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In this work, the direct and indirect removal of Acid Blue 25 (AB25) from water by using cold atmospheric pressure plasma jet (APPJ) has been demonstrated. APPJ with a pin electrode type configuration operating with argon as a working gas was used as a plasma source for treatments. In this configuration, argon plasma was formed in the contact with surrounding air over the liquid surface. The plasma was driven by using a high voltage radio frequency (RF) power supply. The system was characterized by the measurement of electrical characteristics and by employing optical emission spectroscopy (OES). The electrical characterization gave information about the voltages and currents, i.e., working points of the discharge, as well as power deposition to the sample. OES recorded the emission spectra and confirmed several existing reactive species in the gas phase of the plasma system. During the direct treatment, AB25-containing solution was directly exposed to APPJ. The direct treatment was performed by modifying various experimental parameters, such as initial AB25 concentrations, treatment times, and input powers. In the indirect treatment, AB25 was treated by using plasma activated water (PAW). The characterization of PAW was performed and various plasma-induced long-lived species, such as nitrate (NO3−), nitrite (NO2−) and hydrogen peroxide (H2O2) have been quantified using colorimetric techniques. Besides, blank experiments have been conducted with main constituents in PAW, where AB25 was treated individually by NO3−, NO2−, and H2O2 and with a mixture of these three species. As expected, with the direct treatment almost complete removal of AB25 was achieved. The measurements also provided an insight into the kinetics of the degradation of AB25. In the indirect treatment, PAW removed a significant amount of AB25 within 17 days. In the blank experiments, H2O2 containing solutions created a favourable influence on removal of AB25 from liquid.
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INTRODUCTION
Organic dyes are the major group of toxic pollutants that have been constantly detected in the environment [1–3] with the textile industries as the main source of dyes in the water bodies [4, 5]. It has been estimated that 200 thousand tons of different dyes are discharged every year into the environment during their application process [6]. Therefore, around 17–20% of industrial wastewater originates only from the textile industries [7, 8]. From an environmental point of view, dye effluents can lead to adverse effects on aquatic life, plant life as well as on public health [6, 9–11]. However, it has been reported that many organic dyes are extremely difficult to degrade by conventional wastewater treatment plants due to their stable chemical structures (e.g., aromatic rings) [12–14].
Many advanced oxidation processes (AOPs), with various approaches including H2O2/Fenton, UV/TiO2, O3/H2O2, UV/H2O2, UV/O3, ozonation have been studied for the treatment of organic dyes from wastewater [15–17]. AOPs are known to generate hydroxyl radical (HO), which is well known as a powerful oxidant with an oxidation potential of around 2.86 V [12, 17, 18]. HO can react and degrade almost all the non-biodegradable stable organic compounds via abstraction of hydrogen bond, electrophilic addition and electron transfer reactions [10, 18, 19]. Many authors have reported that the reactivity of non-selective HO towards most of the organic substrates in the range of 106–1010 M−1s−1, which of course depends on the nature of the target pollutants [10, 17, 18, 20, 21].
In recent years, cold atmospheric plasma (also known as non-thermal or non-equilibrium plasma) has gained attention and proven to be an alternative tool for the oxidation of organic contaminants from water due to the abundant production of reactive species without addition of chemicals and increment of ambient temperature [22–26]. Cold atmospheric plasma is an electrically conductive gas and multi-component system of high-energy electrons, and reactive species, negative and positive ions, neutrals, metastables with thermal energies, and photons of different wavelengths [27–31]. It has been frequently tested for variety of applications, including agriculture [32], destruction of toxic gases [33], food preservations [34], medicines [27], surface modification [35], etc.
Although plasma can be formed inside a liquid, plasma formed in the gas phase above the liquid target require lower operating voltages. Plasma in contact with liquid has been demonstrated by many researchers to be suitable for the successful treatment of various organic pollutants, such as organic dyes [25, 36, 37], pharmaceuticals [21, 38], pesticides [39, 40], and so on. Plasma interacts with liquid leading to the formation of several reactive oxygen (ROS) and nitrogen species (RNS): HO, O, H2O2, NO, ONOOH, O3, etc., that proved to be highly effective in the elimination of a high range of organic pollutants from water [13, 19, 26, 41–43].
Various APPJ with different reactor configurations were used and reported as promising plasma sources for the treatment of dye-containing polluted waters [11, 14, 22, 44, 45].
Generally, in the direct treatment process, where the solution is directly exposed to the plasma formed in the gaseous phase, several factors such as high energetic electrons, short and long-lived ROS and RNS, UV emission, electric field, all originating from the active plasma volume, can play a significant role in the degradation of organic dyes [24–26, 41]. However, in case of PAW application i.e. indirect treatment only long-lived ROS and RNS that remained in the water after plasma treatment can be responsible for the degradation [42, 46–50].
AB25 dye is widely used for dyeing wool, silk, polyamide, leather and mixed fabric [51, 52]. AB25 has an anthraquinone structure with three fused aromatic rings, which makes the molecule resistant to oxidation by conventional wastewater treatment [13, 53, 54]. Anthraquinone dyes together with azo dyes are the most commonly used in the textile industries [55].
In the present study, AB25 dye was selected as a model anthraquinone compound. The removal of AB25 was carried out with direct exposure to APPJ and by using the PAW—indirect treatment. To the best of our knowledge, we could not find a similar report in the literature. The electrical characterization of the plasma system was performed and power deposition to the sample was determined. OES was carried out to study existing short-lived reactive species in the plasma. In indirect AB25 treatments, quantification of long-lived reactive species in PAW was performed. Then, AB25 treatment results with PAW and with chemicals were compared.
MATERIALS AND METHODS
Characteristics of AB25
AB25 (product number: 210684; purity: 45%; chemical formula: C20H13N2NaO5S; chemical class: anthraquinone; classification: anionic; maximum absorbance: 602 nm) was purchased from Sigma Aldrich. A stock dye-containing solution with a concentration of 50 mg/L was prepared by dissolving an adequate amount of analytical grade of AB25 in distilled water. The lower concentration was achieved by the addition of distilled water into the stock solution.
Plasma System
The schematic diagram of the experimental setup is given in Figure 1. APPJ consists of glass and ceramic tubes and a stainless steel electrode (powered electrode). The powered electrode is a 1 mm diameter stainless steel wire with a sharpened edge placed inside a ceramic tube, both axially positioned. The outer and inner diameters of the glass tube are 6 and 4 mm, respectively. The inner powered electrode is connected to the high voltage (HV) source. The sample vessel was grounded with a copper tape placed at the bottom side via a 1 kΩ resistor. A commercial high voltage RF power supply (T&C Power Conversion AG0201HV) provided a sine signal at the frequency of 330 kHz. Argon (5.0 purity) was used as a feed gas with a flow rate of 1 slm (standard liters per minute) and the flow rate was controlled through a mass flow meter (OMEGA, FMA5800/5500). We have chosen argon as a feed gas because it reduces the breakdown voltage of the discharge. The discharge is ignited in the mixture of argon with air. For discharge in air we would need tens of kV of applied voltage and our power supply was a limiting factor. The distance between the tip of the powered electrode and the surface of the liquid sample placed underneath was 10 mm. In all experiments, the sample volume was 5 ml.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experiment and a photo of APPJ over the liquid surface.
The voltage at the powered electrode was determined by a high voltage probe (Tektronix 6015A). The current at the powered electrode was measured with a current probe (Agilent N2783B). The voltage drop across the 1 kΩ resistor used to establish the current in the grounded part was recorded using a voltage probe (Agilent 10073C). The time variable voltage and current signals were monitored by using an oscilloscope (Tektronix MDO3024). Simultaneously, the data from the oscilloscope was transferred to a laptop for further analysis. The power delivered from the power supply to the plasma source and the power in the grounded line, i.e., the power deposited from the plasma passing through the sample, were calculated.
An example of the recorded voltage and current waveform during the direct treatment of AB25 is displayed in Figure 2.
[image: Figure 2]FIGURE 2 | Typical voltage (source) and current (source and ground) waveforms measured during the plasma generation.
The mean power at the source was determined by averaging the instantaneous power (product of measured voltage and current) over a time interval of 6 periods.
[image: image]
Where, Pmean: mean power at the source; v(t): voltage signal at the source; is(t): current at the source: nT = T2–T1.
The mean power at the ground (in contact with the sample) was similarly determined.
[image: image]
With ig(t): current at the ground:
[image: image]
Where Pmean: mean power at the sample; vR(t): voltage drop at the resistor; resistance R = 1 kΩ.
Optical Emission Spectroscopy
OES spectra of excited species in the plasma system were captured by using Maya2000 Pro-UV-NIR (Ocean Insight-High Sensitive Spectrometer) and an optical fiber (M114L02). The fiber diameter (core) and length were 600 µm and 2 m, respectively. The position of the fiber enabled the recording of the emission from the whole volume of the plasma jet. The emission was recorded in the range of 200–1,100 nm with the exposure time of 10 ms. The background spectra (without plasma) was subtracted from the plasma emission spectra. The spectral intensity was corrected for the optical system efficiency.
Direct and Indirect Plasma Treatment
During the direct treatment, AB25-containing solution was directly exposed to APPJ and the solution was characterized immediately after the treatment. In the indirect treatment, AB25 was treated by mixing with plasma-activated water (PAW). The PAW was generated by exposing distilled water to APPJ for 10 min. After PAW was added into AB25 solution, we monitored and analysed the solution for several days to understand the role of long-lived reactive species in PAW on AB25 degradation. Schematics of both processes are illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Schematics of the direct and the indirect treatment.
Solution Analysis
A spectrophotometer (Beckman Coulter DU 720 UV/Visible) with a 5 ml cuvette was used for the investigation of AB25 dye degradation. The maximum intensity of the AB25 absorbance occurs in the visible region at 602 nm and this wavelength was used to detect the degradation of the dye by direct plasma or PAW [56]. It is expected that during degradation of the AB25 through the chemical oxidation process the color donating chemical moiety will be influenced thus eliminating the molecule’s capacity to absorb light in the visual region.
AB25 removal efficiency was determined by using Eq. 4:
[image: image]
Whereas Co (mg/L) is the initial dye concentration, C (mg/L) is the final dye concentration after the treatment and d is the evaporation coefficient.
The energy yield (Y), defined by the removal of AB25 per unit power deposition to the sample that was determined by Eq. 5
[image: image]
Where Vo indicates the initial volume of solution (in liters), Pmean is power deposition at the sample (in kW) and t is the treatment time (in h).
The energy yield at 50% removal was calculated by the following Eq. 6
[image: image]
The determination of long-lived ROS and RNS in the PAW was performed. After the plasma activation, the PAW was immediately characterized, and the concentrations of NO3−, NO2− and H2O2 are determined by using a UV/Visible spectrophotometer. In order to determine the concentration of H2O2, titanium oxysulfate (TiOSO4) reagent was added to the PAW. H2O2 in the PAW reacted with TiOSO4 giving a yellow colour and the absorbance was recorded at 407 nm. NO3−/NO2− were measured by using Griess assay kits (Nitrate test—1.09713.0002, Nitrite test—1.14776.0002, Merck). NO3− was measured with the use of sulphuric acid (H2SO4) and nitrate reagent. However, NO2− was determined by using H2SO4 and nitrite reagent. The absorbance of the formed complexes were recorded at 357 and 525 nm for NO3− and NO2−, respectively.
In all treatment processes, the solution conductivity and pH are measured by a conductivity (HANNA-HI76312) and a pH (HANNA-HI1330) meter, respectively. The pH meter measures the concentration of hydrogen ions (H+). Hence, the concentration of H+ ions based on the measured pH of treated and untreated solutions was determined and discussed in Direct Plasma Treatment of AB25.
RESULTS AND DISCUSSION
Characterization of Plasma
Electrical Characterization of Plasma
Volt-ampere (V-A) characteristics of the pin-APPJ system were investigated and power deposition was calculated for different input conditions. The characterization was done in the identical conditions as in treatments, with the AB25 aqueous sample as a grounded target and Ar flow of 1 slm.
The results of electrical characterization are given in Figures 4, 5. Figure 4A represents the V-A at the jet, while Figure 4B shows the V-A of the plasma in contact with the sample. In both plots, RMS (root mean square) values of the voltage and appropriate current are presented. The linear part of the dependence represents the conditions when plasma is not ignited. At around 1.6 kVRMS voltage the plasma was ignited resulting in a considerable reduction in voltage. One needs to keep in mind that here we did not measured the breakdown voltage but the operating voltage. With a further increase of power given by the RF power supply after plasma ignition, operating voltage did not change significantly and remained at about 1.1 kVRMS. However, after ignition, the values of IRMS at ground, i.e., in the plasma, raise more than 50%. In comparison to the IRMS in the source, IRMS in the part of the circuit that includes the sample were observed to be more than two fold lower.
[image: Figure 4]FIGURE 4 | V-A characteristics representing RMS voltage as a function of RMS current at source (A) and RMS current at the ground—in contact with the sample (B) Working gas: Ar 1 slm.
[image: Figure 5]FIGURE 5 | Variation of mean power deposited in the plasma as a function of RMS voltage (A) mean power at the source (B) mean power at the ground.
The most important parameter for plasma treatments is power deposited into the plasma system. The variation in the power deposition at the source and sample are illustrated in Figures 5A,B, respectively. For the lowest powers applied, when the plasma was not ignited, it was observed that there was a small power deposition of 1–2 W at the source even though the system is mainly capacitive. This is due to the small resistive impedance of the electrical connections and components. When the applied voltage increased above 1.6 kVRMS the breakdown occurs and with the inception of plasma the power deposition is increased. We can see that the increase of the power deposited in the system occurred while the voltage stayed almost constant or slightly decreasing indicating that the power increment is significantly due to the higher current in the source and through the ground i.e., in contact with the sample. Of particular importance was to calculate the power at the ground, i.e., deposited in the part of the electrical circuit in contact with the sample. It can be observed in Figure 5B that when the plasma was ignited the power delivered to the sample was in the range of about 5–11 W.
Optical Characterization of Plasma
OES was used for the detection of excited species in argon plasma in the air interacting with the liquid. A typical OES spectrum during AB25 treatment in the range of 200–1,100 nm can be seen in Figure 6. Excited species such as hydroxyl radical (HO), atomic hydrogen (H), atomic oxygen (O), atomic argon, nitrogen second positive system (SPS), nitrogen first positive system (FPS) and nitrogen first negative system (FNS) were observed.
[image: Figure 6]FIGURE 6 | The emission spectrum of Ar—APPJ in contact with ambient air and over a liquid surface. During the diagnostics, AB25 was placed under APPJ, Vo = 5 ml, Ar 1 slm, Pmean at the sample 11 W. Inset plots show parts of the spectrum zoomed.
A-X band of HO and Hα line were detected with maximum emission of at 309 and 656.2 nm, respectively. In the discharge HO emission could have originated due to dissociative excitation of water molecules in collisions of electron or argon metastables [57–59]. The main source of water molecules in the gaseous phase or discharge region mostly comes from the evaporation of the target sample due to the effect of purging caused by gas flow or could be via local heating caused by the impact of heavy ions in APPJ [57, 60]. Since the plasma was ignited in the mixture of argon with the surrounding air, excited argon lines, molecular nitrogen bands and atomic oxygen lines were present. The emission of O lines were at 777.5 and 844.6 nm, excited molecular nitrogen SPS between 300 and 405.8 nm with intensive band-head at 337.7 nm. For the molecular ions, the nitrogen molecular FNS between 391.4 and 428 nm and a weak intensity of FPS are also present. Excited argon lines were observed in the spectral region between 696.5 and 965.7 nm and the strongest emission occurred at 773.5 and 811.5 nm, respectively. The formation of O and molecular nitrogen can be attributed to the reactions of energetic electrons or argon metastables with ambient air [57]. Many authors have reported that HO and O radicals are considered as one of the main short-lived ROS in the plasma discharge, and they can directly react with organic pollutants which lead to degradation [14, 19, 24, 61].
Emission intensities are determined with various input powers. Figure 7 illustrates that the emission intensities of HO, H, nitrogen SPS, excited argon as a function of deposited power to the sample (ground). It can be observed that the spectral emission intensity of the species increases almost linearly with the increase in deposited power. The largest change in the intensity occurred with species such as O (844.6 nm), nitrogen SPS and excited argon, whereas the intensity of HO, H, and O (777.5 nm) only slightly increases with input powers. The observed influence of input power correlates with results presented by other researchers [57]. Changes in emission intensities with power are related to higher energy delivered to the plasma. Higher power probably could lead to an increase in the electron temperature as well as electron density which influences the emission intensity of excited species [62]. From the viewpoint of treatments, higher intensities and concentrations of reactive species are the essential factors in order to degrade organic pollutants [11, 44]. The OES is a simple and, more important, non-intrusive diagnostic technique that can give information about the excited atomic, molecular and ion species. Its simplicity makes it readily available and the obtained results can be easily interpreted. However, they do not give the whole picture about the plasma chemistry (especially in the gas phase). This can be done by using the Fourier transform infrared (FTIR) spectroscopy, which was not readily available in our case. In the literature, FTIR analysis was carried out to analyze long-lived reactive species in the gas phase. For example, in the study of [11], FTIR analysis was performed to characterize the plasma-liquid interaction, where a plasma jet was formed over the liquid surface in ambient air. It was found that FTIR confirmed the presence of various reactive species (e.g., O3, NO2, HNO3, HNO2, etc.) during plasma–liquid interaction in ambient air. [63] have demonstrated the effect of a water surface on the production of reactive species and FTIR spectroscopy was applied to identify O3 and NO2 in the far-field of the cold atmospheric plasma jet. [64] investigated the synthesis of nanoparticles in liquid with cold atmospheric plasma and they have used FTIR for surface characterization of the TiO2. Another diagnostic technique that can give information about plasma chemistry (both radicals, atoms, molecules, and ions) is mass spectrometry at atmospheric pressure. We have performed characterization of various plasma sources that operate at atmospheric pressure by using HIDEN HPR60 and obtained mass spectra of neutral radicals (atoms/molecules) and ions (results are presented here) [65–68].
[image: Figure 7]FIGURE 7 | The emission intensity of excited species under various input powers in contact with the sample at Vo = 5 ml and Ar flow 1 slm.
Direct Plasma Treatment of AB25
In the direct treatment process, the effect of various experimental parameters, including initial concentration of AB25, treatment time and power deposition on the degradation of dye was investigated.
Effect of Initial AB25 Concentration
In the laboratory-scale experiments, two initial concentrations of AB25 were used. The degradation of dye in the solutions as a function of treatment time is given in Figure 8A. With the increase of treatment time, the concentration of AB25 was decreased exponentially. In both cases, the degradation was significantly more pronounced in the first 5 min. The removal efficiency values were about 87% for 25 mg/L and 73% for 50 mg/L within 5 min. In case of lower initial concentration, the destruction of AB25 for the longest treatment time (10 min) was about 100%, whereas for the two times greater initial concentration the obtained removal efficiency was around 93%. It can be expected that for a longer time the higher initial concentration of AB25 would be completely removed.
[image: Figure 8]FIGURE 8 | Decrease of AB25 concentration (C) as a function of treatment time (A) and logarithmic illustration of AB25 concentration decrease and removal percentage with treatment time (B) at Vo = 5 ml, Ar flow 1 slm and Pmean at the sample 11 W.
Visually, the change in the coloring of the sample can be observed in Figure 9. For lower AB25 concentration and within 10 min of treatment time, dye almost disappeared. On the other hand, for the higher concentration, the solution was not completely colorless.
[image: Figure 9]FIGURE 9 | Colour change of AB25 samples during the direct treatment by APPJ (A) Co = 25 mg/L (B) Co = 50 mg/L at Vo = 5 ml, Ar flow 1 slm, and Pmean power at the sample 11 W.
The kinetic study was performed in order to understand the degradation rate of AB25. It was found that the degradation of AB25 for both initial concentrations followed the first-order kinetics during investigated treatment duration (Figure 8B) with good regression coefficient values (R2 ≥ 0.98).
First-order kinetics is defined by the following Eq. 7, where k is rate constant and t is treatment time.
[image: image]
The half-life (t1/2) AB25 decomposition time was determined by the given Eq. 8 and shown in Table 1.
[image: image]
TABLE 1 | Degradation rate constants and half-life at two different AB25 concentrations in the sample.
[image: Table 1]It can be inferred from Table 1 that the lower initial concentration of AB25 promotes the higher degradation rate constant. The half-life time for 25 mg/L was almost 2 times lower than 50 mg/L, which attributed to a faster degradation rate for the lower AB25 initial concentration. The higher concentration of AB25 means a higher number of dye molecules in the solution, whereas the formation of plasma species remains almost the same. Moreover, at the higher concentration, intermediate products may become more relevant and not all introduced plasma species continue reacting with the original AB25 molecules (competition with intermediates). Yet, concerning that equation for first-order kinetics (7) precisely fits the data, the effect involving intermediate products is not pronounced. Almost a similar behavior was reported in the previous research on the degradation of AB25, where DC glow discharge was formed in ambient air over the liquid surface [9].
Ghodbane et al. [9] have studied the degradation of AB25 with direct exposure to glow discharge, whereas plasma-treated samples were characterized by using HPLC and HPLC-MS. They have reported that the key reactive species such as high energy electrons, O3, and HO can attack at various positions of AB25 molecules and lead to the formation of low molecular weight residues. For example, initially, the reactive species can attack various chemical bonds in the AB25 molecule, including amino, sulfonic and vinylsulfonyl since they are located far from anthraquinone rings (stable), and then various bonds in naphthaquinone rings can be eliminated. It was found that low molecular weight products such as pyrocatechol, 3,6-diamino-4-methylphthalic acid, benzene, and 2,5-dimethylphenol appeared due to oxidation of AB25. [69] have investigated the degradation of AB25 with AOPs (e.g., UV-H2O2 and UV-TiO2), and they reported the possible degradation pathways for AB25. It was mentioned that degradation can be initiated by attacking at C-N bond to separate the aromatic ring and then hydroxylation in the secondary amine position. In further steps, splitting of quinone ring leading to the formation of 2-amino-4-(2-carboxybenzoyl)-5-hydroxybenzenesulfonate, after that it further oxidizes to phthalic acid and then turns into formic and oxalic acids. Finally, ending up with complete mineralization of the dye. In the study of [70] corona discharge was used for degradation of AB25. Authors reported degradation pathways of AB25, whereas O3 and H2O2 were the major reactive species that are responsible for degradation. The products such as CO2, H2O, SO42−, NO3− were found by the end of treatment.
The energy yield was calculated and it depended on the removal percentage of AB25 for both initial concentrations. The energy yield was higher at the beginning of the treatment (shorter treatment times) due to a faster degradation rate. However, for fixed removal percentage the difference in the energy yield was not significant for both initial AB25 concentrations. In this case, the energy yield was about 259 mg/kWh for 50 mg/L and 252 mg/kWh for 25 mg/L at 50% removal, respectively.
The pH and the conductivity of the treated solutions were also measured. The results are presented in Figure 10. For both initial concentrations, the pH changed in the same way and it drastically dropped with the treatment time. After 10 min of treatment time, the final pH was about 2.5. The decrease in the pH can be attributed to the formation of acidic molecules (e.g., HNO3 and HNO2) and the higher concentration of hydrogen ions (H+) inside the solution [11, 71–73]. Based on measured pH, the concentration of H+ ions was determined by Eq. 9 [74]. The concentration of H+ ions with treatment time is plotted in Figure 10A, where it increased linearly with treatment time.
[image: image]
[image: Figure 10]FIGURE 10 | The variation in (A) solution pH and hydrogen ion (H+) concentration with treatment time (B) hydrogen ion (H+) concentration with conductivity.
It was observed that the conductivity of the treated solutions increased with the increase in treatment time. The initial conductivity, which was quite small (21–31 μS/cm), was enhanced up to about 850–900 μS/cm after 10 min of treatment. The conductivity was somewhat higher for the higher initial concentration of AB25, but the difference was not significant. The electrical conductivity is determined by the Kohlrausch law taking into account the concentration and nature of ions inside solution, whereby H+ ions can contribute strongly because of the Grotthus proton-hopping mechanism leading to an exceptionally high limiting molar ionic conductivity (349.8 S cm2/mol). Figure 10B shows that the H+ ions concentration measured against conductivity has a linear dependence.
Effect of Input Power on AB25 Degradation
The influence of deposited power on AB25 degradation was also investigated. The experiment was carried at the initial AB25 concentration of 50 mg/L and treatment time of 5 min. In Figure 11, the effect of the deposited power into the discharge on the change in AB25 concentration and removal percentage is shown. As expected, the higher degradation of AB25 was accomplished when there was more power transferred to the sample. At higher input power, more energy can be delivered to the plasma to support the formation of more reactive species. It was evident from OES result (Figure 7), where emission intensities of reactive species increased with input powers. Therefore, the presence of more reactive species in the gas phase can lead to the degradation of AB25. The observed effect was illustrated in various papers, showing that input power played a beneficial role in the degradation of various organic dyes [75, 76].
[image: Figure 11]FIGURE 11 | Normalized decrease of AB25 concentration shown in logarithmic scale and removal percentage as a function of power deposition to the sample. The initial concentration of AB25 was Co = 50 mg/L, treatment time 5 min, Vo = 5 ml, Ar flow 1 slm.
The kinetic curves for the removal of AB25 as a function of deposited power are shown in Figure 11. In the first-order reaction (Eq. 7), the time was replaced by input power to determine what is more cost-efficient: to increase the power or to use a longer treatment time. The value of the rate constant revealed that increasing the input power shows slower degradation compared to increasing the treatment time. A modified first-order and half-life equation is described by a given equation.
[image: image]
It takes about 7 W of input power to decompose 50% of AB25 (Table 2), calculated by Eq. 11.
[image: image]
TABLE 2 | Degradation rate constant and half-life at different power in plasma.
[image: Table 2]Since the treatment was carried out at different input powers, the energy yield was also determined based on the amount of power consumed to remove 50% of AB25 at a fixed treatment time of 5 min and AB25 concentration of 50 mg/L. The calculated energy yield was about 203 mg/kWh. Comparing to Table 1 for 50% proves that removal varying the power at fixed treatment time was not cost-effective. It is more effective to use lower power and longer treatment times.
Indirect Plasma Treatment of AB25
In the indirect treatment, AB25 was treated with PAW and, as control experiments, with solutions containing: (a) H2O2 (b) NO3−, (c) NO2− and (d) H2O2 + NO3− + NO2−.
The control experiments were commenced taking into account that PAW is a cocktail of various long-lived stable species (e.g., H2O2, NO3−, NO2−, ONOOH, O3, etc.) [27, 48]. In this study, the PAW has been generated by exposure of distilled water for 10 min to APPJ argon plasma, with deposited power delivered to the sample of about 11 W and with Ar flow of 1 slm. After the generation of PAW, concentrations of several identified species were measured and the measured values are: H2O2—255 mg/L, NO3−—222 mg/L, NO2−—0.06 mg/L. After the activation, it was observed that the pH dropped from about 6.5 to 2.62 and conductivity increased from around 12 to 708.4 μS/cm, respectively. Many authors have worked on the generation and characterization of PAW, where they quantified various long-lived ROS and RNS [14, 57, 77, 78].
It was evident from OES spectra, that HO., O., H. and nitrogen species were formed in the plasma discharge. These species could contribute to produce varieties of oxygen and nitrogen-based species in the gaseous phase as well as at the gas-liquid interface. The generated species could transfer into the liquid phase and be converted to long-lived species, such as H2O2, NO3−, and NO2−. The comprehensive overview of the origination of ROS and RNS during plasma and liquid interactions has been investigated by several authors [19, 24, 41, 79].
H2O2 is the key active ROS formed in the PAW [14, 42], with an oxidation potential of 1.77 V [24]. The formation of H2O2 can be attributed mainly due to the recombination reactions of HO radicals, generated during plasma and liquid interactions [9]. The most dominant and straightforward reaction pathways in the gaseous phase which contribute to the production of H2O2 are described by Eqs 12, 13 [14, 25, 48, 57, 79].
[image: image]
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The formation of NO2− and NO3− in the PAW can be generated due to the dissociation of acids such as HNO2 and HNO3 [42, 79]. Both acids can be formed from the reaction of N2 and O2 in the gaseous phase as well as at the gas and liquid interface. NO2− and NO3− inside the liquid can be formed through the following possible reaction pathways [42, 79].
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The presence of long-lived species, including H2O2, NO2− and H+ in the liquid with a lower pH can produce peroxynitrous acid (ONOOH), which is a powerful oxidizing agent with an oxidation potential of 2.0 V [46]. ONOOH can also be decomposed and it is possible to generate HO via the following reaction mechanism [48, 79].
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After creation, PAW was immediately mixed with AB25-containing solution. Based on the quantified concentration of species that were produced in PAW, four different solutions, namely (I) H2O2, (II) NO3−, (III) NO2− and (IV) H2O2 + NO3− + NO2−, were prepared and mixed with AB25-containing solution as control experiments. The PAW and AB25 containing solution, as well as, solutions (I)–(IV) and AB25 containing solution have then been followed and periodically characterized for 17 days to check the influence of long-lived reactive species on the degradation of AB25. The initial pH of each solution were measured and the measured values are: pH of PAW + AB25—2.97, H2O2 + AB25—4.22, NO3− + AB25—6, NO2− + AB25—6, and H2O2 + NO3− + NO2− + AB25—4.55.
The effect of PAW and chemicals on the degradation of AB25 is shown in Figure 12. There was no degradation observed immediately after the PAW or solutions (I)–(IV) were mixed with AB25 containing solution (at 0 days). Degradation was noticed after a couple of days of experiment. The solutions containing individual chemicals (II)—NO3− or (III)—NO2− did not play any significant role up to 17 days (almost negligible). In case of solution (I)-H2O2 the degradation of the AB25 became significant after 8 days ending at close to the 50%. The mixture of all three chemicals solution (IV) gave slightly better results in the first days after the solution (IV) was added to the AB25 solution, but on day 17 the removal percentage was similar as in case of only solution (I)—H2O2. The degradation of AB25 was more pronounced with a combination of all three chemicals in the first 10 days, whereas almost the same influence occurred with both cases in between 14 and 17 days. Such influence could attribute to the formation of other reactive species in the solution with the presence of H2O2 + NO3− + NO2−, which might be responsible for the faster degradation in the first 10 days. The best degradation rate was obtained when AB25 solution was mixed with PAW with the maximal removal percentage of about 71% within 17 days. The PAW seems to have a significant influence on the depletion of AB25 compared to the solution with chemicals. Such difference can be explained by the probability of the formation of other reactive species in PAW, which supported and contributed to faster degradation. In the study by Cadorin et al. [46] and Moussa et al. [47], it was reported that the presence of ONOOH in the plasma-activated solution favored the degradation of organic dye (methyl orange).
[image: Figure 12]FIGURE 12 | Effect of PAW and artificial RONS solutions on the degradation of AB25. The initial concentration of AB25 was 25 mg/L. The concentration of AB25 was intermittently measured during 17 days.
To examine the effect of low pH on AB25 removal, an additional experiment with a control sample was performed, where hydrochloric acid (HCl) was added into AB25 solution to maintain a low pH of 3.04. It was observed that the concentration of AB25 almost remained the same within 17 days. Hence, only in acidic conditions, there was no significant acid-catalyzed hydrolysis of AB25.
To allow comparison to the long-term effects of the indirect treatment, direct treatment experiments were carried out with two different initial AB25 concentrations and the plasma-treated solutions were kept and analyzed for 17 days as in the indirect case (e.g., with PAW and reagents). The objective was to investigate the effect of formed long-lived ROS and RNS on the degradation of AB25 after direct exposure to APPJ. After 5 min of treatment, the concentration of AB25 decreased from 50 mg/L to about 16 mg/L and 25 mg/L to about 3 mg/L, respectively. Here, AB25 solution was not directly treated for a longer duration because of evidence from the direct treatment indicating that higher treatment time favored almost complete degradation. Therefore, the treatment time was kept short so that the effect of long-lived reactive species on the degradation of residual AB25 after the direct treatment could be studied.
As shown in Figure 13, it was observed that there was minor decay of AB25 concentration after the analysis of the plasma-treated sample for several days. Since H2O2 was the important long-lived ROS in the indirect treatment process (Figure 12) we can assume that insufficient amount of H2O2 remained after the direct exposure of AB25 solution to APPJ due to its role in degradation processes. This revealed that dominant HO. was consumed immediately after it was formed and consequently reacted with dye molecules.
[image: Figure 13]FIGURE 13 | Follow-up of extended effect of the long-lived species on the degradation of AB25 after the direct plasma treatment. The initial concentrations of AB25 samples were Co1 = 25 mg/L and Co2 = 50 mg/L which were treated directly by APPJ, treatment time 5 min, Ar flow 1 slm, V0 = 5 ml, Pmean at the sample 11 W. Concentrations of AB25 were measured immediately after the direct plasma treatment and then intermittently during next 17 days.
CONCLUSION
The treatment of AB25 with direct APPJ exposure, with PAW, and with solution of mixed chemicals have been studied. A pin-type APPJ was studied as a potentially efficient tool to remove AB25 from water. The plasma characteristics of pin type-APPJ including electrical characterization with calculations of mean power deposited to the discharge were presented. OES shows the emission spectra of the discharge with various reactive species (e.g., HO, O, H etc.). The plasma was ignited in a mixture of argon with the surrounding air, hence there was a significant presence of argon lines, the nitrogen molecule and ion bands. In the emission spectrum, HO as well as O radicals, were the most important detected short-lived species, since they could attack AB25 molecules and contribute to degradation. It was also noticed that the emission intensities of these species increase with the input power. The increase of the emission intensity of reactive oxygen species such as HO and O (844.6 nm) was more pronounced with input power, whereas O (777.5 nm) emission intensity increased only slightly.
In the direct treatment process, the removal rate of AB25 was increased by decreasing the initial AB25 concentration. The removal efficiency was about 87% with a lower concentration of 25 mg/L and 73% with a higher concentration of 50 mg/L within 5 min of treatment and power deposition of 11 W. Almost complete removal was obtained with a treatment time of 10 min and at AB25 concentration of 25 mg/L and power deposition of 11 W. For both initial concentrations, the degradation rates followed the first-order kinetics. An explanation for a continued first-order degradation could be that the bulk of the AB25 degradation happens through a species that reacts selectively with AB25 and that it is present in a pseudo-steady-state concentration. It was observed that the degradation is enhanced with the increase of the input power and this was supported with OES results. On the other hand, the increase in power does not lead to such a significant increase in the degradation rate as compared with the increase in treatment time.
The indirect treatments of AB25 with PAW and with solutions containing main PAW chemicals and their mixture were performed and compared during 17 days monitoring period. It was observed that the degradation was higher with PAW and with the mixture of H2O2 + NO3− + NO2−. Within 17 days, the highest removal efficiency was found to reach about 71% when AB25 solution was mixed with PAW. However, individual reagents such as NO3− and NO2− did not contribute any major role to the degradation. AB25 solution was also kept at low pH without any reagents, the results confirm that acidic condition does not influence degradation.
Apart from indirect treatment experiments, samples after the direct treatment by APPJ were kept and characterized for 17 days to facilitate comparison. It was noticed that there was no significant difference in the concentration of AB25, which indicated that there might be unavailability of enough long-lived ROS in the solution (e.g., H2O2).
Considering all experimental results, it can be concluded that removal of AB25 from water can be accomplished in a direct treatment with APPJ, indirect treatment with PAW, as well as adding H2O2, and mixture H2O2 + NO3− + NO2−. The depletion of AB25 was faster after the direct treatment with APPJ and slower for indirect treatment with PAW and with added chemicals.
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