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Abstract

:

In recent years, the development of AGS technology will likely lead to a new direction in wastewater treatment development in the future. Traditional sewage treatment technology has been unable to meet the increasingly strict quality standards of wastewater treatment and limited land requirements. AGS technology may be a new method to replace traditional sewage treatment technology. However, the stable operation of AGS technology is a major obstacle to the popularization and development of this technology. The C/N ratio is an important parameter affecting the stability and simultaneous nitrogen and phosphorus removal of AGS technology. In order to enhance the nitrogen and phosphorus removal capacity of a low-load aerobic granular sludge SBR (AGS-SBR) system, changes in the morphology, EPS, and simultaneous removal of organic matter, nitrogen, and phosphorus in the AGS system were studied by regulating different C/N ratios (20, 15, 10, 5). The changes in the microbial community in the system were deeply analyzed by high-throughput sequencing technology. The results showed that different C/N ratios have a significant effect on the nitrogen removal rate of AGS but have little effect on the removal rate of organic matter and phosphorus. When the C/N ratio was reduced to 10, it was conducive to the stability of the low-load AGS-SBR system. An effective C/N ratio promoted the secretion of EPS by microorganisms, and the increase in the PN value contributed to the stability of the granular sludge, which became smooth and compact. The main functional genus in the system were norank_f__Saprospiraceae, Tetrasphaera, Ellin6067, and Pseudomonas. In addition, the simultaneous nitrogen removal performance of the system was significantly improved.
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1. Introduction


Aerobic granular sludge (AGS) has the characteristics of a high sedimentation rate, high sludge load, and high biomass and has become an emerging sewage biological treatment technology as an alternative to the activated sludge method, attracting significant attention from researchers [1,2,3]. Because of the dense structure of aerobic granular sludge, the transmission of oxygen to the inside of the granules is affected, and an anaerobic-anoxic-aerobic zone is formed from the inside to the outside of the granular sludge. It has the characteristics of simultaneously removing organic matter, nitrogen, and phosphorus in the same particle [4]. Therefore, COD degradation, nitrogen, and phosphorus removal can be achieved simultaneously in the same reactor, but in the traditional activated sludge process, it usually needs to be carried out independently in multiple reactors [5]. Moreover, the high particle density of AGS leads to better settling performance, and the clarifier tank is also omitted in the process [6]. These advantages make the area of the sewage plant smaller. In addition, unlike the formation of biofilm, AGS does not need carrier plastic but forms granular sludge through flocculant secreted by its own cells under suitable culture conditions. This granular sludge can be suspended in the reactor to degrade pollutants such as COD, nitrogen, and phosphorus. This feature will reduce the environmental pollution in microplastics caused by mass-produced plastic carriers [7].



In recent years, scholars have carried out a lot of research on the production conditions, structural characteristics, influencing factors, microbial types, and wastewater treatment effects of AGS [8,9]. However, the problem of the long-term stability of the granular sludge system still exists, which leads to the poor removal efficiency of nitrogen and phosphorus in the system [10]. Most studies believed that the SBR reactor was easier to stabilize AGS than continuous flow reactors, but its nitrogen and phosphorus removal ability was average [11]. Previous researchers found that the C/N ratio plays an important role in the stable operation and nitrogen and phosphorus removal performance of granular sludge SBR systems [12]. In the SBR reactor, the stability and community changes in AGS with different C/N ratios were studied. When the C/N ratio was increased to 8, it increased the EPS content and promoted the stability of the granular sludge reactor. The effect of granular sludge microorganisms is obvious, especially nitrifying bacteria and nitrosobacteria [13]. Reducing the C/N ratio caused a significant change in the composition of the three populations of nitrifying bacteria, nitrosobacteria, and denitrifying bacteria in the granules. By reducing the C/N ratio, the activity of nitrifying bacteria was increased, and the cell hydrophobicity increased, while the extracellular polymer decreased gradually [14]. In the SBR reactor, it was found that a low C/N ratio could enhance the activity of nitrifying bacteria and denitrifying bacteria in granular sludge but weaken the reproduction rate of heterotrophic bacteria [15]. Increasing the ammonia nitrogen concentration in the AGS-SBR system can promote the growth of the autotrophic ammonia-oxidizing bacteria community. When the C/N ratio was 3, free ammonia (FA) concentration in the system inhibited the growth of heterotrophic ammonia-oxidizing bacteria and achieved stability of the AGS [16]. Previous studies have suggested that the nutrient ratio parameters of microorganisms in AGS treating high-concentration wastewater do not follow the traditional nutrient ratio (100:5:1) [17]. However, the operating parameters of optimizing nitrogen and phosphorus removal performance of the AGS-SBR system based on the C/N ratio are not uniform. Additionally, most urban sewage treatment plants use activated sludge processes to treat nitrogen and phosphorus pollutants, but there are problems such as large areas and high investment, sludge bulking, large sludge output, and chemical pollution in operation [18]. Currently, the emerging AGS technology can avoid these problems, but there are few reports about the treatment of low-load municipal sewage by this technology, and microbial ecology and its stability mechanism of granular sludge are still unclear.



Therefore, in order to deeply understand the influence of the C/N ratio on nitrogen and phosphorus removal performance of the low-load AGS-SBR system and the change of microbial community, morphological changes of aerobic granular sludge, EPS, reactor performance, and microbial community change were explored. The research results provide a theoretical basis data and important reference value for the practical popularization and application of AGS technology.




2. Materials and Methods


2.1. Experimental Setup and Operating Conditions


The test device used a cylindrical SBR reactor (Figure 1) with a height of 130 cm, an inner diameter of 9 cm, and an effective volume of 7 L. The bottom of the reactor was equipped with a microporous aeration sand head, and the aeration rate was controlled at 2.0–2.5 L·min−1, which supported microbial respiration. Dissolved oxygen concentration at the end of the aeration stage was about 4.0–5.0 mg/L and provided hydraulic shear force. There were five outlets with an equal spacing of 11 cm on the side.



The experiment adopted an intermittent water aerobic operation mode, running four cycles a day. The single reaction cycle was 4 min of influent, 250 min of aeration, 2 min of sedimentation, and 4 min of drainage, and the rest of the time, it was idle. The volume ratio of water exchange in the reactor was 60%. The C/N ratios of the reactors were 20, 15, 10, and 5, respectively, and each test condition was operated for 7 days. The operation time of the SBR reactor was automatically controlled by electrical time-controlled switches, and an external circulating hot water bath was used for heat preservation.




2.2. Experimental Water and Inoculated Sludge


The raw water of the experiment was artificially simulated wastewater. In the experimental study, the water quality of the water distribution could be controlled according to the required conditions, which was easier than controlling the indicators and conducive to the progress of the research. The design influent COD concentration (glucose and sodium acetate) was about 400 mg/L, and the TP concentration was about 10 mg/L. The concentration of calcium chloride was 28 mg/L, the concentration of magnesium sulfate was 20 mg/L, trace elements were added according to the ratio of 1 mL/L, and controlling the PH value 7.0 ± 0.5 of influent in the reactor was adjusted by sodium bicarbonate. The trace elements were FeCl3·6H2O 1.30 g/L, MnCl2·2H2O 0.12 g/L, ZnSO4·7H2O 0.12 g/L, CoCl2·6H2O 0.15 g/L, CuSO4·5H2O 0.30 g/L, and KI 0.18 g/L.



The inoculated sludge was from AGS cultured in the laboratory. The color was golden yellow, the particle size was about 1.0–1.25 mm, the MLSS was 5.174 g/L, the water content was 96.3%, and the sedimentation rate was 13.7 m/h.




2.3. Analytical Methods


COD, NH4+-N, TN, TP, MLSS, and SVI30 were determined according to the standard method [19]. EPS content was mainly characterized by the sum of extracellular protein (PN) and extracellular polysaccharide (PS) content. EPS was extracted by the heat treatment method [20], and 0.5 mL of mixed liquid sludge was taken from the reactor, centrifuged at 4000 r·min−1 for 5 min, and then the supernatant was poured out. After filling the volume with distilled water, it was sealed and put into a water bath at 80 °C for 30 min and then centrifuged at 10,000 r·min−1 for 15 min when the temperature dropped to 4 °C. The supernatant was filtered by a 0.22 µm membrane to obtain EPS extract. PN content in EPS was determined by the Bradford method [21], and PS content in EPS was determined by the anthrone–sulfuric acid method [22]. Samples were taken regularly every day to test the concentrations of COD, NH4+-N, TN and TP in the influent and the effluent. The samples of MLSS, SVI, EPS, PS and PN were taken from the last day of each operation stage for testing.



The microbial community structure was analyzed by high-throughput sequencing technique. The sequencing type of the samples was bacterial 16S rRNA. Using 338F-806R as bacterial sequencing primer, the samples with different C/N ratios were analyzed by USEARCH11-uparse algorithm, and the sequence numbers were 37460, 28915, 26884 and 30339, respectively. Granular sludge samples were taken from the last day of each operation stage, stored in a refrigerator at −80 °C, and then sent to Shanghai Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) for analysis.





3. Results and Discussion


3.1. Changes in Properties of AGS


3.1.1. Effect of Different C/N Ratios on the External Morphology of Granular Sludge Changes


By observing the samples with different C/N ratios under an optical microscope, it was obvious (Figure 2) that when the C/N ratio was 10, the surface of the granular sludge was smoother, the structure was more compact, and there was no flocculent sludge in the reactor. When the C/N was 20 and 15, there was a small amount of flocculent sludge in the reactor, and the outer structure of the granular sludge was loose. When the C/N was 5, the structure of the granular sludge changed significantly, disintegration occurred, and the structure was fluffy. At this time, SVI30 increased from 32 mL/g on the first day to 63 mL/g. Throughout the operation, when the C/N ratio decreased to 10, the MLSS value in the reactor increased slightly from 5.174g/L on the first day to 5.323 g/L, but when the C/N ratio was 5, it decreased to 5.012 g/L.




3.1.2. The Change in the C/N Ratio on EPS


The extracellular polymeric substances (EPS) content of the AGS (Figure 3) was significantly different under different C/N ratios. With a decrease in the C/N ratio to 10, the values of EPS, PN, and PS increased from 33.18 mg/g, 13.03 mg/g, and 20.15 mg/g to 65.78 mg/g, 31.66 mg/g, and 34.12 mg/g, respectively. When the C/N ratio decreased to 5, the values of EPS, PN, and PS decreased to 25.6 mg/g, 9.23 mg/g, and 16.37 mg/g, respectively, as the main components of EPS, PN, and PS play an important role in the formation and stable operation of aerobic granular sludge. Hydrogels formed by PS can maintain the stability of granular sludge through hydrogen bonding and hydrophobicity [23,24]. An increase in PN can improve the hydrophobicity of granular sludge and further promote microbial aggregation. In addition, PN/PS can be used to characterize the stability and settleability of aerobic granular sludge [25]. With the increase in the PN/PS value, the aggregation of granular sludge microorganisms was promoted, and the operation of the AGS system was more stable [26]. When the C/N was 10, the PN/PS value in the AGS system was higher than at the other ratios. This indicated that treating low-load urban sewage and controlling high nitrogen load operating conditions may be conducive to the stable operation of the AGS-SBR system [27].





3.2. Efficiency Analysis of Simultaneous Nitrogen and Phosphorus Removal in the SBR System


It can be seen from Figure 4a that different C/N ratios have little effect on COD removal. When the C/N ratio was equal to 20, the average removal rate of COD was 96.37%, and the average effluent concentration was 14.69 mg/L. When the influent ammonia nitrogen concentration was increased and the C/N ratio was equal to 15, the average COD removal rate was only increased by 0.41%, to 96.78%, and the average effluent concentration was slightly decreased by 1.64 mg/L, to 13.05 mg/L. When the influent ammonia nitrogen concentration was added to make the C/N ratio equal to 10, the removal effect of COD was slightly improved; the average removal rate was 97.31%, and the average effluent concentration was 10.85 mg/L. With the progress of the reaction, when the influent ammonia nitrogen concentration continued to increase to the C/N ratio of 5, the removal effect of COD was floating. Compared with 97.31% when the C/N ratio was 10, the decrease was 3.83%, to 93.48%. The average concentration of effluent increased from 10.85 mg/L when the C/N ratio was 10 to 26.29 mg/L and floated up by 15.44 mg/L.



It can be seen from Figure 4b that a low C/N ratio had a significant effect on the removal of ammonia nitrogen. When the C/N ratio was equal to 20, the removal effect of NH4+-N was ideal; the average removal rate was 96.76%, and the average effluent concentration was 0.65 mg/L. When the C/N ratio was equal to 10, the average removal rate of NH4+-N was almost unchanged compared with 98.13% when the C/N ratio was equal to 15, an increase of just 0.03%. The average concentration of NH4+-N in the effluent increased from 0.50 mg/L (close to 0) when the C/N ratio was equal to 15 to only 0.24 mg/L to 0.74 mg/L. When the C/N ratio was equal to 5, the removal effect of NH4+-N began to deteriorate; the removal rate decreased by 13.97% from 98.16% when the C/N ratio was equal to 10, the average removal rate decreased to 84.19%, and the effluent concentration increased from 0.74 mg/L to 12.85 mg/L, an increase of 12.11 mg/L.



It can be seen from Figure 4c that different C/N ratios had a significant effect on total nitrogen removal. When the C/N ratio was equal to 10, the removal effect of TN was ideal; the average removal rate was 88.64%, and the average effluent concentration was 4.87 mg/L. When the influent TN concentration was low (C/N = 20), the average removal rate of TN was 74.18%, and the average concentration of effluent was 5.75 mg/L. When the influent ammonia nitrogen concentration was increased, the TN removal effect was significantly improved when the C/N ratio was equal to 15, which was 10.59% higher than 74.18% when the C/N ratio was equal to 20. The effluent concentration of TN was also reduced from 5.75 mg/L to 4.44 mg/L, a reduction of 1.31 mg/L. When the influent ammonia nitrogen concentration continued to increase, when the C/N ratio was equal to 5, the TN removal effect did not further improve but decreased rapidly from 88.64% when the C/N ratio was equal to 10. The decrease was from 16.61% to 69.03%, and the effluent concentration of TN also increased to 25.83 mg/L.



It can be seen from Figure 4d that different C/N ratios had a slight effect on the TP removal rate. When the C/N ratio was in the range of 10~15, the TP removal effect was ideal. When the C/N ratio was equal to 15, the average TP removal rate was 86.19%, and the average effluent concentration was 1.45 mg/L. When the C/N ratio was equal to 10, the TP removal effect was better; the average treatment rate was 87.93%, and the average effluent concentration was 1.28 mg/L. When reducing the influent ammonia nitrogen concentration and increasing the C/N ratio to 20, the TP removal efficiency decreased slightly to 84.68% compared with a C/N ratio equal to 15, and the average effluent concentration was 1.58 mg/L. Continuing to increase the influent ammonia nitrogen concentration in the reactor to reduce the removal effect of the C/N ratio did not further improve TP. The removal effect of TP decreased by 4.32% from 87.93% over the C/N ratio was equal to 10, and the average effluent concentration increased from 1.28 mg/L to 0.42 mg/L to 1.70 mg/L.



The above test results showed that different C/N ratios have a significant effect on the nitrogen removal rate of AGS but have little effect on the removal rate of organic matter and phosphorus. When the C/N ratio is 20, the basic nutrient ratio of aerobic microorganisms can normally meet the needs of microbial reproduction and growth [28], but the nitrogen removal rate of granular sludge is not promoted. This indicated that the ability of heterotrophic bacteria in granular sludge to uptake organic substrates was greater than that of nitrifying bacteria (nitrifying bacteria, nitrosobacteria), and their activity gradually increased to become the dominant bacteria, resulting in a low nitrogen removal rate. In addition, heterotrophic bacteria compete with phosphorus-accumulating bacteria for organic matter, affecting phosphorus removal, but when granular sludge is dominated by heterotrophic bacteria the removal of organic matter is not affected. When the C/N ratio was equal to 10, the nitrogen removal rate of granular sludge was better than that at a C/N ratio equal to 15, and the removal rate of organic matter and total phosphorus was also slightly improved. This showed that the activity of nitrifying bacteria is promoted by increasing the ammonia nitrogen load [29]. Heterotrophic bacteria coexist in the same microenvironment to achieve a good balance of mutualism and symbiosis between species. Heterotrophic bacteria grow by absorbing energy from the substrate matrix, and the produced CO2 can be used as a carbon source or energy supply for nitrifying bacteria to achieve their own synthesis and reproduction. Nitrifying bacteria are obligate autotrophic bacteria, which use inorganic carbon compounds such as CO2, CO32−, and HCO3− as carbon and energy sources. Therefore, it does not affect the degradation of organic matter and the phosphorus uptake ability of heterotrophic bacteria and phosphorus-accumulating bacteria but promotes a better removal effect. When the C/N ratio is as low as 5, the denitrification rate is not further improved but shows a downward trend, mainly because free ammonia inhibits nitrifying bacteria (nitrosobacteria and nitrifying bacteria) [30,31]. When the concentration of free ammonia (FA) in the reactor mixture was in the range of 0.1~4 mg/L, the activity of nitrifying bacteria was inhibited. When the concentration of FA was 10~150 mg/L, the activity of nitrosobacteria and nitrifying bacteria was inhibited [32,33]. Additionally, a lack of organic matter content impacted the denitrification rate. Denitrifying bacteria are heterotrophic microorganisms that use organic matter as an electron donor to metabolize NO2− and NO3− to N2. Heterotrophic bacteria growing in the same particle also need organic matter to provide a carbon source for metabolic synthesis. The heterotrophic bacteria in the outer layer of the granular sludge first ingest the organic matter to degrade the anabolism, and the remaining small amount of organic matter enters the inner layer of the particle to supply the denitrifying bacteria for incomplete denitrification. No external carbon source is added during the reaction process. Therefore, the denitrification process is limited, and the nitrogen removal rate is reduced. Finally, nitrate also inhibits denitrifying bacteria.



There is a certain relationship between FA and pH value. In order to further study the reaction mechanism of granular sludge denitrification under different C/N ratios, the pH value was measured by regular sampling in the reactor. The FA concentration in the reactor could be estimated by Equation (1) [34]. The daily data were recorded, and the average value of 7 days was taken to calculate the FA value. The experimental results are recorded in Table 1.


  FA   ( mg / L ·  L  − 1   ) =   [ N  H 4    +  − N ] ×   10   p H     exp [ 6334 / ( 273 + T ) ] +   10   p H      



(1)







It can be seen from Table 1 that when the C/N ratio was equal to 15 and 20, the concentration of FA was 0.441 mg/L and 0.167 mg/L, respectively. In the range of 0.1~4 mg/L, the activity of nitrifying bacteria was inhibited. When the C/N ratio was equal to 5, the concentration of FA was 10.026 mg/L, and the activity of nitrosobacteria and nitrifying bacteria was inhibited in the range of 10~150 mg/L. When the C/N ratio was equal to 10, the FA concentration of 6.016 mg/L was not in the range of free ammonia-inhibiting nitrifying bacteria. In summary, when the influent C/N ratio of the reactor was equal to 10, a better denitrification effect and removal rate of organic matter and phosphorus was achieved by the particulate sludge.




3.3. Microbial Community Change


Granular sludge is composed of many kinds of microorganisms, which can realize the synchronous removal of organic matter, nitrogen, and phosphorus pollutants [35]. Therefore, it is of great significance to deeply study the structure and function of the microbial community in the AGS-SBR system under different C/N conditions. Microbial distribution at the granular sludge gate level within the reactor was analyzed by high-throughput sequencing. Figure 5 shows that the species were similar in samples with different C/N ratios, but the relative abundance of microorganisms was significantly different. The relative abundance of Proteobacteria, Bacteroidota, Patescibacteria, and Actinobacteriota in each sample was relatively large, with accumulative proportions of 82.36%, 79.01%, 76.88%, and 83.79%, respectively. These dominant microorganisms have the ability to degrade and remove organic matter, nitrogen, and phosphorus and are also common microorganisms in activated sludge and biofilm granular sludge [36]. The relative abundance of Chloroflexi, another dominant phylum, changed significantly. With the increase of ammonia nitrogen concentration, the relative abundance of Chloroflexi increased from 4.3% at a C/N ratio of 20 to 5.69% at a C/N ratio of 10. When the C/N ratio decreased to 5, the relative abundance of this microorganism decreased to 3.41%, and the granular sludge disintegrated. This is consistent with the results of the 3.1.1 microscope observation. Previous studies have shown that Chloroflexi plays an important role in the stable structure of AGS, providing a microbial aggregation scaffold for AGS [37]. Nitrospirota was also detected in the system, which was a common phylum involved in the denitrification process. With the increase of ammonia nitrogen concentration, the abundance of this strain increased from 3.21% at a C/N ratio of 20 to 3.78% at a C/N ratio of 10, only increasing by 0.57%, but it promoted the nitrification of granular sludge to some extent. When the C/N ratio is 5, the abundance of Nitrospirota is greatly reduced to 0.12%, and the denitrification effect of the AGS-SBR system becomes worse. This is consistent with the results of 3.2. From a C/N ratio of 20 to a C/N ratio of 10, although the relative abundance of microbial populations in the system was very different, the relative stability of degrading organic matter, nitrogen, and phosphorus in the system was ensured due to the redundant function of microorganisms [27,36].



At the genus level, the top 30 species with relative abundance (others <0.1%) were analyzed. As shown in Figure 6, when the C/N ratio was 20, the dominant bacteria in the reactor was Candidatus_Competibacter, and its relative abundance was 13.8%. With the increase of ammonia nitrogen concentration, the dominant bacteria changed. When the C/N ratio was 10, norank_f__saprospiraceae became the dominant bacteria in the system, with a relative abundance of 15.31%. Candidatus_Competibacter and norank_f__Saprospiraceae belong to glycogen accumulating organisms (GAOs) [38,39]. This genus has biological phosphorus removal characteristics. Previous studies showed [40] that the norank_f__Saprospiraceae has the effect of simultaneous degradation of organic matter and denitrification. When the C/N ratio was 5, the dominant bacteria in the system became Candidatus_Competibacter again, but the content was reduced by 2.31% compared with the C/N ratio of 20. This showed that different operating parameters in the reactor had a great effect on the relative abundance of microorganisms, reflecting the selectivity of microorganisms. In addition, it was found that Tetrasphaera was enriched in the system, and its relative abundance increased from 0.22% at C/N of 20 to 2.25% at C/N of 10. This genus belonged to phosphorus accumulating organisms (PAOs), which was an important functional microorganism participating in phosphorus removal [37]. Therefore, the phosphorus removal capacity of the AGS-SBR system has been further improved. When the C/N ratio is 5, Tetrasphaera is greatly reduced, but it has little effect on the phosphorus removal performance of the system. This may be the redundant function of GAOs and PAOs microorganisms, which maintains the relative stability of the phosphorus removal capacity of the system. When the C/N ratio was 5, Tetrasphaera was greatly reduced, but the system phosphorus removal performance was less affected. This may be the redundant function of GAOs and PAOs microorganisms, maintaining the relative stability of the system‘s phosphorus removal capacity. The very important ammonia oxidizing bacteria (AOB), Nitrosomonas, was also found in the system, which is a common genus in the reactor. However, the relative abundance in this experimental sample is less, only in the range of 0.09~0.38%. However, Ellin6067 was detected in the system, which also belongs to AOB. With the increase in ammonia nitrogen concentration, this genus was enriched, and its relative abundance increased from 0.18% at a C/N ratio of 20 to 0.77% at a C/N ratio of 10, with an enrichment of only 0.59%. However, the enrichment of AOB is more likely to promote the short-cut nitrification of the system, which has an important contribution to improving the system’s performance and energy consumption [27,41]. In addition, nitrite oxidizing bacteria (NOB) and Nitrospira were also found in the samples of each stage. In addition, nitrite oxidizing bacteria (NOB), such as Nitrospira, were also found in the samples of each stage. In the stage from C/N of 20 to C/N of 10, its abundance was only enriched by 0.06%. This shows that the increase of ammonia nitrogen concentration can coordinate the relationship between nutrients in the system, and the effective C/N ratio is beneficial to the enrichment of functional microbial AOB and improves the performance of the AGS-SBR system [42]. When the concentration of ammonia nitrogen was increased to a C/N ratio of 5, AOB content did not continue to increase but decreased, and the content of NOB also decreased. This is due to the high ammonia nitrogen concentration increasing the content of FA in the system, resulting in the inhibition of AOB and NOB microbial activity. This is consistent with the results of 3.2 and similar to the research results of the ZOU team [16]. The denitrifying bacteria (DNB) in the reactor were mainly the genus of the dominant phylum Proteobacteria, such as norank_f__Saprospiraceae (in the stage from C/N of 20 to C/N of 10). Functional bacteria with denitrification and phosphorus removal performance were also detected; this was Pseudomonas [43].





4. Conclusions


The C/N ratio plays an important role in the stable operation and nitrogen and phosphorus removal performance of granular sludge SBR systems. Different C/N ratios have a significant effect on the nitrogen removal rate of AGS, while the removal rate of organic matter and phosphorus is slightly affected. An effective C/N ratio can help the various components of microbial EPS maintain a better balance in the corresponding environment, promote the stable operation of the low-load AGS-SBR reactor, and improve the simultaneous nitrogen and phosphorus removal capacity of the system. When the C/N ratio was 10, high cohesion and a compact structure between the communities in the SBR system were observed. The granular sludge in the SBR system achieved a better denitrification effect and removal rate of organic matter and phosphorus. The effective C/N relationship in the reactor is beneficial to the enrichment of nitrogen and phosphorus functional microorganisms such as AOB, NOB and PAOs, which further improves the simultaneous nitrogen and phosphorus removal performance of the AGS-SBR system and maintains the stability of the system.
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Figure 1. Picture of testing device. 
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Figure 2. Effects of different C/N ratios on the morphology of AGS. 
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Figure 3. Effects of different C/N ratios on the EPS of granular sludge. 
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Figure 4. Performance of the AGS-SBR system with different ratios of C/N. (a) COD removal rate; (b) NH4+-N removal rate; (c) TN removal rate; (d) TP removal rate. 
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Figure 5. Distribution of microorganisms at phylum level of AGS-SBR system under different C/N conditions. 
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Figure 6. Distribution of microbial community structure of AGS at genus levels under different C/N conditions. 
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Table 1. Estimation of the FA concentration at different pH values.
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	C/N Ratios
	20
	15
	10
	5





	influent ammonium concentration (mg/L)
	30
	40
	60
	100



	operating temperature (°C)
	18
	18
	18
	18



	Mean pH
	7.2 ± 0.2
	7.5 ± 0.2
	8.5 ± 0.2
	8.5 ± 0.2



	FA concentration (mg/L)
	0.167
	0.441
	6.016
	10.026
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