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Methane activation under dielectric barrier discharge plasma interacting with mesoporous material
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Direct methane activation on a mesoporous material under dielectric barrier discharge (DBD) plasma was investigated in the present study. The specific surface area of the mesoporous material (SBA-15) was controlled by varying the hydrothermal reaction temperature to investigate the effect of the specific surface area on the methane activation. As a result, methane conversion increased as the specific surface area increased and the discharge frequency decreased. Energy efficiency was higher when the specific surface area of 516 m 2 •g -1 was interacted with the plasma generated at the frequency of 0.1 kHz.

Introduction

Recently, direct conversion of methane into other hydrocarbons higher than C 2 has been actively studied as an alternative to the conventional complex processes. However, thermal conversion of methane showed mostly methane conversion lower than 10%. Even though the methane conversion was high, C 2 selectivity was very low or almost zero. The direct conversion of methane is highly endothermic so that the temperature higher than 600 °C is required. When methane is thermally activated, however, the catalyst should be prevented from sintering and degradation at the high temperature. Thus, zeoliteand silica-based nanoporous materials have been widely used as the catalyst support but the methane conversion was less than 10% or C 2 selectivity was nearly zero as aforementioned. Therefore, a new process for the direct conversion of methane is required, which would be operable at low temperature and selective to >C 2 hydrocarbon species [1][2][3].

Recently, non-thermal plasma has been attracted as an alternative process for the methane activation [4]. Among non-thermal plasmas, dielectric barrier discharge (DBD) plasma is suitable to the plasma catalysis because the plasma distribution is more uniform than others such as corona discharges [5]. The DBD plasma has a dielectric barrier between high voltage and ground electrodes, which play a role to prevent it from being developed into the arc. In DBD, non-equilibrium discharge takes place and high-temperature electrons are formed by micro discharges [6][7][8]. Thus, chemical reaction can be initiated by the plasma below the temperature required for the reaction to be activated. On the other hand, the selection of catalyst is limited to reduce the activation energy for the reaction to be selective to desirable species. Therefore, hybrid reaction of plasma and catalyst should realize interactive synergetic effects with high reactivity at low temperature.

Several studies on the investigation of the synergetic effect between plasma and catalyst have been already reported. However, their results showed the independent effect; strictly speaking, the interaction was not between plasma and catalyst. Thus, the interaction of plasma to the highly porous catalyst should be investigated because the plasma streamer in microscopic view is first accumulated on the surface of catalyst.

In the present study, mesoporous material was used for the direct conversion of methane under the DBD plasma. Generally, Al 2 O 3 has been widely employed for the plasma catalysis but a mesoporous material such as SBA-15 has been rarely reported. In addition, the effect of the specific surface area on the plasma activity has not been investigated yet. Therefore, the specific surface area of SBA-15 was controlled by varying the hydrothermal reaction temperature and the effect of the specific surface area on the methane activation was investigated in the present study [9][10].

Preparation of mesoporous silica

The mesoporous silica (SBA-15) was synthesized by hydrothermal method using the guideline reported in the literature regarding SBA-15 molecular sieve [11]. In a typical synthesis, triblock-poly (ethylene glycol)-blockpoly (propylene glycol)-block-poly (ethylene glycol) (EO 20 PO 70 EO 20 , Pluronic P123, molecular weight = 5800, Aldrich) of 4g was added to deionized water of 90 ml heated by 40°C, and the mixture was stirred at the stirring speed of 250 rpm for 30 minutes. After 4M HCl (60 mL) and tetraethyl orthosilicate (TEOS, 9.8 mL) were added to the prepared aqueous solution, and was aged under the stirring at 300 rpm for 24 hours. Based on the hydrothermal synthesis method, the specific surface area of SBA-15 was adjusted by varying the hydrothermal reaction temperature in the range of 40 -120 °C. After the prepared aqueous solution was separated and filter through DI water, the aqueous solution were dried at 100 °C for 20 hours. The powder obtained after drying P-II-8-15 was calcined in air at 550 °C for 6 hours. The calcination temperature was raised with the rate of 1.5 °C·min -1 .

Plasma system

A quartz tube was used as the reactor, in which the SBA-15 sample was packed. The reactor wall also plays a role as the dielectric barrier of the DBD reactor. Two electrodes were used; one was inserted in the middle of the reactor and the other was a wrapped around the outer wall of the reactor. A flange, which is not electrically conducting, was installed at the lower part of reactor to fix the catalyst pellet. The flange was also used to fix the electrode precisely at the middle of the reactor because the electric discharge can be distorted if the gap between the two electrodes is non-uniform. The gap between the two electrodes was 6 mm, between which a 0.15 g catalyst pellet was packed. A high-voltage amplifier (Trek 20/20C) was used to generate a high-voltage electric discharge in the DBD reactor. The voltage, frequency and waveform were controlled using a function generator (Agilent 33220A). The discharge voltage, frequency and waveform were monitored using an oscilloscope (WaveSurfer 424, LeCroy). The discharge voltage was fixed to 7 kV with sine waveform and the discharge frequency was varied in a range of 0.1 -1.5 kHz.

Characterization of the SBA-15

Low-angle XRD patterns of SBA-15 synthesized at different hydrothermal reaction temperatures are shown in Fig. 1. Three distinct peaks was observed at the Bragg angle (2θ) = 0.87°, 1.52°, and 1.74° that are associated with (1 0 0), (1 1 0) and (2 0 0) reflection planes. These peaks represent the characteristic diffraction patterns of the well-ordered two-dimensional hexagonal structure with the P6mm symmetry of SBA-15. The peak corresponding to the (1 0 0) plane was observed at all SBA-15 samples regardless of hydrothermal reaction temperature. On the other hand, the peaks corresponding to the (1 1 0) and (2 0 0) planes that are relevant to structural frame of SBA-15 were well exhibited at the hydrothermal reaction temperature higher than 100 °C; however, at the hydrothermal reaction temperature lower than 60 °C, their intensities were very weak or not detected. The tendency similar with the XRD results could be predicted by textural properties of SBA-15 according to the hydrothermal reaction temperature. The BET specific surface area, average pore diameter and total pore volume that were calculated by BJH method are presented in Table 1.

Similarly to the XRD results, the SBA-15 synthesized at the hydrothermal reaction temperature of 40 and 60 °C had the similar specific surface area, while the difference of the specific surface area increased as the hydrothermal reaction temperature increased from 60 to 100 °C. The change of pore volume (V BJH ) and mean pore diameter (D BJH ) at different hydrothermal reaction temperatures showed the same trend with that of the specific surface area. Therefore, the hydrothermal reaction temperature higher than 100 °C was the optimal condition for SBA-15 crystallization. From the XRD and BET results, the 2D hexagonal structure was well established, and the specific surface area and mean pore diameter also increased as the hydrothermal reaction temperature increased.

CH 4 conversion

The effect of the presence of SBA-15 on the direct conversion of methane under the plasma is investigated. As a result, the CH 4 conversion and C 2 selectivity as a function of the specific surface area at different discharge frequencies are shown in Fig. 2. Overall, the CH 4 conversion increased with increasing the specific surface area and discharge frequency. The CH 4 conversion increased slightly at the specific surface area lower than 478 m 2 •g -1 . However, the CH 4 conversion increased dramatically at specific surface area of 516 m 2 •g -1 . In addition, the dependency of the discharge frequency on the CH 4 conversion was more extended. For example, the CH 4 conversion at the specific surface lower than 478 m 2 •g -1 was less than 10%, while it was 24.9% at 516 m 2 •g -1 and 1.5 kHz. Fig. 2. CH 4 conversion at different specific surfaces area and discharge frequencies.

Energy efficiency

The energy efficiency as a function of the specific surface area at the different discharge frequency is shown in Fig. 3, where the energy efficiency was calculated by the ratio of enthalpy of CH 4 converted to the discharge power supplied as expressed in Eq. 1. The energy efficiency at the low frequency was much higher than that at the high frequency. On the other hand, the energy efficiency increased with increasing the specific surface area. Particularly, the efficiency was significantly high at 516 m 2 •g -1 and 100 Hz. For example, the energy efficiency was 1.61% at 383 m 2 •g -1 and 1.5 kHz, while it was 59.3% at 516 m 2 •g -1 and 0.1 kHz. It means that the surface function of SBA-15 became dominant for the direction conversion of methane at the high specific surface area. Thus, the CH 4 conversion could be increased at the specific surface area even if the discharge power was not high at the low discharge frequency, resulting in high energy efficiency.

Conclusion

The synergetic effect between plasma and mesoporous SBA-15 for the direct conversion of methane was investigated. The specific surface area of SBA-15 was controlled by varying the hydrothermal reaction temperature in the range of 40 -120 °C. The distinctive mesoporous structure was formed regardless of hydrothermal reaction temperature but the strength of SBA-15 frameworks with the hexagonal structure became weak at the low hydrothermal reaction temperature. The specific surface area and mean pore size increased with the increase of the hydrothermal reaction temperature.

The CH 4 conversion using the plasma was approximately two times higher than using the catalyst only. Plasma can enhance the adsorption intensity on the surface of SBA-15 by producing electrons with wide energy distribution. Most of the electrons with smaller energy (<1eV) are used in vibrational excitation. The vibrationally-excited methane was absorbed on the surface of SBA-15, and dissociated with low activation energy, resulting in the high CH 4 conversion.

The energy efficiency of 59.3% was obtained when the mesoporous SBA-15 with the specific surface area of 516 m 2 •g -1 was present in the plasma generated at the discharge frequency of 0.1 kHz. This is much higher than other plasma catalysis (~10%). Consequently, the direct conversion of methane can be more improved by the plasma catalysis on a mesoporous material.
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 1 Fig. 1. Low-angle XRD patterns of SBA-15 at different hydrothermal temperature.
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 3 Fig. 3. Energy efficiency at different specific surfaces area and discharge frequencies.
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 1 Pore structure parameters of SBA-15 at different hydrothermal reaction temperature.

	Hydrothermal				
	reaction temperature	S BET (m 2 ·g -1 )	V BJH (cm 3 ·g -1 )	D BJH (nm)	d 100 (nm)
	(°C)				
	40	383.34	0.3779	3.9427	8.71064
	60	404.55	0.4145	4.0984	8.16839
	100	478.17	0.6289	5.2612	9.00654
	120	515.93	0.6539	5.0696	9.90028