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Abstract

:

To analyze the effects of the nitrifying bacterial community structure on the partial nitrification (PN) characteristics in a PN-immobilized carrier in municipal wastewater under low-temperature shock, two PN-immobilized carriers with different nitrifying bacterial communities were investigated. The E1-immobilized carrier contained a high abundance of ammonia-oxidizing bacteria (AOB; 38.59%), and the E2-immobilized carrier had a low AOB abundance of 4.78%. The results of experiments with different dissolved oxygen (DO) concentrations showed that the oxygen-limited environment inside the immobilized carrier, generated by the high AOB abundance, was critical for achieving PN. The nitrite accumulation rate (NAR) decreased from 90.0–93.9% to 84.2–88.3% for the E1-immobilized carrier and from 86.0–90.4% to 81.7–85.8% for the E2-immobilized carrier under low-temperature shock (the temperature suddenly decreased from 25 ± 1 °C to 15 ± 1 °C). The decrease in the ammonia oxidation rate due to the decreased AOB activity led to a decrease in NAR. Moreover, NOB abundance in the E2-immobilized carrier increased because of the destruction of the oxygen-limiting region in the immobilized carrier due to the low AOB abundance. Increasing the abundance of AOB in the PN-immobilized carrier could reduce the adverse effects from the low-temperature shock. The results of this study can be used to further develop immobilization technology for efficient PN in mainstream wastewater treatment.
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1. Introduction


The process of biological denitrification around anaerobic ammonium oxidation (Anammox) is an efficient and energy-saving process that can replace traditional nitrification and denitrification in mainstream wastewater treatment [1,2]. However, the widespread use of anammox in the treatment of municipal wastewater is limited because of the lack of substrate NO2−-N [3,4,5]. Partial nitrification (PN, NH4+-N→NO2−-N) can achieve a stable NO2−-N output by maintaining the activity of ammonia-oxidizing bacteria (AOB) while inhibiting that of nitrite-oxidizing bacteria (NOB) during nitrification [6,7]. Stable PN under municipal wastewater conditions has been achieved via the control of dissolved oxygen (DO) and free ammonia/free nitrite acid (FA/FNA) levels in side-stream suppression in activated sludge systems [8,9,10,11]. However, these approaches have low efficiency and are complex, and further research is needed before large-scale application.



Recently, scientists reported that immobilization technology can effectively promote the application of PN in wastewater treatment [12,13,14,15]. Compared with the traditional activated sludge system, the DO gradient in the immobilized carrier can effectively inhibit NOB activity without affecting AOB activity, thereby achieving stable PN [16,17]. It is assumed that the formation of an oxygen-limiting environment in immobilized carriers is the key to achieving PN [16,18]. The growth and metabolism of nitrifying bacteria in immobilized carriers will consume DO, thus affecting the formation of an oxygen-limited environment. This indicates that nitrifying bacteria in immobilized carriers can greatly affect PN.



Physical or chemical methods have been employed to immobilize bacteria [19]. Physical immobilization involves cell adsorption and attachment. However, for chemical methods, the cells are fixed into a matrix using irreversible covalent bonds, so chemically immobilized cells are not easily released from the matrix. Many raw materials and synthetic polymers, such as sodium alginate, polyacrylamide, agar, and polyvinyl alcohol (PVA), have been extensively applied in immobilization [20]. However, synthetic polymers such as PVA can provide the advantages of higher mechanical strength and chemical resistance. Therefore, when immobilizing nitrifying bacteria, chemical immobilization using PVA as the carrier can effectively maintain the stability of the immobilized carrier under aeration conditions.



Although some studies have shown that immobilized carriers can achieve PN in municipal wastewater [17,21], the components of municipal wastewater are complex. Partial nitrification is not only affected by the structure of the nitrifying bacterial community but also by temperature [22,23] and organic matter [24,25]. At low temperatures, the growth rate difference between AOB and NOB decreases, especially in the case of a sudden temperature drop, which is unfavorable for the maintenance of PN [26]. When the influent contains organic matter, on the one hand, the heterotrophic bacteria in the immobilized carrier will compete with nitrifying bacteria for DO, thereby affecting PN [25]. On the other hand, when the environment is anoxic, the denitrifying bacteria will use the organic matter in the influent for denitrification, which also affects PN. In this context, analyzing the effects of the nitrifying bacterial community structure and low temperatures on the PN characteristics of municipal wastewater can effectively promote the practical application of immobilization technology used for municipal wastewater.



In this study, using polyvinyl alcohol (PVA) as a carrier, the PN characteristics of two PN-immobilized carriers with different nitrifying bacterial community structures in municipal wastewater were investigated using a continuous flow reactor. The objectives were as follows: (1) to investigate the effects of the nitrifying bacterial community structure on the PN characteristics in an immobilized carrier with synthetic and municipal wastewater; (2) to compare the PN characteristics and organic matter removal performance of immobilized carriers with different nitrifying bacteria under low-temperature shock; and (3) to study the effects of low temperatures on the microbial community structure of the immobilized carrier in municipal wastewater. The results can be used to further develop immobilization technology for efficient PN in mainstream wastewater treatment.




2. Materials and Methods


2.1. Preparation of the Partial-Nitrification-Immobilized Carrier with Different Nitrifying Bacterial Communities


The PN-immobilized carriers with different nitrifying bacterial communities were prepared separately from our previous studies [17,18]. According to the determination of the ammonia oxidation rate of activated sludge at different stages of the partial nitrification sludge culture, inoculated sludge with different AOB abundances can be obtained. The immobilized carrier was a cylinder with a size of 15 mm in diameter, 5 mm in height, and 1–2 mm in thickness. The E1-immobilized carrier was a PN-immobilized carrier with a high AOB abundance (Nitrosomonas, belonging to AOB, accounted for 38.59% of the total bacteria), and the E2-immobilized carrier was a PN-immobilized carrier with a low AOB abundance (Nitrosomonas accounted for 4.78% of the total bacteria). The production processes and biomass amounts of the two immobilized carriers were similar.




2.2. Partial-Nitrification-Immobilized Carrier Reactor Operation


Two lab-scale reactors (Figure 1) with a working volume of 15 L each were operated at a filling rate of 10% (v/v). The temperature was controlled at 25 ± 1 °C and 15 ± 1 °C, respectively, using a temperature probe (WTW, Munich, Germany) in conjunction with a heat exchanger to heat the water via a programmable logic controller (PLC). The DO concentration was controlled using a DO probe (WTW, Munich, Germany) in conjunction with an OFF/ON air pump via a PLC.



2.2.1. Batch Experiments


Batch experiments were divided into synthetic wastewater and municipal wastewater batch tests. Synthetic wastewater batch tests were conducted to investigate the effects of the nitrifying bacterial community structure on the activities of AOB and NOB. Approximately 100 mg/L NH4+-N was added to the reactor, with aeration for 2.0 h at DO levels of 3, 4, 5, and 6 mg/L. The temperature was 25 ± 1 °C, and the pH was adjusted to 7.6–7.8 using a PLC equipped with a pH probe and pH buffer. The NH4+-N and NO2−-N levels were determined every 20 min.



Municipal wastewater batch tests were conducted to investigate the PN characteristics of the immobilized carriers. At DO levels of 3, 4, 5, and 6 mg/L, the municipal wastewater was added to the reactor with aeration for 1.5 and 3.0 h at 25 and 15 °C, respectively. The ammonia oxidation rate (AOR) and the nitrite oxidation rate (NOR), as well as the COD and TN removal rates of E1- and E2-immobilized carriers, were determined. The optimal DO concentration in the continuous flow condition was determined according to the test results.




2.2.2. Low-Temperature Shock Experiment


After the batch experiments, the low-temperature shock was run for 60 days. The initial temperature was 25 ± 1 °C, with a hydraulic retention time (HRT) of 1.5 h from days 1 to 30, followed by 15 ± 1 °C, with an HRT of 3.0 h from days 31 to 60.





2.3. Wastewater Characteristics


The municipal wastewater used in this study was collected from the effluent of the primary sedimentation tank of the Gao Bei Dian municipal wastewater treatment plant (Beijing, China).




2.4. Analytical Methods


2.4.1. Wastewater Quality Analysis


The concentrations of COD, total nitrogen (TN), NH4+-N, NO2−-N, and NO3−-N were analyzed according to the APHA standard methods [25].




2.4.2. High-Throughput Sequencing


The Illumina MiSeq high-throughput sequencing platform (Illumina, San Diego, CA, USA) was used to analyze the microbial community composition of the initial E1-immobilized carrier (E1a) and the initial E2-immobilized carrier (E2a), as well as the E1-immobilized carrier (E1b) and E2-immobilized carrier (E2b) after the operation. The V3–V4 hypervariable region of the bacterial 16S rRNA gene was amplified with the primers 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATCTAATCC). The obtained bacterial 16S rRNA gene sequences were compared with those in the National Center for Biotechnology Information (NCBI) database. Using the MEGAN software, the 16S rRNA gene sequences were analyzed and classified according to a certain threshold to obtain operational taxonomic units (OTUs). Diversity analysis was performed according to the OTUs, and, finally, the results were visualized.





2.5. Calculations


The nitrite accumulation ratio (NAR) was calculated as follows:


  N A R =     NO    2 ,  eff   −   −   NO    2 ,  inf   −        ( NO     2 ,  eff   −   −   NO    2 ,  inf   −   ) +    ( NO     3 ,  eff   −   −   NO    3 ,  inf   −   )   × 100 % ,  








where     NO    2 ,  inf   −     and     NO    2 ,  eff   −     are the NO2− concentrations of the influent and the effluent, respectively, and     NO    3 ,  eff   −     and     NO    3 ,  inf   −     are the NO3− concentrations of the effluent and the influent, respectively.



The ammonia oxidation rate (AOR) was calculated as follows:


  A O R =     NH    4 ,  start   +   −   NH    4 ,  end   +     T   × 100 %  








where     NH    4 ,  start   +     and     NH    4 ,  end   +     are the NH4+-N concentrations at the beginning and end of the batch experiments, respectively, and T is the duration of the batch experiment.



The nitrite oxidation rate (NOR) was calculated using the following equation:


  N O R =     NO    3 ,  end   −   −   NO    3 ,  start   −     T   × 100 %  








where     NO    3 ,  start   −     and     NO    3 ,  end   −     are the NO3−-N concentrations at the beginning and end of the batch experiments, respectively, and T is the duration of the batch experiment.





3. Results and Discussion


3.1. Effects of the Nitrifying Bacterial Community Structure on Partial Nitrification in the Immobilized Carrier


At an influent NH4+-N concentration of approximately 100 mg/L and a temperature of 25 °C, the changes in the NH4+-N and NO3−-N concentrations in E1- and E2-immobilized carriers under different DO concentrations are shown in Figure 2. The changes in NH4+-N and NO3−-N concentrations reflected the activity changes of AOB and NOB, respectively, in the immobilized carrier. As shown in Figure 2a, when the DO concentration increased from 3 to 4 and 5 mg/L, the NH4+-N removal rates of the E1- and E2-immobilized carriers increased. This indicates that increasing the DO concentration in the reactor could increase the activity of AOB in the immobilized carrier. However, when the DO concentration reached 6 mg/L, the NH4+-N removal rate of the E1- and E2-immobilized carriers did not increase further, suggesting that there is a threshold for the influence of DO on AOB activity. In addition, at the same DO level, the NH4+-N removal rate of the E1-immobilized carrier was higher than that of the E2-immobilized carrier, indicating that the AOB abundance in the immobilized carrier directly affected its ammonia oxidation performance. This leads us to infer that increasing the concentration of DO in the reactor and the abundance of AOB in the immobilized carrier can effectively increase AOB activity.



Figure 2b,d show the changes in the NOB activity in E1- and E2-immobilized carriers under different DO concentrations. With increasing DO concentration, the NO3−-N production in the E1-immobilized carrier did not increase significantly, indicating that the NOB activity in this carrier did not increase. This can be explained by the increase in the DO concentration, along with the increased oxygen consumption of AOB in the E1-immobilized carrier. Therefore, the mass transfer gradient of DO in the immobilized carrier and the considerable AOB oxygen consumption formed an oxygen-limited environment, which effectively inhibited NOB activity. Kunapongkiti et al. [13] found that during the operation of the nitrification-immobilized carrier, AOB was observed at the 10–230 μm layer of the gel matrix, preventing DO from reaching the inner area of the gel matrix, which also indicated that the AOB of the immobilized carrier played an important role in the formation of an oxygen-limited environment. As shown in Figure 2d, the NO3−-N production of the E2-immobilized carrier at a DO concentration of 6 mg/L was 27.1 ± 1.8 mg/L, which surpassed the nitrate production at DO concentrations of 3, 4, and 5 mg/L (4.9 ± 0.8, 5.8 ± 1.3, and 13.8 ± 1.7 mg/L). This was due to the low oxygen consumption because of the low abundance of AOB in the E2-immobilized carrier, which could not maintain the oxygen-limited environment. Figure 2a,c also show that at the same DO level, the AOB activity in the E1-immobilized carrier was higher than that in the E2-immobilized carrier. Therefore, increasing the AOB abundance in the immobilized carrier facilitated the creation of an oxygen-limited environment, thereby improving the effect of PN.



Figure 3a,b show the changes in the ammonia oxidation rate (AOR) and nitrite oxidation rate (NOR) of E1- and E2-immobilized carriers under different DO concentrations in municipal wastewater at 25 and 15 °C. The AOR of the E1- and E2-immobilized carriers at 25 °C was lower in municipal than in simulated wastewater, indicating that the AOB activity in the PN-immobilized carrier was affected by the low ammonia nitrogen and organic matter levels in municipal wastewater. However, when municipal wastewater was used, the AOR of the E1-immobilized carrier was higher than that of the E2-immobilized carrier under different DO conditions, indicating that increasing the AOB abundance of the PN-immobilized carrier could effectively improve PN efficiency. In addition, when the DO concentration of the E2-immobilized carrier was 6 mg/L in municipal wastewater, the environment was no longer oxygen-limited, which resulted in a sudden increase in NOR from 2.6 ± 0.3 to 5.8 ± 0.2 mg/(L·h). When the municipal wastewater temperature was reduced to 15 °C, the AOR levels of the E1- and E2-immobilized carriers were reduced by 31.2 ± 1.5% and 34.2 ± 4.1%, respectively. This indicated that increasing the AOB abundance in the PN-immobilized carrier cannot effectively mitigate the effect of low temperature on AOB activity. However, the NOR of the E2-immobilized carrier increased from 2.3 ± 0.4 to 2.6 ± 0.2 mg/(L·h) when the DO concentration increased from 5 to 6 mg/L when the temperature was reduced to 15 °C. This may be due to the low NOB activity in the PN-immobilized carrier because of the low temperature. Even if the DO concentration was high due to the destruction of the oxygen-limited environment in PN-immobilized carriers, the activity of NOB could not be effectively improved. According to the above phenomenon, the DO concentration of the E1- and E2-immobilized carriers was controlled at 5 mg/L under continuous flow conditions.



The removal of COD and TN from municipal wastewater by both carrier types is shown in Figure 3c,d. Under municipal wastewater, both carriers showed COD and TN removal, with the E2-immobilized carrier having a greater removal effect, most likely because of the high abundances of denitrifying and heterotrophic bacteria in the E2-immobilized carrier (Section 3.3). In the E2-immobilized carrier, the TN removal rate decreased with increasing DO concentration, which indicated that higher DO levels inhibit the denitrification in this carrier. In addition, TN removal was also observed in the E1-immobilized carrier under municipal wastewater, which indicated that COD could promote simultaneous nitrification and denitrification in PN carriers. Figure 3c,d show that the influence of low temperature on the removal rates of COD and TN in the E2-immobilized carrier was greater than that of the E1-immobilized carrier. This was because the activity of denitrifying bacteria decreased when the temperature decreased [27,28,29], whereas the denitrifying bacteria in the E1 carrier had a lower proportion and a weaker activity. Therefore, the decrease in temperature had a greater impact on the TN removal rate of the E2-immobilized carrier.




3.2. Effects of Low-Temperature Shock on Partial Nitrification


3.2.1. Pollutant Removal Performance and Partial Nitrification Characteristics


Figure 4a shows the PN characteristics of municipal wastewater under a low-temperature shock for E1- and E2-immobilized carriers. When the temperature of the municipal wastewater was 25 ± 1 °C, the NH4+-N concentrations of both carriers were below 1.5 and 5.0 mg/L, respectively, and the NAR levels were 90.0–93.9% and 86.0–90.4%, respectively. When the temperature of the municipal wastewater suddenly dropped to 15 ± 1 °C, both carriers maintained an ammonia effluent level above the standard by extending the HRT to 3.0 h, but the NAR levels of both carriers decreased to 84.2–88.3% and 81.7–85.8%. Jones et al. [30] assumed that AOB are inactivated when they are directly transferred from normal to low-temperature conditions. However, with a gradual decrease in temperature, AOB could adjust the types of fatty acids in their cell membranes, partly converting saturated long-chain fatty acids into short-chain unsaturated fatty acids to prevent “freezing”. Therefore, when the temperature dropped suddenly, the AOB in the PN-immobilized carrier were poorly adapted to the low-temperature environment, which led to a significant decrease in their activity and, in turn, affected the oxygen-limited environment inside the immobilized carrier, thereby decreasing the NAR. The above phenomenon shows that although the low-temperature shock could lead to a decrease in the NAR of the PN-immobilized carrier, increasing the AOB abundance in the PN-immobilized carrier could effectively increase the NAR, thus maintaining a high NAR. In addition, increasing the AOB abundance in the PN-immobilized carriers could effectively reduce the effluent NH4+-N concentration to meet more stringent discharge standards.



Figure 4b,c show the COD and TN removal characteristics of both carriers under a low-temperature shock. After the low-temperature shock, the COD and TN removal rates of the E2-immobilized carrier decreased more than those of the E1-immobilized carrier, which was due to the lower abundance of nitrifying bacteria and the higher abundance of heterotrophic and denitrifying bacteria in the E2-immobilized carrier. At the lower temperature, the activities of heterotrophic and denitrifying bacteria were more affected than those of autotrophic bacteria. However, the abundances of heterotrophic and denitrifying bacteria in the E1-immobilized carrier were low, which decreased the effect of the low temperature on the COD and TN removal rates.




3.2.2. Typical Operating Cycle Tests


Figure 5a,b show the PN processes of the E1- and E2-immobilized carriers in municipal wastewater at a DO concentration of 5 mg/L and a temperature of 25 °C. Within 0–30 min, the NH4+-N concentration in the E1- and E2-immobilized carriers decreased from 47.7 ± 4.6 to 40.5 ± 2.7 and 43.5 ± 2.1 mg/L, respectively, whereas the NO3−-N level increased from 0.5 ± 0.3 to 1.1 ± 0.8 and 1.6 ± 0.5 mg/L, respectively. The COD concentration decreased from 144.5 ± 7.5 to 119.7 ± 8.0 and 110.8 ± 6.2 mg/L, respectively, whereas the TN concentration remained constant. The NH4+-N degradation rates and the NO3−-N generation rates of the E1- and E2-immobilized carriers in the first 30 min were significantly lower than those observed from 60 to 90 min, whereas the COD degradation rate was high in the first 30 min. This indicates the preferential removal of organics from municipal wastewater in the immobilized carrier. In municipal wastewater, the rapidly biodegradable organic matter (dissolved COD) accounts for 10–30% of the COD of the effluent [31]. When rapidly biodegradable organic matter is present, the heterotrophic bacteria have a stronger oxygen competing ability than the nitrifying bacteria [32]. Therefore, at the early stage of the reactor operation, the DO concentration in the immobilized carrier decreased due to the large consumption of DO by the heterotrophic bacteria. On the one hand, the ammonia degradation rate by AOB was reduced, but, at the same time, the inhibition effect of NOB in the oxygen-limited environment of the immobilized carrier was also promoted. Since the rapidly biodegradable organic matter in municipal wastewater was removed, and most of the remaining organic matter was slowly biodegradable organic matter, the ability of heterotrophic bacteria to degrade organic matter decreased; consequently, the recovery of nitrifying bacterial activity led to an increased ammonia removal rate. This phenomenon indicated that increasing the abundance of AOB in PN-immobilized carriers could effectively increase the activity of AOB in the later stage of the nitrification process, thereby increasing the ammonia removal rate. In addition, the decrease in TN concentration was observed at 60–90 min, indicating that the COD of municipal wastewater was removed by heterotrophic bacteria in the early stage but by denitrifying bacteria in the later stage. The removal of COD and TN in the E2-immobilized carrier was higher than that in the E1-immobilized carrier from 0 to 90 min, mainly because the denitrification efficiency of the E2-immobilized carrier was higher than that of the E1-immobilized carrier during this period.





3.3. Microbial Community Structure of the Partial-Nitrification-Immobilized Carrier under Low-Temperature Shock


To investigate the changes in the microbial community structure in both carriers after the low-temperature shock, the microbial structure at the genus level was examined (Figure 6). Nitrosomonas, affiliated with AOB, is the main genus in municipal wastewater treatment plants, although Nitrospira and Nitrobacter, affiliated with NOB, can also be found [33,34]. After the low-temperature shock, the relative abundance of Nitrosomonas in the E2-immobilized carrier increased from 4.78% to 5.03%, whereas that of Nitrosomonas in the E1-immobilized carrier decreased from 38.59% to 15.91%. The relative abundances of Nitrospira and Nitrobacter in the E2-immobilized carrier increased from below the detection limit and 2.15% to 0.01% and 4.01%, respectively, whereas those of Nitrospira and Nitrobacter in the E1-immobilized carrier decreased from 0.01% and 0.11% to below the detection limit and 0.04%, respectively. Although it is widely believed that the ability of nitrifying bacteria to reproduce is inhibited at low temperatures [35], the above phenomena indicate that PN-immobilized carriers with nitrifying bacteria undergo different changes in bacterial relative abundance after a low-temperature shock. Some studies found that low temperatures do not reduce the NAR of PN reactors [22,23], but, in this study, the low-temperature shock reduced the NAR of the PN carriers. Most likely, this occurred because of a decrease in AOB abundance, which led to a weakened oxygen-limited environment in the E1-immobilized carrier, whereas an increase in NOB abundance led to a higher NOB activity in the E2-immobilized carrier.



Heterotrophic bacteria (HB) and denitrifying bacteria (DNB) are also functional bacteria that affect PN [36]. Shinella [37] and Sphingopyxis [38] are considered HB as they can degrade organic matter. The proportions of these two types of HB in the E1- and E2-immobilized carriers increased during the operation in municipal wastewater, indicating that organic matter in the municipal wastewater promoted the growth of HB. The abundance of DNB in the E2-immobilized carrier was higher than that in the E1-immobilized carrier, before and after the operation, which was the main reason for the higher COD and TN removal rates of the E2-immobilized carrier in municipal wastewater. Notably, Thermomonas is considered DNB that perform partial denitrification (PDN, NO3−-N→NO2−-N) [39]. The relative abundance of Thermomonas in the E2-immobilized carrier increased from 7.24% to 8.54%, indicating that the reduction of NO3−-N to NO2−-N via PDN may have contributed to NO2−-N accumulation. In addition, the abundance of Dechloromonas [40], a denitrifying phosphorus-accumulating organism, in the E1-immobilized carrier increased, indicating that the reduction of NO3−-N may also have contributed to NO2−-N accumulation.





4. Conclusions


This study identified the key role of the nitrifying bacterial community structure in PN-immobilized municipal wastewater under a low-temperature shock. Increasing the abundance of AOB in the immobilized carrier to promote the formation of an oxygen-limited environment is the key to achieving high NAR levels. Since the low-temperature shock had a greater effect on the activity of AOB than on the activity of NOB, the decrease in AOR was greater than that in NOR under the low-temperature shock, resulting in a decrease in NAR of the PN-immobilized carrier. However, increasing the abundance of AOB in the PN-immobilized carrier could reduce the adverse effects of the low-temperature shock on PN. The results of the microbial diversity analysis showed that the low-temperature shock had different effects on the nitrifying bacterial community structure in the two PN-immobilized carriers. The high relative AOB abundance of the E1-immobilized carrier decreased, whereas the relative NOB abundance of the E2-immobilized carrier with a low AOB abundance increased after the low-temperature shock. The results of this study promote the use of immobilization technology for efficient PN in mainstream wastewater treatment.
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Figure 1. Schematic representation of the immobilized carrier reactor. 
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Figure 2. Performance of partial nitrification at different DO levels in synthetic wastewater: NH4+-N concentration changes in the E1-immobilized carrier (a) and the E2-immobilized carrier (c); NO3−-N concentration changes in the E1-immobilized carrier (b) and E2-immobilized carrier (d). 
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Figure 3. Performance of the E1- and E2-immobilized carriers at 25 and 15 °C in municipal wastewater: (a) AOR; (b) NOR; (c) COD removal; (d) TN removal. 
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Figure 4. Partial nitrification characteristics and pollutant removal performance of the E1- and E2-immobilized carriers: (a) influent and effluent NH4+-N, NAR; (b) influent and effluent COD; (c) TN removal rate. 
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Figure 5. Variations in NH4+-N, NO3−-N, TN, and COD during a typical cycle of the E1-immobilized carrier (a) and the E2-immobilized carrier (b) at 25 °C. 
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Figure 6. Diversity of the microbial communities from the E1- and E2-immobilized carriers at genus level. 
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