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ABSTRACT 
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Advisor(s): 
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Simultaneous nitrification & denitrification (SND) and simultaneous nitrification, denitrification, 

and phosphorus removal (SNDPR) have attracted more and more attention nowadays. Normally, 

nitrogen in the wastewater was removed via aerobic nitrification and anaerobic denitrification; 

while phosphorus is removal via anaerobic phosphorus release and aerobic phosphorus uptake by 

phosphorus accumulating organisms (PAOs). However, more and more researchers have 

successfully observed aerobic denitrification and phosphorus removal via the nitrite/nitrate 

pathway. The sequential batch reactor (SBR) configuration is the most frequently used to achieve 

SND/SNDPR under conditions of low dissolved oxygen (DO) concentration or intermittent 

aeration. Moreover, the SNDPR via denitrifying phosphorus-accumulating organisms (DPAOs) 

was reported in DEPHANOX. Despite the simultaneous nutrient removal, its disadvantage is also 

obvious, including the fluctuation in SNDPR performance, sensitivity to the changes in the process 

conditions and wastewater characteristics, and the complexity in the process operation and control, 

and so on.  

This thesis focused on the evaluation of SND/SNDPR performance in anoxic/oxic (A/O) SBRs 

with cycles consisting of various anoxic and oxic period distributions and a continuous-flow 



 

 

 

 

 

tubular anaerobic SBR (TAnSBR) which was designed to mimic the strict control of anaerobic 

and aerobic conditions in SBR. In this thesis, the nitrogen and phosphorus removal mechanisms 

in the tested bioreactor systems were investigated through long-term operations, cycle tests, and 

batch tests with different wastewater characteristics and process conditions. The results showed 

that excellent SND performance can be achieved in either SBR or TAnSBRs. Despite the excellent 

nitrogen removal performance, phosphorus removal efficiency fluctuated.  

the anaerobic and aerobic zones of SBR. In this thesis, long-term operations, cycle tests, and batch 

tests were conducted to reveal the nitrogen and phosphorus removal mechanisms. In this Ph.D. 

project, the results showed excellent SND performance in either SBR or TAnSBRs. Despite the 

excellent nitrogen removal performance, phosphorus removal efficiency fluctuated. The results by 

Illumina MeSeq Sequencing confirmed the existence of SND species and a low proportion of 

species contributed to SNDPR. The study confirmed that SND could be successfully achieved in 

A/O SBR and continuous-flow TAnSBR. The knowledge generated from this Ph.D. program can 

further promote the simplification of the SND systems and the investigation of nitrogen and 

phosphorus removal mechanisms.
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1 Introduction 

1.1 Background 

Nowadays, eutrophication and hypoxia were reported due to the excessive discharge of nutrients 

into natural water bodies. To overcome the disadvantages of conventional nutrient removal 

techniques, more and more attention was attracted by simultaneous nitrification and denitrification 

(SND), simultaneous nitrification, denitrification, and phosphorus removal (SNDPR).   

Researchers have reported the observation of SND/SNDPR in various systems, including 

Anaerobic/Anoxic Membrane Bioreactors, Anaerobic/Anoxic/nitrifying SBR (A2N-SBR), 

DEPHANOX (Continuous-Flow) (Vlekke, Comeau and Oldham, 1988; Bortone et al., 1999; Li et 

al., 2010). Various factors, including the feast-famine feeding regime, the reactor configurations, 

hydraulic selection pressure, and intermittent aeration, have been identified to be important to 

achieve SND/SNDPR (Wei et al., 2015; Yoo et al., 1999). Free nitrous acid (FNA) that could 

accompany the SND/SNDPR was reported to be a factor inhibiting many microbial activities 

associated with SND/SNDPR, including nitritation, nitrification, denitrification, phosphorus 

release, and uptake. Studies have also identified some microbial groups enriched in SND/SNDPR 

processes and revealed the SND/SNDPR performance could be influenced by the competitions 

among denitrifiers, PAOs/DPAOs, and GAOs for carbon sources.  

In this study, we focused on the development of advanced biological wastewater treatment 

processes to achieve SND/SNDPR. We investigated SND/SNDPR in SBR systems with different 

operation cycle compositions, wastewater C/N/P ratio, and process conditions. Based on the SBR 

results, we evaluated the SND/SNDPR in a continuous-flow TAnSBR system whether 

SND/SNDPR can be achieved in a simple continuous-flow anaerobic/anoxic and aerobic reactor 
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system with strict control of the anaerobic retention time. In addition, Illumina MiSeq Sequencing 

analyses were also conducted to identify the SND and PAOs microbial organisms in the 

continuous-flow TAnSBR system.   

1.2 Objectives 

The research project consists of two major parts with the following main objectives: 

Part I: Evaluate the concept of SND/SNDPR in SBRs and investigate the key factors affecting the 

SND/SNRPR performance.  

(1) evaluating the SND/SNDPR concept in the SBR with operation cycles consisting of 

different anaerobic/anoxic/oxic compositions; 

(2) investigating the nitrogen and phosphorus removal mechanisms in the A/O SBRs via 

long-term operation and analyses of SND/SNDPR behaviors of sludge obtained under 

different process conditions; 

Part II: Evaluate the SND/SNDPR performance in a continuous-flow  TAnSBRs and the effect of 

process conditions. 

(1) investigating the SND/SNDPR performance and mechanisms in a continuous-flow 

TAnSBR system with strict control of the anaerobic retention time through a long-term 

operation. 

(2) Investigating the effect of the anaerobic retention time, C/N ratio, SRT on the 

SND/SNDPR performance using parallel experiments;  
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1.3 Outline 

The structure of this thesis is organized as follows: 

Chapter 1 provides a brief introduction to the theory of simultaneous nitrification and 

denitrification (SND), and simultaneous nitrification, denitrification, and phosphorus removal 

(SNDPR). 

Chapter 2 introduces the main ways to achieve SND including aerobic denitrification, shortcut 

nitrogen removal, and SNDPR involving aerobic granular sludge (AGS) and DPAOs.  

Chapter 3 focuses on the evaluation of SND/SNDPR in SBR under simplified cyclic operation and 

intermittent aeration. The effect of FNA on nitrogen and phosphorus removal was discussed. 

Moreover, the nitrogen and phosphorus removal pathway was discovered in this chapter. 

Chapter 4 describes the study of key factors affecting the SND/SNDPR performance in the SBRs. 

The effect of carbon sources, C/N/P, and anaerobic retention time were investigated in this chapter. 

Moreover, the relationship between EPS and settleability was discussed. 

Chapter 5 explores the SND/SNDPR in the continuous-flow TAnSBR system. Key factors 

including C/N/P ratio, anaerobic retention time, and SRT were studied. Via Illumina MiSeq 

Sequencing, the functional species were introduced in this chapter. 

Chapter 6 compares the key factors on the SND/SNDPR performance using parallel experiments. 

The effect of the C/N ratio, SRT on the SND/SNDPR performance was discussed. The microbial 

community diversity contributed to the SND and phosphorus removal was introduced.  
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Chapter 7 summarized the conclusions and contributions of this Ph.D. program and provides 

recommendations for future work.   
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2 Literature Review 

2.1 Conventional biological nutrient removal 

Nitrogen and phosphorus are essential elements of life. Excessive nutrients discharged into the 

natural water bodies can promote the growth of toxic algae, which can cause eutrophication and 

hypoxia. Biological nitrogen removal (BNR) and enhanced biological phosphorus removal 

(EBPR) are widely used nutrient removal processes in wastewater treatment. BNR is a two-step 

process that involves aerobic nitrification and anaerobic denitrification. In aerobic nitrification, 

ammonia is oxidized to nitrite/nitrate by two functionally defined bacteria groups named 

ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) as shown in Eq.2.1 and 

2.2.  

)*!
" + ,. ./# → )/#

$ + 1*" +*#/                                 Eq. 2.1                        

)/#
$ + 2. ./# → )/%

$                                                     Eq. 2.2 

Aerobic chemoautotrophic AOB and NOB can utilize inorganic carbon, such as carbonates, 

bicarbonates, or carbon dioxide for cell synthesis and energy metabolism. Ammonia and nitrite 

nitrogen act as electron donors, while oxygen is the electron acceptor. Nitrogen is also used for 

cell synthesis with the estimated cell yields of 0.12 g VSS/g NH4+-N and 0.04 g VSS/g NO2--N 

utilized by AOB and NOB, respectively (Metcalf and Eddy, 2014). Eq. 2.3 describes the overall 

nitrification stoichiometric equation considering cell synthesis and energy metabolism (Metcalf 

and Eddy, 2014). In Eq.2.3, 4.25 g of O2 and 7.09 g of alkalinity as CaCO3 are consumed to produce 

0.16 g of nitrifier biomass. 

NH&HCO' + 0.9852NaHCO' + 0.0991CO( + 1.8675O( →. 

2,=>1?)**)/# + 2. =>.1)@)/% + 1. =1A1*#/ + ,. =>.1?/#                 Eq. 2.3 
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Anaerobic denitrification is a redox process where facultative heterotrophic bacteria reduce NOx-

-N to nitrogen gas using organic carbon as the electron donor (Metcalf and Eddy, 2014). Anoxic 

denitrification happens in the absence of dissolved oxygen (DO) or under a limited DO 

concentration with the presence of rbCOD. The denitrification (NO'$ → N( ) and denitritation 

(NO($ → N() with the ammonia are described in Eq.2.4 and 2.5, respectively(Metcalf and Eddy, 

2014). 

NO'
$ + H" + 0.33NH' + 1.45CH'COO$ → 

																			2. .)# + 2. AA?)**/#) + ,. E2*#/ + ,. ,1*?/%
$ + 2. ,1?/#                     Eq. 2.4 

NO(
$ + H" + 0.24NH' + 0.98CH'COO$ → 

																			2. .)# + 2. 1F?)**/#) + ,. 1F*#/ + 2. GF*?/%
$ + 2. 22>?/#                    Eq. 2.5 

 

According to Eq. 2.4, the removal of 1 g of  NO3--N by denitrification consumes approximately 4 

g of BOD, while produces around 3.57 g alkalinity as CaCO', which recovers approximately 50% 

of alkalinity consumed in nitrification. In comparison, denitritation consumes 2.7 g of BOD and 

produces around 2.36 g alkalinity as CaCO3 in the removal of 1 g of NO2--N. Overall, denitritation 

can consume 32% fewer carbon sources than denitrification. 

Biological phosphorus (P) removal by EBPR involves anaerobic P release and aerobic P uptake 

by polyphosphate-accumulating organisms (PAOs) (Kuba, Van Loosdrecht and Heijnen, 1997), 

which are commonly identified as “Candidatus Accumulibacter Phosphatis” or Accumulibacter in 

the genus Rhodocyclus in Betaproteobacteria (Oehmen et al., 2010; Lv et al., 2016). Under 

anaerobic conditions, PAOs assimilate acetate and other volatile fatty acids (VFA) for the 

replenishment of Poly-β-hydroxy alkanoates (PHA) using the energy from the degradation of 
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intracellular Poly-P and glucogen, which causes the release of orthophosphate into the bulk 

solution. In the aerobic phase, stored cellular PHA is metabolized, providing energy for the new 

cell synthesis and the removal of orthophosphate in the bulk solution to incorporate it into cellular 

polyphosphate within the cells. Comparing to ordinary heterotrophic BOD removal bacteria, PAOs 

have a larger phosphorus content ratio ranging from 0.2 to 0.3 g P/g VSS (Metcalf and Eddy 2014). 

Metal cations, including potassium, magnesium, and calcium, can transport into and out of 

bacterial cells together with phosphate in the EBPR process and maintain the charge balance 

(electroneutrality) inside the bacterial cells; the recommended molar ratio of P/Mg/K/Ca in the 

wastewater is 1/0.28/0.26/0.09 (Metcalf and Eddy, 2014). 

The main challenge of EBPR is to maintain a long-term stable P removal performance. It is 

believed that the overgrowth of Glycogen-accumulating organisms (GAOs) as the competitor of 

PAOs can cause the deterioration or even failure of EBPR (Weissbrodt, Holliger and Morgenroth, 

2017; Varga et al., 2018; Zhang et al., 2018). GAO stored glycogen under aerobic conditions and 

metabolize glycogen for VFA uptake under anaerobic conditions. As a main identified competitor 

of PAOs, GAOs consume VFAs without anaerobic P release and aerobic P uptake. Studies showed 

that the competition between PAOs and GAOs can be affected by the temperature and pH 

condition, and the types of carbons source (Weissbrodt, Holliger and Morgenroth, 2017; Varga et 

al., 2018; Zhang et al., 2018).  

2.2 Advanced biological nutrient removal 

Simultaneous nitrification and denitrification (SND) is a biological process that nitrification and 

denitrification occur at the same time in a single reactor system without defined anaerobic and 

anoxic zones (Meinhold et al., 1999; Carvalho et al., 2007). The widely accepted principles 
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involved in simultaneous nutrient removal are heterotrophic nitrification & aerobic denitrification 

and shortcut nitrogen removal (Daigger and Littleton  2000).  

Conventionally, autotrophic nitrification and aerobic denitrification were used to remove inorganic 

nitrogen from the wastewater. However, separate reactors with different operating conditions are 

required for autotrophic nitrification and aerobic denitrification, including maintaining aerobic 

conditions for autotrophic nitrifiers and anaerobic conditions for heterotrophic denitrification. 

Heterotrophic nitrification and aerobic denitrification are emerging alternative nitrogen removal 

methods. The process involves simultaneous heterotrophic nitrification and aerobic denitrification 

under aerobic conditions, which caused the conversion of NH4+-N directly to N2 aerobically. 

Heterotrophic nitrification and aerobic denitrification happened in one single reactor under the 

same operating conditions.  

Nitrite Shunt and deammonification have attracted more and more attention due to low oxygen 

requirement and less sludge production (Ju, Huang and Trivedi, 2007; Jimenez et al., 2014). In 

Nitrite Shunt, NH4+-N was oxidized to NO2--N as nitritation process, while the oxidation of NO2-

-N to NO3--N was inhibited. In the deammonification, Anaerobic Ammonium Oxidizing 

(Anammox) bacteria can oxidize NH4+-N residue to N2 using NO2--N as electron acceptors under 

anaerobic conditions. Compared to the conventional BNR process, Nitrite Shunt can save 25% of 

oxygen and 40% of carbon source demands, which can lead to a 40% reduction in biomass 

production (Nogaj et al., 2014).  

2.2.1 SND via heterotrophic nitrification and aerobic denitrification 

In the conventional biological nitrogen removal process, autotrophic nitrification and 

heterotrophic denitrification are the dominant mechanisms of nitrogen removal (Fu et al., 2009, 
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Zhang et al., 2011). However, recent researches have revealed that some heterotrophs can oxidize 

ammonia to nitrite under metabolic pathways similar to autotrophic nitrifiers and reduce nitrite to 

N2 in the presence of oxygen (Daigger and Littleton, 2000, Fu et al., 2009; Zhang et al., 2011). 

The reactions of heterotrophic nitrification and aerobic denitrification could involve aerobic 

oxidation NH3 to NO2- via NH2OH, reduction of NO3- to NO2-, and reduction of NO2- to N2 via 

NO and N2O (Fig. 2.1).   

 

Fig. 2.1 Heterotrophic nitrification and aerobic denitrification 

 

Various heterotrophic bacteria have been identified capable of performing nitrification and aerobic 

denitrification. Arthobacter sp. as a heterotrophic nitrification bacterium was isolated and 

characterized in 1972 (Verstraete and Alexander, 1972). Robertson and Kuenen (1984) 

successfully isolated Thiosphaera pantotropha (Paracoccus denitrifican) from the activated sludge 

of the WWTP in 1984. Other isolated groups of bacteria capable of heterotrophic nitrification and 

aerobic denitrification included Commamonas sp., Alcaligenes faecalis, Pseudomonas stutzeri, 

Bacillus methylotrophic, Microvirgula aerodenitrificans, P. putida, Acinetobacter calcoaceticus, 
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and Rhodococcus sp. (Verstraete and Alexander, 1972; Fujiwara and Fukumori, 1996; Heuer et 

al., 1997; Zhang et al., 2011; Chen et al., 2012). Chen et al. (Chen et al. 2012) successfully isolated 

Rhodococcus sp. CPZ24 from a bioreactor treating swine wastewater, where about 48% of NH4+ 

was removed as nitrogen gas at a temperature of 30 ± 0.2 ℃ and DO concentration of 4 to 6 mg/L, 

and the NO3- and NH4+ removal rates were reported as 3.1 and 0.3 mg/(L·h) (Chen et al., 2012). 

Zhang et al. (Zhang et al., 2012) identified Bacillus methylotrophic L7 as a denitrifier that can 

reduce nitrite to N2 and nitrite/nitrate to N2O in an aerobic environment (Zhang et al., 2012). The 

maximum NO2- and NH4+ removal rates were reported as 0.24 and 2.15 mg/(L ∙ h), respectively 

(Zhang et al., 2012).  

Various oxidases and reductases related to heterotrophic nitrification and aerobic denitrification 

have been isolated and characterized (Table 2.1). Ammonia monooxygenase (AMO) was found to 

be associated with the oxidation of NH3 to NH2OH (Stouthamer et al., 1997). Otte et al. (1999) 

reported that hydroxylamine oxidase (HAO) was related to the production of nitrous oxide (N2O) 

in autotrophic and heterotrophic ammonia oxidation and demonstrated that N2O is the by-product 

of the oxidation of NH2OH to NO2-, rather than that of the aerobic denitrification of NO2-. Nitrate 

is essential in the nitrogen cycle. Nitrite oxidase (NO) was proved to contribute to the oxidation of 

NO2- to NO3- (Barton, 2005), while Berks et al. (Berks et al., 1995) Periplasmic nitrate reductase 

(NAP) was important for the reduction of nitrate to nitrite.  The reduction of nitrite to nitrogen gas 

involves series of reactions and the main reductases involved in these reactions included nitrite 

reductases (NIR), nitric oxide reductases (NOR), and nitrous oxide reductases (NOS) (Moir et al., 

1993, Fujiwara and Fukumori, 1996, Rasmussen et al., 2002).  
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In general, aerobic denitrifiers have a lower denitrification rate than anoxic denitrifiers in the 

treatment of certain favorable carbon sources, such as methanol(Robertson and Kuenen, 1984; 

Richardson and Ferguson, 1992). As DO concentration increases, aerobic denitrification and 

heterotrophic nitrification were inhibited. Furthermore, Kugelman et al. (1991) illustrated the 

inhibition of nitrite with a concentration as low as 1.0 mg/L on oxygen respiration; therefore, 

microorganisms prefer to use nitrite/nitrate for respiration. 
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Table 2.1 Pathways, reactions, and enzymes involved in heterotrophic nitrification and aerobic denitrification 
 
Pathways Reaction Enzyme Reference 

Nitrification (NH3 ~ NH2OH)  NH! + O" + 2H# + 2e$ → NH"OH + H"O AMO (Stouthamer et al., 1997) 

Nitrification (NH2OH ~ NO2-) NH"OH +	H"O	 → NO"$ + 5H# + 4e$ HAO (Otte et al., 1999) 

Nitrification (NO2- ~ NO3-) NO"$ +	H"O	 → NO!$ + 2H# + 2e$ NO (Barton, 2005) 

Denitrification (NO3- ~ NO2-) NO!$ + 2H# + 2e$ → NO"$ +	H"O	 NAP (Berks et al., 1995) 

Denitrification (NO2- ~ NO) NO"$ + 2H# + e$ → NO +	H"O NIR (Moir et al., 1993) 

Denitrification (NO ~ N2O) 2NO + 2H# + 2e$ → N"O +	H"O NOR (Fujiwara and Fukumori, 1996) 

Denitrification (N2O ~ N2) N"O + 2H# + 2e$ → N" +	H"O NOS (Rasmussen et al., 2002) 
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2.2.2 SND via shortcut nitrogen removal 

Anaerobic ammonia oxidation (Anammox) process, including the Nitrite Shunt under 

aerobic conditions and deammonification under anaerobic conditions, is a promising 

nitrogen removal process with energy-saving and less sludge production (Laureni et al., 

2015; Lotti et al., 2015; Zhang et al., 2016). In the Anammox process, the stable nitrite 

supply is one of the key factors affecting the Anammox process. Nitrite can be obtained 

through the Nitrite Shunt or partial nitrification (nitritation) under aerobic conditions, or 

partial denitrification from nitrate to nitrite (Cao et al., 2013; Du et al., 2014). In the Nitrite 

Shunt, NH4+-N is oxidized into NO2--N, instead of NO3--N, which could save around 45% 

of oxygen demand and reduce the energy requirement. In the deammonification process, 

NH4+-N is oxidized by Anammox bacteria by using nitrite as an electron acceptor. The 

Anammox process is an autotrophic nitrogen removal process with less organic carbon 

required, which can also achieve lower biomass production than the traditional 

nitrification/denitrification process. Kuenen (2008) demonstrated five genera that 

contributed to the Anammox process, involving Candidatus Brocadia, Candidatus 

Kuenenia, Candidatus Jettenia, Candidatus Scalindua, and Candidatus Anammoxoglobus. 

While Anammox is an attractive energy-efficient nitrogen removal process, the stability of 

the processes is sensitive to process factors. The main factors affecting the nitrogen 

removal performance could include ammonia and nitrite concentration, the composition of 
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organic and inorganic carbon in the wastewater, temperature, solid retention time (SRT), 

and DO concentrations.  

Recent research claimed that ammonium and nitrite nitrogen concentrations could affect 

the Anammox process performance. In sewage wastewater, the ammonium concentration 

is normally under 100 mg/L, which cannot meet the minimum requirement of ammonium 

concentrations (Blackburne, Yuan and Keller, 2008; Hendrickx et al., 2012; Jenni et al., 

2014). The high ammonium concentration of 770 mg/L was reported to show significant 

inhibition of the Anammox process (Dapena-Mora et al., 2007). 20 ~ 25 mg/L NH4+-N was 

reported to be able to affect the stabilization of Anammox process (Fernández et al., 2012). 

However, free ammonia was identified as the true inhibitor of the Anammox process. Lotti 

et al. (2012) reported 50% Anammox process was inhibited with NO2--N concentration at 

0.4 g/L, while there was no significant inhibition effect on the Anammox process with the 

nitrite concentration less than 20 mg/L. Free nitrous acid (FNA) acted as the inhibitor 

instead of nitrite. Fernández et al. (2012) demonstrated that 0.5 μg HNO2-N/L could 

deteriorate the Anammox process.   

Anammox species are chemoautotrophic microorganisms, which rely on inorganic carbon. 

A high concentration of organic carbon sources was reported to inhibit the Anammox 

process (Anjali and Sabumon, 2014). In the partial denitrification/Anammox process, 
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denitrifiers can consume organic carbon, which improves the toleration of the system. 

However, the growth rate of denitrifiers is much higher than Anammox bacteria, which can 

cause the microbial activity reduction of Anammox bacteria.  

Anammox bacteria is limited to treat warm wastewater with a temperature larger than 30℃ 

(Gijs, 2008). Moreover, the growth rate and metabolic activity are highly influenced by 

temperature. Due to the low growth rate of Anammox bacteria, the Anammox process may 

vanish under low temperatures. The temperature range for Anammox is from 6 to 43 ℃ 

with a dramatic reduction of reaction rate at a temperature below 15 ℃ and above 40 ℃ 

(Zhu et al., 2008). 

Due to the low growth rate of Anammox bacteria, high SRT is considered to benefit the 

Anammox process. It was accepted that the optimal SRT for the Anammox process is from 

15 to 30 d (Lotti et al., 2015). Lotti et al. (2015) demonstrated that the reduction of 

maximum volumetric specific nitrite removal rate from 1293 ± 15 to 503 ± 8 mg N/(L·d) 

as the SRT decreased from 12 to 3 d.  

DO concentration was considered an inhibitor to the Anammox process. Normally, low 

DO concentration was controlled in the Anammox process, which can inhibit the metabolic 

activities of AOB and NOB. The oxygen Monod half-saturation constant for AOB and 

NOB was summarized in Table 2.2. The affinity between AOB and oxygen is lower than 
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that between NOB and oxygen, which means fully nitrification can compete nitritation with 

high DO concentration in the bioreactors. DO concentration at 1.0 mg/L was reported to 

benefit the nitritation process, which could provide required nitrite in the Anammox 

process (Ciudad et al., 2005). Studies showed that Anammox bacteria could adapt to a 

gradually increased DO concentration in the bioreactors with the coexistence of AOB and 

NOB (Liu et al., 2008; S. Wang et al., 2015). 

Table 2.2 Summary of !!!,#!$ and !!!,%!$ values 

!!&,#!$ !!&,%!$ References 

1.16 0.16 (Regmi et al., 2014) 

0.40 0.06 (Wett et al., 2013)sola 

0.033 0.43 (Blackburne, Yuan and Keller, 2008) 

0.74 1.75 (Guisasola et al., 2005) 

 

2.2.3 SNDPR via DPAOs 

Simultaneous nitrification, denitrification, and phosphorus removal (SNDPR) is a 

biological process that nitrification, denitrification, and phosphorus removal occur 

simultaneously in a biological wastewater treatment system without defined anaerobic and 

anoxic zones. Despite an increasing number of observations of SNDPR, there is no 

consensus on the mechanisms of SNDPR. In general, SNDPR could involve nitrogen and 

phosphorus removal by denitrifying PAOs (DPAOs). DPAOs which are identified as one 

type of Accumulibacter bacteria can use NO2--N and NO3--N as electron acceptors in the 
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presence or even absence of oxygen (Lee and Yun, 2014). Typically, DPAOs can save 

Typically, DPAOs can save 50% of carbon sources and 30% of energy to achieve 

simultaneous nitrogen and phosphorus removal, due to the simultaneous utilization of 

carbon sources in both denitrification and phosphorus removal (Kuba, Van Loosdrecht and 

Heijnen, 1997; Rasmussen et al., 2002). 

Many research indicated that the VFA content in the wastewater, feast-famine feeding 

strategies, well-defined anaerobic, anoxic, and aerobic reaction times, and proper hydraulic 

selection pressure are important for the cultivation of DPAOs (Chou and Huang, 2005; Liu 

et al., 2015; Wei et al., 2015a). Until now, the successful cultivation of DPAOs can occur 

in anaerobic/anoxic membrane bioreactors, aerobic granular sludge (AGS), 

anaerobic/anoxic nitrifying SBR (A2N-SBR), DEPHANOX (continuous-flow), and 

Modified UCT (Vlekke, Comeau and Oldham, 1988; Bortone et al., 1999; Li et al., 2010; 

Ge et al. 2014).  

Studies showed that DPAOs could be limited by a deficiency in carbon sources, free nitrous 

acid (FNA), free ammonia (FA), and nitrous oxide (N2O). Carbon sources are required in 

both the nitrification-denitrification and P release processes. Normally, denitrifiers can 

outcompete PAOs/DPAOs on carbon sources (Guerrero, Guisasola and Baeza, 2011). 

Thus, the limitation of carbon sources and the competition between denitrifiers, PAOs, and 
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DPAOs can affect the SNDPR performance. The accumulation of nitrite/nitrate can inhibit 

the anaerobic P release in EBPR (Kuba et al., 1994; Akin and Ugurlu, 2004). The 

accumulation of FNA can inhibit microbial activities, including nitritation, nitrification, 

denitrification, phosphate release, and uptake (Zeng et al., 2011; Y. Wang et al., 2015). 

Maintaining a low FNA concentration with pH control in the system is essential for 

SNDPR.  

It is believed that one of the key issues in SNDPR via nitrite is to maintain a stable nitrite 

accumulation. Intermittent aeration was considered an effective way to achieve stable 

nitrite accumulation in SBRs (Yoo et al., 1999; Ge et al., 2014). Bournazou et al. (2013) 

and Kornaros et al. (2010) demonstrated that NOB was more sensitive to an anoxic 

disturbance than AOB, which resulted in the dominant AOB over NOB in SBR with the 

application of intermittent aeration. It was believed that low DO concentration can favor 

the growth of AOB over NOB, due to higher oxygen affinity than that of NOB (Ge et al., 

2014). However, the application of low DO can result in low nitrogen removal efficiency. 

Blackburne et al. (2008) suggested that DO concentration under 0.4 mg/L was necessary 

to achieve stable nitrite accumulation in the system. 

It is not a consensus concerning the relationship between PAOs and DPAOs. It was 

reported that two types of PAOs, including non-DPAOs and DPAOs, were identified in 
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SBRs (Kerrn-Jespersen and Henze, 1993; Meinhold et al., 1999; Freitas, Temudo and Reis, 

2005; Carvalho et al., 2007). In the anaerobic-anoxic-aerobic (A2O) SBRs, once the P 

uptake in the anoxic zone ceased eventually with the presence of nitrate or nitrite, aeration 

is immediately applied to induce the aerobic P uptake (Freitas, Temudo and Reis, 2005). 

Therefore, PAOs can be divided into three categories: 1. non-DPAOs can use oxygen as 

an electron acceptor only; 2. DPAOs can use oxygen or nitrate or nitrite as electron 

acceptors; 3. DPAOs can use nitrate or nitrite as an elector acceptor only. DPAOs who can 

use nitrate or nitrite contributed to the anoxic P uptake. Non-DPAOs can restart the P 

uptake once the oxygen is introduced. It was reported that some DPAO species can only 

utilize nitrite, which is consistent with a 3.26 times higher DPAO specific uptake rate for 

nitrite than nitrate using acetate as carbon source, while 4.79 times higher using propionate 

as carbon sources (Martín et al., 2006; Lochmatter et al., 2009).  

Through group-specific fluorescence in situ hybridization (FISH) probes, different species 

are responsible for anoxic and aerobic P uptake (Falkentoft et al., 2002; Ahn et al., 2002). 

Researchers illustrated that Candidatus Accumulibacter is responsible for both anoxic and 

aerobic P uptake (Zeng et al., 2003). Carvalho et al. (2007) reported that with the stepwise 

shift from anaerobic-aerobic to anaerobic-anoxic conditions, the microbial populations are 

not significantly different, which verified that the dominance of Accumulibacter in both 

anaerobic-aerobic and anaerobic-anoxic reactor and the P removal capacity of 
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Accumulibacter with oxygen, nitrate, and nitrite as electron acceptors via FISH (Zeng et 

al., 2003). Furthermore, Zeng et al. (2003) illustrated the sludge cultivated in anaerobic-

aerobic systems does have an anoxic phosphorus removal capacity after a certain time for 

denitrifying enzyme activation. These research results indicated the functional species in 

anaerobic-anoxic and anaerobic-aerobic systems are the same. Accumulibacter can be 

divided into different populations with genetic and metabolic capabilities differences. 

Based on the research results, Carvalho et al. (2007) suggested that Accumulibacter with a 

rod and cocci morph-types are responsible for the use of nitrite and nitrate as electron 

acceptors, respectively. Numerous researches support the hypothesis that Accumulibacter 

may have different stains: some have the denitrifying capacity with nitrate; some have the 

denitrifying capacity with nitrite and others cannot denitrify (Carvalho et al., 2007; Flowers 

et al., 2009). Thus, a better and deeper understanding of Accumulibacter community 

compositions can enhance the prediction of anoxic phosphorus removal capacity.  

2.2.3.1 Competition of PAOs/GAOs 

Unreliability and instability can be the main obstacles to the wide application of EBPR. It 

is believed that the overgrowth of glycogen-accumulating organisms (GAOs) as the 

competitor of PAOs leads to the deterioration or even failure of EBPR performance (Zeng 

et al., 2003; Li et al., 2019). GAOs can anaerobically uptake and store VFA into PHA but 

cannot achieve anaerobic phosphorus release and aerobic phosphorus uptake, due to the 
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lack of ability of Poly-P synthesis (Filipe, Daigger and C.P. Leslie Grady, 2001; Zeng et 

al., 2003). In the anaerobic phase, the hydrolysis of glycogen provides GAOs energy for 

VFAs uptake. In the subsequent aerobic phase, energy gained from the oxidation of PHA 

promotes glycogen replenishment and cell growth. Studies have shown that some 

environmental and operational conditions, including pH, temperature, the type of carbon 

sources, initial P and VFAs ratio in influent and other parameters, can affect the 

competition between GAOs and PAOs.  

2.2.3.1.1 Temperature  

Temperature can affect the PAO-GAO competition and the deterioration of EBPR caused 

by the outgrowth of GAO could occur in regions with high average annually ambient 

temperature (> 25℃) or in wastewater treatment plants treating the industrial wastewater 

with high temperature (> 27℃) (Grady and Filipe, 2000; Thomas et al., 2003; Wong et al., 

2005). At a higher temperature (> 20℃), GAO can compete over PAO and become 

dominant in EBPR (Panswad, Doungchai, and Anotai, 2003), which can subsequently 

cause the deterioration of the EBPR process.  

Temperature, as a determinant factor in the competition between GAO and PAO, has 

different effects on the anaerobic metabolism of PAO and GAO (Whang and Park, 2006). 

According to the research by Helmer and Kunst (1998), the phosphorus removal efficiency 

in EBPR is dependent on the quantity of P released in the anaerobic zone at a temperature 
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in the range of 15 to 20℃. At 5 to 10℃, the P uptake rate is unaffected by P released 

(Helmer and Kunst, 1998). Research shows that the P release rate increases with the 

temperature from 4 to 37℃. Consistently, EBPR operated at low temperatures would affect 

the P removal performance. M. Parvicella related to the sludge bulking favors lower 

temperatures between 12 to 15℃ (Knoop and Kunst, 1998). Mamais et al. (1998) 

demonstrated a reduction of the M. Parvicella population as the operating temperature 

increases (Mamais et al., 1998). Sludge volume index (SVI) is reported to be improved at 

a higher temperature (Krishna and Van Loosdrecht, 1999), which shows an improvement 

of biomass settle-ability.  

The maximum anaerobic acetate uptake rates are similar at a temperature below 20℃; 

while the acetate uptake rate of PAO is unaffected by a temperature change at a temperature 

higher than 20℃ up to 35℃ (Brdjanovic et al., 1997; Filipe, Daigger and C. P.Leslie 

Grady, 2001b). Meanwhile, the anaerobic acetate uptake rate of GAO increases and reaches 

the maximum value at around 35℃. Based on the different energy sources of PAO and 

GAO, the effect of temperature mainly limits the hydrolysis of Poly-P, especially at a 

temperature above 20℃. Therefore, numerous successful EBPR systems have been 

reported with operational temperatures below 20℃ (Van Veldhuizen, Van Loosdrecht and 

Heijnen, 1999; Meijer, Van Loosdrecht and Heijnen, 2002). It is hypothesized that GAO 

is likely to be mesophilic; while PAO is psychrophilic. Moreover, the aerobic 
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stoichiometry of GAO is unaffected at a temperature between 10 and 30℃. Thus, the 

optimum temperature for the growth of GAO can be 30℃. Meanwhile, the temperature 

below 30℃, especially 20℃ favors the PAO.  

2.2.3.1.2 pH  

A pH is higher than 7.25 is required to maintain the EBPR in an excellent performance 

(Schuler and Jenkins, 2003). Researches reveal the models to describe the anaerobic 

metabolism of GAO and PAO (Filipe, Daigger and C. P.Leslie Grady, 2001b). The 

stoichiometry and kinetics of anaerobic acetate uptake by GAO is highly related to the 

ambient pH (Filipe, Daigger and C. P.Leslie Grady, 2001). Smolders et al. (1994) found 

that higher pH can promote the anaerobic P release during acetate uptake; while the 

anaerobic P release rate per acetate uptake increases from 0.24 to 0.73 mg P/mg COD with 

an increase of pH from 5.5 to 8.5. Liu et al. (1996) demonstrated the optimum pH in the 

anaerobic zone is in the range of 6.8 ± 0.7 (Liu et al., 1996). Therefore, pH in the anaerobic 

zone can be considered as a key factor in the GAO-PAO competition.  

As the pH increases, the acetate uptake rate decreases, and the glycolysis rate per acetate 

uptake increases. A higher pH gradient occurs between the intracellular pH and high 

ambient pH, which can cause an increase in the electrical potential difference across the 

cell membrane. Therefore, more energy is required to maintain the transport of acetate 
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across the cell membrane at higher pH, which induces a higher glycolysis rate by GAO 

(Filipe, Daigger and C. P.Leslie Grady, 2001a). 

In the case of PAO, it was found that a higher P release rate at higher pH occurs in the 

anaerobic zone (Smolders et al., 1994). At higher pH, the degradation of more Poly-P is 

required to provide more energy for acetate transport through the cell membrane. However, 

the replenishment of glycogen needs more PHAs than that of Poly-P in the aerobic zone; 

the anaerobic acetate uptake rate by PAOs keeps relatively constant as an increased pH 

(Smolders et al., 1994; Filipe, Daigger and C. P.Leslie Grady, 2001a). The anaerobic 

acetate uptake rate by GAO decreases with pH, thus the growth of GAO can be inhibited 

by controlling pH. PAO can utilize Poly-P and glycogen both, while GAO can only use 

glycogen as energy sources. This difference may be a possible explanation of the 

relationship between GAO, PAO, and pH. It was reported that the effects of pH on the 

anaerobic stoichiometry of PAO and GAO with propionate as the carbon source (Oehmen 

et al., 2005, 2006). The anaerobic metabolism of GAO stays consistent with the pH, while 

a non-linear relationship occurs between the anaerobic stoichiometry of PAO and pH.  

2.2.3.1.3 Others 

EBPR is sensitive to disturbances with over 4 weeks’ recovery period (Okada et al., 1992; 

Brdjanovic et al., 1998). The optimization of the COD loading rate seems to be a key factor 

in the maintenance of EBPR (Randall and Chapin, 1997; Morgenroth and Wilderer, 1998). 
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Chuang et al. (1998) demonstrated that a high COD/VSS loading rate could reduce P 

removal efficiency (Chuang et al., 1998); while the concentration of 3-hydroxyvalerate as 

the main VFA storage form by GAO increases with the COD/VSS (Liu et al., 1996). 

Furthermore, high influent COD/P ratios can lead to excessive COD in the aerobic zone, 

which favors the growth of filamentous bacteria (Chang, Chiou and Ouyang, 1996). It 

subsequently causes the sludge bulking and deterioration of EBPR. A COD/P ratio higher 

than 40 is required to achieve effluent P concentration less than 1mg/L (Pitman, 1991). An 

additional 7 ~ 9 mg of VFA is required to remove 1 mg P/L (Manoharan, 1988; Maharaj 

and Elefsiniotis, 2001). 

Table 2.3 Acetate and Propionate Uptake rate by PAO and GAO at pH = 7 and 20℃ 

 
Organisms 

 
Ref. 

Maximum Uptake Rate 
C-mmole/(c-mmole·h) 

Acetate Propionate 
Accumulibacter-PAO Oehmen et al., 2005 0.20 0.20 
Competibacter-GAO Oehmen et al. 2005 0.20 0.01 

Alphaproteobacteria-GAO Oehmen et al. 2006 0.10 0.20 

The anaerobic metabolisms of PAO and GAO are sensitive to the type of carbon sources. 

The addition of acetate and propionate can increase the PHA contents in PAO and GAO. 

Furthermore, the uptake capacity of PAO and GAO on acetate and propionate is different 

as shown in Table 2.3. Accumulibacter, as PAO can uptake both acetate and propionate in 

the anaerobic zone; meanwhile, Competibacter as GAO can only uptake acetate with a 

negligible uptake rate of propionate (Oehmen et al., 2005, 2006). The type of carbon 
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sources can cause different PHA, PHB, and PHV fractions, which can affect the aerobic 

metabolisms of PAO and GAO indirectly. Acetate as a carbon source is related to the 

deterioration of sludge settle-ability (Canizares et al., 1999). Randall et al. (1997) and Hood 

and Randall (2001) demonstrated an excellent P removal capacity with the addition of 

succinate (Randall, Benefield and Hill, 1997; Hood and Randall, 2001). Glucose, fructose, 

amino acid, and starch are considered to contribute to the failure of P removal. Thus, it can 

be concluded that propionate as the carbon source can help PAOs outcompete the main 

competitor – GAOs (Pijuan et al., 2004; Oehmen et al., 2006). Moreover, DPAO is more 

competitive than DGAO with acetate as the carbon source (Zeng, Yuan and Keller, 2003).  

It is reported that the P removal efficiency is related to the nitrate and nitrite in the 

anaerobic zone. The competition of VFA between ordinary heterotrophic organisms 

(OHOs) and PAO/DPAO can lead to a reduction of P removal efficiency. If there is limited 

nitrate in the influent, the denitrification of OHOs dominants the system; while 

PAO/DPAO can out-compete OHOs with excess nitrate into the anoxic zone. It is 

hypothesized as the presence of DPAO (Hu, Wentzel and Ekama, 2002). Furthermore, to 

ensure excellent maintenance of P removal capacity, dissolved oxygen (DO) should be 

well-controlled. Generally, the oxidation of carbon source and nitrification can happen as 

the DO is greater than 2 mg/L (Louzeiro et al., 2002). In the anaerobic zone, DO should be 

limited below 0.2mg/L to eliminate the oxygen and other oxidizing substrates (Shehab et 



 

 

 
 

27 

al., 1996). Shehab et al. (1996) demonstrated the waste of energy-related to excess 

aeration. It is reported that the degradation of PHB happens in the EBPR with over-aeration 

(Brdjanovic et al., 1998), which subsequently causes a reduction of P removal capacity.  

Solid retention time (SRT) is also a key limitation in EBPR with different populations. 

Slow-growing organisms, such as PAO and nitrifying bacteria could be easily washed out 

at low SRT (Nam et al., 2000). Chang et al. (1996) found the best P removal efficiency 

occurs at an SRT of 10 days. A high nitrification rate at longer SRT can cause the 

deterioration of P removal capacity (Furumai et al., 1999).  

2.3 SBR to achieve SND and SNDPR 

2.3.1 SBR to achieve SND and SNDPR via aerobic granular sludge (AGS) 

Since AGS was firstly reported (Mishima and Nakamura, 1991), AGS has attracted 

increasing research interests. AGS is normally referred to as round-shape microbial 

aggregates with regular, compact, and dense structures via seeding with activated sludge 

flocs. the formation of AGS favors the growth of the slow-growing organisms, including 

nitrifiers and PAOs/DPAOs due to high SRT and excellent settleability (de Kreuk and van 

Loosdrecht, 2004; Xavier, Marzin and Goswami, 2007). Researches have proven the 

SNDPR performance in treating synthetic and industrial wastewater via AGS 

(Schwarzenbeck, Borges and Wilderer, 2005; Rosman et al., 2013, 2014). Studies showed 

that AGS has a high tolerance to high COD/TN/TP loading rate, toxic substances, such as 
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phenol, heavy metals, and dyes, due to the mass transfer barrier of the layered structure of 

AGS (Wei et al., 2015a, 2016; Y. Wang et al., 2015). 

Most successful AGS cultivations are reported in anaerobic-aerobic SBRs through 

microbial self-immobilization (Qin, Tay and Liu, 2004; Liu et al., 2005). However, one of 

the main challenges is to maintain the long-term AGS and AGS nutrient removal 

performance. The long-term performance of AGS SNDPR can be affected by wastewater 

characteristics, process conditions, and the change in microbial community composition.  

2.3.1.1 Factors affecting AGS formation 

The formation of AGS can be affected by factors, including organic loading rate, carbon 

sources, feast-famine regime, reactor configuration, hydraulic shear force, volume 

exchange ratio, hydraulic retention time (HRT), solids retention time (SRT), settling time, 

cycle time, dissolved oxygen level (DO) and so on. Although many studies have been 

conducted to explore the effect of those factors, the process mechanisms of aerobic 

granulation have not been determined. 

2.3.1.1.1 SBR cycle length 

Numerous studies have shown that implanting feast-famine strategy in SBR operation can 

exert a positive effect on the formation and stability of AGS (Tay, Liu and Liu, 2002; Liu 

and Tay, 2008). The feast-famine strategy can be implemented in SBR operation by having 
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a short feeding or anaerobic reaction time and an extended aerobic reaction period. An SBR 

with a cycle consisting of anaerobic and aerobic periods can promote the growth of PAO 

or DPAOs which replenish PHA and release phosphorus during the anaerobic period and 

consume PHA for P uptake in the aerobic period. However, the formations of AGS have 

been observed in both types of SBRs which have anaerobic and aerobic reaction periods 

and only have aerobic reaction periods.  Tay, Liu, and Liu (2002) investigated the effect of 

cycle times (including feeding, reaction, settling, and effluent discharging time) of 24 hrs, 

12 hrs, 6 hrs, and 3 hrs on the cultivation of nitrifying aerobic granules in SBRs. They 

reported the successful granulation with the cycle times of 12 hrs and 6 hrs within two 

weeks, while a failure of AGS formation and a complete washout of seed sludge occurred 

with the cycle time of 24 hrs and 3 hrs, respectively (Tay, Liu and Liu, 2002). Wang et al. 

(2005) illustrated successful AGS cultivation with cycle times at 3 hrs and 12 hrs. In a later 

study, Liu and Tay (2007) reported that AGS was formed in SBRs with cycle times at 1.5 

hr, 4 hr, and 8 hr as well.  These results suggest that AGS can be cultivated even with very 

short cycle times provided the seed sludge is not washed out from the SBR reactor.  

Studies showed that AGS with different morphology, physical characteristics, and 

bioactivity of AGS were formed at different SBR cycle times (Wang et al. 2005; Tay et al. 

2002; Liu and Tay 2007). In general, AGS formed at longer cycle time could have smaller 

sizes, higher densities, and higher strength (Pan et al., 2004; Liu and Tay, 2007, 2008) 
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likely because more compact and denser AGS obtained at longer cycle time can be induced 

by species with low growth rates. Liu and Tay reported (Liu and Tay, 2007) that the growth 

rate of AGS reduced from 0.315 g to 0.063 VSS/g COD/d when the cycle times increased 

from 8 hrs to 1.5 hrs. Studies showed that the selection of bacteria species of different 

growth rates could be achieved through the optimization of the operation cycle of SBRs.    

The specific oxygen utilization rate (SOUR) represents the microbial activity of AGS. 

Short cycle time can enhance microbial activity in terms of SOUR. Pan et al. (2004) 

illustrated the relationship between SOUR and cycle time with the control of OLR. At cycle 

time of 1, 3, 6, and 12 hrs, the average SOUR was 33.0, 28.6, 30.5, and 44.0 mg 

O2/(MLVSS·hr). By considering the MLVSS concentration, the volumetric oxygen 

consumption rate (SOURvol) at a cycle time of 3 hr is as high as 365.7 mg/(L·hr) with a 

high COD removal capacity in SBRs (Pan et al., 2004).  

The effect of cycle time length on the EPS concentration was reported, which can affect 

the granulation and AGS physical properties (Tay et al. 2002; Pan et al., 2004). Among the 

contents of EPS, extracellular polysaccharides is of the essence in aerobic granulation due 

to its contribution to the cohesion and adhesion of cells. As the cycle time decreases, the 

EPS contents, especially polysaccharides increases (Tay et al. 2002; Pan et al., 2004). 



 

 

 
 

31 

Moreover, the ratio of polysaccharides and protein (PS/PN) increases at decreasing cycle 

time (Tay et al. 2002; Pan et al., 2004).  

2.3.1.1.2 Hydrodynamic shear force 

Hydrodynamic shear force, which is normally induced through injecting air at the bottom 

of SBRs, is considered an important inducer of aerobic granulation (Liu and Tay 2001; Liu 

and Tay 2002). Beun et al. (1999) reported that the formation of stable AGS was not 

achieved at superficial air velocities between 0.014 and 0.02 m/s in SBR, while smooth, 

dense, and compact AGS was formed at an air velocity of 0.041 m/s in the SBR (Beun, 

Van Loosdrecht and Heijnen, 2002a). Adav, Lee and Lai (2007) compared the phenol-fed 

aerobic granulation processes in three parallel identical SBRs at different superficial air 

velocities of 0.006, 0.012, and 0.018 m/s, and reported that AGS was only formed at the 

air velocities of 0.012 and 0.018 m/s. It was observed that the AGS formed at the velocity 

of 0.018 m/s had a mean diameter of 1 ~ 1.5mm and an SVI value of 35 ml/g, comparing 

to the one formed at the velocity of 0.012 m/s, which had a mean diameter of 3.0 to 3.5 

mm and an SVI value of  40 (Adav, Lee and Lai, 2007). The overgrowth of filamentous 

bacteria was observed with the AGS formed at the air velocity of 0.012 m/s, likely due to 

the deficiency of oxygen supply at the lower air velocity (Adav, Lee and Lai, 2007).  

In general, it was reported that there is a reverse relationship between the size of AGS and 

hydrodynamic shear force (Tay et al. 2004). The size of AGS is determined by the growth 
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and detachment of cells onto AGS nuclei. High hydrodynamic shear force provides high 

detachment, which can lead to smaller AGS. Shear forces can also affect AGS shape, 

surface roughness, and density. A higher hydrodynamic shear force provides more chance 

for cell collision and attrition, resulting in AGS with a rounder and smoother outer shape 

(Liu and Tay, 2002). A positive linear relationship between hydrodynamic shear force and 

the AGS density was reported and AGS with density ranging from 70 to 120 g TSS/L was 

cultured at high hydrodynamic shear forces (Di Iaconi et al., 2005). The high density of 

AGS is important for separating AGS from the treated wastewater at the end of the 

operation cycle and thus is essential for obtaining high-quality effluent. 

It is believed that the stabilization of the AGS is closely related to the protein content in 

the core region of AGS  (Chen et al., 2007). EPS species are secreted by cells to resist 

strong hydraulic selection pressure (Trinet et al., 1991). Poorly soluble EPS components 

were observed on the outer edge of AGS, while the soluble protein component of EPS 

could be dominant in the core area of AGS (McSwain et al., 2005). Studies showed that a 

high shear force could induce the production of protein in the core area of AGS (Chen et 

al., 2007; McSwain et al., 2005). Tay et al. (2001) reported the enhancement of EPS 

production by strong hydrodynamic shear force. There is a positive relationship between 

SOUR and the superficial gas velocity, which represented a strong hydraulic selection 
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pressure (Tay et al. 2001).  Moreover, high SOUR contributed to an increasing 

polysaccharide/protein ratio, which could enhance the granulation.  

2.3.1.1.3 Settling time 

Settling time has been identified as a key hydraulic selection pressure for culturing AGS 

(Beun, Van Loosdrecht and Heijnen, 2002b; McSwain, Irvine and Wilderer, 2004). AGS 

is more compact and denser than typical flocs; therefore, AGS requires less time to settle 

down.   

It was reported that a shorter settling time can promote the cultivation of AGS through 

washing out non-flocculating bacteria (McSwain, Irvine and Wilderer, 2004; Linlin et al., 

2005). Long settling time eliminates the washout of poor settling floc sludge and leaves it 

to compete with granule-formed species for nutrients and oxygen. Lack of strong hydraulic 

selection pressure can fail in AGS cultivation.  

Researchers have tested SBR settling times from 1 to 20 mins to culture AGS in SBRs 

(Table 2.3). Kim et al. (2004) reported successful AGS cultivation with a mean diameter 

of 1 to 1.35 mm with a settling velocity of 0.7 m/h, while less than 1 mm with a settling 

velocity of less than 0.6 m/h. The study carried out by Qin et al. (2004) showed that a 

mixture of suspended flocs and AGS was formed in the SBR with the settling time of 20 

minutes, while mature AGS with mean diameters above 0.35 mm were cultivated in SBRs 
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with settling times of 15, 10, and 5 minutes. The proportion of AGS and the mean diameters 

of AGS increased with a decrease in settling time due to the enhanced washout of light and 

dispersed suspended sludge at the shorter settling time (Qin et al. 2004). 

A comparison of characteristics of AGS obtained at different settling times is shown in 

Table 2.4. In general, the SVI values of AGS increase with the increase in the settling time. 

SVI value represents the AGS settling ability and the degree of the compact. Qin et al. 

(2004) reported that AGS with SVI of 49 ml/g was cultivated from seed sludge having an 

SVI value of 230 ml/g at a settling time of 5 min. Similarly, McSwain et al. (2004) 

illustrated that AGS with SVI values of 47 ml/g and 115 ml/g was formed at settling times 

of 2 and 10 min, respectively. The improvement of the settling ability of AGS with a short 

settling time could be resulted from an increase in the AGS mean diameter, the AGS 

fraction in the sludge, and the AGS density.  The settling ability and density of AGS could, 

to some extent, be related to the content of inorganic species such as calcium and 

magnesium of AGS. Studies revealed that the content of Ca2+ of AGS decreased with the 

increase in settling time (Fig 2.2) (Qin, Tay and Liu, 2004). Polyvalent cations, especially 

calcium is considered as an important content in the start-up of aerobic granulation and 

maintenance of AGS stability (Teo, Xu and Tay, 2000). It is believed that the adhesion of 

bacteria onto the calcium can act as the nuclei in the start-up of aerobic granulation and the 
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formation of EPS-Ca2+-EPS linkage can stabilize AGS and the formation of EPS-Ca2+-EPS 

linkage (Teo, Xu and Tay, 2000; Jiang et al., 2003).  

Table 2.4 A comparison of sludge characteristics with the settling time 

Settling 

Time (min) 

#'()	 

(m/h) 

Mean Diameter  

(mm) 

SVI 

(ml/g) 

References 

1 12.48 0.8~1.2 45 (Val Del Río et al., 2013) 

2 12 NA 47 (McSwain, Irvine and Wilderer, 2004) 

5 5.99 2.09~2.33 70 (Wang, Liu and Tay, 2006) 

12 4.375 1.1 112 (Long et al., 2015) 

15 2.52 NA 115 (Qin, Tay and Liu, 2004) 

20 1.89 0.4 144 (Qin, Tay and Liu, 2004) 

 

Fig. 2.2 Calcium content in AGS at different settling time (Data from (Qin, Tay and Liu, 2004) 
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2.3.1.1.4 Organic loading rate 

The organic loading rate, which is defined as the substrate fed into the unit volume of the 

reactor per day has been identified as an important factor affecting the formation of AGS. 

In general, it is more difficult to cultivate AGS in low-strength wastewater. Tay et al. 

(2004) claimed that AGS could take a longer period to be achieved in an organic loading 

rate (ORL) less than 2 kg COD/(m3·day). Wang et al. (2009) reported that it took nearly 

one year of the cultivation period to obtain mature AGS at OLRs between 1.05 and 1.68 

kg COD/(m3·day). However, despite the long aerobic granulation, AGS has been 

successfully applied to treat low-strength wastewater (Liu, Moy and Tay, 2007). It was 

illustrated that an OLR of 2.52 kg COD/(m3·day) is optimal for AGS cultivation in SBR 

(Kim, Kim and Jang, 2008). 

However, numerous researchers reported successful cultivation of AGS with ORL in the 

range of 2.5 to 15 kg COD/(m3·day) (Thanh, Visvanathan and Aim, 2009). Moy et al. 

(2002) reported that dense, compact, and spherical AGS was successfully cultivated in 

SBRs fed with acetate at OLRs ranged from 6 and 9 kg COD/(m3·day). The failure of AGS 

occurred with OLRs above 9 kg COD/(m3·day), however, the SVI value decreased from 

106 mL/g to 31 mL/g under OLR ranging from 6 to 15 kg COD/(m3·day) (Fig. 2.3) (Moy 

et al., 2002).  
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Adav et al. (2010) reported that AGS disintegration occurred at OLRs above 21 kg 

COD/(m3·day) (Adav, Lee and Lai, 2010). Lee et al. (2010) reported that the outgrowth of 

filamentous bacteria can lead to the disability and disintegration of aerobic granules. 

 

Fig. 2.3 Effect of OLR on the SVI value of glucose fed AGS (Moy et al., 2002) 

 

For the SBR fed with glucose, Tay et al. (2004) reported that AGS was not presented at 

OLRs of 1 and 2 kg COD/(m3·day), while successful AGS cultivation was achieved in 2 

to 3 weeks with OLRs at 4 and 6 kg COD/(m3·day). Tay et al. (2004) also observed that 

fluffy and loose microstructure of AGS with filamentous dominance was observed at 4 and 

6 kg COD/(m3·day) and AGS disintegration occurred at OLRs above 8 kg COD/(m3·day). 

Inconsistent with the observations reported by Tay et al (2004), Moy et al. (2002) showed 

that dense and compact AGS was formed in SBRs fed with glucose substrate at OLRs from 
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9 to 15 kg COD/(m3·day) with the mean diameter of AGS increases with the OLRs (Moy 

et al., 2002). Different from acetate-fed AGS, a denser and more compact glucose-fed AGS 

was cultivated at higher OLRs with lower SVI value and higher settling velocity. 

2.3.1.1.5 Volumetric exchange ratio (VER) 

In SBRs, the volumetric exchange ratio (VER) is defined as the ratio of effluent volume to 

the total working volume, which can be calculated by Eq. 2.8. 

,-. = 0/2                                                        Eq. 2.6 

where L is the effluent height above the discharge port, and H is the Working height of 

SBR. Eq. 2.9 shows the relationship among the VER, minimum settling velocity (Vs), and 

settling time (ts)  

!% = &
'!
= ()*∙,

'!
                                                 Eq. 2.7 

High VER represents a more effective washout of suspended sludge, which provides a 

strong hydraulic selection pressure. Studies showed that a high VER can shorten the 

aerobic granulation and promote the settle-ability of AGS (Fig. 2.4) (Wang et al., 2004, 

Wang, Liu and Tay, 2006). Wang et al. (2006) reported that visible AGS was formed after 

8-, 14-, 20- and 28-day operations in SBRs at VERs of 80%, 60%, 40%, and 20%, 

respectively (Wang, Liu and Tay, 2006). Accordingly, under these VER conditions, the 
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mean diameters of mature AGS were 3.67, 2.21, 1.80, and 0.85 mm and the proportions of 

AGS in the sludge were 93%, 74%, 54%, and 33%, respectively, showing that the mean 

diameters and proportions of AGS decreased with the decrease in VER. Wang et al. (2006) 

also showed that the calcium content in AGS increased from 0.08 g/g to 0.21 g/g VSS when 

VER increased from 20% to 80%, which was consistent with the decreases in SVI with the 

increase in the VER (Fig. 2.4).   

 

Fig. 2.4 SVI values in R1 to R4 with VER of 80% to 20% (Wang, Liu and Tay, 2006) 

Evidence shows that a high VER can shorten the aerobic granulation and promote the 

settle-ability of AGS with a high minimum settling velocity (Wang et al., 2004). 

Furthermore, the calcium content increases with the VER. It indicated that calcium 

contents in R1 to R4 were 0.21, 0.16, 0.09, and 0.08 g/g VSS. High VER represents a more 

effective washout of suspended sludge, which provides a strong hydraulic selection 

pressure.  
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2.3.2 SBR to achieve SND and SNDPR via intermittent anoxic/aerobic condition 

The operational cycle in an intermittently aerated SBR involves feeding, alternating 

aerobic and anoxic periods, settling & discharging periods, idle periods. Among the 

alternating anoxic and aerobic conditions, the growth of AOB and NOB was promoted 

with the oxidation of NH4+-N to NO2--N and NO3--N in aerobic periods, while NO2--N and 

NO3--N were reduced to N2 gas in the subsequent non-aerated periods. Due to the high 

nitrogen removal efficiency and low NO2--N & NO3--N residues in the intermittently 

aerated SBR, the competition between anoxic denitrifiers and PAOs/DPAOs can be 

minimized. In the anoxic period, PAOs/DPAOs can obtain sufficient organic substances 

for phosphorus release. Thus, intermittent aerated SBR can be used for wastewater with 

low COD concentration, such as domestic wastewater treatment (Zhao et al., 1999). 

In the intermittently aerated SBR, Zhao et al. (1999) reported aerobic denitrification, which 

contributed to the SND performance. The coexistence of anoxic and aerobic denitrifiers in 

the intermittently aerated SBR can promote nitrogen removal efficiency. For SNDPR, 

DPAOs can utilize NO2--N and NO3--N to uptake phosphorus under anoxic conditions. In 

conclusion, stable nitrogen and phosphorus removal can be achieved via intermittent 

aeration.  

Successful SNDPR process was reported with the removal efficiencies of COD, TN, and 

TP at 96%, 96%, and 99%, respectively (Li et al., 2008). Nitritation was reported in the 
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system, while 95% nitrogen was reduced via the NO2--N – N2 pathway (Li et al., 2008).  

As shown in Table 2.5, nitrogen and phosphorus removal efficiencies increased with 

increasing the frequency of alternative anoxic/aerobic periods. As the frequency of 

anoxic/aerobic periods increased from 3 to 4, the TN and TP removal efficiency increased 

from 88.31% to 96% and 97.56% to 99%, respectively (Li et al., 2008; Ghehi et al., 2014). 

Moreover, it was reported that denitrifying phosphorus removal was observed in a step-

feed cyclic activated sludge Technology (CAST) with an intermittent anoxic/aerobic 

process (J. Ma et al., 2009). It is difficult to maintain anoxic conditions in the SBRs. 

Podedworna and Zubrowska-Sudol (2012) did long-term experiments (Phase I to VI), 

involving two strategies to maintain anoxic conditions, (a) intermittent aeration strategy, 

and (b) the addition of nitrate/nitrite right after anaerobic periods. In the Podedworna and 

Zubrowska-Sudol (2012)’s experiment, from Phase I to IV, the system was operated under 

a cycle of 8 hrs with intermittent aeration (20 mins aerobic period followed by 10 mins 

anoxic period). In Phase I to IV, there was no significant denitrifying P uptake despite a 

DPAO/PAO ratio at 50.5% in the system, while most phosphorus uptake happened in the 

20 mins aerobic period (Podedworna and Zubrowska-Sudoł, 2012). From Phase V and VI, 

In stages, V and VI, 680 mg NO3-/L of nitrate was added into the system to force an anoxic 

phase, which caused a rise of DPAO/PAO ratio to 82.8% (Podedworna and Zubrowska-

Sudoł, 2012). Via the addition of nitrite/nitrate, the denitrifying P uptake accounted for 



 

 

 
 

42 

80% of total phosphorus removal in the system. The results in Phase V and VI indicated 

the occurrence of DPAOs in the system. Taking the Phase I to IV results into consideration, 

PAO could compete over DPAO under the intermittent aeration process.  
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Table 2.5 Intermittent Aeration for SNDPR in SBR 

Operation Strategy Removal Efficiency Reference 

Anoxic (min) * Times Aeration (min) * Times Cycle Time (hr) COD TN TP 

50 * 4 50 * 4 8 96% 96% 99% (Li et al., 2008) 

45 * 3 50 * 3 6 94% 88.3% 97.6% (Ghehi et al., 2014) 

(Ghehi et al., 2014) 

(Ghehi et al., 2014) 

150 * 1 135 * 1 6 94% 78.1% 57.1% 

135 * 1 150 * 1 6 94% 78.4% 96.8% 

35 * 3 60 * 3 6 89.5% 90.4% 88.8% (Pan et al., 2013) 

(Pan et al., 2013) 105 * 1 180 * 1 6 92.1% 79.3% 82.3% 
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2.3.3 SBR to achieve SND and SNDPR via operating at low DO concentration 

In the SNDPR, DPAOs can utilize nitrite or nitrate as an electron acceptor for anoxic 

phosphorus uptake. It was reported that DPAO using nitrite could achieve higher anoxic P 

uptake (up to 60%) than that using nitrate (33.7%) (Mandel et al., 2019). Thus, nitrite 

accumulation is of the essence to achieve SNDPR in the systems, such as SNDPR via 

DPAOs and an anammox process. Low DO concentration through the control of airflow 

was used to improve the nitrite accumulation in SBR systems to achieve SNDPR. Studies 

illustrated that nitrite accumulation is highly correlated to the low DO concentration 

(Blackburne, Yuan and Keller, 2008; Y. Ma et al., 2009).  

The effect of partial/full nitrification on the SND performance was revealed by Wei et al. 

(2017). In the system with partial nitrification, the DO concentration was 0.4 to 0.6 mg/L; 

while in the full nitrification system, the DO concentration ranged from 2 to 8 mg/L (Wei 

et al., 2017). The concentrations of NO2--N and NO3--N in partial nitrification were 157.1 

± 2.5 mg/L with a TN removal efficiency of 40 ± 1.4%. In the full nitrification system, the 

TN removal efficiency decreased to 17.5 ± 0.2% mg/L, with NO2--N and NO3--N residues 

at 20.7 ± 1.8 and 243.7 ± 3.6 mg/L. The results indicated the nitrite accumulation happened 

in low DO concentrations, significantly. Ma et al. (2009) revealed a positive relationship 
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between the nitrite accumulation rate and the SND performance. . Furthermore, the total 

nitrogen concentration reduction was observed during aerobic conditions, which illustrated 

the occurrence of simultaneous nitrification and denitrification (Y. Ma et al., 2009).  

The nitrite accumulation in low DO concentration occurred significantly, which is 

consistent with the results reported (Wang and Yang, 2004). In Wang and Yang’s research 

(2004), DO at 2.7 to 5.7 mg/L did not affect the nitrite accumulation; while there was an 

increasing nitrite accumulation at a DO ranging from 0.7 to 1.4 mg/L. Thus, it can conclude 

that low DO concentration can promote the growth of species related to nitrogen removal 

via the nitrite pathway.  

The nitritation observed at low DO concentrations can be attributed to inhibition of the 

growth of NOB. The growth rate of AOB was much higher than of NOB at low DO 

concentrations less than 1.0 mg/L (Park and Noguera, 2004). The affinity between AOB 

and oxygen is lower than that between NOB and oxygen, which means fully nitrification 

can compete nitritation with high DO concentration in the bioreactors. Thus, the 

concentration reduction or even elimination of NOB occurred in low DO concentrations 

because the growth of NOB was dramatically reduced under low DO concentration 

conditions. 
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It was reported to nitrite accumulation can be affected by the pH and concentrations of free 

ammonia (FA) and free nitrous acid (FNA)  (Ma et al., 2015). The growth of NOB can be 

dramatically inhibited at FA concentrations ranging from 1 to 5 mg NH3-N/L (Abeling and 

Seyfried, 1992). However, when FA concentration was above 5 mg NH3-N/L, the vanish 

of the nitrite accumulation occurred, while the growth of NOB can overpass that of AOB. 

Anthonisen et al. (1976) reported the inhibition threshold of FNA on the growth of NOB 

was in the range from 0.06 to 0.83 mg HNO2-N/L (Anthonisen et al., 1976), while Vadivelu 

et al. (2007) illustrated that FNA at the concentration higher than 0.01 mg NHO2-N/L 

started to inhibit the growth of NOB (Vadivelu, Keller and Yuan, 2007). There was a 

negative relationship between FNA concentration, and PO43--P removal efficiency based 

on the results in this study. Researchers have demonstrated the inhibition of FNA on 

aerobic or anoxic P uptake and anaerobic P release. Saito, Brdjanovic and Van Loosdrecht 

(2004) reported the inhibition of aerobic P uptake under FNA concentration at 0.0005 mg 

HNO2-N/L. Zhou, Pijuan, and Yuan (2007) demonstrated the occurrence of inhibition 

effect on anoxic phosphorus uptake with the FNA concentration under 0.002 mg HNO2-

N/L. The anoxic phosphorus uptake was ceased at 0.02 mg HNO2-N/L (Zhou, Pijuan and 

Yuan, 2007).  
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Low DO concentration can affect the EPS production of sludge (Kim et al., 2006; Gao et 

al., 2011). In a DO concentration less than 0.1 mg/L, an increased concentration of EPS 

was observed in the biofilm membrane bioreactor. Fan et al. (2017) conducted a 100 days 

experiment in SBR with DO concentration at 1 mg/L for 45 days and DO concentration at 

0.5 mg/L for 55 days (Fan et al., 2017). Fan et al. (2017) illustrated the sudden rise of 

ammonium concentration in the effluent when DO concentration changed from 1 to 0.5 

mg/L, while gradual recovery of nitrification at low DO concentration was observed.  

Studies showed that under conditions of low DO concentration and nitrite accumulation, 

the release of N2O was observed during the removal of nitrogen. When the shortage of 

organic carbon for denitrification occurred, more than 20% of total nitrogen was converted 

to N2O (Itokawa, Hanaki and Matsuo, 2001). Under a low COD/N ratio, anoxic 

denitrification accounted for the most N2O production (Itokawa, Hanaki and Matsuo, 

2001).  

2.4 Continuous-flow SND and SNDPR process 

DPAOs are considered the dominant bacterial in the SNDPR process. The most successful 

cultivation of DPAOs was reported in SBR and non-continuous-fed bioreactors. SNDPR 

process was observed in continuous-feed systems, such as Dephanox, Modified Dephanox, 
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AOA, AOAO, A2O, UCT, and ENBRAS (Bortone et al., 1996; Chang and Ouyang, 2000; 

Vermande et al., 2002; Kapagiannidis, Zafiriadis and Aivasidis, 2011; Xu, Liu and Zhu, 

2011; Zeng et al., 2011). A summary of HRT, SRT, influent COD/N/P ratio, TN, and TP 

removal efficiencies are presented in Table 2.6. 

The Dephanox system is called the two-sludge process, which contains an anaerobic-

anoxic reactor and a nitrifying reactor (Marcelino et al., 2011). The nitrifiers are physically 

separated from PAOs/DPAOs and denitrifiers, which can favor the growth of 

PAOs/DPAOs and nitrifiers (Marcelino et al., 2011). In the anaerobic tank, DPAOs can 

uptake carbon sources with P release under anaerobic conditions. The DPAOs sludge and 

liquid are separated, while liquid flows into the aerobic tank and sludge flow to the anoxic 

tank. In the nitrification stage, ammonia was oxidized with the consumption of the majority 

of carbon sources. Nitrifiers were separated and recycled back to the aerobic tank. In the 

anoxic tank, DPAOs can uptake phosphorus via nitrite and nitrate to achieve the SNDPR 

process (Shoji, Satoh and Mino, 2003; Wang et al., 2004). The major advantage of the 

Dephanox process was the full use of carbon sources and energy saving due to fewer 

aeration requirements (Wang et al. 2004). The major disadvantage of conventional 
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Dephanox is the possible ammonia residue in effluent due to the insufficient nitrification 

process.  

Sorm et al. (1997) reported the maximum specific rates of phosphorus release under 

anaerobic conditions (PRRmax), phosphorus uptake under anoxic (PURmax,anox) and 

aerobic (PURmax, aerobic) conditions, and maximum specific denitrification rates 

(DRmax) at 12.3, 11.7, 16.9 mg P/(gVSS·h) and 23.7 mg N/(gVSS·h), respectively in the 

DEPHANOX process (Sorm et al., 1997). Compared to the anaerobic reactor, biomass 

PHA concentration decreased by 51% and carbohydrate concentration increased by 33% 

in the anoxic reactor (Zafiriadis et al., 2011). The P content in biomass was as high as 40.3 

mg P/g VSS with anoxic P uptake observed in the DEPHANOX process (Zafiriadis et al. 

2011). Microbial study through FISH technique indicated the existence of β- proteobacteria 

Candidatus Accumulibacter Phosphatis as PAOs in both Dephanox and modified 

Dephanox system with population ratios at 15.3 ± 6.3% and 15.5 ± 7.6%， respectively 

(Kapagiannidis, Zafiriadis and Aivasidis, 2011). 
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Table 2.6. Operational Parameters and Nutrient Removal Efficiencies in Continuous-fed Systems 

System HRT (h) SRT (d) Influent C/N/P TN Removal (%) TP Removal (%) Reference 

Modified Dephanox 15 10-12 326/69/6 81 83 (Kapagiannidis, Zafiriadis and 
Aivasidis, 2011) 

Modified Dephanox 6 12 304/37/5 76 95 (Kim et al., 2009) 

Modified A2O 9.31 15-20 178/74/5 75 98 (Zeng et al., 2011) 

UCT 24 10 750/75/26 78.2 48.8 (Vermande et al., 2002) 

Modified A2N 9 15 400/45/15 76.7 95.3 (Liu, Sun and Xia, 2008) 

AOA 8 20 300/50/4 90 99 (Liu et al., 2013) 
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Wang et al (2004) illustrated anoxic P removal in a continuous-flow A2N two sludge process 

(Dephanox). The average phosphorus removal efficiencies were 92.87%, 97.12%, and 73.61% 

with COD loading at 0.479, 0.704, and 1.018 kg/m3·d, respectively (Wang et al., 2004). As the 

COD loading rate increasing, the TN removal efficiencies increased from 80.99 to 92.99%. 

Furthermore, an optimum influent COD/TN ratio of 3.94 and 6.49 for anoxic P removal in the 

Dephanox system was presented by Wang et al. (2004). Liu et al (2013) demonstrated the SNDPR 

observed in a continuous anaerobic-aerobic-anoxic (AOA) process operated in low DO. The 

removal efficiencies of ammonia, TN, and P were 90%, 90%, and 99%, respectively.    

2.5 Conclusion and research focus 

The SND and SNDPR were reported in both SBRs under batch feeding mode and continuous-flow 

bioreactors. The SND could involve heterotrophic nitrification and aerobic denitrification 

simultaneously under aerobic conditions. DPAOs could achieve simultaneous nutrient removal via 

anoxic phosphorus removal via nitrite/nitrate as electron acceptors, which contributed to the 

SNDPR process.  

In Chapter 3, this study attempts to investigate the simultaneous nitrogen and phosphate removal 

in anoxic/aerobic conditions using simplified cyclic operation strategies to verify the SND concept 

in SBR bioreactors. In Chapter 4, key factors affecting the SNDPR performance were investigated. 

The study in Chapter 4 aims to achieve SNDPR by a simplified anaerobic/aerobic cyclic process 

and investigate the impact of key factors on the SNDPR performance. In the study described in 

Chapter 5, a continuous flow tubular anaerobic selector coupled bioreactor (TAnSBR) was 

developed to investigate the SNDPR in continuous flow systems. The study in Chapter 6 aims to 

figure out the essential factors affecting the SNDPR performance, such as C/N ratios and SRT in 
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two identical TAnSBRs. To improve the phosphorus removal performance and determine the key 

factors affecting the SNDPR performance in TAnSBR, various C/N/P ratios, and SRT were tested 

in the study. 

Next-generation sequencing (NGS) has been used for the identification of functional species in 

wastewater treatment areas due to its higher throughput and low costs to sequence millions of 

DNA simultaneously. In the wastewater treatment area, the functional species for nutrient removal 

are mixing groups of species. Sequencing by synthesis is widely used in the determination of 

functional species in activated sludge and AGS. In this thesis, the Illumina NGS method, one of 

sequencing by synthesis is used. In biological reactors, microbial species are complicated. Until 

now, there is no general agreement on the functional species of AGS and DPAOs. To figure out 

the target species, NGS is used to identify the change of microbial species proportion, whether 

DPAOs is a bacteria branch of PAOs or other unknown species, and to determine whether the 

designed biological reactor can favor the growth of nutrient removal bacteria, especially DPAOs 

and the formation of AGS. 
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3 Simultaneous Nitrogen and Phosphate Removal in SBR under 
Simplified Cyclic Operation and Intermittent Aeration 

3.1 Introduction 

Nowadays, simultaneous nitrification, denitrification, and phosphorus removal (SNDPR) attract 

more and more research interests. Typically, denitrifying phosphorus-accumulating organisms 

(DPAOs) can save 50% carbon sources and 30% energy in the SNDPR process (Kuba, M.C.M. 

Van Loosdrecht, et al., 1997; Lochmatter et al., 2009). Successful SNDPR process was reported 

in Anaerobic/Anoxic Membrane Bioreactors, Anaerobic/Anoxic/nitrifying SBR (A2N-SBR), 

DEPHANOX (Continuous-Flow) (Oldham and Comeau, 1988; Bortone et al., 1999; Li et al., 

2010). Among those bioreactors, the SBR configuration is the most frequently used for the SNDPR 

process. 

Many factors have been identified to be important to achieve SNDPR in SBR systems, which 

include SBR operation cycle composition and length, organic loading rates, DO concentrations, 

and sludge settling times. Some researchers reported that SNDPR was achieved in SBRs operated 

in the feast-famine regimes, which are typically characterized by cyclic times between 4 and 8 hr, 

organic loading rates of xx, and a feeding period around (Liu et al., 2015; Wei et al., 2015a).  

Studies (Blackburne, Yuan and Keller, 2008) showed that a DO concentration under 0.4 mg/L was 

necessary for nitrite accumulation in SBRs. A low DO concentration can favor the growth of AOB 

over NOB, due to the higher oxygen affinity of AOB than that of NOB (Ge et al., 2014). However, 

the application of low DO can result in low nitrogen removal efficiency because the accumulation 

of nitrite, especially the free nitrous acid (FNA), can inhibit microbial nitritation, nitrification, 

denitrification, phosphorus release, and uptake. Studies reported an inhibition threshold of FNA 

on the growth of NOB from 0.01 to 0.83 mg HNO2-N/L (Anthonisen et al., 1976; Vadivelu, Keller 
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and Yuan, 2007). Saito, Brdjanovic and Van Loosdrecht (2004) reported the inhibition of aerobic 

P uptake under FNA concentration at 0.0005 mg HNO2-N/L. Zhou, Pijuan, and Yuan (2007) 

demonstrated the occurrence of inhibition effect on anoxic phosphorus uptake with the FNA 

concentration under 0.002 mg HNO2-N/L. To alleviate the negative effect of an extended period 

of low DO operation, intermittent aeration was considered as an effective way to achieve SNDPR 

in SBRs (Yoo et al., 1999; Ge et al., 2014). Bournazou et al. (2013) demonstrated that the dominant 

AOB over NOB in SBRs with intermittent aeration because NOB was more sensitive to an anoxic 

disturbance than AOB (Bournazou et al., 2013). Besides, a short settling time is often applied to 

select fast settling sludge. Thus, to achieve the SNDPR, it is necessary to optimize the cycle length, 

the feeding strategies, and the distributions of anaerobic/aerobic times within the operation cycle. 

In this study, the main objective is to evaluate the SND/SNDPR performance in an SBR operated 

with an anaerobic/aerobic cycle under intermittent aeration conditions. Furthermore, the COD/N/P 

ratio of the wastewater was varied to investigate the effect of feed wastewater characteristics on 

the SNDPR performance of the SBR.    

3.2 Material and method 

3.2.1 Wastewater characteristics 

Synthetic wastewater that mimicked the medium-strength food processing wastewater was used in 

this study. The detailed compositions of the synthetic wastewater (WW) in Phase I are indicated 

below: 40.6 g of C2H3NaO2 as sole carbon source, 3.84 g of NH4Cl, 0.28 g of K2HPO4, 0.43 g of 

KH2PO4, 23.7  g of CaCl2·H2O, 4.01 g of MgSO4·7H2O were added into 20 L of tap water to make 

the synthetic wastewater have the COD, NH4+-N and PO43--P concentrations of 24.2 ± 10.5, 52.9 

± 5.9 and 8.9 ± 0.7 mg/L, respectively. All chemicals are supplied by Fisher Scientific, Canada. 
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Divalent metal ions can enhance the aggregation of bacteria cells through charge neutralization 

and cation bridge (Jiang et al., 2003; Gao, Liu, et al., 2011). Thus, to enhance the cell aggregation 

and improve the sludge settleability, the concentrations of Ca2+ and Mg2+ were 388.0 ± 10.8 mg/L 

and 40.5 ± 5.1 mg/L in Phase I.  

From Phase II to IV, yeast extract was used as carbon and nitrogen sources. Sodium acetate was 

replaced by acetic acid. From Phase II, the COD, NH4+-N, and PO43--P concentrations in the 

synthetic wastewater increased to 4000 mg/L, 140 mg/L, and 30 mg/L, respectively. To ensure 

stable pH and alkalinity supply, NaHCO3 was added to the synthetic wastewater from Phase II.  

Table 3.1 Characteristics of Wastewater (WW) 

Chemicals Unit Phase I Phase II Phase III Phase IV 

COD ~ HAc mg/L  1465 ± 33 1503 ± 19 1499 ± 29 

COD ~ NaAc mg/L 2415 ± 10.5    

COD ~ Yeast Extract mg/L  2460 ± 19.2 2401 ± 22.7 2369 ± 42.1 

NH4+-N mg/L 52.9 ± 5.9 135.5 ± 8.8 142.6 ± 4.9  144.5 ± 7.2 

Ca2+  mg/L 388.0 ± 10.8 152.4 ± 5.5 149 ± 11 145.2 ± 10.8 

Mg2+  mg/L 40.5 ± 5.1 24.1 ± 3.3 25.2 ± 4.1 25 ± 1.5 

PO43--P mg/L 8.9 ± 0.7 30 ± 2.5 28.7 ± 0.9  27.1 ± 3.5 

NaHCO3  mg/L  197.5 ± 7.2 294 ± 11 301 ± 10.9 

 *Ac: CH3COO- 

3.2.2 Experimental set-up and operation 

Fig. 3.1 shows a lab-scale SBR reactor, which was composed of a column reactor with a working 

volume of 3.6 L, an overhead analog mechanical stirrer (Cole-Parmer, Canada), a Marina 300 air 

pump (Marina), and a Masterflex L/S thermal scientific peristaltic pump (Cole-Parmer, Canada). 

The wastewater pump, air pump, and a Masterflex solenoid-operated Two-Way Pinch Valve 

(Cole-Parmer, Canada) were connected to timer plugs (GE, Canada) for cycle time control.  
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As shown in Fig. 3.1, the volume exchange ratio was controlled at 25% in this study. 0.9 L of 

synthetic wastewater was fed into the SBR by the Masterflex L/S thermal scientific peristaltic 

pump (Cole-Parmer, Canada) from the bottom of the reactor. The overhead analog mechanical 

stirrer (Cole-Parmer, Canada) was set at 150 rpm to ensure the wastewater and sludge were 

completely mixed. The airflow rate was controlled at 2.36 L/min by the Cole-Parmer Flowmeter 

(Cole-Parmer, Canada), which can provide a superficial air velocity at 0.01 m/s. DO and pH were 

monitored every two days using Oakton DO and pH meter (Okaton, Canada). The DO 

concentration in the SBR was as high as 8.0 mg/L during aeration in each Phase. The solid 

retention time (SRT) was 18 days. The temperature of the SBR reactor was the same as the ambient 

temperature in the lab between 19 and 23 ℃.  

 

Fig. 3.1 The schematic diagram of the SBR reactor 

The SBR reactor was seeded by aerobic sludge taken from the secondary settler in the Guelph 

Wastewater Treatment Plant (WWTP). The initial mixed liquor suspended solids (MLSS) 
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concentration was approximately 2,000 mg/L. Each day, 200 ml MLSS was discharged from the 

SBR. All the operation conditions were listed in Table 3.2.  

Table 3.2 Operational conditions of the SBR  

Operation Condition Phase I Phase II Phase III Phase IV 

Duration (Days) 1~19 20~64 65~80 81~140 

SRT (Days) 2 18 18 18 

HRT (hr) 48 48 48 40 

OLR (kg COD/(m3·d) 1.2 2 2 2.4 

DO (mg/L) 8.0 8.0 8.0 8.0 

The SBR system was operated in 140 days, involving 4 phases experiment. In Phase I to III, two 

cycles per day were fulfilled with a cycle time of 12 hr via a batch feeding mode. In Phase I, there 

was no waste of sludge, which can be treated as an acclimation period in this study. In each cycle, 

it consisted of 5 mins feeding period, 120 mins anaerobic period, 580 mins aerobic period, 5 mins 

settling period, and 10 min effluent discharge period. In Phase I to III, the main objective is to 

investigate the nutrient removal pathways and efficiencies in A/O SBR. For the selection of sludge 

with excellent settleability, the settling time decreased from 5 to 2 mins with the other cycle 

arrangements unchanged. 

In Phase IV, an intermittent aeration process was utilized with a cycle time of 10 hr. The HRT was 

40 hr. In each cycle, the first 120 mins were under anaerobic conditions. Three 30 mins intermittent 

aeration periods followed by 90 mins anaerobic periods were conducted. After the last 90 mins 

aerobic period, the system went through setting, discharge, and idle periods, which was 30 mins 

in total.  
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3.2.3 Cycle tests 

When the system was stabilized, one cycle test in each phase was conducted to investigate the 

change of COD and nutrient concentrations in one cycle period. During one cycle, 50 ml of mixed 

liquor sample was taken through the effluent outlet every 30 mins; and once the anaerobic or 

aerobic period ended, 50 ml of the mixed liquor from the SBR was collected immediately. The 

sample was filtered using 1.5 μm Whatman Qualitative filter paper (GF/F. Whatman, USA) for 

MLSS measurement. The 1.5 μm filtrate was filtered using 0.22 μm nylon syringe filters 

(GF/F.Whatman, USA) for COD, NH4+-N, NO3--N, NO2--N, TN, PO43--P, and pH measurements. 

3.2.4 Analytical methods 

The synthetic wastewater, effluent, and samples from cycle tests were filtered through 0.22 μm 

nylon syringe filters (GF/F. Whatman, USA). The filtrate was collected for chemical analysis. To 

ensure reliability and trust in the results, duplicate or even triplicate testing was conducted. COD, 

NH4+-N, NO3--N, NO2--N, TN, PO43--P, and TP was measured using HACH test kits according to 

the APHA Standard Methods (Rice, Baird and Eaton, 2017). MLSS, MLVSS, and SVI were 

measured via the APHA Standard Methods (Rice, Baird, and Eaton, 2017). The carbohydrate 

contents in the filtrate were measured by the phenol-sulfuric acid method with glucose as the 

standard (Dubois et al., 1956). Protein was measured via the colorimetric spectroscopic methods 

with a HACH DR5000 spectrophotometer (Frolund, Griebe and Nielsen, 1995). DO and pH were 

monitored every two days using Oakton DO and pH meter (Okaton, Canada). 

Nitrite accumulation rate (NAR) was calculated as below (Lv et al., 2016): 

!"#	(%) = 	 ["#!"$"]
&"#!"$"'(["##"$"]

                                 Eq. 3.1                                                    
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In Eq. 3.1, [NO2--N] and [NO3--N] are the nitrite and nitrate concentrations in the effluent. The 

free nitrous acid (FNA) concentration was calculated by Eq. 3.2 (Miao et al., 2018): 

)!" = ["#!"$"]
)$∙+,%&

								*- = +$./,,/(.2/(3)                        Eq. 3.2    

3.3 Results 

3.3.1 COD removal from Phase I to IV 

This study involved 4 phases of operation periods. Overall, the COD concentration in the effluent 

fluctuated in the range of 25 to 130 mg/L with an average COD removal efficiency of 95.0 ± 2.1%. 

In Phase I (1 ~ 19 Day), the carbon source was sodium acetate. The COD concentration in the 

synthetic wastewater was 2415 ± 10.5 mg/L. The organic loading rate (OLR) was 1.2 kg/(m3·d). 

There was no sludge waste in this phase, which was considered a transition period for the 

acclimation of seed sludge to the new environment. As shown in Fig. 3.2, the effluent COD 

concentration in Phase I was 70.8 ± 30.6 mg/L. The COD removal efficiency is 97.0 ± 2.0%, which 

illustrated an active microbial environment. At the end of Phase I, MLSS in the SBR reactor 

increased to 4683 ± 23.5 mg/L.  

In Phase II (20 ~ 64 Day), the influent COD concentration increased to 3925 ± 52.5 mg/L with an 

organic loading rate at 2 kg/(m3·d). The effluent COD concentration was 95.8 ± 22.8 mg/L with 

COD removal efficiency at 96.0 ± 1.0%. In Phase II, yeast extract was used as carbon and nitrogen 

sources, which was beneficial to the growth of bacteria. Thus, despite an increase of COD, the 

COD removal performance was still excellent and MLSS in the SBR reactor kept increasing to 

5500 ± 44.5 mg/L.  
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From Phase III (65 ~ 80 Day), the NaHCO3 concentration increased to 294 ± 11 mg/L. Phase III 

was treated as a transition period to Phase IV during which the SBR reactor was operated under 

intermittent aeration. In Phase III, the COD concentration was 76.4 ± 19.6 mg/L with a COD 

removal efficiency of 97.0 ± 1.0%.  

In Phase IV (81 ~ 140 Day), the COD concentration in the wastewater was 3868 ± 71.1 mg/L. The 

OLR increased to 2.4 kg/(m3·d). From 105th to 120th day in Phase IV, the aeration and mixing 

issues occurred due to the block of aeration stones, which subsequently led to the system being 

unsteady with an increase of effluent COD to 124 mg/L on the 116th day. As this issue was fixed, 

the effluent COD concentration in Phase IV decreased to 59.2 ± 6.94 mg/L in one week.  

 

Fig. 3.2 Long-term COD concentration in the effluent 

3.3.2 Biological nitrogen removal from Phase I to IV 

Fig. 3.3 showed the NH4+-N removal performance from Phase I to Phase IV. In Phase I, the influent 

NH4+-N concentration was 49.2 ± 5.9 mg/L. The NH4+-N concentration in the effluent was 

consistently below 0.1 mg/L with an NH4+-N removal efficiency higher than 99%. In Phase II, the 

NH4+-N concentration in the influent increased to 140 mg/L while the OLR increased to 2 
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kg/(m3·d). Due to the addition of yeast extract, the total nitrogen increased to 345.8 ± 17.8 mg/L 

in Phase II. The change of nitrogen loading in Phase II caused the effluent NH4+-N concentration 

to sharply increased to 145 mg/L at the beginning of Phase II.  

As shown in Fig. 3.3, the concentration of NH4+-N in the effluent gradually decreased and reached 

11 mg/L at the end of Phase II, which demonstrated the sludge had adapted to the increased 

nitrogen loading. Meanwhile, the MLSS concentration increased to 7573.3 mg/L, containing more 

nitrifiers in Phase II. Phase III was a transition period. The influent NH4+-N concentration was 

kept the same as that in Phase II. The NH4+-N concentration in the effluent decreased from 5.77 

mg/L on the 67th day to 0.82 mg/L on the 80th day before the start-up of the Phase IV experiment. 

Intermittent aeration was used in Phase IV, while the NH4+-N concentration in the effluent was 

0.65 ± 1.65 mg/L with an NH4+-N removal efficiency of 99.2 ± 0.5%.  

 

Fig. 3.3 Long-term nitrogen concentration in the effluent 

The variation of NO2--N, NO3--N, and TN concentrations in effluent from Phase I to IV was 

showed in Fig. 3.3. In Phase I, no significant nitrite accumulation was observed. Based on Eq. 3.1, 

the NAR was 10 ± 2.3% on average in Phase I. In comparison to results in Phase I, accumulation 
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of NO2--N occurred in phase II with the concentrations of NO3--N and NO2--N observed to be 8.8 

± 3.4 and 31.6 ± 11.5 mg/L, respectively. The addition of yeast extract caused much higher total 

nitrogen loading in Phase II, which resulted in a lower total nitrogen removal efficiency of 79.7 ± 

0.7% than that in Phase I. The NAR was 78.3 ± 2.3%, which indicated the existence of the 

nitritation process in Phase II. 

In Phase III, the influent NH4+-N concentration was kept the same as that in Phase II. However, 

the NO2--N, NO3--N concentrations in the effluent decreased. The nitrogen removal efficiency was 

above 90% at the end of Phase III. The NAR was 78.1%.  The results indicated the enhancement 

of aerobic nitritation in Phase III.  

In Phase IV, the SBR system was operated under intermittent aeration. The NO3--N and NO2--N 

decreased and stabilized at 3.5 ± 1.2 and 15.9 ± 10.0 mg/L, respectively, with the NAR at 81.8%. 

The relatively high NAR indicated the dominance of the partial nitrification process in Phase IV. 

In Phase IV, the total nitrogen removal efficiency was 89.2 ± 2.4%. Based on the results, partial 

nitrification (nitritation) surpassed complete nitrification in Phase IV, which might favor the 

aerobic denitrification process in the system.  

3.3.3 Biological phosphorus removal from Phase I to IV 

Biological phosphorus removal was observed in this study as shown in Fig. 3.4. In Phase I, the 

PO43--P concentration in the effluent was 2.4 ± 0.7 mg/L, while 8.9 ± 0.7 mg/L in the synthetic 

wastewater. The PO43--P removal efficiency was 75.6 ± 6.6% on average in Phase I. In Phase II, 

the PO43--P concentration in the synthetic wastewater increased to 30 ± 2.5 mg/L. The phosphorus 

removal efficiency gradually decreased with time in Phase II and reduced to 12.5% on the 55th 

day. From 55th to 65th days, the recovery of phosphorus removal was observed with an increase of 
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phosphorus removal efficiency from 12.5% to 47.5% at the end of Phase II. In Phase III, the 

phosphorus concentration in the effluent was 10.0 ± 3.4 mg/L with a phosphorus removal 

efficiency of 58.3 ± 14.2%. Due to the application of intermittent aeration in Phase IV, the 

concentration of PO43--P in the effluent declined. From the 112th day to the end of Phase IV, the 

PO43--P removal efficiency reached above 99%.  

 

Fig. 3.4 Long-term PO43--P concentration in the effluent 

 

3.3.4 SVI results in Phase IV 

From the 112th day in Phase IV, the SBR system performance was stabilized until the end of this 

study. To evaluate the settleability of sludge in Phase IV, the SVI was measured In Phase IV.  The 

MLSS concentration was approximately 6000 mg/L in Phase IV. Moreover, a settling time of 2 

mins was applied throughout the Phase IV experiment for the selection of sludge with excellent 

settleability.  
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To evaluate the settleability of biomass in the system at a series of MLSS concentrations, 500 ml 

of MLSS in Phase IV was collected from the SBR. Once the sludge settled down, certain amounts 

of water were removed to get samples at concentrations of 20,000, 12,000, and 8,000 mg/L. 

Moreover, MLSS concentration at 2,000 mg/L was achieved after dilution.  

 
Fig. 3.5 SVI of Sludge in the System 

The SVI value of the sludge ranged between 79 and 83 ml/g at the MLSS concentration of 6,000 

mg/L, which indicated excellent settleability of the sludge. Fig. 3.5 showed the relationship 

between SVI and the concentration of sludge in Phase IV with the R2 of 0.8466. Short settling time 

was considered one of the main hydraulic selection pressure on aerobic granulation. The majority 

of non-flocculating bacteria with poor settleability was washed out. McSwain, Irvine and Wilderer 

(2004) reported an SVI of 47 ml/g at a settling time of 2 mins. In this study, the SVI was 40 mL/g 

when MLSS concentration was 20,000 mg/L (McSwain, Irvine and Wilderer, 2004). The results 

indicated excellent settleability of sludge even at extremely high sludge concentrations. Moreover, 

a short settling time in this study tended to produce a more granular type of sludge particles, instead 

of a light, fluffy type.  
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3.3.5 Cycle test 

Since Phase I and III were treated as transition periods in this study, cycle tests were only 

conducted in Phase II and IV. In each cycle test, a series of COD, NH4+-N, NO3--N, NO2--N, and 

PO43--P concentrations were measured through the operation cycle.  

3.3.5.1 Cyclic test in Phase II 

In Phase II, the operation cycle included 2 hrs of the anaerobic period and 10 hrs of the aerobic 

period. Fig. 3.6 (a) showed the change in COD and phosphorus concentrations through the cycle 

test. The residual COD and PO43--P concentrations from the previous cycle were 106 and 10.4 

mg/L, respectively. After the addition of synthetic wastewater, the COD and PO43--P 

concentrations in the reactor increased to 1074 and 25.6 mg/L, respectively. A COD reduction 

from 1074 mg/L to 999 mg/L was observed in 0.5 hr, and then slightly increased to 1033 mg/L 

between 0.5 hr to 1 hr and decreased again to 1006 mg/L from 1 to 1.5 hr. A relatively sharp 

reduction in COD concentration from 1006 mg/L to 890 mg/L was observed in the last 0.5 hr 

anaerobic time. Similar to the COD concentration change, the PO43--P concentration was relatively 

stable over the 0.5 to 1.5 hr anaerobic period, but an evident increase was observed in the last 0.5 

hr of the anaerobic stage. The increase in the PO43--P concentration and reduction in the COD 

concentration were related to the anaerobic P release by PAOs.  

Overall, during the 2 hrs anaerobic period, the COD concentration declined 1074 to 890 mg/L, 

while there was a rise of phosphorus concentration from 25.6 to 30 mg/L. At the end of the 2 hrs 

anaerobic period, the MLSS was measured as 5316.7 mg/L. Based on the phosphorus change and 

MLSS concentration, the anaerobic PO43--P release ratio was calculated as 0.41 mg PO43--

P/MLSS/hr, which was lower than previous results reported (3.11 ~ 4.38 PO43--P/MLSS/hr) (Akin 
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and Ugurlu, 2004). The pH in the 2 hrs anaerobic period was in the range of 5.20 and 5.83, which 

caused FNA concentration ranging from 0.06 to 0.43 mg HNO2-N/L. It subsequently inhibited the 

anaerobic phosphorus release and denitrification rate in the 2 hrs anaerobic period.  
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        (a)                                                                                                         (b)                         
 

 
(c) 

 
Fig. 3.6 Cycle test results in Phase II (a) cyclic COD and PO43--P concentrations (b) cyclic nitrogen concentrations (c) cyclic pH  



 

 

 
 

68 

A significant COD and PO43--P concentrations reduction was observed immediately after the 

aeration started. From 2 to 6 hr (4 hrs aeration), the COD removal efficiency was 91.2% with a 

COD concentration reduction from 890 to 78 mg/L. The PO43--P concentration decreased from 30 

to 8 mg/L. From 6 to 12 hr, the COD concentration was stable, while only 0.05 mg/L of PO43--P 

was removed. It illustrated that COD and phosphorus removal mainly happened in the first 4 hr 

aeration period. Overall, 22.05 mg/L aerobic phosphorus uptake and 4.4 mg/L anaerobic 

phosphorus release were observed in the cycle test, which indicated the P uptake/P release ratio 

was 5.0 in Phase II. 

As shown in Fig. 3.6(b), the residual NO2--N and NO3--N concentrations were 32.4 and 10.4 mg/L 

before the addition of synthetic wastewater, respectively. Due to the dilution effect, the addition 

of synthetic wastewater caused a reduction of NO2--N and NO3--N concentrations to 26.8 and 9.05 

mg/L, respectively. Within 2 hr anaerobic period, the NO2--N and NO3--N concentrations 

decreased to 17 mg/L and 5.21 mg/L, respectively.  

As aeration started, the NO2--N and NO3--N concentrations were reduced to 0.5 and 0.6 mg/L in 

30 mins. From 2 to 2.5 hr, the nitrite/nitrate removal contributed to the TN concentration reduction. 

Moreover, the nitrite/nitrate removal under aerobic conditions indicated the aerobic denitrification 

occurred in the system. From 2.5 to 3.5 hr, TN concentration decreased to 119 mg/L with a slight 

rise of ammonia and nitrite/nitrate concentrations, which indicated organic nitrogen from the yeast 

extract was the major contributor to the TN concentration reduction. From 3.5 to 9 hr, the NH4+-

N concentration decreased from 99.6 to 68.1mg/L. Nitrite concentration increased by 29.84 mg/L 

from 0.6 to 30.44mg/L, while nitrate increased from 0.507 to 8.69 mg/L from 3.5 to 9 hr. Based 

on the nitrogen balance shown above, aerobic nitrification dominated from 3.5 to 9 hr, and the 
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reduction of TN and NH4+-N concentration converted into the nitrogen forms of nitrite and nitrate. 

From 9 to 12 hr, no significant changes in nitrogen concentrations occurred. The SND efficiency 

(ESND, %) was calculated via Eq. 3.3. 

!!"# = #$ − ["%!"&"]#$%&'($)
[("]#$)*+,'-(

& × $((%                              Eq. 3.3 

Where [NO)& − N]*+,-./+0  was the concentrations of NO2--N and NO3--N in the 

effluent;	[TN]*+0123.4/ was the reduction of total nitrogen. In the cycle test, the overall ESND was 

77.9%, which suggested the occurrence of simultaneous nitrification and denitrification (SND).  

The sharper decrease of PO43--P concentration from 30 to 15 mg/L and aerobic nitrite/nitrate 

removal in the first 0.5 hr after aeration demonstrated the phosphorus removal mechanism includes 

aerobic phosphorus uptake by PAOs and the phosphorus removal pathway via nitrite/nitrate as 

electron acceptors. From 3.5 to 6 hr, no nitrogen was involved in the phosphorus removal process 

based on the nitrogen balance in this period, which demonstrated the phosphorus removal mainly 

caused by aerobic phosphorus uptake. From 6 to 12 hr in the cycle experiment, the accumulation 

of NO3--N and NO2--N occurred without phosphorus removal. Thus, it can be concluded that the 

phosphorus removal mechanism in Phase II consisted of both aerobic P uptake and phosphorus 

removal via the nitrite/nitrate pathway.  

3.3.6 Cyclic experiment results in Phase IV 

Fig. 3.7(a) showed the change in the COD and phosphorus concentration over an operation cycle 

on the 113th day in Phase IV. In the first 2 hr anaerobic period, evident anaerobic phosphorus 

release and consumption of COD were observed. The phosphorus concentration in the first 2 hr 

anaerobic period increased from 7.84 to 11.95 mg/L. Moreover, the pH in the first 2 hr anaerobic 
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period was from 6.9 to 7.1. With the dissipation of NO2--N and NO3--N, the effect of FNA on 

anaerobic P release was weakened.  The MLSS was 4529.0 mg/L in the system. Thus, the unit 

sludge anaerobic P release rate was 0.45 mg PO43--P/g MLSS/hr. Moreover, the TN decreased 

from 106.6 mg/L to 57.2 mg/L; while the NO2--N and NO3--N concentrations decreased from 13.2 

to 0.2 mg/L and 3.2 to 0.325 mg/L in this period, respectively. The results illustrated the excellent 

anaerobic denitrification of the SBR in Phase IV.  

In the first 0.5 hr after aeration, the phosphorus concentration decreased from 12.0 to 7.8 mg/L 

corresponding to a phosphorus uptake rate (PUR) of 2.07 mg P/g MLSS/hr, while the NO2--N and 

NO3--N concentrations increased to 18.2 and 5.0 mg/L. However, only 3 mg/L of NH4+-N was 

oxidized in the first 0.5 hr aeration. The result in this study proved that organic nitrogen sources 

in yeast extract contributed to aerobic nitrification. From 2.5 to 4 hr, anoxic phosphorus uptake 

was observed with a reduction of phosphorus concentration from 7.82 to 7.53 mg/L, while the 

NO2--N and NO3--N concentrations decreased to 16.8 and 4.1 mg/L, respectively.  

From 4 to 4.5 hr under aeration, 9.1 mg/L of NH4+-N was oxidized with only 1.2 mg/L nitrate and 

2.7 mg/L nitrites accumulated. The consumed nitrogen in this period suggested the occurrence of 

aerobic denitrification. In the aerobic periods from 4 to 4.5 hr and 6 to 6.5 hr, NH4+-N 

concentrations reduced from 26.4 to 17.3 mg/L and 15.1 to 8.2 mg/L, respectively. However, in 

these two aerobic periods, the NO2--N and NO3--N concentrations did not increase as much as the 

reduction of NH4+-N concentrations. This result indicated the occurrence of SND and P removal 

pathways via the nitrite/nitrate pathway. 
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                                                (a)                                                                                                             (b) 

                                                 
                                        (c) 

Fig. 3.7 Cycle test results in Phase IV (a) cyclic COD and PO43--P concentrations (b) cyclic nitrogen concentrations (c) cyclic pH
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In the last aerobic period, especially after the dissipation of NH4+-N, the NO2--N and NO3--N 

concentrations changed from 16 to 13.7 mg/L and 3.8 to 3.9 mg/L, respectively. Between 8.5 to 

10 hr, the phosphorus uptake and nitrite concentration reduction were observed simultaneously 

under the aerobic period. This result demonstrated NO2--N contributed mainly to the P removal. 

At the end of the cyclic test, TN, NH4+-N, NO2--N, and NO3--N concentrations were 17, 0.2, 13.7, 

and 3.9 mg/L, respectively.  

Based on the cycle test results in Phase IV, the coexistence of the aerobic P uptake and phosphorus 

removal via nitrite/nitrate pathway was confirmed in the system. Moreover, aerobic denitrification 

was observed from the nitrite and nitrate concentration reduction under intermittent aeration 

conditions in Phase IV. 

3.4 Discussion 

3.4.1 Effect of FNA on AOB/NOB 

The effect of FNA on nitrification and nitritation was also reported. However, previous studies 

reported a wide range of inhibitory threshold levels on AOB, ranging from 0.42 to 1.72 mg HNO2-

N/L (Anthonisen et al., 1976; Hellinga, Van Loosdrecht and Heijnen, 1999; Tan et al., 2008; Torà 

et al., 2010). The difference in the microbial community could be a possible explanation for the 

contrasting FNA inhibition effects. In the Phase II experiment, there was no material NH4+-N 

oxidation observed within the aerobic period. In the Phase II experiment, it took 10 hr to reduce 

NH4+-N from 99.6 to 68.1 mg/L with FNA concentration at 0.0012 mg HNO2-N/L. In Phase IV, 

the FNA concentration was 0.0007 mg HNO2-N/L resulting in slow oxidation of NH4+-N. In this 

study, the FNA concentration was much lower than the reported inhibitory threshold levels on 

AOB; however, the inhibition of ammonia oxidation was observed.  
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Moreover, the inhibitory threshold of FNA on NOB activity was much lower than that on AOB, 

ranging from 0.011~0.07 mg HNO2-N/L, while the NOB activity was ceased with FNA 

concentration at 0.026 ~ 0.22 mg HNO2-N/L (Anthonisen et al., 1976; Vadivelu et al., 2006; 

Zhang, Yang and Furukawa, 2010), which indicated that NOB is more sensitive to the FNA than 

AOB. Ge et al. (2014) showed a stable nitritation was achieved at an FNA concentration of 0.0004 

~ 0.001 mg HNO2-N/L, which was far below the inhibitory threshold. In the study reported by Ge 

et al. (2014). The FNA concentration in this study was much lower than the inhibitory threshold, 

which is similar to those reported by Ge et al. (2014).  

In Phase IV, an intermittent aeration process was applied, which achieved stable nitritation and 

dissipation of ammonia. The use of intermittent aeration is an effective method to accomplish 

nitritation in SBRs. Intermittent aeration significantly contributed to the dominant AOB over NOB 

in SBR treating slaughterhouse wastewater (Ge et al., 2014).  

3.4.2 Nitrogen removal pathways 

In this study, nitrite and nitrate removal under aerobic conditions was observed in Phases II and 

IV. The results suggested the occurrence of aerobic denitrification in the system. In the Phase II 

experiment, a higher phosphorus uptake rate was observed with the nitrite/nitrate removal under 

aerobic conditions. It indicated the nitrite and nitrate played roles in phosphorus removal. In Phase 

IV, anoxic phosphorus uptake was observed, which also demonstrated the nitrite and nitrate were 

involved in the phosphorus removal.  

In Phase II, the pH in the system was 7.2 ± 0.5. Based on the optimum pH ranges for AOB and 

NOB, the pH condition in the Phase II experiment could favor the growth of AOB over NOB. 

Moreover, the NH4+-N concentration in Phase II was increased to 135.5 ± 8.8 mg/L, which could 
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result in a higher FA concentration according to the ammonium acid-base equilibrium relation. It 

was reported that free ammonia (FA) inhibited the activity of nitrite oxidoreductase at the 

membrane of NOBs, which caused the inhibition effect of FA on NOB activities but no effect on 

AOB (Yang and Alleman, 1992). Also, an intracellular proton donated by HNO2 as an uncoupler 

can interfere with the transmembrane pH gradient for ATP synthesis, which can inhibit the NOB 

activities. It was reported that AOB prefers alkaline conditions with an optimum pH range of 7.5 

~ 8.5, while NOB prefers acidic conditions with an optimum pH range of 6.5 ~ 7.0, under which 

the concentration of FA and the deprotonation of HNO2 can be minimized (Peng and Zhu, 2006; 

Tokutomi et al., 2006). In this study, the effluent was collected at the end of the aerobic period 

from the SBR reactor. Based on the TN removal efficiency and ESND results, it could confirm that 

nitrogen was mainly removed under aeration from Phase I to IV, which also suggested the 

occurrence of aerobic denitrification in this study.  

In Phase IV, the SBR system was operated under intermittent aeration. It was reported that 

intermittent aeration can promote the growth of AOB over NOB (Ge et al., 2014). Ge et al. (2014) 

conducted an experiment based on the modified UCT step feed process with DO in the range of 

0.3 and 2 mg/L. Significant nitrite accumulation was observed with NAR at 81.5 ± 9.2% (Ge et al. 

2014). Moreover, in the study conducted by Ge et al (2014), the concentration of AOB increased, 

while NOB decreased compared to the seed sludge (Ge et al. 2014). Furthermore, the dominance 

of AOB over NOB was reported in A/O and A/A/O processes (Ma et al., 2009; Zeng et al., 2010). 

The main reason was the higher oxygen affinity of AOB than that of NOB (Ma et al., 2009; Zeng 

et al., 2010). In Phase IV, the NAR was 81.8%. The relatively high NAR indicated the dominance 

of the partial nitrification process in Phase IV.  
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In this study, denitrification was observed with simultaneous phosphorus removal, which was 

accomplished by DPAOs. Thus, DPAO via nitrite was considered as a more COD and energy-

saving nitrogen removal pathway. As discussed above, in Phase II and Phase IV, stable nitrite 

accumulation and aerobic denitrification were achieved. Moreover, Ma et al. (2009) revealed a 

positive relationship between the nitrite accumulation rate and the TN removal efficiency. 

Intermittent aeration was considered an effective way to achieve stable nitrite accumulation in 

SBRs (Yoo et al., 1999; Ge et al., 2014), which was consistent with findings in Phase IV. In 

conclusion, nitrogen removal mechanisms in this study involved conventional nitrification-

denitrification and aerobic denitrification.  

3.4.3 Phosphorus removal pathways 

In this study, phosphorus uptake and nitrite concentration reduction were observed simultaneously 

under aerobic conditions based on the cyclic test results in Phases II and IV. In the cycle test of 

Phase II, the phosphorus uptake rates were 5.5 mg P/g MLSS/hr from 2 to 2.5 hr, 0.7 mg P/g 

MLSS/hr from 2.5 to 3.5 hr, 0.2 mg P/g MLSS/hr from 3.5 to 6 hr, and nearly 0 mg P/g MLSS/hr 

from 6 to 12 hr, respectively. The majority of phosphorus uptake happened in the first 1.5 hr 

aerobic period. In this period, despite the consumption of total nitrogen, there was no significant 

NOX--N accumulation observed in the system. Moreover, from 6 to 12 hr, the phosphorus uptake 

ceased. Moreover, the phosphorus uptake rate (PUR) in Phase II was much lower than the 

maximum aerobic PUR using oxygen at 9 ~ 24 mg/L as shown in Table 3.3 (Saito, Brdjanovic and 

Van Loosdrecht, 2004; Zhou, Pijuan and Yuan, 2007). Aerobic phosphorus uptake with a reduction 

of NO2--N and NO3--N was observed. It indicated that some species could uptake phosphorus using 

nitrite and nitrate as electron acceptors in the system.    
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In Phase IV, an anaerobic phosphorus release rate of 0.5 mg P/g MLSS/hr was observed. During 

the first 0.5 hr aerobic period, the PUR was 2.1 mg P/g MLSS/hr. From 2.5 to 4 hr, anoxic 

phosphorus uptake was observed with a reduction of the NO2--N and NO3--N concentrations. The 

results suggested the occurrence of the phosphorus removal pathway via nitrite as the electron 

acceptor. Moreover, there was a lower PUR from 2.5 to 4 hr than that from 2 to 2.5 hr. It could be 

concluded that phosphorus removal in this study relied on aerobic phosphorus uptake and anoxic 

phosphorus uptake. Between 8.5 to 10 hr, the phosphorus uptake and nitrite concentration 

reduction were observed simultaneously under the aerobic period. In conclusion, aerobic and 

anoxic phosphorus uptake using oxygen and nitrite as electron acceptors coexisted in this study. 

3.4.4 Effect of FNA on aerobic/anoxic P uptake 

In this study, the phosphorus removal efficiency deteriorated from 86.9% to 12.5% during the 

period from 22nd to 55th day in Phase II. This could be related to the accumulation of FNA in the 

system caused by a relatively low pH. During this period, the pH in the system was around 6.9, 

which could result in an FNA concentration at 0.012 mg/L. From 55th day to the end of Phase II, 

the pH was stabilized between 7.2 and 7.3, which caused the FNA concentration to decrease to 

0.004 mg HNO2-N/L and an increase in P removal efficiency from 12.5% to 43.2%. The pH in 

Phase IV varied from 7.4 to 7.9 with low FNA concentrations ranging from 0.0012 to 0.0019 mg/L. 

It indicated a negative relationship between FNA concentration and PO43--P removal efficiency 

based on the results in this study.  

Researchers have demonstrated the inhibition of FNA on aerobic or anoxic P uptake and anaerobic 

P release. Saito, Brdjanovic and Van Loosdrecht (2004) reported the inhibition of aerobic P uptake 

under FNA concentration at 0.0005 mg HNO2-N/L. Zhou, Pijuan, and Yuan (2007) demonstrated 
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the occurrence of inhibition effect on anoxic phosphorus uptake with the FNA concentration under 

0.002 mg HNO2-N/L. The anoxic phosphorus uptake was ceased at 0.02 mg HNO2-N/L (Zhou, 

Pijuan and Yuan, 2007). Meinhold, Arnold, and Isaacs (1999) conducted that nitrite concentration 

above 8 mg NO2--N/L can inhibit the anoxic phosphorus uptake by EBPR sludge under 

anaerobic/anoxic conditions with pH at 7.0 ± 0.1 (Meinhold, Arnold and Isaacs, 1999).  Moreover, 

some research claimed that the aerobic P uptake was inhibited by 50% at the same FNA 

concentration reported by Saito, Brdjanovic and Van Loosdrecht (2004) (Saito, Brdjanovic and 

Van Loosdrecht, 2004; Pijuan, Ye and Yuan, 2010). Table 3.3 shows the effect of FNA on the 

aerobic/anoxic phosphate uptake reported by previous and this studies. From Table 3.3, the aerobic 

PUR in this study was lower than the previous results. However, the inhibition of FNA on 

phosphate uptake was observed. The possible explanation of the low phosphate uptake rate in this 

study was the high concentration of FNA in anaerobic periods, which strongly inhibits the 

anaerobic P release. It subsequently reduced the PAO activity on the P uptake. Based on the 

comparison, aerobic PUR in this study was close to the results reported by Saito, Brdjanovic and 

Van Loosdrecht (2004).  
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Table 3.3 Inhibition of FNA on Aerobic/Anoxic P uptake 

 Type of Sludge SBR Cycle Configuration pH FNA 

(mg HNO2-N/L) 

Aerobic PUR 

(mg P/g MLSS/h) 

Anoxic PUR 

(mg P/g MLSS/h) 

    0 24 ~ 

    0.0005 2.4 ~ 

(Saito, Brdjanovic and 

Van Loosdrecht, 2004) 

Floccular Anaerobic/Anoxic/Aerobic 7 >0.0015 <0.58 ~ 

    0.0008 ~ 0.0026 ~ 10 

    0.003 ~ 7 

    0 9 ~ 

(Yoshida et al., 2006)  Floccular Anaerobic/Aerobic 7 0.0008 6 ~ 

    0.0013 4 ~ 

    0 21.6 ~ 

    0 ~ 10.8 

    0.01 0 ~ 

    0.005 ~ 0 

(Zhou, Pijuan and Yuan, 

2007) 

   0.001 ~ 1.7 

    0.005 ~ 0.8 

    0.02 ~ 0 

    0.0007 ~ 0.01 ~ Strongly Inhibited 

    0.01 ~ 1.2 

    0.037 ~ 0 

   7.5 0.003 9.58 ~ 

   7 0.00213 10.88 ~ 

 

(Zeng et al., 2014) 

Floccular Anaerobic/Aerobic 7 0 6.04 ~ 

   7 0.00047 3.42 ~ 

   7 0.00118 1.67 ~ 

This Study (Phase II) Floccular Anoxic/Aerobic 7.8 0.00015 1 ~ 

This Study (Phase IV) Floccular Intermittent Anoxic/Aerobic 7.5 0.0007 0.81 ~ 
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3.5 Conclusions 

The objective of this study was to investigate the SND and aerobic/anoxic phosphorus removal 

pathway via nitrite/nitrate as electron acceptors in an A/O SBR reactor under a simplified cyclic 

operation. Based on the results obtained from the long-term operation of the A/O SBR studied, 

aerobic denitrification and phosphorus uptake with reduction of nitrite were observed. In phase 

IV, successful SNDPR was observed with excellent TN, NH4+-N, PO43--P, and COD removal 

efficiency of 84.8%, 99.6%, 99.0%, and 97.5%, respectively. In Phase IV, alternative anaerobic 

and aerobic operations can favor the growth of AOB over NOB. Moreover, the FNA inhibition on 

NOB caused high nitrite accumulation, which made anoxic PO43--P removal using nitrite as 

electron acceptors. Due to the much lower inhibitory threshold on NOB than AOB, pH control 

played a key role to achieve the nitrite accumulation and simultaneous low FNA inhibition on the 

phosphorus removal process. The main NH4+-N removal pathway was though nitrite, not nitrate. 

Bacteria with excellent settleability were selected with a settling time of 2 mins. High MLSS (6000 

mg/L) concentration was maintained in SBR with excellent settleability (SVI value: 80 ml/g).  

In both Phase II and IV cycle experiments, both phosphate uptake and nitrite concentration 

reduction were observed simultaneously under aerobic conditions. The heterotrophic nitrification 

and aerobic denitrification were observed in this study. In the cycle test of Phase II,  the sharp 

decrease in phosphorus, nitrite, and nitrate in the 0.5 hr right after aeration might suggest the 

phosphorus uptake via nitrite as the electron acceptor.  

The different inhibitory thresholds of FNA on AOB and NOB and the application of an intermittent 

aeration process in Phase IV can result in a stable nitritation. However, pH and FNA concentration 

were significant to stable nitritation. FNA concentration was highly related to the pH. FNA could 
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inhibit the AOB, NOB, and PAOs microbial activities. However, the inhibitory threshold on NOB 

was much lower than AOB and PAOs. Thus, pH control could be the key factor to achieve stable 

nitrite accumulation and phosphorus removal.  

 

  



 

 

 
 

81 

4 SNDPR in an SBR with a Simplified Anaerobic and Aerobic Cycle  

4.1 Introduction 

Heterotrophic nitrification and aerobic denitrification can be achieved by P. pantotropha with the 

organic carbon source, such as acetate (Geraats et al., 1990). P. pantotropha can oxidize ammonia 

to nitrite and achieve both aerobic and anaerobic denitrification (Robertson et al., 1988; Geraats 

et al., 1990). Moreover, DPAOs can use either nitrate or nitrite as an electron acceptor to achieve 

denitrification along with P uptake in aerobic or anoxic conditions (Filipe and Daigger, 2006). 

The SND/SNDPR was observed at a low DO concentration or using intermittent aeration, which 

could inhibit the biological activity of NOB and enhance the nitrite accumulation in the system. 

Blackburne et al. (2008) suggested that DO concentration under 0.4 mg/L was necessary to achieve 

stable nitrite accumulation in the system, which can result in low nitrogen removal efficiency 

(Blackburne, Yuan and Keller, 2008). However, there are obvious disadvantages to either maintain 

low DO concentration or use intermittent aeration. These processes are hard to maintain with a 

stable nitrogen and phosphorus removal efficiency.  

Studies reported that the C/N ratio could affect aerobic denitrification. There was a positive 

relationship between the carbon & nitrogen loading rate and the aerobic denitrification 

performance (Patureau et al., 2000). Moreover, a C/N ratio at 30 could cause the elimination of 

nitrogen from the bioreactor (Zhang et al., 2015). Patureau et al. (2000) illustrated higher carbon 

and nitrogen loading can promote aerobic denitrification performance  

The relationship between sludge settleability and EPS remains controversial. There was a linear 

correlation between SVI and LB-EPS with R2 at 0.84 (Li and Yang, 2007). High LB-EPS 
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concentration can cause poor sludge settleability (Shin, Kang and Nam, 2001). Moreover, 

Martinez et al. demonstrated the change of nitrifying sludge’s SVI associated with the variations 

in proteins with a positive correlation (R2 = 0.783) in a modified nitrifying aerated reactor 

(Martinez, Favela-Torres and Gomez, 2000); while there was no relationship between the 

polysaccharide and sludge SVI. In contrast, Chaw and Keinath (1979) claimed no relationship 

between EPS and SVI (Chao and Keinath, 1979).  

In this study, the objective aims to reveal the phosphorus and nitrogen removal mechanism in a 

single sequencing batch reactor (SBR) with a simplified anaerobic/aerobic cyclic process. Key 

factors affecting the SND/SNDPR performance were tested in the SBRs, including carbon sources, 

COD/N/P, and anaerobic retention time. 

4.2 Material and method 

4.2.1 Wastewater characteristics 

Chapter 4 is a continuation of Chapter 3 using SBR, to further assess the impact of COD/N/P ratio, 

carbon sources, and anaerobic retention time. The A/O SBR reactor was operated for 220 days 

including three Phases. Among three Phases experiments, the compositions of the synthetic 

wastewater (WW) were adjusted based on varying COD/N/P ratios. In Phase I (1 to 179 days), the 

synthetic wastewater contained (per liter) 3,080 mg sodium acetate, 200 mg NH4Cl, 32.5 mg 

KH2PO4, 42 mg K2HPO4, 80 mg CaCl2·H2O,  421.5 mg MgSO4·7H2O, and 0.1 ml of trace nutrient 

solution. Trace elements are essential for enzymatic reactions in the microbial cells and the growth 

of bacteria (Scampini, 2009), and the composition of the trace element solution used in this study 

is shown in Table 4.1, which was made as described by Scampini(2009). All chemicals are 

supplied by Fisher Scientific, Canada. In Phase I, COD, NH4+-N, PO43--P, Ca2+ and Mg2+ were 
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3100 ± 31.5, 49 ± 3.6, 14.6 ± 0.9, 28.8 ± 1.2 and 84 ± 0.9 mg/L, respectively. The COD/N/P was 

220/3.5/1. 

In Phase II and III, the PO43--P and NH4+-N concentrations were adjusted to achieve COD/N/P 

ratios at 220/7/1 and 440/7/1, respectively. The COD concentration was unchanged throughout all 

three phases of experiments. In Phase II (180 to 208 days), only NH4+-N concentration increased 

to 98.5 ± 7.7 mg/L, while PO43--P concentration was 15.5 ± 2.1 mg/L. The rest compositions of 

synthetic wastewater were the same as described in Phase I. In Phase III (209 to 219 days),  the 

NH4+-N and PO43--P concentrations decreased to 48.2 ± 3.9 mg/L and 7.2 ± 0.8 mg/L, respectively. 

300 mg/L of NaHCO3 in the synthetic wastewater can provide alkalinity and maintain steady 

alkaline conditions in all phases of experiments.  

Table 4.1 Compositions of trace metal solution 

Chemical Concentration (mg/L) 

FeCl2·4H2O 2000 

MnCl2·4H2O 500 

CoCl2·6H2O 2000 

NiCl2·6H2O 142 

ZnCl2 50 

Na2SeO3 123 

AlCl3·6H2O 90 

CuCl2·2H2O 38 

H3BO3 50 

HCl 1 ml (36%) 

EDTA 1000 

(NH4)6Mo7O24·H2O 50 

4.2.2 Experimental set-up and operation 

Fig. 4.1 shows a lab-scale SBR reactor, which was composed of a column reactor with a working 

volume of 4 L, an overhead analog mechanical stirrer (Cole-Parmer, Canada), a Marina 300 air 
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pump (Marina), and a Masterflex L/S thermal scientific peristaltic pump (Cole-Parmer, Canada). 

The wastewater pump, air pump, and a Masterflex solenoid-operated Two-Way Pinch Valve 

(Cole-Parmer, Canada) were connected to timer plugs (GE, Canada) for cycle time control. Etatron 

DLXB pH/ORP pump control system was used for real-time pH control.  

 

Fig. 4.1 Schematic of the A/O SBR system 

As shown in Fig. 4.1, the volume exchange ratio was controlled at 25% in this study. 1L of 

synthetic wastewater was fed into the SBR by the Masterflex L/S thermal scientific peristaltic 

pump (Cole-Parmer, Canada) from the bottom of the reactor. The overhead analog mechanical 

stirrer (Cole-Parmer, Canada) was set at 150 rpm to ensure the wastewater and sludge were 

completely mixed. The airflow rate was controlled at 2.36 L/min by the Cole-Parmer Flowmeter 

(Cole-Parmer, Canada), which can provide a superficial air velocity at 0.01 m/s. DO and pH were 

monitored every two days using Oakton DO and pH meter (Okaton, Canada). The solid retention 

time (SRT) was 18 days. The temperature of the SBR reactor was the same as the ambient 

temperature in the lab between 19 and 23 ℃. The SBR reactor was seeded by aerobic sludge taken 
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from the secondary settler in the Guelph Wastewater Treatment Plant (WWTP). The initial mixed 

liquor suspended solids (MLSS) concentration was approximately 2,000 mg/L. Each day, 200 ml 

MLSS was discharged from the SBR.  

The lab-scale SBR system was operated for 220 days. The SBR was operated under alternative 

anaerobic/aerobic conditions with an 8 hr cycle. Each cycle consists of a 120 min anaerobic period 

with 5 min of feeding, 240 min aerobic period, 1~10 min settling, 10 min withdrawal period, and 

the rest as idle period. The discharge pipe at 10mm OD was controlled via a Masterflex solenoid-

operated Two-Way Pinch Valve (Cole-Parmer, Canada) and an automatic time-sequencing timer 

for automatic effluent withdrawal, resulting in a hydraulic retention time (HRT) of 32 hr. The pH 

in the system was controlled at 7.50 by the Etatron DLXB pH/ORP pump control system via 

pumping 0.1 M HCl solution into the SBR reactor. 

4.2.3 Cycle test 

To monitor the concentration distributions of COD, nitrogen, and phosphorus in the A/O SBR. 

One cycle test was conducted in each phase once the system was stabilized. In an 8 hr cycle,  50 

ml of mixed liquor sample was taken through the effluent outlet every 30 mins and filtered through 

0.22 µm nylon syringe filters (GF/F, Whatman, USA). The sample was filtered using 1.5 μm 

Whatman Qualitative filter paper (GF/F. Whatman, USA) for MLSS measurement. The 1.5 μm 

filtrate was filtered using 0.22 μm nylon syringe filters (GF/F.Whatman, USA) for COD, NH4+-N, 

NO3--N, NO2--N, TN, PO43--P, and pH measurements. 

4.2.4 Analytical methods 

The synthetic wastewater, effluent, and samples from cycle tests were filtered through 0.22 μm 

nylon syringe filters (GF/F. Whatman, USA). The filtrate was collected for chemical analysis. To 
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ensure reliability and trust in the results, duplicate or even triplicate testing was conducted. COD, 

VFA, NH4+-N, NO3--N, NO2--N, TN, PO43--P, and TP was measured using HACH test kits 

according to the APHA Standard Methods (Rice, Baird and Eaton, 2017). MLSS, MLVSS, and 

SVI were measured via the APHA Standard Methods (Rice, Baird, and Eaton, 2017). The 

carbohydrate contents in the filtrate were measured by the phenol-sulfuric acid method with 

glucose as the standard (Dubois et al., 1956). Protein was measured via the colorimetric 

spectroscopic methods with a HACH DR5000 spectrophotometer (Frolund, Griebe and Nielsen, 

1995). DO and pH were monitored every two days using Oakton DO and pH meter (Okaton, 

Canada). 

Nitrite accumulation rate (NAR) was calculated as below (Lv et al., 2016): 

#$%	(%) = 	 ["#!"$"]
&"#!"$"'(["##"$"]

                                                Eq. 4.1 

In Eq. 4.1, [NO2--N] and [NO3--N] are the nitrite and nitrate concentrations in the effluent. 

4.3 Results summary 

4.3.1 COD and VFA removal from Phase I to III 

This study involved 3 Phases of operation periods. Overall, the COD removal efficiency was above 

98% and stable through the three phases’ experiment. 

In Phase I (1 to 179 days), the COD concentration in the synthetic wastewater was 3100 ± 31.5 

mg/L, which corresponding to an organic loading rate (OLR) of 1.86 kg/(m3·d). As shown in Fig. 

4.2, from 1 to 70 days, the COD concentration in the effluent was 28.5 ± 6.4 mg/L. The COD 

initially accumulated with high OLR in Phase I, and from the 70th day to the end of Phase I, the 
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effluent COD concentration increased to 50 ± 7.1 mg/L. Overall, in the entire Phase I, the COD in 

the effluent was 41.5 ± 12.8 mg/L with a 98.7% COD removal efficiency achieved.   

 

Fig. 4.2 Long-term COD and VFA Results 

In Phase II (180 to 208 days), the influent COD concentration and OLR were the same as those in 

Phase I, while NH4+-N concentration increased from 49 ± 3.6 mg/L in Phase I to 98.5 ± 7.7 mg/L 

in Phase II. In Phase II, the effluent COD concentration remained stable at 47.5 ± 1.7 mg/L with a 

COD removal efficiency at 98.5% on average from 180th day to 208th day observed.  

In Phase III, the COD concentration in the effluent was 46.2 ± 0.6 mg/L. The COD removal 

performance was 98.5% on average in Phase III. The excellent COD removal performance 

indicated an active microbial environment and excellent biomass biological activity. 

The VFA removal efficiency through the three phases of experiments shows a similar trend with 

COD removal performance. VFA concentrations in the effluent were 20.0 ± 7.5 mg/L in Phase I, 

21.4 ± 1.0 mg/L in Phase II, and 20.9 ± 1.4 mg/L in Phase III, respectively. The VFA 

concentrations were 19.6 ± 5.0 mg/L on average throughout the three phases of experiments with 
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a VFA removal efficiency above 98%. Since sodium acetate was used as the carbon source in this 

study, the main VFA residue was acetic acid. The VFA/COD ratios in the effluent were 48.2%, 

45.0%, and 45.2% in Phase I to III, respectively. The SBR system showed excellent and stable 

COD removal efficiency with relatively low VFA contents in the effluent. There was no evidence 

to show any impact of different operating conditions in 3 Phases of experiments on the COD and 

VFA removal performance. 

4.3.2 Biological nitrogen removal from Phase I to III 

Fig. 4.3 and 4.4 summarized the NH4+-N, TN, NO2--N, and NO3--N removal performance in this 

study. Along with the operation in Phase I, the NH4+-N and TN concentrations in the effluent 

decreased from 34 mg/L and 39.2 mg/L to below 0.5 mg/L from the 1st to 25th day in Phase I. 

During the periods from the 30th day to the 38th day, there was a sudden rise in the NH4+-N and 

TN concentrations, which resulted from the block of the aeration diffusers. After aeration diffusers 

were replaced, the NH4+-N concentration in the effluent decreased to below 0.1 mg/L. From 92nd 

day to 114h day, the TN fluctuated and increased due to accumulations of other nitrogen sources, 

including organic nitrogen, NO2--N, and NO3—N. The sudden rise of TN From 92nd day to 114h 

day resulted from the sludge mixing problem. However, there was no effect on the nitrification 

process. From 42nd to 180th day In Phase I, the NH4+-N concentration in the effluent was 

maintained below 0.1 mg/L with an NH4+-N removal efficiency above 99%. 
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Fig. 4.3 NH4+-N and TN concentrations in the effluent 

 

As shown in Fig. 4.4, NO2--N and NO3--N concentrations in the effluent fluctuated throughout the 

entire experiment. In Phase I, there was nearly no NO2--N and NO3--N residues in the effluent with 

the effluent NO2--N and NO3--N concentrations below 0.10 and 0.15 mg/L, respectively.  However, 

from 30th day to 38th day, the NO2--N concentration peaked at 0.24 mg/L, which resulted from the 

block of the aeration diffusers. Based on the analysis of TKN and organic nitrogen, most of the 

nitrogen remaining in the effluent in Phase I was organic nitrogen with an average concentration 

of 3.4 ± 2.0 mg/L. Despite the fluctuation of NO2--N and NO3--N concentrations, the total NOx--N 

concentration was less than 0.5 mg/L. The low effluent NH4+-N, NO2--N, and NO3--N 

concentrations in Phase I (excluding periods between 30th day and 38th day) indicated active 

aerobic nitrification and denitrification in the system. 
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Fig. 4.4 NO2--N and NO3--N Concentrations in the effluent 

 

In Phase II, the NH4+-N concentration in the feed increased from 49 ± 3.6 mg/L in Phase I to 98.5 

± 7.7 mg/L in Phase II. Throughout the entire Phase II, the accumulation of NH4+-N and TN was 

observed. Phase II experiment only lasted for 28 days due to the continuous deterioration of 

nitrogen removal performance. The rise of NH4+-N concentration in the feed deteriorated both the 

nitrification and denitrification in the system. The TN concentration in the effluent increased from 

2.74 mg/L on Day 190 to 36.2 mg/L on Day 204. At the end of Phase II, the TN removal efficiency 

was reduced to 63.8%. The results in this study were consistent with researches from Canto et al 

(2008), which indicated the deterioration of nitrogen removal performance due to high ammonium 

nitrogen loading. Canto et al. (2008) conducted two parallel experiments to monitor the effect of 

ammonia load on the efficiency of nitrogen removal in a sequencing batch biofilm reactor. The 

system was operated in a 12 hr cycle with intermittent aeration. As the ammonium nitrogen 

increased from 50 mg NH4+-N/L to 100 mg NH4+-N/L, the total nitrogen removal decreased from 



 

 

 
 

91 

72.2% to 66.7% (Canto et al., 2008). In the Phase II experiment, there was no accumulation of 

nitrite, and nitrate nitrogen. Despite the low NO2--N and NO3--N residues at the end of Phase II, 

the oxidation product of NH4+-N was eliminated under aerobic conditions.  

In Phase III, the NH4+-N removal performance recovered due to a decline of NH4+-N concentration 

in the feed from 98.5 ± 7.7 mg/L in Phase II to 48.2 ± 3.9 mg/L mg/L in Phases III. The NH4+-N 

and TN removal efficiency were recovered back in Phase III to above 99% and 96.6% with the 

effluent NH4+-N below 0.1 mg/L, and TN concentrations at 3.4 ± 0.1 mg/L, respectively. The 

effluent NO2--N and NO3--N concentrations were 0.02 and 0.01 mg/L, respectively.  

In Phase I and III, the SBR was operated with 2 hrs anaerobic period and 6 hrs aerobic period. The 

low NOx--N residues indicated NOx--N produced through nitritation and nitrification was removed 

during the aerobic period in Phase I and III. In conclusion, above 99% of NH4+-N and 90% of TN 

were removed in Phase I and III. Throughout the entire experiment, there were no significant NO2-

-N and NO3--N residues remaining in the effluent under aeration, indicating the occurrence of 

aerobic denitrification in the SBR system. Moreover, The varying COD/N/P ratios showed limited 

impact on the SND performance.  

4.3.3 Biological phosphorus removal from Phase I to III 

As shown in Fig. 4.5, the phosphorus removal performance fluctuated in this study. In Phase I, the 

PO43--P concentration in the effluent was 4.8 ± 2.8 mg/L, while 14.6 ± 0.9 mg/L in the synthetic 

wastewater. The PO43--P removal efficiency was 67.7 ± 4.2% in Phase I. From Day 1 to Day 30, 

the phosphorus concentration in the effluent decreased from 12.3 to 1.83 mg/L, which also showed 

an increasing phosphorus removal efficiency. Due to the aeration issue from Day 30 to Day 38, 

the PO43--P concentration in the effluent increased from 1.83 mg/L to 6.49 mg/L. After the aeration 
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issue was fixed, the phosphorus removal performance kept improved and reach the lowest 

phosphorus concentration in the effluent at 0.7 mg/L. Due to the sludge mixing issue, the PO43--P 

concentrations peaked at 15.1 mg/L at Day 114 in Phase I. Moreover, a slight increasing O43--P 

concentration in the effluent from Day 50 to Day 180 in Phase I was observed, with a reduction of 

PO43--P removal efficiency from 92.5% to 56.3%. Overall, the PO43--P removal efficiency was 

67.7 ± 4.2% on average in Phase I.  

 

Fig. 4.5 The PO43--P concentration in the effluent 

 

From Day 180 to Day 208, the C/N/P ratio changed from 220/3.5/1 in Phase I to 220/7/1 in Phase 

II, through increasing the NH4+-N concentration to 98.5 ± 7.7 mg/L in the feed. As shown in Fig. 

4.5, the PO43--P concentration decreased from 9.6 mg/L on Day 180 to 4.6 on Day 195, and then 

slightly increased to 5.0 mg/L on Day 204. In comparison to PO43--P removal performance in 

Phase I, the PO43--P removal efficiency increased from 56.3% to 67.3% in Phase II. Moreover, 

from Day 180 to Day 195, the ammonia in the wastewater was fully removed with low 
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nitrite/nitrate residues in the effluent. The aerobic nitrification, denitrification, and phosphorus 

removal were observed simultaneously in the SBR from Day 180 to Day 195 in Phase II. 

Moreover, in comparison between Phase I and Phase II, the increasing ammonia nitrogen loading 

in the feed enhanced the PO43--P removal performance in the system. From Day 196 to Day 208, 

there was no significant change in the phosphorus removal performance, even though the 

deterioration of aerobic nitrification was observed.  

In Phase III (209 to 218 days), the NH4+-N concentration was 48.2 ± 3.9 mg/L, while PO43--P  

concentration decreased to 7.2 ± 0.8 in the feed of Phase III. In Phase III, the effluent PO43--P 

concentration was 0.02 ± 0.01 mg/L, which demonstrated a PO43--P removal efficiency above 99% 

throughout the entire Phase III experiment.  

In conclusion, high COD removal efficiency could be maintained in the SBR under varying C/N/P 

ratios in this study, which showed the limited impact of the C/N/P ratio on COD removal 

performance. In Phase II,  the change of the C/N/P ratio to 220/7/1 caused the deterioration of 

aerobic nitrification but hardly influenced phosphorus removal performance. Based on results in 

Phase III, a high C/N/P ratio could enhance both nitrogen and phosphorus removal performance 

in this study. Moreover, the aerobic denitrification and aerobic phosphorus uptake were observed 

simultaneously in 3 Phases of experiments, which might suggest the occurrence of phosphorus 

removal via nitrite/nitrate pathway, besides the aerobic phosphorus uptake pathway.   

4.3.4 Polysaccharides/protein and SVI results 

Extracellular polymeric substances (EPS) are essential components of the activated sludge. EPS 

mainly consists of polysaccharides and proteins. The physicochemical properties of sludge 

including flocculation, settleability, and dewatering are considered to be related to the EPS (Pan 
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et al., 2004; Peng, Ye and Li, 2012). An excessive amount of EPS in sludge could result in the 

deterioration of sludge settleability (Peng, Ye and Li, 2012). EPS measured in this study was the 

loosely bound EPS (LB_EPS) which can be regarded as diffused EPS layer surrounding the tightly 

bound EPS layer (TB-EPS) (Poxon and Darby, 1997; Li and Yang, 2007).  

In Phase I, from the 1st to the 29th day, the polysaccharide concentration was 5.1 ± 1.5 mg/L; while 

the protein concentration was 36.9 ± 41.1 mg/L. Due to the air diffuser blocking issue from Day 

30 to Day 38, an increase in protein concentration to 139.2 mg/L was observed, while there was 

no significant impact on polysaccharide concentration. The sludge mixing issue caused the peak 

concentration of protein to reach 185.3 mg/L on the 108th day in Phase I. Furthermore, the 

increased protein concentration caused higher TN residues to remain in the system during the two 

events of aeration failure and sludge mixing issue.  From the 108th day to the 179th day, the protein 

concentration decreased to 25.4 mg/L in Phase I. From the 100th day to the 179th day, the 

concentration of polysaccharides kept increasing from 12.1 to 30.8 mg/L. The SVI of the sludge, 

which is a measurement of sludge settleability, was 38.2 ± 12.5 mL/g from the 1st to the 80th day 

in Phase I. Along with the increase of polysaccharides from the 80th to the 179th day in Phase I, the 

SVI increased from 64.0 to 100.5 mL/g.  
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Fig. 4.6 Polysaccharides and Protein Concentrations in Effluent 

 

 

Fig. 4.7 SVI of MLSS in SBR System 

 

In Phase II, from 180th day to 204th day, the protein concentration was 40.6 ± 4.2 mg/L, while the 

polysaccharides concentration decreased from 20.3 mg/L to 6.2 mg/L. In Phase II, the sludge 
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settleability improved with an SVI value at 48.5 ± 6.4 mL/g. Moreover, at the beginning of Phase 

I, there was an immediate drop of polysaccharides observed, which caused the dramatic reduction 

of SVI. Even though the polysaccharides concentration slightly increased from 20.3 mg/L on Day 

180 to 31.2 mg/L on Day 190, the SVI value didn’t change significantly. In Phase III, the 

concentrations of polysaccharides and protein were 9.0 ± 1.4 mg/L and 40.6 ± 2.9 mg/L, 

respectively. The low polysaccharides concentration was associated with the low SVI, which 

caused excellent sludge settleability in Phase III. In the discussion section, the relationship between 

polysaccharides, protein, and SVI would be discussed. 

4.3.5 Cycle experiment results 

To determine the concentration distribution of COD, NH4+-N, NO3--N, NO2--N, and PO43--P 

through the operation cycles, one cycle experiment in each phase was supposed to be conducted. 

However, the system in Phase II was not stable and the experiment duration in Phase III was 

relatively short due to system crash. Only in Phase I, the cyclic experiment was conducted on Day 

161. In the cyclic test, mixed liquor samples were taken every 30 mins in a single cycle period.  

As shown in Fig. 4.8, the COD residue from the previous cycle was 60 mg/L. After feeding, the 

COD concentration increased to 751 mg/L, and at the end of a 2 hr anaerobic period, the COD 

concentration was 1126 mg/L. The synthetic wastewater was fed in 5 mins from the bottom of the 

SBR reactor, while samples were taken at the discharge port, which was 75% of the height of SBR. 

Due to the diffusion effect of solute, a rise of COD concentration in the 2 hr anaerobic period was 

observed. Right after aeration at 2 hr, the SBR was well mixed and a sample was taken with COD 

concentration peaking at 1126 mg/L. After aeration, COD concentration decreased dramatically 



 

 

 
 

97 

from 1126 mg/L to less than 100 mg/L in a 2.5 hr aerobic period and kept stable in the rest aeration 

period. After 2.5 hr of aeration, COD consumption nearly ceased.  

 

 

Fig. 4.8 COD concentration of the cycle test in Phase I 

 

The cyclic phosphorus concentrations were shown in Fig. 4.9. Before feeding, the PO43--P 

concentration was 5.3 mg/L. The addition of synthetic wastewater could introduce PO43--P into 

the SBR, and the initial PO43--P concentration is supposed to be 9 mg/L. However, as shown in 

Fig. 4.9, the PO43--P concentration reached 13.7 mg/L at the end of the anaerobic period, which 

indicated there was 4.7 mg/L of PO43--P released in 2 hrs anaerobic period. The occurrence of 

active anaerobic phosphorus release proved the existence of PAOs in the study. As aeration started, 

the PO43--P concentration continuously decreased from 13.7 mg/L to 6.9 mg/L at the end of 

aeration, with a phosphorus removal efficiency of 54.1%. In this study, the ratio of the aerobic P-

uptake and anaerobic P-release determined by the cycle test was 1.42, which was corresponding 
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to the P-release and P-uptake rates were 1.2 and 0.56 mg P / (g MLSS·hr), respectively. Kuba et 

al. (2014) reported P-release rate at 52  mg P / (g MLSS·hr) and P-uptake rate at  24  mg P / (g 

MLSS·hr) in A2 SBR, while P-release rate at 68  mg P / (g MLSS·hr) and P-uptake rate at  10  mg 

P / (g MLSS·hr) in A/O SBR, respectively. The anaerobic P-release rate and aerobic P-uptake rate 

in this study were significantly smaller than those reported by Kuba et al. (2014), which indicated 

a low proportion of PAOs in the activated sludge. Therefore, based on the phosphorus cycle results, 

the aerobic phosphorus uptake was observed in the study, which indicated the existence of PAOs 

in the system. However, the phosphorus removal efficiency was only 54.1%, which might cause 

by the low proportion of PAOs in the sludge and the competition of COD between heterotrophic 

bacteria, GAOs, and PAOs.  

 

  

Fig. 4.9 PO43--P concentration of the cycle test in Phase I 
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Fig. 4.10 Nitrogen concentration of the cycle test in Phase I 

 

The nitrogen concentration changes in the cycle test were shown in Fig. 4.10. At the end of the 

previous cycle, the nitrite and nitrate residues were negligible, while TN and NH4+-N 

concentrations remaining in the system were 1.69 mg/L and 0.02 mg/L, respectively. The addition 

of synthetic wastewater resulted in a rise of TN concentration to 19.6 mg/L, and NH4+-N 

concentration to 17.1 mg/L, respectively. After 1 hr aeration, the NH4+-N and TN concentrations 

decreased dramatically from 17.1 and 19.6 mg/L to 1.0 and 2.2 mg/L, respectively, which indicated 

excellent aerobic nitrification in this study. Moreover, in the cycle test, there was no significant 

nitrite and nitrate accumulation after aeration. The concentration of NOX--N was approximately 

0.14 mg/L in total at the end of the cycle test. Therefore, simultaneous nitrification and 

denitrification (SND) was confirmed in this study.   
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Fig. 4.11 Protein and polysaccharides concentrations of the cycle test  

 

Polysaccharides and proteins are essential parts of extracellular polymeric substances (EPS). The 

polysaccharides concentration reached the peak at 33.9 mg/L in the 2 hr anaerobic period, while 

the polysaccharides concentration was 24.6 ± 4.6 mg/L in the aerobic period of the cycle test. 

There were no significant polysaccharides concentration changes in the cycle test. Polysaccharides 

is the essence of aerobic granulation due to its contribution to the cohesion and adhesion of cells 

(Pan et al., 2004). The researches demonstrated that more energy was used for EPS production, 

especially polysaccharides in the adaption period to prevent washout; while for cell growth in 

stable periods (Wei et al., 2015b; Ren et al., 2016). In Phase I, there was no sludge granulation 

observed due to polysaccharide concentration in the SBR system. The protein concentrations were 

190.1 mg/L at the end of the anaerobic period and 115.2 mg/L at the end of the aerobic period. In 

Phase I, the growth of filamentous bacteria was observed in the SBR, which can also promote the 

production of proteins. 
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Fig. 4.12 pH of the cycle test in Phase I 

The pH of synthetic wastewater was 6.2. After the addition of synthetic wastewater, the pH during 

the 2 hr anaerobic period was 6.9 on average. As the aeration started, the pH increased and 

stabilized at 7.5 ± 0.3.  

4.4 Discussion 

4.4.1 EPS (Protein and Polysaccharides) and sludge settleability 

Extracellular polymeric substances (EPS) mainly consist of polysaccharides and protein, which 

are considered to be the construction material of bacterial settlements. Tightly bound EPS (TB-

EPS) remains bound to the cells’ surface, and loosely bound EPS (LB-EPS) is secreted into the 

wastewater. In this study, LB-EPS was measured, which was short for EPS.  

As shown in Fig. 4.13, the SVI increased with polysaccharides, which indicated higher 

polysaccharide concentration could deteriorate the sludge settleability. In Fig. 4.14, the SVI value 

decreased with a rise of protein concentration. EPS is essential in floc formation due to the bridge 

structure between cells. A positive correlation between sludge settleability and floc size was 

reported (Govoreanu et al., 2003). However, high EPS concentration could weaken the bridge 
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structures in the flocs, while high polysaccharides concentration can bound a large amount of water 

into cells and cause the porous structure, which resulted in the low density of flocs (Li and Yang, 

2007). Thus, high polysaccharides concentration could be detrimental to the sludge settleability. 

 

Fig. 4.13 Relationship between SVI and polysaccharides 

 

 

Fig. 4.14 Relationship between SVI and protein 
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4.4.2 The SND via aerobic denitrification 

In this study, there was no nitrite and nitrate accumulation observed at the end of the aerobic period 

throughout the entire experiment. Based on the nitrogen profile in the cycle test, the aerobic 

nitrification caused the reduction of ammonium nitrogen from 17.1 to 1.0 mg/L in the first 1 hr 

aeration. However, the total concentration of nitrite and nitrate was 0.14 mg/L. The results 

indicated the aerobic nitrification and denitrification can happen simultaneously in this study. 

 

Fig. 4.15 Heterotrophic nitrification and aerobic denitrification 

 

The oxidation of ammonia can be achieved by two pathways, including autotrophic nitrification 

and heterotrophic nitrification. The energy sources supporting the autotrophic nitrification were 

from the oxidation of ammonia only (Jin et al., 2017).  However, heterotrophic nitrification has 

attracted more and more attention, since Robertson (1988) reported aerobic denitrification in 

Thiosphaera pantotropha. As shown in Fig. 4.15, the reaction process of heterotrophic nitrification 

and aerobic denitrification was described. The oxidation of NH3 to NH2OH was achieved with 

Ammonia monooxygenase (AMO) (Stouthamer et al., 1997). The reduction of nitrate to nitrite by 

plenty of bacteria via nitrate reductases, including nitrate reductase (NAP) (Berks et al., 1995). 
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The reduction of nitrite to nitrogen gas involves three different reductases – nitrite reductases 

(NIR), nitric oxide reductases (NOR), and nitrous oxide reductases (NOS), respectively (Moir et 

al., 1993; Fujiwara and Fukumori, 1996; Rasmussen et al., 2002; Barton, 2005). 

For the phosphorus removal, the cyclic test showed that the phosphorus concentration declined in 

the 6 hr aerobic period and no effect of nitrite and nitrate concentrations on phosphorus removal 

was observed. Thus, it can be speculated that aerobic phosphorus uptake was the main phosphorus 

removal mechanism during the aerobic period. In conclusion, the nutrient (nitrogen and 

phosphorus) removal in this study was mainly through SND and aerobic phosphorus uptake by 

PAOs, although the possibility of phosphorus removal via the nitrite/nitrate pathway cannot be 

eliminated.  

The C/N ratio was considered to be one of the key factors affecting aerobic denitrification.  In this 

study, the C/N ratios were 62.9 and 31.4 in Phase I and Phase II/III, respectively. Zhang et al. 

(2015) studied the effect of the C/N ratio on the aerobic denitrification via incubating P. versutus 

LYM in a 250 mL flask with 100 mL synthetic wastewater and showed that the aerobic 

denitrification performance under C/N ratios at 5, 10, 15, 20, and 30. It was reported that nitrogen 

was completely removed when the C/N ratio was 30 (Zhang et al., 2015). Patureau et al. (2000) 

illustrated higher carbon and nitrogen loading can promote aerobic denitrification performance 

(Patureau et al., 2000). In this study, the SBR system can remove nitrogen completely at a C/N 

ratio of 31.4, which was consistent with previous researches. Based on the cycle tests, the aerobic 

nitrification and denitrification occurred simultaneously, due to the reduction of ammonia 

concentration and no accumulation of nitrite/nitrate in the aerobic periods.  
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4.5 Conclusions 

In this study, the anaerobic/aerobic cycle operation process was applied in a simplified SBR. In 

the entire experiment, the average COD, NH4+-N, and phosphorus removal efficiencies were 98%, 

99%, and 60%, respectively.  

The TN removal efficiency was 85.9% on average and above 90% in Phase I and III, respectively. 

Throughout the entire experiment, there were no significant NO2--N and NO3--N residues 

remaining in the effluent. In the cyclic test results, there was no accumulation of NO2--N and NO3-

-N observed. The results indicated the occurrence of simultaneous nitrification and denitrification 

(SND) in this study.  

The PO43--P removal fluctuated over the entire experiment. In Phase I, II, and III, the C/N ratios 

in the synthetic wastewater were 62.9, 31.4, and 31.4, respectively. In Phase I, the PO43--P removal 

efficiency was 67.7 ± 4.2% on average. At the end of Phase I, the PO43--P removal efficiency 

declined to 56.3%. In Phase II, ammonium nitrogen concentration increased in the feed, which 

caused a lower C/N ratio than that in Phase I. The PO43--P removal efficiency recovered to 67.3%. 

Phase III experiment lasted for 10 days. In Phase III, the PO43--P concentration in the effluent was 

0.02 ± 0.01 mg/L, indicating a PO43--P removal efficiency above 99%. In comparison between 

results in Phase II, and III, higher C/N/P ratio (440/7/1 in Phase III, and 220/7/1 in Phase II) could 

be the key factors affecting the phosphorus removal efficiency.  

Moreover, the relationship between EPS components and SVI was not clear well-understood based 

on the literature review. In this study, the deterioration of sludge settleability was related to the 

increasing polysaccharide concentration. Moreover, a reduction of SVI value was observed with 
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the protein concentration decreasing. Based on the sludge settleability changes in Phase I, II, and 

III, polysaccharide concentration showed a stronger influence on the sludge settleability.  
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5 SNDPR Using a Continuous Flow-Through Reactor (TAnSBR) 

5.1 Introduction 

SNDPR process was reported in continuous-feed systems, such as Dephanox, Modified Dephanox, 

AOA, AOAO, A2O, UCT, and ENBRAS (Bortone et al., 1996; Chang and Ouyang, 2000; 

Vermande et al., 2002; Kapagiannidis, Zafiriadis and Aivasidis, 2011; Xu, Liu and Zhu, 2011; 

Zeng et al., 2011). The first continuous-feed bioreactor with excellent SNDPR performance was 

the Dephanox system. 

The Dephanox system is called the two-sludge process, which contains an anaerobic-anoxic 

reactor and a nitrifying reactor (Marcelino et al., 2011). The nitrifiers are physically separated 

from PAOs/DPAOs and denitrifiers, which can favor the growth of PAOs/DPAOs and nitrifiers 

(Marcelino et al., 2011). The major advantages of the Dephanox process were the full use of carbon 

sources and energy saving due to fewer aeration requirements (Wang et al., 2004). The major 

disadvantage of conventional Dephanox is the possible ammonia residue in the effluent due to the 

insufficient nitrification process. Wang et al (2004) illustrated anoxic phosphorus removal in a 

continuous-flow A2N two sludge process (Dephanox). The average phosphorus removal 

efficiencies were 92.9%, 97.19%, and 73.69% with organic loading rates (OLR) at 0.479, 0.704, 

and 1.018 kg/(m3·d), respectively (Wang et al., 2004). As the OLR increased, the TN removal 

efficiencies increased from 81.0 to 93.0% (Wang et al., 2004).   

However, more regular maintenance is required for the two-sludge process to achieve stable 

SNDPR performance, compared to the one-sludge process. Moreover, two-sludge systems have a 

larger footprint than one-sludge systems. In this study, a continuous flow tubular anaerobic selector 

coupled bioreactor (TAnSBR) was evaluated for SNDPR performance. The TAnSBR was a one-
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sludge system, which the same sludge went through the anaerobic, anoxic, and aerobic phases. 

The tubular anaerobic reactor allows anaerobic phosphorus release by PAOs/DPAOs and 

denitrification. The aerobic chambers provide long flow pathways to enhance the aerobic P uptake 

and aerobic denitrification. The TAnSBR system can be considered as the conversion of 

anaerobic/aerobic SBR to a continuous flow reactor. The main objective of this study is to verify 

the SNDPR in the TAnSBR system with strict control of the anaerobic retention time.  

5.2 Material and method 

5.2.1 Wastewater characteristics 

The raw brewery wastewater was taken from the Wellington Brewery located in Guelph. The 

diluted brewery wastewater (Diluted BWW) was made up of a mixture of raw brewery wastewater 

and tap water at a ratio of 1: 40 with the addition of nutrient chemicals as listed in Table 5.1. In 

synthetic wastewater (SWW), sodium propionate was used as the carbon source, because sodium 

propionate was easier to be consumed by PAOs. 

Table 5.1 Characteristics of Wastewater (WW) 

Chemicals Unit Diluted Brewery Wastewater 

(Diluted BWW) 

Synthetic Wastewater 

COD mg/L 1304 ± 25.4 1181 ± 16.9 

TN mg/L 42.6 ± 3.7 40.8 ± 4.8 

NH4+-N mg/L 37.4 ± 2.9 39.1 ± 1.7 

TP mg/L 10.4 ± 1.1 10.5 ± 2.9 

PO43--P mg/L 9.7 ± 0.8 10.0 ± 1.2 

Trace Element mg/L 0.1 0.1 

The detailed compositions of the synthetic wastewater (SWW) are listed in Table 5.1. The 

synthetic wastewater contained, per liter: 1,540 mg C3H5NaO2, 153 mg NH4Cl, 28 mg K2HPO4, 
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22 mg KH2PO4, 48.5 mg CaCl2·H2O, 152 mg MgSO4·7H2O, 250 mg Na2CO3, and 0.1 ml of trace 

nutrient solution as described in Table 5.2 (Scampini 2010). The C/N/P ratio was 120/4/1. All 

chemicals are supplied by Fisher Scientific, Canada. 

The synthetic wastewater in this study was used for long-term and batch experiments. The 

concentrations of carbon source, phosphorus, and ammonia nitrogen were adjusted to investigate 

the effect of the C/N/P ratios on the SNDPR performance in TAnSBR.  

Table 5.2 Compositions of trace metal solution 

Chemical Concentration (mg/L) 

FeCl2·4H2O 2000 

MnCl2·4H2O 500 

CoCl2·6H2O 2000 

NiCl2·6H2O 142 

ZnCl2 50 

Na2SeO3 123 

AlCl3·6H2O 90 

CuCl2·2H2O 38 

H3BO3 50 

HCl 1 ml (36%) 

EDTA 1000 

(NH4)6Mo7O24·H2O 50 

5.2.2 Experimental set-up and operation 

Fig. 5.1 showed the lab-scale continuous-flow Tubular Anaerobic SBR Reactor (TAnSBR), which 

was designed to mimic the SBR in the previous chapter. The TAnSBR consisted of a tubular 

anaerobic reactor, an aerobic reactor with a working volume of 5 L, and a secondary settler of 1 L 

(University of Guelph). The schematic diagram of the TAnSBR system was shown in Fig. 5.2. 
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The tubular anaerobic reactor was designed for anaerobic phosphorus release and denitrification, 

which was made through twining polyethylene pipes (1/4 in. O.D. x 0.170 in. I.D.) onto the 

columns. Normally, the fully anaerobic denitrification and anaerobic phosphorus release can be 

achieved in 1 hr, thus anaerobic retention time 10, 25, and 40 mins were selected in this study. To 

accurately control anaerobic retention time at 10, 25, and 40 mins in the TAnSBR, the length of 

the polyethylene pipes were 170.7, 426.8, and 682.9 cm, respectively. 

 

Fig. 5.1 The TAnSBR System 

 

The aerobic reactor was divided into 7 chambers. The wastewater and recycled sludge from the 

secondary settler was pumped into the tubular anaerobic reactor, and then into the 1st chamber with 

an overhead analog mechanical stirrer (Cole-Parmer, Canada). The 1st chamber was operated under 

anaerobic conditions. The overhead analog mechanical stirrer was set up at 150 rpm to ensure the 
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wastewater and sludge were completely mixed. The rest 6 chambers in the aerobic reactor served 

as aerobic zones for phosphorus uptake and nitrification.  

 

Fig. 5.2 The Schematic Diagram of the TAnSBR System 

 

As shown in Fig. 5.3, the settled sludge in the sludge settler and wastewater was pumped into the 

tubular anaerobic reactor at a flow rate of 1.2 L/hr and 0.3 L/hr via two Thermo Scientific 

peristaltic pumps (Fisher Scientific, Canada). Air was injected by Marina 300 Air Pumps (Marina) 

at the bottom of all aerobic chambers at a superficial air velocity of 0.01 m/s. The airflow rate was 

2.36 L/min. The aerobic sludge was taken from the secondary settler in the Guelph Wastewater 

Treatment Plant (WWTP). Initially, the MLSS concentration in the TAnSBR system was 2000 

mg/L. 
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Table 5.3 Operational conditions of a TAnSBR system in 4 Phases 

Operation Condition Phase I Phase II Phase III Phase IV 

Duration (Days) 91 40 57 81 

R* 4 4 4 4 

SRT (Days) 20 20 20 20 

HRT (hr) 16.8 16.8 16.8 16.8 

OLR (kg COD/(m3·d) 2.08 2.08 2.08 2.08 

Anaerobic Time (min) 10 25 40 40 

Wastewater Type Diluted 

BWW 

Diluted 

BWW 

Diluted 

BWW 

SWW 

R*: the ratio of the sludge recirculation rate to the WW inflow rate 

Diluted BWW: brewery wastewater 

HRT: aerobic HRT, not include the anaerobic HRT 

SWW: synthetic wastewater 

The TAnSBR system was operated over 270 days, involving 4 Phases. All the operation conditions 

were listed in Table 5.3. In Phase I, II, and III, brewery wastewater (Diluted BWW) was used. 

Through adjusting the length of pipes in the tubular anaerobic reactor, the anaerobic time was 10, 

25, and 40 mins in Phase I, II, and III, respectively. The major objective of Phase I to III is to 

evaluate the effect of anaerobic time on the nutrient removal performance in the TAnSBR system. 

In Phase IV, the synthetic wastewater (SWW) was used with all operation conditions identical to 

those in Phase III. The comparison between Phase III and IV aims to reveal the effect of the Diluted 

BWWand SWW on the nutrient removal performance in the TAnSBR system. Each day, 250 ml 

of MLSS was discharged. The SRT was 20 days. The hydraulic retention time (HRT) was 16.8 hr. 

DO and pH were monitored every two days using Oakton DO and pH meter (Okaton, Canada). 

The temperature of the TAnSBR system was the same as the ambient temperature in the lab 

between 19 and 23 ℃. 
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5.2.3 Analytical methods 

The RAS sample was collected from the end of the tubular anaerobic reactor. The effluent was 

taken from the sludge settler. The Diluted BWW, SWW, RAS samples, and effluent were filtered 

through 0.22 μm nylon syringe filters (GF/F. Whatman, USA). The filtrate was collected for 

chemical analysis. COD, NH4+-N, NO3--N, NO2--N, TN, PO43--P, and TP was measured using 

HACH test kits according to the APHA Standard Methods. MLSS, MLVSS, and SVI were 

measured via the APHA Standard Methods. The carbohydrate contents in the filtrate were 

measured by the phenol-sulfuric acid method with glucose as the standard (Dubois et al., 1956). 

Protein was measured via the colorimetric spectroscopic methods with a HACH DR5000 

spectrophotometer (Frolund, Griebe and Nielsen, 1995). DO and pH were monitored every two 

days using Oakton DO and pH meter (Okaton, Canada). 

Nitrite accumulation rate (NAR) was calculated as below (Lv et al., 2016): 

!"#	(%) = 	 ["#!"$"]
&"#!"$"'(["##"$"]

                                                 Eq. 5.1 

In Eq. 5.1, [NO2--N] and [NO3--N] are the nitrite and nitrate concentrations in the effluent. 

5.2.4 Batch tests 

In this study, two batch tests, involving an anaerobic P-release batch test and nitrite/nitrate-P 

uptake batch test was conducted each Phase when the performance of systems was stabilized. The 

objective of the anaerobic P-release batch test was to evaluate the PAOs activity. In the anaerobic 

P-release batch test, 160 ml of mixed liquor suspended solids (MLSS) from the aerobic reactors 

of TAnSBR was taken from the aerobic bioreactor of the TAnSBR. The mixed liquor sample was 

mixed with 40 ml of tap water in sealed bottles. At the beginning of batch tests, sodium propionate 
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(Fisher Scientific, Canada)  was added to the bottles with an initial COD concentration of 300 

mg/L.  

The objective of the nitrite/nitrate-P uptake batch test was to verify the existence of DPAOs. 160 

ml of mixed liquor suspended solids (MLSS) was collected from the aerobic reactor of TAnSBR. 

The mixed liquor sample was mixed with 40 ml of tap water in sealed bottles. At the beginning of 

batch tests, sodium propionate (Fisher Scientific, Canada)  was added to the bottles with an initial 

COD concentration of 400 mg/L. After 120 mins, sodium nitrite was added as the nitrogen source 

in sealed bottles with the addition of phosphorus to keep an initial phosphorus concentration at 10 

mg/L. 

In both types of batch tests, the cap-sealed bottles were stirred at 125 rpm via a stir bar.  Every 30 

mins, mixed liquor samples were taken from the bottles. The filtrates of mixed liquor samples 

filtered using 0.22 μm nylon syringe filters (GF/F. Whatman, USA) were collected for chemical 

analysis, including COD, NH4+-N, NO3--N, NO2--N, TN, PO43--P, and TP. 

5.2.5 DNA extraction 

The DNA extraction was conducted via the PowerSoil DNA Isolation Kit (MOBIO Laboratories, 

Inc.). Based on the PowerSoil Kit manufacture’s protocol, the mixed liquor samples from the 

tubular anaerobic reactor, aerobic reactor, and effluent were centrifugated at 10,000 g for 10 min. 

The solids were collected for DNA extraction. The extracted DNA was eluted using 100 μL sterile 

DNA-Free PCR Grade Water. NanoDrop 2000 spectrophotometer (Thermo Scientific Canada) 

was used for the quality and quantity analysis of the extracted DNA. The qualified DNA was stored 

at -20 °C for further Illumine MiSeq Sequencing analysis. 
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5.2.6 Illumina MiSeq sequencing  

The 5’ MiSeq adapter was attached by the Illumina Nextera XT Index kit (Illumina Inc., San 

Diego, USA). The amplicons for multiplexing were conducted based on the manufacturer's 

protocol. The purification of amplicons was conducted via the DNA gel extraction kit of 

AxyPrepDNA (Axygen, China). The library pooling followed the quantity test via the FTC-

3000TM real-time PCR. The Illumina MiSeq platform paired-end (2 × 300 bp reads) with a library 

of 5 kbp insert size via MiSeq Reagent Kit V3 (TinyGene BioTech, Co., Ltd. Shanghai, China) 

was used.  

5.2.7 Illumina data analysis  

High-quality data was generated for the Illumina data analysis after data filtering. The data of each 

sample was reverted into the FASTQ file. Via the pipeline outline of the MiSeq SOP (Schloss et 

al., 2009), the sequences were analyzed using the software – mothur (version 1.35.1). Sequences 

and all reads were aligned with version 119 of SILVA databases (Pruesse et al., 2007). All reads 

were passing quality filters and classified to taxonomic level. The highest 8 taxonomic 

classifications at each level were highlighted in Pie Charts. The total of species-level taxonomic 

categories was identified. Furthermore, the normalized relative proportion of all samples was 

analyzed by Principal Coordinate Analysis (PCoA), which can measure the differences in the 

distribution of taxonomic classifications between samples. Species diversity results were measured 

by measuring the entropy of species-level classifications in each sample. 
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5.3 Result summary 

5.3.1 COD removal from Phase I to IV 

In this study, there were 4 phases of experiments. The Diluted BWW with the COD concentrations 

of 1304 ± 25.4 mg/L was used in Phase I, II, and III, where the anaerobic time was controlled at 

10, 25, and 40 mins, respectively. In Phase IV, SWW with the COD concentration of 1181 ± 16.9 

mg/L was used and the anaerobic time was controlled at 40 mins. The COD concentrations in the 

influent, the recycled activated sludge (RAS) flow at the end of the tubular anaerobic reactor, and 

the effluent was shown in Fig. 5.3.  

 

Fig. 5.3 Long-term COD results in the effluent, RAS, and influent 

In Phase I, the anaerobic time was 10 mins. The COD concentration in the DILUTED BWW was 

1228.4 ± 200.2 mg/L. The organic loading rate (ORL) was 1.87 kg/(m3·d). The COD concentration 

in the RAS was 269.0 ± 92.9 mg/L. In the effluent, COD concentration decreased to 50.6 ± 23.8 

mg/L with an average COD removal efficiency of 96.0%. The settleability of the sludge kept 

deteriorating, and there was no significant increase in the MLSS concentration in the TAnSBR 
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reactor. The TSS concentration in the effluent increased from 98 mg/L on the first day to 667 mg/L 

on the 76th day in Phase I. The MLSS concentration in the TAnSBR reactor was 2122 to 474 mg/L.  

Table 5.4 COD in the effluent, influent, and RAS in Phase I to IV 

Phase WW (mg/L) RAS (mg/L) Effluent (mg/L) Removal Efficiency (%) 

I 1228.4 ± 200.2 269.0 ± 92.9 50.6 ± 23.8 96.0 

II 1313.1 ± 57.7 281.7 ± 28.9 50.8 ± 12.1 96.1 

III 1118.3 ± 318.4 267.6 ± 77.0 38.8 ± 10.4 96.5 

IV 1138.3 ± 49.9 250.8 ± 47.0 26.1 ± 7.6 97.9 

The COD concentration was 1313.1 ± 57.7 mg/L in Phase II. The anaerobic time increased to 25 

mins. The COD concentrations in RAS and effluent were 281.7 ± 28.9 and 50.8 ± 12.1 mg/L, 

respectively. The COD removal efficiency in Phase II was 96.1%. However, due to an increase of 

anaerobic time, the TSS in the effluent was 251.2 ± 176.4 mg/L on average, which was much lower 

than that in Phase I. The MLSS in the TAnSBR increased from 1546 to 2236 mg/L. Thus, an 

increase of anaerobic could enhance the sludge settleability in the TAnSBR.  

In Phase III, the anaerobic time was increased to 40 mins, and the influent COD concentration was 

1118.3 ± 318.4 mg/L, which was corresponding to an organic loading rate of 1.87 kg/(m3·d). The 

COD concentration in RAS was 267.6 ± 77.0 mg/L, while the COD concentration in the effluent 

was 38.8 ± 10.4 mg/L. The COD removal efficiency in Phase III was 96.5%. The TSS 

concentration in the effluent increased from 292 mg/L on the 133rd day to 456 mg/L on the 140th 

day, due to the change in the anaerobic retention time. However, the TSS concentration in the 

effluent decreased to and stabilized at 90.7 ± 28.7 mg/L from 154th to 188th day in Phase III. 

Compared to the fast accumulation of MLSS in the TAnSBR reactor in Phase II, the growth rate 

of bacteria in Phase III was lower. It indicated that a long anaerobic time of 40 mins changed the 
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species distribution in the TAnSBR reactor. Despite the lower concentration of MLSS in Phase III 

than that in Phase II, the COD removal performance was improved.  

In Phase IV, the SWW was used with the same COD concentration as  Diluted BWW at 1138.3 ± 

49.9 mg/L. The anaerobic time was 40 mins. The COD concentrations in RAS and effluent were 

250.8 ± 47.0 and 26.1 ± 7.6 mg/L, respectively. The COD removal efficiency increased to 97.9%. 

The TSS concentration in the effluent was further improved and stabilized at 41.1 ± 16.1 mg/L, 

which indicated the improvement of sludge settleability.  

Overall, the TAnSBR system showed excellent COD removal performance treating the  Diluted 

BWW and SWW. The results suggested a slight improvement in the COD removal performance 

with a long anaerobic retention time. Moreover, the sludge settleability improved with anaerobic 

time increasing, which indicated the change of bacteria species in the TAnSBR.  

5.3.2 Biological nitrogen removal from Phase I to IV 

Fig. 5.4 summarized the NH4+-N concentrations in the effluent, RAS, and WW over the 4 operation 

phases. In Phase I, the NH4+-N concentrations in the WW was 34.9 ± 10.4 mg/L. In the effluent, 

the NH4+-N concentration decreased to 0.7 ± 1.3 mg/L with an NH4+-N removal efficiency of 

97.9%. The recirculated sludge from the settler was mixed with Diluted BWW at a ratio of 4:1, 

and the NH4+-N concentration in the RAS was 7.0 ± 2.8 mg/L, which was close to the dilution 

concentration. As shown in Fig. 5.4, the NH4+-N concentration in the effluent rose from 0.74 mg/L 

on the 28th day to 5.53 mg/L on the 42nd day due to the blocked air diffusers. The NH4+-N 

concentration in the effluent decreased under the test kits detection limits (< 0.1 mg/L) on the 45th 

day after replacing the air diffusers.  
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Fig. 5.4 Long-term NH4+-N concentration in the effluent, influent, and RAS 

In Phase II, the NH4+-N concentrations were 38.3 ± 3.1 mg/L, 7.3 ± 1.5 mg/L, and 0.2 ± 0.2 mg/L 

in Diluted BWW, RAS, and effluent, respectively. There was nearly no NH4+-N residual in the 

effluent with an NH4+-N removal efficiency of 99.6%. As shown in Table 5.5, the NH4+-N removal 

efficiencies were 99.2% in Phase III and 99.8% in Phase IV. In this study, TAnSBR can remove 

more than 99% NH4+-N on average. The results as shown in Table 5.5 indicated excellent aerobic 

nitrification was achieved in the TAnSBR. 

Table 5.5 NH4+-N in the effluent, influent, and RAS in Phase I to IV 

Phase WW (mg/L) RAS (mg/L) Effluent (mg/L) Removal Efficiency (%) 

I 34.9 ± 10.4 7.0 ± 2.8 0.7 ± 1.3 97.9 

II 38.3 ± 3.1 7.3 ± 1.4 0.2 ± 0.2 99.6 

III 39.7 ± 2.8 9.5 ± 2.6 0.3 ± 0.2 99.2 

IV 39.0 ± 1.9  8.4 ± 0.9 0.1 ± 0.1 99.8 

Fig. 5.5 showed the NO2--N and NO3--N removal performance in the entire experiment. In Phase 

I, the NO2--N and NO3--N concentrations in the effluent were 0.15 ± 0.19 and 0.66 ± 0.53 mg/L, 

respectively. As shown in Fig. 5.5, the air diffuser was blocked from 32nd to 38th day in Phase I. 
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The NO2--N concentration peaked at 0.708 mg/L on the 38th day, while the NO3--N concentration 

increased to 1.15 mg/L on the 35th day. After replacing the air diffuser, the NO2--N and NO3--N 

concentrations in the effluent decreased back to less than 1 mg/L in two weeks. It seems that 

sufficient oxygen demand could improve the removal efficiency of NOX--N in the aerobic zone. 

Moreover, the lack of oxygen due to the blocked air diffuser caused the nitrogen accumulation, 

including high NH4+-N and NOX--N residues. In the RAS, the NO2--N and NO3--N concentrations 

were 0.02 ± 0.006 and 0.26 ± 0.10 mg/L, which indicated excellent anaerobic denitrification in the 

anaerobic zone. Furthermore, the average NAR was 7.1%, demonstrating relatively low nitrite 

accumulation. Nitrification dominated in Phase I other than nitritation.  

The Phase II experiment lasted for 40 days. From 91st day to 112th day, the NO2--N and NO3--N 

concentrations in the effluent increased dramatically. On the 112th day, the NO2--N and NO3--N 

concentrations in the effluent peaked at 0.531 mg/L and 6.07 mg/L, respectively. From 112th day 

to 130th day, the NO2--N and NO3--N concentrations in the effluent decreased to 0.124 mg/L and 

0.57 mg/L, respectively. The NH4+-N concentration in the RAS was 7.3 ± 1.4 mg/L, which was 

much higher than the NOX--N residues in the effluent from the aerobic reactor of the TAnSBR, 

which might suggest the occurrence of aerobic denitrification. Despite the volatile NOX--N in the 

effluent, the NO2--N and NO3--N concentrations in the RAS fluctuated around 0.03 ± 0.03 mg/L 

and 0.26 ± 0.11 mg/L, respectively. The results in Phase II indicated that complete anaerobic 

denitrification was achieved in the TAnSBR. Due to increased anaerobic retention time to 25 mins, 

more biomass degradation of bacteria from the aerobic reactor could happen in the tubular 

anaerobic reactor, which caused bacteria species distribution to change. But the sludge in the 
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TAnSBR could quickly adapt to the increased anaerobic retention time in 10 days, especially the 

bacteria that contributed to aerobic nitrogen removal.  

 

Fig. 5.5 Long-term NOX--N concentration in effluent and RAS 

 

In Phase III, the anaerobic time increased from 25 to 40 mins. At the beginning of Phase III, the 

NO2--N and NO3--N concentrations in the effluent were higher than those at the end of Phase II. 

From 133rd day to 144th day, the NO2--N and NO3--N concentrations in the effluent decreased to 

3.44 mg/L and 0.23 mg/L, respectively, with the total nitrogen removal efficiency at 90.8%. The 

decreased NO2--N and NO3--N residues in the effluent from 133rd day to 144th day demonstrated 

the aerobic nitrogen removal in the TAnSBR system. Due to the increased anaerobic reaction time, 

the sludge clogging issue happened in the anaerobic tubular reactor from the 164th to 168th day. 

The NO2--N concentration in the effluent increased to 1.98 mg/L, while the NO3--N concentration 

decreased to 1.64 mg/L on the 168th day. Moreover, the effluent TSS concentration increased from 

292 mg/L on the 133rd day to 456 mg/L on the 144th day, which might result from the impact of 

the increased anaerobic time on the aerobic species in the TAnSBR. The washout of sludge from 



 

 

 
 

122 

the TAnSBR system caused a reduction of MLSS concentration in the aerobic reactor to 726 mg/L 

on the 150th day. Moreover, the sludge clogging issue caused the nitrite accumulation, but no 

reduction in the TN removal efficiency in the TAnSBR system. The nitrite accumulation from the 

164th to 168th day might come from the washout of NOB due to the increased TSS concentration 

in the effluent. Moreover, due to the low sludge concentration in the TAnSBR system, the 

anaerobic denitrification was affected by the observation of high nitrite and nitrate residues 

between 165th and 189th days. To solve the sludge clogging issue in the anaerobic tubular reactor, 

the tubular reactor was washed by doubling the WW and RAS recirculation flow rates for 30 mins 

twice a week. After regular washing, the nitrate increased to 3.35 mg/L and the nitrite decreased 

to 0.027 mg/L on Day 186.  

In Phase IV, there was no residue of nitrite in effluent and RAS. From Day 190 to Day 214, the 

nitrate concentration in the effluent decreased from 4.98 to 2.99 mg/L, while the nitrate in the RAS 

decreased from 2 to 1.3 mg/L. As shown in Fig. 5.5, at the beginning of Phase IV, the TAnSBR 

did not recover from the loss of sludge from Phase III. The lack of anaerobic denitrifiers in the 

sludge resulted in the high nitrate residue in the RAS. Along with the operation of TAnSBR, the 

nitrate in the RAS decreased to 0.46 mg/L on Day 234 and remained low concentration in the rest 

of the Phase IV experiment. The synthetic wastewater could achieve stable TN removal and 

aerobic denitrification performance based on the stable NO3--N and NO2--N concentrations in the 

effluent from 203rd to 270th day. However, in comparison to Phase I, 40 mins anaerobic retention 

time might inhibit the aerobic denitrification performance.  
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Table 5.6 TN in the effluent, WW, and RAS in Phases I to IV 

 WW (mg/L) RAS (mg/L) Effluent (mg/L) Removal Efficiency (%) 

I 44.0 ± 5.6 11.1 ± 4.0 4.2 ± 3.5 90.2 ± 9.1 

II 40.9 ± 2.6 8.7 ± 2.3 3.4 ± 1.5 91.5 ± 3.4 

III 38.8 ± 10.7 9.9 ± 3.8 6.7 ± 2.5 82.9 ± 6.3 

IV 40.6 ± 1.7 9.7 ± 1.3  4.1 ± 0.8 90.0 ± 2.0 

Based on the Nitrogen Balance results,  the nitrogen supporting the biomass growth accounted for 

57.3% in Phase I, 40.9% in Phase II, 33.0% in Phase III, and 30.0% in Phase IV, respectively. The 

results indicated the nitrogen removal mechanisms in this study are a combination of biomass 

growth and SND. Moreover, a longer anaerobic time could promote the SND and lead to lower 

nitrogen required by biomass growth.  

In conclusion, the TN removal efficiency was above 90% in Phase I, II, and IV. Despite the 

increased NO3--N concentration from the end of Phase III to Phase IV, the anaerobic denitrification 

was recovered by the end of Phase IV. Throughout the entire experiment, excellent anaerobic 

denitrification performance was achieved. From Phase I to IV, no nitrite accumulation, except in 

the period due to sludge clogging, was observed. The low nitrite/nitrate residues in the effluent 

confirmed the aerobic denitrification in the TAnSBR system. Moreover, a long aerobic time could 

cause the NO3--N residues in the effluent to increase, which impacted the aerobic denitrification 

performance in the TAnSBR.  

5.3.3 Biological phosphorus removal from Phase I to IV 

Before entering into the tubular anaerobic reactor, wastewater was mixed with recirculated mixed 

liquor from the sludge settler at a ratio of 1:4. To investigate the phosphorus released under 

anaerobic conditions, the phosphorus concentration entering into the tubular anaerobic reactor 
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named diluted PO43--P concentration was calculated based on the ratio of the sludge recirculation 

rate to the wastewater flow rate.  

 
Fig. 5.6 Long-term PO43--P concentration in the effluent, wastewater, and RAS 

 

In Phase I, the PO43--P concentration in the Diluted BWW was 9.63 ± 2.03 mg/L. As shown in Fig. 

5.6, from Day 0 to Day 13, anaerobic PO43--P release was observed, while the diluted PO43--P and 

PO43--P concentration in the RAS were 5.4 ± 2.9 mg/L and 4.2 ± 2.4 mg/L, respectively. From 

Day 14 to Day 21, the PO43--P concentration in RAS was 7.2 ± 0.5 mg/L, which was close to the 

diluted PO43--P of 7.2 ± 0.3 mg/L. Moreover, from Day 0 to Day 21, the PO43--P concentration in 

the effluent increased from 0.4 to 7.1 mg/L. From the 22nd day to the 28th day, the PO43--P 

concentration in the RAS was 3% to 16% lower than the diluted PO43--P, indicating the occurrence 

of anaerobic P uptake in TAnSBR; while the PO43--P concentration in the effluent decreased to 4.5 

mg/L on Day 28. From Day 28 to 44, the air diffuser block issue deteriorated the system; thus, on 

Day 44, fresh sludge from WWTP replaced the existing sludge in the TAnSBR. From the 44th day 

to the 71st day, the diluted PO43--P and PO43--P concentrations in the effluent and RAS were 4.7 ± 

1.6 mg/L, 3.4 ± 1.9 mg/L, and  6.4 ± 2.5 mg/L, respectively. In this period, phosphorus 
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consumption in the effluent and anaerobic P release was observed. From 76th day to the end of 

Phase I, anaerobic P uptake occurred due to 2% to 21% higher diluted PO43--P concentration than 

that in RAS; while PO43--P concentration in the effluent decreased from 5.43 mg/L on Day 71 to 

3.69 mg/L on Day 87. In Phase I, the average phosphorus removal efficiency was 60.3 ± 18.1% 

except for the data from Day 28 to 44 due to the air diffuser block issue. From Fig 5.6, the 

phosphorus concentration in the effluent decreased along with the operation. The continuous 

improvement of phosphorus removal efficiency was observed in Phase I.  

In Phase II, the anaerobic time increased to 25 mins. From Day 91 to 98, the phosphorus 

concentration in the effluent decreased to 0.7 mg/L, which was much lower than that at the end of 

Phase I. Moreover, the phosphorus concentration in the RAS was 3.4 mg/L which was higher than 

the diluted PO43--P of 2.2 mg/L. The phosphorus removal efficiency increased to 91.4% on Day 

94. The results indicated the occurrence of anaerobic PO43--P release and aerobic PO43--P uptake 

in the TAnSBR. However, from Day 98 to 130, the phosphorus concentration in the effluent kept 

increasing from 0.48 mg/L on Day 98 to 5.3 mg/L on Day 130. The phosphorus removal efficiency 

decreased from 94.1 % on Day 98 to 51.3% on Day 130. Moreover, in Phase II, the ratio of aerobic 

P-uptake/anaerobic P-release was 1.4 mg PO43--P/ mg PO43--P on average.  

In Phase III, from Fig. 5.6, the PO43--P concentrations in RAS were 7.4 ± 2.0 mg/L, while the 

diluted PO43--P concentration was 5.1 ± 2.2 mg/L. The PO43--P concentration in RAS was 43.2 ± 

24.1% higher than the diluted PO43--P concentration, which indicated the excellent anaerobic 

phosphorus release occurring in the TAnSBR. The anaerobic phosphorous release demonstrated 

an increase of PAO proportion in the sludge. Moreover, there was less anaerobic P release in Phase 

III  than that in Phase II, which may result from the continuous reduction of TSS in the RAS. The 
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PO43--P concentrations in effluent were 4.3 ± 2.0 mg/L.  From Day 136 to Day 169, the phosphorus 

removal efficiency kept increasing from 31.0% to 78.4%. By the end of Phase III on Day 186, the 

phosphorus removal efficiency was 67.2%, which was improved in comparison to that in Phase II. 

The ratio of aerobic P-uptake/anaerobic P-release was 1.3 mg PO43--P/ mg PO43--P in Phase III, 

which was close to that in Phase II.  

In Phase IV, the SWW was used with 40 mins anaerobic time. The curves of phosphorus 

concentrations in RAS, effluent, and SWW were stable throughout Phase IV. The P concentration 

in the effluent was 5.1 ± 0.3 mg/L on average with a phosphorus removal efficiency of 49.3 ± 

2.7%. Despite a lower P removal efficiency in Phase IV, the ratio of aerobic P-uptake/anaerobic 

P-release was 1.63 mg PO43--P/ mg PO43--P in Phase IV. Besides aerobic P uptake via oxygen 

pathway, aerobic P uptake via nitrite/nitrate pathway existed in the TAnSBR based on the higher 

ratio of aerobic P-uptake/anaerobic P-release and the observation of aerobic denitrification in 

Phase IV. The results indicated the coexistence of PAOs and DPAOs in the TAnSBR.  

5.3.4 Batch test results on anoxic phosphorus uptake 

To verify the occurrence of anoxic phosphorus uptake in the TAnSBR system, anoxic phosphorus 

uptake batch tests with the addition of nitrite/nitrate were conducted in Phase IV. The result was 

summarized in Table 5.7, in which column Bottle I shows the result with the addition of nitrite, 

while column Bottle II with the addition of nitrate.  

The COD was added at the beginning of the batch test. The initial PO43--P concentrations were 4.2 

mg/L in Bottle I, and 4.0mg/L in Bottle II. As shown in Table 5.7, from 0 to 120 mins, the PO43--

P concentrations increased from 3.9 to 4.4 mg/L in Bottle I, and from 3.8 to 4.4 mg/L in Bottle II. 

There was no significant anaerobic phosphorus release in both bottles. Meanwhile, nitrate and 
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nitrite were eliminated in the initial 120 mins, which likely be caused by the anaerobic 

denitrification and anaerobic phosphorus uptake by DPAOs.  
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Table 5.7 The batch test with the addition of nitrate, nitrite, and COD in anaerobic condition 

 Bottle I with nitrite Bottle II with nitrate 

Time 
(mins) 

NO3--N 
(mg/L) 

NO2--N 
(mg/L) 

COD 
(mg/L) 

PO43--P 
(mg/L) 

NO3--N 
(mg/L) 

NO2--N 
(mg/L) 

COD 
(mg/L) 

PO43--P 
(mg/L) 

0 4.15 0.165 36.8 3.87 4.2 0.155 41.3 3.78 

0 3.92 0.328 440 4.19 3.8 0.36 425 4.02 

30 0.109 0.01 431 4.32 0.125 0.012 422 4.04 

60 0.092 0.011 430 4.34 0.112 0.013 407 4.25 

90 0.08 0.001 403 4.35 0.084 0.001 372 4.25 

120 0.015 0.001 397 4.42 0.019 0.001 364 4.38 

120 8.9 55.2 368 10.9 46.8 8.17 361 11.22 

150 6.5 46.8 354 8.06 39.04 6.72 359 8.06 

180 3.18 31.96 344 6.88 22.64 4.36 275 6.98 

210 1.13 17.96 281 6.86 8.32 1.58 204 5.86 

240 0.134 0.052 182 5.87 0.112 0.132 164 7.24 

300 0.129 0.032 176 6.77 0.08 0.124 162 7.57 
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After 120 min anoxic denitrification reactor, sodium nitrite (Bottle I) / sodium nitrate (Bottle II) 

and sodium phosphate were added to investigate the anaerobic P-uptake. In Bottle I, the nitrite and 

phosphorus concentrations was 55.2 mg/L and 10.9 mg/ at 120 mins. From 120 mins to 240 mins, 

both the nitrite and phosphorus concentrations decreased from 55.2 to 0.05 mg/L and from 10.9 to 

5.9 mg/L, respectively. The elimination of nitrite comes from two sources, anaerobic 

denitrification, and anaerobic phosphorus uptake.  

When the nitrite and nitrate were eliminated, anaerobic phosphorus release was observed as shown 

in Table 5.7. In Bottle I, the phosphorus concentration increased from 5.9 to 6.8 mg/L from 240 

mins to 300 mins. In Bottle II, with the addition of sodium nitrate, the concentration of nitrate and 

phosphorus decreased from 46.8 mg/L to 0.11 mg/L and from 11.2 mg/L to 7.2 mg/L from 120 

mins to 240 mins, respectively. Moreover, there was a rise in phosphorus concentration from 210 

to 300 mins, which indicated the existence of anaerobic phosphorus release by PAOs. The COD 

consumed in Bottle I and Bottle II were 255 mg/L and 263 mg/L, respectively. 

Based on the results of batch tests, anaerobic denitrification and anaerobic PO43--P uptake via 

nitrite and nitrate coexisted in the TAnSBR system. The anaerobic phosphorus release after the 

elimination of nitrogen confirmed the existence of PAOs. Thus, PAOs and DPAOs did exist in 

Phase IV from the TAnSBR system. 

5.3.5 Batch test results on anaerobic phosphorus release 

To determine the anaerobic phosphorus release in Phase I to IV, one anaerobic P-release batch test 

was conducted in each phase. The anaerobic phosphorus release results were summarized in Table 

5.7. The ratio of anaerobic phosphorus release to acetate uptake rate (Prel/CODup) was 0.5 g P/g 
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COD for PAOs (Gu et al., 2008), which was much higher than the Prel/CODup ratios in Phase I to 

IV.  

In Phase I, 0.3 mg/L phosphorus was released into bulk solutions in 360 mins with the ratio of 

anaerobic phosphorus release to acetate uptake rate (Prel/CODup) of 0.011. The phosphorus removal 

efficiency was 50.1% in the TAnSBR system when the batch test was conducted. The low 

Prel/CODup and good phosphorus removal efficiency might result from the reasons below: a. In 

Phase I, the anaerobic time was 10 mins, which could limit the enrichment of PAO in the sludge; 

b. The anoxic phosphorus uptake was confirmed in the batch test discussed in Section 5.3.4, which 

indicated the existence of DPAOs in the TAnSBR. DPAOs could consume COD and nitrite/nitrate 

to uptake phosphorus in the anaerobic zone.  

Table 5.8 Anaerobic phosphorus release batch test results 

Phase I II III IV 

Duration (min) 360 360 360 360 

P released (mg/L) 0.3 0.7 0.9 1.5 

P-release per gram of VSS (mg/(g VSS · L)) 0.2 0.5 0.5 0.6 

COD consumed (mg/L) 25 34.5 59 67 

Prel/CODup 0.011 0.021 0.016 0.022 

P removal efficiency (%) 50.1 53.1 66.9 45.2 

In the Phase II batch test, 0.7 mg/L phosphorus was released with a COD consumption of 34.5 

mg/L. The P/COD ratio increased from 0.011 in Phase I to 0.021. The P removal efficiency was 

53.1% in the TAnSBR system at the time when the batch tests were conducted, which was slightly 

higher than that in Phase I. As the anaerobic time increased to 25 mins in Phase II, the P-release 

per gram of VSS increased to 0.5 mg/(gVSS·L), which indicated the increased abundance of 

PAOs/DAPOs in the sludge. Anaerobic phosphorus uptake by DPAOs consumes nitrate/nitrite. 
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Thus,  The competition between anaerobic denitrification and DPAO for nitrite/nitrate might limit 

the growth of DPAOs.  

In Phase III and IV, the anaerobic time was 40 mins, which was sufficient for PAOs to achieve 

full anaerobic phosphorus release capacity. In Phase IV, the sodium propionate was the carbon 

source instead of Diluted BWW in Phase III. Sodium propionate was easier to be consumed by 

PAOs. When changing from Diluted BWW to SWW, the released phosphorus increased from 0.94 

mg/L to 1.49 mg/L. The P/COD ratio increased from 0.016 in Phase III to 0.022 in Phase IV, which 

indicated more COD consumed for anaerobic phosphorus release by PAOs. The P-release rate was 

0.25 mg-P/(g-VSS·h) in Phase IV. The P-release per gram of VSS in the TAnSBR system were 

0.2, 0.5, 0.5, and 0.6 mg/(g VSS · L), which indicated the abundance of PAOs in the sludge 

increased with anaerobic time.  

5.3.6 Bacterial community structures of sludge 

The microbial proportions at the phylum level in different phases are summarized in Fig. 5.7. In 

the seed sludge, the proportions of Bacteroidetes, Proteobacteria, Firmicutes were 29%, 41%, and 

27%. All the other species occupied a proportion of less than 1%. In Phase I, the proportion of 

Proteobacteria increased to 67.4%; while the proportion of Bacteroidetes decreased to 21.7%. 

There was a reduction of the Firmicutes proportion from 27% to 9%. A significant increase in the 

population of Verrucomicrobia was observed in Phase I. It seems that the growth of Proteobacteria 

and Verrucomicrobia was promoted, while the growth of Firmicutes and Bacteroidetes was 

arrested. In Phase II, Proteobacteria (79%), Bacteroidetes (11%), Firmicutes (5%), and 

Verrucomicrobia (3%) were the top 4 dominant phyla in the system. All other phyla took up 2% 

of the sludge. 
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Fig. 5.7  Microbial Community Structures of sludge from an experiment at the Phylum Level
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Proteobacteria was further enriched from 67.4% in Phase I to 79% in Phase II. Bacteroidetes 

proportion reduced from 21.7% in Phase I to 11% in Phase II. The proportions of Firmicutes and 

Verrucomicrobia dropped a little. The sludge in Phase III contained Proteobacteria (71%), 

Bacteroidetes (19%), Firmicutes (5%), and Verrucomicrobia (2%). The microbial community 

structure in Phase IV consisted of 71% Proteobacteria, 17% Bacteroidetes, 3% Firmicutes, and 

4% Verrucomicrobia, which was similar to that identified in Phase III.  

At Class level, the dominant Classes in the seed sludge were Betaproteobacteria (40.2%), 

Flavobacteria (25.5%), Sphingobacteriia (11.1%), Clostridia (6.7%), Alphaproteobacteria 

(3.8%), Gammaproteobacteria (3.6%) and Deltaproteobacteria (2.4%). All other Classes took up 

less than 1% of the OTUs observed. In Phase I, the change of the dominant classes in Phase I in 

the sludge was significant as shown in Fig. 5.8.  

 

Fig. 5.8 Microbial Community Structures of sludge from the experiment at the Class Level 
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The top 5 predominant Classes in Phase I was Betaproteobacteria (41.9%), Sphingobacteriia 

(12.9%), Epsilonproteobacteria (9.4%), Gammaproteobacteria (8.8%), and Flavobacteriia 

(5.9%). The proportion of Betaproteobacteria slightly increased in Phase I, while a significant 

reduction of Flavobacteriia proportion was observed in Phase I. In Phase II, the class of 

Betaproteobacteria, Gammaproteobacteria, Sphingobacteriia, Alphaproteobacterial, and 

Clostridia accounted for 56%, 13%, 9%, 8% and 4% of the total detected OTUs. In Phase III, the 

proportions of Betaproteobacteria, Flavobacteriia, Gammaproteobacteria, Alphaproteobacterial, 

and Epsilonproteobacteria were 42%, 16%, 14%, 11%, and 5%, respectively. In Phase IV, the 

reduction of proportions on Class Alphaproteobacterial and Flavobacteriia was observed, while 

the growth of Sphingobacteriia and Betaproteobacteria was improved. The dominant class in 

Phase IV were Betaproteobacteria (52%), Gammaproteobacteria (11%), Flavobacteria (6%), 

Sphingobacteriia (11%), and Alphaproteobacterial (4%).  

In the Genus level as shown in Fig. 5.9, Flavobacterium took up 30% of the total OTUs in the seed 

sludge. The top 4 dominant genes in the seed sludge were Flavobacterium (30%), Zoogloeal (20%), 

Dechloromonas (7%), and Pedobacter (6%).  In Phase I, Paucibacter, Arcobacter, Zoogloeal, and 

Flavobacterium accounted for 20%, 10%, 9%, and 6% of the total OTUs, respectively. In Phase 

II, the dominant bacterial genera in the sludge were Zoogloeal (40%), Dechloromonas (9%), 

Paucibacter (6%), and Pedobacter (3%). The microbial community structure became more and 

more diverse, as the proportion of ‘Others’ increased along with the experiment. Flavobacterium 

(22%), Zoogloeal (20%), Dechloromonas (6%), Arcobacter (5%), and Paucibacter (4%) were the 

5 predominant genera identified in the Phase III sludge. The genera of ‘Others’ (less than 1% 

proportion of total OTUs) increased to 43% from 36% (Phase II). In Phase IV, the dominant 
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bacterial genera were Zoogloeal (28%), Dechloromonas (9%), Flavobacterium (7%), Arcobacter 

(3%), and Lewinella (3%). Moreover, all the genera categorized into ‘Others’ took up 50% of the 

total OTUs in Phase IV.  

 

Fig. 5.9 Microbial Community Structures of sludge from the experiment at the Genus Level 

5.4 Discussion 

In general, the TAnSBR system can achieve excellent COD and nitrogen removal. The overall 

COD removal efficiency was 96.7 ± 1.4% in this study. NH4+-N and TN removal efficiencies were 

99.0 ± 2.9% and 88.9 ± 6.8%, respectively. In the entire experiment, the low nitrite and nitrate 

residues were observed in the effluent, which indicated the occurrence of aerobic denitrification 

in the TAnSBR system. Thus, the results verified the simultaneous nitrification and denitrification 

in the aerobic zone of the TAnSBR system. In this study, the TP removal efficiency was 52.5 ± 
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17.1%. During the experiment, the TP removal efficiency peaked at 63.0% in Phase II under 25 

mins anaerobic retention time. 

5.4.1 Microbial Community Diversity for Nitrogen Removal in TAnSBR 

In this study, the microbial community diversity in different phases was characterized by the 

Illumine MiSeq sequencing platform. Proteobacteria and Bacteroidetes were reported to be the 

most abundant in the wastewater treatment plants (WWTPs), and many bacterial species belong 

to Proteobacteria and Bacteroidetes contributed to nitrogen fixation (Rudnick et al., 1997; D. 

Zhang et al., 2012) 

 

Fig. 5.10 The proportion of Nitrospirae in the sludge of each Phase 

Ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) are two major functional 

bacterial responsible for the oxidation of ammonia nitrogen and nitrite nitrogen, respectively. 

Nitrosomonas and Nitrosospira under the b-Proteobacteria are the most common AOBs. In the 
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seed sludge, there was no Nitrosomonas detected, and Nitrosospira was also only accounted for 

0.002% of the total OTUs detected. The Nitrosomonas and Nitrosospira were hardly observed 

through Phase I to IV.  

Nitrobacter, Nitrococcus, Nitrospina, and Nitrospirae as the Nitrite-oxidizing bacteria (NOB) 

were the four major genera in three Proteobacter groups (Metcalf and Eddy 2014). In the seed 

sludge, only Nitrospirae was observed with a proportion of 0.09%, which was in the low abundant 

core genera category. Daims et al. (2015) demonstrated the ability of Nitrospirae on one-step 

oxidation of ammonia to nitrate (Daims et al., 2015). Furthermore, Nitrospirae has been widely 

reported as the dominant NOB in WWTPs. However, in the sludge taken from Guelph WWTP, 

the Nitrospirae proportion was much lower than those previously reported. In Phase I, the 

Nitrospirae proportion decreased to 0.041%. However, as shown in Fig. 5.10, the proportion of 

Nitrospirae increased in Phase II to Phase IV and reached 0.582% in Phase IV. Despite the low 

proportion of Nitrosomonas, Nitrosospira, and Nitrospirae, aerobic nitrification in the TAnSBR 

can achieve more than 99% ammonia removal efficiency. This indicated some identified 

nitrification organisms might play an important role in ammonia removal.  

For denitrification, Dechloromonas, Azoarcus, Zoogloea, Thauera, Curvibacter, and 

Hyphomicrobium have been reported containing species of denitrifiers (Nielsen et al., 2010; 

Zielińska et al., 2016; Cheng et al., 2018). In this study, Dechloromonas, Azoarcus, Zoogloea, 

Thauera, Curvibacter, Novosphingobium, and Hyphomicrobium were present in the sludge of each 

Phase as shown in Fig. 5.11.  

Thauera was among the top 3 denitrifiers in the seed sludge,  but, its proportion decreased 

dramatically in the TAnSBR with Diluted BWW. In Phase IV, the proportion of Thauera increased 
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to 8.835% with the use of SWW. Among these detected denitrifiers, Zoogloea was the abundant 

core genera observed in the sludge of each Phase.  

 

Fig. 5.11 The proportion of Denitrifiers in the sludge of each Phase 

Zoogloea was reported as one of the functional denitrifiers in the conventional activated sludge 

(Zhang, Shao and Ye, 2012; Gao et al., 2016). The strains in Zoogloea have been identified with 

the ability of aerobic denitrification, including Zoogloea ramigera with the ability of aerobic 

denitrification at DO 8 mg/L and Zoogloea sp. N99 (Strand, McDonnell and Unz, 1988; Huang et 

al., 2015). The high proportion of Zoogloea in all sludge could explain the aerobic denitrification 

observed in the TAnSBR system. In this study, the denitrifiers were observed to have a higher 

proportion than the nitrifiers. This could be due to the relatively higher growth rate of heterotrophic 

denitrifiers than that of autotrophic nitrifiers.  
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5.4.2 Microbial Community Diversity for Phosphorus Removal in TAnSBR 

For phosphorus removal, Accumulibacter, Tetrasphaera, Microthrix, and Gordonia were reported 

as PAOs in the activated sludge system (Xia et al., 2018). Accumulibacter was one of the most 

frequently reported PAOs (Mielczarek et al., 2013). However, in this study, Accumulibacter was 

not observed in the TAnSBR system. The processes used in Guelph WWTP were not designed to 

remove phosphorus mainly. Candidatus Microthrix frequently appeared in EBPR reactors with 

good phosphorus removal performance (Marrengane et al., 2011) 

Table 5.9 Genera Observed in this study related to Phosphorus Removal 

Genera Seed Sludge Phase I Phase II Phase III Phase IV 

Amaricoccus (%) 0.008 0.008 0.022 0.025 0.076 

Tetrasphaera (%) 0 0.001 0.02 0 0.001 

Gordonia (%) 0 0 0 0.002 0.092 

Thiothrix (%) 0.018 0.619 8.534 6.174 0.027 

In this study, Amaricoccus, Tetrasphaera, Gordonia, and Thiothrix were related to the phosphorus 

removal performance. Amaricoccus and Gordonia were frequently observed in the activated 

sludge process systems (Kaetzke, Jentzsch and Eschrich, 2005; Marrengane et al., 2011). 

Amaricoccus took up 0.008% of total OTUs at the genus level in the seed sludge. The proportion 

of Amaricoccus increased within the TAnSBR system at 0.008%, 0.022%, 0.025%, and 0.076% 

from Phase I to IV, respectively. Tetrasphaera and Gordonia as core genera to remove phosphorus 

were detected at a very low (<0.001%) proportion.  

Thiothrix as an obligate aerobic mixotroph showed high phosphorus removal efficiency in EBPR 

reactors (Nielsen et al., 2010; Zhang et al., 2017). The Thiothrix proportion in seed sludge and 

sludge from Phase I to IV were 0.018%, 0.619%, 8.534%, 6.174%, and 0.027%, respectively. The 
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Thiothrix was dominant in the TAnSBR using Diluted BWW. In Phase II, the Thiothrix proportion 

reached a peak of 8.534%, which resulted in an increase of phosphorus removal performance to 

63%. As the Thiothrix proportion decreased in Phase III and IV, the phosphorus removal 

performance decreased to 55.2% and 49.4%, respectively. Furthermore, due to the use of SWW in 

Phase IV, the Thiothrix proportion decreased dramatically. In order level, Rhodocyclales was 

related to high phosphorus removal performance. The proportion of Rhodocyclales in this study 

was 22.472%, 10.955%, 33.623%, 17.367%, and 35.669% in seed sludge and sludge from Phase 

I to IV, respectively.  

5.4.3 Aerobic denitrification 

The long-term experimental results showed excellent NH4+-N and TN removal efficiencies with 

low nitrite and nitrate residues in the effluent. The results illustrated the occurrence of 

simultaneous nitrification and denitrification (SND) in the aerobic zone of the TAnSBR system. 

In this study, the nitrogen residue was in the form of nitrite and nitrate with low concentrations in 

the effluent. The effluent was discharged directly from the aerobic reactor in the TAnSBR system, 

which proved the existence of the aerobic denitrification process.  

Moreover, Zoogloea was identified as one of the dominant denitrifiers in the conventional 

activated sludge, which was also observed dominantly in this study. The proportion of Zoogloea 

was 10.7%, 7.3%, 26.1%, 12.7%, and 16.5% in seed sludge and sludge from Phase I to IV, 

respectively. Some Zoogloea species were identified as denitrifying aerobic heterotrophic bacteria, 

such as Zoogloea ramigera and Zoogloea sp. N299 (Unz and Dondero, 1967; Williams and Unz, 

1983). In this study, the Zoogloea ramigera proportion was 0.13%, 0.74%, 4.76%, 2.12%, and 

6.81% in seed sludge and sludge from Phase I to IV. The Zoogloea ramigera proportion increased 
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within the TAnSBR system. The highest Zoogloea ramigera proportion was 6.81% in Phase IV 

with 40 mins anaerobic time and SWW. The increased Zoogloea ramigera improved the aerobic 

denitrification in this study. 

Thauera as the core genera were observed to compete with DPAOs for nitrate or nitrite in anoxic 

zones (Zhang et al., 2017). The Thauera proportion was 5.55% in the seed sludge, which resulted 

in excellent nitrogen removal. Moreover, Thauera belongs to the family Zoogloeaceae of the order 

Rhodocyclales. However, the proportion of Thauera in the TAnSBR system with Diluted BWW 

was detected as a low proportion (<1%) in Phase I to III. The results indicated the inhibition of the 

TAnSBR system with Diluted BWW on the growth of Thauera. In Phase IV, due to the use of 

SWW, the proportion of Thauera was observed at 8.83%.  

The species in Zoogloea, including Zoogloea and Thauera, caused aerobic denitrification in this 

study. The system can achieve excellent nitrogen removal performance, even in aerobic zones. 

From the Illumina Sequencing results, it was confirmed that the removal of nitrogen in the aerobic 

reactor depended on aerobic denitrification.  

5.4.4 Phosphorus removal mechanism 

In this study, the TP removal efficiency was 52.5 ± 17.1% on average. The anaerobic released 

phosphorus was 0.63 ± 0.21, 2.61 ± 0.12, 2.36 ± 0.58 and 1.56 ± 0.33 mg/L in Phase I to IV, 

respectively. Based on the batch test results, it indicated the anaerobic phosphorus uptake via 

nitrite and nitrate in the TAnSBR system. Thus, the simultaneous anaerobic phosphorus release by 

PAOs and anaerobic phosphorus uptake by DPAOs resulted in a low anaerobic phosphorus release 

rate in this study.  
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It has been reported that some PAOs can uptake phosphorus in anoxic conditions using nitrite 

(Jabari et al. 2014) and nitrate (Kuba, Van Loosdrecht and Heijnen, 1996) as electron acceptors. 

Denitrifying PAOs were named as DPAOs that could achieve simultaneous denitrification and 

phosphorus uptake. In this study, the anoxic phosphorus uptake rate was 0.69 mg P / (g MLSS · h) 

with the addition of nitrate, while the anoxic phosphorus uptake rate was 0.91 mg P / (g MLSS · h) 

with the addition of nitrite. The anoxic phosphorus uptake rate was lower than those from other 

studies listed in Table 5-10.   

Table 5.10 Comparison of Anoxic PUR 

 Sludge System Cycle Configuration Nitrogen Anoxic PUR 

(mg P/g MLSS/h) 

(Saito, Brdjanovic 

and Van Loosdrecht, 

2004) 

Floccular SBR Anaerobic/Anoxic/Aerobic Nitrite 7 ~ 10 

(Miao et al., 2018) Floccular SBR Anoxic/Aerobic Nitrite 0.53 ~ 15.82 

(Mandel et al., 2019) Floccular SBR Anaerobic/Anoxic/Aerobic Nitrate 4.58 ~ 4.98 

This Study Floccular TAnSBR Anaerobic/Aerobic Nitrite 0.91 

This Study Floccular TAnSBR Anaerobic/Aerobic Nitrate 0.69 

Miao et al. (2018) conducted a series of experiments on anoxic phosphorus uptake rate via the 

addition of NaNO2 into batch reactors with an initial nitrite concentration within the range of 39.98 

to 48.63 mg NO2-N/L. Miao et al. (2018) reported anoxic phosphorus uptake rates from 0.53 to 

15.82 mg P/g MLSS/h with pH changing from 6 to 8.5. In this study, the pH in the system was 8.2 

± 0.4. In comparison with the results by Miao et al. (2018), the anoxic phosphorus uptake rates 

were much lower in this study. The low anoxic phosphorus uptake rate in this study resulted from 

the small proportion of DAPOs in the sludge and the anaerobic released phosphorus by PAOs.  
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The core genera related to phosphorus removal in this study were Amaricoccus, Gordonia, and 

Thiothrix. The proportion of Amaricoccus increased in the TAnSBR system with proportions of 

0.008%, 0.022%, 0.025%, and 0.076% in Phase I to IV, respectively. Gordonia was less than 0.001% 

in seed sludge, Phase I, II, and III. In Phase IV. The Gordonia proportion increased to 0.092% in 

Phase IV with the use of sodium propionate as the carbon source. Thiothrix as an obligate aerobic 

mixotroph showed high phosphorus removal efficiency in EBPR reactors (Nielsen et al., 2010; 

Zhang et al., 2017). The Thiothrix proportion in seed sludge and sludge from Phase I to IV were 

0.018%, 0.619%, 8.534%, 6.174%, and 0.027%, respectively. Thus, the main functional core 

genera related to phosphorus removal could be Thiothrix. Moreover, Rhodocyclales dominated, 

which contributed to the phosphorus removal in this study.  

In conclusion, the coexistence of PAOs and DPAOs in the TAnSBR system was confirmed. 

Moreover, the anaerobic phosphorus release by PAOs and anaerobic phosphorus uptake by 

DPAOs happened simultaneously in the tubular reactor, which caused a low anaerobic phosphorus 

release rate and low anaerobic phosphorus uptake rate observed in this study. 

5.4.5 Effect of anaerobic retention time 

The extension of aerobic retention time did not show a significant impact on the NH4+-N removal. 

The NH4+-N removal efficiency was 99.0 ± 2.9% on average in this study. However, the TN 

removal efficiencies were 90.6%, 91.6%, 82.7%, and 89.9% in Phase I to IV, respectively. As the 

anaerobic retention time increased from 25 mins to 40 mins, the TN removal efficiency dropped 

dramatically with a large amount of nitrate and nitrite residues. The aerobic condition favors the 

growth of aerobic denitrifiers. The long anaerobic period could reduce the microbial activity of 

aerobic denitrifiers.  
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The study showed that 10 mins of the anaerobic time were too short for PAOs to reach full 

anaerobic phosphorus release capacity. However, the nitrogen residues were eliminated in 10 mins 

anaerobic time, which indicated 10 mins anaerobic time was long enough for anaerobic 

phosphorus uptake by DPAOs. Thus, as the anaerobic time increasing from10 to 25 mins, the 

phosphorus removal efficiency increased from 56.8% to 63.0%. However, as anaerobic time 

increasing to 40 mins, the phosphorus removal efficiency decreased to 55.2%.  

The anaerobic retention time could impact the bacterial community structure of sludge. At the 

Phylum level, the Proteobacteria and Bacteroidetes proportions changed with the increase of 

anaerobic retention time. The Proteobacteria proportion increased from 67.4% to 79% with 

anaerobic retention time increased from 10 to 25 mins; while decreased to 71% at the anaerobic 

retention time of 40 mins in Phase III and IV. The Bacteroidetes proportion was 29%, 21.7%, 11%, 

19%, and 17% in seed sludge, Phase I, II, III, and IV. From the results, the Proteobacteria and 

Bacteroidetes proportion reached the peak in Phase II at the anaerobic time of 25 mins.  

At the Class level, A significant decrease in the proportion of the Flavobacteriia to 6% was 

observed in Phase I. 10 mins anaerobic time can inhibit the growth of Flavobacteria. In Phase II 

under 25 anaerobic time, the Gammaproteobacteria proportion increased from 9% in Phase I to 

13%. As the anaerobic time increased to 40 mins in Phase III and IV, the Betaproteobacteria and 

Gammaproteobacteria proportion increased. In comparison between results in Phase III and IV, 

the use of sodium propionate can enhance the growth of bacteria belonging to Class 

Betaproteobacteria. The reduction of proportions on Class Alphaproteobacterial and 

Flavobacteriia using sodium propionate as the carbon source was observed, while the growth of 

Sphingobacteriia was improved. 
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5.5 Conclusions 

The objective of this study was to verify the SNDPR performance in the TAnSBR system by 

controlling two factors involving the anaerobic time and types of wastewater. The overall COD 

removal efficiency was 96.7 ± 1.4% in this study. NH4+-N and TN removal efficiencies were 99.0 

± 2.9% and 88.9 ± 6.8%, respectively. There was no significant difference in TN removal 

performance to treat Diluted BWW and SWW. Anaerobic retention time at 25 and 40 mins can 

cause complete nitrification overpassing nitritation. Based on the nitrogen balance results, the 

nitrogen was removed through aerobic denitrification and biomass growth. The TP removal 

efficiency was 52.5 ± 17.1%. Too short (10 mins) or too long (40 mins) anaerobic time can cause 

a decline in TP removal efficiency. At the anaerobic time of 25 mins, the peak of TP removal 

efficiency was achieved at 63.0%.  

The long-term results showed that nitrite and nitrate residue in the effluent was much lower than 

nitrogen concentrations in the Diluted BWW and SWW. The results confirmed the existence of 

the SND in the TAnSBR system. Furthermore, batch test results confirmed the anaerobic 

phosphorus release by PAOs in the TAnSBR system. The anoxic phosphorus uptake was observed 

through batch tests via the addition of nitrite and nitrate. The anoxic phosphorus uptake rate was 

0.7 mg P / (g MLSS * h) with the addition of nitrate, while the anoxic phosphorus uptake rate was 

0.9 mg P / (g MLSS * h) with the addition of nitrite, which was lower than the previous researches. 

It might result from the anaerobic phosphorus release and uptake happening simultaneously.   

From the Illumina Sequencing results, the high proportion of aerobic denitrifiers in family 

Zoogloea contributed to the aerobic denitrification, including the Zoogloea ramigera and Thauera. 

To the phosphorus removal, Thiothrix dominated the study, especially in Phase II and III with 



 

 

 
 

146 

proportions at 8.534% and 6.174%. Other PAOs, such as Amari coccus, Tetrasphaera, and 

Gordonia were detected at a low proportion level (<0.01%).  
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6 An Investigation into the Key Factors affecting the SNDPR 
Performance in TAnSBRs  

6.1 Introduction 

Heterotrophic nitrification and aerobic denitrification contributed to the simultaneous nitrification 

and denitrification process. Researches indicated that P. pantotropha can achieve heterotrophic 

nitrification and aerobic denitrification (Geraats et al., 1990). P. pantotropha can oxidize ammonia 

to nitrite and achieve both aerobic and anaerobic denitrification (Robertson et al., 1988; Geraats 

et al., 1990). 

DPAOs were mostly founded in the wastewater treatment systems including anoxic and anaerobic 

stages, which can make the system complicated and limit the application of DPAOs. The reported 

aerobic denitrifiers can remove nitrogen and phosphorus without anoxic stages can largely 

simplify the system and reduce the energy and maintenance costs. Despite the phosphorus removal 

capacity by some aerobic denitrifiers, the phosphorus removal mechanisms are still not well-

understood. Barak and Van Rijn (2000) illustrated the poly-P accumulation within parts of the 

aerobic denitrifiers (Barak and Van Rijn, 2000). But some aerobic denitrifiers without poly-P 

accumulated observed can still remove phosphorus (Bonin and Raymond, 1990). Furthermore, 

oxygen tolerance varies among various aerobic denitrifiers. While Patureau et al. (1994) illustrated 

the inhibition effects of oxygen on nitric oxide reductase and nitrous oxide reductase in aerobic 

stages, some aerobic denitrifiers can remove nitrate under 100% O2 level (Patureau et al., 1994). 

In this study, several key factors affecting the SNDPR performance were tested including the C/N 

ratio, anaerobic retention time, and SRT in two TAnSBRs. Moreover, the Illumina MiSeq 

Sequencing was used to identify the functional species to SND and phosphorus removal.  
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6.2 Material and method 

6.2.1 Wastewater and seed sludge 

In this study, one of the main objectives focuses on the impact of the C/N ratio of the wastewater 

on the SND performance in the TAnSBR system. The composition of synthetic wastewater was 

adjusted in different Phases of this study. The detailed wastewater characteristics in each Phase 

are presented in Table 6.1. In Phase I, the synthetic wastewater contained, per liter: 1,030 mg 

C2H3NaO2, 153 mg NH4Cl, 28 mg K2HPO4, 22 mg KH2PO4, 48.5 mg CaCl2·H2O, 152 mg 

MgSO4·7H2O, 250 mg Na2CO3, and 0.1 ml of trace nutrient solution as described in Table 6.2 

(Scampini 2010). All chemicals are supplied by Fisher Scientific, Canada. 

Table 6.1 Characteristics of Wastewater (WW) 

Phase I II III IV V VI 

Days 1~45 46~80 81~94 95~112 113~171 172~193 

COD (mg/L) 1289.5 ± 99.5 1312.2 ± 69.1 1254.8 ± 48.1 1322.8 ± 54.4 1277.5 ± 102.0 556.0 ± 18.9 

NH4+-N (mg/L) 41.4 ± 5.6 40.3 ± 3.6 78.4 ± 2.2 77.7 ± 1.4 38.4 ± 2.2 21.8 ± 2.4 

PO43--P (mg/L) 9.4 ± 0.4 33.0 ± 1.9 30.0 ± 1.0 26.6 ± 4.8 21.4 ± 2.3 5.9 ± 0.6 

Designed C/N/P Ratio 120/4/1 120/4/3 120/8/3 120/8/3 120/4/2 120/4/1 

In Phase II, the phosphorus concentration in the synthetic wastewater increased from 9.4 ± 0.4 to 

33.0 ± 1.9 mg/L, while COD and nitrogen concentrations remained unchanged.  In Phase III, the 

ammonia nitrogen concentration increased to 78.4 ± 2.2 with a designed C/N/P ratio at 120/8/3. In 

Phase IV and V, the effect of SRT on the SND was tested. In Phase IV, the wastewater composition 

was the same as that in Phase III. The COD, ammonia nitrogen, and phosphorus concentrations 

were 1277.5 ± 102.0, 38.4 ± 2.2, and 21.4 ± 2.3 mg/L with a designed C/N/P ratio at 60/2/1 in 

Phase V. The synthetic wastewater with low COD concentration was used in Phase VI. The COD, 

ammonia nitrogen, and phosphorus concentrations were 556.0 ± 18.9, 21.8 ± 2.4, and 5.9 ± 0.6 

mg/L. In this study, the addition of sodium bicarbonate could control pH and provide essential 
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alkalinity. Ca2+ and Mg2+ concentrations in the synthetic wastewater were kept at 15 mg/L. The 

aerobic sludge was taken from the secondary settler in the Guelph Wastewater Treatment Plant 

(WWTP). The initial MLSS concentration was approximately 2000 mg/L in the aerobic reactor of 

the TAnSBR. 

Table 6.2 Compositions of trace metal solution 

Chemical Concentration (mg/L) 

FeCl2·4H2O 2000 

MnCl2·4H2O 500 

CoCl2·6H2O 2000 

NiCl2·6H2O 142 

ZnCl2 50 

Na2SeO3 123 

AlCl3·6H2O 90 

CuCl2·2H2O 38 

H3BO3 50 

HCl 1 ml (36%) 

EDTA 1000 

(NH4)6Mo7O24·H2O 50 

6.2.2 Experimental set-up and operation 

Fig. 6.1 shows the lab-scale continuous-flow Tubular Anaerobic SBR Reactor (TAnSBR). In this 

study, parallel experiments using two identical continuous-flow TAnSBRs were conducted. The 

TAnSBR consists of a tubular anaerobic reactor, an aerobic reactor with a working volume of 5 L, 

and a secondary settler of 1 L (University of Guelph). The tubular anaerobic reactor was designed 

for anaerobic phosphorus release and denitrification, which was made through twining 

polyethylene pipes (1/4 in. O.D. x 0.170 in. I.D.) onto the columns. To accurately control anaerobic 
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retention time at 40 and 60 mins in two TAnSBRs, the length of the polyethylene pipes was 682.9 

and 1024.3 cm, respectively.  

 

Fig. 6.1 The TAnSBR System 

The aerobic reactor was divided into 7 chambers under aerobic conditions for phosphorus uptake 

and nitrification. The sludge settler was designed to select sludge with good settleability from the 

discharge of the aerobic reactor. As shown in Fig. 6.1, the settled sludge in the sludge settler and 

wastewater was pumped into the tubular anaerobic reactor at a flow rate of 0.9 L/hr and 0.3 L/hr 

by two Thermo Scientific Peristaltic pumps (Fisher Scientific, Canada). In the aerobic reactor, the 

air was injected by Marina 300 Air Pumps from the bottom of all chambers at a superficial air 

velocity of 0.01 m/s. The airflow rate was controlled at 2.36 L/min. DO was at approximately 8.0 

mg/L without strict control. pH was monitored three times a week. Water temperature was the 

same as the ambient temperature between 19 and 23 ℃.  
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In TAnSBRI with an anaerobic retention time at 40 mins, the solid retention time (SRT) was 

maintained at 15 days in Phase I to III and VI,  8 days in Phase IV and VI. In TAnSBR II, the 

anaerobic retention time was 60 mins. The SRT in TAnSBR II was 15 days in all Phases of this 

study. The hydraulic retention time (HRT) in both TAnSBRs was 16.7 hr. 

6.2.3 Batch tests 

In this study, one batch test was conducted each Phase when the performance of systems was 

stabilized. The objective of batch tests was to verify the occurrence of phosphorus removal via the 

nitrite/nitrate pathway. In the batch test, 160 ml of mixed liquor from the aerobic reactors of 

TAnSBR I and II. The mixed liquor sample was mixed with 40 ml of tap water in sealed bottles. 

At the beginning of batch tests, sodium acetate (Fisher Scientific, Canada)  was added to the bottles 

with an initial COD concentration of 300 mg/L. The bottle was cap-sealed and stirred at 125 rpm 

via a stir bar. After 120 mins, sodium nitrite was added to maintain an initial NO2--N concentration 

at approximately 10 mg/L. Subsequently, at 240 mins, the addition of sodium nitrate was 

conducted with NO3--N concentration at 10 mg/L. The batch bottles were operated under anaerobic 

conditions. MLSS and MLVSS in the bottles were measured for the investigation of the ratio of 

phosphorus release and COD uptake. Every 30 mins, mixed liquor samples were taken from the 

bottles. The filtrates of mixed liquor samples filtered using 0.22 μm nylon syringe filters (GF/F. 

Whatman, USA) were collected for chemical analysis, including COD, NH4+-N, NO3--N, NO2--N, 

TN, PO43--P, and TP. 

6.2.4 Analytical methods 

Mixed liquor samples from the tubular anaerobic reactor, the sludge settler, and batch test beakers 

were filtered through 0.22 μm nylon syringe filters (GF/F. Whatman, USA). The filtrate was 
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collected for chemical analysis. The concentrations of COD, NH4+-N, NO3--N, NO2--N, TN, PO43-

-P, and TP were measured using HACH test kits according to the APHA Standard Methods (Rice, 

Baird and Eaton, 2017). MLSS, MLVSS, and SVI were measured via the APHA Standard 

Methods. The carbohydrate contents in the filtrate were measured by the phenol-sulfuric acid 

method with glucose as the standard (Dubois et al. 1956). Protein was measured via the 

colorimetric spectroscopic methods with a HACH DR5000 spectrophotometer (Frolund, Griebe, 

and Nielsen 1995). 

6.2.5 DNA extraction 

The DNA extraction was conducted via the PowerSoil DNA Isolation Kit (MOBIO Laboratories, 

Inc.). Based on the PowerSoil Kit manufacture’s protocol, the mixed liquor samples from the 

tubular anaerobic reactor, aerobic reactor, and effluent were centrifugated at 10,000 g for 10 min. 

The solids were collected for DNA extraction. The extracted DNA was eluted using 100 μL sterile 

DNA-Free PCR Grade Water. NanoDrop 2000 spectrophotometer (Thermo Scientific Canada) 

was used for the quality and quantity analysis of the extracted DNA. The qualified DNA was stored 

at -20 °C for further Illumine MiSeq Sequencing analysis. 

6.2.6 Illumina MiSeq sequencing  

The 5’ MiSeq adapter was attached by the Illumina Nextera XT Index kit (Illumina Inc., San 

Diego, USA). The amplicons for multiplexing were conducted based on the manufacturer's 

protocol. The purification of amplicons was conducted via the DNA gel extraction kit of 

AxyPrepDNA (Axygen, China). The library pooling followed the quantity test via the FTC-

3000TM real-time PCR. The Illumina MiSeq platform paired-end (2 × 300 bp reads) with a library 
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of 5 kbp insert size via MiSeq Reagent Kit V3 (TinyGene BioTech, Co., Ltd. Shanghai, China) 

was used.  

6.2.7 Illumina data analysis  

High-quality data was generated for the Illumina data analysis after data filtering. The data of each 

sample was reverted into the FASTQ file. Via the pipeline outline of the MiSeq SOP (Schloss et 

al., 2009), the sequences were analyzed using the software – mothur (version 1.35.1). Sequences 

and all reads were aligned with version 119 of SILVA databases (Pruesse et al., 2007). All reads 

were passing quality filters and classified to taxonomic level. The highest 8 taxonomic 

classifications at each level were highlighted in Pie Charts. The total of species-level taxonomic 

categories was identified. Furthermore, the normalized relative proportion of all samples was 

analyzed by Principal Coordinate Analysis (PCoA), which can measure the differences in the 

distribution of taxonomic classifications between samples. Species diversity results were measured 

by measuring the entropy of species-level classifications in each sample. 

6.3 Results 

6.3.1 COD removal performance from Phase I to VI 

To demonstrate the impact of the anaerobic retention time, SRT, and the C/N/P ratio on the SND 

process, two TAnSBRs were fed with synthetic wastewater. The anaerobic retention time in 

TAnSBR I and II were 40 and 60 mins, respectively.  

From day 1 to day 45 (Phase I), the COD concentration in the synthetic wastewater was 1289.5 ± 

99.5 mg/L. The COD concentrations in the RAS were 392.8 ± 11.7 and 365.1 ± 28.2 mg/L in 

TAnSBR I and II, respectively. The wastewater COD was diluted by the mixed liquor from the 

sludge settler, which was called diluted COD. The COD concentrations in the RAS from two 



 

 

 
 

154 

TAnSBRs were higher than the diluted COD, which indicated COD consumed by anaerobic 

denitrification and phosphorus release was lower than COD generated due to biomass degradation 

under anaerobic conditions. In comparison between RAS COD in TAnSBR I and II, more COD 

was consumed in the TAnSBR II with a longer anaerobic time for anaerobic denitrification and 

phosphorus release.  

 

Fig. 6.2 COD removal performance in TAnSBR I and II 

In Phase II, the phosphorus concentration in the synthetic wastewater increased from 9.4 ± 0.4 in 

Phase I to 33.0 ± 1.9 mg/L in Phase II. The COD concentrations in the RAS were 412.3 ± 24.4 and 

410.9 ± 29.2 mg/L in TAnSBR I and II, respectively, proving that there was no correlation between 

high phosphorus concentration in the synthetic wastewater and anaerobic COD consumption in 

the TAnSBR. In Phase III, the COD concentrations in the RAS were 400.8 ± 12.0 and 401.8 ± 

21.6 mg/L in TAnSBR I and II. From day 95 to day 112 (Phase IV), the COD in the wastewater 

was 1322.8 ± 54.4 mg/L with a C/N/P ratio at 40/2.37/1. The COD concentrations in the RAS were 

404.8 ± 27.8 and 410.8 ± 21.6 mg/L in TAnSBR I and II. In Phase V, the C/N/P ratio increased to 
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60/2/1 with SRTs at 8 and 15 days in TAnSBR I and II, respectively. There was no significant 

difference in the RAS COD concentrations of the TAnSBR I and II. In Phase VI, the COD 

concentration in the wastewater decreased to 556.0 ± 18.9 mg/L with a C/N/P ratio at 120//4/1. the 

COD concentration in the RAS was 142.6 ± 8.9 mg/L in the TAnSBR I, while 145.0 ± 8.0 mg/L 

in TAnSBR II.  

Based on the change of anaerobic COD concentrations, COD generated by anaerobic biomass 

degradation in the tubular anaerobic reactor was larger than the COD consumed by anaerobic 

denitrification and phosphorus release. The recirculated mixed liquor from the sludge setter 

contains a large amount of aerobic bacterial, which could not survive under anaerobic conditions. 

There was no significant impact of the C/N/P ratio and SRT on the anaerobic COD removal 

performance.  

In Phase I, the COD concentrations in the effluent were 34.8 ± 10.8 and 24.6 ± 3.6 mg/L in the 

TAnSBR I and II, respectively. The COD removal efficiencies were 97.4% and 98.1% in the 

TAnSBR I and II. In Phase II, the discharged COD concentrations were 18.9 ± 1.6 and 23.7 ±  3.2 

mg/L with COD removal efficiencies at 98.6% and 98.1% in the TAnSBR I and II, respectively. 

From day 81 to day 94, the COD removal efficiencies were 98.5% in the TAnSBR I and 98.1% in 

the TAnSBR II. In Phase III, The COD residues in the effluent were 19.2 ± 3.1 and 23.8 ± 2.7 

mg/L in TAnSBR I and II, respectively. From Phase IV to VI, there was no significant fluctuation 

in the effluent COD concentration.  

The long-term COD concentrations in the effluents were 22.7 ± 8.5 mg/L in TAnSBR I and 22.9 

±	5.2 mg/L in the TAnSBR II on average, respectively. The COD removal efficiencies were 98.0 

± 1.1% in TAnSBR I and 98.0 ± 1.1% in TAnSBR II. The reactor successfully established an 
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excellent COD removal under varying C/N/P ratios (120/4/1 in Phase I, 120/4/3 in Phase II, 

120/8/3 in Phase III & IV, 120/4/2 in Phase V and 120/4/1 in Phase VI), anaerobic retention time, 

and SRTs. It illustrated an active and healthy microbial environment in the TAnSBRs.  

6.3.2 Biological nitrogen removal from Phase I to IV 

From day 1 to day 45 (Phase I), the NH4+-N concentration in the wastewater was 41.4 ± 5.6 mg/L. 

The NO2--N and NO3--N concentrations in the wastewater can be neglected. The consumption of 

NH4+-N under anaerobic conditions was not observed.  The NH4+-N concentrations in the effluent 

from the TAnSBR I and II were 0.15 ± 0.19 and 0.06 ± 0.03 mg/L. The results indicated the 

completed aerobic nitrification in aerobic reactors. As shown in Table 6.3, there was nearly no 

NO2--N accumulation in the effluent from both TAnSBRs. However, the NO3--N residual in the 

effluent from TAnSBR I was lower than that from TAnSBR II. In TAnSBR I, the NO2--N and 

NO3--N concentrations in the effluent were 0.48 ± 0.50 and 2.76 ± 1.33 mg/L, which was much 

lower than the NH4+-N concentrations in the RAS at 10.6 ± 2.2 mg/L. The NOx--N residues only 

account for 30.6% of NH4+-N in the RAS in TAnSBR I. The findings in the TAnSBR I indicated 

that aerobic denitrification may occur in the aerobic reactor of TAnSBR I, even taking the nitrogen 

used for biomass growth into consideration. In TAnSBR II with 60 mins anaerobic retention time, 

the NO2--N and NO3--N concentrations in the effluent were 0.21 ± 0.17 and 3.66 ± 1.52 mg/L, 

which was much lower than the NH4+-N concentration in the RAS (9.8 ± 1.0 mg/L). The NOx--N 

residues only account for 39.5% of NH4+-N in the RAS in TAnSBR II. The results revealed the 

deterioration of aerobic denitrification in TAnSBR with a longer anaerobic retention time. The 

NOx--N concentrations in the RAS was negligible in both TAnSBRs, which indicated excellent 

anaerobic denitrification performance achieved in the TAnSBR system. 
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Table 6.3 Nitrogen concentrations in the TAnSBR I and II 

 TAnSBR I TAnSBR II 
Phase Nitrogen Inf. Conc. (mg/L) Eff. Conc. (mg/L) RAS Conc. (mg/L) Eff. Conc. (mg/L) RAS Conc. (mg/L) 

I 
NH4+-N 41.4 ± 5.6 0.15 ± 0.19 10.6 ± 2.2 0.06 ± 0.03 9.75 ± 1.04 
NO2--N 0.03 ± 0.02 0.48 ± 0.49 ~0 0.21 ± 0.17 0.15 ± 0.18 
NO3--N 0.56 ± 0.37 2.76 ± 1.33 0.05 ± 0.06 3.66 ± 1.52 0.50 ± 0.18 

II 
NH4+-N 40.3 ± 3.6 0.07 ± 0.05 11.3 ± 1.0 0.08 ± 0.06 11.88 ± 0.69 
NO2--N 0.02 ± 0.02 0.23 ± 0.16 ~0 0.22 ± 0.14 0.01 ± 0.01 
NO3--N 0.79 ± 0.35 7.41 ± 5.11 0.05 ± 0.01 8.88 ± 4.61  0.08 ± 0.04 

III 
NH4+-N 78.4 ± 2.2 0.45 ± 0.12 23.1 ± 1.6 0.16 ± 0.09 20.48 ± 1.37 
NO2--N 0.05 ± 0.01 0.40 ± 0.10 0.04 ± 0.01  0.34 ± 0.08 0.04 ± 0.02 
NO3--N 0.56 ± 0.10 13.20 ± 0.78 0.24 ± 0.09 14.3 ± 0.63  0.33 ± 0.08 

IV 
NH4+-N 77.7 ± 1.4 0.58 ± 0.25 17.3 ± 5.2 0.23 ± 0.10 18.2 ± 4.62 
NO2--N 0.04 ± 0.02 0.47 ± 0.18  0.05 ± 0.04 0.48 ± 0.14 0.05 ± 0.04 
NO3--N 0.57 ± 0.08 11.40 ± 3.37 0.30 ± 0.20 9.76 ± 4.29 0.29 ± 0.19 

V 
NH4+-N 38.4 ± 2.2 0.16 ± 0.15 11.75 ± 0.96  0.18 ± 0.21 12.37 ± 1.16 
NO2--N 0.02 ± 0.01 0.26 ± 0.21 0.01 ± 0.01 0.33 ± 0.19 0.01 ± 0.01 
NO3--N 0.56 ± 0.32 2.83 ± 1.83 0.09 ± 0.05 2.98 ± 1.43 0.08 ± 0.04 

VI 
NH4+-N 21.8 ± 2.4 0.20 ± 0.10 4.11 ± 0.40 0.38 ± 0.17 4.67 ± 0.73 
NO2--N 0.03 ± 0.03 1.03 ± 0.35 0.04 ± 0.03 0.97 ± 0.18  0.02 ± 0.02 
NO3--N 0.76 ± 0.07 7.83 ± 1.27 0.20 ± 0.14 9.11 ± 2.04 0.24 ± 0.13 
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In Phase II, the NH4+-N concentration in the wastewater was 40.3 ± 3.6 mg/L with a C/N ratio at 

30/1. Based on low nitrite- and nitrate-nitrogen concentration in the RAS from both TAnSBRs, it 

proved the TAnSBR system could establish stable and excellent anaerobic denitrification. As 

shown in Fig. 6.3, the NH4+-N concentrations in the effluent were 0.07 ± 0.05 mg/L in TAnSBR I 

and 0.08 ± 0.06 mg/L in TAnSBR II, respectively. Based on the comparison between NOx--N 

concentration in the effluent and NH4+-N concentration in the RAS, aerobic denitrification was 

observed in both TAnSBR. The aerobic denitrification performance in TAnSBR I was better than 

that in TAnSBR II in Phase II 

In Phase III, the C/N ratio in the wastewater increased to 15/1 with influent NH4+-N concentration 

at 78.4 ± 2.2 mg/L. In the effluent and RAS, the NH4+-N concentrations were 0.45 ± 0.12 and 23.1 

± 1.6 mg/L in TAnSBR I, 0.16 ± 0.09 and 20.48 ± 1.37 mg/L in TAnSBR II, respectively. The 

NH4+-N removal performance was stable through the Phase III experiment. The NO2--N 

concentrations in the effluent were 0.40 ± 0.10 and 0.34 ± 0.08 mg/L in TAnSBR I and II, 

respectively. In the effluent, the nitrate-nitrogen concentrations were 13.2 ± 0.78 and 14.3 ± 0.63 

mg/L in TAnSBR I and II, respectively. It clearly shows more nitrite- and nitrate-nitrogen residual 

in the effluent from both TAnSBRs due to increased NH4+-N concentration in the wastewater. The 

aerobic denitrification was observed in both TAnSBRs in Phase III.  

In Phase IV, the objective is to investigate the impact of SRTs on the aerobic SND performance 

in the TAnSBR. The SRT was controlled at 8 days in TAnSBR I and 15 days in TAnSBR II. The 

NH4+-N concentrations in the effluent and RAS were 0.58 ± 0.25 and 17.3 ± 5.2 mg/L in TAnSBR 

I, 0.23 ± 0.10 and 18.2 ± 4.62 mg/L in TAnSBR II, respectively. There was no significant NO2--N 

accumulation in the effluent from both TAnSBRs. However, the effluent NO3--N concentration in 
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TAnSBR I was 11.4 ± 3.37 mg/L, which was higher than that in TAnSBR II at 9.76 ± 4.29 mg/L. 

The result indicated the aerobic SND process was less effective in TAnSBR I than that in TAnSBR 

II. The SRT was 8 days in Phase IV instead of 15 days in Phase I to III. Thus, it could be concluded 

that relatively short SRT could inhibit the aerobic SND process. Due to the short SRT, 

heterotrophic denitrifiers wasted in the TAnSBR I  was more than the growth of heterotrophic 

denitrifier.  

 

Fig. 6.3 NH4+-N removal performance in TAnSBR I and II 

In Phase V, the C/N increased to 30/1, but the SRTs in TAnSBR I and II were kept the same as 

those in Phase IV. The discharge NO3--N concentration in TAnSBR I was 2.83 ± 1.83 mg/L, which 

was like that in Phase I. Due to the high C/N ratio, more carbon sources can be consumed for the 

growth of heterotrophic denitrifiers. Thus, the C/N ratio could be one essential factor affecting 

aerobic denitrification, even with short SRT. The NO3--N concentration in the effluent from 

TAnSBR II was 2.98 ±1.43 mg/L. The gradual accumulation of SND species in TAnSBR II caused 

the improvement of the aerobic denitrification process in TAnSBR II compared to that in Phase I. 
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In Phase VI, the COD concentration decreased to 556.0 ± 18.9 mg/L with the C/N ratio the same 

at 30/1. The SRT was 15 days in both TAnSBRs. As shown in Table 6.3, the NH4+-N concentration 

entering into the aerobic reactor was close or even lower than the NOX--N concentrations in the 

effluent. There was no aerobic denitrification observed in both TAnSBRs. In the aerobic reactor 

of TAnSBR, many other species could compete with aerobic denitrifiers for COD. To achieve a 

stable aerobic denitrification process, plenty of carbon sources should be provided. In conclusion, 

the NH4+-N removal performance was excellent with a removal efficiency as high as 99.5% in 

both TAnSBRs in this study. Aerobic denitrification could be achieved in the TAnSBRs which 

was related to the carbon source amount, the C/N ratio, and SRT.  

From the nitrogen mass balance results, in TAnSBR I, 36.4%, 37.5%, 22.1%, 22.7%, 34.6% and 

11.8% of nitrogen were used for biomass growth. In TAnSBR II, 32.6%, 41.9%, 25.2%, 21.3%, 

31.9% and 13.6% of nitrogen were used for biomass growth. The results showed the impact of the 

C/N/P ratio on nitrogen removal. Less nitrogen was removed via biomass growth with the 

reduction of the C/N ratio from 120/4 in Phase I & II & V to 120/8 in Phase III & IV. 

6.3.3 Biological phosphorus removal from Phase I to IV 

Before entering into the tubular anaerobic reactor, wastewater was mixed with recirculated mixed 

liquor from the sludge settler. To investigate the phosphorus released under anaerobic conditions, 

the phosphorus concentration entering into the tubular anaerobic reactor named diluted PO43--P 

concentration was calculated based on the ratio of the sludge recirculation rate to the wastewater 

flow rate. 

In Phase I, the PO43--P concentration in the wastewater was 9.4 ± 0.4 mg/L, while the PO43--P 

concentrations in the effluent were 4.24 ± 1.53 mg/L in TAnSBR I and 3.60 ± 1.24 mg/L in 
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TAnSBR II, respectively. As shown in Fig. 6.4, there was no significant fluctuation on the PO43--

P removal in both TAnSBRs in Phase I. The RAS PO43--P concentrations were 7.06 ± 1.61 mg/L 

in TAnSBR I and 6.34 ± 1.37 mg/L in TAnSBR II, which was higher than the diluted PO43--P 

concentrations at 5.64 ± 1.15 mg/L in TAnSBR I and 5.12 ± 0.97 mg/L in TAnSBR II. The result 

indicated the occurrence of anaerobic phosphorus release in the TAnSBRs. The P removal 

efficiencies were 53.2% and 60.7% in TAnSBR I and II, respectively. The results demonstrated 

that long anaerobic time could enhance the phosphorus removal in the TAnSBR. 

In Phase II, the PO43--P concentration in the wastewater increased to 33.0 ± 1.9 mg/L. As shown 

in Fig. 6.4, from day 46 to day 60, there was a dramatic increase in the PO43--P concentrations in 

the RAS from both TAnSBRs.  But there was no significant aerobic P uptake occurring in the 

TAnSBRs during these days. The results indicated that in the anaerobic condition, most released 

PO43--P came from the degradation of biomass in anaerobic conditions, but a small proportion 

from the anaerobic P release. The results could also explain the low aerobic P uptake rate in the 

aerobic reactor. From day 60 to day 80, the stable anaerobic P release and aerobic P uptake were 

observed, which resulted in phosphorus removal efficiencies at 10.8% in the TAnSBR I and 6.9% 

in the TAnSBR II during these days. However, from Fig. 6.4, the anaerobic P release in TAnSBR 

II was higher than that in TAnSBR I with lower phosphorus removal efficiency from day 60 to 80. 

Moreover, more biomass degradation could happen in the tubular anaerobic reactor. Based on the 

results, a long anaerobic time could result in more biomass degradation under anaerobic 

conditions, which could inhibit the phosphorus removal performance in the TAnSBR system.  

From day 81 to 94 (Phase III), the PO43--P concentrations in the RAS were 36.3 ± 1.0 mg/L in 

TAnSBR I and 39.1 ± 1.0 mg/L in TAnSBR II, which were higher than the diluted PO43--P 
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concentrations were 29.3 ± 0.9 mg/L in TAnSBR I and 29.6 ± 1.1 mg/L in TAnSBR II. However, 

despite the higher anaerobic PO43--P concentrations, the phosphorus removal efficiencies were 

only 3.1% and 1.5% in TAnSBR I and II, respectively. The results from Phase I and II confirmed 

the anaerobic phosphorus release from PAOs and biomass degradation. Thus, the biomass 

degradation caused the low phosphorus removal performance in TAnSBRs.  

 

Fig. 6.4 PO43--P removal performance in TAnSBR I and II 

In Phase IV, the PO43--P  removal efficiencies were 16.3% and 7.2% in TAnSBR I and II. In 

comparison to the Phase III results in TAnSBR I, a short SRT could enhance the PO43--P  removal 

efficiency in the TAnSBR. In Phase V, the C/N/P ratio was 60/2/1. The COD concentration was 

1322.8 ± 54.4 mg/L. The RAS PO43--P concentrations in TAnSBR I and II were 16.3 ± 3.3 and 

19.0 ± 2.1 mg/L, respectively, which was much higher than the diluted PO43--P concentrations. 

Furthermore, the PO43--P concentrations in the effluent in TAnSBR I and II were 10.8 ± 3.0 and 

13.9 ± 3.4 mg/L, respectively. The phosphorus removal efficiencies were improved in both 

TAnSBRs at 49.2% in TAnSBR I and 43.2% in TAnSBR II. Taking the excellent aerobic 
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denitrification performance in Phase V into consideration, one of the phosphorus removal 

pathways in the TAnSBR may be related to aerobic denitrification. However, in comparison to the 

results of TAnSBR I and II in Phase V, the phosphorus removal performance was inhibited by a 

longer anaerobic retention time. It might result from more biomass degradation with longer SRT, 

which subsequently inhibits the phosphorus removal efficiency.  

In Phase VI, the COD concentration decreased to 556.0 ± 18.9 mg/L with a C/N ratio at 30/1. The 

PO43--P concentration in the wastewater was 5.9 ± 0.6 mg/L. The effluent P concentration was 

4.02 ± 2.02 mg/L in TAnSBR I and 3.59 ± 1.60 mg/L in TAnSBR II. The phosphorus removal 

efficiencies were 28.1% in TAnSBR I and 29.8% in TAnSBR II, respectively. The RAS PO43--P 

concentrations were 5.50 ± 2.40 mg/L in TAnSBR I and 4.69 ± 1.73 mg/L in TAnSBR II, 

respectively. The anaerobic phosphorus release rate continuously decreased in comparison with 

Phase V. The phosphorus removal performance deteriorated in Phase VI with low COD in the 

wastewater. As the COD concentration in the wastewater decreased, the competitors of SND 

species still took large amounts of carbon sources. The limited carbon source inhibited the growth 

of SND and phosphorus removal performance.  

6.3.4 Batch test results 

One batch test in each phase was conducted to evaluate the denitrifying phosphorus mechanisms, 

once the system was stabilized. As discussed in the last sections, in Phase V, there was significant 

simultaneous nitrification, denitrification, and phosphorus removal observed in both TAnSBRs. 

The batch test results in Phase V were listed in Table 6.4.  

The COD solution was added at time 0, while the phosphorus concentration was diluted from 11.2 

to 8.5 mg/L in TAnSBR I and 12.0 to 10.8 mg/L in TAnSBR II. The COD concentrations were 
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311 and 247 mg/L in TAnSBR I and II, respectively. The batch test was conducted under anaerobic 

conditions. In the first 120 mins, the anaerobic phosphorus release occurred with the consumption 

of COD in both TAnSBRs. The released phosphorus was 2.36 mg/L in TAnSBR I and 4.3 mg/L 

in TAnSBR II. The COD consumed to release 1mg PO43--P was 0.03 mg P/mg COD in TAnSBR 

I and 0.09 mg P/mg COD in TAnSBR II, respectively. The anaerobic phosphorus release indicated 

the existence of PAOs in the TAnSBR system. However, the COD consumption for anaerobic 

phosphorus release was relatively lower than in previous studies (Smolders et al., 1994). The 

results demonstrated the low proportion of PAOs in the sludge and possible biomass degradation 

under anaerobic conditions. In comparison to TAnSBR I, a larger PAO population and higher 

biodegradation rate occurred in the TAnSBR II, which resulted from longer SRT.  

At 120 mins, sodium nitrite was added. The initial NO2--N concentration was 10.1 mg/L in 

TAnSBR I and 9.8 mg/L in TAnSBR II, respectively. From 120 to 240 mins, the nitrite nitrogen 

concentration decreased quickly and was nearly eliminated in both TAnSBRs. In TAnSBR I, the 

phosphorus concentration slightly decreased from 10.9 to 10.1 mg/L; while in TAnSBR II, the 

phosphorus concentration increased slightly from 15.1 to 16.1 mg/L. Compared to the results 

between time 0 to 120 mins, lower phosphorus was released in TAnSBR II and even phosphorus 

uptake occurred in TAnSBR I in time 120 to 240 mins. Based on the results, partial nitrite nitrogen 

was removed by anaerobic denitrification, and the rest was removed along with phosphorus uptake. 

It confirmed the phosphorus removal pathway via nitrite as the electron acceptor. 
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Table 6.4 The batch test results in Phase V 

 TAnSBR I TAnSBR II 

Time 
(mins) 

NO3--N 
(mg/L) 

NO2--N 

(mg/L) 

COD 
(mg/L) 

PO43--P 
(mg/L) 

NO3--N 
(mg/L) 

NO2--N 
(mg/L) 

COD 
(mg/L) 

PO43--P 
(mg/L) 

0 0.096 0.022 58.2 11.2 0.293 0.018 47.1 12.0 

0 0.059 0.012 311 8.54 0.27 0.02 270 10.8 

30 0.098 0.008 273 9.58 0.231 0.011 249 10.7 

60 0.13 0.01 262 9.53 0.136 0.015 252 9.54 

90 0.068 0.12 234 10.4 0.226 0.008 230 13.8 

120 0.046 0.006 237 9.72 0.151 0.008 221 15 

120 0.89 10.1 230 10.9 0.64 9.8 245 15.1 

150 0.41 5.6 211 11 0.33 4.9 202 15.2 

180 0.29 2.1 199 10.8 0.11 1.6 195 16.4 

210 0.19 0.48 188 10.5 0.08 0.61 184 15.9 

240 0.11 0.012 182 10.1 0.51 0.024 177 16.1 

240 11.9 0.7 171 10.4 10.21 0.91 161 16.6 

270 8.7 0.3 155 11 7.11 0.65 149 17.1 

300 3.9 0.11 141 11.7 3.4 0.5 135 17.5 

330 0.59 0.10 136 12.2 0.81 0.12 122 17.6 
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While nitrate nitrogen was added into the TAnSBR I and II at 240 mins, the NO3--N concentrations 

were 11.9 and 10.2 mg/L in TAnSBR I and II, respectively. The phosphorus released in anaerobic 

zones was 1.1 mg/L in TAnSBR I and 1.5 mg/L in TAnSBR II. In TAnSBR I, the released 

phosphorus amount was less than that from 0 to 120 mins, but more than that from 120 to 240 

mins. The result demonstrated the phosphorus uptake pathway via nitrate nitrogen, but it is not as 

dominant as the pathway via nitrite nitrogen. But in TAnSBR II, the same conclusion could be 

made. Thus, in the TAnSBR system, the phosphorus removal could be caused in two ways 

including anaerobic P released / aerobic P uptake by PAOs and P uptake via nitrite/nitrate as 

electron acceptors 

6.3.5 Bacterial community structures of sludge at Phylum level 

In this study, the Illumina MiSeq sequencing platform was used to evaluate the microbial 

community structures of seed sludge, sludge in TAnSBR I and II from Phase I to VI. As shown in 

Fig. 6.5, the microbial proportions at the Phylum level were summarized. The diversity of the 

phyla was similar in all samples, but with different ratios of each phylum.  

In the seed sludge, the Proteobacteria, Bacteroidetes, and Firmicutes were the dominant genera 

with proportions at 43.3%, 23.6%, and 16.4%, respectively. Moreover, the proportion of 

Actinobacteria, Chloroflexi, and Verrucomicrobia were 6.6%, 3%, and 2.5%, respectively. 

Proteobacteria and Bacteroidetes were reported to include bacteria contributing to nitrogen 

removal. Moreover, several PAOs belong to Proteobacteria and Bacteroidetes (Rudnick et al., 

1997; Q. L. Zhang et al., 2012).  A lot of anaerobic photoautotrophic bacteria were related to 

Chloroflexi (Gonzalez-Martinez et al., 2016). Firmicutes contained many fermentative bacterial 

responsible for hydrogen, acetate, butyrate, ethanol production (Arreola-Vargas et al., 2013). 



 

 

 
 

167 

 

Fig. 6.5 Microbial Community Structures of Sludge at the Phylum Level 

Based on the anaerobic retention time, the TAnSBR I with 40 mins anaerobic retention time was 

called S, while TAnSBR II with 60 mins anaerobic time was called L. The microbial community 

structures of sludge in Phase I_L and Phase I_S were similar. There was a significant reduction in 

the proportion of Verrucomicrobia to 1.2% in I_L and a dramatic increase in the proportion of 

Verrucomicrobia to 6.4% in I_S. The Chloroflexi was almost eliminated in Phase I due to the high 

organic loading rate. In Phase I_L, the Proteobacteria and Bacteroidetes increased to 46.7% and 

29.5%, respectively. The Proteobacteria and Bacteroidetes proportions were 40.7% and 29.9%. 

The result indicated the growth of Proteobacteria was promoted with a longer anaerobic retention 

time. Proteobacteria and Bacteroidetes were identified as the dominant phyla related to the SND 

and phosphorus removal process in this study. 

In Phase II, the Phylum level difference between Phase II_L and Phase II_S was observed. In 

Phase II_L, the proportion of Proteobacteria, Bacteroidetes, Firmicute, and Verrucomicrobia 
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were 37.3%, 32.2%, 18.5%, and 5.2%, while in Phase II_S, the proportion of Proteobacteria, 

Bacteroidetes, Firmicutes, and Verrucomicrobia were 60.0%, 28.0%, 6.6%, and 7.0%. 

Proteobacteria dominated in the TAnSBR I with 40 mins anaerobic retention time. There was no 

significant change in microbial community diversity in TAnSBR I and II from Phase III and IV, 

in comparison to those in Phase II.  

In Phase V, the TAnSBR I was operated with 8 days SRT and 40 mins anaerobic time, while 

TAnSBR II with 15 days SRT and 60 mins anaerobic time. The short SRT at 8 days resulted in the 

inhibition of the proportion of Bacteroidetes and enhancement of the proportion of Firmicutes. 

The proportion of Proteobacteria, Bacteroidetes, Firmicutes and Verrucomicrobia were 44.6%, 

14.5%, 27.9% and 3.0% in Phase V_L, and 41.8%, 30.4%, 15.2% and 2.0% in Phase_V_II, 

respectively. It seemed that a short SRT could arrest the growth of Bacteroidetes in the TAnSBR 

system. 

In Phase VI, there was no significant difference in the Phylum diversity in TAnSBR I and II. The 

proportion of Proteobacteria, Bacteroidetes, Firmicutes, and Verrucomicrobia were 63.4%, 

16.2%, 3.2%, and 4.0% in Phase VI_L, and 69.7%, 12.4%, 3.5%, and 2.5% in Phase VI_S, 

respectively. The low organic loading rate in Phase VI caused the dominance of Proteobacteria 

and the inhibition of the growth of Bacteroidetes.  

6.3.6 Bacterial community structures of sludge at Class level 

At the Class level, the dominant classes in the seed sludge were Alphaproteobacteria (19.2%), 

Betaproteobacteria (13.2%), Clostridia (13.7%), Flavobacteriia (9.8%), Sphingobacteriia 

(12.8%), Gammaproteobacteria (7.311%), Actinobacteria (6.3%), Anaerolineae (2.81%), Bacilli 

(2.4%) and Verrucomicrobia (2.1%). All other Classes took up less than 1% of the OTUs observed. 
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In Phase I, the dominant Classes in TAnSBR I and II were similar, including Alphaproteobacteria, 

Betaproteobacteria, Clostridia, Flavobacteriia, Gammaproteobacteria, Sphingobacteriia, and 

Verrucomicrobia. The proportion of Clostridia and Verrucomicrobia were 17.5%, 1.1% in the 

Phase I_L, and 11.1%, 5.7% in the Phase I_S system. Different anaerobic times resulted in the 

Class level difference, especially Clostridia and Verrucomicrobia. In comparison to the Class in 

the seed sludge, the elimination of the Anaerolineae, the inhibition of Alphaproteobacteria growth, 

and the enhancement of Flavobacteriia growth were observed in both TAnSBRs. 

From Phase II to IV, the C/P ratio was 40/1, which caused a high phosphorus loading rate to the 

TAnSBR system. The microbial community diversities and distributions showed a similar trend. 

In comparison to TAnSBR I, higher proportions of Flavobacteriia, Clostridia, and 

Alphaproteobacteria were observed in TAnSBR II. However, In TAnSBR II, there were lower 

proportions of Betaproteobacteria and Gammaproteobacteria than that in TAnSBR I.  

In Phase V, the C/N/P ratio changed to 60/2/1 from 40/2.37/1 in Phase IV. The less phosphorus 

and nitrogen loading resulted in a reduction in the proportion of Alphaproteobacteria and 

Gammaproteobacteria in both TAnSBRs, in comparison to those in Phase IV. However, In 

TAnSBR II, there were lower proportions of Betaproteobacteria and Gammaproteobacteria than 

that in TAnSBR I. However, the proportion of Betaproteobacteria increased compared to Phase 

IV. In Phase V_L, the proportion of Bacilli, clostridia, Flavobacteriia, and Sphingobacteriia were 

5.3%, 20.9%, 8.7%, and 4.8%, respectively, while those were <1%, 9.1%, 17.8%, and 11.8% in 

Phase V_S. 
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Fig. 6.6 Microbial Community Structures of Sludge at the Class Level 

In Phase VI, the Class level results were similar in both TAnSBRs. The proportion of 

Betaproteobacteria increased to 32.7% in Phase VI_L and 34.7% in Phase VI_S, respectively. In 

Phase VI, the COD, ammonium nitrogen, and phosphorus concentrations were 700, 25, and 5 

mg/L, which was nearly half of those in Phase I. The results demonstrated the dominance of  

Betaproteobacteria with low carbon and nutrient loading rate.  

6.3.7 Bacterial community structures of sludge at Genus level 

In the seed sludge, various species were observed, while a large number of genera took up less 

than 0.5% of total OTUs labeled as ‘Others’. The genera in the ‘Other’ category took up 23.9% of 

total OTUs. The top 5 dominant genera in the seed were Flavobacterium (8.9%), 

Novosphingobium (6.3%), Rhodobacter (4.9%), Clostridium (4.6%), and Tepidibacter (3.3%). In 

Phase I, the top 5 dominant genera in Phase I_L were Flavobacterium (15.3%), Tepidibacter 
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(11.6%), Rhodobacter (3.6%), Pedobacter (3.2%), and Alkaliphilus (3.5%), respectively. The 

dominant genera in the Phase I_S system were similar to that in the Phase_I_L system.  

 

Fig. 6.7 Microbial Community Structures of Sludge at the Genus Level 

In Phase II, the proportion of Flavobacterium, Clostridium, Rhodobacter, Thauera were 12.0%, 

6.7%, 2.9%, and 1.7%, respectively in Phase II_L. while the proportion of Thauera increased to 

3.2% and the elimination of Clostridium was observed in Phase II_S. The results in Phase II 

demonstrated that 40 mins anaerobic retention time could promote the growth of Thauera, while 

too long anaerobic time at 60 mins may cause a reduction of Thauera proportion. 

In Phase V, short SRT at 8 days in Phase V_L caused the elimination of Thauera and the inhibition 

of the growth of Flavobacterium. The proportion of Thauera kept increasing to 3.6% in Phase 

V_S. In Phase VI, the Zoogloea and Thauera dominated in both systems, which positively 
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correlated to aerobic denitrification. The proportion of Zoogloea and Thauera were 9.2%, 9.3% in 

Phase VI_L, and 13.5%, 2.7% in Phase VI_S, respectively. 

6.4 Discussion 

6.4.1 Effect of the C/N ratio on heterotrophic SND process 

The simultaneous nitrification and denitrification (SND) processes were observed in both 

TAnSBRs. The efficiency of the SND process can be calculated by Eq. 6.1. 

E!"# = "$!"%"('()*)+,*)%".#$%"(/,0)*1,)
"$!"%"('()*)+,*)

																					              Eq. 6.1 

Where NH4+-N (oxidized) represents the amount of NH4+-N oxidized in the aerobic period in 

TAnSBR. NOx--N (residue) is the NOx--N residues in the effluent from the aerobic reactor.  



 

 

 
 

173 

 

 

Table 6.5 SND efficiency at varying C/N ratio 

C/N Ratio Nitrification rate 
(mg NH4-N/L/h) 

Denitrification rate 
(mg NOX-N/L/h) 

Efficiency of SND  
(%)  

References 

4.3 4.3 ± 0.5 2.4 ± 0.5 55 (Bueno et al., 2018) 
6.3 7.2 ± 1.5 5.7 ± 1.5 79 (Bueno et al., 2018) 
7.3 9.2 ± 0.7 7.7 ± 0.7 84 (Bueno et al., 2018) 
9.3 10.0 ± 1.0 9.8 ± 1.0 98 (Bueno et al., 2018) 
11.1 9.4 9.2 99 (Chiu et al., 2007) 
11.2 3.0 3.0 100 (Münch, Lant and Keller, 1996) 
14.5 15.0 12.0 80 (Pochana, Keller and Lant, 1999) 
19.7 11.3 11.0 97 (Chiu et al., 2007) 
30 8.28  7.6 (I) | 6.5 (II) 92.2 (I) | 78.0 (II) Phase I in this study 

30 8.06  6.5 (I) | 5.1 (II) 81.0 (I) | 63.7 (II) Phase II in this study 

15 15.68  13.0 (I) | 12.6 (II) 82.7 (I) | 80.5 (II) Phase III in this study 

15 15.54 13.2 (I) | 13.5 (II) 85.1 (I) | 86.8 (II) Phase IV in this study 

30 7.62 7.1 (I) | 7.0 (II) 93.0 (I) | 91.6 (II) Phase V in this study 

30 5.14 3.7 (I) | 3.3 (II) 71.6 (I) | 64.5 (II) Phase VI in this study 

I: TAnSBR I; 

II: TAnSBR II;
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The C/N ratio was considered as a key factor affecting the SND process. In this study, the C/N 

ratio was 15 in Phase II, III, and IV, and 30 in Phase I, V, and VI. As shown in Table 6.5, the 

nitrification and denitrification rates peaked with the C/N ratio at 15 which was consistent with 

previous studies (Pochana, Keller and Lant, 1999; Chiu et al., 2007). When the C/N ratio was 30, 

the nitrification and denitrification rates decreased to the range of 5.14 ~ 8.06 mg NH4+-N/(L·h) 

and 3.3 to 7.6 mg NO2--N(L·h). Moreover, high SND efficiency indicated aerobic denitrification 

by heterotrophic denitrifiers in the TAnSBR. A high organic loading rate could promote the growth 

of heterotrophic bacteria, including the heterotrophic denitrifiers and the competitors. The 

continuous accumulation of competitors may result in a shortage of carbon sources to heterotrophic 

denitrifiers. 

Kim et al (2008) illustrated the optimum C/N ratio for specific heterotrophic bacteria was different. 

A reduction of denitrification efficiency was observed when the C/N ratio was significantly high 

or low (Kim et al., 2008). According to the results shown in Table 6.5, the optimum C/N ratio for 

heterotrophic denitrifiers in this study was 15. Chiu et al. (2007) conducted studies on the effects 

of varying C/N ratios on the SND process. The COD and NH4+-N concentrations used in Chiu et 

al.’s experiment were 1400 ± 20 and 119.2 ± 1.5 mg/L, respectively, which was close to the 

influent COD concentration in this study. In Chiu’s experiment, an SBR with a maximum working 

volume of 30 L was used. The cycling time of the SBR operation was 12 h consisting of 60 min 

anoxic time, 540 mins aerobic period, 90 min setting period, and 30 min drawing period. Chiu et 

al. (2007) reported an SND efficiency of 99% at a C/N ratio of 11.1 and 97% at a C/N ratio of 

19.7.  In this study, the SND efficiency at the C/N ratio of 30 fluctuated from 64.5 to 93.0%, while 
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the SND efficiency at the C/N ratio of 15 stabilized between 80.5 and 86.8%, which was consistent 

with previous results (Pochana, Keller and Lant, 1999).  

Compared to the results between TAnSBR I and II, the denitrification rate in TAnSBR I was 

slightly higher than that in TAnSBR II. Moreover, the SND efficiency in TAnSBR I was higher 

than that in TAnSBR II. Since the biomass degradation happened in the tubular anaerobic reactor, 

a longer anaerobic retention time may result in the more anaerobic degradation of heterotrophic 

denitrifiers.  

6.4.2 Effect of the SRT on heterotrophic SND process 

SRT is one of the key factors affecting nutrient removal performance in the SND process. SRT 

can not only affect the growth of species, the selection of dominant species but also determine the 

effluent condition, the production of sludge, and oxygen required in the system (Wang et al., 2019). 

The SRT of nitrifiers was 8 ~ 36 days, while the SRT of denitrifiers was in the range between 12 

and 59 days. Thus, too short SRT can inhibit the nitrification process in the system. Wang et al. 

(2019) reported an NH4+-N removal efficiency of around 100% with SRT at 10 and 15 days. The 

effect of SRT on the SND performance was studied in Phase IV and V with SRT at 8 days in 

TAnSBR I and 15 days in TAnSBR II. Due to the SRT 8 and 15 days are in the optimum range 

for nitrifiers, the NH4+-N removal efficiency can reach above 95% at both SRTs.  

In the experiments by Wang et al. (2019), when SRT was 15 days, the removal efficiency of TN 

was 89.6%, which was close to TN removal efficiency in this study. Moreover, the TN removal 

efficiency of SRT at 15 days was 86.8% in TAnSBR II in Phase IV, and 91.2% in TAnSBR II in 

Phase V. The results of SRT at 15 days indicated excellent SND performance in the TAnSBR 
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system. However, from Wang et al. (2019), as the SRT decreased to 10 and 5 days, the TN removal 

efficiency decreased to 73.2 and 58.4% with gradually nitrite nitrogen accumulation. In this study, 

the SND performance of long SRT (15 days) was slightly higher than that at short SRT (8 days), 

which was consistent with the previous study (Wang et al., 2019). Short SRT may cause washout 

of excessive nitrifiers and denitrifiers, which can subsequently worsen the SND performance in 

the TAnSBR system.  

6.4.3 Microbial community diversity for nitrogen removal in the TAnSBR 

It was reported that some species of Proteobacteria and Bacteroidetes could contribute to nitrogen 

removal (Rudnick et al., 1997; Q. L. Zhang et al., 2012). Nitrosomonas and Nitrosospira under 

the β-Proteobacteria are the most common AOBs. In the TAnSBR system, the Proteobacteria and 

Bacteroidetes were the top 2 dominant Phylum in all phases experiment. However, there were no 

Nitrosomonas and Nitrosospira observed in this study.  

Nitrobacter, Nitrosococcus, Nitrospina, and Nitrospirae as the NOBs were the four major genera 

(Metcalf and Eddy 2014). However, all those reported NOBs were identified as low abundant 

genera or even not observed in the sludge from different Phases. Nitrobacter was absent in this 

study. The proportion of Nitrosococcus in seed sludge and sludge from Phase I to VI were 0.006% 

(seed sludge), 0.001% (I_L), 0% (I_S), ), 0.003% (II_L), 0.004% (II_S), 0% (III_L), 0% (III_S), 

0.005% (IV_L), 0.005% (IV_S), 0.004% (V_L), 0.006% (V_S), 0.005% (VI_L) and 0.016% 

(VI_S), respectively. The proportion of Nitrosococcus was extremely low in this study. Nitrospirae 

was the other NOB observed in this study. The proportion of Nitrospirae increased dramatically 

to 1.205% (VI_L) and 0.477% (VI_S), respectively. Daims et al. (2015) demonstrated the ability 

of Nitrospirae on one-step oxidation of ammonia to nitrate. Furthermore, Nitrospirae has been 
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widely reported as the dominant NOB in WWTPs (Ju et al., 2014). Despite the low proportion of 

AOB and NOB in the sludge, excellent ammonia nitrogen removal was achieved in both systems 

with nitrogen removal efficiency as high as 99%.  

Comamonadaceae at the Family level, Dechloromonas, Azoarcus, Zoogloea, Thauera, 

Curvibacter, and Hyphomicrobium at the Genus level were reported as denitrifiers in various 

activated sludge systems (Nielsen et al., 2010; Zielińska et al., 2016; Cheng et al., 2018). 

Comamonadaceae, Dechloromonas, Azoarcus, Zoogloea, Thauera, and Curvibacter were the 

observed denitrifiers in this study as shown in Fig. 6.8.  

 

Fig. 6.8 The proportion of denitrifiers in the sludge of each phase 

In the seed sludge and Phase I, Comamonadaceae dominated. In Phase II, as the phosphorus 

increased to 30 mg/L, the denitrifier proportion decreased in Phase II, and the proportion of 

Thauera increased in Phase II. In Phase_V_L, due to short SRT at 8 days, the Thauera proportion 

decreased, while the proportion of Dechloromonas increased to 3%. However, in Phase_V_S, the 
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Thauera and Comamonadaceae are the top two dominant core genera as denitrifiers. The results 

indicated long SRT can favor the growth of Thauera. In Phase VI, the proportion of denitrifiers 

increased by 27% in Phase_VI_L and 29% in Phase_VI_S, respectively. The proportion of 

Zoogloea increased dramatically. The top 3 dominant genera as denitrifiers were Dechloromonas, 

Zoogloea, and Thauera in Phase VI.  

In this study, the accumulation of nitrate in TAnSBR I and TAnSBR II was observed. Due to the 

abundant denitrifiers in the sludge, the nitrite and nitrate residues in the RAS were lower than 0.5 

mg/L, which indicated excellent anaerobic denitrification capacity. Thauera and some species in 

Zoogloea were reported to have the ability of aerobic denitrification (Strand, McDonnell and Unz, 

1988; Huang et al., 2015). As the Thauera proportion increased in Phase V, aerobic denitrification 

was observed, while the nitrate residues were 2.45 mg/L in Phase_V_L and 2.87 mg/L in 

Phase_V_S, respectively. However, in Phase VI, the carbon source decreased in the wastewater. 

The competition on the carbon source from other species largely impacted the aerobic 

denitrification in the study. 

6.4.4 Microbial community diversity for phosphorus removal in the TAnSBR 

Accumulibacter was the most frequently reported PAOs in the activated sludge (Mielczarek et al., 

2013; Xia et al., 2018). However, in this study, the Accumulibacter was absent; while 

Amaricoccus, Tetrasphaera, Gordonia, and Thiothrix contributed to the phosphorus removal. 

Amaricoccus and Gordonia were frequently observed in the activated sludge process systems 

(Kaetzke, Jentzsch and Eschrich, 2005; Marrengane et al., 2011). As shown in Fig. 6.9, 

Amaricoccus took up 0.3% of total OTUs at the Genus level in the seed sludge.  
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Fig. 6.9 Genera related to phosphorus removal in this study 

The proportion of Amaricoccus were 0.31% (seed), 0.06% (I_L), 0.24% (I_S), ), 0.41% (II_L), 

0.25% (II_S), 0.06% (III_L), 0.36% (III_S), 3.67% (IV_L), 1.94% (IV_S), 0.67% (V_L), 0.41% 

(V_S), 0.38% (VI_L) and 0.63% (VI_S), respectively. Thiothrix was reported to contribute to 

excellent phosphorus removal in EBPR reactors (Nielsen et al., 2010; Zhang et al., 2017). The 

Thiothrix was the dominant genera with a C/N ratio at 15 in Phase III & IV of TAnSBR I, and low 

carbon source concentration in Phase VI of TAnSBR I. Moreover, it was reported that 

Gammaproteobacteria was able to reduce nitrite/nitrate along with phosphorus removal (Zhang et 

al., 2018). The proportion of  Gammaproteobacteria was relatively high in all phases experiment.  

6.5 Conclusions 

The long-term results indicated completed nitrification. Moreover, in the aerobic reactor, aerobic 

denitrification was observed. The COD removal efficiency was above 98% on average. The SND 

efficiency in TAnSBR I and II were higher than 80%, while the highest SND efficiency occurred 
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with the C/N ratio at 30. The nitrification and denitrification rates peaked with the C/N ratio at 15.  

In this study, the anaerobic phosphorus release came from two sources, including the anaerobic 

phosphorus release by PAOs and the biomass degradation under anaerobic conditions. In the 

aerobic reactor, the extra released phosphorus by biomass degradation exceeded the aerobic 

phosphorus uptake capacity by PAOs. It subsequently caused low phosphorus removal 

performance in the TAnSBR.   

From the batch tests, anaerobic phosphorus release by PAOs was observed. Moreover, the 

phosphorus consumption occurred with a reduction of nitrite/nitrate nitrogen under anaerobic 

conditions. It confirmed the phosphorus removal pathway via nitrite/nitrate nitrogen as electron 

acceptors. Compared to SRT at 8 and 15 days, there was no significant difference between the 

SND and phosphorus removal performance between TAnSBR I and II. This might result from the 

SRT at 8 and 15 days are both reasonable SRT for nitrifiers and denitrifiers.  

From the Illumina Sequencing results, the PAOs and DPAOs proportion were low, which caused 

the worse phosphorus removal performance in this study. Moreover, AOB and NOB were 

identified at low proportions(<1%). However, there was nearly no ammonium nitrogen residue 

observed in the discharge. For the denitrifiers, Comamonadaceae was dominant in Phase I, II in 

this study, which can achieve anaerobic denitrification. In Phase V and VI, due to an increase of 

the proportion of Thauera and Zoogloea in the systems, aerobic denitrification was present, 

especially in Phase V. In Phase VI, due to the relatively low carbon source, despite the high 

proportion of Thauera and Zoogloea in the system, the aerobic denitrification got worse compared 

to the results in Phase V. Furthermore, due to the competition of carbon sources, the phosphorus 

removal efficiency in Phase VI was inhibited. 
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7 Conclusions and Recommendations 

7.1 Conclusions and contributions 

In this study, the concept of SND/SNDPR was verified in either SBR under batch feeding mode 

or the continuous-flow TAnSBR. Based on the results from long-term monitoring, batch tests, and 

cycle tests, aerobic denitrification was observed in the study. Moreover, the phosphorus removal 

mechanism was discussed. Via Illumina MiSeq Sequencing technique, the functional microbial 

contributed to nitrogen and phosphorus removal in this thesis was studied. The findings and 

conclusions of each chapter are summarized as below: 

(1) In Chapter 3, the SND and phosphorus removal via the nitrite pathway was observed. The 

SNDPR performance was excellent, including TN, NH4+-N, PO43--P, and COD removal efficiency 

of 84.8%, 99.6%, 99.0%, and 97.5%, respectively in Phase IV via intermittent aeration. The sludge 

has good settleability with a low SVI value. From the cycle tests in both Phase II and IV, 

heterotrophic nitrification and aerobic denitrification were observed. Moreover, the sharp decrease 

in phosphorus concentration in the first 0.5 hr aeration might prove the occurrence of phosphorus 

removal via the nitrite pathway. Due to the nitrite accumulation in this study, the effect on nitrogen 

and phosphorus removal was discussed. FNA concentration in this study was much lower than the 

inhibitory threshold in Phase IV. The intermittent aeration can achieve stable nitritation in the SBR 

system.  

(2) In Chapter 4, the effect of varying C/N/P ratios on the SND/SNDPR performance in the A/O 

SBR was studied. The overall COD, NH4+-N, and PO43--P removal efficiencies were 98%, 99%, 

and 60%, respectively. There was a very low proportion of nitrite and nitrate nitrogen in the 

effluent. Taking the high TN removal efficiency and low NOX--N residues in the effluent, aerobic 
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denitrification was confirmed. In this system, the phosphorus removal efficiency at 99% was 

observed in Phase III with a C/N/P ratio of 220/3.5/0.5. It indicated the high carbon source might 

be one of the key factors affecting the SNDPR performance in this study. In this chapter, the sludge 

has excellent settleability, which was related to the increased polysaccharides concentration. There 

was no clue about the relationship between protein and SVI in this study.  

(3) In Chapter 5, the key factors including the anaerobic time and types of wastewater were studied. 

The overall COD, NH4+-N, and TN removal efficiencies were 96.7 ± 1.4%, 99.0 ± 2.9%, and 88.9 

± 6.8%, respectively. Types of wastewater including brewery wastewater and synthetic wastewater 

have no significant impact on the COD and TN removal performance. TP removal efficiency was 

52.5 ± 17.1% on average, which was highly related to the anaerobic time. 63.0% TP removal 

efficiency was achieved at 25 mins anaerobic retention time; while too long or too short anaerobic 

time could cause the decrease of TP removal efficiency. Moreover, the low nitrite/nitrate residues 

in the effluent confirmed the occurrence of aerobic denitrification in this study. From the batch 

tests, anaerobic phosphorus release by PAOs and anoxic phosphorus uptake via nitrite/nitrate 

pathway were observed. The family Zoogloea was the dominant aerobic denitrifier including 

Zoogloea ramigera and Thauera in this study. Thiothrix contributed to phosphorus removal 

mainly.  

(4) in Chapter 6, the nitrification and denitrification rates peaked with the C/N ratio at 15. 

However, the highest SND efficiency was observed at the C/N ratio at 30. In this study, both 

anaerobic P release by PAOs and biomass degradation occurred, which caused the low phosphorus 

removal in the TAnSBR. From the batch tests, phosphorus removal via the nitrite/nitrate pathway 

was confirmed. SRT of 8 and 15 days showed no significant impact on the SND and phosphorus 
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removal performance. In Phase V and VI, Thauera and Zoogloea might contribute to aerobic 

denitrification most in the systems. In Phase VI, low OLR could cause the deterioration of aerobic 

denitrification in the TAnSBR.  

In this study, one of the key factors affecting the SND/SNDPR performance in both SBR and 

TAnSBR is the high COD/N ratio. Since species contributed to heterotrophic nitrification and 

aerobic denitrification belongs to heterotrophs, a high COD/N ratio could enhance the growth of 

heterotrophs. Moreover, the high DO at around 8 mg/L was possibly another factor affecting the 

SND and SNDPR performance. Moreover, based on the nitrogen balance in Chapters 5 and 6, the 

majority of nitrogen in the feed was removed via biological process, including heterotrophic 

nitrification & aerobic denitrification, and the BNR process.  

7.2 Recommendations for future research 

The following recommendations should be considered for future researches: 

(1) The major findings in this Ph.D. thesis have verified SND and phosphorus removal in 

continuous-flow TAnSBR and A/O SBR via either a simplified anaerobic/aerobic cycle or 

intermittent aeration. The results in this study demonstrated the low DO is not an essential factor 

to SND/SNDPR. However, in this thesis, the COD concentration in the wastewater was high, 

which made enough carbon source available to species contributed to SND/SNDPR. In future 

work, low OLR could be tested in SBR and TAnSBR. 

(2) In this work, Zoogloea and Thiothrix were found in the TAnSBR system, which contributed to 

SND/SNDPR. A better understanding of these microbial organisms could be beneficial to identify 

the nitrogen and phosphorus removal mechanisms.  
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(3) In the future, the linkages between wastewater characteristics, reactor configurations, and 

microbial organisms should be studied.   
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