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Abstract

:

Atmospheric pressure gas–liquid discharge plasma has garnered considerable attention for its efficacy in wastewater contaminant removal. This study utilized atmospheric oxygen gas–liquid discharge plasma for the treatment of ammonia nitrogen wastewater. The effect of applied voltage on the treatment of ammonia nitrogen wastewater by gas–liquid discharge plasma was discussed, and the potential reaction mechanism was elucidated. As the applied voltage increased from 9 kV to 17 kV, the ammonia nitrogen removal efficiency rose from 49.45% to 99.04%, with an N2 selectivity of 87.72%. The mechanism of ammonia nitrogen degradation by gas–liquid discharge plasma under different applied voltages was deduced through electrical characteristic analysis, emission spectrum diagnosis, and further measurement of the concentration of active species in the gas–liquid two-phase system. The degradation of ammonia nitrogen by gas–liquid discharge plasma primarily relies on the generation of active species in the liquid phase after plasma–gas interactions, rather than direct plasma effects. Increasing the applied voltage leads to changes in discharge morphology, higher energy input, elevated electron excitation temperatures, enhanced collisions, a decrease in plasma electron density, and an increase in rotational temperatures. The change in the plasma state enhances the gas–liquid transfer process and increases the concentration of H2O2, O3, and,   ⋅ O H   in the liquid phase. Ultimately, the efficient removal of ammonia nitrogen from wastewater is achieved.
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1. Introduction


The innovation in nitrogen fixation processes has led to the rapid expansion of the ammonia nitrogen industry, while concurrently introducing a range of challenges. These challenges include imbalances in the Earth’s nitrogen cycle and the accumulation of ammonia nitrogen in the environment [1,2,3,4]. Ammonia nitrogen consists of non-ionic ammonia (NH3-N) and ionic ammonia (   NH  4 +  -N) [5]. Its degradation presents challenges due to the inherent difficulty in cleaving the N-H bond [6]; NH3 is the most stable form of nitrogen-containing substances but it is difficult to break the N-H bond. The excessive accumulation of ammonia nitrogen in the environment can lead to water eutrophication, posing a threat to aquatic ecosystems and human health [7]. Therefore, various physicochemical and biological methods have been developed to remove ammonia nitrogen from wastewater [8,9,10].



Current traditional ammonia nitrogen treatment technologies, such as chemical precipitation, biological treatment, adsorption, and photocatalysis, often have limitations in terms of efficiency, selectivity, and environmental friendliness. Chemical precipitation consumes a significant quantity of chemicals and generates secondary pollution, whereas biological treatment is influenced by factors such as pH, temperature, and nutrient levels [8,10]. Adsorption methods using activated carbon or zeolites face challenges related to low removal rates and difficulties in regeneration [11]. Photocatalytic technology has a low cost, environmentally friendly process, and no secondary pollution; however, its selectivity is poor, and it has limitations in the treatment of wastewater with a high concentration or poor light transmittance [12]. Therefore, there is an urgent need to explore alternative technologies for the treatment of wastewater containing ammonia nitrogen.



In recent years, plasma treatment technology has gained significant attention in the field of wastewater treatment due to its numerous advantages. These advantages include high pollutant removal efficiency, robust environmental adaptability, and simplicity of operation [13,14]. Numerous studies on the plasma treatment of wastewater have shown that various discharge forms at the gas–liquid interface generate abundant reactive oxygen species (ROS), reactive nitrogen species (RNS), and reactive nitrogen oxygen species (RONS) in the gas–liquid two-phase system [15,16,17,18]. Plasma initiates a series of physicochemical processes in the gas–liquid two-phase system, leading to the formation of primary and secondary reactive species in the gas–liquid environment. This facilitates the degradation of pollutants [15,16]. Recently, studies on the plasma treatment of ammonia nitrogen wastewater have reported that plasma can efficiently and environmentally remove ammonia nitrogen [19,20,21,22]. Researchers have made significant improvements in the efficiency of ammonia nitrogen removal by combining gas–liquid discharge plasma with zeolite catalysts [19,20]. Through further optimization of experimental parameters such as initial pH, concentration, and gas flow rate, plasma treatment can achieve the environmentally friendly and efficient removal of ammonia nitrogen. Furthermore, the applied voltage plays an important role in regulating parameters [21,22]. However, there is a significant lack of research on the effect of applied voltage on the ammonia nitrogen removal process and the mechanism of gas–liquid discharge plasma in the removal of ammonia nitrogen.



Therefore, the main goal of this work is to study the effect of applied voltage on the ammonia nitrogen removal process and the mechanism of gas–liquid discharge plasma in the ammonia nitrogen removal process. Thus, a gas–liquid discharge device was designed to treat ammonia nitrogen wastewater. The influence of the main operating parameters was then optimized for the reaction system, including the initial ammonia nitrogen concentration, initial pH, and gas flow rate. The effect of applied voltage on the ammonia nitrogen removal process was explored. Combining the electrical characteristics and optical emission spectra (OES) diagnosis, the state of the electron excitation temperature, rotation temperature, and electron density of the plasma during the ammonia nitrogen removal process were further studied. Finally, the mechanism of the ammonia nitrogen removal process by liquid discharge plasma was discussed and summarized.




2. Materials and Methods


2.1. Experimental Setup


A schematic diagram of the ammonia nitrogen wastewater treatment platform using plasma is shown in Figure 1. The experimental setup primarily consists of a plasma reactor, a high-voltage alternating current (AC) power supply, and a detection system. The plasma reactor comprises a hollow stainless steel needle electrode with a diameter of 8 mm and a tip diameter of 0.15 mm, a quartz tube with an outer diameter of 19 mm and a wall thickness of 3 mm, a ground electrode immersed in the solution, and a 100 mL quartz container. The plasma reactor is mainly composed of high-voltage electrodes, quartz tubes and ground electrodes. The high-voltage electrode is made of hollow stainless steel with a di-ameter of 8 mm and a tip diameter of 0.15 mm. The outer diameter of the quartz tube is 19 mm and the wall thickness is 3 mm. The ground electrode consists of copper wire. One end of the copper wire is immersed in the bottom of the 100 mL quartz container, and the other end is grounded. The needle electrode is fixed inside the quartz tube, forming a sealed gas chamber with an 8 mm distance between the needle tip and the horizontal plane of the quartz tube’s bottom. The quartz tube is submerged 2–3 cm below the liquid surface, and the discharge occurs between the needle tip and the liquid surface. Gas is introduced from the top of the hollow needle electrode into the quartz container and is discharged through an outlet in a gas-washing bottle containing deionized water. The high-voltage AC power supply (YY30-6000, Dalian Yijia Ocean Technology Co., Ltd., Dalian, China) has a voltage adjustment range of 0–30 kV. The high-voltage output of the power supply is connected to the needle electrode after being connected in series with a 100-pF capacitor. The electrical detection system consists of an oscilloscope (MDO3034, Tektronix, Shanghai, China, 350 MHz), a voltage probe (P6015A, Tektronix, 1000×, 3.0 pF, 100 MΩ), and a current probe (TCP312, Tektronix, 100 MHz). Plasma emission spectroscopy is conducted using fiber optics and a monochromator (SR-750i, Andor, Shanghai, China). The concentrations of pollutants and active species are analyzed using a UV-visible spectrophotometer (Cary 300, Agilent, Shanghai, China) and a fluorescence spectrophotometer (FL6500, PerkinElmer, Shanghai, China).




2.2. Experimental Procedure


In this study, ammonia nitrogen wastewater was simulated by dissolving analytical-grade ammonium chloride in deionized water. In each experiment, 25 mL of ammonia nitrogen solution with a certain initial concentration was prepared and introduced into the plasma reaction vessel. The initial pH was determined using a pH meter (PB-10, Sartorius, Göttingen, Germany). The initial pH was adjusted using hydrochloric acid or sodium hydroxide standard solutions, according to the experimental design. Oxygen gas (99.999%) was introduced into the reactor at a controlled mass flow rate using a mass flow controller (S48-300, Horiba Stec, Singapore). The voltage of the power supply was adjusted to the set value, and the ammonia nitrogen solution was subjected to plasma discharge treatment. After a specific treatment time, the discharge was stopped, and the treated solution was poured into a beaker and sampled for analysis. OES measurements primarily utilized a fiber optic probe to collect the radiation emitted during plasma discharge treatment. The emitted light was then dispersed by a 2400-line grating in a monochromator (SR-750i, Andor) and detected by a photomultiplier tube.




2.3. Analysis Methods


The concentration of ammonia nitrogen in the solution was determined using Nessler’s reagent method. This method is based on the reaction between free ammonia or ammonium ions and Nessler’s reagent to produce a brownish-yellow complex where the absorbance peak intensity at 420 nm is proportional to the ammonia nitrogen content [23]. In this study, a UV-visible spectrophotometer (Cary 300, Agilent) was utilized to establish a linear correlation between the absorbance of the characteristic peak and the concentration of standard solutions with varying concentrations. This allowed for the quantification of the ammonia nitrogen concentration in the treated solution. Similarly, the concentration of H2O2 in the solution was measured by UV-VIS spectroscopy at 407 nm using the sulfuric acid–titanium dioxide method [24]. The concentration of nitrite ions in the solution was determined by measuring the intensity of the azo dye formed when the NO2− reacts with N-(1-naphthyl)-ethylenediamine dihydrochloride in a phosphate solution. The measurement was taken at 540 nm using UV-VIS spectroscopy [25]. The concentration of NO3− in the solution was determined using the 2,6-dibromophenol spectrophotometric method and measured at 324 nm using UV-VIS spectroscopy [26]. The ozone concentration in the solution was measured using indigo disulfuric acid spectrophotometry [27]. The concentration of radicals was measured using a fluorescence spectrophotometer (FL6500, PerkinElmer) and the chemical probe method, which is based on the reaction of   O H   radicals with terephthalic acid (TA) [28]. This principle involves the rapid reaction of TA with   ⋅ O H   to form 2-hydroxyterephthalic acid, which exhibits characteristic fluorescence spectra when exposed to UV light at 310 nm while terephthalic acid does not fluoresce.



The instantaneous power     P   t     (W), coupled input energy     Q   T     (J), and average power     P   T     (W) of the gas–liquid plasma discharge were calculated using Formulas (1)–(3) [17]:


    P   t   = U   t   × I   t    



(1)






    Q   T   =   ∫  0   T    U   t   × I   t      



(2)






    P   T   =   ∫  0   T    U   t   × I   t     d t  



(3)




where “  U   t    ” (V) represents the instantaneous applied voltage at “  t  ”(s) time, “  I   t    ” (A) represents the instantaneous discharge current at t time, and “T” (s) represents the time required for a change cycle of the alternating current.



The ammonia nitrogen removal efficiency   η   (%) was calculated using Formula (4):


  η =     C   0   −   C   t       C   0       ×   100 %  



(4)




where “    C   0    ” (mg/L) represents the initial concentration of ammonia nitrogen solution and “    C   t    ” (mg/L) represents the concentration of the solution treated by plasma for t time.



The degradation kinetics of ammonia nitrogen were analyzed using a quasi-first-order kinetic model Formula (5) [19]:


    ln (  ⁡      C   t       C   0       ) = − k t  



(5)




where “  k  ” (min−1) represents the kinetic constant.



The energy efficiency EE (g/kWh) was calculated using Formula (6) [17], to indicate the amount of pollutant degradation per unit of electrical energy input:


  E E =     m   0   −   m   t       P   t   × t    



(6)




where “  t  ” (h) represents the plasma treatment time, “    m   0    ” (g) represents the initial mass of the ammonia nitrogen solution, and “    m   t    ” (g) represents the residual mass of the ammonia nitrogen solution treated by plasma for a duration of   t   time. “    P   t    ” represents the average power obtained from Formula (3) with the conversion of units to kW.





3. Results and Discussion


3.1. Experimental Parameter Optimization


When using gas–liquid discharge to treat ammonia nitrogen, several factors have a significant impact on its removal, including the applied voltage, initial concentration, initial pH, and gas flow rate [21,29]. In order to focus on exploring the effect of applied voltage on the ammonia nitrogen re-moval rate, the optimal experimental parameters of initial concentration, pH and gas flow rate were first explored. Figure 2a illustrates the trend of ammonia nitrogen removal efficiency (ARE) over time at various initial concentrations. For wastewater containing ammonia nitrogen with initial concentrations of 50 mg/L, 75 mg/L, and 100 mg/L, the ammonia nitrogen removal efficiencies were 96.32%, 88.52%, and 76.80%, respectively, after 40 min of plasma treatment. Within the same treatment time, the removal efficiency decreased slightly with the increase in initial concentration. As shown in Figure 2b, the corresponding kinetic constant also decreased from 0.0707 min−1 to 0.03973 min−1. Choosing a lower initial concentration (50 mg/L) achieved better removal within the same treatment time. Figure 2c illustrates the impact of the gas flow rate on the removal of ammonia nitrogen. It can be observed that the ammonia nitrogen degradation rate first increases and then decreases with the gas flow rate. Higher gas flow rates within a certain range are conducive to enhanced collisions and the production of more active species. However, an excessive gas flow rate will lead to unstable discharge, reduce the residence time of bubbles in the liquid, weaken the gas–liquid transfer process, and is not conducive to the generation of active species. The optimal experimental parameter in this study is 300 mL/min. Figure 2d shows the trends of the ammonia nitrogen removal rate and residual ammonia nitrogen in the exhaust gas as the initial pH changes. Higher initial pH values favor the removal of ammonia nitrogen, but excessively high pH levels result in a higher proportion of residual ammonia nitrogen in the exhaust gas. The ammonia nitrogen content in the tail gas was collected and detected through a gas scrubber bottle. The tail gas residual (TGR) represents the percentage of ammonia nitrogen emitted in the tail gas to the ammonia nitrogen in the wastewater before treatment. For initial concentrations of 50 mg/L, 75 mg/L, and 100 mg/L, the TGR was 22.93%, 24.28%, and 19.16% respectively, at an initial pH of 11. When the initial pH increased to 13, the TGR further increased to around 50%. However, achieving an initial pH of 9 resulted in improved removal of ammonia nitrogen and lower residual ammonia nitrogen rates. Based on these experimental results, unless otherwise specified, this study adopts the default experimental parameters for subsequent research. These parameters include an initial ammonia nitrogen concentration of 50 mg/L, an initial pH of 9, and a gas flow rate of 300 mL/min.




3.2. Effect of Applied Voltage on Ammonia Nitrogen Removal


Figure 3 shows the change in the ammonia nitrogen removal rate when treating ammonia nitrogen wastewater for 10 min, 20 min, and 40 min, respectively, under different applied voltages. Higher applied voltages lead to greater degradation efficiency, resulting in significantly better removal within the same timeframe. When the initial concentration is 50 mg/L, increasing the applied voltage from 9 kV to 17 kV results in an increase in ammonia nitrogen removal from 49.45% to 99.04%. Correspondingly, the average ammonia nitrogen removal rate increases from 0.015 mg/min to 0.019 mg/min. Within the same treatment time, increasing the applied voltage from 9 kV to 17 kV results in approximately a twofold improvement in the removal of ammonia nitrogen. This indicates that the applied voltage has a significant effect on the process of degrading ammonia nitrogen in gas–liquid discharge plasma. The detailed mechanisms of this process will be explored in the next section.




3.3. Discharge Characteristics of Gas–Liquid Discharge Plasma


First, the effect of time-voltage on the discharge morphology of gas–liquid discharge plasma is studied. Images of the plasma morphology are captured using a digital camera (EOS 70D, Canon) with an exposure time of 50 ms, as shown in Figure 4. It is observed that the discharge intensity and morphology change significantly with increasing voltage applied. At a peak-to-peak voltage of 9 kV, the discharge corresponds to a glow discharge mode, which is characterized by a relatively narrow and bright filament that emits purple–white light. As the applied voltage increases to 13 kV, the plasma region expands, emitting a brighter light. The plasma discharge transitions into a pseudo-glow mode. With a further increase in voltage, the volume of the plasma decreases, resulting in a brighter white light emission. This causes the discharge to transition into an abnormal glow/arc mode.



Figure 5 displays the voltage-current waveforms corresponding to different applied voltages, as well as the variations in instantaneous power and coupled input energy. Figure 5a indicates that the discharges occur in both the positive half-cycle (0 to 60 μs) and the negative half-cycle (60 to 120 μs). As the applied voltage increases, the amplitude and peak of the discharge current increase significantly. At peak voltages of 9 kV and 11 kV, there is only one primary discharge current peak. However, with a further increase in voltage, secondary discharges gradually appear due to the presence of a capacitor. By connecting a capacitor in series to the high-voltage end of the power supply, charge accumulates due to the external electric field and is promptly discharged when the gap breaks down. The capacitor is then charged by primary discharge, creating a reverse electric field that weakens the original field and partially suppresses an excessive discharge current [30]. The primary discharge, caused by ionization and heating effects, facilitates the breakdown of existing discharge channels and the generation of secondary discharges [31]. Figure 5b illustrates the change in instantaneous power during gas–liquid discharge. It is evident that raising the applied voltage from 9 kV to 17 kV leads to a rise in instantaneous power from 29 W to 127 W. Higher applied voltages amplify the instantaneous power within each repetition cycle. As the applied voltage increases, both the instantaneous power of the primary discharge and the secondary discharge significantly increase. Coupled input energy, as shown in Figure 5c, further demonstrates that increasing the applied voltage from 9 kV to 17 kV results in a 315% increase in the total energy input per unit time. Higher applied voltages increase energy input, promoting excitation, ionization, and dissociation reactions in the gas–liquid discharge plasma which contributes to better ammonia nitrogen removal rates and effectiveness [32].



Figure 6 illustrates the effect of applied voltage on energy efficiency. When the initial concentration of ammonia nitrogen wastewater is 50 mg/L, increasing the applied voltage from 9 kV to 17 kV results in a decrease in energy efficiency from 83.68 mg/kWh to 41.71 mg/kWh. This decrease in energy efficiency can be attributed to the fact that the removal of ammonia nitrogen in the gas–liquid discharge plasma mainly relies on the active species produced in the liquid phase due to interactions between the plasma and gas, rather than the direct impact of the plasma. Higher voltage and input energy can enhance the generation of active species. However, it is important to note that most of these species have short lifespans and may be extinguished before reacting with ammonia nitrogen, thus resulting in lower energy efficiency at higher voltages [33,34]. Alternatively, by varying the initial concentration, it has been observed that increasing the initial concentration leads to an upward trend in energy efficiency at the same voltage. This result further supports the earlier hypothesis that increasing the initial concentration improves the utilization efficiency of active species, thereby enhancing energy efficiency. In the next section, the effect of applied voltage on active substances in ammonia nitrogen wastewater treatment by gas–liquid discharge plasma will be further explored.




3.4. Gas–Liquid Discharge Plasma Active Species


To identify the active species in the gas–liquid discharge plasma of this study, optical emission spectroscopy (OES) measurements in the range of 300–800 nm are recorded, as shown in Figure 7a. The emission spectrum mainly includes the OH(A-X) band at around 306–310 nm, a weak Hβ line at 486 nm, secondary OH diffraction bands at 612–620 nm, the Hα line at 656 nm, and the O atomic line at 777 nm. In the discharge reactions conducted in oxygen, active species are primarily generated through reactions R (7)–(10) [35,36,37]:


    O   2   +   e   −   → 2 O +   e   −    



(7)






    e   −   +   O   2   →   O   2   −    



(8)






  O +   H   2   O → 2 ⋅ O H  



(9)






    e   −   +   H   2   O →   e   −   + ⋅ O H + H  



(10)







The high-energy electrons produced by the discharge collide with the O2 molecules provided by the surrounding environment, causing excitation, ionization, and dissociation [38]. This process leads to the formation of active oxygen species (ROS), including O atoms and radicals.



Figure 7b,c shows the results of calculating the plasma temperature using the Boltzmann slope method and the Stark broadening method, respectively. These changes were calculated based on the emission spectra of the relevant active species. The principles and methods of calculation can be found in these studies [39,40,41]. Figure 7d presents the changes in the plasma electron density and temperature in relation to the applied voltage. From the figure, it can be seen that the electron density of plasma decreases with the increase in applied voltage. Corresponding to the changes in discharge morphology (Figure 4), this decrease can be divided into three stages. In the glow discharge stage (9 kV), the electron density is around 4.90 × 1015 cm−3, in the pseudo-glow mode (13–15 kV), the electron density is around 2.90 × 1015 cm−3, and in the abnormal glow/arc mode (17 kV), the electron density is around 2.40 × 1015 cm−3. The primary reason for the reduction in electron density is that a higher voltage increases the strength of the electric field in the discharge region. A stronger electric field accelerates the motion of electrons, resulting in a higher kinetic energy when they collide with molecules. This leads to a greater effect [42]. Conversely, in contrast to the trend in electron density, the electron excitation temperature (Texc) and rotational temperature (Trot) of the plasma increase with increasing voltage. These temperatures primarily reflect the energy states of the electrons and ions in the plasma [43,44]. OH(A-X) is typically generated through the electronic excitation and radiative emission of water molecules. The increase in its rotation temperature indicates that the distribution of OH in high-energy states increases, and more water molecules collide and dissociate, which helps to produce more active species [45,46,47]. The decrease in plasma electron density, coupled with the increase in electron excitation temperature and rotational temperature, indicates that electrons transfer energy to other molecules through collisions. This may lead to the partial dissociation of molecules into ions, resulting in a decrease in electron density as electrons are consumed. By increasing the applied voltage, the effects of electron collisions are enhanced, resulting in higher electron excitation and rotational temperatures. This, in turn, promotes collision processes between electrons, reactive oxygen species (ROS), and pollutant molecules, thereby enhancing the reaction rates and ultimately improving the rates of ammonia nitrogen removal.
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Figure 7. (a) The OES of gas–liquid discharge plasma, (b) the Boltzmann diagram method to calculate OH rotation temperature, (c) the Stark broadened fit to calculate electron density, (d) the effect of applied voltage on plasma electron density, rotational temperature, and electron excitation temperature. 
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To validate the earlier hypothesis, the intensity and concentration of pertinent active species in both the gas phase and liquid phase of the gas–liquid discharge plasma were measured as the applied voltage varied. Figure 8a illustrates the effect of applied voltage on the intensity of the emission spectra of relevant active species in the gas phase. In order to facilitate a presentation on one coordinate axis, the emission intensities of Hα and OH(A-X) are magnified by a factor of 4 and 10, respectively. It is observed that the intensities of all three active species increase with an increasing applied voltage. As the applied voltage increases from 9 kV to 17 kV, the intensities of the Hα, OH(A-X), and O atomic lines increase by 479%, 232.91%, and 763.45%, respectively. This result confirms the earlier hypothesis that the decrease in electron density is associated with electron consumption, leading to the generation of more active species. Several studies have reported that H2O2, O3, and,   ⋅ O H   are the main active species in the degradation process of ammonia nitrogen wastewater [21,48,49,50]. Figure 8b demonstrates the effect of the applied voltage on the concentrations of these three active species in the liquid phase. It is evident that increasing the applied voltage from 9 kV to 17 kV leads to an increase in the concentrations of H2O2, O3, and,   ⋅ O H z   in the solution. This is mainly due to the following related reactions, R (11)–(15), in solution [51,52,53]:


    O   2   + H → H   O   2    



(11)






  H   O   2   ⋅ + H   O   2   ⋅ →   H   2     O   2   +   O   2    



(12)






    O   2   −   + O →   O   3    



(13)






    H   2   O + O → 2 ⋅ O H  



(14)






  ⋅ O H + ⋅ O H →   H   2     O   2    



(15)
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Figure 8. Effect of applied voltage on the (a) emission spectral intensity of the gas phase active species and (b) concentration of active species in the liquid phase. 
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H2O2 exhibits a relatively higher molar concentration, and its concentration increases significantly with increasing voltage, mainly due to reaction R (15) in which   ⋅ O H   is converted into H2O2 in the solution [54]. The increase in applied voltage enhances electron collision processes, thereby increasing collision frequencies, the concentration of active species [55], and ultimately, the reaction rates with pollutant molecules. This results in improved degradation efficiency.




3.5. Mechanism of Ammonia Nitrogen Removal by Gas–Liquid Discharge Plasma


The concentration of ammonia nitrogen in the solution and the corresponding transformation of nitrogen elements are shown in Figure 9. Figure 9a displays the concentration of ammonia nitrogen, NO3−, and NO2− in the solution with varying applied voltages. For wastewater containing ammonia nitrogen with an initial concentration of 50 mg/L, the concentration of ammonia nitrogen decreases from 31.70 mg/L to 13.36 mg/L after 20 min of plasma discharge treatment, as the applied voltage increases from 9 kV to 17 kV. Correspondingly, the concentrations of NO3− and NO2− increase from 1.46 mg/L and 0.13 mg/L to 11.25 mg/L and 0.49 mg/L, respectively. The primary reaction processes may include the direct oxidation of active species in the solution as well as indirect reactions. The reaction pathways reported in most literature are as follows [19,21,52,56]:


        H   2     O   2   +   O   3   → ⋅ OH + ⋅ H   O   2   +   O   2        



(16)






      N   H   3   +   O   3   → N   O   2   −   +   H   2   O +   O   2        



(17)






      N   H   3   +   O   3   → N   O   3   −   +   H   2   O + O +   O   2        



(18)






      N   H   3   + ⋅ OH → N   H   x   +   H   2   O      



(19)






      N   H   x   + N   H   y   →   N   2     H   x + y        



(20)






        N   2     H   x + y   +   x + y   ⋅ OH →   N   2   +   x + y     H   2   O      



(21)






      N   H   3   + ⋅ OH → N   H   2   OH +   H   +        



(22)






      N   H   2   OH + ⋅ OH → N   O   2   −        



(23)






      N   O   2   −   + 2 ⋅ OH → N   O   3   −   +   H   2   O      



(24)







NO3− and NO2− were not found when analyzing the components in the washing bottle. Therefore, it can be inferred that the ultimate product of ammonia nitrogen degradation is primarily N2. Figure 9b shows the transformation of nitrogen elements in ammonia nitrogen wastewater during the degradation process with different applied voltages. With the applied voltage increasing from 9 kV to 17 kV and after 20 min of discharge treatment, the concentration of ammonia nitrogen decreases from 63.41% to 26.73% and the selectivity of N2 increases from 35.64% to 66.36%. In the same treatment time, increasing the applied voltage improves both the rate of ammonia nitrogen removal and the selectivity for N2, with a slight increase in NO3− ion concentration. Figure 9c,d depicts the results of ammonia nitrogen wastewater treatment and the transformation of ammonia nitrogen in the solution under an applied voltage of 15 kV. Under the experimental conditions with an initial concentration of 50 mg/L, an initial pH of 9, a gas flow rate of 300 mL/min, and an applied voltage of 15 kV, the gas–liquid discharge plasma treatment achieved a 96.23% removal of ammonia nitrogen and an 87.72% selectivity for N2 after 40 min. The high selectivity of N2, in addition to the aforementioned reactions R (19)–(21), may also be related to the catalytic effect of chloride ions in the solution [21,52,56,57]. The relevant reactions are as follows:


        C I   −   + ⋅ O H → ⋅ C l + O   H   −        



(25)






      ⋅ C l +   C I   −   → C   l   2   −        



(26)






      C   l   2   −   +   O   3   → ⋅ C l O +   C I   −   +   O   2        



(27)






      N   H   4   +   + ⋅ C l → ⋅ N   H   2   +   C I   −   +   H   +        



(28)






      N   H   4   +   + ⋅ C l O → ⋅ N   H   2   + H C l O + 2   H   +        



(29)






      2 N   H   4   +   + 3 H C l O →   N   2   + 3   H   2   O + 5   H   +   + 3   C I   −        



(30)






      ⋅ N   H   2   + H C l O → N   H   2   C l + ⋅ O H      



(31)






      N   H   2   C l +   H   2   O → N O H + 2   H   +   + 2   C I   −        



(32)






      N   H   2   C l + N O H →   N   2   +   H   +   +   C I   −   +   H   2   O      



(33)







Some studies have reported that electron transfer on the cathode surface in the solution also contributes to the generation of N2 [56,58,59,60]. The relevant reactions are as follows:


      N   O   3   −   + 3   H   2   O + 5   e   −   → 0.5   N   2   + 6 O   H   −        



(34)






      N   O   2   −   − + 2   H   2   O + 3   e   −   → 0.5   N   2   + 4 O   H   −        



(35)







Based on the research results mentioned above, the mechanism of the gas–liquid discharge plasma’s ammonia nitrogen degradation process is summarized, as illustrated in Figure 10. The specific mechanisms involved are summarized as follows:



	
Altering the applied voltage leads to transitions in the discharge mode and affects the energy input.



	
With the strengthening of the electric field, the kinetic energy of electrons in the plasma region increases, resulting in higher electron excitation temperatures and intensified electron collision processes. This leads to a decrease in electron density in the plasma region, but an increase in the concentration of active species in the discharge zone.



	
The increase in the rotational temperature of the plasma facilitates higher collision frequencies between active species in the gas phase and the liquid phase. This, in turn, promotes gas–liquid interactions, increases the concentration of active species in the liquid phase, and ultimately improves ammonia nitrogen removal efficiency.
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Figure 10. Mechanism of ammonia nitrogen degradation by gas–liquid discharge plasma. 
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Increasing the applied voltage leads to changes in discharge morphology and enhances energy input. Elevated applied voltage results in an increased electron excitation temperature, enhanced collision, decreased electron density, and increased rotational temperature. These factors promote the concentration of H2O2, O3, and   ⋅ O H   in the liquid phase, ultimately enhancing the reaction rate with ammonia nitrogen.





4. Conclusions


In this study, the effect of applied voltage on the treatment of ammonia nitrogen wastewater by gas–liquid discharge plasma was investigated, and the underlying plasma mechanism was elucidated. Increasing the applied voltage from 9 kV to 17 kV resulted in a significant enhancement in ammonia nitrogen removal efficiency, increasing from 49.45% to 99.04%. The applied voltage plays a significant role in the degradation of ammonia nitrogen in gas–liquid discharge plasma. Through analysis of electrical characteristics and plasma diagnostics, it was determined that the effective elimination of ammonia nitrogen in gas–liquid discharge plasma is mainly dependent on the production of H2O2, O3, and,   ⋅ O H   in the liquid phase through interactions between the plasma and gas, rather than direct plasma treatment. Increasing the applied voltage leads to changes in discharge morphology and enhances energy input. Elevating the applied voltage results in an increased electron excitation temperature, enhanced collision, decreased electron density, and increased rotational temperature. These factors promote the concentration of H2O2, O3, and,   ⋅ O H   in the liquid phase, ultimately enhancing the reaction rate with ammonia nitrogen.



This study lays the groundwork for future research on the effective elimination of ammonia nitrogen from wastewater. It suggests adjusting the applied voltage according to the initial concentration, manipulating discharge modes, and modulating the concentration of active species in the solution as potential methods. Subsequent work will involve wastewater treatment under various environmental conditions, further optimization of parameters, improved energy utilization, and the advancement of gas–liquid discharge plasma technology for applications in wastewater treatment and environmental remediation.
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Figure 1. Schematic diagram of the plasma ammonia nitrogen wastewater treatment experimental platform. 
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Figure 2. Effect of initial experimental parameters on ammonia nitrogen removal by gas–liquid discharge plasma: (a,b) effect of initial concentration and first-order kinetic fitting, (c) Effect of gas flow rate, and (d) initial pH effect (applied voltage = 15 kV). 
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Figure 3. Effect of applied voltage on ammonia nitrogen removal (initial pH = 9, gas flow rate = 300 mL/min, and initial concentration = 50 mg/L). 
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Figure 4. Photos of gas–liquid discharge plasma discharge under different voltages. 
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Figure 5. Effect of applied voltage on (a) voltage and current (blue line) waveform (b) instantaneous power and coupled input energy (red line). 
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Figure 6. Effect of applied voltage on energy efficiency. 
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Figure 9. Effect of (a) applied voltage on the concentration of ammonia nitrogen and nitrite, (b) applied voltage on nitrogen transformation, (c) plasma treatment time on the concentration of ammonia nitrogen and nitrite, and (d) plasma treatment time on nitrogen transformation. 
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