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Abstract

:

The plasma-catalytic oxidation of soot was studied over zeolite-supported vanadium catalysts, while four types of zeolites (MCM-41, mordenite, USY and 5A) were used as catalyst supports. The soot oxidation rate followed the order of V/MCM-41 > V/mordenite > V/USY > V/5A, while 100% soot oxidation was achieved at 54th min of reaction over V/MCM-41 and V/mordenite. The CO2 selectivity of the process follows the opposite order of oxidation rate over the V/M catalyst. A wide range of catalyst characterizations including N2 adsorption–desorption, XRD, XPS, H2-TPR and O2-TPD were performed to obtain insights regarding the reaction mechanisms of soot oxidation in plasma-catalytic systems. The redox properties were recognized to be crucial for the soot oxidation process. The effects of discharge power, gas flow rate and reaction temperature on soot oxidation were also investigated. The results showed that higher discharge power, higher gas flow rate and lower reaction temperature were beneficial for soot oxidation rate. However, these factors would impose a negative effect on CO2 selectivity. The proposed “plasma-catalysis” method possessed the unique advantages of quick response, mild operation conditions and system compactness. The method could be potentially applied for the regeneration of diesel particulate filters (DPF) at low temperatures and contribute to the the emission control of diesel engines.
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1. Introduction


The diesel engine has been widely used in marine transportation and industries due to its strong power, good fuel economy and high reliability. However, soot emission from diesel engines has become one of the major sources of air pollution in recent years [1]. Great efforts have been devoted to the development of soot emission control technologies. Recently, the combination of a heterogeneous catalyst and a diesel particulate filter, also known as a catalytic diesel particulate filter (CDPF), has been recognized as a promising technology for soot emission control because the presence of catalysts could contribute to a decrease of the ignition temperature of soot and maintain the low back pressure of the CDPF for a long time [2,3].



The key point for CDPF technology was the development of high-efficiency catalysts for soot oxidation. Currently, the research on catalysts for soot oxidation mainly focuses on noble metals, transition metal oxides, perovskite catalysts and spinel catalysts [4,5]. Researchers reported that the ignition temperature of soot could be reduced to 400~450 °C in the presence of heterogeneous catalysts, which is still much higher than the effluent temperature of a diesel engine, especially during the start-up stage and normal operation of marine diesel engine (below 200–300 °C) [3,6,7]. As a result, a solution enabling soot oxidation at a relatively low temperature is urgently needed.



More recently, the combination of non-thermal plasma and heterogeneous catalysts has become an emerging alternative for the oxidation of volatile organic compounds (VOCs) and the partial oxidation of hydrocarbons under atmospheric pressure and temperatures ranging from room temperature to 300 °C [8,9,10]. As with soot oxidation, Lu et al. reported that the oxidation of graphitic carbon over an Au/γ-Al2O3 catalyst in a plasma environment was improved compared to pure γ-Al2O3 in the temperature range of 20 °C to 300 °C [11]. Liu et al. investigated plasma-catalytic oxidation of soot over a series of Ag and Co co-doped perovskite catalysts, while a soot oxidation rate of 85% was achieved at 200 °C over an La0.5A0.5Mn0.8Co0.2O3 (A = Ag or Co) catalyst [12]. Although many kinds of catalysts have been incorporated for plasma-catalytic oxidation of soot, the use of a noble metal based catalyst composition may result in economic inefficiency and limit the potential industrial application of plasma-catalytic technology.



In addition to the active metal, the choice of catalyst support could significantly affect the performance of the plasma-catalytic system [13,14]. Patil et al. investigated the performance of plasma-catalytic NOx synthesis over a wide range of catalyst supports, including α-Al2O3, γ-Al2O3, TiO2, MgO, BaTiO3 and quartz wool [15]. The presence of quartz wool and γ-Al2O3 in the plasma reactor doubled the NOx production compared to using plasma alone, while the use of BaTiO3 decreased the plasma-induced NOx production. Kim et al. studied the effect of the Si/Al ratio of HY zeolites on 200 ppm benzene oxidation under plasma [16]. The results showed that the benzene oxidation rate decreases with an increase of the Si/Al ratio from 2.6 to 40, while the discharge region was also significantly reduced, as obtained by ICCD camera. Xie et al. compared the effect of Al2O3, L-MgO and H-MgO on NH3 yield in a dielectric barrier discharge (DBD) reactor [17]. The results showed that the presence of H-MgO could slightly improve the NH3 yield by 4% to 9.5% in the temperature range between 140 °C to 260 °C. To the best of our knowledge, most previous work mainly focused on the effect of support composition on the performance of soot oxidation, the mechanisms of how the physical structure of the support would affect the plasma-catalytic system, especially in the process of soot oxidation, were far from clearly understood [18,19].



In this work, vanadium was used as the active metal phase because it is currently widely used in commercial catalysts for diesel engine after-treatment. A series of zeolites—MCM-41, mordenite, USY and 5A—were used as supports for the V/M catalysts. The effects of different supports of V/M catalysts on the plasma-catalytic oxidation of soot was investigated in terms of the oxidation rate and CO2 selectivity of the process. The roles of the V/M catalysts were evaluated by a series of catalyst characterizations of N2 adsorption–desorption, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), temperature-programmed reduction with H2 (H2-TPR) and temperature-programmed desorption of O2 (O2-TPD). The effects of various working conditions on the performance of plasma-catalytic soot oxidation were also discussed.




2. Results and Discussion


2.1. Textural Properties


Table 1 shows the physicochemical properties of the V/M catalysts. The SBET and pore volumes of supported vanadium catalysts are significantly affected by the zeolite type because the values of USY-, mordenite- and MCM-41-supported catalysts are significantly higher than those of the 5A zeolite-supported catalysts. The highest SBET and pore volumes are obtained over the V/MCM-41 catalyst, followed by V/USY, V/mordenite and V/5A, which is the same order as the zeolite support. Compared with the as-received zeolites (shown in Table S1), the specific surface area (SBET) and pore volumes of the V/M catalysts slightly decreased. Taking the V/5A catalyst as an example, its SBET and pore volume are 354 m2∙g−1 and 0.33 cm3∙g−1, respectively, while the SBET and pore volume values for the support (5A zeolite) are 383 m2∙g−1 and 0.34 cm3∙g−1, respectively. The decrease in SBET and pore volume could be ascribed to the coverage of zeolite surfaces or partial blockage of the pore systems by vanadium species [20]. Similarly, the increase of average pore diameters for all vanadium-doped catalysts could be ascribed to the clogging of micro-pores while the meso- and macro-pores still exist. After doping with vanadium species, the zeolite support maintained its parent structure, while small particles of vanadium oxides would disperse on the surfaces of the V/M catalysts (shown in Figure S1). Similar results were observed in our previous work using MOx/γ-Al2O3 catalysts for acetone oxidation in a plasma reactor [21].



Figure 1 exhibits the XRD patterns of all the V/M catalysts. All XRD patterns show the typical diffraction peaks of their supports (as given in Figure S2). For the 5A zeolite-supported catalysts, the major diffraction peaks centered at the 2θ of 21.8° (3 0 0), 27.2° (3 2 1) and 24.1° (3 1 1) correspond to the cubic structure of A-type zeolites (JCPDs No.11-0589) [22]. As with V/USY and V/mordenite catalysts, their diffraction peaks are in accordance with the corresponding pristine zeolite structures (JCPDS PDF No.39-1380 and PDF No. 11-0155, respectively) [23,24]. For V/MCM-41, only a broad diffraction peak at 2θ of 22.0° is observed, which is correlated to amorphous SiO2 (JCPDS PDF No. 29-0085) [25]. In addition, no distinct diffraction peaks of vanadium species are observed in the presented XRD patterns, indicating that the vanadium species may be in an amorphous state or highly dispersed on the zeolite surfaces. The peak intensities of the V/M catalysts are similar, indicating the differences in crystalline sizes are very small, except for V/MCM-41 (also shown in Table 1).




2.2. Redox Properties


XPS analysis was performed to obtain insights regarding the chemical states of the elements in the catalysts. Figure 2a shows the XPS spectra of V 2p for the V/M (M = MCM-41, mordenite, USY and 5A) catalysts. For all samples, two major peaks around 524 eV and 517 eV are observed in the XPS spectra of V 2p, which belong to V 2p1/2 and V 2p3/2, respectively [20]. The deconvolution of the V 2p3/2 for the V/M catalysts exhibits two peaks centered at 517.4 eV and 516.4 eV. The former peak could be ascribed to the V5+ species, while the latter one belongs to the V4+ species. The relative content of V4+ species on the surfaces of V/M catalysts, defined as V4+/(V4+ + V5+), follows the order of V/MCM-41 (47.4%) > V/mordenite (45.8%) > V/USY (37.2%) > V/5A (33.7%).



Figure 2b presents the XPS spectra of O 1s for all three V/M catalysts. The peaks located around 529.6–530.0 eV can be ascribed to the presence of lattice oxygen species (denoted as Olatt), while the peaks located between 531.4 eV and 532.1 eV could be ascribed to the existence of surface-adsorbed oxygen (denoted as Oads) [26]. The relative content of Oads for each V/M catalyst, defined as Oads/(Oads + Olatt), was calculated based on the XPS spectra (Table 1). The values of Oads/(Oads + Olatt) of all three catalysts vary from 54.6% to 59.8%, while the V/MCM-41 catalyst possesses the highest relative content of Oads/(Oads + Olatt). The values of Oads/(Oads + Olatt) of all zeolite supports are given in Table S1. Doping with vanadium oxide slightly improves the relative concentration of Oads on the surface of V/M catalysts by ~1.7% compared with the bare zeolite supports. The O2 uptake amount is also in the same order as the Oads/(Oads + Olatt) value (as presented in Table 1). The relative concentration of Oads is closely correlated with the performance of soot oxidation, as the Oads species is of better mobility compared with the Olatt species and could be easily activated to participate in the soot oxidation reaction on catalyst surfaces [27].



The reducibility of each V/M catalyst is tested using the H2-TPR experiment as shown in Figure 3. For all V/M catalysts, broad reduction peaks between 400 °C and 550 °C could be observed, which could be attributed to the reduction of V5+ to V3+ species, as reported in previous work [20]. It is worth noting that the maximum reduction peak location shifted to a higher location from 480 °C (V/MCM-41) to 501 °C (V/mordenite), 504 °C (V/USY) and 528 °C (V/5A), respectively, indicating stronger interactions between vanadium species and the zeolite supports. The H2 consumption amount was calculated based on the H2-TPR profiles (Table 1). Among all tested catalysts, the highest H2 consumption amount of 0.122 mmol·g−1 was obtained over the V/MCM-41 catalyst, followed by the V/mordenite (0.118 mmol·g−1), V/USY (0.112 mmol·g−1) and V/5A (0.109 mmol·g−1) catalysts. The similar H2 consumption amounts may be attributed to the same theoretical amount of vanadium loading on the zeolites. However, it could be deduced that V/MCM-41 catalyst possesses better redox properties due to its abundant surface oxygen species (Oads) and higher mobility compared to the other three catalysts, which are favorable properties for soot oxidation [28].




2.3. Effect of Catalyst Support on Plasma-Catalytic Soot Oxidation


Figure 4 shows the effects of the V/M catalysts on plasma-catalytic soot oxidation at a discharge power of 20 W as a function of time. It can be clearly seen that the soot oxidation rate increases steadily as the reaction goes on in the plasma reactor regardless of the type of zeolite support. During the 60-min reaction process, the soot oxidation rates are in order of V/MCM-41 > V/mordenite > V/USY > V/5A. For example, the soot oxidation rates over V/MCM-41, V/mordenite, V/USY and V/5A at 30th min are 78.6%, 66.4%, 55.2% and 50.5%, respectively. By the end of the 60-min reaction, all initially packed soot particles are oxidized to CO and CO2 in the V/MCM-41- and V/mordenite-packed reactor, while the soot oxidation rates in the V/USY- and V/5A-packed plasma reactor are only 83.7% and 80.5%, respectively. The CO2 selectivity values of the plasma-catalytic soot oxidation process over various V/M catalysts are compared using the data at 10th, 30th and 50th minute of the reaction (in Figure 4b). With the progress of soot oxidation, the CO2 selectivity increases by only 1–2% during the reaction for all tested V/M catalysts. In addition, the order of CO2 selectivity follows the opposite order of soot oxidation, namely: V/MCM-41 < V/mordenite < V/USY < V/5A.



In the plasma region, the energy dissipated into the reactor is utilized to generate energetic electrons and chemically reactive species for soot oxidation [29]. Early studies by Nagle et al. reported that there existed both active sites (Sact) and inactive sites (Sinact) on the surface of soot particles [30]. The inactive sites could be converted into active sites at high temperature or under the treatment of chemically reactive species. The active sties tended to react with oxidative species in the gas phase and form surface-adsorbed -CO groups. These groups would be further desorbed and form the final product of CO, while the CO could be further converted into CO2 in the gas phase. It is worth noting that the formation on CO2 on the surface of soot is likely to occur but is not the predominant process, as the activation energy of CO2 formation on soot’s surface is 3.6 times higher than that of CO formation [31]. It is widely recognized that NO2 could be generated in a typical N2/O2 plasma. The presence of NO2 in the plasma region would also facilitate the process of soot oxidation due to the strong oxidation capacity of NO2. The plasma-generated NO2 molecules could be transported onto soot for surface reactions. It can be inferred that the NO2 would react directly with the elemental carbon in soot to form -C(NO2) groups, and those groups would be further decomposed into -CO groups on the soot surfaces to form CO2. In addition, NO2 could be used to generate reactive oxygen species on catalyst surfaces, and these species would also participate in soot oxidation [32]. As a result, the soot particles packed into the DBD reactor could be oxidized by O· radicals, O3 and NO2 in the gas phase via the following reactions (Equations (1)–(7)):
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Figure 5 shows the Lissajous figures of the V/M catalyst-packed plasma reactor at a constant discharge power of 20 W. It can be seen from Figure 5 that the discharge characteristics are slightly changed by the presence of various V/M catalysts with different zeolite supports, as the shapes of the Lissajous figures shift slightly. It is well known that in a packed-bed DBD reactor, the discharge mode is the combination of surface discharge and weak filamentary micro-discharge, which propagates along the external and internal surfaces of the catalyst layer [33,34]. Moreover, the local electric field could be enhanced due to the presence of soot particles and catalyst pellets, which would be beneficial for the soot oxidation process. The dielectric constant of the catalyst would affect the current of plasma, as confirmed in our previous work [33]. It is interesting to note that due to the similar composition of the V/M catalysts in this work, the electrical characteristics of the plasma are not significantly affected by the presence of V/M catalysts.



Since the discharge characteristics for all four V/M catalyst-packed DBD reactors are quite similar, it can be deduced that the physicochemical properties of V/M catalysts would play a significant role in plasma-catalytic soot oxidation in this work. A V/M catalyst with a higher SBET value would provide more adsorption and active sites for the heterogeneous catalytic reactions [35]. As the average diameter of soot in this work is much larger than the pore diameters of V/M catalysts, the active sites on the external surfaces of the V/M catalysts would be of great significance in soot oxidation. As shown in Figure 3, the presence of V4+ species indicated the formation of more surface oxygen vacancies on the V/M catalyst, considering the different ion radii of V5+ and V4+ species, as the electroneutrality at the interfaces of vanadium species and zeolites should be maintained. The relative concentration of V4+/(V4+ + V5+) of the V/MCM-41 catalyst is much higher than those of other three V/M catalysts. The abundant oxygen vacancies on the V/MCM-41 catalyst could serve as reservoirs of surface-adsorbed oxygen species and O· radicals in the gas phase for soot oxidation. It is well accepted that Oads is highly reactive in oxidation reactions due to its better mobility compared to Olatt [36]. A catalyst with higher Oads content could show better performance in soot oxidation because the released Oads species would contribute to soot oxidation via the contact points between the V/M catalyst and soot particles. In addition, in the presence of catalysts, the released Oads species would follow the same reaction pathways discussed above to form the final products of CO and CO2, while the enhancement of CO2 selectivity seems to be necessary in future work. The H2-TPR profiles also confirmed that the V/MCM-41 catalyst had the best reducibility compared to the other tested samples, while the lower reduction temperature of the V/MCM-41 catalyst indicated that the oxygen species on its surface were much easier to activate during the catalytic reaction. The consumed Oads species would be replenished by plasma-generated O· radicals, O3, etc. [37]. The O2 uptake was also closely correlated with the abundant of Oads species on the surfaces of the V/M catalysts. The complete soot oxidation strongly depends on the oxygen adsorption capacity of the supported vanadium oxide catalysts and the facilitated oxygen transfer from catalyst surfaces to soot particles. It is worthy to note that the order of O2 uptake below 300 °C was in accordance with H2-TPR as shown in Table 1. A very good correlation between the oxidation rate and the redox properties of V/M catalysts could be observed in this work.



The energy efficiency of the plasma-catalytic soot oxidation process (calculated using Equations (S1) and (S2)) was used to make a comparison of the present work with the previously reported research on plasma-assisted soot oxidation. In this work, the energy efficiency of plasma-catalytic soot oxidation over the V/MCM-41 catalyst after 54 min of reaction was 0.56 g·kWh−1, which was higher than that of Liu et al., as they reported an energy efficiency of 0.22 g·kWh−1 after 60 min of reaction over the optimized La0.5Ag0.5Mn0.8Co0.2O3--δ catalyst at a discharge power of 10 W and a reaction temperature of 200 °C [12]. In our previous work, the energy efficiency of plasma-catalytic soot oxidation over a V/KIT-6 catalyst was 0.95 g·kWh−1. The improved energy efficiency could be attributed to the strong pore systems of the KIT-6 support, which could facilitate the transportation of O· radicals, O3 and NOx within the catalyst layer and accelerate the reaction [38].




2.4. Effect of Operating Parameters


Figure 6 shows the effect of the discharge power on the plasma-catalytic soot oxidation rate and CO2 selectivity at 30th min over the V/MCM-41 and V/5A catalysts. The soot oxidation rate increases monotonically with increasing discharge power over both the V/MCM-41 and V/5A catalysts. The plasma-catalytic soot oxidation rate over the V/MCM-41 catalyst increases from 73.7% to 94.6% in the discharge power range between 16 W and 24 W, while the value is between 42.3% and 53.9% for the V/5A-packed reactor in the same discharge power range. It is generally recognized that the energetic electrons generated in the micro-discharge streamers are the driving force of plasma-induced reactions because the effective collisions between energetic electrons and carrier gas molecules could facilitate the generation of chemically reactive species, including O, O3, excited N species, etc. [39]. These species could further react with soot particles and form the final products of CO and CO2. At a higher discharge power, the generation of more electrons and reactive species could be expected, which would accelerate soot oxidation and improve the oxidation rate of the plasma-catalytic process. Figure 7 also shows the effect of discharge power on the CO2 selectivity of the plasma-catalytic process over the V/MCM-41 and V/5A catalysts. The CO2 selectivity decreases with increasing discharge power, while the values for the V/MCM-41 and V/5A catalysts decrease from 52.7% to 47.5% and from 56.9% to 54.2%, respectively. Although more soot particles could be oxidized at a higher discharge power, the slight decrease in CO2 selectivity at higher discharge powers could also be attributed to the promotion of soot oxidation towards CO rather than the direct oxidation of soot to CO2 and the oxidation of CO to CO2, considering the higher activation energy of soot oxidation towards CO compared with the other reaction pathways.



Figure 7 shows the effect of the gas flow rate on plasma-catalytic soot oxidation at the 30th min of the reaction over the V/MCM-41 and V/5A catalysts. In the case of V/MCM-41 catalyst, when the total gas flow rate increases from 100 mL·min−1 to 900 mL·min−1, the soot oxidation rate increases from 68.8% to 99.8%, yet the CO2 selectivity decreases from 51.6% and 50.2%. On the other hand, the soot oxidation rate increases from 40.7% to 56.1%, yet the CO2 selectivity decreases from 57.8% and 53.2% within the same range of gas flow rates. The results show that a higher gas flow rate is beneficial for the process of soot oxidation, while the CO2 selectivity of the process is slightly inhibited. At a high gas flow rate, more gas molecules would flow through the discharge region during the reaction process. Due to the decreased residence time of molecules in the carrier gas, the concentration of reactive species like O· radicals and O3 would decrease in the effluent. However, the total amount of plasma-generated reactive species generated inside the plasma region within the reaction period would increase, considering the increase in the gas flow rate [40]. As a result, more reactive species could be used in the soot oxidation process, which accelerates the reaction and leads to improvements in the soot oxidation rate at higher gas flow rates [19]. On the other hand, since the activation energy barrier of CO oxidation to CO2 is much higher than that of soot oxidation to CO, it is reasonable to deduce that most of the reactive species would participate in the oxidation of soot to CO rather than soot to CO2. Consequently, the CO2 selectivity of the process would decrease due to the formation of more CO at high gas flow rates.



The effect of reaction temperature on plasma-catalytic soot oxidation at the 30th min of the reaction over the V/MCM-41 and V/5A catalysts is presented in Figure 8. For both cases, the soot oxidation rate decreases with increasing temperature. For the V/MCM-41 catalyst, the oxidation rate decreases from 78.6% at 25 °C to 71.3% at 150 °C, while the value for the V/5A catalyst decreases from 50.4% to 44.5% in the same temperate range. On the contrary, the CO2 selectivity remains almost constant: the values are in the range of 51.0% to 51.7% for the V/MCM-41 catalyst and 53.9% to 54.8% for the V/5A catalyst. As discussed above, the plasma-generated reactive species played a vital role in the plasma-catalytic soot oxidation process. However, based on the theory of chemical reaction kinetics, an increase in reaction temperature could enhance the Brownian motion of these reactive species, which would increase the possibilities of effective collisions between these reactive species and other gaseous molecules (e.g., N2, O2, etc.) [31]. For example, the lifetime of an O3 molecule at room temperature (~25 °C) could be over 30 min, but the value could be less than 1 s at 150 °C to 300 °C [41]. As a result, most of the reactive species generated in the gas phase of the plasma region may not be able to reach the interfaces of “catalyst-soot” and “gas-soot”. Thus, the possibilities of effective utilization of these reactive species would be reduced, leading to a decrease in the soot oxidation rate. It can be deduced that increasing the reaction temperature would not significantly affect the reaction pathways of CO2 formation in the plasma-catalytic soot oxidation system, and similar results have been widely reported in plasma-induced oxidation processes [11,42].





3. Materials and Methods


3.1. Catalyst Preparations


In this work, the V/M (M = MCM-41, mordenite, USY and 5A) catalysts were prepared using the wet impregnation method. The catalyst precursors used in this work, including ammonium metavanadate, oxalic acid and zeolites, were of analytical grade and purchased from Macklin Co., Ltd. (Shanghai, China). The physical properties of the zeolite supports are listed in Table S1. Firstly, weighted amount of ammonium metavanadate (0.1146 g) and oxalic acid (0.2471 g) were dissolved in 30 mL deionized water and steadily stirred at room temperature for 2 h; the molar ratio of the two chemicals was 1:2. A calculated amount of the zeolite support (4.95 g) was then added to the obtained solution, which was then magnetically stirred for 4 h at 80 °C. The resulting paste was dried at 110 °C in an oven for 12 h, then calcined in a muffle at 500 °C for 5 h. All of the catalysts were sieved using 40–60 meshes prior to use. The prepared catalysts were denoted as V/M, where M was the zeolite type of the support. The loading amount of vanadium species was 1 wt.% in this work.




3.2. Catalyst Characterizations


The N2 adsorption–desorption experiments were performed at −77 °C using a Quantachrome Autosorb-1 system. The catalysts were degassed at 250 °C for 3 h to purify any impurities before the test. The values of specific surface area (SBET) were calculated using the Brunauer–Emmett–Teller (BET) equation.



X-ray powder diffraction (XRD) analysis was performed using a Rikagu D/max-2000 X-ray diffractometer with Cu-Kα radiation. The scanning range was between 20° and 80°, while the scanning rate was 2°∙min−1 with a step size of 0.02°. The crystalline size calculation was conducted using Scherrer’s equation.



X-ray photoelectron spectroscopy (XPS) was conducted with a Thermo ESCALAB 250 electron spectrometer using an Al Kα X-ray source (hυ = 1486.6 eV) at 150 W. The binding energy was calibrated to the C 1s spectra at the binding energy (B.E.) value of 284.8 eV from adventitious carbon.



Temperature-programmed reduction of H2 (H2-TPR) and temperature-programmed desorption of O2 (O2-TPD) were performed on a Micromeritics ChemiSorb 2720 instrument. In each test of H2-TPR, 100 mg catalysts were firstly heated at 250 °C in a flowing helium gas stream (30 mL·min−1) for 1 h and then cooled to room temperature. The carrier gas was then switched to a 5 vol.% H2/Ar mixture with the same gas flow rate. The temperature was then increased from 50 °C to 800 °C at a heating rate of 10 °C·min−1. The H2 consumption amount was recorded continuously. Similarly, for the O2-TPD test, 100 mg catalysts were heated at 250 °C in a flowing helium gas stream (30 mL·min−1) for 1 h and then cooled to room temperature. The sample was then treated in a 3 vol.% O2/He mixture at 30 mL·min−1 for 1h at room temperature. The sample was consequently purged in pure helium gas flow for 1 h to remove the impurities. Finally, the temperature was then increased to 800 °C at a heating rate of 10 °C·min−1. The amount of O2 desorption was then recorded.




3.3. Plasma-Catalytic System


Figure 9 shows the experimental diagram of the plasma-catalytic system. Here, gas cylinders (with a purity of 99.99%) were purchased from Fangxin, Ningbo, China and used to generate the carrier gas (10 vol.% O2 with balanced N2). The two gas streams of O2 and N2 were regulated by mass flow controllers (Sevenstars D07-B, Beijing, China). The gas streams were mixed before being introduced to the reactor. The total gas flow rate was 500 mL∙min−1 unless otherwise specified.



The reactor consisted of a quartz tube with an outer diameter of 10 mm and an inner diameter of 8 mm. A stainless-steel rod with a diameter of 4 mm was fixed on the axis of the quartz tube as a high-voltage electrode, while the ground electrode was a stainless-steel mesh wrapping around the quartz tube. The soot (160–200 meshes, Printex-U from Degussa) particles were mixed with the catalyst using a spatula. The weight ratio of soot to catalyst was 1:9 under loose contact mode. For each test, 100 mg mixtures of soot and V/M catalyst were packed into the discharge region and held by quartz wool.



The reactor was powered by an AC high-voltage power supply (CTP-2000K, Nanjing Suman, China). The applied voltages of the plasma reactor and the voltage across the external measuring capacitor Cext (0.47 μF) were measured using a Testec voltage probe (HVP-15HF, 1000:1) and a Tektronix P5100 probe, respectively. The voltage signals were recorded using a Tektronix 2014B oscilloscope, while the Q-U Lissajous method was used to calculate the discharge power. The whole process of plasma-catalytic soot oxidation was performed for 60 min unless otherwise specified. In addition, the reactor was placed in a specially designed and well-grounded oven to evaluate the effect of heating temperature on the process of plasma-catalytic soot oxidation at a fixed heating temperature and discharge power. The heating temperature could be adjusted from room temperature to 200 °C with an accuracy of ±1 °C.



The discharge power of the DBD can be calculated by the following method:


  P  ( W )  = f ×  C m  × A  



(8)




where f, Cm and A are the discharge frequency (10.1 kHz), the measuring capacitance (0.47 μF) and the area of the Lissajous figure, respectively.



The concentrations of CO and CO2 were measured using an online infrared gas analyzer (GXH-3010/3011AE, Huayun, China) with an accuracy of ±3%. The soot oxidation rate (Xsoot) and CO2 selectivity of the process were calculated as follows:


   X  s o o t    ( % )    =      ∫ 0 t   (  c  CO   +  c    CO  2     ) dt        m  s o o t     ×  100 %   



(9)






    CO  2  selectivity  ( % )    =      ∫ 0 t    c    CO  2    dt         ∫ 0 t   (  c  CO   +  c    CO  2     ) dt       ×  100 %   



(10)




where CCO and CCO2 are the outlet concentrations of CO and CO2, respectively; msoot is the weight of initially packed soot for each test.





4. Conclusions


In this work, plasma-catalytic soot oxidation was performed over a series V/M catalysts using MCM-41, mordenite, USY and 5A as supports. The soot oxidation rate followed an order of V/MCM-41 > V/mordenite > V/USY > V/5A, while the CO2 selectivity of the process followed the opposite order of the oxidation rate over the V/M catalysts. A wide range of catalyst characterizations, including N2 adsorption–desorption, XRD, XPS and H2-TPR, were performed to obtain insights regarding the reaction mechanisms of soot oxidation in plasma-catalytic systems. The high V4+/(V4+ + V5+) and Oads/(Oads + Olatt) values of the V/MCM-41 catalyst indicated abundant oxygen vacancies on its surface, which would contribute to the release of Oads species with better mobility for soot oxidation. The lower reduction temperature of the V/MCM-41 catalyst also confirmed its better reducibility, suggesting the facility of Oads activation over V/MCM-41 packed in the plasma region. These properties of V/M catalysts would benefit soot oxidation. However, due to the properties of soot particles, the oxidation of soot to CO is predominant over direct soot oxidation towards CO2. Thus, the CO2 selectivity decreased in the presence of catalysts with higher soot oxidation rates in this work. The effects of discharge power, gas flow rate and reaction temperature on soot oxidation were also investigated. The results showed that higher discharge power, higher gas flow rate and lower reaction temperature were conducive to soot oxidation, while CO2 selectivity was simultaneously inhibited.
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Figure 1. XRD patterns of the V/M (M = MCM-41, mordenite, USY and 5A) catalysts. 
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Figure 2. XPS spectra of the V/M (M = MCM-41, mordenite, USY and 5A) catalysts: (a) V 2p, (b) O 1s. 
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Figure 3. H2-TPR profiles of the V/M (M = MCM-41, mordenite, USY and 5A) catalysts. 
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Figure 4. Plasma-catalytic oxidation of soot over V/M (M = MCM-41, mordenite, USY and 5A) catalysts at the discharge power: (a) oxidation rate and (b) CO2 selectivity (Discharge power: 20 W, gas flow rate: 500 mL·min−1 and reaction temperature: 25 °C). 
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Figure 5. Lissajous figures for V/M catalyst-packed DBD reactors (Discharge power: 20 W, gas flow rate: 500 mL·min−1 and reaction temperature: 25 °C). 
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Figure 6. Effect of discharge power on soot oxidation rate and CO2 selectivity of plasma-catalytic soot oxidation at 30th min over V/MCM-41 and V/5A catalysts (Gas flow rate: 500 mL·min−1 and reaction temperature: 25 °C). 
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Figure 7. Effect of gas flow rate on soot oxidation rate and CO2 selectivity of plasma-catalytic soot oxidation at 30th min over V/MCM-41 and V/5A catalysts (Discharge power: 20 W and reaction temperature: 25 °C). 
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Figure 8. Effect of reaction temperature on soot oxidation rate and CO2 selectivity of plasma-catalytic soot oxidation at 30th min over V/MCM-41 and V/5A catalysts (Discharge power: 20 W and gas flow rate: 500 mL·min−1). 
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Figure 9. Experimental system for plasma-catalytic soot oxidation. 
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Table 1. Physicochemical parameters of the V/M catalysts.
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	Catalyst
	Specific Surface Area (m2∙g−1)
	Pore Volume (cm3∙g−1)
	Pore Diameter (nm)
	V4+/(V4+ + V5+) (%)
	Oads/(Oads + Olatt)

(%)
	H2 Consumption (mmol∙g−1)
	O2 Uptake (μmol∙g−1)





	V/MCM-41
	817
	0.74
	3.6
	47.4
	59.8
	0.112
	0.332



	V/mordenite
	383
	0.24
	2.5
	45.8
	57.2
	0.109
	0.327



	V/USY
	670
	0.43
	2.6
	37.2
	56.5
	0.122
	0.239



	V/5A
	354
	0.33
	3.7
	33.7
	54.6
	0.118
	0.169
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