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Abstract

:

Based on a synergistic digestion method of ultraviolet combined with ozone (UV/O3), this article investigates the reaction characteristics of nitrogen-containing compounds (N-compounds) in water and the influence of ions on digestion efficiency. In this respect, a novel and efficient AOPs-based dual-environmental digestion method for the determination of total dissolved nitrogen (TDN) in waters with complex components is proposed, in the hopes of improving the detection efficiency and accuracy of total nitrogen via online monitoring. The results show that inorganic and organic N-compounds have higher conversion rates in alkaline and acidic conditions, respectively. Meanwhile, the experimental results on the influence of Cl−, CO32−, and HCO3− on the digestion process indicate that Cl− can convert to radical reactive halogen species (RHS) in order to promote digestion efficiency, but CO32− and HCO3− cause a cyclic reaction consuming numerous •OH, weakening the digestion efficiency. Ultimately, to verify the effectiveness of this novel digestion method, total dissolved nitrogen samples containing ammonium chloride, urea, and glycine in different proportions were digested under the optimal conditions: flow rate, 0.6 L/min; reaction temperature, 40 °C; pH in acidic conditions, 2; digestion time in acidic condition, 10 min; pH in alkaline conditions, 11; digestion time in alkaline conditions, 10 min. The conversion rate (CR) of samples varied from 93.23% to 98.64%; the mean CR was greater than 95.30%. This novel and efficient digestion method represents a potential alternative for the digestion of N-compounds in the routine analysis or online monitoring of water quality.
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1. Introduction


In natural waters, proper environmental nutrient balance is essential for maintaining a healthy ecosystem. However, in several developed and rapidly developing regions, the excess of nutrients has caused serious water quality and health problems [1], and eutrophication is globally recognized as the main threat to water quality [2].



N-compounds are the main cause of eutrophication in natural waters. The determination of total nitrogen and online automatic monitoring of waters that may be polluted by N-compounds are important tasks for environmental engineers [3]. In general, total nitrogen (TN) is the sum of total dissolved nitrogen (TDN) and suspended sediment nitrogen (SSN). Meanwhile, TDN is composed of two fractions: an inorganic fraction (i.e., dissolved inorganic nitrogen-DIN), consisting of nitrate (NO3−), nitrite (NO2−), ammonium (NH4+), and dissolved free ammonia (NH3); and an organic fraction (i.e., dissolved organic nitrogen-DON), the composition of which is unknown, but which usually includes urea, amino acids, antibiotics, acylamide, proteins, humic acid, fulvic acid, etc. When aiming to quantitatively determine TDN in waters, all dissolved N-compounds should be converted into a single species, such as nitrate, nitrite, ammonium, or ammonia [4]. In the past few decades, scholars have carried out numerous studies on methods for detecting TDN. TDN is determined by converting all dissolved N-compounds into detectable forms [5], which can generally be summarized into four categories: nitrate ions by adequate oxidation [6], nitrite ions by adequate oxidation and inadequate reduction [7], ammonium ions by reduction [8], and activated NO2*(*-activated status) by high-temperature oxidation [9]. However, nitrite, ammonium, and NO2* do not reach the highest valence state (+5) in terms of chemical valence, and all of them will continue to be converted into nitrate with sufficient oxidation, causing a decrease in TDN. Spectrophotometry is an effective method to detect nitrate concentrations in solution, and is widely utilized in the field of online monitoring of water quality due to its low cost, simplicity, high efficiency, and lack of pollution byproducts [10]. Therefore, spectrophotometry was chosen as the method for detecting nitrate in our study. Considering the stability of digestion products and the limitations of spectrophotometry, it is crucial to choose a feasible digestion method that can convert all dissolved N-compounds into nitrate effectively while creating fewer byproducts that interfere with the detection capability of spectrophotometry.



Advanced oxidation processes (AOPs) have received increased attention across a number of disciplines in recent years due to hydroxyl radicals (•OH), which have a high redox electrode potential (E0 = 2.80 V), and which exhibit efficient mineralization of organic pollutants and halogenated pollutants. AOPs are usually used for the treatment of wastewater [11], and the methods of the digestion of pollutants by AOPs mainly include ozone [12,13], UV/O3 [14], UV/H2O2 [15,16,17,18,19], Fenton reactions [20,21,22], and TiO2 photocatalysis [23,24]. Compared with the conventional method of digestion (alkaline persulfate, PS), the UV/O3 digestion method, as an environmentally friendly and effective method, has the advantages of mild reaction conditions, strong method applicability, low cost, convenience, efficiency, etc. In view of its oxidation capacity, removal ability, safety, and convenience, the UV/O3 digestion method was selected for the digestion of dissolved N-compounds to achieve the quantitative determination of TDN in waters.



However, the previous studies on AOPs have mostly focused on the exploration of the digestion mechanism of refractory compounds in the ideal environment, and the determination of reaction kinetic constants [25,26,27]. Meanwhile, most such studies only concerned the destruction of the molecular structure of N-compounds, detecting the remains via high-performance liquid chromatography (HPLC) instead of detecting the products. Moreover, the composition of N-compounds in the actual waters is complicated, and there are a variety of ions that may interfere with the process of digestion, in which the free radicals produced by digestion have unknown reactions and give rise to diverse products. Generally, the online monitoring equipment of TDN based on AOPs requires simple detection steps, mild reaction conditions, strong method applicability, low cost, and high detection accuracy. It is difficult to directly connect the demands of online TDN monitoring equipment with the results of existing research.



With this background, the main objectives of this study were: (a) to design a reaction device based on an ozone generator with pure oxygen as the source and a UV/O3 synergistic digestion method; (b) to investigate the influence of flow rate, pH of the water sample, and reaction time on the digestion efficiency of dissolved N-compounds, and then to obtain optimal parameters for the UV/O3 synergistic digestion system; (c) to explore the effects of two types of ions (Cl−, CO32− and HCO3−) on the digestion process; and (d) to develop a new digestion method for the safe, environmentally friendly, convenient, and efficient digestion of dissolved N-compounds in order to improve the accuracy and stability of the determination of TDN in natural waters.




2. Materials and Methods


2.1. Reagents and Solutions


All chemicals used in the experiments were of analytical grade or superior grade; all solutions were prepared with nitrogen-free water. The representative N-compounds used in this study include dissolved inorganic nitrogen (DIN) and dissolved organic nitrogen (DON), which are frequently found in natural waters or factory wastewaters, such as potassium nitrate (KNO3), sodium nitrate (NaNO3), ammonium chloride (NH4Cl), urea (CH4N2O), and glycine (C2H5NO2). All stock solutions were prepared with a nitrogen concentration of 100 mg/L, and then diluted to prepare all of the working standard solutions, e.g., 10 mg/L, 4 mg/L, 1 mg/L, etc. The experimental reagents also included 0.1 mol/L sulfuric acid (H2SO4), 0.1 mol/L sodium hydroxide (NaOH), 160 mmol/L sodium carbonate (NaCO3) solution, and 40 mmol/L potassium chloride (KCl) solution.




2.2. Apparatus and Devices


In order to investigate the influence of different variables (pH of solution, reaction time, interference ions, etc.) on digestion efficiency, the reaction device was set up. Figure 1 shows the structure of the UV/O3 synergistic reaction device—including the oxygen source ozone generator, jacket reactor, low-pressure mercury lamp, thermostatic magnetic agitator, KI adsorption device, flow meter, water pump, etc.—in which the ozone generator was a high-voltage corona ozone device using high-purity oxygen (99.999%) as the gas source to avoid the harmful byproducts (NOx) produced when using air as the gas source, and the gas pressure of ozone mixed with oxygen was high enough to adjust the flow rate continuously. Figure 2 displays the relationship between the flow rate and the ozone concentration and yield of ozone, in which the solid lines represent the non-linear trend curves obtained by polynomial fitting according to the measurement points. The calculated maximum conversion rate of the actual high-voltage corona ozone generator was less than 3%.



Both the jacket reactor and the KI absorption device were made of ordinary glass, and the joint material was polytetrafluoroethylene (PTFE), while the piping used silicone tubing. The cylindrical reactor was divided into three parts from inside to outside, and each part’s advantages in the reaction process were highlighted. The interior of the reactor was used to place a low-pressure mercury lamp with a power of 18 W and a maximum emission wavelength of 254 nm (Cnlight Co., Guangdong, China). The sheath of the low-pressure mercury lamp was composed of quartz, ensuring that the compounds to be digested could make full contact with the ultraviolet light in the reaction liquid. The narrow space at the ring in the middle of the reactor could effectively reduce the volume of the reaction liquid. Under the bubbling action of the gas distributor at the bottom of the reactor, the reaction liquid in the reactor made full contact with the ozone, increasing the contact area and promoting the reaction. The outer jacket of the reactor was mainly used to control the reaction temperature (±0.1 °C) via the water pump and the DF-101S thermostatic magnetic agitator (China Shanghai Dichen Instrument Co., Ltd.).



Finally, a 754PC UV–Vis spectrophotometer (Shanghai Jinghua Instrument Co., Ltd., China) and two quartz colorimetric cells with an optical path of 10 mm were used for determination of TDN in the detection system.




2.3. Procedure and Methods


The detailed procedure for the dual-environmental digestion method was as follows:




	(1)

	
First, clean the reactor three times with distilled water to remove impurities, and adjust the gas flow rate to 0.6 L/min;




	(2)

	
Then, turn on the thermostatic magnetic agitator and set the temperature to 40 °C for the reaction, and then turn on the water pump to cycle water and control the digestion reaction temperature;




	(3)

	
Meanwhile, transfer 16 mL of working standard solution or water sample to the reactor using an adjustable pipette, and then add 18 mL of distilled water and 2 mL of sulfuric acid to adjust the pH of the solution;




	(4)

	
When the water temperature is constant, turn on the UV lamp and ozone generator for the reaction, and then close the liquid inlet and open the check valve at the bottom of the reactor at the same time;




	(5)

	
After 10 min of reaction under acidic conditions, add 3 mL of sodium hydroxide solution to adjust the pH to 11, and continue the reaction for 10 min under alkaline conditions;




	(6)

	
After reaction for 20 min, turn off the UV lamp and the ozone generator, and continue to pass oxygen to discharge the remaining ozone in the solution or water sample;




	(7)

	
After another 5 min, add 1 mL of sulfuric acid to adjust the pH of the solution or water sample to neutral or weakly acidic, and then stop supplying the oxygen and transfer 3.5 mL of digested water samples to the quartz colorimetric cell for the detection of absorbance at 220 nm and 275 nm, respectively;




	(8)

	
Finally, calculate the concentrations of the water samples based on the net absorbances and the prepared calibration curve of TDN.









This process used a UV spectrophotometric method for the analysis of digested samples [28], and nitrate standard solution was used to obtain the calibration curve of TDN. As shown in Figure 3, the concentration of TDN was in the range of 0.5~4.0 mg/L. In addition, based on the signal generated by using standard potassium nitrate at the same nitrogen concentration, the conversion rates of dissolved N-compounds to their nitrate forms were calculated.





3. Results and Discussion


In view of the main factors affecting the digestion efficiency in the process of UV/O3 synergistic digestion of ammonium chloride and urea—including reaction temperature, flow rate, power of the UV lamp, pH of the solution, and reaction time—these influencing factors were explored by designing univariate experiments.



Temperature is one of the vital factors impacting the experiment. Higher temperature can promote the reaction and enhance the diffusion coefficient of gas-phase ozone to the liquid-phase reaction system, but at the same time it will also promote ozone degradation and reduce the ozone’s solubility in water. Finally, univariate experiments were conducted to investigate the digestion effect of dissolved N-compounds at different temperatures, and 40 °C was chosen as the appropriate reaction temperature.



The power of the UV lamp determines the number of photons emitted by the ultraviolet lamp per unit of time, thereby affecting the induction effect of ultraviolet light on the reaction. Sun et al. studied the effects of three types of ultraviolet lamp with different power (15, 18, and 23 W) on the reaction, and the results showed that the 18 W UV lamp could provide enough energy to induce the conversion of O3 into •OH.



As shown in Figure 1, the gas flow rate affected the concentration (g/L) and the yield (g/min) of ozone. In consideration of the reactor structure, it can be seen that if the flow rate is too small, the ozone concentration is greater, which is good for the gas–liquid two-phase ozone mass transfer, but makes it difficult for the gas to overcome the hydrostatic pressure of the reaction liquid, causing the bubbles to enter the reaction system discontinuously; if the flow rate of the gas is too high, the ozone concentration in the gas will be too low, causing flooding and the loss of the reaction liquid. Figure 4 shows the effect of flow rate on the digestion of ammonium chloride under the following conditions: UV lamp power of 18 W, reaction time of 30 min, temperature of 40 °C, and pH of 11 [29]. When the flow rate is 0.6 L/min, the conversion rate (CR) of ammonium chloride is 95.01%, which is significantly higher than the conversion rate under other flow rates (CR < 90%). Therefore, the 0.6 L/min flow was selected as the suitable condition for follow-up testing.



3.1. Effect of pH on Digestion Efficiency


pH greatly impacts the generation of •OH in the UV/O3 synergistic digestion reaction system (Equations (3), (4), and (6)). Under acidic conditions, approximately 20% of the soluble ozone will be directly converted into •OH, but in an alkaline environment [30,31], dissolved ozone and hydroxide can be converted into •OH under the induction of ultraviolet light, and the conversion rate is higher than that in an acidic environment. Figure 5 shows the conversation rate of 4 mg/L of ammonium chloride and urea to NO3− at different pH levels, under the following conditions: UV lamp power of 18 W, reaction time of 30 min, temperature of 40 °C, and flow rate of 0.6 L/min.



It can be seen that when the pH was close to neutral, the conversion rate of ammonium chloride to NO3− was extremely low—only ~1%; under acidic conditions, the conversion rate was less than 10%; under alkaline conditions (pH = 11), the conversion rate reached 93.5%, and the ammonium chloride was digested sufficiently.



Regarding the effect of pH on the digestion of ammonium chloride, von Sonntag et al. [32] investigated the apparent reaction rate of ozone with NH4+ at pH = 7, kapp = 9.97 × 10−2 M−1s−1, meaning that ozone barely reacts with NH4+. Meanwhile, when pH was 7, the content of OH− and H+ in the solution was negligible, and the conversion rate of dissolved ozone to •OH was very low under the induction of ultraviolet light, resulting in a low concentration of NO3− in the solution.



When the pH was 10, the conversion rate of ammonium chloride was only 45.6%, which is less than half of the digestion rate at pH = 11. Figure 6 shows the evolution of conversion rate over time at an initial pH of 10. As shown in Figure 6, 45% of ammonium chloride was digested in the first 10 min, and then the conversion rate did not change significantly in the remaining 15 min.



By testing the reaction solution after 10 min of reaction, it was found that the pH dropped from the initial value of 10 to ~7. It can be seen that OH− is continuously consumed as the reaction proceeds, and the concentration of OH− plays a key role in the digestion of ammonium chloride during the reaction. Similarly, under acidic conditions, the conversion rate of ammonium chloride was also decreased with the reduction in pH. This may be because the acidity hinders the conversion of ozone to •OH, resulting in a low concentration of •OH, which is not conducive to the digestion process. Under alkaline conditions, the reaction mechanism by which ozone produces •OH under the induction of ultraviolet is shown in the Equations (1)–(8) [33,34,35,36]:


    O 3  +  H 2  O + hv →  H 2   O 2  +  O 2           Φ   O 3    ( 0.48 )   



(1)






    H 2   O 2  + hv → 2 • OH          Φ   H 2   O 2    ( 0.5 )   



(2)






    O 3  + O  H −  → H    O 2   −  +  O 2           k 1  = 45    M  − 1   ⋅  s  − 1     



(3)






   H  O 2  • →  H +  +  O 2   • −          p K = 4.8   



(4)






    O 3  +  O 2   • −  →  O 3   • −  +  O 2           k 2  = 1.6 ×   10  9     M  − 1   ⋅  s  − 1     



(5)






    O 3   • −  +    H +  → • O H +  O 2           k 3  = 9.0 ×   10   10      M  − 1   ⋅  s  − 1     



(6)






   • O H +  H 2   O 2  →  H 2  O + H  O 2  •          k 4  = 2.7 ×   10  7     M  − 1   ⋅  s  − 1     



(7)






   • O H + H  O 2    −  → H  O 2  • + O  H −           k 5  = 7.5 ×   10  9     M  − 1   ⋅  s  − 1     



(8)







However, Figure 6 shows that the conversion rate of ammonium chloride is inconsistent with the above conclusions at a pH of 12. The main reason for this is that the hydrolysis equilibrium constant of ammonium monohydrate is 1.8 × 10−5 under normal temperature conditions. As the pH increases further, it promotes the conversion of ammonium ions to ammonium monohydrate molecules. Under the conditions of high pH, high temperature, and high gas flow rate, a large amount of NH4+ in the solution was converted into ammonia monohydrate, and then further converted into ammonia gas, which was discharged from the reactor with the gas flow, causing a decrease in TDN; the conversion rate at a pH of 12 was only 67.6%.



Urea is a common form of DON, and there are two main reaction pathways to decompose urea under UV/O3: The first way is hydrolysis, in which the aqueous solution of urea slowly hydrolyzes under acidic, alkaline, and urease catalysis or heating conditions to generate NH3 and CO2, as shown in Equation (9). The second way of digesting urea is the oxidative digestion method; that is, urea is oxidized by soluble ozone and •OH. The digestion pathways of urea in solution vary under different experimental conditions.


  C O   ( N  H 2  )  2  +  H 2  O  →  Cat .   C  O 2  ↑ + 2 N  H 3  ↑  



(9)







With a view to investigating the conversion rate of urea at different pH levels, Figure 5 shows the experimental results under certain experimental conditions (concentration of urea of 4 mg/L, reaction temperature of 40 °C, reaction time of 30 min, and flow rate of 0.6 L/min). Under these experimental conditions, the effect of hydrolysis on the conversion rate can be ignored, and oxidative digestion by dissolved ozone and •OH is the main reaction pathway that affects the digestion of urea [37].



Moreover, Figure 5 shows that the CR of urea under highly acidic conditions is much higher than that under highly alkaline conditions, mainly due to the generation of CO32− and HCO3−. One of the products in the process of oxidizing urea by dissolved ozone and •OH is CO2. There is only free CO2 in the solution when the pH is less than 4; meanwhile, with the continuous introduction of gas, most of the CO2 discharged in the form of gas does not impact the oxidation of urea by •OH. Under alkaline conditions, the effect of digesting organic N-compounds is poor. However, when pH > 8.3, most of the CO2 produced is converted into CO32− and HCO3− as the main inhibitors of •OH impacting the digestion of urea.



Therefore, the higher the pH of the experimental solution, the lower the conversion rate of urea. In addition to the effects of CO32− and HCO3−, the products of DON digestion include NO3− and NH4+ [38]. Under low or neutral pH conditions, the amino functional group is protonated and the a–CH bond is inactivated, causing another C atom located in the amino functional group to be oxidized [39].



Simultaneously, the conversion rate of urea in this experiment was calculated by measuring the absorbance of nitrate in the solution at 220 nm and 275 nm, which resulted in a low conversion rate of urea (conversion rate < 60%).




3.2. Effect of Reaction Time on Digestion Efficiency


Choosing an appropriate reaction time can not only greatly shorten the time for quantitative detection of TDN, but can also reduce energy consumption and exhaust gas emissions. Figure 7 shows the relationship between the conversion rate of 4 mg/L ammonium chloride (pH = 11)/urea (pH = 2) and reaction time under the conditions of UV lamp power of 18 W, reaction temperature of 40 °C, and flow rate of 0.6 L/min.



It can be seen from Figure 7 that the conversion rates of both compounds continuously increase as the reaction progresses. When the reaction time reaches 20 min, the conversion rate of ammonium chloride reaches 92.26%, but the conversion rate does not increase significantly with further increases in reaction time. The corresponding conversion rate of urea is only 63.58% at 25 min, with no obvious increase in the following time. Therefore, it can be concluded that urea is essentially completely digested within 25 min, but that not all of it is converted into NO3−, resulting in the maximum CR of urea of 63.58%.




3.3. Effect of Cl− on Digestion Efficiency


Chloride ions (Cl−) are a type of common inorganic ion in natural waters. In order to explore the effect of Cl− on the digestion efficiency of TDN based on the UV/O3 synergistic digestion method and different pH conditions, the ion interference experimental scheme shown in Table 1 was designed.



The experiments were aimed at digesting 4 mg/L of glycine; the reaction conditions were as follows: initial chloride ion concentration of 10 mmol/L; No.1 acidic condition (pH = 2) digestion 20 min; No. 2~5 dual-environmental digestion, in which acidic environment (pH = 2) digestion 10 min, and alkaline environment (pH = 11) digestion 10 min.



In Table 1, it can be seen from the comparison between experiments No.1 and No.2 that in the absence of Cl−, whether under acidic or alkaline conditions, the conversion rate of glycine is very low. However, the comparison between No.2 and No.4 shows that in the absence of Cl−, the acidic conditions are more favorable for the digestion of glycine, and the conversion rate is higher than that in the alkaline conditions. According to the structural analysis of glycine, UV/O3 based on AOPs can digest the majority of the glycine in theory, but the actual conversion rate is far lower than expected. Secondly, the comparison of No.2 and No.3 shows that in the presence of Cl−, the dual-environmental digestion with variation between alkaline and acidic conditions is beneficial, improving the conversion rate, without making it too high. However, it can be seen from No.4 and No.5 that in the presence of Cl−, the dual-environmental digestion with variation between acidic and alkaline conditions improves the conversion rate to 98.95%.



Comparing the above five experiments, the conversion rate of glycine is relatively high in the presence of Cl−, where Cl− plays an important role in the process of UV/O3 digestion of glycine.



In Equations (10) and (11), which show reversible reactions, Cl− reacts quickly with •OH and forms ClOH·− under the synergistic effect of UV/O3. Under acidic conditions, most of the Cl− ions are converted into Cl• (2.4 V), with strong oxidation and selectivity, whose standard electrode potential is second only to •OH (2.8 V) [40]. RHS (Cl•) can react with glycine, and its strong oxidative ability offsets the loss of efficiency caused by the elimination of •OH by Cl−.


     • O H + C  l −    ⇄   rev   for   C l O H  • −           k  for   = 4.3 ×   10  9     M  − 1   ⋅  s  − 1          k  rev   = 6.1 ×   10  9     M  − 1   ⋅  s  − 1       



(10)






     C l O H  • −  +  H +    ⇄   rev   for   C l • +  H 2  O          k  for   = 2.1 ×   10   10      M  − 1   ⋅  s  − 1          k  rev   = 2.5 ×   10  5     M  − 1   ⋅  s  − 1       



(11)







Berger et al. [41] found that glycine was digested via AOPs and produced a large amount of oxalic acid and small amounts of formic acid and hydroxamic acid, as detected via UV spectrum under acidic and aerobic conditions. In addition, the main forms of inorganic nitrogen produced by glycine decomposition were composed of ammonium, and the same amounts of nitrite and nitrate, wherein nitrite, nitrate, and ammonium accounted for 20%, 20%, and 60% of digested glycine, respectively. This also proved that in the absence of Cl−, the CR of nitrate was not high under acidic or alkaline conditions.



To verify that the presence of Cl− in acidic conditions is beneficial for the digestion of glycine, experiments on the digestion of glycine and urea were carried out. Figure 8 displays the effects of Cl− on the digestion of urea and glycine. We can see that the presence of Cl− is conducive to the digestion of the two kinds of DON, and the CR of urea and glycine reached 78.29% and 32.15%, respectively, in 25 min—much higher than reported in the absence of Cl−. In addition, the CR of urea and glycine reached 98.74% and 98.95%, respectively, by adjusting the reaction environment from acidic conditions to alkaline conditions for further digestion.



In addition to nitrate, there were other nitrogen-containing byproducts in the digestion products of glycine and urea under acidic conditions, in which the nitrogen-containing byproducts were not fully oxidized to nitrate. When the reaction environment was changed to alkaline conditions, the nitrogen-containing by-products were further oxidized to nitrate under the oxidation of •OH, and the conversion rate was significantly improved. These provides a new concept and method for the determination of TDN in waters with complex TDN components.




3.4. Effects of CO32− and HCO3− on Digestion Efficiency


UV/O3 advanced oxidation processes mainly rely on •OH to digest N-compounds in waters. Carbonate, as a typical inhibitor of •OH, often exists in various alkaline water environments. In order to improve the efficiency and accuracy of quantitative detection of TDN, and expand the scope of application of the device, the impact of carbonate in waters on digestion processes was studied.



Taking ammonium chloride digestion as the research object, the experimental conditions were as follows: concentration of ammonium chloride of 4 mg/L, reaction temperature of 40 °C, reaction time of 30 min, and flow rate of 0.6 L/min. Figure 9 shows the effects of different concentrations of carbonate on the CR of ammonium chloride.



Figure 9 shows that with the increase in carbonate concentration, the CR of ammonium chloride constantly decreases over a certain period of reaction time, and the existence of a small concentration of carbonate causes a significant reduction in the CR of ammonium chloride. Carbonate, as a strong radical inhibitor, seriously affects the reaction between •OH and the target compounds. The reaction process of consuming •OH is shown in Equations (12)–(15) [42]. However, when the carbonate concentration reached 8 mmol/L, the conversion rate of ammonium chloride did not change noticeably with further increase in carbonate concentration. Under the oxidation of ozone and •OH at low concentrations, the CR of ammonium chloride was maintained at ~50%.


   C  O 3     2 −   + • O H → O  H −  + C  O 3   • −                k = 4.2 ×   10  8     M  − 1   ⋅  s  − 1     



(12)






   C  O 3   • −  +  O 3   • −  →  O 3  + C  O 3     2 −                 k = 6 ×   10  7     M  − 1   ⋅  s  − 1     



(13)






   H C  O 3    −  + • O H → O  H −  + H C  O 3  •               k = 8.5 ×   10  6     M  − 1   ⋅  s  − 1     



(14)






   H C  O 3  • →  H +  + C  O 3   • −                k = 5 ×   10  2     M  − 1   ⋅  s  − 1     



(15)







On the basis of Equations (12) and (13), it can be seen that CO32− and CO3•− react cyclically, and the reaction rate constants are large, which will continuously consume the •OH in the solution, thus increasing the amount of •OH needed for the digestion of the unit substrate (•OH/CR), and indirectly increasing the consumption of OH− needed for the digestion of the unit substrate (OH−/CR).



For the sake of further verification of the effect of carbonate ions on •OH, the experiments were set as shown in Table 2. The reaction conditions were as follows: reaction temperature of 40 °C, reaction time of 20 min, and ammonium chloride concentration of 4 mg/L. As shown in Table 2, with the increase in carbonate concentration, the difference between initial pH and ultimate pH during the reaction decreases gradually. Through calculation, with the increase in carbonate concentration, the consumption of hydroxyl in the reaction system for the digestion of the unit substrate increases remarkably. This also shows that carbonate consumes numerous hydroxyl radicals in the reaction system, which seriously hinders the reaction of dissolved N-compounds with hydroxyl radicals.




3.5. Validation of the Dual-Environmental Digestion Method


Based on the above research results, it can be seen that ammonium chloride, as a typical form of DIN, is easy to completely digest under alkaline conditions, while the conversion rate of urea, as a form of DON, is much higher in acidic conditions than in alkaline conditions, but its digestion is incomplete. At the same time, considering the impact of several common inorganic interference ions (Cl−, CO32− and HCO3−) in natural waters on the digestion process, a dual-environmental digestion method based on AOPs was proposed. Firstly, the water sample was digested in acidic conditions (pH = 2) to protect against the influence of hydroxyl radical inhibitors such as CO32− and HCO3− produced by the digestion of dissolved N-compounds and the water sample itself, and then the reaction environment was adjusted to alkalinity (pH = 11), and continued to be fully digested.



To verify the effectiveness of the new method, a new experiment was set up, and the experimental procedure was as follows: prepare 8 mL of urea (10 mg/L) and 8 mL of ammonium chloride (10 mg/L), and join the mixed solution with 18 mL of deionized water; add 2 mL of sulfuric acid to adjust the pH of the solution to 2; reaction temperature of 40 °C; gas flow of 0.6 L/min; reaction time of 10 min under acidic conditions. Urea in mixed solution was digested into NH4+ and NO3− under the synergistic effect of UV/O3. Then, 3 mL of sodium hydroxide solution was added to adjust the pH to 11, and digested continuously for 10 min under alkaline conditions. NH4+ produced by ammonium chloride and urea was digested to NO3− via •OH. Finally, the CR of TDN was 98.64%, as measured by spectrophotometry.



To verify the applicability of the method, the types of TDN in total nitrogen solution in this study were expanded to include inorganic ammonium chloride, organic urea, and glycine, which were combined into total nitrogen solution (4 mg/L) in different proportions and digested under dual-environmental conditions. The experimental scheme and results are shown in Table 3.



The experimental results show that the dual-environmental digestion method can effectively digest various dissolved N-compounds in water, and the CR varied from 93.23% to 98.64%, with a mean CR > 95.30%, while the standard deviation (SD) and relative standard deviation (RSD) were 2.01% and 2.11%, respectively. Naturally, in the process of digestion, the ability of hydroxyl radicals to digest amino compounds is highly dependent on the pH of the water. Various dissolved N-compounds are oxidized to CO2, H2O, NH4+, NO2−, and NO3− under the effect of hydroxylation. By adjusting the solution pH from acidic to alkaline, •OH can further oxidize the NH4+ and NO2− to NO3−, consequently improving the CR.





4. Conclusions


Based on the optimized design of the reaction device, based on an oxygen source ozone generator and the UV/O3 synergistic digestion method, the effects of reaction temperature, flow rate, pH of the solution, reaction time, and two types of common inorganic interfering ions (Cl−, CO32− and HCO3−) on the digestion efficiency of DIN (ammonium chloride) and DON (urea and glycine) in water were investigated. The results show that different pH environments should be selected for the digestion of different dissolved N-compounds: for DON, acidic conditions can weaken the capture effect of inhibitors such as CO32− and HCO3− on hydroxyl radicals, convert them into H2CO3, and separate them from the reaction system with the gas phase, but the conversion rate is limited, and the DON cannot be completely converted into NO3−; for DIN, there are enough hydroxyl ions to convert to •OH and then react with DIN in alkaline conditions at high pH, but the pH of the solution should not be too high, as this can lead to numerous NH3•H2O being generated and separated from the reaction system with the gas, resulting in the loss of TDN. Combined with the experimental results, a novel dual-environmental digestion method based on AOPs was proposed, and its performance was verified, showing that it can effectively digest various dissolved N-compounds in water and achieve good results.



This study provides a new concept and method for the determination of TDN in waters with complex N-compound compositions. However, the dual-environmental digestion method is based on the digestion of DIN and DON compounds—represented by ammonium chloride, urea, and glycine—and the composition of TDN in water is diverse, with DON in particular containing a variety of antibiotics, proteins, and other unknown structures. Therefore, more N-compounds should be studied under the dual-environment digestion process, and the parameters of this method should be optimized based on new research results. Moreover, only two kinds of common interfering ions (Cl−, CO32− and HCO3−) were considered in this study; more ions—such as sulfate, phosphate, and bromine—need to be further investigated. In addition, in order to study the digestion mechanisms and kinetics of N-compounds under different conditions, we should focus on the research of reaction mechanisms, the establishment of kinetic models, and the determination of reaction rate constants in the future.
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Figure 1. Schematic diagram of the UV/O3 synergistic reaction device. 
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Figure 2. Relationship between gas flow rate and ozone concentration and yield. 
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Figure 3. Calibration curve of TDN. 
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Figure 4. Effect of flow rate on the digestion of ammonium chloride. 
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Figure 5. Effect of pH on the digestion of ammonium chloride and urea. 
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Figure 6. Evolution of the conversion rate of ammonium chloride over time at an initial pH of 10. 
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Figure 7. Effect of reaction time on the digestion of ammonium chloride and urea. 
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Figure 8. Effect of Cl− on the digestion of urea and glycine. 
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Figure 9. Effect of concentration of CO32−on the digestion of ammonium chloride. 
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Table 1. Experimental scheme of Cl− interference in the digestion of glycine.
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	Experiment No.
	Environment
	Acid (mL)
	Alkali (mL)
	Cl-(mL)
	NO3−(%)





	1
	Acidic
	1
	0
	0
	8.89



	2
	Alkaline → Acidic
	1
	5
	0
	7.49



	3
	Alkaline → Acidic
	1
	5
	10
	63.24



	4
	Acidic → Alkaline
	1 + 1
	12
	0
	18.08



	5
	Acidic → Alkaline
	1 + 1
	12
	10
	98.95
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Table 2. Experimental scheme of CO32− interference in the digestion of ammonium chloride.
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	Experiment No.
	Concentration of CO32−(mmol/L)
	Initial pH
	Ultimate pH
	OH−/CR





	1
	0
	10.10
	6.50
	1.3 × 10−6



	2
	4
	10.79
	10.62
	3.1 × 10−6



	3
	8
	10.93
	10.79
	4.1 × 10−6



	4
	12
	11.03
	10.89
	5.3 × 10−6



	5
	16
	11.12
	10.96
	7.7 × 10−6
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Table 3. Experimental scheme and results of the digestion of total dissolved nitrogen.
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	No.
	Urea (mL)
	Ammonium Chloride (mL)
	Glycine (mL)
	TDN (mg/L)
	Error

(mg/L)
	CR

(%)





	1
	8
	8
	0
	3.9456
	0.0544
	98.64



	2
	4
	4
	8
	3.7960
	0.2040
	94.90



	3
	2
	6
	8
	3.7292
	0.2708
	93.23



	4
	6
	2
	8
	3.8060
	0.1940
	95.15



	5
	8
	4
	4
	3.7824
	0.2176
	94.56
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