kV and 30mA. The diffraction patterns were recorded in the 2 range of 10-90° with a step interval of 0.02° and period of 1s.

Gas phase components were analyzed on-line by gas chromatography equipped with FID (oxygenated products) and TCD detectors (hydrogen, carbon monoxide, carbon dioxide, methane). The reaction was performed during one hour.

All the experiments were performed three times after cleaning the inner electrode and changing the catalyst (when used), a margin error of ±3% was calculated.

The conversion, selectivity, yields and energy efficiency were defined as: 

Preliminary results

First experiments were performed by filling the plasma zone with quartz wool at room temperature, 100, 200 and 300°C, with different CH4/CO2 ratio (0.5, 1, 2). It was decided to fill the plasma reactor with quartz wool instead to keeping the plasma zone empty in order to obtain more accurate data in terms of residence time when compared with the presence of catalysts.

Moreover the nature of plasma discharge is also modified in the presence of materials.

Compared with an empty reactor, the presence of quartz wool (dielectric constant close to 4) causes an increase of the average electron energy but a decrease of electron density, improving the electric field strength but decreasing the amount of microdischarges [20,21]. A higher conversion is expected with dielectric materials in the discharge, but it could be compensated by the lower contact time of reactant induced by the filling of the plasma zone [22]. Moreover all the experiments were performed using helium as a dilution gas (75% vol.). Using a constant flow of helium as diluent allow to obtain a more homogeneous plasma discharge. Indeed, Ozkan et al. [23], showed that a glow discharge was obtained with helium while a filamentary discharge is observed in the presence of argon. Moreover, the authors showed that the glow regime (with He) favors CH4 dissociation since the number of electrons participating to C-H bond breaking is much higher in a glow discharge than in a filamentary one. The role of helium to perform activation under plasma discharge is also explained by a transfer of charges and energy from He species such as He + or He 2+ to CH4 and CO2, leading to the formation of vibrationally excited species such as CH4 + and CO2 + increasing, then, their reactivity [24]. CH4, CO2 conversions and selectivity to products are gathered in Figures 4 and Table 1 respectively. It appears that methane conversion is always higher than CO2 conversion independently of the reaction temperature and the ratio CH4/CO2. The excited oxygen atomic species generated from CO2 promotes conversion of CH4 leading to methyl and hydroxyl radicals [25]. Moreover conversions are not significantly modified within the temperature range used in this study, while the selectivity to products are strongly influenced by the temperature and CH4/CO2 ratio. As expected and reported elsewhere [26,27] the selectivity to CO is maximum using CO2 in excess and the selectivity to hydrocarbons (mainly ethane) is the highest in an excess of methane in the feed. Note that carbon balance is maximum for the ratio CH4/CO2 = 0.5, closed to 99% at room temperature, while for CH4/CO2 = 2 the carbon balance is lower than 90% and a deposition was visible at the surface of the inner electrode. An increase of the temperature until 300°C leads to a significant decrease in CO selectivity for both experiments in excess of CO2 and CH4 while with the stoichiometric mixture, the influence of temperature is not clear. The selectivity to oxygenate compounds decreases when the temperature increases and the carbon deposition occurs more readily at higher temperature.

Methane and carbon dioxide transformation over calcium oxide under plasma discharge 2.2.1 Influence of the grain size and role of CaO material

The influence of the grain size was studied using CaO oxide after calcination at 800°C in order to eliminate carbonate and hydrogeno-carbonate species. The CaO powder was sieved and separated into four different samples with diameters d1: 250-355µm, d2: 355-650µm, d3:650-800 and d4: 800-1000µm. Note that if we consider a compact filling of the reactor with spherical particles, the weight of materials and the total volume of gas between the grains are not modified. The parameters that are affected by the grain size are the accessible surface, the average size of space between particles and the number of contact point between the particles.

The results reported in Figure 5, obtained in the presence of an excess of CO2 (CH4/CO2 = 0.5), show that conversion of CO2 and CH4 increased with decreasing particle size. Methane conversion is closed to 30% in the presence of the smallest CaO grains, while with quartz wool methane conversion was lower than 20%, CO2 conversion was 16% and 12% with and without CaO respectively. Kasinathan et al. [28] obtained a similar effect of particle size for CH4 conversion into C2, C3 and C4 hydrocarbons over MgO/Al2O3. The authors, using an ICCD camera, showed that the smaller the catalyst particle used, the lighter the plasma observed on the catalyst surface. An improved interaction between the surface of the oxide and the plasma was proposed for the smallest catalyst grains. The exact role of the surface of the oxide is difficult to determine since some reactions involved can be performed in gas phase as at the surface of the oxide, by example CO can be obtained directly by CO2 splitting and also after CO2 adsorption at the surface of the basic CaO according to:

CO2 + * →CO2ads (1) 
CO2ads → CO + Oads (under plasma)

(CHx) + Oads → COads + x/2H2 (2) 
The selectivity to products depends on the particle size (Table 2), ethane formation is favored when the biggest particles are used, so when the space between grains is the largest, suggesting that the recombination of CH3 radicals to form C2H6 is favored in gaseous phase and not at the surface of the solid. Note that the carbon balance is high, always higher than 90%, the carbon deposition is limited under the experimental conditions used (excess of CO2). As expected, CO is the main product formed while the amount of oxygenated products is low whatever the grain size.

According to the results obtained here, it is believed that the reactivity is governed by the characteristics of the discharge at the external surface of the packing material possessing a low dielectric constant (≈11 [29]). CaO calcined at 800°C is characterized by the presence of meso and macropores with porous volume of 0.01 cm 3 /g and an average pore diameter of 20 nm (determined by adsorption/desorption of nitrogen). The specific surface area of CaO is low after calcination at 800°C: 1.8 m 2 /g (Table 4). In DBD plasma conditions, the formation of microdischarges in pores is possible when their diameter is larger than the Debye length. This value depends on electron density and temperature in the plasma streamer but is typically in the order of 100 nm to 1µm. According to calculations performed by the group of A. Bogaerts, plasma can penetrate in pores of about 50nm but only in some extent and at very short time [30,31].

Consequently, using CaO the penetration of micro-discharges within pores can be excluded.

Influence of the ratio CH4/CO2

The reaction was carried out at room temperature by filling the plasma zone with calcium oxide powder calcined at 800°C, sieved in the range: 355 µm< d < 650 µm, the deposited power was fixed at 8W and the helium concentration was 75%. A similar trend, as reported for the experiments using quartz wool, is observable: the carbon balance and the selectivity to CO is maximum with an excess of CO2 (Table 3). Besides CO and hydrocarbons, oxygenated products were formed from CH4 and CO2 mixture. The main oxygenates quantified were formaldehyde, methanol, acetaldehyde and ethanol, however the selectivities are very low under the experimental conditions used in this study. An opposite trend is visible concerning formaldehyde and methanol formation: CH3OH is slightly favored when an excess of CO2 is used, while the formation of HCOH is favored in an excess of methane. These results are in agreement with the reported research of De Bie et al. using a one-dimensional fluid model [32].

The dominant reaction pathways for the production of methanol was indicated by the authors, methanol being produced through the following three-body reaction between CH3 and OH radicals: CH3 + OH + M → CH3OH + M. It is also supported by the work of Wang et al. based on density functional theory (DFT) calculations [33] and Istadi who used a hybrid artificial neural networkgenetic algorithm technique [34]. The production of formaldehyde comes from the reaction between CO2 and CH2 radicals and acetaldehyde is obtained by O atom (from CO2 dissociation) reaction with ethyl radical [32].

Influence of temperature

A previous study performed in our team [14] shows that an increase of temperature at 300°C favors the conversion of CH4 and CO2 at the surface of balls composed of La2O3/Al2O3. It was thus interesting to investigate the influence of temperature on reactant conversion and product selectivities in the presence of calcium oxide calcined at 800°C. The results obtained for grain size: 355 µm < d < 650 µm, P= 8W, from 100 to 300°C and a CH4/CO2 ratio of 2 are gathered in figure 6. It is observed that methane conversion is relatively stable during time on stream and is closed to 20% whatever the reaction temperature, while with quartz wool methane conversion decreases regularly at 100 and 200°C, until 13.6 % after 50 minutes at 100°C. The carbon balance is significantly higher in the presence of CaO where it is maintained closed to 80% at 100 and 200°C, while it falls at 68.2% without catalyst after 30 minutes. Consequently, the results show that the presence of CaO limits carbon deposition, which is clearly observable at the surface of the electrode when the reactor is filled with quartz wool. At 300°C, the behavior is completely different: CO2 conversion is strongly increased at the beginning of the experiment performed at 300°C, reaching 40%, then it decreases regularly with time and stabilizing at around 15% after 30 minutes. The carbon balance follows an opposite trend suggesting a reaction of CO2 with the basic CaO material. The selectivity to the main products: CO and C2H6

is not modified by the increase of the reaction temperature. Note that methane conversion is not significantly increased in the presence of CaO compared to quartz wool, so the adsorption of CO2 during the first minutes of reaction at 300°C is not favorable for the activation of methane at the surface of the catalyst. It suggests that the carbonation of CaO (evidenced by TDA-TGA analysis, see below) leads to the formation of stable species that do not favor CO2 dissociation, nor the further reaction between adsorbed oxygen species and activated methane, contrary to what was proposed when using La2O3/Al2O3 [14].

Moreover, little modifications are observable on oxygenates, an increase in the reaction temperature lead to a decrease of the selectivity to methanol and formaldehyde while the selectivity to acetaldehyde is not strongly modified.

2.3 Characterization of the oxide after reaction at different temperatures

XRD analysis and surface area

The catalyst was characterized by XRD before and after experiments under plasma in an excess of methane at 100, 200 and 300°C. The results are gathered in Figure 7. Before reaction, as expected, the phase identified was CaO (ICSD 98-009-0486). After exposure to a mixture of CH4 and CO2 under plasma at 100°C, no significant differences are observed, the main phase identified being CaO. At 200 and 300°C, peaks assigned to Ca(OH)2 (ICSD 98-007-3467) and CaCO3 (ICSD 98-004-0543) are clearly visible. The results show undoubtedly that hydration and carbonation of calcium oxide proceeds under plasma discharge at 200 and 300°C while the catalyst seems not significantly modified at room temperature and 100°C after one hour under plasma. The specific surface area of the materials used was very low: 1.8 m 2 /g (Table 4). It seems that after reaction under plasma, the surface area slightly increased reaching 2.7 m 2 /g when the reaction was performed at 200°C, the calcium hydroxide particles formed during reaction occupying a larger molar volume. Note that the pore size was very low for the starting material (20 nm) and no significant differences were observed in porosity after reaction under plasma whatever the reaction temperature.

TGA-TDA analysis and carbonation

The catalyst recovered after reaction at room temperature, 100, 200 and 300°C did not exhibit significant differences in colors (Figure 8), only the catalyst after reaction at 300°C appears a little bit greyer, it attests that the carbon deposition is very limited when using CaO and plasma.

TGA-TDA analysis were performed after one hour of reaction under plasma discharge using calcium oxide calcined at 800°C, with grain size: 355 µm < d < 650 µm, P= 8W, from room to 300°C and a CH4/CO2 ratio of 2 (Figure 9). No significant differences are observed before reaction and after reaction at room temperature as at 100°C. The weight loss between 500-700°C is attributed to the presence of stable carbonate species, the carbonation of CaO observed for the solid before reaction proceeds during the transfer step from the calcined oven to the plasma reactor. When the reaction is performed at 200°C, TGA profile exhibits an important weight loss between 300-500°C (6.1%) corresponding to an endothermic peak. It is attributed to the decomposition of Ca(OH)2 [35]. The formation of calcium hydroxide can result from H2O dissociation to H + , OH -in gas phase since water is widely formed under our experimental conditions through the reverse water gas shift reaction.

After reaction at 300°C, the presence of calcium carbonate is preponderant. The absorption capacity of CaO, corresponding to the ratio of CO2 captured/CaO (weight %), under plasma, determined after one hour on stream is equal to 7.5% at 300°C.

From the data collected by TGA analysis it was possible to indicate the number of theoretical monolayers of CaO covered by Ca(OH)2 and CaCO3. The approximation made is that the coverage is homogeneous at the surface of the solid, while an irregular coverage is more likely.

However, such calculations allow to show how phase modifications occurs under plasma depending on the experimental conditions used. The calculation was performed knowing that CaO crystallizes with a face-centered cubic structure (NaCl type) with a lattice parameter a= 4.81 Å. The results reported in Table 4 show that the amount of absorbed CO2 corresponds to 59 monolayers, showing that CO2 or activated CO2 species are able to diffuse within CaO under plasma discharge at 300°C. The diffusion of reactive plasma species deep into porous catalysts, with pore size of 10 nm was proposed by Holzer et al. [36].

It is known that the carbonation reaction of CaO is exothermic (CaO(s) + CO2(g) = CaCO3 (s)

Hr,298K = -178 kJ/mol) and is possible within a large range of temperatures. Kinetically the carbonation of CaO proceeds in two successive steps, a fast one followed by a slow one. The reaction is controlled by the reaction between CaO and CO2 leading to the formation of a layer of CaCO3 covering the remaining CaO, that constitutes a diffusional resistance for CO2 reaction, switching carbonation reaction from a fast step to a slow one controlled by gas diffusion [37]. Practically, CO2 sorption is performed in the so called carbonator [38] at temperatures above 500°C in order to limit the effect of diffusion limitation. Moreover, the steam effect at low temperature was reported by Wang et al. [39], the authors showed that carbonation of CaO is possible between 250 and 400°C, while no CaO carbonation would occur without the presence of water at these temperatures. A two-step route is proposed when H2O vapor is present in the feed gas: CaO →Ca(OH)2 → CaCO3. However at low temperature (300°C), the kinetic of CaO carbonation is slow since 200 minutes are required to reach a conversion rate of 8%, in the presence of water (8vol%) [39], while under nonthermal plasma carbonation of CaO proceeds rapidly during the first minutes of experiments.

Conclusion

In this study calcium oxide was used in association with plasma discharge to perform the transformation of methane and carbon dioxide. We showed that the CaO grain size influences strongly CH4 and CO2 conversion, the lowest particle size favoring reactant transformation, while the selectivity to oxygenates remains low (< 2%) whatever the size of CaO grains for a CH4/CO2 ratio = 0.5. Nevertheless, the selectivity to ethane is maximum as soon as the space between grains is maximum (bigger particles) which is attributed to the recombination of radical species in gas phase. The use of methane in excess (CH4/CO2 = 2) favors the formation of oxygenates compounds even if the selectivity remains low: 2.4%, the main oxygenated product being acetaldehyde. When performing the reaction at 300°C, catalyst structural modification are observed and the carbonation of CaO proceeds. The amount of carbonate species was quantified and the results show that 59 monolayers of CaCO3 are obtained after one hour of plasma at P=8W using a mixture with a CH4/CO2 ratio of 2. It proves that the CO2 molecules are able to diffuse rapidly into the small CaO pores at 300°C under the plasma discharge.
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