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Abstract

:

In this study, we examined the influence of the organic carbon-to-nitrogen ratio (chemical oxygen demand (COD/N)) and dissolved oxygen (DO) levels on the removal efficiency of pollutants and on the change in total microflora in the cyclic activated sludge system (CASS) in the Nyingchi prefecture in Tibet. The results demonstrated that the treatment performance was the best when the COD/N ratio was 7:1 or the DO levels were 2–2.5 mg/L in comparison with four different tested COD/N ratios (4:1, 5:1, 7:1, and 10:1) and DO concentrations (0.5–1, 1–2, 2–2.5, and 2.5–3.5 mg/L). The treatment performance can be explained by the relative operational taxonomic unit richness and evenness of the microbial communities in activated sludge. Evident microbial variance was observed, especially different COD/N ratios and DO concentrations, which were conducive to the disposal of urban sewage in plateaus. The results help to understand sewage treatment under different COD/N ratios or DO concentrations on plateaus. This work provides practical guidance for the operation of any wastewater treatment plant on a plateau.
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1. Introduction


Sewage treatment has contributed to the improvement in the water-environment in high-altitude regions [1]. The activated sludge method uses activated sludge to transform organic and inorganic pollutants, which has been applied to improve aquatic environments around the world. Due to its low operational cost and good performance (chemical oxygen demand (COD/N) removal efficiency can reach 85% or higher), it is still the most widely used and common water treatment measured in urban effluent treatment [2]. The wastewater treatment plants (WWTPs) at high-altitude regions face some operational barriers, mainly because of extreme climate conditions, such as thin air and low pressure [3]. The stable operation of WWTPs with widely-used sewage treatment technology, based on the activated sludge or biological process in plateau regions, is crucial [1].



The main factors influencing urban effluent treatment processes include the COD/N ratio and the dissolved oxygen (DO) concentration. If the COD/N ratio in influent concentration is too high, heterotrophic organisms consume more available ammonia-nitrogen than nitrifying organisms [4]. Yun [5] stated that nitration activity gradually fails at the reactors with organic additions. Sharma [6] reported that the nitrification rate increases with deduced COD/TKN (Kjeldahl nitrogen) in the influent. Luo et al. [7] studied the effect of the COD/N ratio in influent on the decomposition of aerobic granule sludge, and the results showed that when the COD/N ratio in the influent is 2:1 or 1:1, it strongly influenced the stability of aerobic granule sludge with regard to physical properties and nitrification efficiency, and when the COD/N ratio is reduced to 1:1, the aerobic granule sludge decomposes. Since an increased COD/N could result in a lowered nitrification efficiency and enhanced denitrification efficiency, the COD/N ratio in influent influences the quantity of microorganisms [8]. Zielinska [9] studied nitrogen removal from wastewater and the bacterial diversity of activated sludge at different COD/N ratios and DO concentrations. The results showed that the total bacteria diversity was similar in all experimental series and the diversity and abundance of ammonia-oxidizing bacteria (AOB) were higher in the reactors with a COD/N ratio of 0.7:1 in comparison with the reactors with a COD/N of 6.8:1 [9].



In any urban WWTP, the DO concentration determines the degradation rate of organic matter in microflora, aerobic growth, and the operational cost [10,11]. DO concentrations must be controlled because it determines the dominant reaction process in the reactor. High DO concentrations suppress denitrification, and low DO concentrations lead to restricted ammoxidation [12]. Dissolved oxygen can be controlled by air supply, so the cost of treating wastewater with oxygen is affected. A low COD/N ratio and DO concentration facilitate a nitrification effect to some extent and decrease oxygen demand by 25% and COD by 40% in the denitrification process [13,14]. According to the report by Ma [15], in the continuous flow system of domestic urban wastewater treatment, 0.4–0.7 mg/L DO was conducive to nitrite accumulation. Yadav [16] evaluated the microbial community in response to different DO concentrations (1, 2, and 4 mg/L) in activated sludge and the results showed that the diversity of bacteria was the greatest when the DO was 2 mg/L in the reactor. The pressure increases in the gas phase and the concentration of saturated DO increases in the water, which is conducive to the oxygen transfer to the water, whereas the pressure decreases when the sewage is aerated in the biological treatment tank. The oxygen pressure at 4000 m altitude is only 60% of that at sea level [3]. Oxygen transfer varies due to variation in pressure and its influence on microbial communities at high latitudes. Therefore, we need more information on the microbial community of activated sludge with different DO levels at high latitudes.



Many studies have provided information about low-elevation WWTPs. To provide some practical guidance on domestic wastewater treatment in plateau regions, the objectives of this study were: (1) To investigate the influence of different COD/N ratios or DO concentrations on urban wastewater treatment on plateaus, (2) to investigate microbial community structure and its diversity in activated sludge under different COD/N ratios or DO concentrations in plateaus, and (3) to determine the relationships amongst domestic wastewater treatment performance, microflora structure, and species diversity. We think these results provide practical guidance for treating domestic wastewater in plateau regions.




2. Materials and Methods


2.1. Reactor and Operation


A total of four lab-scale cyclic activated sludge systems (CASSs) were used to treat synthetic sewage in Nyingtri, Tibet. The experimental site, the Environmental Science and Engineering Laboratory of the Tibet Agricultural and Animal Husbandry University, was located at an altitude of about 3000 m above sea level. The atmospheric pressure of the experimental site was 706 hPa (measured value). A schematic diagram of the CASS reactor and the reactor volume of 0.045 m3 are shown in Figure 1. Activated sludge (AS) originated from the Lhasa sewage treatment plant with an initial sludge concentration of 2.5 g/L. The synthetic influent sewage feed and the aeration system of the device were adjusted by a creep pump. The pH in the system was maintained between 7.2 and 8.4. The pH was adjusted with anhydrous sodium carbonate. The reactor was run under water temperature (11 ± 1 °C). The composition of the synthetic sewage is shown in Table 1 at different COD/N ratios test stages. CN-1, CN-2, CN-3, and CN-4 refer to the COD/N ratios of 4:1, 5:1, 7:1, and 10:1, respectively. The DO was kept constant, or more than 4 mg/L, to provide adequate oxygen during the different COD/N ratios test stages. The composition of the synthetic sewage is shown in Table 2 at different DO concentration test stages. DO-1, DO-2, DO-3, and DO-4 refer to the DO concentrations of 0.5–1, 1–2, 2–2.5, and 2.5–3.5 mg/L, respectively. The COD/N ratio was controlled at 7:1 to provide adequate nutrients during the different DO concentration test stages. Under batch feeding conditions, there were four daily CASS cycles. One CASS operational cycle required 6 h, of which 4 h were the aeration stage, and 2 h were the sludge setting and drainage stage.



To describe “cyclical”, a decanting factor (Fd) can be obtained: Fd = Ve/Vd,



Where Ve is 10 L wastewater that was exchanged in each cycle, Vd is the reactor volume, 0.045 m3. The reactors ran continuously for about 25 days, including 10 days of adjustment and 15 days of stabilization.




2.2. Collection of Samples and Analytical Methods


Daily measurements of the effluent of the reactors included: COD, NH4–N+, NO2−–N, NO3−–N, and total phosphorus (TP), according to Chinese standard methods during the stable stage [17]. COD was determined using the potassium dichromate method. Nitrogen content was measured with a flow analyzer. TP was determined by ammonium molybdate spectrophotometry. A portable dissolved oxygen meter (JPBJ-608, Shanghai Precision and Scientific Instrument Corporation, Shanghai, China) was used to determine the water temperature and DO. We collected 10 mL of the mixed liquor-suspended solids (MLSS) reaction mixture from each reactor during the stable stage for microbiological analysis.




2.3. Pyrosequencing Analysis


The microbial community structure and its diversity of activated sludge samples were investigated by high-throughput 16S ribosomal ribonucleic acid (rRNA) gene sequencing. The detailed operational steps of the pyrosequencing methods have been described by Xu [18]. The rarefaction analysis was conducted to reveal the diversity indices. The detailed data processing and analysis have also been described by Xu [19].





3. Results and Discussion


3.1. Richness and Evenness of Microbial Communities of Activated Sludge


The relative operational taxonomic unit (OTU) richness and evenness of microbial communities of activated sludge with different COD/N ratios or DO concentrations are shown in Figure 2, Figure 3 and Figure 4. The relative OTU richness of the species is reflected in the length of the curve on the horizontal axis. The wider the curve, the richer the relative OTU richness of the species. The relative OTU evenness of species composition is reflected in the shape of the curve. The flatter the curve, the more relative the OTU evenness of species composition. The relative OTU richness and evenness of the bacterial communities occurred when the COD/N ratio was 7:1 or the DO was 2–2.5 mg/L (Figure 2). The relative OTU richness and evenness of the fungal communities of activated sludge peaked at a COD/N ratio of 5:1 or DO of 2–2.5 mg/L (Figure 3). The relative OTU richness and evenness of archaeal communities were the highest, at the COD/N ratio of 7:1 or the DO of 2–2.5 mg/L (Figure 4). The Shannon index values for different COD/N ratios and DO concentrations are shown in Table 3. The Shannon index values represent the diversity and evenness of a sample. Table 3 shows that the diversity and evenness of fungal communities of activated sludge were far lower at COD/N of 4:1, 7:1, and 10:1 than that at 5:1. The diversity and evenness of fungal communities of activated sludge were far lower at the DO of 0.5–1, 1–2, and 2.5–3.5 mg/L than at 2–2.5 mg/L. As shown in Figure 3, the broken curve ends at the lower horizontal axis values. The highest species diversity and evenness was observed when the COD/N ratio was 7:1 or the DO was 2–2.5 mg/L.




3.2. Microbial Community Structures


Figure 5 depicts the relative abundance of the bacterial community under different COD/N ratios or DO concentrations in the activated sludge. The results indicate that Proteobacteria (>80%) was the main group in the activated sludge and Bacteroidetes (<10%) was secondary in activated sludge when the COD/N ratio was 4:1 and 5:1. When the COD/N ratio was 7:1, Proteobacteria (43.51%) was the main group and Bacteroidetes (37.88%) was the secondary group in activated sludge. When the COD/N ratio was 10:1, Proteobacteria (68.38%) was the main group and Bacteroidetes (14.19%) was the secondary group in activated sludge. These figures demonstrate that Proteobacteria was sensitive to the COD/N ratio. As shown in Figure 5, under different COD/N ratios, Proteobacteria was the most abundant phylum and Bacteroidetes was the second most abundant phylum in activated sludge. This result is similar to reported research results for urban WWTPs [20,21]. The previous research revealed that some Actinobacteria, Bacteroidetes, and Firmicutes members can decompose complex polysaccharides [22,23]. When the COD/N ratio was 10:1, the proportion of Actinobacteria increased to 15.39%. As shown in Figure 5, the relative abundance of the Actinobacteria was lower at the COD/N ratios of 4:1, 5:1, and 7:1 than at 10:1. Actinobacteria play a necessary role in nutrient removal during sewage treatment [24]. The microbial abundance at the phylum level was lower at COD/N ratios of 4:1, 5:1, and 10:1 than at 7, indicating that the proportions of different phyla in the bio-community in the sludge vary with the feeding ratio.



As shown in Figure 5, when the DO concentrations were 0.5–1, 1–2, 2–2.5, and 2.5–3.5 mg/L, Proteobacteria (>60%) was the main group in activated sludge. Under different DO concentrations, Proteobacteria was the most abundant phylum. When the DO concentration was 2–2.5 mg/L, Firmicutes (10.29%) was significantly augmented. The relative abundance of Firmicutes was lower when the DO concentration was 0.5–1, 1–2, and 2.5–3.5 mg/L (5.89%, 6.23%, and 4.60%, respectively) than that at 2–2.5 mg/L (10.29%). In this research, the majority of sequences were labelled as unclassified, and the most abundant phylum observed in all reactors and the previously activated biomass, such as Actinobacteria, Proteobacteria, Firmicutes, Bacteroidetes, Acidobacteria, Nitrospira, and Chloroflexi, were previously reported [25,26]. This result is similar to previous research results [16]. The difference in our reported richness and evenness of microbial community to those reported by Chandra Yadav et al. [16] may be related to elevational gradient. As reported by Niu [27], a significant change in the evenness of the bacterial community was observed at around 1200 m of elevation with a linear decline as elevation increased to 3660 m. The microbial abundance at the phylum level was clearly lower when the DO concentration was 0.5–1, 1–2, and 2.5–3.5 mg/L than when the DO was 2–2.5 mg/L, indicating that the bio-community proportions in the sludge vary with the DO concentration.



Figure 6 summarizes the relative abundances of the fungi community on the phylum level of activated sludge with different COD/N ratios or DO concentrations. The figure shows that Ascomycota was the most abundant phylum. Basidiomycota was the second most abundant phylum, followed by unclassified fungi when the COD/N ratio was at 4:1, 5:1, 7:1, or 10:1. Ascomycota (81.38%) was predominant and Basidiomycota (17.50%) was also a major group when the COD/N ratio was at 7. Ascomycota also played a critical role in nutrient removal during sewage treatment. As shown in Figure 6, Basidiomycota (>70%) was predominant, followed by Ascomycota (<30%) in activated sludge, when the DO was at 0.5–1, 1–2, 2–2.5, or 2.5–3.5 mg/L. In Figure 6, the relative abundances of Ascomycota at the DO of 0.5–1, 1–2, and 2.5–3.5 mg/L (2.04%, 4.58%, and 7.21%, respectively) were lower than when the DO was 2–2.5 mg/L (23.81%).



Figure 7 demonstrates the relative abundances of the archaeal community on the phylum level of activated sludge at different COD/N ratios or DO concentrations. Figure 7 show that Thaumarchaeota represented the most abundant phylum. Euryarchaeota was the second most abundant phylum, followed by Bacteroidetes when the COD/N ratio was 4:1 and 5:1. Bacteroidetes was the most abundant phylum, Euryarchaeota was the second most abundant phylum, followed by Thaumarchaeota when the COD/N ratio was 7:1. Euryarchaeota was the most abundant phylum, Thaumarchaeota was the second most abundant phylum, followed by Bacteroidetes when the COD/N ratio was 10:1. Figure 7 suggests that Euryarchaeota was sensitive to the COD/N ratio. Thaumarchaeota (>50%) was predominant, and Euryarchaeota (<40%) was also a major group in activated sludge when the DO was 0.5–1, 1–2, 2–2.5, and 2.5–3.5 mg/L. The relative abundances of Euryarchaeota when the DO was 0.5–1, 1–2, and 2.5–3.5 mg/L (18.89%, 24.77%, and 26.22%, respectively) were lower than when the DO was 2–2.5 mg/L (39.82%). These results demonstrate that shifts in microbial community occur with different COD/N ratios or DO concentrations.




3.3. Process Performance


The COD/N ratio in domestic sanitary wastewater is normally lower than these specified values, where the removal of nitrogen was restricted by the lack of organic carbon sources [28]. When the COD/TN (Total Nitrogen) ratio in influent concentration was less than four, removing the nitrogen was difficult [29,30]. Carbon shortage was detrimental to denitrification [31]. Figure 8 demonstrates the removal result of carbon, nitrogen, and phosphorus under different COD/N ratios. Figure 8 shows that the removal rate of COD and TP was the highest when the COD/N ratio was 7:1. The average removal rate of COD and TP was about 81% and 66%, respectively, when the COD/N ratio was 7:1. A lack of nutrients in the aerobic tank or excessive sludge load could lead to sludge disintegration.



Figure 8 shows that, in every reactor, the ammonia–nitrogen concentration in effluent did not exceed 4 mg/L, and nitrites and nitrates were the main nitrogen oxide form. The NO3−–N and NO2−–N concentrations in the effluent gradually increased in the stable stage. In the stable stage, the accumulated NO3−–N and NO2−–N concentrations were 19.28, 19.19, 19.36, and 19.04 mg/L when the COD/N ratio was 4:1, 5:1, 7:1, and 10:1, respectively. As shown in Figure 8, the effluent NH4–N+ (average 2.38 mg/L) at a COD/N ratio of 7:1 were lower than when the COD/N ratio was 4:1 (2.59 mg/L), 5:1 (2.67 mg/L), and 10:1 (2.64 mg/L). In this batch of experiments, the ammonia oxidation efficiency exceeded 89%, with nitrites and nitrates as the main products. The treatment performance was the best when the COD/N ratio was 7:1, compared with all tested COD/N ratios.



Figure 9 demonstrates the removal result of carbon, nitrogen, and phosphorus under different DO concentrations. The water quality blackened for a long time in the aerobic pond due to lack of oxygen. The figure shows that the COD degradative efficiency was the lowest when operating at 0.5–1 mg/L. Operation at 2–2.5 mg/L DO produced the highest COD removal rates throughout the 15-day stabilization period of the study. The average removal rates of COD and TP were about 83% and 75%, respectively, when the DO was 2–2.5 mg/L. High DO concentration lead to the oxidation and disintegration of sludge. It was easier to sediment active sludge as a result of degassing.



The nitrogen content in wastewater was also important as it not only caused eutrophication of a water body, but excessive ammonia in wastewater affected the degradation capacity and microbial growth [32,33,34]. In every reactor, the ammonia–nitrogen concentration in effluent did not exceed 6 mg/L (Figure 9), and nitrites and nitrates were the main nitrogen oxide form. The effluent NO3−–N and NO2−–N concentrations gradually increased. In the stable stage, the accumulated NO3−–N and NO2−–N concentrations increased up to 18.97, 18.60, 18.19, and 18.88 mg/L at DO concentrations of 0.5–1, 1–2, 2–2.5, and 2.5–3.5 mg/L, respectively. As can be seen in Figure 9, the effluent NH4–N+ (average 3.61 mg/L) concentration at a DO of 2–2.5 mg/L was lower than when the DO was 0.5–1 (4.58 mg/L), 1–2 (4.29 mg/L), and 2.5–3.5 mg/L (3.84 mg/L). In this experiment, the ammonia oxidation efficiency exceeded 81% with nitrites and nitrates as the main products. The treatment performance was the best when the DO was 2–2.5 mg/L.



As the test site was located in Nyingtri in Tibet, the atmospheric pressure of Nyingtri was 706 hPa (measured value). The oxygen content at 3000 m above sea level (ASL) was only 79% of that at sea level. Therefore, the calculation method should be revised according to the actual situation when the sewage treatment plant calculates the aeration amount [35,36].




3.4. The Relationship among the Changes of Pollutants, Microbial Community Structure, and Species Diversity


The treatment performance can be explained by the relative OTU richness and evenness of microbial communities of activated sludge [19,27]. The community richness and evenness were two important factors that influenced the functional stability and general performance of WWTPs [37]. As Wittebolle [38] reported, communities with higher evenness have more functional resistance to environmental stress. According to Werner [39], in full-scale bioenergy systems, the methanogenic activity and substrate removal efficiency are correlated with community evenness. As shown in Figure 2, Figure 3 and Figure 4, the highest OTU richness and evenness of microbial communities was observed when the COD/N ratio was 7:1 or the DO was 2–2.5 mg/L. As shown in Table 3, the highest species diversity and evenness were also observed when the COD/N ratio was 7:1 or the DO was 2–2.5 mg/L. The treatment performance was the best of the four conditions studied when the COD/N ratio was 7:1 or the DO was 2–2.5 mg/L (Figure 8 and Figure 9). The shifts in microbial community with different operational conditions could be correlated with differential treatment performances. The treatment performance was the best when the COD/N ratio was 7:1 or the DO was 2–2.5 mg/L because the relative OTU richness and evenness were the highest at these values. The richness and evenness of the community may be important for determining the general performance of WWTPs.





4. Conclusions


In this study, we proved that the wastewater treatment performance was the most efficient when the COD/N ratio was 7:1 (average 81% COD and 66% TP removal efficiency) or the DO was 2–2.5 mg/L (average 83% COD and 75% TP removal efficiency) of the four different COD/N ratios (4:1, 5:1, 7:1, and 10:1) and DO concentrations (0.5–1, 1–2, 2–2.5, and 2.5–3.5 mg/L) tested in a plateau region. The ammonia oxidation efficiency exceeded 89% for different COD/N ratios or 81% for different DO concentrations with nitrites and nitrates as the main products. We also demonstrated that the relative abundance species evenness of the microbial community structure of activated sludge was the greatest when the COD/N ratio was 7:1 or the DO was 2–2.5 mg/L. The microbial community structure was shown to vary with different COD/N ratios or DO concentrations. Due to the difference in altitude between plateaus and plains, the calculation method of aeration in the sewage treatment plant should be adapted according to the actual situation. The analyses provided a better understanding of sewage treatment with different COD/N ratios or DO concentrations in plateau areas.
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Figure 1. The cyclic activated sludge system (CASS) process unit. 
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Figure 2. Relative abundance of the operational taxonomic unit () richness and evenness of bacterial communities of activated sludge. 






Figure 2. Relative abundance of the operational taxonomic unit () richness and evenness of bacterial communities of activated sludge.



[image: Sustainability 11 02284 g002]







[image: Sustainability 11 02284 g003 550]





Figure 3. Relative abundance of the OTU richness and evenness of fungal communities of activated sludge. 
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Figure 4. Relative abundance of the OTU richness and evenness of archaeal communities of activated sludge. 
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Figure 5. Relative abundance of bacterial phyla of activated sludge. 
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Figure 6. Relative abundance of fungal phyla of activated sludge. 
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Figure 7. Relative abundance of archaeal phyla of activated sludge. 
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Figure 8. The effluent parameter NH4–N+, NO3−–N, and NO2−–N, COD and total phosphorus (TP) removal efficiency under different COD/N ratios. 
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Figure 9. The effluent parameter, NH4–N+, NO3−–N, and NO2−–N, COD, and TP removal efficiency under different DO concentrations. 
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Table 1. The composition of synthetic sewage (chemical oxygen demand (COD/N), H4+–N = 4/1, 5/1, 7/1 and 10/l).
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Species

	
Composition

	
Concentration (mg/L)

	
Confect






	
Organics

	
COD

	
120, 150, 210, 300

	
glucose




	
Nitrogen compounds

	
NH4+–N

	
30

	
NH4CI




	
Phosphorus compounds

	
TP

	
5

	
K2HPO4




	
Other additions and trace elements (mg/L)

	
MgSO4·7H2O(12); FeSO4·7H2O(10); CaCl2(30); NaHCO3(50); pH (7.2–8.4); H3BO3(0.15); CoCl2·6H2O(0.15); CuSO4·6H2O(0.03); FeCl3·6H2O(1.5); KI(0.03); MnCl2·2H2O(0.12); (NH4)2Mo7O24·2H2O(0.06); ZnSO4·7H2O(0.12)
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Table 2. The composition of synthetic sewage (dissolved oxygen (DO) = 0.5–1, 1–2, 2–2.5 and 2.5–3.5 mg/L).
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Species

	
Composition

	
Concentration (mg/L)

	
Confect






	
Organics

	
COD

	
210

	
glucose




	
Nitrogen compounds

	
NH4+–N

	
30

	
NH4CI




	
Phosphorus compounds

	
TP

	
5

	
K2HPO4




	
Other additions and trace elements (mg/L)

	
MgSO4·7H2O(12); FeSO4·7H2O(10); CaCl2(30); NaHCO3(50); pH (7.2–8.4); H3BO3(0.15); CoCl2·6H2O(0.15); CuSO4·6H2O(0.03); FeCl3·6H2O(1.5); KI(0.03); MnCl2·2H2O(0.12); (NH4)2Mo7O24·2H2O(0.06); ZnSO4·7H2O(0.12)
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Table 3. The Shannon index values with different COD/N ratios or DO concentrations.
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	Shannon Index
	CN-1
	CN-2
	CN-3
	CN-4
	DO-1
	DO-2
	DO-3
	DO-4





	bacterial
	2.27
	1.93
	3.29
	2.39
	2.62
	3.23
	3.37
	2.61



	fungal
	1.26
	2.53
	1.10
	1.52
	0.13
	0.38
	1.13
	0.38



	archaeal
	2.21
	2.22
	3.38
	2.17
	3.05
	3.06
	3.37
	2.87
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