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Abstract

:

The abatement of toluene was studied in a sequential adsorption-plasma catalysis (APC) process. Within this process, Hopcalite was used as bifunctional material: as adsorbent (storage stage) and as catalyst via the oxidation of adsorbed toluene (discharge stage). It was observed that the desorption and oxidation activity of the adsorbed toluene was significantly affected the process variables. In addition, the adsorption time influenced the CO2 selectivity and CO2 yield by changing the interaction between the catalyst and the plasma generated species. At least four APC sequences were performed for each examined condition suggesting that Hopcalite is very stable under plasma exposure during all the sequences. Consequently, these results could contribute to advance the plasma–catalyst system with an optimal VOC oxidation efficiency. The catalytic activity, amount of toluene adsorbed, amount of toluene desorbed and product formation have been quantified by FT-IR. Moreover, the catalyst was characterized by XRD, H2-TPR, N2 adsorption–desorption analysis and XPS. Hopcalite shows a good CO2 selectivity and CO2 yield when the APC process is performed with an adsorption time of 20 min and a plasma treatment with a discharge power of 46 W which leads to a low energy cost of 11.6 kWh·m−3 and energy yields of toluene and CO2 of 0.18 (±0.01) g·kWh−1 and 0.48 (±0.06) g·kWh−1 respectively.
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1. Introduction


Owing to rapid industrialization and urbanization, the production of volatile organic compounds (VOCs) is increasing, which in turn is one of the main reasons for the development of photochemical smog [1,2]. Considering the harmful effect on the atmosphere and human health, the removal of VOCs is attracting a lot of researcher’s attention [3]. Among different VOCs, the removal of toluene is particularly important as it is one of the main VOCs serving as a significant contributor to the production of photochemical smog [4]. Numerous technologies such as adsorption [5], ozone oxidation [6], catalytic oxidation [5], and thermal catalytic combustion [7] have been used to address the abatement of high concentrations of VOCs. Each of these technologies has its own advantages and drawbacks.



Among these available removal technologies, non-thermal plasma (NTP) is a promising method for VOC removal. This is due to its non-equilibrium character, its fast reaction, its low energy cost, and the fact that the process operates at ambient temperature (the temperature of the energetic electrons can however reach 104–105 K) and atmospheric pressure. In this case, the availability of energy can break chemical bonds of reactive molecules which leads to a variety of reactive species such as free radicals, ions, excited atoms, and excited molecules. However, incomplete degradation of the VOCs, poor selectivity to CO2, toxic and unwanted byproducts formation (such as CO, O3, and organic intermediates) and overall low energy efficiencies make NTP systems impractical. Consequently, it is very important to find an alternative approach to address the major drawbacks associated with NTP systems. One of the most popular approaches used to optimize the process is to add a catalyst [8] either in the plasma reactor itself (in-plasma catalysis) or in the downstream of the plasma reactor (post-plasma catalysis). In the in-plasma catalysis configuration, plasma treatment can take place either in a continuous mode or in a sequential mode. However, in the continuous approach, electrical energy is continuously applied to the gas stream to be treated and, as a result, the energy consumption is high.



To reduce this energy consumption, the plasma process can be performed in a sequential mode. In this sequential mode or a so-called adsorption-plasma catalysis (APC) process, the VOC is first stored on the catalyst (storage stage) keeping the plasma discharge off. Then, the stored VOC is oxidized into CO2 by igniting the plasma (discharge stage) [9,10]. This interesting approach helps to reduce the high energy consumption of classical in-plasma catalysis systems which in turn contributes to an improved energy efficiency [11]. Sivachandrian et al. [12] found that the sequential process consumes ten times less energy to produce the same number of CO2 species than that of the continuous NTP treatment of isopropanol. In addition, the reviews on sequential adsorption-plasma systems written by Thevenet et al. [13], and Sultana et al. [14] also evidence that by amplifying the adsorption stage and/or shortening the discharge period, the energy consumption can be further reduced. In order to improve the catalytic efficiency, to reduce the unwanted byproducts and to limit the energy cost during an APC process, an efficient bifunctional catalytic material is required. First of all, the material should be a good adsorbent to increase the duration of the storage stage and thus to reduce the energy cost (i.e., adsorption/storage stage duration (t1) > discharge time (t2)). In addition, the material should possess good catalytic properties to improve the selectivity and yield of the targeted product (CO2), and to reduce the formation of unwanted products or byproducts. In recent years, different catalysts such as zeolites [15], metal organic frameworks (MOFs) [16], noble metals [17], metal oxides [18] and their combinations have been investigated in APC. For example, Qin et al. [18] applied Ag-Mn (F)/γ-Al2O3 catalysts for the sequential adsorption-plasma catalytic removal of toluene and reported higher CO2 selectivity, CO2 yield and better carbon balance compared to catalysts prepared using other impregnation sequences. Wang et al. [19] reported that different metals (Ag, Mn, Ce) supported on HZSM-5 played an important role in catalytic performance and byproduct suppression. Among the binary metal oxides, CuMnOx is a powerful catalyst used for the oxidation of small molecules at low temperature, and thus, it can be a good candidate for VOC removal through APC. This bimetallic oxide, widely known as Hopcalite, is a porous amorphous material which shows excellent performance in oxidation reactions such as CO oxidation [20,21] and VOC total oxidation [22]. Considering its porosity and catalytic performances in total oxidation reactions, Hopcalite can be an effective candidate as a bifunctional material in an APC process, acting as an adsorbent in the storage phase and as a catalyst during the discharge stage.



Veerapandian et al. [23] previously used Hopcalite (Purelyst MD101) as a bifunctional material in an APC process for the removal of 500 ppm of toluene in dry air. A three-step sequence has been adopted consisting of (i) an adsorption/storage stage (t1 ≈ 300 min) consisting of a quasi-sorbent saturation of Hopcalite followed by (ii) a desorption step by air flushing to get rid of the reversibly adsorbed toluene and finally (iii) a discharge step (t2 = 60 min) making use of an NTP generated in air at a discharge power of 44 W to oxidize adsorbed toluene into CO2 and to regenerate the bifunctional catalyst. It has been found that the CO2 yield and CO2 selectivity (based on the amount of irreversibly adsorbed toluene) were improved from 60% to 62% and from 86% to 93% respectively, while using NTP regenerated Hopcalite when compared to fresh calcined Hopcalite. The first NTP exposure resulted in a partial transformation of Hopcalite into crystallized Mn3O4 with a decrease in the specific surface area by a factor of 2 but an increase of adsorbed surface oxygen versus lattice oxygen as determined by XPS. Such structural and textural transformations occur likely due to the exothermicity of the oxidative transformation of adsorbed toluene into CO2. However, these NTP induced transformations actually promote the performance of the APC process towards the transformation of toluene into CO2.



However, in a real abatement process the previously mentioned approach overestimates the useful adsorption capacity as reaching the nominal toluene inlet concentration would imply the release of a substantial amount of VOC in the outlet stream. To overcome this issue, it is necessary to assess the useful adsorption capacity, i.e., the adsorption of toluene taking place until a given threshold concentration (tolerable in the outlet stream) is attained. In our previous study, this approach has also been followed, but in that case two other techniques were combined (adsorption and a thermal oxidation process) [24]. Within the context of an APC process, Liu et al. [25] followed the above mentioned strategy for the removal of benzene over AgMn/HZSM-5. In this study, the adsorption of benzene took place till 2 µmol·g−1 of benzene adsorbed and the plasma exposure in air was performed for 24 min. Although the study showed interesting results, it was lacking a thorough characterization of fresh and used catalysts to have a close view on the catalytic behavior.



In this study, the removal of toluene at high concentration (500 ppm) using an APC process has been investigated over Hopcalite. To reduce the VOC release at the exit of the reactor during the storage stage and to reduce the exothermicity of the NTP induced oxidation of adsorbed toluene over Hopcalite, the effect of low toluene storage stage time duration (t1) and of the applied discharge power P on the performance of the APC process have been studied in terms of catalytic and energetic performances. Furthermore, a four sequential APC experiment has also been performed to study the stability of Hopcalite with time. Finally, different physicochemical characterizations including XRD, H2-TPR, N2 adsorption–desorption analysis and XPS have been conducted to detect eventual modifications of the bifunctional material.




2. Results and Discussion


2.1. Effect of Toluene Exposure Time on APC Process Performances


The effect of toluene exposure time on the amount of adsorbed toluene has been investigated using a gaseous effluent of 500 ± 10 ppmv of toluene/air (0.2 L·min−1) at 25 °C. Five low-term toluene exposure times (5, 10, 20, 30, and 40 min) have been chosen allowing promotion of the amount of irreversibly adsorbed toluene. Figure 1a shows the toluene concentration profiles during the adsorption storage stage for all adsorption time spans under study. For the examined low toluene exposure times, the toluene concentration evolutions during the first 15 min match that of the FT-IR response observed during the purge of an empty reactor (Figure 1a). After reaching that time, the concentration of toluene increases as a function of time and the resulting curves mostly overlap. Taking into account these observations, it is considered that all introduced toluene is irreversibly adsorbed on the material until the slope of the toluene concentration becomes positive. Hence, at the beginning of the experiments, most of the toluene in the simulated exhaust gas is removed from the gas phase due to strong adsorption on the surface of Hopcalite. After ~15 min, the concentration of toluene at the outlet of the reactor gradually increases. This may be due to the lower availability of vacant surface sites which can get occupied by toluene which leads to the creation of repulsive forces between adsorbate present on the adsorbent surface and in the gas bulk phase. The total amount of toluene adsorbed on the Hopcalite packed bed increases quite linearly from 16.7 to 70.6 µmol·g−1 as a function of time (Table 1).



After the adsorption step, the NTP exposure step has been performed in dry air (0.2 L·min−1) at a discharge power of 46 W using a time span of 60 min. During NTP exposure, toluene, CO2, N2O, NO2, NO, and H2O are the only gaseous species detected at the outlet of the reactor by FT-IR, as shown in Figure 2. This work will only focus on the quantification of the desired end product (CO2) as the quantification of H2O, NO2, and N2O was not possible as the instrument was not calibrated for these species. Figure 2b represents an enlargement of the FT-IR spectrum (4 min of NTP exposure) of the effluent from the DBD reactor, which revealed the desorption of toluene at the beginning of the NTP discharge stage. To summarize, during the discharge stage, in addition to the desorption of reversibly adsorbed toluene molecules, an eventual break down of irreversibly adsorbed toluene into CO2 and H2O is observed. Interestingly, the formation of NOx species appears only after approx. 10 min of reaction and is observed continuously after 20 min. Thus, no or little NOx is produced during the CO2 production supposedly because the oxidation active sites are occupied by adsorbed toluene. Once toluene is fully converted, these sites become active for N2 oxidation. This feature opens the path for a significant reduction of NOx production by adjusting the NTP discharge time to the minimum required for the combustion of adsorbed toluene and the regeneration of the catalyst.



As shown in Figure 1b, during NTP exposure, toluene desorbs as one desorption peak in each experiment. The transient desorption of toluene is short in time, and the maximal desorbed toluene concentration is reached after 2 to 4.5 min of plasma exposure and returns to baseline after 12 min of plasma exposure. While the onset of the peak formation as well as the desorption peak maximum occur at the same time from a toluene exposure time above 10 min, these positions are shifted to a higher plasma exposure time when the toluene exposure time decreases below 10 min indicating that the species are more strongly bonded to the surface when the overall amount of adsorbed toluene is smaller. The amount of desorbed toluene varies from 0.2 to 15.1 µmol·g−1 (labelled as “qtoluene unconverted” in Table 1) to be compared to the total amount of toluene adsorbed (16.7 to 70.6 µmol·g−1). The difference between the adsorbed toluene and unconverted toluene is stated as “qtoluene converted”, which is in the range of 16.5–55.5 µmol·g−1. It thus turns out that the toluene conversion (%) decreases from 99% to 79% with increasing the storage stage duration t1.



As previously mentioned, when the NTP is ignited, CO2 is produced. As seen in Figure 1c, the CO2 concentration profiles are characterized by intense production envelopes revealing two steps of CO2 formation for all experiments. The transient productions reach the first maximum (shoulder) value between 1 and 3 min of plasma exposure and the second maximum value between 7 and 9 min of plasma exposure and return to baseline beyond 20 min of plasma treatment. This type of behavior has been previously observed over Hopcalite whether it is by thermal desorption [24] or NTP exposure [23]. Most of the CO2 produced in the first minutes of NTP exposure is released in the gas phase and some surface sites are thus liberated. As a consequence, incomplete oxidized intermediates may remain in the adsorbed phase and get further oxidized under NTP exposure. This can explain the delayed formation of CO2 (second step).



The total carbon mass balance recovered by in-situ NTP treatment has been determined by considering the total amount of adsorbed toluene as 100%. CO2 quantified at the reactor downstream has been taken into account. The temporal profiles have been integrated and their relative contributions as YCO2 in the carbon balance of the NTP regeneration have been calculated. Based on that, YCO2 values have been calculated and the resulting values are reported in Table 1. It can be seen that these values are overestimated in the case of the first experiment due to the high uncertainty coming from the very short toluene exposure time of 5 min. Within 60 min of NTP treatment, excluding the first experiment, 98% to 82% of the total carbon mass balance has been recovered with the CO2 contribution amounting from 91% to 61%. Anyhow, the efficiency for toluene abatement into CO2 in terms of selectivity and yield and carbon balance (Table 1) increases with decreasing the toluene exposure time over Hopcalite. Similar observations have been also reported by Kim et al. [26] and Huang et al. [27]. The increasing amount of adsorbed toluene has been claimed to have negative effects on both the desorption of unconverted toluene and the efficiency of the oxidation process. Some carbon deposits on the inner walls of the plasma reactor and/or adsorbed species remaining on the packed bed material after the in-situ NTP treatment can account for the small carbon deficiency observed in this study, as was already previously reported in literature [24,28] in line with the absence of other gaseous organic species in the outlet of the reactor (observed by FT-IR).



To assess the energetic performance of the sequential APC process, the energy costs for purifying 1 m3 air (EC, kWh·m−3) and the energy yields EY(Tol) and EY(CO2) (g·kWh−1) corresponding to the amount of energy spent (i) to decompose the VOC, and (ii) to produce CO2 (qCO2), respectively, have been determined (Table 2). The EC values have been estimated by dividing the energy consumed in the discharge stage by the volume of polluted air fed on Hopcalite using Equation (3). The EC values lie between 46.5 and 5.8 kWh·m−3. As expected, the energy cost rapidly decreases with increasing storage time. EY(Tol) and EY(CO2) have been estimated by dividing the amount of toluene adsorbed and CO2 produced (qCO2) by the energy consumed as defined in Equations (4) and (5) respectively. When increasing the storage stage time by a factor 8, the removal of 1 g of toluene and the production of 1 g of CO2 requires less energy when compared to a short storage time. This study thus reveals that the duration of the storage stage of the APC process strongly affects its energetic performance.




2.2. Effect of Discharge Power on APC Process Performances


The effect of the adsorption time reveals that short adsorption periods favor the efficiency of the abatement process in terms of selectivity and yield towards complete oxidation of toluene, while longer adsorption periods are more favorable in terms of energy cost and efficiency. Therefore, for the further study over Hopcalite in this sequential abatement of toluene, a fixed adsorption time of 20 min has been chosen. The effect of the applied discharge power on the temporal evolution of toluene and CO2 during the NTP exposure has been investigated considering a storage time span (t1) of 20 min followed by an NTP discharge time (t2) of 60 min with an increased applied discharge power (40, 46, 52, and 72 W corresponding to a voltage amplitude of 6.5, 7.0, 7.5, and 8.0 kV, respectively), all other parameters being similar as before. It is noticed for all experiments that the temporal toluene profiles as shown in Figure 3a during the storage stage are quite similar to the temporal evolution of the amount of toluene adsorbed within the margin of error. Based on these temporal toluene profiles, the total amount of toluene adsorbed on the Hopcalite packed bed was determined and the results are presented in Table 3. The obtained qads values remain quite constant (43.8–45.4 µmol·g−1) as can be seen in Table 3. This can be attributed to the good efficiency of the NTP exposure for Hopcalite regeneration allowing to get at the start of each experiment a quasi-similar material.



As shown in Figure 3b, toluene desorbs again as one desorption peak in each experiment during NTP exposure. The transient desorption of toluene is however short in time: all toluene desorption profiles have a peak maximum at 2 min, except for the first desorption (40 W) whose maximum production occurs at 4 min. Consequently, the amount of toluene converted shows comparable values in the range 37–40 µmol·g−1 (see Table 3).



By opposition, the temporal profiles of the CO2 formed (qCO2) are significantly affected by the applied discharge power (Figure 3c). Although the envelope reveals again the two steps of CO2 formation for all experiments, the rate of qCO2 formation is strongly accelerated by the increase of plasma power as illustrated by an increase of the maximum CO2 concentration and the shortening of the overall oxidation process as plasma power increases. However, this is accompanied by a decrease in selectivity towards CO2 at powers above 46 W (see Table 3). Indeed, an optimum of selectivity and yield can be observed for a plasma power of 46 W. By using Equations (3) to (5), the EC, EY(Tol), and EY(CO2) values have also been determined and are reported in Table 3. The EC increases from 10 to 18 kWh·m−3 as power increases from 40 to 72 W. However, in the power range 40–52 W, there is a 25% decrease in EY(Tol) and EY(CO2). By opposition, when comparing the range of 40–52 W to 72 W, the energy yields drop by nearly half (50%). A low discharge power would therefore be recommended in terms of energy cost and efficiency when applying an APC abatement process.




2.3. Stability and Repeatability of Hopcalite in Adsorption-Plasma Catalysis


It is important that the adsorbent/catalyst performances of the bifunctional material are restored after plasma assisted regeneration. On purpose, Hopcalite for the adsorption of 500 ppm of toluene in dry air (0.2 L·min−1) for 20 min followed by air plasma exposure (0.2 L·min−1) for 60 min over four cycles of the APC technique has been investigated at a discharge power of 46 W. The time span of 20 min has been chosen to be a compromise between CO2 selectivity and energy performances. Figure 4a shows the concentration profile of gaseous toluene during the storage stage monitored over the 4 sequences. The useful toluene capacity is similar for all sequences as it remains constant at 46 ± 2 µmol·g−1 (Table 4). The lowest amounts of toluene adsorbed and toluene desorbed (Figure 4b) during the NTP exposure of 43.9 µmol·g−1 and 3.2 µmol·g−1, respectively, are observed for the first sequence. The temporal profiles of CO2 formed (Figure 4c) resemble those described before. It is noticed that the first qCO2 production is higher than the other ones and after that the envelopes are quasi-similar. Despite some variations between the different sequences, Hopcalite exhibited a rather good stability with a mean carbon balance (excluding the first sequence due to the deposition of some intermediates on the catalyst surface from the abatement of toluene) of about 88% and a CO2 selectivity of about 87%. Like previously, the EC, EY(Tol), and EY(CO2) values have been calculated by using Equations (3) to (5). The EC is stable at 11.6 kWh·m−3 for all sequences. Similarly, no significant discrepancies in EY(Tol) and EY(CO2) are found among the various sequences, with values of 0.18 (±0.01) g·kWh−1 and 0.48 (±0.06) g·kWh−1, respectively.




2.4. Characterization of Catalyst


The X-ray diffraction patterns of Hopcalite before and after a multi-sequential APC process (after 15 NTP exposures) are shown in Figure 5. Two low intense peaks localized at 37.2° and 68.2° in 2θ are shown for fresh Hopcalite indicating the presence of a mostly amorphous MnOx phase [29,30,31]. The peak at the higher 2θ angle is still present in the XRD profile after performing the multi-sequential APC process, but shifts to a lower 2θ angle, while also becoming more intense and broader. The broadening of the peak indicates that the material possesses a poor crystallinity after the APC process performed with multiple sequences.



Figure 6 displays the N2 adsorption–desorption isotherms and pore size distribution (PSD) of the fresh Hopcalite and the Hopcalite after reaction (after 15 NTP exposures). A similar type IV isotherm with a hysteresis loop in the P/P0 range of 0.42–1.0 showing the mesoporous character of the material is observed. A small decrease of the SBET from 232 m2·g−1 to 195 m2·g−1 is noticed while the mean pore diameter and pore total volume maintain constant at 8 nm and 0.45 cm3·g−1 after multiple NTP exposures, respectively (c.f. Table 5).



The surface state of Hopcalite before and after reaction was investigated by X-ray photoelectron spectroscopy (XPS) and the results are presented in Figure 7. The surface chemical states of the elements and the surface composition are also shown in Table 6 and Table 7 respectively. The XPS survey spectra reveal the presence of Cu, Mn, C, O, K, Na, and Al. The high-resolution Cu 2p envelopes are very similar before and after reaction. The Cu 2p3/2 peaks localized at binding energy of 933.4 eV ± 0.2 eV and the presence of satellites are indicative of divalent copper Cu2+ [28,32,33]. The Mn 2p3/2 envelopes can be successively decomposed considering a MnOOH species [34] in line with the Mn AOS (average oxidation state) of 3.1 estimated from the splitting of the two Mn 3s components [35]. The O 1s XPS spectra can be decomposed using three components: OI = 529.6 eV, OII = 531.1–531.5 eV and OIII = 533.4 eV. OI, OII and OIII have been assigned to surface lattice oxygen (O1att), surface adsorbed oxygen species (such as O2−, O22− O−, and OH−/CO32− group) denoted as Osurf and adsorbed H2O on the surface, respectively [36]. It is also noteworthy to mention that the XPS composition (Table 7) is rather similar for Hopcalite before and after 15 NTP exposures. The Olatt/Oads ratio of 1.17 for pristine Hopcalite also increases to 1.27 after 15 multiple NTP exposures, while OIII species are absent on the latter sample (c.f. Table 6 and Table 7). This suggests that the presence of a high amount of surface active oxygen species will exert a productive effect upon building the exceptional reversibility of the surface redox cycle during toluene oxidation. This explains the good catalytic activity and maintained CO2 selectivity of several sequences performed on Hopcalite. In our previous work, Veerapandian et al. [23] proposed a detailed mechanism of toluene abatement. It was suggested that the catalytic oxidation of toluene follows a Mars and Van Krevelen mechanism. Accordingly, adsorbed toluene species are oxidized by the lattice oxygen and gas phased oxygen re-oxidizes the oxygen vacancy. In Hopcalite, Cu and Mn can get easily oxidized and reduced in the reaction cycle. As shown by the XPS data, Cu+-Cu2+ and Mn3+-Mn4+ redox couples are mostly responsible for the catalytic properties of the material.



The H2-TPR profiles of the fresh Hopcalite and the Hopcalite after reaction (thus after 15 NTP exposures) shown in Figure 8 are complex [24] and quite similar except for the absence of the reduction peak at 149 °C for the Hopcalite after reaction. The absence of the peak at 149 °C for Hopcalite after reaction may be due to the reduction of CuOx into Cu (0) [31]. On the other hand, in comparison to the fresh catalyst, in which XPS and H2-TPR reveal the presence of the Cu2+, this latter species is absent in the H2 TPR profile of the used catalyst. However, the H2 consumption values are similar for the pristine and used Hopcalite (11 ± 2 mmol·g−1, c.f. Table 5). Moreover, the absence of the peak (at 149 °C) which corresponds to Cu2+ in H2 TPR does not influence the performance of Hopcalite in APC abatement of toluene.



The surface and bulk catalyst characterizations have confirmed that the structure, texture, reducibility, and surface composition of Hopcalite are mostly unaffected by the repeated sequences of toluene adsorption and plasma assisted oxidation. In addition, they also confirm the efficiency of the plasma process for the regeneration of the material.





3. Materials and Methods


3.1. Shaping and Activation of Hopcalite


Hopcalite (Purelyst MD101; CuO > 23 mol%, MnO2 > 69 mol%; PureSphere Co., Ltd., Nonsan-si, Korea) was purchased as pellets (diameter: 3 ± 0.5 mm: length: 10 mm). The pellets were crushed and the resulting powder was sieved to keep the particles of size range 200–300 μm. The black powder was calcined at 300 °C for 4 h in flowing dry air (2 °C·min−1, 0.2 L·min−1).




3.2. Material Characterization


Powder XRD patterns were obtained with a D8 Advanced Bruker AXS diffractometer (Cu Kα: 1.5406 Å). The 2θ angle was allowed to vary between 10° and 80° with a step size of 0.01° and an integration time of 1 s. N2 adsorption/desorption isotherms were measured at −196 °C using a Micrometrics TriStar II 3020 instrument. Prior to adsorption measurement, all samples were degassed at 150 °C for 5 h under vacuum (P = 0.05 mbar). The pore size distribution was obtained from the desorption branch of the isotherms using the Barrett–Joyner–Halanda (BJH) method. The total pore volume (Vp) was estimated from the amount of adsorbed nitrogen at P/P0 of 0.99. Hydrogen-temperature programmed reduction (H2-TPR) experiments were performed using a Micrometrics model autochem II. The materials (0.05 g) were submitted to a 5% H2/Ar gas mixture (50 mL·min−1) from 25 °C to 1000 °C (10 °C·min−1). XPS spectra were recorded with a KRATOS, AXIS Ultra spectrometer with an Al Kα anode (1486.6 eV) and a hemispherical analyzer with constant ∆E/E. Binding energies (BE) were corrected by taking the C 1s peak at 284.8 eV. CasaXPS was used for XPS peak fitting. The Cu/Mn ratio was estimated from Cu 2p1/2 and Mn 2p3/2 core-levels. The Mn 2p3/2 envelope has been decomposed considering the presence of Mn(III) species which can be formally simulated by MnOOH in accordance with the fits of Biesinger et al. [34] using a set of multiplet peaks with corresponding relative intensity, a full width at half maximum (FWHM) and differing in BE between each set of peaks by a fixed difference.




3.3. Experimental Adsorption-Plasma Catalysis (APC) Set-Up


The experimental set-up given in Figure 9 was decomposed into three main components: (i) flue gas preparation, (ii) adsorption and non-thermal plasma reactor, and (iii) gas analysis. The initial toluene concentration C0 (Toluol ≥ 99.5%, Carl Roth) in dry air (Alphagaz 1, Air Liquide) and the total gas flow rate were maintained at 500 ± 10 ppm and 0.2 L·min−1, respectively, using mass flow controllers (MFC, El-flow®, Bronkhorst). The adsorption and subsequent plasma oxidation experiments were conducted at room temperature and atmospheric pressure. The description of the PBDBD (packed bed dielectric barrier discharge; AC power supply of 50 kHz) reactor was previously given [37]. The reactor was filled with 2 g of Hopcalite trapped between two layers of borosilicate glass beads (Sigma Aldrich, 3 mm diameter). The power injected in the plasma reactor was calculated by integrating the instantaneous voltage and current waveforms averaged over four cycles. The gaseous products were analyzed using a Fourier-transform infrared (FT-IR) spectrometer (Bruker, Tensor 27). The FT-IR is equipped with a DTGS (deuterated triglycine sulfate) detector and a gas cell with a 20 cm optical path length with ZnSe windows. After reaching steady state conditions, the FT-IR spectra averaged over 20 different samples are obtained with a resolution of 4 cm−1 and an aperture of 6 mm. OPUS (Bruker) software is used to collect and analyze the obtained spectra.



The toluene, CO and CO2 concentrations were estimated after calibration using standard gas mixtures.




3.4. Toluene Abatement through APC


The basic sequence for the APC process was divided into two steps: (i) toluene adsorption (t1: storage stage duration) at 25 °C followed by (ii) NTP exposure in dry air (t2: discharge stage duration). In this approach, the influence of process variables such as storage stage time span t1 and power P delivered by the plasma ignition on the efficiency of the APC process in terms of abatement performance as well as energy cost were first investigated. Finally, a four sequential APC experiment was performed using the optimized storage stage duration and NTP power to assess the stability and repeatability of the APC process with time.



As the high inlet concentration of toluene to be treated herein (500 ppm) might lead to an increase of weakly adsorbed VOC, i.e., reversibly adsorbed VOC, the t1 time span range relative to the adsorption storage stage investigated in this study was short (5 to 40 min). As a consequence, saturation of the Hopcalite packed bed plasma reactor was not completely achieved. Once t1 was reached, the toluene flow was stopped and allowed to purge. Then, the non-thermal plasma was ignited on the material. The time span t2 was set at 60 min to be sufficiently long to monitor the temporal evolution of all gaseous species at the reactor exit and to ensure a recovery of the surface of Hopcalite by NTP regeneration for another adsorption step. This procedure allowed to determine an optimized t1 storage time span in terms of minimizing the energy consumption of the process.



Before every experiment, the calcined Hopcalite (2 g) was dried at 150 °C for 4 h (2 °C·min−1; 0.2 L·min−1 of dry air).



Effect of the storage stage duration t1: In the first step, the stabilized flue gas (500 ± 10 ppm toluene/air; F1 = 0.2 L·min−1) was sent into the PBDBD reactor for a duration t1 ranging between 5 and 40 min (5, 10, 20, 30, and 40 min). In the second step, an air flow was sent through the reactor with an operating plasma (46 W) for a t2 of 60 min (F2 = 0.2 L·min−1).



Effect of the NTP power: After a storage duration t1 of 20 min performed in similar conditions as mentioned above, the air flow was sent through the reactor using a NTP at four different powers (40, 46, 52, and 72 W) for a t2 of 60 min. Intermediate experiments at a power of 46 W were performed before applying any change in applied power to validate that the characteristics of the APC process were unchanged at the start of each new sequence.



Effect of stability of the APC process: A four sequence APC experiment was performed under the same conditions as mentioned above with a storage duration t1 of 20 min and a discharge power P of 46 W.



Considering 1 g of catalyst, the amount of adsorbed toluene (qads) was estimated from the molar amount of gaseous toluene exposed to the catalyst for t1 from which the contribution of non-adsorbed toluene was retrieved. From the integration of the temporal profiles of unconverted toluene (qunconv) and CO2 formed during NTP exposure, the amount of toluene converted qconv (qads–qunconv) and of CO2 formed (qCO2) were calculated at 25 °C. CO2 selectivity (SCO2), CO2 yield (YCO2), energy cost (EC), and energy yield EY(Tol) and EY(CO2) were calculated by using the following equations:


     S    CO 2      ( % )  =    q  CO 2     7 ×  (   q  ads   −  q  unconv    )    × 100  



(1)






   Y  CO 2      ( % )  =    q  CO 2     7 ×   q ads     × 100  



(2)






   EC     (  kWh ·  m  − 3    )  =   P ×  t 2     F 1  ×  t 1     



(3)






    EY    (  Tol  )       (  g ·   kWh   − 1    )  =   2 ×  q  ads   × 92.14    P  ×  t 2     



(4)






   (  g ·   kWh   − 1    )  =   2 ×  q  CO 2   × 44.01    P  ×  t 2     



(5)









4. Conclusions


Hopcalite was investigated for toluene total oxidation in an APC process using a high toluene inlet concentration (500 ppm). The effect of the time span of the storage stage (t1) as well as the effect of the delivered power (P) during the discharge stage on the efficiency of the process have been particularly studied. As expected, the energy cost rapidly decreases with an increase in the storage time t1. Furthermore, the efficiency of the APC process in terms of EY(Tol) and EY(CO2) increases with increasing storage stage duration. Hence, limiting the amount of toluene adsorbed through a short adsorption time allows best performances in terms of CO2 selectivity and yield, but clearly also induces the least energy efficiency and the highest energy cost. When varying the power of the plasma, an optimum could be observed in terms of CO2 selectivity and energy consumption for a power of 46 W. Repetition of the adsorption–oxidation process showed that the performances were not affected by subsequent plasma treatments as could be confirmed by the characterization of the material after multiple APC sequences, which revealed no significant changes in catalyst properties.



This exploratory work clearly shows the high potential of sequential processes involving toluene adsorption followed by plasma catalytic oxidation. Clearly, optimal process conditions need to be determined for each individual abatement environment (actual inlet and tolerable outlet toluene concentrations, volumes and flow rates of streams, etc.). In the present study, the only carbon containing gaseous reaction product detected was CO2. An important aspect of such optimization process will be the determination of the nature of the by-products in order to ensure that no other toxic products are formed. However, further work has to be done to reduce the plasma on time and thus enhance the overall efficiency of the process.
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Figure 1. Effect of toluene stage duration time (t1) on the concentration profiles of (a) toluene during the adsorption step (including a blank test without catalyst), (b) toluene during NTP exposure for the first 20 min (toluene desorption), and (c) CO2 during NTP exposure for the first 20 min (CO2 formation). 
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Figure 2. (a) Example of FT-IR spectra of the outlet gas at various times during plasma treatment (data collected for experiment using t1 = 20 min), (b) FT-IR spectrum at 4 min (inset: zoom within the 2600–3200 cm−1 range). 
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Figure 3. Effect of NTP power on the concentration profiles of (a) toluene during the adsorption step (including a blank test without catalyst), (b) toluene during NTP exposure for the first 20 min (toluene desorption), and (c) CO2 during NTP exposure for the first 20 min (CO2 formation). 
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Figure 4. Temporal profiles of toluene during adsorption (a), desorbed toluene during NTP exposure (b), CO2 evolution during NTP exposure, (c) over the 4 sequences. 
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Figure 5. The XRD patterns of Hopcalite before and after reaction (AR, meaning after 15 NTP exposures). 
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Figure 6. N2 adsorption–desorption isotherms and pore size distribution of fresh Hopcalite and Hopcalite after reaction (Hopcalite-AR). 
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Figure 7. XPS survey spectra and high resolution Cu 2p, Mn 2p, and O 1s spectra of Hopcalite and Hopcalite-AR. 
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Figure 8. H2-TPR profiles of Hopcalite before and after reaction (Hopcalite-AR). 
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Figure 9. Schematic diagram of the experimental set-up for adsorption and NTP abatement of toluene. 1. Dry air cylinder; 2. Toluene bubbler; 3. Mixing chamber; 4. Packed bed DBD reactor; 5. Resistor (46.4 Ω); 6. High voltage and current probe; 7. AC power source (50 kHz); 8. FT-IR spectrometer. 
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Table 1. Performances of the APC process as a function of storage time span t1.
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	Time t1

(min)
	qtoluene adsorbed

(µmol·g−1)
	qtoluene unconverted

(µmol·g−1)
	qtoluene converted

(µmol·g−1)
	qCO2 Formation

(µmol·g−1)
	SCO2

(%)
	YCO2

(%)
	C Mass

Balance (%)





	5
	16.7
	0.2
	16.5
	127.4
	110
	109
	110



	10
	26.0
	1.7
	24.3
	165.7
	97
	91
	98



	20
	43.8
	7.0
	36.9
	230.2
	89
	75
	91



	30
	60.6
	12.5
	48.1
	260.2
	77
	61
	82



	40
	70.6
	15.1
	55.5
	315.3
	81
	64
	85
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Table 2. Energetic performances of the APC process as a function of storage time span t1.
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	Time t1

(min)
	EC

(kWh·m−3)
	EY(Tol)

(gTolads·kWh−1)
	EY(CO2)

(gCO2·kWh−1)





	5
	46.5
	0.07
	0.24



	10
	23.2
	0.10
	0.31



	20
	11.6
	0.17
	0.44



	30
	7.7
	0.24
	0.49



	40
	5.8
	0.28
	0.60
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Table 3. Performances of the APC process as a function of NTP power.
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	Power

(W)
	qtoluene adsorbed

(µmol·g−1)
	qtoluene unconverted

(µmol·g−1)
	qtoluene converted

(µmol·g−1)
	qCO2 Formation

(µmol·g−1)
	SCO2

(%)
	YCO2

(%)
	EC

(kWh·m−3)
	EY(Tol)

(gTolads·kW·h−1)
	EY(CO2)

(gCO2·kWh−1)





	40
	45.4
	7.2
	38.1
	203.2
	76
	64
	10.0
	0.21
	0.45



	46
	43.8
	7.0
	36.9
	230.2
	89
	75
	11.6
	0.17
	0.44



	52
	44.2
	6.1
	38.2
	214.7
	80
	69
	13.0
	0.16
	0.36



	72
	44.7
	4.3
	40.4
	204.3
	72
	65
	18.0
	0.11
	0.25
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Table 4. Characteristic properties of the APC process over the 4 sequences.
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	Sequences
	qtoluene adsorbed

(µmol·g−1)
	qtoluene unconverted

(µmol·g−1)
	qtoluene converted

(µmol·g−1)
	qCO2 Formation (µmol·g−1)
	SCO2

(%)
	YCO2

(%)
	C Mass

Balance (%)





	Sequence-1
	43.9
	3.2
	40.7
	294.9
	103
	96
	103



	Sequence-2
	47.7
	5.3
	42.4
	257.2
	86
	77
	88



	Sequence-3
	45.7
	7.3
	38.4
	246.1
	91
	76
	92



	Sequence-4
	44.8
	5.3
	39.5
	223.7
	80
	71
	83
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Table 5. Textural and redox properties of the fresh Hopcalite and Hopcalite after reaction (Hopcalite-AR).
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	Materials
	SBET a

(m2·g−1)
	Vp b

(cm3·g−1)
	Dp c

(nm)
	H2 Consumption

(mmol·g−1)





	Hopcalite
	232
	0.45
	7.8
	11.1



	Hopcalite-AR
	195
	0.45
	8.0
	10.8







a: BET specific surface area; b: Total pore volume; c: Pore diameter.
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Table 6. Binding energy of the elements (eV).
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	Catalyst
	Cu 2p3/2
	Mn 2p3/2
	OI
	OII
	OIII
	K 2p3/2 (FHWM)
	Na 1s





	Hopcalite
	933.3
	641
	529.6
	531.0
	533.4
	292.5 (1.5)
	1070.4



	Hopcalite-AR
	933.5
	641
	529.6
	531.5
	-
	292.5 (1.6)
	1071.1
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Table 7. XPS composition of the materials.
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	Catalyst
	Cu/Mn
	K/Mn
	O/Mn
	Na/Mn
	Olatt/Oads
	ΔE Mn3s/eV (Mn AOS)





	Hopcalite
	0.26
	0.11
	3.1
	0.06
	1.17
	5.14 (3.1)



	Hopcalite-AR
	0.29
	0.12
	3.5
	0.07
	1.27
	5.20 (3.1)
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Survey Cu2pyesat Hopealite-AR

o 1s o at € 2pia

Hopealite-AR|
Mads

A2

Intensity (a.u.)
Intensity (a.

Hopealite

Hopealite

g0 s o0 s o o

200 W0 S0 G0 4w 0 o Banag ety o0

Binding energy (V)

Mnzp on
2| 3 [Hopealite-AR Ou
3 [ Hopealite-AR 5 [Hop ¥

Hopealite

« P w 7 W S W w1 w w ows

Binding energy (¢V) Binding energy (eV)





media/file4.png
Absorbance (a.u.)

rdn S

Sequence-1 €O,  H0,NO; (a)

H,0

60 mi
0 min
40 min
30 mig
20 min

- U

0 min

3600 3100 2600 2100 1600 1100 600
Wavenumber (cm)

Absorbance (a.u.)

H2(~)~~~~\Navenumber (cm™) ,’

i (b)
4 min Co,

C,Hg

Absorbance (a.u.)

3200 3100 3000 2900 2800 2700 2600

4
\~~ 'I
PP

3600 3100 2600 2100 1600 1100 600
Wavenumber (cm™)





nav.xhtml


  catalysts-11-00845


  
    		
      catalysts-11-00845
    


  




  





media/file18.png
W —_— I ]_ Exhaust

I 1
I
I —
I —
I 8
I

Discharge gap v HV electrode

(Length: 4mm)  Glass wool
Electrode to ground

=

Catalyst Glass beads
Metallic wire (2g) (D: 3mm)
mesh (L: 86 mm)





media/file16.png
TCD signal (a.u.)

Hopcalite-AR

Hopcalite

0 100 200 300 400

Temperature (°C)

500





media/file2.png
CToluene (ppm)

600 1400
(a) — Empty reactor purge
500 R °© 5 min 1200
i o 10 min
+ 20 min ~ 1000
400 1 o 30 min i
x 40 min = 800
300 - z
2 600
o
200 -
~ 400
100 - 200
O T T T T O ‘ ” o ] iy
-10 0 10 20 30 40 2 0 2 4 6 8 10 12 14 16 18 20
Time (min) Time (min)
8000
C
7000 ( )

6000

Ccoz (ppm)
F) = N
() () ()
& & &
() () ()

2 4 6 8 10 12 14 16 18 20
Time (min)





media/file5.jpg
Croucne (PPM)

Cratuene (PPM)

n o o n

- 20 2 4 6 8101214161820
Time (min)

Time (min)

=W
-6 W
w2W

20 24 68 10121416 18 20
Time (min)





media/file3.jpg
Absorbance (a.u.)

Sequence1 <0 T0.50; ) n W
.0 ;
x4
g
]
H]
£
2
D N e 0o,
My =
Gl
3600 3100 2600 2100 1600 1100 600 3600 3100 2600 2100 1600 1100 600

Wavenumber (cm-!) Wavenumber (cm-!)





media/file1.jpg
Crouene (PPM)

B

B

—Empty reactor purge
© Smi
= 10 min
* 20 min
© 30 min
* 40 min

0 [ ) 20 2 4 6 8 1012141618 20

Time (min) ‘Time (min)

2 s

200
1000

202 46810012 1416182
Time (min)





media/file7.jpg
ST

]
+ Sequence-1 §
° Sequence-2 4
quence-3
* Sequence-4

Hopealite ()

—+Sequence-|
~Sequence-2|
~Sequence3
~+Sequence|

20024 68 10121161820
‘Time (min)

Topealite (q)

—Sequence-1
~Sequence:2
~Sequence:3
~Sequenced

IR EEE]
Time (min)





media/file10.png
36.8
Hopcalite-AR

Intensity (a.u.)

Hopcalite 37.2

638.2

10 20 30 40 50
20 (°)

60

70

30





media/file12.png
Amount adsorbed (cm3.g)

Hopcalite-AR

dV/dlog(D) (cm3.g.A1)

—
Hopcalite

Hopcalite-AR Hopcalite
0 0.2 0.4 0.6 0.8 1 0 20 40 60 80 100 120 140

Relative pressure (P/P ) Pore diameter (nm)





media/file9.jpg
Intensity (a.u.)

36.8

37.2

Hopcalite-AR A

Hopcalite 68.2
10 20 30 40 50 60 70 80

20





media/file0.png





media/file14.png
Survey
Cu LMM
O 1s
- Hopcalite-AR
= Mn 3s
)
g ClsAJZp
~
o; .
2 .
=
=
!
Hopcalite

1200 1000 800 600 400 200
Binding energy (eV)

0

Mn 2p

Hopcalite-AR

Intensity (a.u.)

Hopcalite

665 655 645
Binding energy (eV)

635

Cu2p
Cu 2p,),- sat

Cu2p,),

l\,/ \/\C‘u’ZjM- sat Cu2ps;,
N

Intensity (a.u.)

Hopcalite-AR

Hopcalite
970 960 950 940 930 920
Binding energy (eV)

O 1s 0,
'3 [Hopcalite-AR O
~ ‘_‘d’///”
A d
:E} ﬁ‘\
72}
=
S
=
!

Hopcalite

O]II

537 535 533 531 529 527 525

Binding energy (eV)





media/file8.png
C Toluene (ppm)

600

h
S
<

S
S
<

)
S
<

(]
S
<

[—
o
&

Hopcalite
T EE

3

@

| * Sequence-1 g
°o Sequence-2 ¢

{ 2 Sequence-3 § o
* Sequence-4 W

(a)

-10

700

N
S
<

h
S
<

CToluene (ppm)
S 3
& &

(]
S
<

[—
o
&

T T 1 () ©ohd
0 10 20 2 0 2 4
Time (min)
10,000 TP a5ma Hopcalite (¢)
on
8000+
£ 6000
& —+—Sequence-1
§ 1000- —e—=Sequence-2
@) —*-Sequence-3
-=Sequence-4
20007

() 2eedy

2 0 2 4 6 8 10 12 14 16 18 20

Time (min)

Hopcalite (b)

—+—Sequence-1
=-Sequence-2
—=Sequence-3

—-Sequence-4

6 8 10 12 14 16 18 20
Time (min)





media/file11.jpg
Hopealite-AR

Hopealite,

AVidlog(D) (g AT)

£
H
H
H

Hopealite-AR Hopealite

0 02 o4 06 08 1 0 M w6 s 10 120 1
Relative pressure (P/P,) Pore diameter (nm)





media/file6.png
CToluene (ppm)

CToluene (ppm)

(a) — Empty reactor purge
s00 ¢68846668ey O
0 46 W
400 - 2w
o 2W
300 -
200 A
100 -
0 '
-10 0
Time (min)

8000
7000
6000

S 5000

=

£ 4000

S
S 3000

@)

2000

1000

2 0 2 4 6 8 10 12 14 16 18 20
Time (min)

2 0 2 4 6 8 10 12 14 16 18 20
Time (min)





media/file15.jpg
TCD signal (a.u.)

Hopcalite-AR

. 149
Hopcalite

0

100 200 300 400 500
Temperature (°C)





media/file17.jpg
<y
MFC1 |2

]

2
MEC =
1
1
1
1 —
! s
1
Discharge gap A HV electrode

(Length: 4mm) ~ Glass wool

[3=

Metalic wire
‘mesh (L: 86 mm)

Gliss beads
(D:3mm)





