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Abstract:

 The removal of dilute diethylether (DEE, concentration: 150 ppm) from an air stream (flow rate: 1.0 L min−1) using non-thermal plasma combined with different cordierite-supported catalysts, including Mn, Fe, and mixed Mn-Fe oxides, was investigated. The experimental results showed that the decomposition of DEE occurred in a one-stage reactor without the positive synergy of plasma and supported catalysts, by which ca. 96% of DEE was removed at a specific input energy (SIE) of ca. 600 J L−1, except when the mixed Mn-Fe/cordierite was used. Among the catalysts that were examined, Mn-Fe/cordierite, the catalyst that was the most efficient at decomposing ozone was found to negatively affect the decomposition of DEE in the one-stage reactor. However, when it was utilized as a catalyst in the post-plasma stage of a two-part hybrid reactor, in which Mn/cordierite was directly exposed to the plasma, the reactor performance in terms of DEE decomposition efficiency was improved by more than 10% at low values of SIE compared to the efficiency that was achieved without Mn-Fe/cordierite. The ozone that was formed during the plasma stage and its subsequent catalytic dissociation during the post-plasma stage to produce atomic oxygen therefore played important roles in the removal of DEE.
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1. Introduction

The use of non-thermal plasma (NTP) for the abatement of volatile organic compounds (VOC) has become increasingly attractive to many researchers in the field of air puification [1,2,3,4,5,6]. NTP offers a number of advantages over conventional methods for air pollution control, namely usability at ambient temperature and pressure, system compactness, and flexible power adjustment [7,8]. However, the use of NTP alone results in a poor selectivity towards the target compounds and low energy efficiency, which may present barriers to practical applications.

The combination of non-thermal plasma with catalysis is a feasible way to overcome the abovementioned issues as they complement each other. NTP is nonselective in chemical reactions, but it can be ignited under normal conditions. On the other hand, catalysis is featured as a selective process, but most catalysts are only activated at high temperatures. The most important characteristic of this complementary combination is that plasma enables catalysts to function at low temperatures, offering advantages for the treatment of VOCs in terms of energy efficiency, product selectivity and carbon balance [9,10]. In a plasma-catalysis system, a catalyst can either be included in the same reactor in a one-stage arrangement or it can be located separately in a post-plasma stage. In a one-stage arrangement, the catalyst is in direct contact with the electrical discharge plasma, which contains a variety of reactive species, which can be both short-lived and long-lived, such as excited-state atoms and molecules, radicals, photons, and energetic electrons. In comparison, in a two-stage arrangement, the catalyst is only exposed to long-lived reactive species, namely ozone and, possibly, vibrationally excited species [11].

Among the catalysts that are widely used, iron oxide (Fe2O3) has been reported to be superior to the other transition metal oxides for the plasma-driven catalysis of the oxidation of diesel particulate matter [12,13]. Besides, manganese oxides (e.g., MnO2) were also widely investigated in combination with NTP in both one- and two-stage arrangements for VOC abatement [14,15,16]. Manganese-based catalysts were proven capable of effectively decomposing ozone to form atomic oxygen, which plays a key role in the oxidation of VOCs [17,18,19]. Recently, the use of bimetallic Mn-Fe catalysts has gained attraction due to their excellent activity for ozone decomposition [20,21]. Hence, the one-stage combination of NTP with a catalyst that either possesses good oxidative activity or superior ozone destruction capabilities is expected to promote VOC abatement. In this regard, the synergistic effects of plasma and supported catalysts, such as Pt, TiO2, MnOx, and CoOx, have been observed in previous studies [22,23,24,25].

In this work, diethylether (DEE), an odorous and highly volatile organic compound, was chosen as a model VOC. The study aimed to investigate the decomposition of DEE using NTP combined with different cordierite honeycomb-supported catalysts, including Fe, Mn, and mixed Mn-Fe oxides. The use of cordierite honeycomb as a catalyst support does not cause a significant pressure drop across the reactor, which is meaningful from a practical viewpoint. A one-stage arrangement was used to examine the performance of the catalysts in terms of the decomposition of DEE in relation to their catalytic activities toward ozone decomposition. Based on the results that were obtained, a hybrid reactor combining one- and two-stage arrangements was proposed with the aim of enhancing catalyst performance with respect to DEE decomposition and optimizing energy efficiency.



2. Results and Discussion


2.1. X-ray Diffraction (XRD) Characterization of Prepared Catalysts

The powder XRD patterns for both the bare cordierite and cordierite-supported catalysts are shown in Figure 1. As can be seen, the separate introduction of the manganese and iron oxides into cordierite led to the appearance of new diffraction peaks. For Fe/cordierite, several peaks were observed at 2θ, namely at 24.0°, 33.0°, and 35.6°, and were assigned to the formation of α-Fe2O3 [26]. A new peak that appeared at 32.8° for Mn/cordierite was attributed to the presence of Mn2O3. Other peaks of this phase (e.g., at 38.3° and 55.2°) overlapped with those of the support [27]. Interestingly, the XRD pattern of cordierite did not exhibit any changes after co-impregnation of the two metal oxides. This observation suggested a strong interaction between the Mn and Fe species, which likely existed as an amorphous mixed oxide. A similar result was reported by Lian et al. for a bimetallic Mn-Fe catalyst prepared by a hydrothermal method [20].

Figure 1. Powder XRD patterns of bare and coated cordierites.
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2.2. Catalytic Activities of Prepared Catalysts for Ozone Decomposition

The catalytic activities of the prepared catalysts toward the decomposition of ozone generated in the air plasma were investigated and shown in Figure 2a. The preliminary experiment showed that the bare cordierite support did not show any activity for ozone decomposition. Meanwhile, all the prepared catalysts were observed to achieve a complete destruction of ozone early in the test. However, the performance of the catalysts subsequently decreased to different extents as a function of time-on-stream. Both the Mn and Fe-coated cordierites exhibited a drastic attenuation in their respective catalytic activities. Indeed, the ozone decomposition efficiency of Fe/cordierite reached zero after 6 h, whereas that of Mn/cordierite was reduced to only ca. 20% during the same period of time. As expected, the behavior exhibited by Mn-Fe/cordierite differed from those of the other catalysts. The ozone decomposition efficiency for the mixed oxide catalyst gently decreased to ca. 89% after 3 h, which exceeded the simple sum of those of the monometallic catalysts. This result clearly showed the synergistic effect of Mn and Fe on the decomposition of ozone. The low crystallinity of the Mn-Fe mixed oxide, as observed by XRD, which indicated more defects and possibly an enhanced surface area, is believed to favor the decomposition of ozone [20].

Figure 2. (a) Ozone decomposition efficiency of prepared catalysts with air plasma (initial ozone concentration: 300 ppm); (b) Ozone decomposition efficiency of Fe/cordierite with oxygen plasma (initial ozone concentration: 300 ppm).
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The deactivated Fe/cordierite was then regenerated at 250 °C for 1.0 h in ambient air to continue investigating the catalyst performance toward ozone decomposition in the presence of oxygen plasma. As shown in Figure 2b, Fe/cordierite recovered its catalytic activity after the thermal treatment. In contrast to its behavior in the presence of air-generated ozone, catalyst deactivation was not observed during 3.0 h with oxygen plasma. The nitrogen oxides (NOx) that formed in the air plasma were thus considered to be responsible for the degradation of the catalysts. The strong adsorption of NOx resulted in a blockage of the active sites that were used for ozone decomposition. In our preliminary experiment, the Fe/cordierite could not be regenerated below a temperature of 150 °C. Hence, the selection of an ozone decomposition catalyst with a long-term stability at low temperature should be considered, especially for the two-stage arrangement. The use of oxygen plasma is ineffective unless a cyclic treatment (i.e., VOC adsorption followed by oxygen plasma oxidation) is applied [28,29].

Samples of Fe/cordierite were collected before and after the ozone decomposition test (with air plasma), after which they were powdered, thoroughly mixed with KBr, and then pelletized for Fourier transform infrared (FTIR) characterization. As shown in Figure 3, the FTIR spectrum of the supported catalyst did not display any characteristic changes after the ozone decomposition reaction, except for a peak that appeared at a wavenumber of 1385 cm−1, which confirmed the presence of nitrate species (NO3−) that formed according to the following reactions [30]:

Figure 3. FTIR spectra of Fe/cordierite before and after ozone decomposition with air plasma.
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2.3. DEE Decomposition in a One-Stage Reactor

The decomposition efficiency of DEE in the one-stage reactor containing different catalysts is shown in Figure 4. For comparison purposes, the experiment was also performed with the blank dielectric barrier discharge (DBD) reactor. Generally, in all of the cases, the DEE removal rate increased as the specific input energy (SIE) was increased. Here, SIE was defined by the discharge power determined from the Lissajous figure divided by the flow rate. For the blank reactor, ca. 71% of DEE conversion was obtained at an SIE of ca. 618 J L−1, a result which was in good agreement with a previous report, which described the energy efficiency for DEE decomposition using a double dielectric barrier discharge (DDBD) reactor [8]. The introduction of cordierite honeycomb into the plasma appeared to improve the destruction of DEE, especially for low amounts of SIE. The improvement was probably due to the modification of plasma discharge and the extension of the DEE residence time. Unexpectedly, the separate incorporation of Fe and Mn into the cordierite did not lead to any further improvement in the DEE decomposition, indicating that, in this case, most of the DEE was destroyed by the plasma. Therefore, in the three particular cases, ca. 96% of DEE was removed from the gas stream at an SIE of ca. 600 J L−1. Jo et al. also reported a similar result for the plasma-catalytic decomposition of ethylene using bare and MnO2-coated alumina ceramic membranes [31]. Even worse, the bimetallic Mn-Fe/cordierite catalyst lowered the DEE decomposition efficiency by more than 15% across the whole range of SIEs that were used. Raising the SIE beyond this range to 900 J L−1 resulted in only a ca. 90% of DEE conversion.

Figure 4. DEE decomposition efficiency in a one-stage reactor with different catalysts.
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Figure 5 shows the outlet ozone concentration during the decomposition of DEE in the one-stage reactor as a function of the SIE for the different catalysts. For comparison, the ozone concentration of the blank reactor is also included. At low SIE, the presence of the bare and Fe coated cordierites resulted in the formation of more ozone probably by enhancing the local electric field near the catalyst surfaces. As opposed to its reduced ability to affect DEE decomposition, the catalytic activity of the Mn-Fe/cordierite was observed to exceed those obtained using the other methods for ozone decomposition under plasma activation. The ozone concentration of Mn-Fe/cordierite was saturated at only 220 ppm, while the saturation values obtained otherwise ranged to above 600 ppm. This behavior was similar to that observed in the ozone decomposition test (shown in section 2.2). Thus, the one-stage combination of plasma with a well-performing ozone decomposition catalyst (i.e., Mn-Fe/cordierite) did not prove advantageous for the removal of DEE. It seemed that under plasma activation, Mn-Fe/cordierite accelerated the decomposition of O3 to O2, in that the adsorbed O· radicals that formed were not mainly consumed during the oxidation of DEE. As proposed by Li and Oyama [32], the decomposition of ozone is initiated by the dissociative adsorption of ozone to form an oxygen molecule and an atomic oxygen species, which in turn reacts with ozone to finally form molecular oxygen. The mechanism is summarized as follows:

Figure 5. Outlet ozone concentration during decomposition of DEE in one-stage reactor.
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where the * symbol represents an active site. Through reaction (4), the ozone that effectively formed near the catalyst surface might compete with the DEE for atomic oxygen. The low DEE decomposition efficiency with Mn-Fe/cordierite suggested that in plasma, besides active short-lived species, ozone itself played a significant role in the reaction of DEE.




In an earlier study, Ogata et al. [33] also reported that the use of a Cu-Cr catalyst to dissociate ozone into active atomic oxygen species was not effective for the reaction under plasma discharge, for which the extent of the decomposition of toluene and dichloromethane in a one-stage reactor was almost the same or even worse (for an increasing amount of catalyst) than in a conventional plasma reactor. These authors concluded that, for the single-stage combination (i.e., the one-stage arrangement), the ozone decomposition property of the catalysts was not important. Similarly, Van Durme et al. [34] found that when MnO2-CuO/TiO2 was subjected to a plasma, it resulted in a low toluene removal efficiency compared to TiO2, which does not have the ability to decompose ozone. However, a positive effect was observed for the in-plasma supported MnOx catalyst when dealing with acetone, a persistent compound [16,30], in which case the formation of ozone-induced atomic oxygen therefore becomes important. It is noted that, unlike acetone, the above VOCs (e.g., ethylene, diethyl ether, and toluene) are more reactive with ozone. The gas-phase reaction of ozone with toluene, for example, is slow; however, in the presence of plasma discharge, ozone could be excited, whereby its activity increased [35,36]. The destruction of vibrationally excited ozone, generated by a three-body reaction, was reported to be about 1600 times faster than ground-state ozone due to collisions with oxygen atoms [37,38].



Interestingly, the ozone concentrations of the bare and Fe-coated cordierites reached almost zero at a high SIE of ca. 600 J L−1. In our preliminary experiment, ozone was only significantly decomposed in the gas phase above 150 °C; however, as seen in Figure 6a, the reactor temperature did not exceed 70 °C, indicating the negligible thermal decomposition of ozone. The occurrence of a zero ozone concentration at high input energies was also reported elsewhere [33,39]. It was proposed that O3 is consumed by NO, which is favorably formed at high SIE values to produce NO2, which subsequently reacts with atomic oxygen to regenerate NO [40,41]. The catalytic cycle for O3 destruction by NOx is described as follows:

Figure 6. (a) Temperature and (b) NO and NO2 concentrations of one-stage reactor with Fe and Mn coated cordierites.
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The net reaction can be written as
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The concentrations of NOx at the outlet of the one-stage reactor for the Mn and Fe coated cordierites were measured during plasma-catalytic oxidation of DEE. As can be seen in Figure 6b, NO was not detected within the investigated range of SIE for Mn/cordierite but appeared at above 400 J L−1 for the Fe/cordierite. Meanwhile, the formation of NO2 slowly took place at SIE below 400 J L−1 for both catalysts and then steeply increased as further raising SIE, especially for the Fe/cordierite. At the SIE of ca. 590 J L−1, the NO2 concentration obtained with the Fe/cordierite reached ca. 190 ppm, while that of the Mn/cordierite was only ca. 60 ppm. The concentration of NO was much less than that of NO2 because NO rapidly reacted with ozone (reaction (6)) and atomic oxygen (reaction (9)) to form NO2.
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The regeneration of NO from NO2 through reaction (7) was relatively slow. The behaviors of the two catalysts for the formation of NOx were in contrast to their effects on the O3 concentration at high SIE shown in Figure 5, indicating that NOx played significant roles in the suppression of O3 formation.

Our results indicated that it is possible to improve the performance of the reactor by using a hybrid reactor containing Mn/cordierite in the plasma and Mn-Fe/cordierite in the post-plasma stage. This reactor, henceforth denoted as the Mn+(Mn-Fe) reactor, was proposed for further experiments, in which the post-plasma catalyst bed was retained at room temperature.



2.4. DEE Decomposition in the Mn+(Mn-Fe) Reactor

As seen in Figure 7, the efficiency of the DEE decomposition increased by more than 10% compared to that without Mn-Fe/cordierite at SIE values below 300 J L−1, after which saturation occurred at around 99%. Thus, an appropriate combination of plasma with the two Mn-based catalysts resulted in an obvious improvement of the reactor performance in terms of both DEE conversion and energy consumption. The ozone that formed during plasma discharge and its catalytic dissociation to produce atomic oxygen in the post-plasma was therefore effective for achieving the oxidation of DEE. The hybrid combination also substantially diminished the emission of ozone, a toxic gas, to levels below 200 ppm (Figure 8). Additionally, it is shown in Figure 7 that the hybrid reactor was also more efficient than the two-stage reactor with Mn-Fe/cordierite as the post-plasma catalyst, especially at low values of SIE. The result came from the advantage of the in-plasma catalysts, which probably altered the plasma discharge mode and enhanced the residence time of gaseous species.

Figure 7. DEE decomposition efficiency of hybrid Mn+(Mn-Fe) reactor, one-stage reactor with Mn/cordierite, and two-stage reactor with Mn-Fe/cordierite.
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Figure 8. Outlet ozone concentration of hybrid Mn+(Mn-Fe) reactor and one-stage reactor with Mn/cordierite catalyst.



[image: Catalysts 05 00800 g008 1024]





The concentrations of carbon oxides (CO and CO2) that were detected during DEE decomposition in the Mn+(Mn-Fe) reactor are shown in Figure 9. The amount of CO2 increased almost linearly as the SIE was increased, whereas that of CO tended to rise exponentially to a maximum within the SIE range. These trends were also observed in previous studies, thereby implying a high degree of oxidation of VOCs to CO2, which is favored at high SIEs [16,31]; that is, ca. 89% of DEE was oxidatively transformed to carbon oxides at around 600 J L−1.

Figure 9. Concentrations of carbon oxides during DEE decomposition in hybrid Mn+(Mn-Fe) reactor.
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The stabilities of catalysts used in the Mn+(Mn-Fe) reactor were judged in terms of DEE decomposition efficiency and outlet ozone concentration at SIEs of ca. 382 J L−1. In Figure 10, it can be seen that there was no decline in the DEE decomposition efficiency during the course of the experiment. The outlet ozone concentration, however, increased with time-on-stream and reached a steady-state at 180 ppm after 5 h. This indicated that the unreacted DEE and oxidation products, such as COx, H2O, and the intermediates that had reversibly adsorbed on Mn-Fe/cordierite, could partially inhibit NOx adsorption, thereby slowing down the catalyst deactivation.

Figure 10. DEE decomposition efficiency and outlet ozone concentration of hybrid Mn+(Mn-Fe) reactor at a SIE of 382 J L−1.
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3. Experimental Section


3.1. Apparatus and Materials

The experimental reactor system is schematically shown in Figure 11. The DBD reactor consisted of a dielectric quartz tube (inner diameter: 26 mm, thickness: 4 mm) wrapped in aluminum foil (length: 70 mm) to act as a ground electrode. A copper wire (diameter: 1 mm) coaxially inserted into the quartz tube served as a high voltage (HV) electrode, resulting in a 12.5 mm discharge gap and a 70 mm discharge length. In preparation for the DEE removal test, a one-stage reactor was constructed by placing the cordierite-supported catalysts directly inside the discharge region of the DBD reactor (Figure 11a). The plasma was ignited by using an alternating current (AC) power source at a fixed frequency of 400 Hz. In preparation for the examination of the catalytic activity toward ozone decomposition, the catalysts under investigation were placed downstream from the blank DBD reactor (i.e., similar to a two-stage arrangement, Figure 11b). This arrangement allowed for the initial generation of ozone in the plasma reactor, after which it would be transferred with either an air or an oxygen stream to be subsequently decomposed over the catalyst bed at room temperature. The hybrid Mn+(Mn-Fe) reactor containing Mn/cordierite in plasma region and Mn-Fe/cordierite in post-plasma region for decomposition of DEE is schematically shown in Figure 11c.

Figure 11. Experimental reactor system. (a) One-stage reactor for DEE decomposition, (b) Reactor for investigating ozone decomposition on different catalysts and (c) Hybrid Mn+(Mn-Fe) reactor for DEE decomposition.
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The catalyst support had a cylindrical shape (diameter: 26 mm, length: 70 mm, weight: 15.5 g) and was cut from a commercial cordierite monolith (diameter: 144 mm, high: 152 mm, 400 cells per square inch). Different catalysts including Mn, Fe, and mixed Mn-Fe oxides were prepared by a dip-coating method using Mn(NO3)2.6H2O (Junsei Chemical, Tokyo, Japan) and Fe(NO3)3.9H2O (Daejung Chemicals & Metals, Shiheung, Korea) as metal precursors. The Mn-Fe catalyst was prepared by using a mixture of the two nitrates. The cordierite support was dipped into the respective aqueous nitrate solution at room temperature and then dried overnight at 110 °C, before it was calcinated at 500 °C for 3 h. The dipping step was repeated several times before calcination. Finally, cordierite-supported Mn (1.7 wt.%), Fe (1.6 wt.%), and Mn-Fe (1.5–1.5 wt.%) catalysts, denoted as Mn/cordierite, Fe/cordierite, and Mn-Fe/cordierite, respectively, were obtained. The weight percentages of the active components were estimated from the amount of solution that was adsorbed on the cordierite supports.

The concentration of the DEE in the gas (synthetic dry air: 21% O2 and 79% N2, by volume) and the flow rate were controlled at 150 ppm and 1.0 L min−1, respectively, by using mass flow controllers (MFC). For the ozone decomposition test, either synthetic dry air or pure oxygen (without DEE) was fed into the reactor at a flow rate of 1.0 L min−1 and the ozone concentration was maintained at 300 ppm in both of these cases. All catalysts were thermally treated at 450 °C for 1 h in ambient air before each experiment, unless otherwise noted.





3.2. Measurement Methods

The concentration of DEE was monitored using a gas chromatograph (Bruker 450-GC) equipped with a flame ionization detector (FID) and a 60 m × 0.32 mm BR-624ms capillary column. The oven temperature was ramped from 50 to 60 °C at a rate of 1.0 °C min−1. FTIR spectroscopy (IRPrestige-21, Shimadzu) with a 76 mm-long gas cell was used to measure concentrations of carbon oxides and nitrogen oxides formed during the oxidation of DEE. All samples were collected at a resolution of 2.0 cm−1 with 20 scans. The ozone concentration was measured by using a portable gas analyzer (PortaSens II, Analytical Technology). Reactor temperature measurements were performed by using an ethanol thermometer positioned 5 mm downstream from the discharge region. The experimental data were recorded 20 min after plasma ignition, unless otherwise noted.

Charge dissipation in the DBD reactor was measured by measuring the voltage drop on a capacitor (capacitance: 1.0μF) that was connected in series to the reactor. Details of the voltage measurement are described elsewhere [29]. The discharge power was calculated from the so-called voltage-charge Lissajous figures.

The prepared catalysts were characterized by FTIR spectroscopy and an XRD system (D/MAX2200H, Bede 200, Rigaku instruments) equipped with Cu Kα radiation (40 kV, 40 mA).




4. Conclusions

The decomposition of DEE using NTP combined with cordierite-supported Mn, Fe, and mixed Mn-Fe oxides was investigated in this work. It was found that, for the one-stage experimental arrangement, most of the DEE was destroyed by the plasma, because the incorporation of either Mn oxide or Fe oxide in the cordierite did not lead to a significant improvement in the removal of the DEE. Of all the catalysts that were tested, Mn-Fe/cordierite, the catalyst that was most efficient at decomposing ozone, was found to lower the DEE decomposition efficiency. Thus, the catalytic activity for ozone decomposition under plasma discharge conditions was such that DEE removal could not be achieved. However, Mn-Fe/cordierite was able to catalyze the ozonation of unreacted DEE when it was placed downstream from the Mn/cordierite reactor in which the plasma discharge occurred, enhancing the reactor performance in terms of DEE decomposition and energy efficiencies as well as reducing ozone emission.
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