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Abstract

:

In this study, we investigated the effect of different radical scavengers on the nitrate and/or nitric acid (NO3− and/or HNO3) formation chain in liquid while the dielectric barrier discharge plasma system (DBD) was used for ozone (O3) generation. The effects of the excess concentration of each scavenger were studied individually. In addition, ultrapure water (UPW), tap water, and surface water samples were examined in the same condition. Due to the absence of scavengers in the UPW, we expected the highest NO3− formation in this experiment because all active species produced by the DBD system should have formed NO3−. However, the obtained results were unexpected; the highest NO3− formation was obtained in the tap water at 385 ± 4.6 mg/L. The results can be explained by some compounds in tap water acting as a trap for radicals involved in chain reactions that form NO3− and/or HNO3. The second highest result was obtained in the sodium hydroxide solution as 371 ± 4.9 mg/L, since the OH− ions accelerated the decomposition of O3 to its intermediates such as hydroperoxide (HO2−), ozonide (O3−), and hydroxyl radical (OH•), and, by increasing radicals in the liquid, more chain reactions can be promoted that lead to the formation of NO3− and/or HNO3. On the other hand, the quenching of radicals by scavengers such as carbonate ion and phosphoric acid and/or the long-term stabilization of O3 as O3 negatively affected the chain reactions that generate NO3− and/or HNO3.
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1. Introduction


Nitrogen (N) is one of the valuable substances for the living cell, its main source is the atmosphere and about 78% of the air is inert nitrogen gas (N2). The inert form of N2 is converted to the reactive form as ammonia by the Haber–Bosch process (H-B) and then as nitric acid by the Ostwald process. On the other hand, inert N2 in the air can be converted to reactive nitrogen species (RNS) by non-thermal plasma systems (NTP) which provided reactive oxygen species (ROS). In the plasma field, chain reactions occur between high-voltage electrons (e*) and gas molecules, thus the gas molecules split into their reactive atomic forms such as oxygen atoms (O•) and nitrogen atoms (N•) via Equations (1) and (2) [1,2].


   e *  +  O 2  → 2  O •  +  e −   



(1)






   e *  +  N 2  →  N •  +  N  •     + e  



(2)







Different kinds of active species are formed/deformed incessantly, such as an O• reacts with other O2 to generate ozone (O3) Equation (3) [1], or with other pathways provided to generate superoxide (•O2−) and peroxide (•O22−).


   O •  +  O 2  →  O 3   



(3)







Nitric oxide (NO•) is formed by the reaction between N• and O• (Equation (4)) or can be formed as an intermediate of N2O2 from the reaction of O• or O3 with N2O (Equation (5)) [3,4]. Then, NO• can be oxidized to nitrogen dioxide (NO2•) by O3 (Equation (6)) [3].


   N •  +  O •  →   NO  •   



(4)






   O •  +  N 2  O ⇋  N 2   O 2  ⇋ 2   NO  •   



(5)






    NO  •  +      O   3  ⇋   NO  2 •  +      O   2   



(6)







Nitrogen trioxide (NO3•) can occur by a reaction between NO2• and O3, or rather O• (Equations (7) and (8)) [5]. The instantaneous reaction between NO2• and NO3• provides the formation of dinitrogen pentoxide (N2O5) (Equation (9)) [5].


   O 2 •  +      O    3     →   NO  3 •  +  O 2   



(7)






    NO  2 •  +  O •  →   NO  3 •     



(8)






    NO  2 •  +   NO  3 •    ⇌  N 2   O 5   



(9)







Some of the active species can be transferred to the liquid phase without quenching as a function of gas flow [3,6,7]. The interaction between the active species and water molecules can result in the formation of different species such as peroxynitrite (ONOO−) which can be formed by a reaction between NO• and •O2− (Equation (10)) [3]. In the liquid phase, peroxynitrous acid (ONOOH) is generated by ONOO− and H+ (Equation (11)) [3]. ONOOH is an isomer of HNO3 (Equation (12)) [3].



On the other hand, cyclic O3 formation initiates in the liquid phase and, its intermediates such as hydroxyl radical (OH•), hydroperoxyl radicals (•HO2), and hydrogen peroxide (H2O2) [8], can be involved in HNO3 formation in the liquid (Equations (13) and (14)) [3]. NO3− can be formed by dissociating ONOOH in the water (Equation (15)) [3].


    NO  •  +    •   O 2 −  →   ONOO  −   



(10)






    ONOO  −  +  H +  ⇌ ONOOH  



(11)






  HOONO ⇌   HNO  3   



(12)






    NO  •  +   OH  •  →   HNO  2   



(13)






    HNO  2  +  H 2   O 2  → ONOOH +  H 2  O  



(14)






  ONOOH →   NO  3 −  +  H +   



(15)







Except for the above reactions, there are dozens of possible reaction mechanisms that have been reported in previous studies [3,5,6,7,9,10].



In addition, the active species can react with any substance in the water, such as scavenger ions, molecules, and/or living cells [3,6,9]. The presence and concentration of scavengers affect the half-life of the active species [9].



In addition, the oxidation effect of the ROS and RNS in the liquid has been emphasized in many previous studies, and their interaction with the water matrix and/or each other has been the focus of several studies with increasing interest, over the last decade [3,6,11].



Oehmigen et al. investigated the disinfection effect of the RNS/ROS on E. coli. They stated that the interaction of radicals with water provided the formation of HNO3 which caused acidification of water and increased the degree of disinfection. HNO2 formation in the water leads to part of the HNO3 formation; moreover, the oxidation tendency of the NO2− to NO3− and/or ONOOH formation can also be improved for HNO3 formation [3]. The radical formation in the liquid phase and their active role of them in the oxidation and biocidal effects were examined on two different targets, E. coli and the phenol by Lukes et al. [6]. They proved that NO• and NO2• radicals and the NO+ ions are formed at the gas–liquid interface through the intermediates of phenol and, they showed that as a function of pH, the formation of the phenol byproducts is changed which was evidence that the radicals are influenced by pH [6].



Takahashi et al. investigated the effect of feed gas composition on RNS/ROS formation by a different type of plasma source; they stated that N2O5 was effective for the formation of HNO3, and production was increased as a function of specific energy. They also achieved the NO3− in water when using it without O2 in the feed gas by pulsed discharge, they explained it by the possible long life acting to produce NO3− in off-gas sparging above the water [7].



One of the previous studies focusing on the production of HNO3 by pulsed high voltage discharge showed that pH is the most important parameter; increasing the pH of the solution reduces the degree of conversion of NO2− to NO3− and consequently, HNO3 formation efficiency is decreased [4].



Moreover, Buendia et al. investigated the effect of NaHCO3 alkalinity on NO3− formation by using DBD above the water surface. They reported that the increase in initial sodium bicarbonate concentration caused a decrease in the rate of NO3− formation [12].



Consequently, different types of plasma chemical reactions can be triggered depending on the discharge’s type, energy, and chemical composition of the environment in which it operates, encompassing both gaseous and liquid phases. These discharges can give rise to a variety of species at the gas–liquid interface, which can penetrate or dissolve into the liquid and instigate chemical processes [6,7,13]. Therefore, we do not believe comparing previous studies with each other is a correct approach. However, it was believed that the relationship between the scavengers in the liquid phase and the active species could be defined only if the plasma variables were kept constant, and the current study was carried out with this approach. In this study, the DBD system and environmental circumstances were kept constant for all experiments. We examined the most common radical scavenger ions found in typical natural water sources with their excess concentrations to better compare their scavenging activity on NO3− and/or HNO3 formation. In addition, tap and surface water samples were also assessed in terms of their radical scavenging effect on NO3− and/or HNO3 formation when the samples were treated with the system.




2. Materials and Methods


2.1. Chemicals and Water Samples


The potassium iodide (KI), sodium thiosulfate (Na2S2O3), sodium nitrate (NaNO3), sodium bicarbonate (NaHCO3), sodium carbonate (Na2CO3), sodium chloride (NaCl), calcium dichloride (CaCl2), sodium hydroxide (NaOH), Ceric sulfate tetrahydrate (Ce (SO4)2·4H2O), and hydrogen peroxide (H2O2 purity, 36.5%) used in the experiments were analytical grade and obtained from Sigma Aldrich. The nitric acid (HNO3) (purity 65%) and sulfuric acid (H2SO4) (purity, 98%), ceric sulfate was purchased from Merck. The tap water sample was obtained from the local water network system, while the surface water was sampled from 10–15 cm under the surface of the Karadere River in Yalova, NW Turkey. The surface water samples obtained from the field were transported in 500 mL polyethylene containers to the laboratory at −4 °C with a portable sample carrying bag. After the samples were brought to the laboratory, they were stored at −18 °C and analyzed within 2 days. The surface water sample was labeled as KSW. The ultra-purified water (as labeled UPW) was obtained from a Millipore Milli-Q water purification system.




2.2. Analytical Methods


Elemental analysis of tap water and surface water samples was measured using an Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES Optima 7000DV). Details on ICP-OES instrumental operating conditions and measuring parameters used are given in Table 1.



NO3− and/or HNO3 analysis was performed by measuring nitrate ion concentration in the samples using an ion chromatograph (IC-Shimadzu Prominence series) equipped with a Shim-pack IC-SA2 column (250 mm L. × 4.0 mm I.D) and a conductivity detector. The mobile phase was a mixture of NaHCO3 (12 mM), Na2HCO3 (0.6 mM), and UPW. The flow rate is 1 mL/min, and the oven temperature is 30 °C. Before the analysis, the samples were filtered through 0.45 µm syringe filters. The injection volume was set as 20 µL. A standard ion solution (Shimadzu Ion mix) was used for preparing the calibration curve.



The ozone generation capacity of the generator was determined by iodometric titration according to Standard Methods 2350-E [14].



Total organic carbon (TOC), total carbon (TC), and inorganic carbon (IC) concentrations were measured using a TOC-Analyzer (Shimadzu, TOC-L, Kyoto, Japan).



Residual hydrogen peroxide was measured by modifying the ceric sulfate titration method [15]. Since the residual hydrogen peroxide was in very small amounts in our experiments, different from the original method, 0.01 N ceric sulfate solution was used in the analysis. The modified version limit of the detection was 0.11 mM H2O2.




2.3. Experimental Set-Up


The experimental set-up used in the experiment is given in Figure 1. In all experiments performed with a bench-top DBD, the transformer was 4 kV, 13.7 kHz, the plate to plate electrodes size was 14 mm × 5 mm × 8 mm covered by the ceramic barrier, the gap distance of the electrode was 1.1 mm, and the DBD was in the glass hermetical rectangular parallelepiped. The transformers and electrodes used in our study were produced specially for us by Ulus Electronic in Kocaeli, Turkey. The glass hermetical rectangular parallelepiped was assembled by us in our laboratory.



The reactor outlet gas was delivered through a glass diffuser to a glass cylindrical water column (50 cm in length and 6 cm diameter) by bubbling at a flow rate of 3 L/min, and the reactor contained 200 mL of liquid. The reactor was produced specially for us by Dilex in İstanbul, Turkey. The exit gas from the reaction column was passed through two serial-connected Drechsel bottles (exhaust gas bottles) (Dräger) filled with 500 mL of 2% KI solution to capture and measure ozone and radicals. In all experiments, the ambient air was used as feed gas to the generator at 3 L/min.




2.4. Determination of the Effect of the Water Matrix on NO3− and/or HNO3 Formation


To determine the effect of the pH, a 5 mM NaOH solution, a 0.01 N HCl solution, and a 0.01 N H3PO4 solution were used. The effect of the inorganic carbon alkalinity and species was examined using a NaHCO3 solution and an Na2CO3 solution was prepared; both solutions have the same alkalinity of 500 mg/L as CaCO3. The effect of the ionic strength of the water was investigated with NaCl and CaCl2 solutions with the same ionic strength (µ) as 0.7 M. In addition, tap and surface water samples containing various radical scavengers in low concentrations were also examined. A partial analysis of tap water and KSW is given in Table 2. All solutions were examined separately, and the experiments were performed in triple replicate.




2.5. Statistical Analysis


Linear regression and one-way Welch’s analysis of variance (ANOVA) were performed for the statistical assessment of NO3− and/or HNO3 formation in different water matrices as a function of time. Linear regression is used to predict the value of a variable based on the value of another variable. On the other hand, Welch’s ANOVA is a statistical test that compares the means of two groups to determine whether they are equal. Unlike classic ANOVA, it can be used when the assumption of homogeneity of variances is violated in the data.





3. Results and Discussion


In the presence of each scavenger, NO3−, pH, and conductivity was measured at the beginning, periodically for the first 5 min and then every 15 min, and at the end of the reaction. In addition, at the end of the reactions, escaped ozone, and presence of H2O2 were also measured in each case. The O3 generation capacity of the DBD plasma system used in the experiments was measured as approximately 5 mg O3/min. The plasma output gas was passed through two serial-connected Drechsel bottle filled with 500 mL of 2% KI solution to capture and measure active species. At the end of the 60 min reaction time, the samples were obtained from each solution and titrated with 0.1 N sodium thiosulfate solution under the reductive condition (the experiments were repeated in three replicates). Since we could not have identified radicals individually in this study, we have tried to make sense of all of them with the oxidative effect of ozone on KI. Figure 2 shows the behavior of NO3− and/or HNO3 formation and escaped ozone in the presence of each scavenger as a summary of the study. The bar KI in Figure 2 is the maximum ozone production of the generator, and this result is given for comparison with other cases.



Our expectation was very simple. If there is no scavenger, the radicals will only tend to form NO3− and/or HNO3, but if there is a scavenger, then the formation will change, and it will decrease. However, our results were not as expected, the findings and possible reasons for the results are explained in the following sections in detail.



3.1. Effect of the Water Matrix on NO3− and/or HNO3 Formation


3.1.1. The Case of Ultrapure Water, Tap Water, and KSW


UPW was obtained from the water purification system and immediately was used in the experiment to prevent the dissolution of carbon dioxide and other interferences. Owing to the absence of the scavenger in the UPW, we expected the highest NO3− and/or HNO3 formation in this experiment, and this experiment was considered to be a control set. At the beginning of the experiments, the pH and conductivity of the UPW were measured as 6.98 (±0.2) and 0.11 µS/cm, respectively. Figure 3a shows the NO3− formation when using UPW as the reaction solution, the NO3− concentration was increased linearly, and the highest NO3− formation was obtained as 357 ± 6.0 mg/L. Tap water and KSW were used in this part of the study as real-water samples. Although in low concentration in both samples, they have a variety of ions and molecules as a scavenger for reactive species, as explained earlier. The highest NO3− formation was obtained in tap water among all cases as 385 ± 4.6 mg/L which contains a wide variety scavenger in low concentration (Figure 3a). This result can be explained by some species in tap water acting as a trap for the radicals. The surface water obtained a relatively low NO3− formation of 371 ± 4.9 mg/L, possibly due to the organic carbon content of the KSW. Ozone and other active species may react with organic matter and be consumed by it, so, the nitrate formation chain may be hindered. (The KSW originally contained nitrate 2.43 ± 0.8 mg/L, the initial NO3− concentration was subtracted from the obtained concentration when reporting the result).



In the case of the UPW using reaction solution, pH rapidly decreased from 6.98 to 3.37 in five minutes and then decreased slowly to 2.17 at the end of the reaction (Figure 3b). While increasing the NO3− formation, decreasing the pH can be explained by the formation of HNO3. As mentioned in the previous section, some of the radicals are transported to the liquid without being quenched, which provides the precursor for NO3− and/or HNO3 by the reaction between water molecules [3,6,7,16]. Crema et al. studied the degradation of indigo carmine by an NTP system, ozonation with the direct application of plasma, and the post-discharge effect on an aqueous medium. They reported that, at the gas–liquid interface OH•, O and NO• are formed as intermediates that can remain stable in the water as NO3−, NO2−, and H2O2 [16]. The pH of tap water and KSW samples decreased from 7.62 to 2.21 and 8.14 to 2.49, respectively, at the end of reaction. In both solutions, the pH was decreased gradually due to the alkalinity of the samples (Figure 3b).



On the other hand, decreasing the pH of the solutions could be due to the intake of CO2 into the water and the resulting carbonic acid, but it is unlikely in such a short time and does not explain the increase in NO3− formation.



The formation of NO3− and/or HNO3 in all solutions caused the ionic strength to increase, and the conductivity of the solution was increased (Figure 3c). The conductivity increase in UPW was linear and at the end of the reaction changed from 0.11 µS/cm to 2200 µS/cm. Due to buffer intensity of the tap water and KSW increasing the conductivity take time, the conductivity change rate increased after the pH of the solutions dropped below the pH neutralization point, and this is detailed in Section 3.1.2.



H2O2 formation in UPW was measured periodically, a 0.22 mM H2O2 formation was obtained at the 15th min point of the reaction and remained stable until the end of the reaction. The H2O2 stability can be explained by the completion of ozone saturation in water and the cyclic ozone formation [17]. On the other hand, with the H2O2 formation in KSW, the 15th min point of the reaction was 0.22 mM, then increased by 0.33 mM and remained stable at the end of the reaction, when the case of tap water H2O2 formation gradually increased from 0.22 mM to 0.4 mM and remained stable. It can be explained by some impurities such as OH− ions in the solutions (tap water and KSW) acting as a core for H2O2 formation. Unlike our result, Crema et al. reported that with the N2-NTP application of the water, 1.6 × 10−5 M H2O2 formation in the 10th min of the reaction was obtained and then decreased to 1.0 × 10−6 M which remained constant. They explained that the decrease in the H2O2 concentration is the decomposition of H2O2 into OH• and/or consumption of H2O2 by ozone [16].



Considering that the plasma-treated gas passes through the UPW-containing front vessel before the KI-trap and during the reaction time, it can be said that there are no other radicals in the KI-trap except O3. In the KI-trap 98.7% of O3 was present which was very close to when the case KI-trap was being used as a front vessel (Figure 2). In the case of tap water, most of the radicals escaped and 89% of them were trapped in the KI-traps. On the other hand, the highest O3 consumption occurred when KSW used as reaction solution, in this case 67.7% of O3, was present in the trap. Since the KSW contains organic carbon and the radicals formed in the plasma reacts without selecting a reactant, this result could be explained by some of the radicals vanishing by reacting with the organic carbon.




3.1.2. The Effect of the Initial OH− Ion Concentration


As mentioned above, and in light of previous studies stating that the effect of OH− ion on ozone and NO3− and/or HNO3 formation is different, the difference may have been obtained due to using different plasma sources and reactor configurations. Thus, in the current study, we tried to answer the effect of the OH− ions on NO3− and/or HNO3 formation in the same experimental condition, except for the liquid phase. For this purpose, 5 mM NaOH, 0.01 N HCl, and 0.01 N H3PO4 solutions were used.



Unexpectedly, the second highest NO3− concentration was obtained as 379 ± 5.0 mg/L in the highest initial OH− ion concentration (Figure 4a) among all experimental conditions, even the control set. It can be explained by increasing OH− ion concentration accelerating the decomposition of O3 and the formation of increased OH• radicals [1,8]. With increased OH• radicals, more chain reactions can occur that lead to the formation of HNO3. OH• radicals are involved in HNO3 formation reactions either directly as a reactant or indirectly as a reactant of HNO3 precursor and/or isomer formation [3]. As known, OH• radicals can also provide the formation of H2O2 in the water or vice versa [8]. Our results agreed with the previous studies, the highest H2O2 formation obtained in the NaOH solution at 0.44 mM at the 15th min point of the reaction remained stable at the end of the reaction.



In the acidic solutions, NO3− concentration was relatively lower than in the alkali solution (Figure 4a). This can be explained by the O3 stability, as mentioned before the O3 which is more stable in acidic pH and increasing in the stability of O3 caused the decrease in OH• radical formation which was adversely affected by the HNO3 formation. Especially in the H3PO4 solution, we obtained the lowest NO3− concentration of 350 ± 4.6 mg/L, which is probably due to H3PO4 acting as a scavenger for O3, and the lack of OH− ion in the solution hindering the formation of OH• radicals. The HNO3 formation, which was determined as 364 + 5.2 mg/L in the HCl solution, was higher than the H3PO4 solution.



On the other hand, in both acid solutions, H2O2 formation occurred in the same tendency. We observed that within 15 min, a 0.22 mM H2O2 formation occurred, followed by an increase to 0.33 mM, remaining stable until the end of the reaction. While the relatively high H2O2 formation was expected, the low NO3− formation was unexpected. Yet, it could be explained by the fact that in acidic solutions, O3 is stable, and reactions lead to cyclic ozone formation rather than NO3− formation.



On the other hand, Bian et al. studied the effect of the pH on NO3− formation using a pulsed high voltage discharge. They reported that increasing the pH of the solution caused the reduced formation of HNO3 because of the degree conversion of NO2− to NO3− decreasing at a high pH [4]. However, in our case, NO2− formation could not be observed, so we could not comment. Diverse plasma products are generated by distinct plasma sources, as previously stated [6,7].



Based on the result of the experiments, it can be said that the formation and stability of OH• radicals are very important for NO3− and/or HNO3 formation.



The pH of the NaOH solution decreased gradually from 11.83 to 2.56 as a function of HNO3 formation (Figure 4b). With the radicals transferred to the solution, HNO3 is formed instantaneously and reacts with sodium ions to form NaNO3. The experiment HNO3 formation continued, but due to the inadequate sodium ions in the solution, the HNO3 form accumulated instead of NaNO3, which caused a decrease in pH. The buffer capacity of the phosphate near the pK value was high, and in our case, the initial pH of the H3PO4 was 2.49, which was so close to pK1, that the decrease in the pH because of the nitric acid formation was not observed clearly. In the HCl solution, which was a strong acid, the initial pH was very close to the pK value so the decreasing pH because of the HNO3 formation was not observed clearly, too.



An increase in the ionic strength and the conductivity in the solutions due to the formation of the NO3− and/or HNO3 in the liquid was expected as with those observed in the control experiment. However, in the investigated time interval, the conductivity of the solutions showed different tendencies (Figure 4c). During the experiments, the conductivity of the NaOH solution decreased in 15 min from 890 µS/cm to 460 µS/cm, then increased to 1120 µS/cm (Figure 4c). The change in conductivity can be a result of pH change. As known, there is no direct relation between pH and conductivity but, the solution used in our experiment did not contain any other impurities so we can explain the shifting of conductivity as a function of pH. The conductivity of the solution is lowest when it is close to the neutralization point of the pH, but the conductivity increases farther from the neutralization point. Especially since the mobility of the H+ ion is almost twice that of the OH− ion [18], the conductivity increases with increasing H+ in solution.



Although in the acidic solutions, the pH decreases due to HNO3 formation cannot be determined clearly, the increase in conductivity linearly is due to the increased H+ ion concentration in the liquid phase, that is the formation of HNO3. The conductivity of both HCl and H3PO4 solutions showed a similar linear tendency during the investigated time interval.



In the OH− ion concentration-dominant solution, the second highest O3 consumption was observed among all cases: 23% of the generated O3 was consumed. It indicates that if an adequate number of OH− ions are present, ozone decomposition accelerated, and reacts with RNS to formation of HNO3. On the other hand, even if O3 decomposition is accelerated by different scavengers such as H3PO4, the HNO3 formation chain is inhibited if there is inadequate OH− ion and/or a core. As shown Figure 2 O3 consumption is more in H3PO4 solution than HCl solution but, HNO3 formation is lower.




3.1.3. The Effect of the Carbonate Species


The carbonate system is one of the important acid–base systems in the water and, the fraction of the inorganic carbon species change is dependent on pH or vice versa. Increasing the total inorganic carbon concentration also provides buffer intensity to the water and is defined as carbonate alkalinity. The carbonate alkalinity adversely affects ozonation and the cyclic ozone chain can be broken [19]. On the other hand, the effect of the carbonate species on NO3− and/or HNO3 formation can be different. Buendia et al. examined various initial NaHCO3 concentrations on NO3− formation used by the DBD system above to water surface and reported that the increasing initial alkalinity caused the overall increasing formation rate of NO3− to decrease [12]. On the other hand, carbonate (CO32−) ions are considered stronger scavengers for OH• radicals but, the effect of bicarbonate (HCO3−) ions on the OH• radical is neglectable [9].



In this part of the study, we investigate the effect of the ionization fraction of the inorganic carbon species on nitrate formation where 10 mM NaHCO3 and 10 mM Na2CO3 solution were used in the experiments, individually. The pH of the NaHCO3 solution was 8.2, which is very close to the HCO3− equivalence point, so it was assumed that all inorganic carbon was equal to HCO3−. The Na2CO3 solution pH was 10.96, where the CO32− ion is the dominant species.



In the NaHCO3 solution, the NO3− formation was linear at the end of the reaction as 366 ± 4.9 mg/L NO3− formation was obtained and, the slope was very close to the control set as UPW (Figure 5a). The result indicated that the HCO3− ions are not significantly affected by the NO3− formation. Observing that, in the initial CO32− ion-dominant solution the NO3− formation was insignificantly low at the 30 min point, it is probably due to the OH• radicals being consumed by the CO32−, thus the nitrate formation chain reactions were damaged. Further along in the experiment, with the continued forming of HNO3 in the solution, CO32− ions turned to HCO3− ions, and the consumption of the OH• radicals decreased. Thus, the nitrate formation efficiency showed a similar trend to the NaHCO3 solution, and 345 ± 4.6 mg/L of NO3− formation was obtained in the solution (Figure 5a).



The effect of NO3− and/or HNO3 on the pH, in the NaHCO3 solution, was a very slow decrease from 8.2 to 6.48 due to the buffer intensity. On the other hand, the Na2CO3 solution showed the pH decreasing relatively remarkably from 10.96 to 8.5 in the 30 min reaction, then slowly decreasing to 6.91 (Figure 5b).



The NaHCO3 solution conductivity relatively increased during the experiment, while the conductivity of the Na2CO3 solution slightly decreased from 942 to 869 µS/cm in the first 30 min and then increased to 985 µS/cm. The change in conductivity can be explained by the increased ionic strength of the solutions that was caused by H+ in the form of HNO3 (Figure 5c).



The H2O2 formation was also affected by the consumption of OH• radicals; H2O2 formation began at a different time duration of the reactions in both carbonate solutions such that the formation of H2O2 at 0.22 mM in the NaHCO3 solution was obtained after the 15 min of the reaction, whereas the formation was not observed in the first 30 min of the Na2CO3 solution. The H2O2 formation in the Na2CO3 solution detected in the 45 min reaction was 0.11 mM.



As a result, when it comes to ozone production with DBD, it was seen that the inorganic carbon species had a similar effect on NO3− formation and the NO3− concentration obtained in both solutions was remarkable.




3.1.4. The Effect of the Ionic Strength


The ionic strength is defined as a function of the charge and concentration of the ions in the liquid; in dilute solutions, the ions behave independently of each other, but with increasing ion concentration, the electrostatic interaction between the ions and intensity of the electric field increase [20]. Thus, discharge of the plasma can be obtained as stable and the HNO3 formation reaction may increase due to the interaction between ions and radicals.



On the other hand, increasing salt concentration, also known as the salting-out effect, causes a decrease in the solubility of the molecules in the water such as oxygen [20] and ozone [21]. Gurol and Singer have shown that the ionic strength is effective on the mass-transfer coefficient of O3 by changing the interfacial area of the bubbles, increasing the ionic strength caused by the decreasing solubility and the accelerated decomposition rate of O3 in the water [21]. So, O3, which is one of the reactive oxygen species, is affected by ionic strength; we therefore investigated the answer to the question of whether the other reactive species that are effective in the formation of NO3− and/or HNO3 are affected by ionic strength. Thus, two brine solutions were prepared using NaCl and CaCl2 which have the same ionic strengths (µ) as 0.7 M. To reach the same ionic strength, 42 g of NaCl and 25.9 g of CaCl2 per liter were added in each solution; the pH and conductivity of the solutions were 6.45 and 5.76, and 56.3 mS/cm and 29.8 mS/cm, respectively.



Obtaining the NO3− concentration in NaCl solution was 367 ± 4.8 mg/L, and 346 ± 4.6 mg/L in the CaCl2 solution (Figure 6a). When the results of the experiments with the same ionic strength but different salts are compared with the control experiment, it can be said that obtaining NO3− formation is low, because of the salting-out effect of the solution. However, if we compare the salts among themselves, the solutions either increase their conductivity or the chlorine (Cl−) concentration has a positive effect on the formation of NO3−. Razumovskii et.al. showed that the Cl− accelerated the decomposition rate of ozone, thus O3− could be formed in water. The O3− formation could be increased by OH• and increasing OH• could be promoted by chain reactions to form HNO3 [22].



The pH of both solutions decreased sharply in the 5 min for the NaCl solution from 6.45 to 3.09, from 5.76 to 2.8 for the CaCl2 solution, then progressively decreased and, the conductivity of both solutions relatively increased (Figure 6b). Due to the high conductivity of the solutions, the conductivity could not be measured sensitively.




3.1.5. The Effect of the Ionic Strength


The statistical data of linear regression is presented in Table 3. Furthermore, the ANOVA results for linear regression, the statistical Welch’s test results for nitrate concentrations in the presence of different scavengers at the initial condition, Games-Howell Pairwise Comparisons obtained from the One-Way Welch’s ANOVA for nitrate concentrations in the presence of different scavengers at the initial condition, the statistical Welch’s test results for nitrate formations in the presence of different scavengers at the final condition, Games-Howell Pairwise Comparisons obtained from the One-Way Welch’s ANOVA for nitrate formations in the presence of different scavengers at the final condition are presented in Tables S1–S5, respectively.



The high values of the adjusted R-square (<0.984) indicate a nearly linear increase across all matrices. The slope values presented in Table 3 also give information about the overall NO3− production rate. The higher slope values obtained for tap water and KSW (~6.38) prove the presence of some species acting as a trap and/or core for NO3− formation. Another higher slope value was determined for NaOH (~6.30) potentially due to the initial high OH• ion concentration leading to the decomposition of ozone. The reason for the lower slope values obtained for Na2CO3 and H3PO4 (~5.66 and ~5.72, respectively) can be explained by the presence of carbonate and phosphoric acid acting as scavengers for OH• radicals. For chloride salts, the slope values were also determined to be lower due to the salting-out effect. Lastly, the absence of scavengers in UPW negatively affects the NO3− -forming chain reactions leading to the relatively low slope value (~6.00).



Welch’s ANOVA test results and Games–Howell Pairwise Comparison table for NO3− concentrations at initial and final conditions at 60th minutes as a function of scavengers are given in Tables S2–S5.



In the comparison table, the p-values higher than 0.05 (below 95% confidence level) are an indication of non-similarity between scavengers. At the initial condition, the most dissimilarity was obtained for the CaCl2-tap water (1.00), Na2CO3-NaOH (0.75), CaCl2-NaHCO3 (0.74), and CaCl2-NaOH (0.72) comparisons with the p-values above 0.70; while the most similarity was obtained for HCl-NaOH (5.2 × 10−4), NaCl-NaOH (7.6 × 10−4), KSW-tap water (7.0 × 10−3), and NaOH-tap water (4.8 × 10−3) with the p-values below 0.01.



At the final condition at 60 min, significant comparisons were obtained for NaCl-HCl (8.1 × 10−4), HCl-H3PO4 (2.0 × 10−5), NaCl-H3PO4 (1.7 × 10−5), Na2CO3-tap water (0.01), H3PO4-tap water (0.01), HCl-tap water (0.02), and NaCl-tap water (0.02). The marginal media were determined as UPW and CaCl2 (p-value: 1.0). The comparisons of all scavengers with CaCl2, NaHCO3, UPW, and KSW were non-significant. Moreover, the only significant dual comparison for Na2CO3 was obtained with tap water. As a result of statistical analysis, the number of significant dual comparisons are more at the initial condition than the final condition due to the closer initial nitrate concentrations than the final concentrations, because the aqueous phase of scavengers was prepared synthetically in UPW by using analytical grade chemicals except for KSW and tap water.



During the investigated time intervals, some radicals were quenched by scavengers, and therefore nitrate formation chain reactions were adversely affected leading to a decrease in nitrate formation. Individually, the salting-out effect of chloride salts (1), the presence of carbonates (2), the organic carbon content in KSW (3), and the absence of core and/or trap in UPW (4) led to non-significant results.






4. Conclusions


In this study, we compared the scavenging activities of common scavengers on NO3− and/or HNO3 formation when using the DBD system fed with ambient air. Based on the results, it can be said that scavenger concentration is more effective than increasing the diversity of scavengers in the water, and NO3− and/or HNO3 formation is adversely affected by both increasing scavenger concentration and the absence of scavengers. The highest NO3− formation was obtained in the tap water as 385 ± 4.6 mg/L while the lowest NO3− formation was 347 ± 4.7 mg/L in CaCl2 solution. The remarkable NO3− formation obtained in all water samples showed that the DBD system could be beneficial for irrigation after pH adjustment, depending on the soil and the type of plant to be grown.



On the other hand, we obtained notable nitrate concentration at the end of the experiments in all cases. The results showed that the water matrix is relatively effective on NO3− and/or HNO3 formation when using the DBD system fed with ambient air. Moreover, previous studies demonstrated that NO3− formation occurred in the liquid phase even using N2 as feed gas, as a function of long-lived species, and/or interaction between plasma-treated gas and water [7,17]. When NTP systems are intended to be used for water/wastewater treatment, it should be considered that nitrate will be formed in the liquid phase. This means the inclusion of a compound “NO3−” is needed by various microorganisms in the liquid phase and thus contamination is increased. In addition, it has been revealed in many studies that nitrate in drinking water will create various health problems if consumed [23,24,25,26].



Lastly, the production of NO3− and/or HNO3 with an NTP system may be considered “not feasible” today because it has many obstacles in technical and economic aspects. However, we believe that with the optimization of the system configuration, NTP will be accepted as a new nitrate-based compound and/or nitric acid production method soon. In the current study, we kept the DBD system and environmental conditions constant to avoid their effects on NO3− and/or HNO3 formation. Our further study will be to examine different plasma sources and plasma creation variability on NO3− and/or HNO3 formation.
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Figure 1. A schematic diagram of the set-up used for all experiments in the current work. 
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Figure 2. Variation of escaped O3 and NO3− formation as a function of scavengers in the investigated time interval (60 min), the KI bar ([image: Water 15 01840 i001]) is maximum ozone production of the generator, escaped O3 is given as bars, the NO3− formation is given as dots. 






Figure 2. Variation of escaped O3 and NO3− formation as a function of scavengers in the investigated time interval (60 min), the KI bar ([image: Water 15 01840 i001]) is maximum ozone production of the generator, escaped O3 is given as bars, the NO3− formation is given as dots.



[image: Water 15 01840 g002]







[image: Water 15 01840 g003a 550][image: Water 15 01840 g003b 550] 





Figure 3. (a) Formation of NO3− in UPW (without scavengers), tap, and KSW (with scavengers) during plasma-treated gas passes through solutions. (b) Change in pH as a function of NO3− formation in UPW (without scavengers), tap water, and KSW (with scavengers). (c) Change in conductivity as a function of NO3− formation in UPW (without scavengers), tap, and KSW (with scavengers). 
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Figure 4. (a) The effect of the initial OH− ion concentration on NO3− formation. (b) pH changes in 0.01 N HCl, 0.01 N, H3PO4, and 5 mM NaOH solutions as different initial OH− ion concentrations as a function of NO3− formation. (c) Conductivity changes in 0.01 N HCl, 0.01 N, H3PO4, and 5 mM NaOH solutions with different initial OH− ion concentrations as a function of NO3− formation. 
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Figure 5. (a) The effect of the ionization fraction of the inorganic carbon species on NO3− formation, 10 mM NaHCO3, and 10 mM Na2CO3. (b) pH changes in 10 mM NaHCO3 and 10 mM Na2CO3 solutions as a function of NO3− formation. (c) Conductivity changes in 10 mM NaHCO3 and 10 mM Na2CO3 solutions as a function of NO3− formation. 
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Figure 6. (a) The effect of the initial ionic strength on NO3− formation. (b) The effect of the ionic strength of the solution species on pH. 
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Table 1. ICP-OES operating conditions.
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	Parameter
	Operation Conditions





	RF power, W
	1450



	Sample uptake rate, mL/min
	1.5



	Nebulization gas flow rate, L/min
	0.45



	Auxiliary gas flow rate, L/min
	0.2



	Plasma flow rate, L/min
	15



	Sample flow rate, L/min
	1.5



	Nebulizer
	Cross Flow



	Spray chamber
	Scott



	Torch configuration
	Radial (Ca, Mg, Na),

Axial (Fe, Zn, Ba, K, Cu)



	Elements, wavelengths (nm)
	Fe (259.939), Zn (206.200),

Ba (455.403), Mg (280.271),

Ca (393.366), K (766.490),

Na (589.592), Cu (327,393)










[image: Table] 





Table 2. All solutions were examined separately, and the experiments were performed in triple replicate.
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Parameter

	
KSW

	
Tap Water

	
Parameter

	
KSW

	
Tap Water






	
Element

	
mg/L

	
mg/L

	
pH

	
7.40

	
8.50




	
Total Fe

	
0.002

	
0.005

	
Alkalinity (mg/L as CaCO3)

	
170 (±5.15)

	
110 (±5.15)




	
Total Zn

	
0.004

	
0.019




	
Total Ba

	
0.003

	
0.011

	
Hardness (mg/L as CaCO3)

	
125 (±10.2)

	
190 (±10.2)




	
Total Mg

	
10.668

	
13.830




	
Total Ca

	
106.350

	
39.760

	
Conductivity (µS/cm)

	
565

	
230




	
Total K

	
0.511

	
1.274




	
Total Na

	
12.959

	
9.095

	
TC (mg/L)

	
114 (±0.5)

	
60.5 (±0.5)




	
Total Cu

	
0.002

	
0.007

	
TOC (mg/L)

	
10 (±0.5)

	
0.00




	
Br−

	
0.000

	
0.007

	
Inorganic carbon (mg/L)

	
100 (±0.5)

	
60 (±0.5)




	
Cl−

	
5.800

	
7.900




	
NO3−

	
2.413

	
0.655




	
PO43−

	
0.920

	
0.420

	
ICP analysis standard deviation is ± 0.005 mg/L,




	
SO42−

	
14.400

	
8.810
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Table 3. The statistical data of linear regression.
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Intercept

	
Intercept

	
Slope

	
Slope

	
Statistics

	
Intercept

	
Slope




	
Value

	
Standard Error

	
Value

	
Standard Error

	
Adj. R-Square

	
t-Value

	
t-Value






	
UPW

	
−10.683

	
8.72179

	
6.00645

	
0.25955

	
0.99073

	
−1.22486

	
23.14149




	
Tap

	
−12.6739

	
11.9088

	
6.38587

	
0.3544

	
0.98479

	
−1.06424

	
18.01903




	
KSW

	
−4.91477

	
6.17878

	
6.38175

	
0.18388

	
0.99586

	
−0.79543

	
34.70693




	
NaOH

	
−9.11918

	
5.45704

	
6.30462

	
0.1624

	
0.99669

	
−1.67109

	
38.82224




	
Na2CO3

	
−3.41312

	
9.1083

	
5.66663

	
0.27106

	
0.98866

	
−0.37473

	
20.90578




	
NaHCO3

	
−12.0936

	
9.64839

	
6.04389

	
0.28713

	
0.98882

	
−1.25344

	
21.04944




	
H3PO4

	
1.23393

	
3.09508

	
5.72337

	
0.09211

	
0.99871

	
0.39868

	
62.13813




	
HCl

	
−2.29049

	
4.00673

	
6.20551

	
0.11924

	
0.99816

	
−0.57166

	
52.04348




	
NaCl

	
−0.64245

	
3.78247

	
6.0316

	
0.11256

	
0.99826

	
−0.16985

	
53.58407




	
CaCl2

	
1.39872

	
6.9549

	
5.54413

	
0.20697

	
0.99307

	
0.20111

	
26.78682
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