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Abstract

:

Increasing attention has been paid to removal of aqueous contaminations resulting from azo dyes in water by plasma technology. However, the influence factors and removal mechanism of plasma technology were still obscure, moreover, energy consumption and oxidized degradation efficiency of plasma reactor were also inferior. In the present study, a comparative analysis was performed using 100 mg/L of Methyl Orange (MO) in the simulated wastewater with a novel plasma reactor to achieve the ideal parameters involving voltage, discharge gap, and discharge needle numbers. Therefore, the optimal removal rate for MO could be up to 95.1% and the energy consumption was only 0.26 kWh/g after the plasma treatment for 60 min, when the voltage was set as 15 kV, the discharge gap was 20 mm, and the discharge needle numbers was 5. Based upon the response surface methodology (RSM), the removal rate of MO was predicted as 99.3% by massive optimization values in software, and the optimum conditions were confirmed with the plasma treatment period of 60 min, the voltage of 14.8 kV, the discharge gap of 20 mm, and the discharge needles of 5. Plasma associated with catalysts systems including plasma, plasma/Fe2+, plasma/PS, and plasma/PS/Fe2+ were further investigated, and the best removal rate for MO reached 99.2% at 60 min under the plasma/PS/Fe2+ system due to simultaneously synergistic reactions of HO• and SO4•−. Moreover, it was also revealed that –N=N– bond was attacked and broken by active species like HO•, and the oxidized by-products of benzenesulfonic acid and phenolsulfonic acid might be generated, via the analysis of the variation in the absorbances through UV-Vis spectrophotometry during the plasma treatment. As a result, the advanced plasma technique in this study presented excellent efficacy for MO removal from simulated wastewater with low energy consumption.
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1. Introduction


In 1862, the inartificial dyes were initially obtained from natural sources, including leaves, roots, and branches, etc. [1], which usually limited the range of colors [2]. Thereafter, various kinds of artificial dyes were explored to satisfy daily demands. According to their chemical structures and chromophores, dyes are classified as azo (mono-azo, di-azo, tri-azo, poly-azo), anthraquinone, phthalocyanine, diarylmethane, triarylmethane, indigo, azine, oxazine, thiazine, xanthene, nitro, nitroso, methine, thiazole, indamine, indophenol, lactone, amino ketone, hydroxyl ketone stibene, and sulfur dyes [3]. So far, there are over two thousand types of dyes available for commercial purposes in the market with quantities exceeding 7 × 105 tons worldwide annually [4,5], of which over 50% were azo dyes [4]. Azo dyes are a class of organic compounds with azo linkages (–N=N–) connecting aryl groups, which were widely used in textile, printing, paper and other fields [1,4].



Azo dyes possessed strong physical and chemical stability, extraordinary resistance to high temperature, photolysis, biological and oxidative degradation [6]. Therefore, great quantities utilizing and inappropriate discharge of azo dyes have resulted in water pollutions and accumulations in the water cycle, threatening the safety of drinking water. Textile-processing units discharged extremely colored water effluents with dye content in the range of 10–200 mg/L [3]. For instance, the outflow concentration of the dye Acid Orange 10 from the final clarifier of a textile factory in India was 45 mg/L [7]. The outflow concentrations of azo dye from 14 Ramadan textile industries in Iraq ranged between 20 mg/L and 50 mg/L [7]. Human exposure to these azo dyes and their intermediates would cause mutagenic, carcinogenic, nervous system disorders, and dermatitis [8], as well as severe and long-lasting impact on the liver, kidney, brain, and reproduction system [9]. Therefore, increasing efforts would be warranted to implement the elimination of azo dyes from waters.



Azo dyes usually contain a strong stable benzene ring structure and azo bonds that prevent mineralization, and even dissolved functional groups of sulfonate, hydroxyl, or carboxyl, leading to difficult water treatment [10,11,12,13]. Extensive research has been done on utilizing physical and chemical techniques for the removal of azo dyes, including adsorption, chemical oxidation, biological techniques, and plasma technology [14,15,16], etc. The adsorption method could adsorb azo dyes effectively, but only by transferring the contaminants from water to the solid phase, without achieving the degradation effect [17], and the adsorbent regeneration was an intractable problem [18]. The chemical oxidation process could decolorize azo dyes, but the mineralization rates were usually inferior, and the addition of chemical agents was inclined to cause secondary pollution [16,19]. The biological method was used for azo dyes degradation due to their high activity and strong adaptability [20], but high levels of azo dyes could inhibit the activity of bacteria [16]. Therefore, an environmentally friendly and high efficiency degradation technique for azo dyes was required for developing to overcome the above-mentioned problems.



Plasma technology is considered as the advanced oxidation process (AOP); the plasma discharge could break molecular structure efficiently by its generation of strong active species (HO•, H•O•, HO2•, NO2•, etc.) and other physiochemical effects (UV irradiation, shockwaves, local high temperature, etc.) in situ [17,21,22]. The water molecule of solution in the discharge process leads to produce HO• and H• by its dissociation, ionization, and vibrational/rotational excitation, as shown in Equations (1)–(4) [15]. H• and O• could be generated by vibrationally/rotationally excited water molecules that are released into a lower energetic state, as shown in Equations (5)–(7) [15]. Subsequently, the enduring H2O2 could be formed by dimerization of HO• (Equation (8)) [23]. In addition, plasma containing water has UV light emission as a result of exited species relaxation to lower energetic states, which are generated from the collisions between electrons and neutral molecules [15]. In the plasma treatment process, the organic molecules (M) absorb the radiation and transfer into an excited state (M*) by ultraviolet radiation, whereafter the excited M* could be decomposed into a new product in the transversion of M* goes back to the ground state immediately due to short lifetime (10−9–10−8 s), as shown in the Equation (9) [15]. Thus, this technique was suitable for the removal of degradation-resistant organic compounds [16]. Ma et al. have used Dielectric Barrier Discharge (DBD) plasma technology to degrade 44.36 g/L of methylene blue (MB), the degradation rate could reach up to 98.3% after 3 min [24]. Sarangapani et al., have used Box-Benkhen Design (BBD) model and Response Surface Methodology (RSM) to optimize the experimental parameters of the DBD plasma technique for Methyl Orange (MO) degradation, which determined the optimal experimental conditions with voltage at 70 kV, treatment time as 120 s, and MO concentration as 100 mg/L [25].
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   M + hv  →  M *  → product  



(9)







However, the influence factors and degradation mechanism of plasma technology on azo dyes at the molecular level were still obscure, as well as usually followed with high energy consumption and inferior degradation efficiency due to low mass transfer efficiency between gas and liquid phase in plasma reactor [26,27]. In general, active species including HO•, H•, O•, etc. generated from plasma could penetrate into liquid, but with shallow penetration depth and attain some dozens of microns [28].



Therefore, the establishment of the interaction between active species and organic contaminants would enhance the removal efficacy. In this study, a novel reactor with an improved plasma area was designed through regulating the grounded plate and the plasma discharge area, which could increase the removal efficiency by the intensive reaction between active species and MO contaminants on the interface of gas-liquid. Moreover, the addition of typical catalysts such as persulfate (PS) and Fe2+ would present excellent degradation efficacy due to the high oxidizability of generated active species [29,30,31,32].



In order to solve the above-said problems, the plasma technique for the azo dyes was implemented in the present study to achieve the objectives as follows: (1) confirm the optimal influence parameters by comparing the plasma removal performance on the target azo dye of MO under different conditions, involving the reaction time, voltage, discharge gap, and discharge needle numbers; (2) improve MO removal efficiency and reduce energy consumption using the novel plasma reactor through the optimal response surface methodology (RSM); (3) investigate the removal efficiency of plasma associated with catalyst system including PS/Fe2+; and (4) determine the removal mechanism via the UV-Vis analysis of MO during the plasma process.




2. Materials and Methods


2.1. Chemicals and Reagents


Methyl Orange (MO, 99.9%) was acquired from Fluka (Steinheim, Germany). Sodium hydroxide (NaOH, 99.9%), ferrous sulfate (FeSO4, 99.9%), and sodium persulphate (Na2S2O8, 99.9%) were purchased from Acros Organics (Geel, Belgium). All solutions were prepared using ultrapure water with a conductance of 18.2 MΩ/cm (Millipore, Bedford, MA, USA).




2.2. Experimental Setup and Procedure


A novel reactor was designed as a cylinder with well appropriate between the plasma discharge area and the grounded electrode in the bottom of the reactor. The novel reactor could increase the effective discharge area for active species formation during the plasma process. The fully propagated plasma occupied a roughly circular region on the liquid surface with visually uniform leader distribution [33]. As shown in Figure 1, the novel plasma reactor was an organic glass reactor with a 50 mL effective volume for MO removal from simulated wastewater. In detail, the bottom radius was 50 mm, the height was 70 mm, and the wall thickness was 5 mm. Two air vents with a radius of 4 mm were set on both sides, which were 20 mm away from the top of the reactor. A sample collection hole with a 4 mm diameter was installed at 12 mm away from the bottom of reactor. The mass transfer efficiency of active species in liquid could be improved by enhancing the air tightness of the reactor, all vents were blocked with an airtight polymer cap during the operation. The circular grounded metal electrode plate with a 45 mm radius and 2 mm thickness was immersed in the MO solution, the same size as a perforated metal plate fixed with needle-like electrodes was used as high voltage discharge electrode plate. Needle-like electrodes were stainless steels which widely used due to their mechanical and anti-corrosion properties [34]. The nylon columns were used to support the high voltage electrode and the grounded electrode, and the high voltage electrode could be adjusted by the distance above the solution.



The high voltage direct current (DC) power supply (LYZGF, Zhi-Cheng Company, China) was used to generate plasma, characterized with the range of 0–60 kV for discharge voltage and 0–5 mA for output current. Based upon the important influence parameters, the discharge voltages were in the range between 11 kV and 15 kV, the discharge gap was between 19 mm and 21 mm, and discharge needle numbers were 3, 4, and 5, together with the initial MO concentration of 100 mg/L in simulated solution [35,36,37]. The added catalysts of Fe2+ and PS were set as 0.02 mmol/L under the optimal experimental conditions after the experimental factors were optimized by the RSM in the experiment of MO removal with plasma.




2.3. Sample Preparation and Analysis


The experimental duration of each plasma process was 60 min. Samples were taken at 0 min, 10 min, 20 min, 30 min, and 60 min, the reactor effluent from MO wastewater treatment was analyzed after filtration of glass fiber membrane (0.45 µm). The samples were scanned using an ultraviolet and visible (UV-Vis) spectrophotometer (DR 5000, Hach Company, Loveland, CO, USA) [38]. The absorbance was compared with the standard curve (Y = 0.7563x − 0.00831 R2 = 0.998) established at the maximum absorption wavelength of MO 462 nm [39], subsequently the concentration and removal rate of MO was calculated separately. The TOC values of collected samples were determined by the TOC analyzer (multi NC 3100, Analytik Jena AG Company, Jena, Germany) via direct nonpurgeable organic carbon (NPOC) measurement method to confirm the reduction of organic substances in solutions [24].




2.4. Data Analysis







	
Removal rate of MO (η) %


   η =     C 0  –  C t     C 0     








where η was the removal rate of MO in the solution, C0 and Ct were the concentration of MO solution at times of 0 and t, respectively.



	
Energy consumption (W) kWh/g


   W =    IUt   Δ m    








where W was the energy consumption of removing organic matter per unit weight, I was the output current, U was the output voltage, t was the discharge time, Δm was the removal weight of organic matter.



	
Mineralization rate (XTOC) %


   X  TOC   =     TOC  0     − TOC   t      TOC  0     








where XTOC was the mineralization rate of MO, TOC0 and TOCt were total organic carbon at 0 min and t min, respectively.









2.5. RSM Experimental Design


Design-experimental V8.0.6.1 statistical software (Stat-Ease, Minneapolis, MN, USA) was applied to carry out the experimental design, analysis of variance (ANOVA), mathematical modeling, and 3D response surface [13]. Plackett-Burman, Central-Composite, and Box-Behnkhen Design (BDD) were widely used methods for RSM experiments, in which BDD followed the least number of quadratic model fitting experiments at three levels. As shown in Table 1, four significant operating parameters of a novel plasma reactor involving time (min), voltage (kV), discharge gap (mm), and discharge needle numbers were optimized using BBD in this study, and the removal rate of MO was the factor of response surface analysis [40]. In this study, four parameters presented three variation levels equally, which were codified as −1, 0, and 1 [13].





3. Results and Discussion


3.1. The Influence of Voltage


Discharge plasma originated by high voltage on the gas-liquid surface would generate various active species in the solution [35]. Thus, the discharge voltage was a significant factor on the removal of azo dye during the plasma treatment. To evaluate the effect of discharge voltage on MO removal, systematic experiments were implemented on plasma treatment with different applied voltages of 11 kV, 13 kV, and 15 kV. The other experiment parameters of the discharge needle numbers were set as 5, and the discharge gap was 20 mm. As shown from the contour plot of the response surface in Figure 2, the colors changed gradually from purple to red, which demonstrated that the removal rates of MO were enhanced over time. In addition, there was an increase at the same altitude, the removal rates of MO were improved with the voltage increasing in a certain applied voltage range. The interaction of voltage and treatment time showed a positive effect for the removal rate of MO. The removal rates of MO were 85.0%, 90.3%, and 95.1% at 60 min when each applied voltage were 11 kV, 13 kV, and 15 kV, respectively. This phenomenon was consistent with supplementary free radicals generated by high applied voltage [41]. Because additional energy electrons could be produced with the application of increasing voltages, which could intensify the collision chance between energetic electrons and air molecules effectively, thereafter producing extra excited oxygen atoms that could react with water molecules to generate extra HO• [35,42]. On the other hand, the plasma treatment process could generate ultraviolet radiation that improved the removal rate of MO, and the intensity of ultraviolet radiation could be enhanced at relatively high applied voltage [35]. However, high applied voltage would cost additional energy consumption and reduce energy utilization [43]. Therefore, the applied voltage was selected as 15 kV.




3.2. The Influence of Discharge Gap


Suitable discharge gap is important for MO removal in plasma, which influences the electric filed in the gap [36]. In this study, systematic experiments were conducted in plasma treatment with various discharge gaps of 19 mm, 20 mm, and 21 mm. The other parameters of the experiment including the applied voltage of 15 kV, and the number of discharge needles of 5. As shown from the contour plot of the response surface in Figure 3, the optimum removal rates of MO could achieve 89.1%, 96.7%, and 79.2% when the discharge gap was 19 mm, 20 mm, and 21 mm, respectively. The MO removal rates improved firstly when the discharge gap between 19 mm and 20 mm, but decreased subsequently when the discharge gap increased to 21 mm. It was because that corona discharge would change into unstable and noisy spark discharge when the discharge gap was low excessively, the generated spark discharge was not conductive to the active species due to the gap breakdown [44], whereas the removal rate of MO decreased to 79.2% when the discharge gap amplified to 21 mm. The discharge gap was related to electric filed intensity which could influence the movement speed of gas molecules in the discharge area [45], thereafter, the increased discharge gap would weaken the electric field intensity which declined the movement speed of gas molecules in the air under the same input energy and then generate scarcer active species [44,45]. Therefore, 20 mm was chosen as the optimal discharge gap for the plasma treatment.




3.3. The Influence of Discharge Needle Numbers


The numbers of discharge needle electrodes are related to the plasma channels between the discharge needle and liquid surface [37]; thus, it is important to get a suitable discharge needle numbers to enhance the removal rate of MO. To estimate the influence of discharge needle numbers on MO removal, different discharge needle numbers of 3, 4, and 5 were conducted in this plasma treatment. The other parameters were related to the applied voltage of 15 kV, and the discharge gap of 20 mm. As shown in the contour plot of the response surface in Figure 4, the removal rates of MO were improved with the growth of the treatment period and discharge needles number, subsequently the removal rate of MO was up to 95.1% at 60 min when the discharge needles number was 5. The results verified that the increase in discharge needle numbers expanded the discharge region to promote the chemical reactions between active species and MO [46]. However, the removal rates of MO were decreased to 82.5% and 82.8% individually at 60 min when the discharge needle numbers were 3 and 4, respectively. In general, needle-like electrodes generated fully propagated plasma channels at the liquid surface, and all types of active species were produced near plasma channels, thereafter the removal of MO mainly occurred in this circular area [33,47]. With the decline of discharge needle numbers, the plasma channels decreased, so the removal rates of MO were inferior due to depressed reaction region of active species with MO [37]. Therefore, 5 were chosen as the optimal discharge needles numbers in this study.




3.4. Analysis of RSM


RSM refers to a mathematical and statistical approach used to evaluate various aspects, including designing experiments, developing models, examining many independent variables, and assessing the optimum conditions for responses [48]. In the present study, four significant influencing parameters were selected and optimized at three levels through the ANOVA and mathematical modeling, for which, the removal rates of MO in the plasma treatment were applied as the response value. The test results were listed in Table 2.



The significance of experimental factors was judged by F-value and p-value in ANOVA analysis, F-value was the accuracy of generated quadratic polynomial equation computed statistically, and the experimental factor was significant when the p-value < 0.05. The ANOVA results for response surface of the quadratic model were listed in Table 3. MO independent variable of time (A and A2), voltage (B and B2), discharge gap (C2), discharge needle numbers (D), and the interaction of AB were significant for the removal efficiency. However, the interaction of AC, AD, BC, BD, and CD were insignificant, and the independent variable of C and D2 were also insignificant. Therefore, the influence parameters for the MO by the plasma technique followed the order of time (A) ≈ voltage (B) > discharge needle numbers (D) > discharge gap (C). The Predicted R2 = 0.7119 was in reasonable agreement with the Adjusted R2 = 0.9000 because the difference < 0.2. The signal of noise ratio about Adep Precision = 16.954 > 4 demonstrating that the signal was acceptable due to among the desirable region. According to the parameters of p-value < 0.0001, R2 = 0.9500, which demonstrated the prediction model was appropriate for describing the plasma experimental data. As shown in Figure 5a, all residuals spread along a straight line that demonstrated a normal probability distribution plot of MO obtained removal rates which were employed to validate the normality of studentized residuals. Furthermore, Figure 5b correspondingly exhibited the predict and actual values of removal rates as another confirmation.



The RSM for the removal rates of MO according to the four important parameters achieved from the plasma experiment were presented in Figure 6a–f. Four parameters were demonstrated in 3D surface plots. The interactions among the voltage, time, discharge gap, as well as discharge needle numbers were correlated to the ANOVA results for response surface of quadratic model. In addition, when the removal rate of MO was predicted as 99.3% by massive optimization values in software, correspondingly, the optimum conditions including the voltage of 14.8 kV, the plasma treatment time of 60 min, the discharge gap of 20 mm, discharge needles of 5 were confirmed. This conclusion demonstrated that the results of RSM experiment conditions were consistent with the results of previous single-factor experiment conditions. Moreover, the regression model could be conformed as a second-order response surface by the fitting analysis of multi-linear regression, as shown in the following Equation (10).


Y = 59.24 + 25.60A + 11.88B + 0.68C + 9.22D + 8.24AB + 6.22AC + 4.63A − D − 4.37BC − 5.85BD −

3.28CD − 8.17A2 − 8.16B2 − 12.12C2 + 2.54D2



(10)








3.5. Advantages of Removal Effect of MO in Novel Plasma Reactor


In order to verify the advantages of novel designed plasma reactor, the comparison of MO removal efficiencies applied with the same voltage of 15 kV was implemented between the novel and conventional plasma reactors (Figure S1). As shown in the Figure 7, the optimum removal rate of the novel plasma reactor could reach 95.1% at 60 min, while that of the conventional plasma reactor was only 40.5%. In addition, the energy consumption of the novel reactor for MO removal was only 0.26 kWh/g, which was much lower than that of the conventional plasma reactor with 1.1 kWh/g significantly. This might be related to the increased plasma area between the diameters of the grounded plate and the plasma discharge area, contributing to fully propagated plasma that occupied a roughly circular region on the gas-liquid surface with uniform leader distribution [33], furthermore, increasing the mass transfer efficiency and interaction between the active species and MO contaminant. Therefore, the novel designed plasma reactor could show both advantages of higher removal efficiency and lower energy consumption during the process of MO removal treatment.




3.6. The Influence of Catalysts on MO


The MO removal efficiency could be further improved by adding catalysts due to the rapid interaction between active species and organic contaminants. For instance, Fe2+ could react with H2O2 in a solution, similarly to the Fenton reaction, to produce supplementary HO• [49], which was beneficial to improve the removal of organic matter greatly. PS could be easily activated by UV and heated by plasma, resulting in oxidizing to SO4•− strongly [50]. SO4•− showed a commendable oxidization effect on the improvement of degradation efficiency due to the advantages of strong stability [51]. Therefore, it is necessary to explore the influence of catalysts of PS and Fe2+ in the same experimental conditions optimized by RSM. As shown in Figure 8, four plasma system involving plasma, plasma/Fe2+, plasma/PS, and plasma/Fe2+/PS altogether performed remarkable treatment efficiency, and plasma/PS/Fe2+ exhibited the maximum removal rate for MO up to 99.2% at 60 min. The removal rates of MO could reach 97.0% and 97.3% under the plasma/Fe2+ system and plasma/PS system, respectively, when the concentration of Fe2+ and PS was both 0.02 mmol/L. Compared with the single plasma system, their removal rates of MO were enhanced slightly. This phenomenon might be related to the advanced oxidation of catalysts addition. For one thing, Fe2+ could efficiently catalyze H2O2 into advanced oxidation radical of HO• by the Fenton reaction, whereafter this active HO• could strengthen the removal efficiency of MO, as shown in Equations (11) and (12) [52]. For the other thing, as shown in Equation (13), PS could be activated by plasma to produce SO4•− radical [16,50], thus the removal rate of MO was enhanced by the SO4•− radical attack on the MO molecules efficiently. However, compared with the plasma/PS system, the plasma/Fe2+ system presented higher removal velocity. It was because that Fe2+ could catalyze H2O2 into a large number of active HO• radicals in a short time [29]. In addition, HO• was a nonselective radical with the oxidation potential of E0 = 1.8–2.7 V, which inclined to breakdown –N=N– bond of MO with low bond energy into a single structure resulting in decoloring initially. Whereas, SO4•− radical was a strong one-electron oxidant that would degrade aromatics selectively due to its higher oxidation potential of E0 = 2.5–3.1 V [24,53,54]. Moreover, XTOC of plasma/Fe2+ and plasma/PS system at 60 min were 16.1% and 20.7%, respectively. Higher XTOC presented by plasma/PS carried out further efforts to mineralize MO resulting in lower removal velocity. This also could explain the optimum removal efficiency of plasma/PS/Fe2+ system was attributable to the simultaneously synergistic reaction of HO• and SO4•−.


    Fe    2 +       + H   2   O 2  →   Fe    3 +       + HO   •     + OH   −   



(11)






    Fe    3 +       + H   2   O 2  →   Fe    2 +       + HO   2 •     



(12)






   S 2   O 8  2 −    →  plasma      2 SO   4  • −    



(13)






    SO  4  • −      + OH   −  →   HO  •     + SO   4  2 −      
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    SO  4  • −      + H   2  O →   HSO  4 −     + HO   •   



(15)






    SO  4  • −      + SO   4  • −   →  S 2   O 8  2 −    



(16)






    Fe    2 +       + S   2   O 8  2 −   →   Fe    3 +       + SO   4  • −      + SO   4  2 −    



(17)








3.7. Removal Mechanism of Plasma for MO Removal


The MO removal mechanism was proposed by the UV-Vis spectrophotometry analysis between 200 and 900 nm in the optimal experiment conditions during the plasma treatment process. As shown in Figure 9, the initial MO solution presented two absorption peaks of 268 nm and 463 nm. The maximum absorption at 463 nm corresponded to the π-π conjugated chain of the –N=N– structure, and the other one at 268 nm corresponded to the characteristic absorption peak of the benzene ring [13].



With the reaction proceeding, the wavelength of MO at 463 nm was diminished gradually, which demonstrated the decrease of MO concentration. However, the wavelength of the benzene ring monomer at 268 nm was amplified progressively, possibly because the strong π-π conjugated system between –N=N–might be destroyed by HO• and O• in the plasma treatment process, thereafter MO was degraded into SO3 and phenylsulfinate ions [24]. Moreover, the peak of MO at 268 nm occurred blue shift slightly, demonstrating the obvious characteristic absorption peak of benzene ring. This phenomenon might be related to the occurrence of new productions involving monomer compounds of benzenesulfonic acid and phenolsulfonic acid [55], due to the MO oxidized by large amounts of free radicals generated during the plasma treatment.





4. Conclusions


In summary, the removal of MO in the simulated wastewater by novel plasma technique could be feasible. Intensive studies on simulated aqueous solutions containing MO were implemented on the conditions of removal treatment involving the voltage, the numbers of discharge needle, and the distances of discharge gap. The optimal removal rates for MO could achieve 95.1% with novel plasma reactor, when the treatment duration was 60 min, the voltage was set at 15 kV, discharge gap as 20 mm, and discharge needle numbers were 5, respectively. An accurate predicted method of RSM was established to optimize the plasma treatment process for the removal of MO from simulated wastewater with the four important influencing parameters above involved. The influence factors for MO removal followed the order of time and voltage > discharge needle numbers > discharge gap. The removal rate of MO was predicted as 99.3% by optimization values in software, the optimum conditions were confirmed as the voltage of 14.8 kV, the plasma treatment time of 60 min, the discharge gap of 20 mm, and discharge needle numbers of 5. Compared with the conventional reactor, the novel plasma reactor showed the advantages of high removal efficiency and low energy consumption for MO removal. The investigations of plasma associated with catalysts systems revealed the optimal removal rate for MO achieved 99.2% at 60 min by plasma/PS/Fe2+ system due to simultaneous synergistic reaction of HO• and SO4•−. Furthermore, through analyzing the variation in the absorbances with UV-Vis spectrophotometry during plasma process for the MO removal, it was found that –N=N– bond was initially attacked and broken by active species like HO•, and the oxidized intermediates of benzenesulfonic acid and phenolsulfonic acid might be generated. As a result, the present study demonstrated the excellent and efficient removal for MO through novel plasma treatment technique, and extensive investigations about novel plasma reactor design to improve mineralization rate should be further implemented in the future.
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Figure 1. The sketch map of a novel plasma reactor. (1. Air vent 2. Sample collection hole 3. Grounded electrode plate 4. Discharge electrode plate 5. Discharge needle 6. Nylon column 7. Power lead 8. Ground lead). 
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Figure 2. The influence of voltage on the removal rate of MO. 
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Figure 3. The influence of discharge gap on removal rate of MO. 






Figure 3. The influence of discharge gap on removal rate of MO.



[image: Water 14 03152 g003]







[image: Water 14 03152 g004 550] 





Figure 4. The influence of discharge needles number on removal rate of MO. 
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Figure 5. The normal probability plot of studentized residuals of MO of the model for the removal rates (a) and the experimental response values versus the predicted response value of MO removal rates (b). 
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Figure 6. RSM for degradation efficiency of MO as a function of voltage and time (a), discharge gap and time (b), discharge needle numbers and time (c), discharge needle numbers and discharge gap (d), discharge gap and voltage (e), discharge needle numbers and voltage (f). 
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Figure 7. The comparison of novel and conventional reactor for the removal rates of MO (the novel plasma reactor (V = 50 mL) and the conventional plasma reactor (V = 150 mL) under the same conditions of initial concentration = 100 mg/L, voltage = 15 kV, discharge gap = 20 mm, and discharge needle numbers = 5). 
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Figure 8. The removal rates of MO under plasma, plasma/PS, plasma/Fe2+ and plasma/PS/Fe2+ systems. 
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Figure 9. Absorbance spectra of MO solution over the reaction time. 
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Table 1. Response surface factor level table in novel plasma reactor.
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Parameter

	
Horizontal Extent




	
−1

	
0

	
1






	
Time (min)

	
10

	
35

	
60




	
Voltage (kV)

	
11

	
13

	
15




	
Discharge gap (mm)

	
19

	
20

	
21




	
Discharge needle numbers

	
3

	
4

	
5
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Table 2. Results of the removal experiment of MO.






Table 2. Results of the removal experiment of MO.





	The Experimental Number
	Time (min)
	Voltage

(kV)
	Discharge Gap (mm)
	Discharge Needle Numbers
	Removal Rate (%)





	1
	60.00
	13.00
	20.00
	3.00
	71.52



	2
	10.00
	13.00
	21.00
	4.00
	9.54



	3
	60.00
	13.00
	20.00
	5.00
	90.25



	4
	35.00
	15.00
	20.00
	5.00
	72.73



	5
	35.00
	13.00
	19.00
	5.00
	64.4



	6
	10.00
	15.00
	20.00
	4.00
	26.84



	7
	60.00
	11.00
	20.00
	4.00
	43.77



	8
	10.00
	13.00
	20.00
	3.00
	25.26



	9
	35.00
	11.00
	20.00
	5.00
	64.53



	10
	60.00
	13.00
	21.00
	4.00
	80.59



	11
	35.00
	15.00
	20.00
	3.00
	54.08



	12
	60.00
	13.00
	19.00
	4.00
	55.58



	13
	35.00
	11.00
	19.00
	4.00
	20.88



	14
	35.00
	13.00
	20.00
	4.00
	59.24



	15
	10.00
	11.00
	20.00
	4.00
	20.76



	16
	10.00
	13.00
	19.00
	4.00
	9.41



	17
	35.00
	15.00
	21.00
	4.00
	47.34



	18
	35.00
	13.00
	20.00
	4.00
	59.24



	19
	10.00
	13.00
	20.00
	5.00
	25.49



	20
	35.00
	13.00
	19.00
	3.00
	42.35



	21
	35.00
	13.00
	20.00
	4.00
	59.24



	22
	35.00
	11.00
	21.00
	4.00
	27.24



	23
	35.00
	15.00
	19.00
	4.00
	58.45



	24
	35.00
	13.00
	21.00
	3.00
	42.78



	25
	35.00
	13.00
	20.00
	4.00
	59.24



	26
	35.00
	11.00
	20.00
	3.00
	22.48



	27
	60.00
	15.00
	20.00
	4.00
	82.83



	28
	35.00
	13.00
	21.00
	5.00
	51.7
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Table 3. MO ANOVA results for response surface of quadratic model.
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	Source
	Sum of Squares
	df
	Mean Square
	F-Value
	p-Value
	





	Model
	13,001.19
	14
	928.66
	18.99
	<0.0001
	significant



	A-Time
	7866.37
	1
	7866.37
	160.89
	<0.0001
	



	B-Voltage
	1694.80
	1
	1694.80
	34.66
	<0.0001
	



	C-discharge gap
	5.49
	1
	5.49
	0.11
	0.7424
	



	D-discharge needle numbers
	1019.92
	1
	1019.92
	20.86
	0.0004
	



	AB
	271.92
	1
	271.92
	5.56
	0.0334
	



	AC
	154.75
	1
	154.75
	3.17
	0.0969
	



	AD
	85.56
	1
	85.56
	1.75
	0.2071
	



	BC
	76.30
	1
	76.30
	1.56
	0.2321
	



	BD
	136.89
	1
	136.89
	2.80
	0.1165
	



	CD
	43.10
	1
	43.10
	0.88
	0.3637
	



	A2
	443.32
	1
	443.32
	8.86
	0.0100
	



	B2
	432.13
	1
	432.13
	8.84
	0.0101
	



	C2
	952.96
	1
	952.96
	19.49
	0.0006
	



	D2
	41.94
	1
	41.94
	0.86
	0.3700
	



	Residual
	684.49
	14
	48.89
	
	
	



	Lack of Fit
	684.49
	10
	68.45
	
	
	



	Pure Error
	0.000
	4
	0.000
	
	
	



	Cor Total
	13,685.68
	28
	
	
	
	







R2 = 0.9500 Adjusted R2 = 0.9000 Predicted R2 = 0.7119 Adeq Presion = 16.954.
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