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Abstract

:

The aim of this work was the optimization of the performance of the cold plasma technology coupled with a structured catalyst for the discoloration and mineralization of “acid orange 7” (AO7) azo dye. The structured catalyst consists of Fe2O3 immobilized on glass spheres, and it was prepared by the “dip coating” method and characterized by different chemico-physical techniques. The experiments were carried out in a dielectric barrier discharge (DBD) reactor. Thanks to the presence of the catalytic packed material, the complete discoloration and mineralization of the dye was achieved with voltage equal to 12 kV, lower than those generally used with this technology (approximately 20–40 kV). The best result in terms of discoloration and mineralization (80% after only 5 min both for discoloration and mineralization) was obtained with 0.25 wt% of Fe2O3 immobilized on the glass spheres, without formation of reaction by-products, as shown by the HPLC analysis. The optimized catalyst was reused for several reuse cycles without any substantial decrease of performances. Moreover, tests with radical scavengers evidenced that the most responsible oxidizing species for the degradation of AO7 dye was O2•−.
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1. Introduction


Nowadays, the presence of not so easily biodegradable pollutants in wastewater represents an extremely interesting environmental problem. The reason is the ability of these pollutants to remain in the environment or to “escape” from conventional purification processes. An example is represented by the azo dyes which are widely used in the textile industry. The dyeing step is one of the most important phases in this sector. The dye is added to the fibers but during this phase some dyes are poured into the industrial wastewater [1]. Dyes are characterized by high intensity and brilliance and are perceptible even at low concentrations [2,3]. Their presence in aquatic system is dangerous for the environment due to the fact of their not biodegradability, toxicity, and potential carcinogenic nature [4]. In an aquatic ecosystem, the dyes not only inhibit the photosynthesis activity of aquatic biota but also have direct toxic effects on them [5]. Several textile and food dyes have been linked to carcinogenicity such as dye intermediaries like benzidine [5]. Traditional methods for the dye’s removal from wastewater are often based on adsorption processes that only transfer the contaminant from the liquid phase to the solid one (non-destructive process) [6]. Furthermore, ascertaining that the dye does not transform into by-products reaction once it degrades is important: this can happen with conventional oxidation processes. In fact, many of the most common methods based on coagulation, adsorption, membrane separation or traditional oxidation present some disadvantages, such as high sludge production, expensive regeneration, chemicals required, and formation of by-products [5,7,8]. Since conventional purification processes are not suitable for the degradation of these contaminants, scientific research is concerned with studying the potential of innovative processes capable of completely mineralizing these types of organic contaminants. Advanced oxidation processes (AOPs) are ideal in the pollutants’ removal from wastewater effluent [7,9,10,11,12,13,14]. They are economic, powerful, and easy to use [15]. Cold plasma or “non-thermal plasma” technologies are part of AOPs which are, in recent years, intensively studied among the degradation of pollutants [16]. Cold plasma is characterized by a large amount of high-energy species and, in contact with liquid phase, it is able to produce different active species, such as OH·, H·, O·, HO2·, H2O2, and O3, which could degrade various organic pollutants [17]. Because of its extraordinary effectiveness, cold plasma is used in various fields regarding water and wastewater treatment, waste gas, surface treatment, sterilization process, and deactivation of microorganisms [18,19,20,21,22,23]. In order to induce cold plasma, there are different types of reactors such as corona discharge [24], dielectric barrier discharge (DBD) [19], plasma jet [25] or gliding arc [17]. Among these reactors, dielectric barrier discharge (DBD) presents, as advantages, a high removal rate for contaminants and a simple functioning, receiving more attention among the water treatment field in recent years [26]. However, some studies showed that sometimes the only use of non-thermal plasma (NTP) generated by the DBD does not guarantee the complete degradation of organic contaminants. Furthermore, without a catalytic material, it may be necessary to adopt operating conditions, requiring the use of very high voltages to induce cold plasma [27]. For this reason, the synergistic effect of NTP with catalysts is certainly an interesting topic [28]. Plasma catalysis synergy is a complex phenomenon that implies the interaction process between plasma and catalyst [29,30,31]. The introduction of catalyst into the plasma discharge region may influence the discharge type and cause a change in electron distribution which acts on the generation of short-lived reactive plasma species [29]. The use of different kinds of catalysts in a DBD reactor is reported in literature. Among the various photocatalytic materials used, certainly the classic TiO2 and ZnO are widely used too. For example, Pekárek et al. [32,33] investigated the ozone generation efficiency by using ZnO or TiO2 coupled with DBD for the NTP process. They showed that, although ZnO acts as photocatalysts just like TiO2, it was subject to the phenomenon of photocorrosion, which led to the reduction of photocatalytic activity.



A possible solution was proposed by Zhang et al. [34] who reported the use of titanium dioxide–graphene oxide nanomaterials (TiO2–GO) as catalytic material combined to DBD (discharge power = 20 W) for the degradation of acetaminophen. The results showed that the degradation of this pollutant, by using NTP combined with TiO2–GO catalyst, was more efficient than the single NTP. Degradation of phenol (100 mg/L) in water was examined in a non-thermal plasma (18 kV) reactor combined with CeO2, Fe2O3/CeO2, and ZrO2/CeO2 catalysts, and the results were reported by Reddy et al. [35], highlighting that the catalyst addition to NTP improves the phenol degradation. In particular, in the presence of ZrO2/CeO2 catalyst, the phenol degradation was equal to 91% after 25 min, against 60% with plasma alone. This is due to the addition of a catalyst in the reactor that enhances the life time of short-lived oxidized species formed with NTP and/or facilitates the formation of secondary oxidants like atomic oxygen by the ozone decomposition [35]. Wang et al. [36] proposed a plasma technology combined with 2.5 g/L of goethite (mineral consisting of iron hydroxide) for the removal of caffeine (50 mg/L) from aqueous solutions. The input power was 75 W. In order to treat the goethite, it was placed into a quartz reaction (between the two electrodes) and suspended in the solution. The DBD–goethite system showed a very interesting performance: a 24 min treatment removed 94% of the pollutant against the 41% obtained with only plasma. Jovića et al. [37] compared the performance of a DBD reactor with a DBD in the presence of homogeneous catalysts for the degradation of an herbicide. The reactor operated at atmospheric pressure, with an air flow rate of 5 NL/min and a voltage equal to17 kV. The catalysts considered in this study were Mn2+, Co2+, and Fe2+. The most efficient DBD system was the one combined with Fe2+ which removed 50% more contaminant than the DBD reactor alone. However, the homogeneous character of these catalysts should be underlined, besides potential complications in their management, during the treatment and final disposal of the wastewater, due to the possible formation of sludge caused by the precipitation of the metals used or due to the presence of a residue in high concentrations. More specifically, as regards the degradation of the dyes in aqueous solution, in the literature, there are some studies that report the use of catalyst in an NTP reactor [38,39,40]. Fahmy et al. [38] reported the results of the use of a corona discharge NTP reactor, operating with a voltage of 12.5 kV and coupled with a catalyst based on Fe2+ (homogenous phase) for the degradation of acid orange 142 (20 mg/L) in aqueous solution. Optimal results were obtained using a specific catalyst dosage (0.9 mM of Fe2+): after 20 min of treatment, in the presence of Fe2+ catalyst, the discoloration was equal to 95%. Liu et al. [39] proposed a GAD (gliding arc discharge) plasma reactor (10 kV) combined with a TiO2-based catalyst immobilized on γ-Al2O3 in order to use the ultraviolet light from the discharge and activate the photocatalyst. In this way, more active oxygen species can be generated in the plasma, such as hydroxyl radicals able to improve the degradation of AO7; in particular, in 40 min 43.6% of contaminant was degraded. Reddy et al. [40] analyzed the degradation and mineralization efficiency of methylene blue (100 mg/L) in a DBD reactor operating at 16 kV in the presence of Fe2+ catalyst (60 mg/L). The addition of the Fe2+ promoted the degradation of the dye (97% after 24 min of treatment) through Fenton-type reactions (reaction between Fe2+ and H2O2 produced during the plasma process). Generally, the catalyst used in the DBD reactor was in the homogeneous phase or in powder form (heterogeneous phase) and not supported on a macroscopic material. In particular, when the heterogeneous catalyst was used, it was placed in the discharge zone [36]. This was probably because, in order to improve the formation of the radical species, the catalytic active species were in direct contact with the discharge. Heterogeneous catalyst can be combined with NTP in two ways: by introducing the catalyst in the discharge zone or by placing the catalyst after the discharge zone [41]. In both configurations, heterogeneous catalyst material can be introduced in the reactor through a different form, in particular, as coating on the reactor or electrodes wall, as a packed-bed (using structuring catalyst in different forms such as granulates, coated fibers or pellets), or as a layer of structured catalytic material (e.g., powder, pellets, granulates, coated fiber) [41]. The use of catalytic packed materials, suitably inserted in the DBD reactor, can improve the distribution of discharges and, therefore, the production of active species. Considering the potentiality of specific catalysts, such as Fe-based catalyst, the aim of this work was to improve the performance of the DBD reactor, using glass spheres as support for Fe2O3. The efficiency and potential of this DBD catalytic system were tested for the degradation of an azo dye typically used in the textile industry, acid orange 7 (AO7). In particular, the novelty concerned the possibility of completely removing the dye without the formation of intermediates, applying low voltages (about 12 kV) compared to those generally used in this system and in very short times.



A possible solution was proposed by Zhang et al. [34] who reported the use of titanium dioxide–graphene oxide nanomaterials (TiO2–GO) as catalytic material combined to DBD (discharge power = 20 W) for the degradation of acetaminophen. The results showed that the degradation of this pollutant, by using NTP combined with TiO2–GO catalyst, was more efficient than the single NTP. Degradation of phenol (100 mg/L) in water was examined in a non-thermal plasma (18 kV) reactor combined with CeO2, Fe2O3/CeO2, and ZrO2/CeO2 catalysts, and the results were reported by Reddy et al. [35], highlighting that the catalyst addition to NTP improves the phenol degradation. In particular, in the presence of ZrO2/CeO2 catalyst, the phenol degradation was equal to 91% after 25 min, against 60% with plasma alone. This is due to the addition of a catalyst in the reactor that enhances the life time of short-lived oxidized species formed with NTP and/or facilitates the formation of secondary oxidants like atomic oxygen by the ozone decomposition [35]. Wang et al. [36] proposed a plasma technology combined with 2.5 g/L of goethite (mineral consisting of iron hydroxide) for the removal of caffeine (50 mg/L) from aqueous solutions. The input power was 75 W. In order to treat the goethite, it was placed into a quartz reaction (between the two electrodes) and suspended in the solution. The DBD–goethite system showed a very interesting performance: a 24 min treatment removed 94% of the pollutant against the 41% obtained with only plasma. Jovića et al. [37] compared the performance of a DBD reactor with a DBD in the presence of homogeneous catalysts for the degradation of an herbicide. The reactor operated at atmospheric pressure, with an air flow rate of 5 NL/min and a voltage equal to17 kV. The catalysts considered in this study were Mn2+, Co2+, and Fe2+. The most efficient DBD system was the one combined with Fe2+ which removed 50% more contaminant than the DBD reactor alone. However, the homogeneous character of these catalysts should be underlined, besides potential complications in their management, during the treatment and final disposal of the wastewater, due to the possible formation of sludge caused by the precipitation of the metals used or due to the presence of a residue in high concentrations. More specifically, as regards the degradation of the dyes in aqueous solution, in the literature, there are some studies that report the use of catalyst in an NTP reactor [38,39,40]. Fahmy et al. [38] reported the results of the use of a corona discharge NTP reactor, operating with a voltage of 12.5 kV and coupled with a catalyst based on Fe2+ (homogenous phase) for the degradation of acid orange 142 (20 mg/L) in aqueous solution. Optimal results were obtained using a specific catalyst dosage (0.9 mM of Fe2+): after 20 min of treatment, in the presence of Fe2+ catalyst, the discoloration was equal to 95%. Liu et al. [39] proposed a GAD (gliding arc discharge) plasma reactor (10 kV) combined with a TiO2-based catalyst immobilized on γ-Al2O3 in order to use the ultraviolet light from the discharge and activate the photocatalyst. In this way, more active oxygen species can be generated in the plasma, such as hydroxyl radicals able to improve the degradation of AO7; in particular, in 40 min 43.6% of contaminant was degraded. Reddy et al. [40] analyzed the degradation and mineralization efficiency of methylene blue (100 mg/L) in a DBD reactor operating at 16 kV in the presence of Fe2+ catalyst (60 mg/L). The addition of the Fe2+ promoted the degradation of the dye (97% after 24 min of treatment) through Fenton-type reactions (reaction between Fe2+ and H2O2 produced during the plasma process). Generally, the catalyst used in the DBD reactor was in the homogeneous phase or in powder form (heterogeneous phase) and not supported on a macroscopic material. In particular, when the heterogeneous catalyst was used, it was placed in the discharge zone [36]. This was probably because, in order to improve the formation of the radical species, the catalytic active species were in direct contact with the discharge. Heterogeneous catalyst can be combined with NTP in two ways: by introducing the catalyst in the discharge zone or by placing the catalyst after the discharge zone [41]. In both configurations, heterogeneous catalyst material can be introduced in the reactor through a different form, in particular, as coating on the reactor or electrodes wall, as a packed-bed (using structuring catalyst in different forms such as granulates, coated fibers or pellets), or as a layer of structured catalytic material (e.g., powder, pellets, granulates, coated fiber) [41]. The use of catalytic packed materials, suitably inserted in the DBD reactor, can improve the distribution of discharges and, therefore, the production of active species. Considering the potentiality of specific catalysts, such as Fe-based catalyst, the aim of this work was to improve the performance of the DBD reactor, using glass spheres as support for Fe2O3. The efficiency and potential of this DBD catalytic system were tested for the degradation of an azo dye typically used in the textile industry, acid orange 7 (AO7). In particular, the novelty concerned the possibility of completely removing the dye without the formation of intermediates, applying low voltages (about 12 kV) compared to those generally used in this system and in very short times.



In this work, a study was also conducted to define the main oxidizing species responsible for the AO7 dye degradation mechanism, with and without catalyst in the DBD reactor. In this way, it was possible to identify that the oxidizing species are able to promote the catalytic effect. Moreover, a specific analysis was performed in order to exclude the presence of possible by-products.




2. Results


2.1. Characterization Results


2.1.1. Specific Surface Area (SSA)


Specific Surface Area (SSA) values of the structured catalysts used in the DBD reactor are reported in Table 1. It is possible to observe that the SSA of the glass spheres coated with a specific amount of catalyst increased with respect to raw glass spheres (SF). This is due to the Fe2O3 coating resulted on a surface with a higher porosity than the raw glass spheres one as observed from SEM analysis (Figure 1).




2.1.2. SEM Images Results


The surface morphology of SF samples was investigated by SEM microscopy and the obtained results are reported in Figure 1.



The SEM images of the raw glass sphere’s (SF) surface shows only the presence of some surface cracking due to the roughness of the glass induced by the thermal pre-treatment of the support (Figure 1a). After the first dip-coating step (SF1), the presence of almost homogeneous Fe2O3 film was observed. However, it should be noted, that for these samples (SF1), some visible cracks and a small fraction of glass surface not covered by Fe2O3 particles are present (Figure 1b).



The second dip-coating step (SF2) induced the presence of a homogeneous Fe2O3 layer on glass substrate (Figure 1c). The third dip-coating step (SF3) provides the formation of a thick catalytic layer characterized by clear macro-fractures (Figure 1d).




2.1.3. Raman Analysis


The Raman spectra of the raw glass spheres (SF), in comparison with the SF1, SF2, and SF3 samples, and with Fe2O3 in powder form recovered after the calcination step are shown in Figure 2. In the range 150–400 cm−1, for the Fe2O3 sample in powder form, it is possible to note the characteristic bands of Fe2O3 at 226 and 293 cm−1 [42], confirming that the used calcination conditions were able to induce the formation of Fe2O3.



A wide band characteristic of the support material (glass) at approximately a 347 cm−1 Raman shift was observed. The intensity of this band diminished the increase of the number of dip-coating steps (in particular for SF2 and SF3 samples) and, consequently, of the catalyst load on the glass sphere’s surface. This may indicate that the glass sphere’s surface was progressively covered by Fe2O3 film. For the SF1 and SF2 samples, there was no real difference compared to the Raman spectrum of the raw glass spheres (SF), probably because the catalyst load in these samples was still too low to be detected by Raman analysis. On the contrary, for the SF3 sample, typical bands of the Fe2O3 begin to be visible at Raman shift equal to 227 cm−1 and 294 cm−1. In particular, for these bands, a slight shift towards higher Raman shift value was observed. This could be caused by a strong interaction between Fe2O3 and the glass surface, as confirmed also by the literature [43]. These results demonstrated that the dip-coating method was able to induce the formation of Fe2O3 deposited on the surface of glass spheres.





2.2. Influence of Packed Material on DBD Performances


As reported in the literature [44], the presence of a packed material can improve the performance of a cold plasma DBD reactor. For this purpose, experimental tests were conducted both with and without glass spheres. In particular, the experiments were carried out by applying a voltage equal to 12 kV. Results in terms of discoloration (C/C0) and mineralization (TOC/TOC0) are reported in Figure 3a,b, respectively.



The effect of the presence of glass spheres was remarkable, since the performances of the process were increased, applying a low voltage equal to about 12 kV too. In fact, in the absence of the glass spheres, it was possible to note that, at the same applied voltage, the system did not guarantee the formation of a sufficient number of oxidizing species, resulting, as a consequence, in a low discoloration and mineralization efficiency (14% of discoloration and 8% of mineralization after 30 min). This result is consistent with literature data: the performance of the DBD plasma reactor improves by inserting a packing material in the reactor, because the high dielectric constant of the packing material allows the generation of a greater number of micro-discharges, creating a strong electric field at the edges and corners of packed material [44]. In the literature, the effect of different packed materials on the efficiency of cold plasma is reported. In particular, as regards the CO2 conversion, it was demonstrated that the presence of the packing materials in the discharge zone can increase the average intensity of the generated electric field [45]. It was observed that the nature of the packed material represents a key parameter for the performances of the DBD plasma. Among the most used materials for this purpose there are quartz, alumina or silica glasses due to the fact of their high dielectric constant [46]. Moreover, the introduction of a dielectric material as spheres or pellets into the plasma reactor leads to an increase of the electric field which increases the electron energy [46]. Generally, it is possible to confirm that the improved effect of packing material may be due to the surface activation. In the literature, few works about the use of glass spheres or other filling materials for the treatment of aqueous solutions with cold plasma are reported. Interesting results, regarding the use of glass spheres to increase the performance of the DBD reactor have been reported for the CO2 decomposition [44]. In this case, the authors tested the performance of different materials (i.e., TiO2, glass spheres, Al2O3, and CeO2). For the CO2 decomposition, they obtained the best results in the presence of TiO2 pellets [44]. As regards the treatment of contaminated water, Wu et al. [47] report the use of a cold plasma reactor combined with a glass bead-packed bed for methylene blue degradation. In their coupled system, the degradation efficiency of 100 ppm MB solution reached 97.9% with 10 min of treatment.




2.3. Effect of Fe2O3 Amount on Glass Spheres Surface


The effect of the Fe2O3 amount immobilized on glass spheres (in the range 0.13–0.37 wt%) in terms of AO7 (20 mg/L) discoloration (a) and mineralization (b) is shown in Figure 4.



During the tests, it was possible to note a progressive decrease of AO7 concentration, obtaining a discoloration equal to 53%, 80%, and 100% with the SF1, SF2, and SF3 samples (Figure 4a), respectively, after only 5 min of reaction time; after the same treatment time, the mineralization was equal to 53%, 80%, and 78% for the identical samples (Figure 4b).



This effect is due to the presence of iron oxide (Fe2O3) which acts as a photocatalyst, activated by the presence of UV light emitted by the ionized gas [4,36,48]. In particular, the best performances in terms of discoloration and simultaneous mineralization of AO7 dye were obtained with the SF2 catalyst. In fact, with this sample, the simultaneous discoloration and mineralization was achieved after 5 min of treatment time. With the SF2 sample the total discoloration and mineralization of AO7 was obtained after only 10 min of reaction time. However, with the increase of the Fe2O3 amount of glass sphere surface (SF3 sample), the catalytic performances decreased. In particular, the SF3 sample showed good results in terms of discoloration (100% after only 5 min) but not in terms of mineralization (equal to 78% after the same treatment time). In fact, observing the total organic carbon (TOC) behavior, it is possible to note that in the case of the SF3 catalyst, there was no simultaneous discoloration and mineralization. This result indicates that, probably, with the SF3 sample, the formation of reaction intermediates is possible and they do not guarantee the complete mineralization of the pollutant. Considering these results, it is possible to argue that the optimal Fe2O3 amount on glass spheres was equal to 0.25 wt%. In fact, the performances of SF2 catalyst are better than SF3 due to the better distribution of the Fe2O3 on the glass sphere (as observed from SEM images) after two dip-coating steps. In order to confirm the absence of reaction by-products, HPLC analyses were conducted and the results are reported in Figure 5.



As it is possible to observe from the mass spectra (Figure 5a) and chromatographic profile (Figure 5b), AO7 was completely removed after only 10 min of reaction time, because no by-product formation was observed during the first few minutes of reaction.




2.4. Recyclability Tests of SF2 Catalyst in DBD Reactor


The recyclability tests are a very important parameter to be investigated for a structured catalyst formulation [49,50]. With the aim of evaluating the stability of the SF2 sample, recycle tests were performed for twenty cycles in presence of the same experimental conditions (Figure 6).



The results demonstrated that the catalytic performances did not change both in terms of discoloration (Figure 6a) and in terms of mineralization (Figure 6b), suggesting the absence of the corrosion phenomena of Fe2O3 catalyst and demonstrating its stability after several reuse cycles. This result evidences the possibility to use the SF2 sample as structured catalyst to be used in the cold plasma process for water treatment.




2.5. Role of the Main Oxidizing Species


As reported also in literature, the cold plasma efficiency was mainly due to the formation of chemically active species, including “short-lived” active species (such as ●OH, NO●, O●, ●O2−, HO2●, and H●) and “long-lived” active molecules (such as H2O2, O3, and other excited-state neutral molecules) [39]. In this section, the results about the identification of the main oxidizing species (responsible for the degradation of AO7 during the cold plasma application in presence of SF2 catalyst) are reported. The first effect taken into consideration concerned ozone: the O3 concentration in the DBD reactor was due to the presence of oxygen used as process gas during the tests. For this purpose, an experiment in the presence of He was performed (O2 concentration equal to zero), and the results were compared with those obtained in the presence of O2 (Figure 7).



It was possible to note that, in the absence of oxygen (and, therefore, in the absence of generated O3), after 10 min of treatment, the discoloration and mineralization were equal to only 33%, against 100% obtained in the presence of oxygen. This result confirms the importance of O3 in the degradation of the target dye, as validated by literature data. In particular, Du et al. [4] evaluated the discoloration efficiency of AO7 in presence of different process gas (with different O2 concentration) like oxygen, air, argon, and nitrogen, showing that the discoloration obtained after 25 min of plasma treatment was equal to 86.7%, 58.9%, 55%, and 50% in presence of oxygen, argon, air, and nitrogen, respectively. The highest concentration of O3, which is obtained by feeding oxygen to the reactor, is responsible for the maximum rate of discoloration and mineralization of the AO7.



In addition to the O3 effect, the role of other oxidizing species in the AO7 degradation was evaluated. In particular, specifying the main reactions that take place in our system, it is important to develop this study. Furthermore, the distinction among the reactions that cause the production of oxidizing species is necessary: if they are due to the cold plasma or to the presence of the catalyst [39]. As reported in the literature, the reactions responsible for the formation of oxidizing species, such as •OH, •H, e−, HO2•, H2O2 and O3, due to the cold plasma, can be reported as follows:


H2O + e− → •OH +•H + e−



(1)






O2 + e− → 2O + e−



(2)






O2 + •H → HO2•



(3)






HO2• + HO2• →H2O2 + O2



(4)






•OH + •OH → H2O2



(5)






O2 +O → O3



(6)







In the presence of a catalyst in the discharge zone, the reactions for the oxidizing species production are also represented as below:


Catalyst + hν→ e− +h+



(7)






e− + O2 → O2•−



(8)






HO2• → O2•− + H+



(9)






•OH +O3 → HO2• + O2



(10)






H2O2 + O2•−→ •OH +OH− + O2



(11)







In order to evaluate the role of oxidizing species, such as •OH, O2•−, and e−, tests in the presence of radical scavengers were carried out. Specifically, in the presence of SF2 catalyst, with an oxygen flow rate equal to 0.18 NL/min, and an initial AO7 concentration equal to 20 mg/L, isopropyl alcohol (100 mM), benzoquinone (100 mM) and potassium dichromate (100 mM) were added in 100 mL of AO7 water solution as •OH, O2•− and e− scavengers, respectively. The results in terms of AO7 discoloration are reported in Figure 8.



The results show that, in this system, the main oxidizing species responsible for the AO7 discoloration is represented by the O2•− radical. Specifically, it is possible to note that, in the presence of isopropyl alcohol (•OH scavengers), 15 min are required for the complete discoloration versus 10 min without •OH scavengers. In the presence of e− scavengers, the discoloration of the AO7 is equal to 57% after 30 min of treatment. In presence O2•− scavenger, the discoloration was almost totally inhibited. Equations (1)–(11) can be useful to understand these results. As observed in Figure 9, the O2•− plays a key role in the catalytic-assisted cold plasma process of discoloration of AO7. This oxidizing species can be formed either by the reaction of O2 with electrons (8) or by the deprotonation of the hydroperoxyl radical (9). The hydroperoxyl radical derives from the reaction between oxygen and •H (3) or from the reaction between ozone and •OH (10).



If •OH scavengers are added to the aqueous solution of AO7, the discoloration occurs slowly because the reaction (10), which leads to the formation of the HO2•, (from which the superoxides are formed) is inhibited.



On the other hand, if an electron scavenger is added to the AO7 aqueous solution, the superoxide formation is inhibited for different reasons. In particular, the reaction of O2 with electrons (8) and the dissociation reaction induced by electrons (1) are inhibited. As a consequence, reactions (3) and (10) responsible for the formation of the hydroperoxyl radical (from which superoxides are formed) are limited.



In order to better evaluate the role of the catalyst in the formation of oxidizing species, the radical scavengers were added to the solution in presence of only the packed material (SF). The results in terms of AO7 discoloration are reported in Figure 9.



The obtained results show that, in the absence of Fe2O3 catalyst coated on glass spheres, the discoloration was equally favored by O2•− and •OH and not only by O2•− as observed in presence of SF2. These results indicate that, probably, the catalyst promotes the reaction (12) responsible for the formation of hydroperoxyl radical.





3. Materials and Methods


3.1. Structured Photocatalysts Preparation


The packed bed catalytic material was made of glass spheres coated with Fe2O3 film. In particular, the glass spheres used as support material (Microglass Heim, Naples, Italy) presented a diameter equal to 5 mm. The glass spheres were pre-treated by washing with distilled water and then calcined at 450 °C for 2 h. The immobilization of Fe2O3 film on glass spheres were carried out through the “dip-coating” technique [50]. In particular, a beaker containing the Fe2O3 precursor salt (iron acetate, 10 mg) dissolved in distilled water (60 mL) was placed on a heating plate at a temperature of 80 °C. In the obtained solution, 100 g of glass spheres were immersed in and kept under stirring for 30 min at 80 °C. At this point the spheres were separated from the solution and calcined at 450 °C for two hours. In the present work, the dip-coating and calcination processes were repeated three times in order to find the best Fe2O3 amount immobilized on the glass spheres surface. The excess of Fe2O3, which was not immobilized on the support, was removed by washing the spheres in distilled water using an ultrasonic bath (CEIA-CP104, Florence, Italy). The treatment was repeated until a stable weight was achieved. The Fe2O3 amount immobilized on glass spheres was measured using precision balance (Mettler Toledo). In particular, three different samples were prepared (SF1, SF2 and SF3), characterized by a different dip-coating number. The sample SF represents the raw glass spheres.



All prepared samples are reported in Table 1.




3.2. Characterization Techniques


All the prepared photocatalysts were characterized by a chemical–physical point of view through several techniques. In particular, Raman spectra were obtained with a Dispersive Micro Raman (Invia, Renishaw, Italy) equipped with 785 nm laser in the range 150–400 cm−1 Raman shift. scanning electron microscopy (SEM) (Assing, mod. LEO 420, Rome, Italy) was used to characterize the morphology of the different samples. The specific surface area (SSA) analysis was performed by the BET method using N2 adsorption with a Costech Sorptometer 1042 (Milan, Italy) after a pretreatment at 150 °C for 30 min in He flow (99.999%).




3.3. Experimental Setup and Cold Plasma Tests


The reactor configuration used to carry out the experiments was a DBD falling film reactor and was described in our previous work in detail [51]. It is a quartz cylindrical DBD reactor characterized by the presence of two electrodes: an inner electrode (a copper tube) and an outer one (stainless-steel mesh), placed at a specific distance between them. In particular, in the discharge zone inside the reactor, the catalytic packed material (glass spheres covered with Fe2O3 film) was placed, specifically using 36 g of catalytic glass spheres during the experiments. Furthermore, unlike previous work [51] and other papers reported in literature about the DBD reactors application [35], in the present study, the applied voltage between the two electrodes was lower, and it was equal to 12 kV.



The aqueous solution to be treated, with a specific initial concentration of AO7 dye, equal to 20 mg/L, was stored in an external pyrex tank. With the aid of a peristaltic pump, the solution was recirculated inside the reactor with a liquid flow rate equal to 90 mL/min. The solution flowed as a falling film on the catalyst surface on the inner side of the reactor. All experiments were performed at atmospheric pressure in presence of oxygen with flow rate equal to 0.18 NL/min. The total duration of the experiments was 1 h and 30 min in the absence of plasma (defined as the “dark” phase) to evaluate the adsorption of the contaminant on the catalyst surface, and 30 min in the presence of cold plasma generated at 12 kV.



During the tests, the liquid phase and the gas phase were analyzed as described in the following section.



The schematic representation of the reactor and the connected analysis system is shown in Figure 10.




3.4. Analytical Measurements


In order to analyze the AO7 degradation, during the experiments different liquid samples were taken from the reactor at different times. The sample were analyzed with a Thermo Fisher Evolution 201 UV–vis spectrophotometer (Italy). In particular, the AO7 concentration was determined according to the Beer–Lambert law at the maximum absorbance λ = 485 nm]. As regards the AO7 mineralization, the total organic carbon (TOC) was measured by the high temperature combustion method on a catalyst (Pt–Al2O3), in a tubular flow micro reactor operated at 680 °C, with a stream of hydrocarbon free air to oxidize the organic carbon [9].



The degradation and mineralization efficiency were evaluated according to the following equations:


  Degradation   efficiency   (%) =  (  1 −  C   C 0     )  × 100  



(12)






  Mineralization   efficiency   (%) =  ( 1 −  TOC   TOC 0    )  × 100  



(13)




where: C = dye concentration at the generic treatment time (mg/L);



C0 = initial dye concentration (mg/L);



TOC = total organic carbon at the generic treatment time (mg/L);



TOC0 = initial total organic carbon (mg/L).



In addition, liquid chromatography analysis was performed to evaluate the presence of by-products. The LC-MS/MS analyses were performed on a Nexera UHPLC system (Shimadzu, Kyoto, Japan), consisting of a CBM-20 controller, two LC-30AD dual-plunger parallel-flow pumps, a DGU-20 AR5 degasser, a SIL-30 AC autosampler, a CTO-20AC column oven, and an SPD-M20A photo diode array detector equipped with a 2.5 μL detector flow cell volume. The UHPLC system was coupled online with an IT-TOF (ion trap-time of flight) hybrid mass spectrometer equipped with an electrospray source (ESI) (Shimadzu, Kyoto, Japan). In details, the chromatographic analysis was performed with a Kinetex® EVO C18 column (150 × 2.1 mm × 2.6 μm × 100 Å; Phenomenex, Bologna, Italy). The flow rate of the mobile phases was 0.5 mL min−1, and the oven temperature was set at 40 °C. The injection volume was 5 µL. The optimal mobile phase consisted of H2O (A) and acetonitrile (ACN) (B), both acidified at 0.1% of formic acid (v/v %). Analysis was performed in gradient elution as follows: 0.01–20.00 min, 5–95% B; 20–25.00 min, 95–95% B; and finally, 6 min for column re-equilibration. Data acquisition was set in the range 190–800 nm and chromatograms were monitored at 485 nm at the maximum absorbance of the compounds of interest. MS experiments were performed as follows: flow rate from the LC was splitt 50:50 prior to the ESI source by means of a stainless-steel Tee union (1/16 in, 0.15 mm bore, Valco, Houston, TX, USA). Resolution, sensitivity and mass number calibration of the Ion Trap and the TOF analyzers were tuned using a standard sample solution of sodium trifluoroacetate. MS detection was operated in the negative ionization mode with the following parameters: detector voltage, 1.65 kV; CDL (curve desolvation line) temperature, 250 °C; block heater temperature, 250 °C; nebulizing gas flow (N2), 1.5 L/min; drying gas pressure, 95 kPa.



Full scan MS data were acquired in the range of 100–1000 m/z (ion accumulation time, 25 ms; IT, repeat = 3). The MS/MS experiments were conducted in data dependent acquisition, precursor ions were acquired in the range 100–1000 m/z; peak width, 3 Da; ion accumulation time, 50 ms; CID energy, 50%; collision gas, 50%; repeat = 3; execution trigger (BPC) intensity, at 95% stop level. The identification of compounds was carried out on the basis of diode array detection spectra, MS molecular ions, and MS/MS fragmentation patterns. The calibration curve was obtained in a concentration range of 0.625–80 µg L−1 with eight concentration levels and triplicate injections of each level were run. Peak areas of AO7 were plotted against corresponding concentrations. Linear regression was used to generate calibration curve (y = 0.00025x + 0.22675) with R2 values was ≥ 0.9999 (LOD = 0.37 µg L−1, LOQ = 1.12 µg L−1). The LC-MS/MS data were elaborated by the LCMSsolution® software (Version 3.50.346, Shimadzu).





4. Conclusions


The efficiency of the catalytic-assisted cold plasma process, in the removal of AO7 azo dye pollutant in aqueous solution, was demonstrated in this work. The results showed that, in the presence of glass spheres as packing material in the discharge area of the DBD reactor, it was possible to obtain excellent performance in terms of AO7 discoloration and mineralization applying low voltage values (12 kV) and in very short times (10–15 min of reaction). Furthermore, through the dip coating method, it is possible to immobilize Fe2O3 on the glass spheres surface and use it as catalyst in the cold plasma process. The optimal Fe2O3 loading was equal to 0.25 wt%. In fact, this Fe2O3 amount guarantees a uniform dispersion of the Fe2O3 catalyst on the glass sphere’s surface as confirmed by the SEM analysis. Raman characterization confirmed the presence of the Fe2O3 species with a shift to the right of the main peaks of Fe2O3, demonstrating a strong interaction between the glassy support and the active species. The catalytic packed material (named SF2) improved the performance of the DBD reactor, reducing the time required for discoloration and mineralization. In particular, in presence of this catalyst, it was possible to observe a simultaneous discoloration and mineralization behavior, confirming the absence of reaction by-products. The complete degradation of AO7 was also confirmed by UHPLC analyses which demonstrated the complete absence of reaction intermediates. From this study, it emerged that, in the presence of a Fe2O3-based structured catalyst in a DBD reactor, the main oxidizing species responsible for the degradation of AO7 was represented by O2•−. In absence of the Fe2O3 catalyst, but in presence of the only packing material (glass spheres), the AO7 degradation was promoted both by the O2•− and the hydroxyl radical •OH. Therefore, in this last case, there was not a single oxidizing species most responsible for the pollutants degradation, but two (O2•− and •OH). This last result is interesting because it avoids the inhibition of dye degradation by radical scavengers. In fact, if the wastewater to be treated was characterized by the presence of O2•− radical scavengers, it would be appropriate to hypothesize the use of a non-catalytic packed material, such as glass spheres, rather than the use of a catalytic material.
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Figure 1. SEM images of SF (a), SF1 (b), SF2 (c) and SF3 (d) samples. 
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Figure 2. Raman spectra of the prepared sample. 
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Figure 3. Influence of packed material (glass spheres “SF”) on the efficiency of dielectric barrier discharge (DBD) reactor for AO7 degradation: discoloration (a) and mineralization (b) behavior during the run time. AO7 initial concentration: 20 mg/L. Glass spheres amount: 36 g. Applied voltage: 12 kV. O2 flow rate: 0.18 NL/min. 
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Figure 4. Influence of the Fe2O3 amount on glass spheres in AO7 cold plasma degradation. Discoloration (a) and mineralization (b) behavior during the run time. AO7 initial concentration: 20 mg/L. Glass spheres amount: 36 g. Applied voltage: 12 kV. O2 flow rate: 0.18 NL/min. 
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Figure 5. Mass spectra (a) and chromatographic profiles (b) of AO7 dye at 0; dark (adsorption); 2.5; and 5 min of run time in the presence of SF2 catalyst. AO7 initial concentration: 20 mg/L. Applied voltage: 12 kV. O2 flow rate: 0.18 NL/min. 
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Figure 6. Recyclability tests for SF2 catalyst in terms of AO7 discoloration (a) and mineralization (b). AO7 initial concentration: 20 mg/L. Glass spheres amount: 36 g. Applied voltage: 12kV. O2 flow rate: 0.18 NL/min. 
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Figure 7. Influence of O3 on AO7 discoloration (a) and mineralization (b) in a DBD reactor with SF2 catalyst. Experimental tests with (O2) and without O2 (He). AO7 initial concentration: 20 mg/L. Applied voltage: 12 kV. O2 flow rate: 0.18 NL/min. 
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Figure 8. Influence of reactive oxygen species (ROS) on AO7 degradation in a DBD reactor in the presence SF2 catalyst. AO7 initial concentration: 20 mg/L. Applied voltage: 12 kV. O2 flow rate: 0.18 NL/min. 
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Figure 9. Influence of ROS on AO7 degradation in a DBD reactor in the presence of SF (glass spheres) without catalyst. AO7 initial concentration: 20 mg/L. Applied voltage: 12 kV. O2 flow rate: 0.18 NL/min. 
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Figure 10. Schematic representation of the DBD reactor with packed material; HV: high voltage. 
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Table 1. List of the prepared samples.
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	Sample
	Number of Dip-Coating Steps
	Fe2O3 Amount on Glass Spheres (wt.%)
	SSA * (m2/g)





	SF
	0
	-
	0.078



	SF1
	1
	0.13
	0.10



	SF2
	2
	0.25
	0.12



	SF2
	3
	0.37
	0.14







SSA *: specific surface area determined with the Brunauer-Emmett-Teller (BET) method.
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