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Abstract

:

To explore the main behavior and mechanism of minimizing nitrous oxide (N2O) emission through intermittent aeration during wastewater treatment, two lab-scale sequencing batch reactors operated at intermittently aerated mode (SBR1), and continuously aerated mode (SBR2) were established. Compared with SBR2, the intermittently aerated SBR1 reached not only a higher total nitrogen removal efficiency (averaged 93.5%) but also a lower N2O-emission factor (0.01–0.53% of influent ammonia), in which short-cut nitrification and denitrification were promoted. Moreover, less accumulation and consumption of polyhydroxyalkanoates, a potential endogenous carbon source promoting N2O emission, were observed in SBR1. Batch experiments revealed that nitrifier denitrification was the major pathway generating N2O while heterotrophic denitrification played as a sink of N2O, and SBR1 embraced a larger N2O-mitigating capability. Finally, quantitative polymerase chain reaction results suggested that the abundant complete ammonia oxidizer (comammox) elevated in the intermittently aerated environment played a potential role in avoiding N2O generation during wastewater treatment. This work provides an in-depth insight into the utilization of proper management of intermittent aeration to control N2O emission from wastewater treatment plants.
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1. Introduction


Nitrous oxide (N2O) is considered to be the dominant contributor to the deterioration of the ozone layer [1,2] and act as a greenhouse gas (GHG) with a stable-state lifetime of 114 years and global warming potential 298 times greater than that of carbon dioxide (CO2) [3]. It is of great importance to identify anthropogenic sources of N2O for the purpose of emitting less GHG to the global atmosphere [4,5]. For the past years, wastewater treatment plants (WWTPs) have been demonstrated to contribute significantly to the total GHG emission [6] and make up for 3.2–10.2% of the anthropogenic source of N2O [7]. The N2O-emission factors (emitting amount of N2O-N divided by the nitrogen load) could achieve up to 95% and 14.6% for lab-scale and full-scale WWTPs, respectively [8]. Thus, efforts to minimizing N2O emission from WWTPs are receiving more attention from the globe [9].



For WWTPs, N2O is mainly produced in biological nitrogen removal (BNR) via nitrification and denitrification, including three main pathways: (1) nitrifier denitrification (ND)—the canonical ammonia-oxidizing bacteria (AOB) utilize nitrite as an alternative electron acceptor instead of oxygen (O2) to produce N2O as a byproduct under anoxic conditions or high nitrite concentrations [10,11]; (2) heterotrophic denitrification (HD)—the imbalanced activities of nitrogen-reducing enzymes in heterotrophic denitrifiers result in N2O accumulation during nitrate or nitrite reduction under very low carbon/nitrogen (C/N) ratios [12,13]; (3) hydroxylamine (NH2OH) oxidation—N2O generated as a side product through incomplete oxidation of NH2OH to nitrite by AOB [6]. Nevertheless, the relative contributions of the three pathways during the complicated BNR systems are still debatable, and especially new biochemical processes are still emerging. Recently, the newly discovered Nitrospira-like complete ammonia oxidizer (termed “comammox”) has been proved to be actively participating in ammonia oxidation in full-scale WWTPs, which challenged our traditional perspectives of nitrogen cycling [14,15,16]. However, to what extent the existence of comammox affecting N2O formation remains unclear in engineered systems [17], suggesting the significance of including the new emerging ammonia-oxidizing guilds to interpret the sources and mechanisms of N2O production.



Operational strategies and parameters of WWTPs have significant influences on N2O emission [18,19,20]. Commonly, all of the three pathways for N2O production are largely sensitive to O2 [21]. Previous studies have illustrated the significant effects of different aeration patterns on N2O emission in wastewater treatment. High N2O production could be triggered when the anoxic state is switched to the oxic state during anoxic/oxic (A/O) processes [22]. Long aeration time during the oxic state also promoted N2O generation considerably [4]. In contrast, the intermittent aeration (aeration phase followed by a short anoxic phase) was proved to be an efficient way the reduction of N2O emission while maintaining high nitrogen removal efficiencies during WWTPs. For instance, Ni et al. have indicated that increasing the cycle frequency of periodic aeration could minimize N2O production in a biofilm reactor [23]. Rodríguez-Caballero et al. have realized N2O mitigation in a full-scale WWTP without compromising nitrification performance [4]. A similar observation has also been obtained during the intermittent aeration in composting processes of cattle manure [21]. However, how the intermittent aeration mode would impact N2O emission in sequencing batch reactors (SBRs), one of the most widely employed wastewater treatment processes, is still unknown.



In this study, two lab-scale SBRs adopting contrast aeration strategies (continuous aeration vs. intermittent aeration) were established for comparisons of N2O production during nitrogen removal. Moreover, a series of batch experiments with detailed gas and chemical analysis were conducted to reveal the main sources and mechanisms for N2O production. Quantitative analysis of ammonia-oxidizing prokaryotes (AOPs), including comammox, canonical AOB and ammonia-oxidizing archaea (AOA), gained insights into evaluating their potential roles in the minimization of N2O emission from WWTPs. Our study provided crucial guidance to control GHG emission from WWTPs through proper management of intermittent aeration strategy.




2. Materials and Methods


2.1. Reactor Setup and Operation


Two laboratory-scale SBRs of the same size were used to achieve simultaneous nitrification and denitrification in the treatment of synthetic wastewater. Both sealed reactors were made of transparent polyvinyl methacrylate with a working column of 5 L and headspace of 1 L. The seeding sludge was taken from a full-scale municipal WWTP. The reactors were operated in an 8-h cycle under the anoxic and oxic stages sequentially at 25 ± 1 °C. One reactor (SBR1) was run with each cycle comprising of 2 h anoxic period and 4-h intermittent aeration (30 min of aeration and 30 min of non-aeration alternately), followed by 45-min settling, 15-min effluent withdrawal and 1 h idle period. The airflow rate of SBR1 was maintained at 180 mL/min. Another reactor (SBR2) was operated with each cycle consisting of 2 h anoxic period and 4-h continuous aeration with an airflow rate of 90 mL/min, followed by the same settling, withdrawal and idle periods as SBR1. Both reactors were regulated by a series of automatic time-sequencing controllers and stirred with mechanical mixing paddles at about 250 rpm. In the first 12 min of each cycle, 2.5 L synthetic wastewater was pumped into the SBRs from the top, which consisted of: 1.50 g/L NaHCO3, 1.01 g/L CH3COONa, 0.44 g/L KH2PO4, 0.19 g/L NH4Cl, 0.10 g/L MgSO4·7H2O, 0.10 g/L CaCl2 and 1.0 mL/L microelement solution [24,25]. As a result, the influent chemical oxygen demand (COD), ammonia (   N H  4 +  -N) and phosphate were approximately 300 mg/L, 50 mg/L and 10 mg/L, respectively. The hydraulic retention time (HRT) and sludge retention time (SRT) was maintained at 8 h and 20 d, respectively. After a period of operation, both SBRs maintained total nitrogen (TN) removal efficiency at over 80%, which meant that these two reactors reached stable nitrogen removal performances. The mixed liquid suspended solids (MLSS) of SBR1 and SBR2 were kept at approximately 1920 and 1740 mg/L during steady states, respectively. During the whole period, the influent and effluent    N H  4 +  -N, nitrite (   N O  2 −  -N), nitrate (   N O  3 −  -N) and TN were daily monitored to assess the nitrogen removal performances. After reaching stable nitrogen removal performances, off-gases emitted within one cycle from both reactors were daily collected into 50-L gasbags from the sampling pipe on the top, and the concentrations of N2O and nitric oxide (NO) were measured.



To further explore the nitrogen conversion process in the reactors, multiple important parameters were measured regularly in a typical cycle [25]. In brief, 30 mL mixed liquid was obtained at an interval of half an hour. After centrifugation, the supernatant was utilized to analyze    N H  4 +  -N,    N O  2 −  -N,    N O  3 −  -N and TN concentrations. The concentrated activated sludge on the bottom was used to analyze polyhydroxyalkanoates (PHAs, including poly-β-hydroxybutyrate (PHB) and polyhydroxy valerate (PHV)). Furthermore, released gases (N2O and NO) were monitored at regular times, and dissolved N2O in the mixed liquid was detected every 30 min according to the headspace method [26]. Both pH and dissolved oxygen (DO) were measured at a 5-min interval during the typical cycle.




2.2. Batch Experiments for N2O Generation Mechanisms


Batch experiments were performed to explore the relative contributions of ND and HD to N2O and NO emissions. After reaching the stable performances, 300 mL mixed liquid was, respectively, obtained from two reactors at the end of the anoxic phase. 20 mg/L    N O  2 −  -N was supplemented to determine N2O and NO emission rates from simultaneous ND and HD processes (experiment No. 1). Meanwhile, 10 mg/L allylthiourea (ATU) and 1 mg/L NaClO3 were supplemented with 20 mg/L    N O  2 −  -N to determine the gas emission rates from the HD only (experiment No. 2) [27]. For the gas emission rates solely from the ND, 300 mL mixed liquid was obtained from both reactors in the late oxic stage, with a 2 h aeration to further consume the residual organic carbon. Then, 20 mg/L    N H  4 +  -N and 20 mg/L    N O  2 −  -N were supplemented to determine the gas emission rates (experiment No.3). All the above experiments were conducted at 25 ± 1 °C in sealed bottles with specific pipes for aeration and sampling. Airflow rates were kept at 20 mL/min to simulate the DO concentrations during the typical cycle of reactors. The off-gas was continuously collected every half an hour to determine N2O and NO amounts until    N H  4 +  -N and    N O  2 −  -N in the sealed bottles were totally consumed.



In addition, batch experiments were also employed to investigate the effects of different electron acceptors (i.e.,    N O  2 −  -N,    N O  3 −  -N and N2O) on gas emission rates. After achieving steady performances, 400 mL mixed liquid at the end of the anoxic phase was taken for each test. All the tests were carried out in sealed bottles at 25 ± 1 °C. In each sealed bottle, stock solutions of    N O  2 −  -N,    N O  3 −  -N or N2O were injected into the mixed liquid to gain initial concentrations of about 25, 30 and 50 mg N/L, respectively. 60 mL/min N2 was introduced to maintain the anoxic atmosphere. Bulk samples were taken at particular time intervals (3–5 min) to determine the concentrations of    N O  2 −  -N and    N O  3 −  -N in the mixed liquid and N2O/NO amounts in the off-gas.




2.3. Quantification of Comammox, AOB and AOA


The amoA genes of comammox, AOB and AOA formed distinct phylogenetic clades [14,15] and were thought of as ideal markers for quantifications [28]. Based on the above, the total DNA of activated sludge was extracted in duplicate from 2 mL mixed liquid by using FastDNA®SPIN kit for soil (MP Biomedicals, Solon, OH, USA) after stable performances were achieved for both reactors. To quantify the abundances of comammox, AOB and AOA amoA genes, DNA-based quantitative polymerase chain reaction (qPCR) amplification was performed using SuperReal PreMix Plus (SYBR Green, Tiangen Biotech Co. Ltd, Shanghai, China) in Applied Biosystems 7300 with corresponding primer sets (Supplementary Table S1). Detailed procedures of qPCR amplification were summarized in Supplementary Information. The dry weight of MLSS was used as the internal standard for normalization among different samples.




2.4. Analytical Methods


The concentrations of    N H  4 +  -N,    N O  2 −  -N,    N O  3 −  -N and TN were measured according to the standard methods employed by a discrete auto analyzer (AMS, Guidonia, Italy). Determinations of the PHAs, including PHB and PHV, were conducted using gas chromatography (GC) [29]. The N2O and NO concentrations were analyzed by a GC equipped with an electron capture detector and a NO-NO2-NOX analyzer as described in our previous research, respectively [13]. N2O and NO emission rates were calculated based on their concentrations and the gas flow [6]. The emission factors were calculated as their emission rates divided by the influent ammonia rates. The dissolved N2O was calculated from Henry’s Law.





3. Results and Discussion


3.1. Nitrogen Removal and N2O Emission in the Two SBRs


The variations of    N H  4 +  -N,    N O  2 −  -N,    N O  3 −  -N and TN concentrations during the startup and steady-state operation (75 days (d)) of both reactors are displayed in Figure 1.



Under the low C/N ratio of 6, TN-removal efficiency gradually increased to more than 80% during the first 50 d and 45 d for intermittently aerated SBR1 and continuously aerated SBR2, respectively, then kept a relatively steady condition (SBR1: 80.5–96.6%; SBR2: 81.2–99.3%). A longer startup period was acquired for the intermittently aerated SBR1 before reaching the stable state, which was likely due to that frequent anoxic/oxic transitions influenced the stability of nitrifying and denitrifying communities in reactors [30]. For both reactors,    N H  4 +  -N- and TN-removal efficiencies maintained high during the final 10 d of the steady period. The intermittent-aerated SBR1 exhibited a slightly better    N H  4 +  -N removal performance averaged at 99.0% than the continuously aerated SBR2 averaged at 97.5%. Both reactors realized a better TN-removal efficiency (SBR1: averaged 93.5%; SBR2: averaged 93.1%) than several previously analogous studies, such as 85.4% in a continuous plug-flow step feed process with alternating anoxic/aerobic conditions [31], 89.1% and 90.4% in two full-scale SBRs treating municipal wastewater [4,32], respectively. Moreover,    N O  2 −  -N (averaged 4.92 and 4.29 mg/L for SBR1 and SBR2, respectively) rather than    N O  3 −  -N (averaged 0.95 and 1.13 mg/L) was the major nitrifying products in both reactors, demonstrating that short-cut nitrification and denitrification (SCND) was successfully realized. It was worth noting that the SBR1 (4.22 mg/L on average) accumulated more    N O  2 −  -N than the SBR2 (3.05 mg/L on average), particularly after 20 d of the startup, suggesting that the frequent anoxic/oxic transitions facilitated the dominance of AOB over nitrite-oxidizing bacteria (NOB), resulting in more    N O  2 −  -N accumulation during the startup period [31,33].



The N2O and NO emissions from both reactors were daily-monitored for about one month after 50 d (Figure 1c,d). From the 50 to 75 d, the N2O (1.90–76.70 μg/h) and NO (0.04–0.21 μg/h) emission rates of intermittently aerated SBR1 mostly kept much lower than those (N2O: 18.67–330.09 μg/h; NO: 0.13–0.35 μg/h) of continuous-aerated SBR2. Significant differences were observed for N2O (paired-sample t-test, t = −3.177, p = 0.004) and NO (t = −9.817, p = 7.036 × 10−10) emission rates between these two systems. On average, the emission rates were 46.4% and 49.8% lower for N2O and NO under the intermittent aeration mode, which was generally consistent with previous studies obtained in other reactor types treating municipal wastewater [4], high ammonia wastewater [23] and composting cattle manure [21]. Notably, the average N2O-emission factor was calculated to be 0.19% (0.01–0.53%) and 0.42% (0.11–2.09%) for SBR1 and SBR2, suggesting the N2O-emission factor of the present intermittently aerated SBR was far lower than those (1.5–15.6%) of other intermittently aerated bioreactors treating various synthetic municipal wastewater, slaughterhouse wastewater and separated liquid fraction of anaerobically digested pig manure [4,34,35,36,37,38,39] (Table 1).



For NO, the average emission factor was 0.0007% (0.0003–0.0012%) for SBR1 and 0.0014% (0.0009–0.0022%) for SBR2, lower than those treating synthetic (0.003%), rural (0.006–0.032%) and industrial wastewater (0.09%) [13]. These results demonstrated the promising advantages of using SBR with intermittent aeration mode in wastewater treatment to simultaneously achieve excellent nitrogen removal and N2O/NO emission reduction. The wastewater with higher ammonia nitrogen load in those studies would promote nitrifier denitrification to generate N2O and thus have higher N2O emission than our study. Another reason may be that the wastewater in those studies may contain some refractory organic pollutants influencing the microbial nitrification and denitrification activity [13]. Compared with the continuous-aerated SBR, the intermittently aerated SBR experienced alternating aeration and non-aeration during the reaction phase, which could maintain the aeration duration for adequate nitrification and non-aeration duration for complete denitrification [40]. These may benefit both nitrogen removal performance and N2O mitigation in the intermittently aerated SBR.




3.2. Nitrogen Removal and N2O Emission in Typical Cycles of the SBRs


The variations of    N H  4 +  -N,    N O  2 −  -N, and    N O  3 −  -N concentrations during the typical cycle of both SBRs are shown in Figure 2a,b.



During the anoxic stage (0 to 2 h), the    N H  4 +  -N concentration decreased slightly to 20.80 and 20.77 mg/L from the initial 24.58 and 23.12 mg/L separately for SBR1 and SBR2. When getting into the oxic state, the    N H  4 +  -N concentration in SBR1 rapidly decreased to 0.14 mg/L at 4.5 h with an average removal rate of 27.31 mg/h (Figure 2a). The    N O  2 −  -N started to accumulate at 3.5 h, then achieved the highest level of 3.60 mg/L at 4.5 h and declined to 0.58 mg/L at the end, indicating that the SCND occurred. Meanwhile, the    N O  3 −  -N concentration achieved the highest level of 3.40 mg/L at 6 h due to nitrite oxidation by NOB when no    N H  4 +  -N was left after 4.5 h. During this typical cycle, the TN-removal efficiency reached 91.9%, demonstrating a remarkable nitrogen removal performance through the SCND. For SBR2,    N H  4 +  -N was totally depleted until 6 h with an average removal rate of 19.27 mg/h (Figure 2b).    N O  2 −  -N began to accumulate after 4.5 h, with a maximum concentration of 2.32 mg/L, while the    N O  3 −  -N reached the highest level of 2.69 mg/L at 6 h. Similar to the performance during the long-term operation (Figure 1), higher    N H  4 +  -N removal rate and    N O  2 −  -N accumulation was obtained in the typical cycle of SBR1 than SBR2, suggesting the dominance of AOB over NOB was realized more completely under the intermittent aeration than the continuous aeration [31,33]. This result was corresponding to the metabolic characteristics that the growth rate and metabolic activity of NOB would be inversely proportional to the anoxic disturbance duration [33,41], but the decay rate of AOB was much lower than that of NOB [42], which promoted the dominant growth of AOB over NOB during the alternating oxic and anoxic condition.



The variations of N2O and NO emission rates and dissolved N2O concentrations during the typical cycle are exhibited in Figure 2c,d. The variations of N2O and NO emissions and dissolved N2O were generally synchronous in SBR1, with all three peaks occurring at the end of each 30-min aeration period (at 2.5, 3.5 and 4.5 h) (Figure 2c). This indicated that the produced N2O could form a dissolved state in the receiving water. It was suspected that the AOB community associated with heterotrophic denitrifiers might govern the N2O/NO production and reduction simultaneously through the SCND during the intermittent aeration [43], thus resulting in the covariation of N2O/NO. The N2O emission rate achieved the highest level at 4.5 h when    N H  4 +  -N was totally removed with the maximum    N O  2 −  -N accumulation, while the NO emission rate achieved the highest level at 3.5 h when    N O  2 −  -N just started to accumulate. Higher    N O  2 −  -N accumulation in the cycle could slightly inhibit N2O reducing enzymes of denitrifiers and provide enough terminal electron acceptors for AOB, which would lead to a higher N2O emission rate [25]. For SBR2, the variations of N2O and NO emission rates were not synchronous (Figure 2d). The only peak of N2O emission rate occurred at the end of continuous aeration when    N H  4 +  -N was totally removed with    N O  2 −  -N accumulation, while the top two peaks of NO emission rate occurred at 1.25 h and 2.5 h. The heterotrophic truncated denitrifying bacteria, which lack one or more of denitrifying functional genes (e.g., norBC) for complete denitrification [44], might be one of the reasons for NO accumulation under enough carbon sources at the anoxic stage. The overexpression of    N O  2 −  -N reductase during transient anoxia could be one important reason for the production of NO [22]. During this typical cycle, much lower N2O/NO emission factors and dissolved N2O concentration were definitely obtained for SBR1 (0.11%/0.0013%) than SBR2 (0.77%/0.0029%) (Figure 2c,d), although higher    N O  2 −  -N accumulation was previously considered to promote N2O generation [8]. One reason may be that the intermittent aeration lowered the amount of N2O blow-off from the wastewater, and the remaining N2O in the wastewater would be then reduced by heterotrophic denitrifiers at the intermittently anoxic stage as denitrification could act as an important N2O sink during the biological nitrogen removal [45]. For another reason, it was shown that the DO concentration at the first 2.5 h of the oxic stage (2 to 4.5 h) of intermittently aerated SBR1 was kept below 0.40 mg/L (averaged 0.14 mg/L), which was much lower than that (ranging 0.29–0.65 mg/L with an average of 0.40 mg/L) of SBR2 (Figure 2e,f). In the meantime, the pH of SBR1 was decreasing from 8.0 to 7.7 but keeping higher than pH values (7.4–7.7) of SBR2 (Figure 2e,f). It was suggested that a little lower DO, and higher pH environment may usually be beneficial for the denitrification via    N O  2 −  -N routine, especially the N2O reductase activity [25,46], thus promoting the SCND efficiency and reducing N2O emission from intermittently aerated SBR1. In addition, fewer accumulations and consumptions of PHAs (i.e., PHB and PHV) as the endogenous carbon source were obtained for SBR1 than SBR2 (Figure 2g,h). The PHAs were usually produced by denitrifying polyphosphate accumulating organisms (DPAOs) or glycogen accumulating organisms (GAOs) in wastewater treatment [25]. However, it has been documented that DPAOs and GAOs could act as a potential inducer of N2O emission when PHAs were used as their internal carbon resources [47,48]. The observed lesser accumulations and consumptions of PHAs might be largely related to the minimization of N2O emission in the intermittently aerated SBR1.




3.3. Mechanisms of N2O Emission From Both Reactors


It was previously stated that N2O and NO emissions could be contributed by both HD and ND processes in anoxic conditions [49]. Batch experiments were conducted to further distinguish their respective contributions to gas emissions from both reactors. The results are shown in Figure 3 and Table 2.



First, the overall N2O emission rate (106.52 μg/h) from simultaneous ND and HD processes of SBR1 was much lower than that of SBR2 (280.83 μg/h), and similar results were gained for the N2O/NO emission factors. The N2O emission rates during each 30-min from 0 to 3 h in SBR1 were also lower than the corresponding values of SBR2 (Figure 3a). These indicated that the intermittent aeration decreased N2O/NO production from combined ND and HD processes. Notably, these values from the batch experiments were much higher than those from the stable conditions in the in situ reactors, which was attributed to the that the artificially supplemented higher concentration of    N O  2 −  -N could promote the ND but limit the HD through inhibiting N2O reductase [25]. The calculated overall    N H  4 +  -N oxidation rates (SBR1:3.16 mg/h; SBR2:1.62 mg/h) were larger than    N O  2 −  -N reduction rates (SBR1:0.75 mg/h; SBR2:1.45 mg/h), which well explained the    N O  2 −  -N accumulation in the typical cycle of both reactors and the higher accumulation in SBR1. Second, using the sludge with no external carbon, it was observed that the overall N2O/NO emission rates (281.02/0.41 μg/h) solely from the ND process in SBR1 were much lower than those (555.48/0.80 μg/h) of SBR2. Similar results were particularly obtained by comparing average gas emission rates during each half an hour (Figure 3e,f). Given that the AOB community was reported to be the major contributor to N2O generation through the ND process [50], the abundance of AOB in SBR1 was therefore predicted to be smaller than that of SBR2, possibly due to the lower DO concentration of intermittent aeration [6]. Third, the overall N2O emission rate (90.43 μg/h) solely from HD in SBR1 was also much lower than that (305.69 μg/h) of SBR2, as also illustrated by comparisons of average N2O emission rate from each 30 min (Figure 3c).



These demonstrated that the N2O reducing ability of heterotrophic denitrifiers in SBR1 sludge was far stronger than that of SBR2 sludge, particularly under the low DO environment, which was one of the most important reasons for N2O emission minimization under the intermittent aeration. Finally, comparing all the three batch experiments, we found that the ND process contributed most significantly to N2O/NO emissions in both SBRs, which was consistent with previous studies showing that greater proportions of N2O generation were caused by the ND process [51,52]. It was notable that the N2O/NO emission rates of the simultaneous ND and HD were definitely lower than those of the sole ND process for both reactors, which demonstrated that the HD process was a critical sink for N2O emission in the simultaneous nitrification and denitrification process. This was consistent with a recent study’s conclusion that denitrification can be an effective sink for N2O, potentially scavenging a proportion of N2O generated by    N H  4 +  -N oxidation or abiotic conversions [45], although some previous studies also found the HD dominated N2O emission [6]. Overall, the batch experiments showed that the ND process was the major pathway generating N2O, while HD played as a sink to consume N2O. Therefore, it was predicted that the intermittent aeration could inhibit the ND process and promote the HD process, both of which facilitated the effective minimization of N2O emission.



Further batch tests about the influences of different electron acceptors (i.e.,    N O  2 −  -N,    N O  3 −  -N and N2O-N) on the N2O/NO emission rates during the denitrification were conducted (Figure 4). It was shown that the SBR1 experienced a higher nitrogen reduction rate (   N O  2 −  -N: 1.16 mg/min;    N O  3 −  -N: 0.38 mg/min; N2O-N: 1.31 mg/min) than the SBR2 (Figure 4a–c, indicating a stronger denitrifying activity during the intermittent aeration. The rate of N2O-N reduction was 1.53 and 1.13 times higher than that of    N O  3 −  -N and    N O  2 −  -N reduction, representing an overcapacity of N2O-N reduction step relative to other denitrification pathways (a measurement of N2O sink) [45]. These results supported the above hypothesis that the N2O sink capacity of the heterotrophic denitrifying communities could be improved through intermittent aeration. Furthermore, the maximum N2O/NO emission rates (SBR1:78.69/0.09 μg/h; SBR2:67.32/0.12 μg/h) with    N O  3 −  -N as the sole electron acceptor were much slower than those (SBR1:146.04/0.23 μg/h; SBR2:275.43/0.64 μg/h) when using    N O  2 −  -N as the sole electron acceptor (Figure 4d,e).



For both reactors, the calculated N2O/NO emission amounts (SBR1:71.84/0.098 μg; SBR2:118.84/0.270 μg) when using    N O  2 −  -N were also far larger than those (SBR1:37.19/0.078 μg; SBR2:34.30/0.056 μg) when using    N O  3 −  -N as the sole electron acceptor, even if the original    N O  3 −  -N concentrations were higher. This may be attributed to that the ND process contributed most largely to N2O/NO emissions. Comparisons of N2O/NO emission amounts with    N O  2 −  -N as the sole electron acceptor between both reactors also indicated that the ND process was significantly inhibited through the intermittent aeration. Therefore, we confirmed that the intermittent aeration could promote the HD process as a sink of N2O mainly produced by ammonia oxidation within the ND process. Given that N2O accumulation during WWTPs is a complicated biochemical process related to imbalanced activities of four different denitrification reductases, it is of great importance to evaluate the influences of environmental conditions on these enzymes. For N2O reductases, their overcapacities were reported to be universal in heterotrophic denitrifiers in a wide range of pH, temperature, C/N ratios and organic electron donors [45]. In addition, the overcapacity of N2O-N reduction was thought of as a physiological feature in denitrifiers rather than a genetic potential of the microbial community [45]. In this study, we found a larger N2O-N overcapacity in SBR1 than SBR2, resulting in N2O emission mitigation. Even though microbial communities could be easily subjected to frequent A/O shifts, the emitting N2O would be rapidly and readily consumed by N2O reducing organisms rather than being released to the atmosphere. Such observation may be considered in modeling efforts and used for developments of N2O emission minimization strategies in the future wastewater treatment.




3.4. Potential Roles of Comammox Bacteria in N2O Mitigation


The recent discovery of comammox bacteria as the third aerobic ammonia oxidizer has upended our perceptions of nitrogen cycling globally [14,15]. We quantified the abundances of comammox, AOB and AOA in the activated sludge after the stable performances were achieved for both reactors (Figure 5).



Results showed that the abundance (2.5 × 1010 copies per gram dry weight) of comammox in SBR1 was 25-fold higher than that (1.0 × 109 copies per gram dry weight) of SBR2, and the proportion (24.7%) of comammox in AOPs of SBR1 was about 35-fold larger than that (0.73%) of SBR2. The proportion (10.4%) of AOA in AOPs of SBR1 was also larger than that (0.02%) of SBR2 but quite lower than that of comammox. The abundance (6.6 × 1010 copies per gram dry weight) of AOB and its proportion (64.9%) in AOPs of SBR1 were dramatically lower than those (1.4 × 1011 copies per gram dry weight, 99.25%) of SBR2. The dominance of AOB in the AOPs was consistent with that AOB contributed significantly to N2O generation through the ND process during WWTPs [50]. These results also indicated that intermittent aeration could be advantageous for the growth of comammox bacteria and detrimental for AOB proliferation. The observed lower DO conditions of intermittently aerated SBR1 could benefit comammox bacteria, as previous studies have revealed that comammox possessed the reductive tricarboxylic acid cycle and cytochrome bd-like oxidases in their genomes for microaerophilic adaptions [53,54]. Camejo et al. indeed enriched comammox from a low-DO (<0.5 mg/L) bioreactor inoculated with activated sludge [55]. More important, Liu et al. and Kits et al. have demonstrated that comammox bacteria lack NO reductases and emit much less N2O than AOB through the abiotic conversion of NH2OH during nitrification [56,57]. It was also likely that comammox bacteria could compete with AOB by oxidizing    N H  4 +  -N to    N O  3 −  -N completely within their own cells [14,15], then reduce the contribution of ND process to N2O emission mainly conducted by AOB who could utilize surrounding    N O  2 −  -N instead of O2 as the electron acceptor. Although more efforts are still urgently needed, such as batch experiments distinguishing their roles by use of differential inhibitors to cultivate, isotope tracer studies or transcriptomic analysis revealing their functions [58], it still provides a clue that comammox bacteria may play a potential role in the minimization of N2O emission during the intermittent aeration of WWTPs.





4. Conclusions


In summary, the intermittently aerated SBR achieved better nitrogen removal efficiency associated with much lower N2O-emission factors (0.01–0.53% of influent ammonia load) than the continuously aerated SBR. PHAs as the potential inducers of N2O emission were accumulated and consumed lesser in the intermittently aerated SBR. Nitrifier denitrification was the main routine contributing to N2O emissions, while heterotrophic denitrification as the critical sink of N2O was promoted in the intermittently aerated SBR. The high proportion of comammox bacteria highlighted their potential role in the N2O minimization. This work is of significance to understand adopting an intermittent aeration strategy for mitigating N2O emission in wastewater treatment.
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Figure 1. Daily monitored nitrogen removal performances (a,b) and gas emissions (c,d) of both sequencing batch reactors (SBRs) during the startup and long-term operation period. The nitrous oxide (N2O) and nitric oxide (NO) generation rates were profiled since the 50 d after the startup. 
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Figure 2. Performance evaluations in a typical cycle of both SBRs: (a,b) variations of    N H  4 +  -N,    N O  2 −  -N and    N O  3 −  -N concentrations; (c,d) variations of N2O and NO emission rates, and dissolved N2O concentrations; (e,f) variations of dissolved oxygen (DO) and pH; (g,h) variations of polyhydroxyalkanoates (PHA, including poly-β-hydroxybutyrate (PHB) and polyhydroxy valerate (PHV)) contents. 
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Figure 3. N2O and NO emission rates during each 30-min period of different biological processes in batch experiments: (a,b) from both ND and HD processes; (c,d) solely from the HD process; (e,f) solely from the ND process. 
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Figure 4. Nitrogen reduction (a–c) and N2O/NO emission rates (d,e) under different electron acceptors (   N O  2 −  -N,    N O  3 −  -N and N2O-N) utilized in batch experiments. 
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Figure 5. Abundances of amoA genes from comammox, ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) in activated sludge samples of both SBRs. Percentages of comammox, AOB and AOA in ammonia-oxidizing prokaryotes (AOPs) were displayed above the corresponding columns. 
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Table 1. N2O-emission factors in various intermittently aerated systems.
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	Configurations
	Wastewater Types
	N2O Emission Factor
	References





	Intermittently aerated SBR
	Separated liquid fraction of anaerobically digested pig manure
	15.6%
	[34]



	Intermittently aerated SBR
	Synthetic wastewater simulating the separated liquid fraction of anaerobically digested pig manure with a higher 5-day biochemical oxygen demand (BOD5) concentration
	10.1%
	[34]



	Sequencing batch air-lift reactor (SBAR) with anoxic-aerobic modes
	Synthetic wastewater simulating municipal wastewater
	7.0 ± 1.6%
	[35]



	Intermittently aerated full-scale activated sludge SBR
	Domestic wastewater
	6.8%
	[4]



	Intermittently aerated sequencing batch biofilm reactor (SBBR)
	Synthetic ammonia-rich wastewater
	1.5 ± 0.2%
	[36]



	Step-feeding multiple A/O SBR
	Synthetic wastewater simulating municipal wastewater
	4.4%
	[37]



	One-feeding multiple A/O SBR
	Synthetic wastewater simulating municipal wastewater
	4.7%
	[37]



	Multiple A/O SBR
	Synthetic wastewater simulating municipal wastewater
	2.3–10.1%
	[38]



	Intermittently aerated SBR
	Slaughterhouse wastewater
	5.7–11.0%
	[39]



	Intermittently aerated SBR
	Synthetic wastewater simulating municipal wastewater
	0.01–0.53% (0.19% on average)
	This study
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Table 2. N2O and NO emission rates and factors of different biological processes in batch experiments.
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Experiment No.

	
Seed Sludge

	
Conditions

	
SBR1

	
SBR2




	
N2O/NO Emission Rates (μg h−1)

	
N2O/NO Emission Factors (%)

	
N2O/NO Emission Rates (μg h−1)

	
N2O/NO Emission Factors (%)






	
1

	
Anoxic phase

	
+nitrite a

	
106.52/0.30

	
2.79/0.0079

	
280.83/0.33

	
11.41/0.0134




	
2

	
Anoxic phase

	
+nitrite/+inhibitors b

	
90.43/0.10

	
1.98/0.0034

	
305.69/0.08

	
8.65/0.0036




	
3

	
Aerobic phase

	
+ammonia/+nitrite c

	
281.02/0.41

	
6.47/0.0151

	
555.48/0.80

	
13.45/0.0308








a simultaneous ND and HD processes. b Solely from the HD process. c Solely from the ND process.
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