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Abstract

:

The efficiency of deammonification depends on the cooperation of ammonium oxidizing bacteria and archaea (AOB/AOA), anaerobic ammonium oxidizing bacteria (AnAOB) and the effective suppression of nitrite oxidizing bacteria (NOB) that compete with AnAOB for nitrite (NO2-N). One of the effective NOB suppression strategies is intermittent aeration. However, it is important to have a good understanding of the optimum dissolved oxygen (DO) value in the aeration period and optimize the non-aeration time used during the reaction phase. This study comprised the investigation of the effect of different DO set points (0.4, 0.7, 1.0 and 1.5 mg O2/L) under the same aeration length off/on (12/3 min). Moreover, three different intermittent aeration modes (9/3, 6/3, 3/3) under the same DO set point (0.7 mg O2/L) were more investigated. The experiment was conducted for 6 months (180 days) in a laboratory-scale sequencing batch reactor (SBR) with a working volume of 10 L. The results indicated that a high N removal efficiency was achieved 74% at the DO set point = 0.7 mg O2/L during aeration strategy off/on (6/3 min) due to the low nitrate production rate (NPR) 0.9 mg N/g VSS/h and high ammonium utilization rate (AUR) 13 mg N/g VSS/h (NPR/AUR = 0.06). Mathematical modeling results confirmed that the feasible DO set point 0.7 and intermittent aeration mode off/on (6/3 min) were especially suitable for the optimal balance between the NOB suppression and keeping high activities of AOB and anammox in the system.
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1. Introduction


The deammonification process has received a special attention as a promising energy-efficient technology for nitrogen removal. Deammonification is a process combining two processes, including partial nitritation and anammox (PN/A). In the first step, ammonium nitrogen (NH4-N) is converted to nitrite nitrogen (NO2-N) by ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA) under aerobic conditions. In the second step, the remaining NH4-N (as an electron donor) and the produced NO2-N (as an electron acceptor) are converted to nitrogen gas (N2) by anaerobic ammonia oxidizing bacteria (AnAOB) under anoxic conditions [1,2].



The efficiency of deammonification is dependent on the cooperation of AOB/AOA and AnAOB and the effective suppression of nitrite oxidizing bacteria (NOB) that compete with AnAOB for NO2-N. This inhibition is a major challenge when applying this technology to sidestream or mainstream deammonification [3].



Thus, the successful deammonification process requires setting the appropriate conditions that inhibit NOB [4]. Many studies based on the treatment of NH4-N-rich wastewater have identified several critical operational parameters for inhibition of nitratation, such as temperature, nitrogen load rate (NLR), free ammonia (FA), free nitrous acid (FNA) and low dissolved oxygen (DO) [5,6,7]. In fact, only DO can be controlled in a typical municipal wastewater treatment plant using three approaches: traditional DO control with a value in the range 0.5–1.5 mg/L, intermittent aeration and a variable DO setting depending on the level of NH4-N removal and the ratio of nitrate nitrogen (NO3-N) produced to NH4-N removed [4,8,9].



Lackner et al. [10] provided optimal DO concentrations for the deammonification process in the range of 0.3–1.5 mg O2/L. High DO concentrations could inhibit the activity of AnAOB or promote the growth of NOB, and thus, numerous deammonification reactors have been operated at low DO concentrations [11,12]. Cao et al. [13] reported that 75% of NO2-N accumulation was gained in a full-scale PN/A process in Singapore at DO concentrations of 1.4–1.8 mg O2/L. The DO concentration affects partial nitritation as nitrifying microorganisms have different DO affinities (AOA > AOB > NOB) [14]. On the other hand, AnAOB are very sensitive to DO and can only survive when the oxygen partial pressure is lower than 5%. Once the oxygen partial pressure over 18% oxygen saturation, the biological activity of AnAOB is inhibited, but this inhibition may be reversible after a decrease in the DO concentration [15,16].



The DO should be controlled to avoid reversible or even irreversible inhibition. It has been noted that the concentration below 0.5 mg/L is required for AOB to compete with NOB and allow the growth of AnAOB in a biofilm reactor [17,18]. Such low concentrations have been widely used to treat both NH4-N-rich and -poor wastewater [10,19,20,21] because of the lower DO affinity of AOB compared to NOB [20]. NOB was effectively suppressed in laboratory and pilot studies with a DO in the range of 0.17–0.6 mg O2/L [17,22,23]. On the other hand, in several studies, a low DO did not effectively suppress NOB [24,25], which indicates inconclusive results of the effect of a low DO on NOB inhibition.



It is hypothesized that only the combination of a low DO concentration strategy and intermittent aeration produces the intended effects in NOB suppression. Regmi et al. [26] explained that intermittent aeration could promote NOB selection due to the delay of NOB in adapting to aerobic conditions after the non-aeration period compared to AOB. Al-Hazmi et al. [1,27] observed that reduction of the aerobic cycle length during intermittent aeration followed by an anoxic mixing period succeeded in inhibiting the activity of NOB organisms and reduced N2O production. Thus, it could be contributing to a significant reduction in the greenhouse effect [28,29]. On the other hand, also extending the non-aeration phase allows AnAOB to increase their activity by increasing the time required for multiplication. Thus, it is possible to act in two ways depending on the condition of the process—(1) reduce the aeration time and (2) extend the non-aeration time, affecting both the frequency (F) and ratio (R) between the non-aerated and aerated phase durations.



Due to the wide and contrasting aeration system used in deammonification—for the DO value, the aeration pattern (continuous, intermittent) as well as the length of the aeration and non-aeration phases—the impact of these three factors requires further observation and research at the same time. The use of anammox granular biomass in the deammonification process has a positive effect on the process, because the structure of granules isolates the bacteria from oxygen, preventing further inhibition [30].



Therefore, in our research, we used a sequencing batch reactor (SBR) with a granular sludge to check the influence of the aeration strategy on the efficiency of the deammonification process. The aim of the research was to indicate the optimal DO concentration and the time of the non-aeration phase with a constant aeration time (3 min) in the deammonification process. A mathematical model was used to identify the main changes under different DO concentrations and the time of the non-aeration phase.




2. Materials and Methods


2.1. Origin of the Inoculum Biomass and Laboratory Set-Up


The experiment was conducted for 7 months (180 days) in a laboratory-scale SBR with a working volume of 10 L (Figure 1). The reactor was inoculated with biomass from a full-scale sidestream deammonification system in Plettenberg (Germany) and fed with a synthetic medium [31]. The system was maintained at a constant temperature set point of 30 ± 1 °C, the space between the inner-outer tube formed a water jacket. To adjust the temperature in the water jacket with an accuracy of (±0.1 °C), a water bath of Julabo F32 (Germany) was used. The air flow and circulating water conduits inside the reactor were made of stainless steel. Emptying the reactors took place through opening two manual ball valves of the diameter of 20 mm. Each reactor was provided with a stirrer RZR 2041 type (Heidolph, Germany) with a variable speed. The meters serviced probes for pH (Endress + Hauser EH CPS 471D-7211, Basel, Switzerland) and DO (Endress + Hauser COS22D-10P3/O, Basel, Switzerland). The pH was controlled in the range of 7.3–7.9 by adding 1.0 M NaOH. The reactor was operated in cyclic modes (24 h), including feeding (30 min, 4 L of the working volume), reaction (23 h), sedimentation (2 min) and decantation (28 min, 4 L of the working volume).




2.2. Experimental Procedure


During the SBR operation, the experiments were carried out in four phases. In the I phase, the intermittent aeration off/on (12/3 min), using different DO set points (0.35, 0.7, 1.0 and 1.5 mg O2/L), with the TN load in the range of 192–243 mg N/g VSS/d, was performed over 31 d. In the II phase, the TN load increased to 312–350 mg N/g VSS/d over 56 d and the intermittent aeration off/on changed (9/3 min), with a DO set point of 0.7 mg O2/L. During the III phase, the intermittent aeration off/on reduced to 6 min with the same DO set point (0.7 mg O2/L) over 42 d. In the IV phase, the non-aerated phase decreased to 3 min with the same DO set point (0.7 mg O2/L) over 41 d.



In batch tests, four scenarios (1–4) of the different DO set points (0.4, 0.7, 1.0 and 1.5 mg O2/L) were investigated under the same aeration length (12 min off/3 min on), and three scenarios (5–7) of the different intermittent aeration modes (9/3, 6/3 and 3/3) were investigated with the same DO set point (0.7 mg O2/L). The operational parameters during those experiments are shown in Table 1.




2.3. Analytical Methods


During each batch experiment, a mixed liquor sample was withdrawn every 24 h depending on the length of the cycle and immediately filtered through disposable glass microfiber filters MFV-3 (47 mm diameter), Sartorius, Germany. The inorganic N forms (NH4-N, NO3-N and NO2-N) in the filtered samples were analyzed using cuvette tests in DR3900 Benchtop Spectrophotometer (Hach Lange GmbH, Berlin, Germany).



The metagenomic analysis was performed to investigate the composition and adaptive structural changes of the deammonification biomass. The inoculum and acclimated biomass samples were collected at the beginning and end of the experimental period. The experimental scenarios were carried out with the biomass concentration = 2000–4000 mg VSS/L.



The biomass specific ammonium utilization rate (AUR) and NO3-N production rate (NPR) were determined based on the maximum slope of NH4-N consumption and NO3-N production in the reaction phase divided by the MVSS concentration, respectively.



The AUR was calculated from the formula:


  AUR =    Slope     (   S   NH 4  − N , t    )    △ t · X     mg   N   ( gVSS / h )  



(1)







The NPR was calculated from the formula:


  NPR = −    Slope     (   S   NO 3  − N , t    )    △ t · X     mg   N   ( gVSS / h )  



(2)




where SNH4-N—concentration of NH4-N (mg N/L), SNO3-N—concentration of NO3-N (mg N/L), Δt—difference between the end time and the initial time of the measurement (h) and X—biomass concentration, g VSS/L.




2.4. Organization of the Simulation Study


As shown in Figure S1, the conceptual model developed in this study includes biochemical processes occurring under anaerobic/anoxic conditions (aeration off) and aerobic conditions (aeration on). Under aerobic conditions, NH4-N was sequentially oxidized to NO3-N via NO2-N by AOB and NOB. Under anaerobic/anoxic conditions, NO3-N was reduced to N2 via NO2-N by heterotrophic denitrifying bacteria (HDB). Therefore, the model was structured by using four distinct microbial populations in the reactor depending on their functions: AOB, NOB, HDB and AnAOB.



The model was developed using the “Model Developer” in the GPS-X 7.0 software (Hydromantis, Hamilton, Canada) following the IWA matrix notation system used for the Activated Sludge Model No.1 (ASM1) with most of the kinetic expressions presented as first-order or Monod-type equations. The definitions of the state variables, the matrix and kinetic equations of the proposed model are presented in Tables S1–S3, showing the stoichiometric relationships between the different components and the process rate equations.



Then, the layout of the reactor was built, consisting of an SBR and a time controller by which the aeration frequency and DO concentration could be adjusted and controlled (Figure S2). With the developed model and reactor layout, wastewater characterization and operational data were specified in the GPS-X software. Then, the parameters and variables were assigned based on literature reports (Tables S4 and S5). Sensitivity analysis of the model parameters was carried out to identify parameters to be adjusted during calibration (Tables S6 and S7). The differences between observed and simulated results were minimized by adjusting the model parameters based on their sensitivity.





3. Results


3.1. Influence of DO on the Deammonification Process


As shown in Figure 2A1, when the DO set point was 0.4 mg O2/L (scenario 1), the NH4-N concentration decreased from 348 to 36.9 mg N/L in 23 h, which resulted in an AUR of 5.6 mg N/g VSS/h. The concentration of NO3-N increased from 66.5 to 97.9 mg N/L at the same time, which resulted in the NPR value of 0.6 mg N/g VSS/h. The NPR/AUR ratio was 0.11 and the TN removal efficiency was 68%.



As shown in Figure 2B1, when the DO set point increased from 0.4 to 0.7 mg O2/L (scenario 2), the AUR increased to 6.6 mg N/g VSS/h, because the NH4-N concentration decreased from 361 to 1.3 mg N/L in 23 h. The NO3-N concentration then increased from 55.2 to 90.5 mg N/L in 23 h, which resulted in the NPR value of 0.6 mg N/g VSS/h. The NPR/AUR ratio decreased slightly from 0.11 to 0.09 and the TN removal efficiency increased from 68 to 78%.



As shown in Figure 2C1, when the DO set point increased to 1.0 mg O2/L (scenario 3), the NH4-N concentration decreased from 358 to 0.08 mg N/L in 21 h, which resulted in reaching an AUR value of 7.0 mg N/g VSS/h. The NO3-N concentration increased then from 51.2 to 98.6 mg N/L, which resulted in the NPR value of 0.9 mg N/g VSS/h. The NPR/AUR ratio increased to 0.13 and the TN removal efficiency slightly decreased from 78 to 76%.



As shown in Figure 2D1, when the DO set point increased to 1.5 mg O2/L (scenario 4), the NH4-N concentration decreased from 356 to 0.12 mg N/L in 19 h, resulting in the AUR value of 7.8 mg N/g VSS/h. The NO3-N concentration then increased from 57.4 to 112 mg N/L and resulted in an NPR of 1.2 mg N/g VSS/h. Subsequently, the NPR/AUR ratio increased to 0.16, whereas the TN removal efficiency decreased from 76 to 73%.



The dashed lines in Figure 2 show the simulation results, which are comparable to the measured data.



The most important performance indicators, i.e., the AUR, NPR and NPR/AUR ratios and TN removal efficiency, are summarized in Table 2.



At each aeration mode in all scenarios, the DO concentration was maintained stable at 0.4, 0.7, 1 and 1.5 mg O2/L during the aeration phase (partial nitritation process). Then, a sharp decrease in the DO concentration nearly to 0 mg O2/L was observed in the non-aerated phase (anammox process). The pH first decreased during the aerobic phase due to the consumption of alkalinity by AOB and then increased during the non-aerated phase because of the anammox activity.



With the NH4-N loading rate of 0.4 g N/L/d and intermittent aeration frequency fixed off/on (12/3 min), the maximum TN removal efficiency could reach up to 78%. The minimum NPR/AUR ratio was 0.09 and the nitrogen removal rate reached 0.23 g N/L/d at a DO set point of 0.7 mg O2/L.



Additionally, Figure S3 show the variation in the simulated growth rates of the different microorganisms at the DO set point of (A) 0.4 mg O2/L, (B) 0.7 mg O2/L, (C) 1.0 mg O2/L and (D) 1.5 mg O2/L at the same intermittent aeration mode off/on (12/3 min) conditions.




3.2. Influence of Aeration Mode (Off/On) Frequencies on the Deammonification Process


As shown in Figure 3A1, when the aeration mode changed to off/on (9/3 min—scenario 5), the NH4-N concentration decreased from 371 to 137 mg N/L in 7 h, resulting in an AUR value of 9 mg N/g VSS/h. At the same time, the concentration of NO3-N increased from 32.2 to 50.4 mg N/L, which resulted in the NPR of 0.7 mg N/g VSS/h. The NPR/AUR ratio increased to 0.08. Moreover, the TN removal efficiency reached 53% and the NO2-N concentration was stable at around 4 mg N/L.



When the aeration mode changed to off/on (6/3 min—scenario 6), the NH4-N concentration decreased from 381 to 44.9 mg N/L in 7 h, resulting in an AUR of 13 mg N/g VSS/h. The NO3-N concentration then increased from 37 to 60.4 mg N/L, which resulted in an NPR of 0.9 mg N/g VSS/h. The NPR/AUR ratio decreased to 0.07. The TN removal efficiencies increased to 74% and the NO2-N concentrations decreased to 6.5 mg N/L after 2.33 h of the cycle (Figure 3B1).



As shown in Figure 3C1, when the aeration mode fixed as off/on (3/3 min—scenario 7), the NH4-N concentration decreased from 381 to 5.9 mg N/L in 5.67 h, which made the AUR equal 18.1 mg N/g VSS/h. At the same time, the concentration of NO3-N increased from 33.6 to 79 mg N/L, which made the NPR = 2.1 mg N/g VSS/h. The NPR/AUR ratio reached the maximum value of 0.09 and the TN removal efficiency increased to 72%. In contrast, the NO2-N concentrations reached the maximum value of 37 after 2.33 h of the cycle.



The dashed lines in Figure 3 shows the simulation results, which are comparable to the measured data.



The most important performance indicators, i.e., the AUR, NPR and NPR/AUR ratios and TN removal efficiency, are summarized in Table 3.



Additionally, Figure S4 show the variation in the simulated growth rates of the different microorganisms with the intermittent aeration mode off/on of (A) 9/3 min, (B) 3/3 min, (C) 3/3 min at the same DO set point of 0.7 mg O2/L (S4).




3.3. Long-Term Results


The SBR was operated with different aeration modes, DO set points during aeration mode on and full cycle times during different phases of the long-term experiment (Figure 4A). The developed model was used to simulate the long-term experimental data of the SBR effluent and the biomass concentration in the SBR (Figure 4 and Figure 5). The results showed that the model fitted the long-term effluent data of the SBR very accurately. In the first 20 days of the I phase, under the specified conditions, the effluent NH4-N concentration gradually decreased from 631 mg/L to almost zero and the NO3-N concentration increased from the initial 30 mg N/L to about 100 mg N/L without any accumulation of NO2-N. During this period, AOB and AnAOB grew in the same trend, while the NOB concentration decreased to a relatively low level, making AOB and AnAOB the dominant microorganisms. It should also be noted that the multiplication of HDB in the first several days was observed. However, after the residual organics was expended, without carbon sources supplied in the influent, the HDB in the SBR disappeared.



Between Day 23 and Day 27, batch tests with different DO set points during the aeration mode on were conducted (see Section 3.1). The change of the DO set points led to a slight fluctuation of the effluent concentrations and simulated biomass concentrations. The maximum TN removal efficiency during I phase was 79%, the AUR was 9.2 mg N/g VSS/h and the NPR was 0.9 mg N/g VSS/h.



Since Day 31, even though the time of aeration off was adjusted from 12 min to 9 min, the change of the full cycle time from 24 h to 12 h made the time not enough for the biological reaction to be completed. As a consequence, the model simulated NH4-N concentration increased sharply in the first few days of the II phase. At the same time, lower NO2-N consumption and NO3-N production could be predicted, resulting in an increase in the NO2-N concentration and a decrease in the NO3-N concentration. The same phenomena could also be seen in the first few days of the III phase, when the full cycle time was reduced from 12 h to 8 h.



The shift from the I phase to the II phase also affected the amounts of different microorganisms. As the effluent was discharged more frequently, the biomass was washed out, leading to the sudden reduction in the biomass concentration, regardless of the microorganism species. In the course of the experiment, the accumulation of AOB and AnAOB could be observed, and the effluent NH4-N concentration decreased in two weeks and stayed stable hereafter. In addition, the prolonged aeration time facilitated the growth of NOB in the beginning of the II phase, while at this time, NOB still competed over AnAOB for the same substrate (NO2-N). The TN removal efficiency in II phase ranged from 66 to 79%, and the AUR ranged from 10–12.4 mg N/g VSS/h, while the NPR remained stable at 1.0 mg N/g VSS/h.



Moreover, the aeration mode influenced the biomass composition significantly. During the stable operation period of the II phase, the simulated ratio of AOB/AnAOB maintained at approximately 0.63, while it increased to more than 0.73 with a longer aeration time in the III phase. In the III phase, the TN removal efficiency was 63–75%, while the AUR ranged from 9.0 to 10.5 mg N/g VSS/h and the NPR was 0.9 mg N/g VSS/h.



In the IV phase, the non-aeration time was adjusted to 3 min, which was the same as that of the aeration time. In the first two weeks of the IV phase, with a higher oxygen supply, NH4-N could be completely consumed by AOB or AnAOB, accompanied by the accumulation of NO2-N. However, during this period, the gradual decrease in the simulated AnAOB concentration was observed, while an increase in the NOB concentration could be predicted. When the aeration strategy was just regulated back to the same condition in the III phase (since day 158), less NH4-N could be utilized, leaving more residual NH4-N in the SBR effluent along with the elevated NO2-N accumulation. As the simulated biomass composition recovered to the same level in the III phase, the effluent NH4-N descended gradually. The TN removal efficiency in IV phase decreased to 45%, and when the non-aeration phase returned to 6 min, the TN removal efficiency increased to 81%.





4. Discussion


4.1. Influence of DO Concentration on the Process of Partial Nitritation (First Stage of Deammonification—Aerobic)


It is known that a high concentration of NH3-N (5–40 g N/m3) and a low concentration of DO (<0.13 mg O2/L) are the factors responsible for the suppression of NOB, especially Nitrobacter sp. [32]. In this study, when the aeration mode was set to off/on (12/3 min), lower DO concentrations (0.4–0.7 vs. 1.0–1.5 mg O2/L) suppressed NOB (NPR = 0.6 vs. 0.9–1.2 mg N/g VSS/h). On the other hand, high concentrations of DO (1–1.5 mg O2/L) favor AOB and NOB with NO3-N build-up.



The NOB activity must be effectively suppressed without reducing the AOB activity. The oxygen saturation constants of AOB and NOB are 0.2–0.4 mg/L and 1.2–1.5 mg/L, respectively, and AOB have a stronger affinity for DO than NOB at a lower DO concentration [33].



The results showed that the NOB were efficiently suppressed without adversely affecting the AOB and AnAOB activity, when using an appropriate intermittent aeration frequency at low DO settings. In contrast, higher DO set points indirectly promoted full nitrification, and its use in the deammonification process was less promising.



Miao et al. [12], similarly to our research, proposed two strategies to prevent NO3-N accumulation. The first was to limit the DO concentration to 0.17 mg/L. Under such conditions, however, the NOB enrichment took place, as evidenced by the increase in the number of copies of the Nitrospira gene from 2.61 × 108 to 1.67 × 1010 copies/g of sediment in the first 105 days. In contrast, the Nitrobacter population accounted for less than 0.5% of Nitrospira. This supports the theory that high DO concentrations can provide a competitive advantage for AOB over Nitrobacter, while low DO levels are beneficial for Nitrospira. For this reason, the DO control alone as a method of NOB suppression is not effective and it cannot simultaneously eliminate both Nitrospira and Nitrobacter, which are present in the deammonification process [14].




4.2. Effect of the DO Concentration on the Anammox Process (Second Stage of Deammonification—Anoxic)


When the aeration mode was set to off/on (12/3 min), lower DO concentrations (0.4–0.7 vs. 1.0–1.5 mg O2/L) favored the AnAOB activity. On the other hand, a high DO concentration (1–1.5 mg O2/L) inhibited the activity of AnAOB. It was shown that 0.28 mg O2/L was the threshold DO for inhibition of AnAOB [34]. Other authors reported that the AnAOB activity decreased significantly at DO > 0.46 mg O2/L, and at DO > 1 mg O2/L, the activity was significantly inhibited [35]. In our research, the optimal DO value was found at 0.7 mg O2/L, which differs significantly from the above studies.



AnAOB are strictly anaerobic microorganisms that are inhibited by DO [13]. AnAOB inhibition by low DO concentrations was found to be reversible but irreversible at higher concentrations, as observed in the deammonification process [16]. Most of the known AnAOBs belong to Planctomycetes [36], whose population depends on the DO value. In the studies by Zuo et al. [37], it first decreased from 2.35% to 1.38% due to the high DO concentration, and then increased to 4.25% when the DO decreased.



Low DO levels also make AnAOB much more competitive, as a decreased DO concentration results in a decrease in the NOB activity and reduces its potential AnAOB inhibition [38]. Moreover, Corbalá-Robles et al. [39] found that the main factor reducing nitrogen removal during the deammonification process was inhibition of the anammox conversion rate by a high DO concentration of 1–2 mg O2/L. Moreover, Cao et al. [13] reported that 75% of NO2-N accumulation was obtained in the full-scale PN/A process in Singapore at DO concentrations of 1.4–1.8 mg O2/L.




4.3. Influence of the Aeration Strategy on the Partial Nitritation Process (First Stage of Deammonification—Aerobic)


The NOB activity can be suppressed by selecting the appropriate aeration strategies. It has already been confirmed many times that periodic aeration is more effective in suppressing NOB compared to the continuous mode [12,23,40,41,42,43]. The use of intermittent aeration can not only reduce energy consumption but also increase NOB inhibition and avoid NO3-N accumulation [44].



In addition, a higher frequency of aeration may have more benefits for AOB compared to NOB [45]. Reducing the aerobic cycle length or increasing the anaerobic cycle length can effectively inhibit the NOB activity [12]. The activity of AOB and NOB under anaerobic conditions is inhibited, and after re-entering the aeration phase after prolonged “starvation”, AOB has a stronger reproductive capacity. On the other hand, NOB cannot reach the earlier activity level immediately, which effectively favors the implementation of partial nitritation [37].



The second strategy to prevent NO3-N accumulation proposed by Miao et al. [12] was to use intermittent aeration with 7-min aeration and 21-min non-aeration periods at a DO concentration of 0.5 mg O2/L. That strategy increased the efficiency of TN removal by inhibiting NOB and prevented NO3-N accumulation. The Nitrospira gene copy number was 1.97 × 109 copies/g dry pellet, indicating that NOB was not completely washed out from the reactor, but its activity was inhibited by intermittent aeration.




4.4. Effect of the Aeration Strategy on the Anammox Process (Second Stage of Deammonification—Anoxic)


With a strategy using alternating phases of aeration and no aeration, inhibition of AnAOB by oxygen can be mitigated by phases without aeration. When NO2-N accumulates in the first nitrification step, the aeration is turned off and the reactor goes into the non-aerated phase, allowing for the use of NO2-N by AnAOB. This approach was used by Ma et al. [23] in their research and the non-aerated time was doubled to enhance the anammox reaction. This reduced the NO2-N concentration and prevented its accumulation.




4.5. Effect of DO Concentrations and Aeration Strategies on the Deammonification Efficiency


At the fixed intermittent aeration frequency in all the scenarios (1–4), the AUR and NPR values increased with the increasing DO in the range of 0.4–1.5 mg O2/L. Both trends can be well described by linear functions as shown in Figure 6. When the NH4-N concentration has always been well above the half-saturation constant of NH4-N, the Monod term for ammonia remained constant, so the AUR depended essentially on the DO consumption. At low DO concentrations (<0.7 mg O2/L), AOB did not produce enough NO2-N for AnAOB. When too much oxygen was supplied (>0.7 mg O2/L), NOB outcompeted AOB, causing the NPR/AUR ratio to increase. The deammonification efficiency improved as the DO increased from 0.4 to 0.7 mg O2/L, and worsened as the DO set point increased from 0.7 to 1.5 mg O2/L. The minimum ratio of NPR/AUR was found at the level of DO = 0.7 mg O2/L. This highlights the overall maximum deammonification efficiency at that DO concentration (0.7 mg O2/L).



A DO concentration of 0.7 mg O2/L was effective in suppressing NOB compared to AOB, leading to a higher AnAOB activity and avoiding NO3-N accumulation. In this way, it was possible to consider the efficiency and economy of nitrogen removal in the deammonification process. Since high DO concentrations can inhibit the AnAOB activity or stimulate the NOB growth, many deammonification studies have been performed at low DO concentrations [12,34,40,41,46].



Similar to our study, Yang et al. [47] found that the deammonification efficiency increased when the DO set point increased from 0.25 to 0.76 mg O2/L and worsened at a DO greater than 1.15 mg O2/L in a one-stage pilot deammonification SBR.



In other studies, it is worth noting that DO as low as 0.19 mg O2/L allowed to obtain satisfactory results in terms of the effectiveness of NH4-N removal (92.2%) [39]. Yang et al. [34] achieved the NH4-N removal efficiency at the level of 81.5% when DO = 0.18–0.2 mg O2/L. At DO in the range of 0.24–0.28 mg O2/L, the removal efficiency was 88.2%. Further increasing the DO level to 0.28–0.35 mg O2/L resulted in a decrease in the efficiency to 85.9% (Table 4). However, on the other hand, high NH4-N removal efficiencies (83–90%) can be obtained even with high DO ranging from 0.8–1.2 mg O2/L [48,49].



In our study, the most favorable intermittent aeration strategy with DO = 0.7 mg O2/L was obtained at the off/on times of 6 min/3 min with the TN removal efficiency of 74%. This strategy resulted in more favorable conditions for AnAOB than NOB (NPR/AUR = 0.07), with a relatively high NO3-N production (NPR = 0.9 mg N/g VSS/h) compensated by high NH4-N removal (AUR = 13 mg N/g VSS/h). Reducing the non-aerated time to 3 min increased the activity of NOB (NPR = 2.1 mg N/g VSS/h) and reduced the efficiency of TN removal. Table 4 illustrates the effect of different aeration strategies on the deammonification efficiency in terms of NH4-N removal.



Yang et al. [40] obtained a much higher efficiency of NH4-N removal with intermittent aeration compared to continuous aeration (74% vs. 92.2%) (Table 4). Similarly, Pereira et al. [50] reported the lowest NH4-N removal efficiencies during continuous aeration (57%), while the efficiencies reached 70% when intermittent aeration was applied. Continuous aeration can result in NH4-N removal efficiency as low as 5%, while intermittent aeration shows a minimum of 72% in the same study [49]. It is, therefore, worth considering intermittent aeration to increase the NH4-N removal efficiency.



The authors also propose different times without aeration and aeration during intermittent aeration (Table 4). In our study, the optimal ratio was 2 (off/on = 6/3 min) and was confirmed by other studies. Pereira et al. [50] achieved the highest process efficiency when the time of non-aeration was twice as long as the time with aeration (30/15 min). The same off/on ratio was maintained by Sobotka et al. [49] with an intermittent aeration mode off/on (18/9 min). However, there are studies where the aeration time was seven times longer than that without aeration (105 min/15 min), where the NH4-N removal efficiency was high (81.5–92.2%) [34,40].



The results showed that the appropriate frequency of the intermittent aeration cycle can improve AOB and AnAOB competition by effectively activating NOB suppression.





5. Conclusions


The DO set point and the intermittent aeration mode are important parameters that affect the deammonification process rate and efficiency of the nitrogen removal. An optimal DO of 0.7 mg O2/L with an appropriate intermittent aeration mode off/on condition (6/3 min) ensured a high-efficiency of deammonification performance in a granular SBR. Under these conditions, the AUR of 13 mg N/g VSS/h, NPR of 0.9 mg N/g VSS/h and TN removal efficiency of 74% were achieved. The NOBs were effectively suppressed, with no NO2-N and NO3-N accumulation due to the appropriate conditions for both AOB and AnAOB. Model predictions confirmed the experimental data.
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Figure 1. Schematic diagram of the laboratory-scale SBR for granular deammonification. 
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Figure 2. Measured and predicted results of the batch experiments with different DO set points (scenarios 1–4), i.e., (A1,A2) 0.4 mg O2/L, (B1,B2) 0.7 mg O2/L, (C1,C2) 1.0 mg O2/L and (D1,D2) 1.5 mg O2/L, at the same intermittent aeration mode off/on (12/3 min) and pH controlled at 7.6 ± 0.3. 
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Figure 3. Measured and predicted results of the batch experiments with different intermittent aeration mode off/on (scenarios 5–7), i.e., (A1,A2) 9 min/3 min, (B1,B2) 6 min/3 min and (C1,C2) 3 min/3 min, at the same DO set point of 0.7 mg O2/L and pH controlled at 7.6 ± 0.3. 
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Figure 4. (A) The SBR operation strategies in different phases of the long-term experiment and (B) the experimental data and model simulated result of the SBR effluent in different phases. 
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Figure 5. Predicted biomass concentrations in the SBR in the course of the long-term experiment: (A) AOB, (B) NOB, (C) AnAOB and (D) HDB. 
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Figure 6. Effects of the DO concentrations under the intermittent aeration frequency off/on (12/4 min) on the AUR, NPR and NPR/AUR ratios in lab-scale SBR deammonification systems. 
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Table 1. The operational parameters for the SBR under different DO set points.
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Parameters

	
Units

	
Experimental Scenarios




	
I PHASE

	
II PHASE

	
III PHASE

	
IV PHASE




	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
DO set point

	
mg O2/L

	
0.4

	
0.7

	
1.0

	
1.5

	
0.7




	
Aeration mode (off/on)

	
min

	
12/3

	
9/3

	
6/3

	
3/3




	
Off/on ratio (R)

	
-

	
4

	
3

	
2

	
1




	
Aeration frequency

	
1/h

	
4

	
5

	
6.67

	
10




	
Influent NH4-N concentration

	
mg N/L

	
900 ± 100




	
TN loading rate

	
mg N/g VSS/d

	
108–185




	
Initial NH4-N concentration in the reactor

	
mg N/L

	
400 ± 30




	
MLVSS

	
mg VSS/L

	
2000–4000




	
pH

	
-

	
7.6 ± 0.3




	
Temperature

	
°C

	
30 ± 1
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Table 2. Summary of the most important deammonification performance indicators with different DO set points.
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Scenario

	
Intermittent Aeration

(off/on)

	
DO Set-Point

	
AUR

	
NPR

	
NPR/AUR Ratio

	
TN Removal Efficiency




	
min

	
mg O2/L

	
mg N/g VSS/h

	
mg N/g VSS/h

	
-

	
%






	
1

	
12/3

	
0.4

	
5.6

	
0.6

	
0.11

	
68




	
2

	
12/3

	
0.7

	
6.6

	
0.6

	
0.09

	
78




	
3

	
12/3

	
1.0

	
7.0

	
0.9

	
0.13

	
76




	
4

	
12/3

	
1.5

	
7.8

	
1.2

	
0.16

	
73











[image: Table] 





Table 3. Summary of the most important deammonification performance indicators, with a shorter aeration length and high frequency.
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Scenario

	
Intermittent Aeration Modes

	
DO Set-Point

	
AUR

	
NPR

	
NPR/AUR

	
TN Removal Efficiency




	
off/on min

	
mg O2/L

	
mg N/g VSS/h

	
mg N/g VSS/h

	

	
%






	
5

	
9/3

	
0.7

	
9

	
0.7

	
0.08

	
53




	
6

	
6/3

	
0.7

	
13

	
0.9

	
0.07

	
74




	
7

	
3/3

	
0.7

	
18.1

	
2.1

	
0.12

	
72
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Table 4. Strategies of aeration in the deammonification process and their NH4-N removal efficiencies.
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Reactor

	
Aeration Mode

	
Off

	
On

	
R

	
DO

	
NH4-N Removal Efficiency

	
Reference






	

	

	
min

	
min

	

	
mg O2/L

	
%

	




	
CSTR

	
intermittent

	
15

	
105

	
0.14

	
0.18–0.2

	
81.5

	
[34]




	
0.22–0.24

	
87.2




	
0.24–0.28

	
88.2




	
0.28–0.35

	
85.9




	
CSTR

	
continuous

	
-

	
-

	
-

	
0.18

	
65

	
[40]




	
continuous

	
-

	
-

	
-

	
0.18

	
56




	
continuous

	
-

	
-

	
-

	
0.18

	
74




	
intermittent

	
15

	
105

	
0.14

	
0.19

	
91.8




	
intermittent

	
15

	
105

	
0.14

	
0.19

	
92.2




	
SBR

	
intermittent

	
15

	
45

	
0.33

	
6.01

	
63

	
[50]




	
intermittent

	
15

	
15

	
1

	
0.06

	
61




	
intermittent

	
30

	
15

	
2

	
0.08

	
70




	
intermittent

	
45

	
15

	
3

	
0.18

	
57




	
continuous

	
-

	
-

	
-

	
3.74

	
57




	
intermittent

	
45

	
15

	
3
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