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Abstract

:

The purpose of this study is to explain how plasma improves the performance of selective catalytic reduction (SCR) of nitrogen oxides (NOx) with a hydrocarbon reducing agent. In the plasma-coupled SCR process, NOx reduction was performed with n-heptane as a reducing agent over Ag/γ-Al2O3 as a catalyst. We found that the plasma decomposes n-heptane into several oxygen-containing products such as acetaldehyde, propionaldehyde and butyraldehyde, which are more reactive than the parent molecule n-heptane in the SCR process. Separate sets of experiments using acetaldehyde, propionaldehyde and butyraldehyde, one by one, as a reductant in the absence of plasma, have clearly shown that the presence of these partially oxidized compounds greatly enhanced the NOx conversion. The higher the discharge voltage, the more the amounts of such partially oxidized products. The oxidative species produced by the plasma easily converted NO into NO2, but the increase of the NO2 fraction was found to decrease the NOx conversion. Consequently, it can be concluded that the main role of plasma in the SCR process is to produce partially oxidized compounds (aldehydes), having better reducing power. The catalyst-alone NOx removal efficiency with n-heptane at 250 °C was measured to be less than 8%, but it increased to 99% in the presence of acetaldehyde at the same temperature. The NOx removal efficiency with the aldehyde reducing agent was higher as the number of carbons in the aldehyde was more; for example, the NOx removal efficiencies at 200 °C with butyraldehyde, propionaldehyde and acetaldehyde were measured to be 83.5%, 58.0% and 61.5%, respectively, which were far above the value (3%) obtained with n-heptane.
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1. Introduction


Nitrogen oxides (NOx), together with volatile organic compounds (VOCs), are the main contributors to the generation of particulate matters or photochemical smog [1]. Although there are several conventional technologies for NOx removal, the ones based on catalysts are regarded as the most reliable and effective [2,3,4,5]. Generally, most of the catalysts used for the removal of NOx from exhaust gases have excellent activity at high temperatures of 250–450 °C [6,7,8], but the catalytic activity sharply decreases at lower temperatures. Up to now, many researchers have made great efforts to improve catalytic NOx reduction performances at low temperatures [9,10,11,12]. Particularly, when the temperature of exhaust gas fluctuates, it is very important to improve low-temperature catalytic activity to maintain a stable NOx reduction efficiency.



In order to improve the NOx reduction performance at low temperatures, a method of enhancing the reactivity in the catalyst by changing the NO/NO2 ratio of the exhaust gas [11,12], or a method of improving the low-temperature catalytic activity by combining non-thermal plasma with catalysis [9], have been studied by many researchers. It has been reported that adjusting the NO/NO2 ratio to around 1/1 in ammonia selective catalytic reduction (NH3-SCR) results in the best catalytic activity, which is known as a fast selective catalytic reduction (SCR) reaction (NO + NO2 + 2NH3 → 2N2 + 3H2O) [13,14]. It has also been reported that increasing the NO2 concentration in the hydrocarbon SCR (HC-SCR) improves the reactivity [15]. In the case of plasma-coupled catalytic processes, NOx can be more effectively removed by the oxidation of NO to NO2 and partial oxidation of hydrocarbon [16,17].



A method of combining a plasma technique with a catalyst includes a one-stage method of generating plasma in a catalyst bed [17,18,19,20], and a two-stage configuration in which a catalytic reactor is installed downstream of the plasma reactor [16,21,22]. Jiang et al. [23] and Guan et al. [24] were able to effectively remove NOx using a two-stage reactor configuration in NH3-SCR. Besides, NOx was successfully removed over a wide range of temperatures with a high efficiency using a hydrocarbon as a reducing agent in a two-stage or one-stage reactor configuration [16,17,25]. In any case, it has been proven by many researchers that plasma could enhance the catalytic activity for NOx reduction, but it is still unclear how plasma promotes the catalytic reaction. It is understood that when the plasma is applied to the NH3-SCR, the oxidation of NO to NO2 by plasma plays a key role in the enhancement of NOx removal, as already revealed in the fast SCR reaction [12,26]. However, in the case of HC-SCR, it is not clear why the plasma increases the catalytic reduction performance. Some researchers have interpreted that the formation of NO2 by the oxidation of NO leads to an enhancement in NOx removal [16,17,27], and others explain the improvement of NOx reduction performance by the production of reactive intermediates from the decomposition of a hydrocarbon-reducing agent by plasma reforming [22,28].



In this study, systematic experiments have been conducted to understand the effect of plasma on the catalytic performance in HC-SCR and what mechanisms are involved in the enhancement of catalytic NOx reduction. The catalyst used in this work was gamma alumina-supported silver (Ag/γ-alumina). A one-stage plasma-catalytic reactor configuration has been employed so that the plasma could directly affect the catalyst. The NOx reducing agent used in this work was n-heptane (n-C7H16). First, in order to confirm the effect of NO2 formation on the catalytic reaction, the NO/NO2 ratio was artificially controlled, and its effect on the NOx removal rate was carefully examined. Another experiment was about the effect of hydrocarbon decomposition products on the catalytic reactions. The kinds of decomposition products produced when n-heptane is decomposed by plasma were analyzed. The identified decomposition products were used as reducing agents, one by one, to see whether the decomposition products actually increase the NOx removal performance, and if so, which decomposition product increases the NOx removal the most. Through such systematic experiments, we have tried to identify the mechanisms by which plasma increases NOx removal performance in the HC-SCR.




2. Results and Discussion


2.1. Plasma-Coupled SCR of NOx


The discharge powers determined at different voltages and temperatures are given in Figure 1a. As shown, the discharge power was mainly affected by the discharge voltage. Figure 1b shows the measured NOx conversions as a function of the applied voltage at several temperatures in the range of 100–250 °C, where the measurement at 0 kV indicates NOx removed only by the catalyst. As can be seen, the NOx conversion increased with increasing the voltage at all temperatures. Particularly, the higher the reactor temperature, the more rapid the increase of the NOx conversion rate as the voltage increased. These results show that the plasma affects the catalytic reaction in some way, and similar results have been obtained in many previous studies [21,22,23,24,25,26,27]. In Figure 1c, n-heptane consumptions at different voltages and temperatures are presented. The higher the reaction temperature and voltage were, the higher the n-heptane consumption was, which agrees well with Figure 1b. Figure 1d compares the NOx conversions of the plasma-coupled SCR with those of the SCR alone when the applied voltage was 25 kV. As shown in the figure, the NOx conversion rate increased sharply by 30–80%, depending on whether plasma was generated in the catalyst bed or not. This result suggests that the plasma helps the catalyst to maintain its catalytic activity for NOx reduction over a wide range of temperatures. Figure S1 shows a typical Fourier Transform Infrared (FTIR) spectrum of the effluent, where it can be observed that the main products from n-heptane were CO2 and CO. During the plasma-catalytic reaction, some part of NOx was converted into nitrous oxide (N2O). The inset presents the concentration of nitrous oxide as a function of discharge voltage. The concentration of nitrous oxide increased from 16 to 29 ppm with increasing the voltage from 12 to 21 kV, and then decreased to 21 ppm at 25 kV.



In the case of NH3-SCR, it is interpreted that the improvement of the catalytic activity by the plasma is attributed to the formation of NO2 by oxidation of NO [23,24]. Although the fact that plasma improves the performance of HC-SCR has been experimentally proven in many studies [16,17,22,27,29], the role of the plasma has not yet been clearly elucidated.




2.2. Effect of NO2 Fraction on the Catalytic Reduction of NOx


It was a matter of concern whether the formation of NO2 in the HC-SCR enhances NOx reduction, as in the NH3-SCR. First, in order to clarify the effect of plasma generation on the oxidation of NO to NO2, several sets of experiments were carried out by filling bare γ-alumina in the quartz tube (i.e., without loading Ag). The feed consisted of NO 285 ppm and NO2 15 ppm. For these NO oxidation experiments, n-heptane, a reducing agent, was not injected. Figure S2 in the Supplementary Materials shows the outlet NO and NO2 concentrations as a function of discharge voltage. As expected, as the voltage increased, NO decreased and NO2 increased, but the total NOx (NO + NO2) remained almost constant. The increase in the NO oxidation rate when the voltage increased is, of course, because more oxidative active species were produced. The main reaction scheme for NO oxidation can be found in the literature [25]. Anyhow, ozone and O radicals generated by the plasma can easily oxidize NO to NO2 as shown in the figure. Ozone is one of key oxidants produced by the plasma that can easily oxidize NO to NO2. Thus, tens to hundreds ppm of ozone generated by the plasma effectively increases the concentration of NO2. Ozone reacts with NO in a one to one stoichiometry, and the rate of reaction for the oxidation of NO to NO2 is very fast (almost completed in a few tens of milliseconds) [30]. Thus, unless the discharge power is unreasonably high, ozone slip is negligible. The concentration of ozone is proportional to the applied voltage (discharge power). At unreasonably high discharge power, NO2 can be further oxidized to NO3 and N2O5 [31,32]. Thus, the discharge power should be limited to avoid ozone slip and further oxidation of NO2 to NO3 and N2O5.



The following experiment was conducted to investigate the effect of NO2 fraction in NOx on the NOx conversion. To investigate whether the NOx conversion rate really increases as the NO2 fraction increases, as reported in the literature [16,17,27], catalytic NOx reduction was investigated by gradually increasing the NO2 fraction. Figure 2a shows the NOx conversion according to the NO2 fraction in NOx, and Figure 2b presents the concentrations of unreacted NO and NO2. The NO2 fraction in the feed gas was varied in the range of 5–85% with keeping the NOx concentration at 300 ppm. The concentration of the reducing agent, n-heptane, was 257 ppm, which is equivalent to six times the NOx concentration on a C1 basis. As shown in Figure 2a, as the NO2 fraction increased, the NOx conversion tended to unexpectedly gradually decrease, implying that the increase in NOx conversion by the plasma in the HC-SCR is not due to the oxidation of NO to NO2. In the case of NH3-SCR, the oxidation of NO to NO2 by the active components produced by plasma has been reported to have the greatest effect on the conversion rate improvement [23,24]. However, in HC-SCR, the cause of NOx conversion increase by plasma must be found elsewhere.




2.3. Effect of n-Heptane Decomposition Products on the Catalytic Reduction of NOx


When n-heptane is decomposed by plasma, decomposition products may show better performance as a reducing agent than n-heptane itself. According to the literature [28,33], when the diesel fuel was reformed from the outside of the reactor using plasma and injected into the reactor as the reducing agent, the catalytic NOx conversion was substantially improved. This increase of NOx conversion was interpreted by the production of oxygenated hydrocarbons, such as aldehydes and alcohols, which are reformed products of diesel fuel [28]. In a similar vein, n-heptane, a reducing agent used in this study, can decompose in the plasma-SCR reactor into oxygenated hydrocarbons and improve NOx conversion. First, gas chromatography and FTIR spectroscopy were used to identify what kinds of decomposition products were formed by plasma. Figure 3a shows the gas chromatography (GC) chromatogram obtained by injecting only n-heptane (257 ppm) into the reactor without injecting NOx to see what decomposition products are formed by the plasma from n-heptane. According to the GC chromatogram obtained at 25 kV, major decomposition products of n-heptane were found to be oxygenated hydrocarbons, like acetaldehyde, propionaldehyde and butyraldehyde. Even though many unidentified low molecular weight hydrocarbons other than aldehydes were also produced as shown, the most abundant n-heptane decomposition products were such aldehydes. Figure S3 in the Supplementary Materials shows the concentrations of acetaldehyde, propionaldehyde and butyraldehyde as a function of discharge voltage. As is well-known, plasma-induced reactive species such as energetic electrons, radicals (O, OH, N) and ozone are involved in the formation of oxygenated hydrocarbons. It has been shown above that the increased NOx conversion by plasma is not due to the formation of NO2, which suggests that the decomposition products of n-heptane promote NOx reduction reactions. Figure 3b shows the GC chromatogram obtained by injecting both n-heptane (257 ppm) and NOx (300 ppm) into the reactor when the temperature was 250 °C. As seen, the aldehyde concentrations largely decreased, indicating that they were consumed by quickly reacting with NOx on the catalyst surface.



In order to investigate whether aldehyde is effective at NOx conversion, several sets of catalyst-alone NOx removal experiments were carried out by injecting acetaldehyde, propionaldehyde and butyraldehyde, one by one, as a reducing agent. The concentration of each reducing agent was six times the NOx concentration on a C1 basis. The experimental results are shown in Figure 4. As seen in the figure, acetaldehyde, propionaldehyde and butyraldehyde exhibited better NOx removal performance than the parent reducing agent n-heptane; the higher the molecular weight among the aldehydes, the higher the NOx conversion. This result clearly shows that the main role of plasma in the plasma-coupled HC-SCR process is to decompose hydrocarbons to produce degradation products with better reducing power than the parent hydrocarbon itself. As shown in Figure 3a, n-heptane decomposition produces such aldehydes. It is thought that the HC-SCR reaction proceeds with the decomposition reactions of hydrocarbon [15,34]. In order for n-heptane to serve as a reducing agent for NOx removal, it must first be decomposed through a series of complicated reaction steps. Since aldehydes are already in such a decomposed state, it is natural that NOx reduction performance should increase when an aldehyde is used as a reducing agent. It has been reported that the reactions taking place in HC-SCR involve the production of ammonia (NH3) via the formation of oxygenated hydrocarbons (CxHyOz) [34,35,36]. For example, alkanes (RH) produce aldehydes like CH3CHO through sequential oxidation reactions via alkoxy (RO) or alkyl (R) that are unstable intermediates, and aldehydes are eventually converted into NH3 via isocyanate intermediate (NCO) on the catalyst surface [34]. For example, some of the pathways leading to NH3 for the alkanes (C3–C10) are:


   RH → RO →  C 2   H 5  O →   CH  3  CHO   



(1)






   RH → R →  C 2   H 5  O →   CH  3  CHO   



(2)






     CH  3  CHO →   CH  3  CO  →  NO     CH  3    NO  2  →   CH  2    NO  2  → NCO →   NH  3    



(3)






    C 2   H 5  O →  C 2   H 4  →   CHCH  3  →   CH  3  O → HCHO   



(4)






   HCHO → HCO → CH → NCO →   NH  3    



(5)







Once NH3 is formed, subsequent reactions are identical to those in NH3-SCR:


   4 NO +   4 NH  3  +  O 2  →   4 N  2  +   6 H  2  O   



(6)






     6 NO  2  +   8 NH  3  →   7 N  2  +   6 H  2  O   



(7)







When plasma is combined, aldehydes are formed by the decomposition of hydrocarbon, as discussed earlier. That is, since the step of converting the hydrocarbon to aldehydes is omitted, the above process can be performed more quickly in the presence of plasma. The concentration of NH3 measured at the reactor outlet was below the detection limit. Based on this result, it is considered that ammonia immediately reacts with NOx as soon as it is formed via the Reactions (1)–(5).



In relation to Figure 4, the concentrations of remaining aldehydes after the catalytic reactions without plasma are presented in Figure 5. As shown in the figure, the concentrations of the aldehydes decreased more rapidly than n-heptane. Among the aldehydes, the concentration of butyraldehyde decreased the fastest, followed by propionaldehyde and acetaldehyde, which shows a good agreement with the results in Figure 4.



As a further experiment, NO-rich feed gas (NO: 285 ppm; NO2: 15 ppm) and NO2‑rich feed gas (NO: 45 ppm; NO2: 255 ppm) were separately treated with acetaldehyde and n-heptane as a reducing agent, and the results are given in Figure 6. When n-heptane was used as a reducing agent, the NOx conversion of the NO-rich feed gas was shown to be better than that of NO2‑rich feed gas, as in Figure 2. Similarly, it is clear in Figure 6 that even if acetaldehyde is used as a reducing agent, NO-rich feed gas is more easily reduced than NO2-rich feed gas. With acetaldehyde, the NOx conversions at 200 °C were 61.5% and 21% for the NO-rich and NO2-rich feed gas, respectively, exhibiting about 40% difference in the NOx conversion. At 250 °C, the difference in the NOx conversion was also substantial; the NOx conversions for the NO-rich and NO2-rich feed gas were 99% and 68%, respectively. When the reaction temperature was further increased, the difference in the NOx conversion between the NO-rich and NO2-rich feed gas became negligible. In the case of NH3-SCR, it has been reported that the best catalytic activity can be achieved by adjusting the NO/NO2 ratio to around 1/1 [13,14]. Unlike NH3-SCR, however, the formation of NO2 in HC-SCR had a negative effect on the NOx reduction, even with equal amounts of NO and NO2 (see Figure 2). The results in Figure 6 show again that the improvement of HC-SCR performance by plasma is not due to the formation of NO2.





3. Experimental Section


3.1. Materials


The catalyst Ag/γ-Al2O3 was prepared by mixing 20-nm Ag nanoparticles (CNVISON Co., Ltd., Seoul, Korea) and γ-Al2O3 support (specific surface area: 175 m2 g−1; Alfa Aesar, Ward Hill, MA, USA). The mixture was well-blended so that the Ag nanoparticles were uniformly dispersed. The Ag loading in the prepared catalyst was 2 wt %. Previous studies reported that silver supported on γ-alumina exhibited high catalytic activity in the hydrocarbon SCR process [37,38]. The Ag-loaded γ-Al2O3 was dried overnight at 110 °C to drive off water, and then a thermal treatment was performed at 550 °C for 6 h to remove any possible impurities. After the thermal treatment, pelletizing, crushing and sieving were performed. Only the granules having a size of 1.18–3.35 mm were selected and used as the catalyst. Figure 7 shows transmission electron microscope (TEM, JEM-2100F, JEOL, Tokyo, Japan) images of the 20-nm Ag nanoparticles and the prepared catalyst. The analysis by means of a surface area and pore size analyzer (Autosorb-1-mp, Quantachrome Instruments, Boynton Beach, FL, USA) showed that the pore of the catalyst was in the form of a cylinder, a typical IV shape defined by IUPAC. Miessner et al. [29] reported that the pore size distribution is an important factor in the catalytic activity, and pore and pore size distributions below 5 nm are essential for the SCR process. The average pore size of the prepared catalyst was ~3 nm (pore volume: 0.45 cc g−1), and confirmed to be suitable for the SCR process.




3.2. Methods


Figure 8 shows the schematic diagram of the plasma-coupled SCR reactor system. The plasma-SCR reactor is composed of a quartz tube having an inner diameter of 17.5 mm (thickness: 1.5 mm) and a discharging electrode (3.5 mm stainless steel) inserted coaxially in the center of the quartz tube. An aluminum foil (length: 5 cm) was wrapped around the quartz tube and used as the ground electrode. When an alternating current (AC) high voltage is applied between the discharging and ground electrode, plasma is generated inside the quartz tube. Plasma is created only in the area wrapped by the aluminum foil. The catalyst pellets were packed in the plasma generation region, and the filling length was 5 cm (8.8 g; 11.5 cm3). Quartz wool was used to fix the catalyst bed at both ends. The plasma-SCR reactor was installed in a furnace (DTF-50300, Daeheung Science Co., Incheon, Korea) equipped with a proportional-integral controller (PID controller) to control the reaction temperature.



The total flow rate of the feed gas injected into the plasma-SCR reactor was 2 L min−1 (space velocity: 10,400 h−1). The feed gas consisted of N2 (87.3%), O2 (9.7%), H2O (3%) and NO (300 ppm). The flow rate of each gas was precisely controlled by a mass flow controller (MFC-500, Atovac Co., Yongin, Korea). The reducing agent, i.e., n-heptane (Sigma-Aldrich, St. Louis, MO, USA) was injected at the desired concentration by using its vapor pressure. As depicted in Figure 8, a porous gas diffuser was immersed in a bottle containing n-heptane and nitrogen gas was flowed through the diffuser to be saturated with n-heptane. The nitrogen saturated with n-heptane was mixed with N2, O2, H2O and NO. The concentration of n-heptane is determined by the flow rate of nitrogen flowing through the diffuser. To keep the vapor pressure of n-heptane constant during the experiment, the bottle containing n-heptane was maintained at 10 °C using a water bath. The concentration of n-heptane was six times the NOx concentration on a C1 basis. In our previous work [39], it has been found that the optimum C1/NOx ratio is 6. Bao et al. [33] also reported that the highest NOx conversion efficiency of HC-SCR was achieved at a C1/NOx ratio of 6–7. The method of injecting water vapor using the vapor pressure was the same as that of injecting n-heptane. The bottle containing distilled water was maintained at 25 °C.



The electric power delivered to the plasma-SCR reactor was changed by varying the voltage applied between the discharging and ground electrode (operating frequency: 60 Hz). The power dissipated in the plasma-SCR reactor was determined by the Lissajous charge-voltage figure [19]. A capacitor was connected in series to the plasma-SCR reactor to measure the charge. The voltages across the electrodes of the plasma-SCR reactor and the capacitor were measured with a 1000:1 high-voltage probe (Probe P6015, Tekronix, Beaverton, OR, USA) and a 10:1 voltage probe (P69139, Tekronix, Beaverton, OR, USA), respectively. The measured voltages were recorded on a digital oscilloscope (TDS 3034, Tekronix, Beaverton, OR, USA). Figure 9 shows photos of the plasma discharge taken by increasing the applied voltage from 11 to 25 kV. At lower voltages, the plasma was created near the discharging electrode and inner wall of the quartz tube. At higher voltages, the plasma covered the whole catalyst bed, but the plasma created near the discharging electrode and inner wall of the quartz tube was still intense.



The energy consumed in the plasma–catalytic reactor depends on the discharge voltage. In order to estimate the energy consumption of the plasma–catalytic reactor, the specific input energy (SIE) was calculated based on the discharge power in Figure 1a as follows:


   S I E   ( J / L ) =   P   ( W )   Q   ( L / s )     



(8)




where P is discharge power, and Q is gas flow rate. For information, the gas flow rate of 2 L min−1 is equivalent to 0.0333 L s−1. The relation between the value of SIE and the discharge voltage is shown in Figure 10.



The concentrations of NO and NO2 were analyzed using a NO-NO2 analyzer (rbr-Computertechnik GmbH, DE/dcom-KD, Iserlohn, Germany). A Fourier transform infrared spectrophotometer (FTIR-7600, Lambda Scientific, Edwardstown, Australia) was used to analyze the concentrations of n-heptane, CO and CO2. The resolution of FTIR was set to 1 cm−1, and the number of measurement iterations was set to 10. The path length of the infrared gas cell was 16 cm and the window material was CaF2. The decomposition products of n-heptane were identified and quantified by a gas chromatograph (Bruker 450-GC, Fitchburg, WI, USA) equipped with a flame ionization detector (FID) and a 60-m long capillary column (BR-624ms, Bruker, Fitchburg, WI, USA). The concentration of ammonia was measured using a chemical detector tube (Product No. 3L; Measuring range 0.5–78 ppm; Gastec Co., Tokyo, Japan).





4. Conclusions


In the present catalytic NOx reduction system with Ag/γ-Al2O3, the NOx conversion was improved by 30–80%, depending on whether plasma was generated in the catalyst bed or not. This work focused on identifying the role of plasma and understanding the mechanisms involved in the plasma-enhanced HC-SCR. In the plasma-coupled catalytic system, plasma readily oxidized NO to NO2 and decomposed the hydrocarbon reducing agent. Unlike NH3-SCR, the formation of NO2 in HC-SCR was found to negatively affect the conversion of NOx, and the main cause of plasma-enhanced NOx conversion was the formation of oxygenated hydrocarbons such as acetaldehyde, propionaldehyde and butyraldehyde. Through several sets of experiments carried out by injecting each aldehyde separately as a reducing agent, it was shown that the aldehydes had much higher NOx reduction capability than n-heptane. Particularly, the more the number of carbons in the aldehyde molecule, the higher the NOx conversion was. Thus, it can be concluded that the main role of plasma in the HC-SCR is to produce oxygenated compounds with better reducing capability.
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The following are available online at www.mdpi.com/2073-4344/7/11/325/s1, Figure S1: Typical FTIR spectrum of the effluent obtained at a voltage of 18 kV (the inset shows the N2O concentration as a function of discharge voltage), Figure S2: NO and NO2 concentrations at the reactor outlet as a function of discharge voltage, Figure S3: Concentrations of n-heptane decomposition products such as acetaldehyde, propionaldehyde and butyraldehyde as a function of discharge voltage.
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Figure 1. (a) Discharge powers at different voltages and temperatures; (b) NOx conversions as a function of the applied voltage; (c) n-heptane consumption efficiencies at different voltages and temperatures; and (d) comparison of the NOx conversions of the plasma-coupled HC-SCR with those of the HC-SCR alone. 
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Figure 2. (a) Variations of the NOx conversions according to the NO2 fraction in NOx and (b) concentrations of unreacted NO and NO2. 
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Figure 3. (a) GC chromatogram of the n-heptane decomposition products and (b) GC chromatogram of the reaction products of n-heptane and NOx (n-heptane: 257 ppm; temperature: 250 °C; applied voltage: 25 kV). 
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Figure 4. Catalyst-alone NOx conversions obtained with n-heptane, acetaldehyde, propionaldehyde and butyraldehyde (C1/NOx: 6). 
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Figure 5. Concentrations of remaining aldehydes and n-heptane after the catalytic reactions without plasma (C1/NOx: 6). 
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Figure 6. Comparison of the NOx conversions between the NO-rich feed gas and NO2‑rich feed gas for the acetaldehyde and n-heptane reducing agents. 
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Figure 7. TEM images of (a) the 20-nm Ag nanoparticles and (b) the prepared Ag/γ-Al2O3 catalyst. 
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Figure 8. Schematic diagram of the plasma-coupled HC-SCR reactor system. 
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Figure 9. Photos of the plasma discharge at different voltages from 11 to 25 kV. 






Figure 9. Photos of the plasma discharge at different voltages from 11 to 25 kV.



[image: Catalysts 07 00325 g009]







[image: Catalysts 07 00325 g010 550] 





Figure 10. Effect of discharge voltage on the specific input energy. 
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