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Activated sludge processes operated at short sludge retention time (SRT) offer potential to reduce the 

energy requirement for biodegradation while maximizing the conversion of biodegradable organic matter 

into the biomass for energy recovery. However, concern has been raised with poor sludge settling due to 

inadequate bioflocculation at short SRTs. It is hypothesized the problem might be alleviated by 

incorporating with enhanced biological phosphorous removal (EBPR), thereby, producing heavier 

phosphorus-rich sludge. The experiments were conducted using three parallel pilot EBPR reactors 

operated at two short SRTs (2d and 3d) and a regular SRT (6d) for one year, during which the removal 

efficiency was monitored and the sludge settling performance was related to physicochemical and 

microbial characteristics.  Some short-term complementary operations were also conducted to examine 

the resistance of short SRT process to shock loadings and to test the hypothesis that incorporation with 

EBPR could improve the settling performance. 

Results showed that the effluent total COD increased with decreasing SRT, mainly due to the different 

performance of bioflocculation. Sludge bulking occasionally happened in short SRT systems, especially 

at 2d SRT. The underlying reasons for the bulking could be attributed to both the shift in physicochemical 

characteristics of the floc matrix (surface properties and EPS composition) and the proliferation of some 

free-living, small-microcolony forming or weakly bounded bacterial groups. The phosphorus content in 

biomass seasonally varied in the range of 2.8-7.2%. The 2d-SRT system had lower phosphorus content in 

biomass and higher phosphorus concentration in effluent, although no significant difference was found in 



 
 

 
 

the abundance of phosphorus accumulating organisms between different SRTs.  Sludge flocs in EBPR 

system were proved to have better settling performance than those in conventional aeration system 

operated at the same SRT, associated with more optimal morphology and richer contents of 

polyphosphate. 

3d-SRT EBPR system was found to have good floc stability and high phosphorus contents in biomass 

with high sludge productivity.  Balancing the system removal efficiency and the faction of organic matter 

and phosphorus converted into biomass, SRT of around 3 days might be an acceptable option suggested 

for energy and resource recovery. 
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Chapter 1. Introduction

1.1 Background

Activated sludge processes operated at short sludge retention time (SRT) process offer potential 

to reduce the energy requirement for biodegradation while maximizing the conversion of 

biodegradable organic matter into the biomass for energy recovery.  When incorporated with 

enhanced biological phosphorus removal (EBPR), short SRT activated sludge process could 

produce phosphorus-rich biomass.  The phosphorous in the biomass can be released out in 

subsequent anaerobic digestion and be then recovered by struvite precipitation.  In addition, the 

growth of phosphorus accumulating organisms (PAOs) may improve the sludge settling.

Previous studies reported that the activated sludge processes operated at short SRTs might cause 

the poor sludge settling, a critical challenge for their application in practice. For example, Liao et 

al. (2001), (2006) found that short SRTs increased the amounts of pin-point flocs in effluent due 

to inadequate bioflocculation. Moreover, flocs at short SRTs were observed to be of more 

irregular shape and more changeable size. Henze et al. (2002) also indicated that short SRT gave 

unstable sludge settling properties, leading to occasionally increased turbidity in the effluent. 

Meerburg et al. (2015) observed more particulate COD in the effluent and high and unstable 

sludge volume indexes in both conventional activated sludge system and contact stabilization 

system operated at extremely short SRTs (0.5~2d).

Bioflocculation, the process in which bacterial cells and other organisms are organized into flocs, 

with extracellular polymeric substances (EPS) and organic/inorganic particles in the wastewater, 

is the key to efficient solid-liquid separation. The bacterial cells and particles are held together

by kinds of interactions, including Derjaguin–Landau–Verwey–Overbeek (DLVO)-type of
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interactions, hydrophobic interactions, bridging by EPS and cations, EPS entanglement and other 

interparticle forces. Base on the mechanisms of these interactions, the surface properties of cells 

or particles, such as surface charge and hydrophobicity, and the quantity or composition of EPS 

and cations, are believed to contribute to the degree of bioflocculation. However, the effects of 

SRT on these physicochemical characteristics and therefore on bioflocculation performance were 

conflicting in previous studies (Li &Yang 2007b, Liao et al. 2001, Sesay et al. 2006). 

Although microbial organisms account for only 5~20% in the organic fraction of activated 

sludge, the species composition and metabolism determine the sludge settling and compacting 

properties in addition to undertaking the biodegradation of organic matter and nutrients. Based 

on previous studies, the microbiological reasons for settling problems could be summarised to 

three mechanisms: (1) the fraction of free-living or loosely-bounded bacteria increase, (2) 

filamentous bacteria extensively grow, and (3) microbial metabolism rather than the community 

structure changes and as a result the physicochemical characteristics vary in the floc matrix. The 

occurrence of settling problems could be attributed to any of the above mechanisms or a 

combination of them. Therefore, in addition to the physicochemical characteristics, analysis of 

microbial community is indispensable to investigate the underlying mechanism that causes the 

poor sludge settling in short SRT process. 

The presence of free-living cells or pin-point flocs which lead to high contents of suspended 

solids in the effluent, could be attributed to insufficient bioflocculation, as well as deflocculation 

when weak flocs are subject to shear forces from aeration, pumping, and flow over weirs. In this 

term, floc stability has become one of the most important characteristics of activated sludge 

regulating the effluent quality. If the shear intensity applied onto the flocs was higher than the 

strength of inner-particle bonds, which determines the degree of floc stability, fragmentation or 
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surface erosion will occur. It was also reported that different groups of microbial population had 

different deflocculating behavior under shear conditions. However, current knowledge is limited 

about the correlation between floc stability and microbial community structure, as well as the 

impact of SRT on floc stability. 

Another crucial factor, floc density, is directly related to gravitational force which is the driving 

force of all sedimentation. Since the phosphorus is up taken and stored in phosphorus 

accumulating organisms (PAOs) in the form of poly-phosphate, which has a higher density of 

1.23g/cm3, it is generally accepted that the sludge flocs in good-performance EBPR plants have a 

higher density due to the phosphorus accumulation and therefore have better settling properties. 

Schuler et al. (2001), (2002) indicated that the density of PAOs was determined by the amount of 

storage polyphosphate, and the buoyant density of total solids could be linearly related to 

phosphorus content in biomass. Furthermore, a negative correlation was found between buoyant 

density and SVI, suggesting that sludge with higher contents of phosphorus had better 

settleability. A comparison in settleability and floc characteristics of activated sludge from 17 

full-scale EBPR and non-EBPR plants, conducted by Schuler and Jang (2007), showed further 

support to the contribution of PAOs on good settling performance. Based on these illustrations, 

the incorporation with EBPR process might offer a potential to improve the sludge settleability in 

short SRT activated sludge systems. 

1.2 Objectives 

Regarding energy and resource recovery, short SRT EBPR process is a new paradigm for 

wastewater treatment. However, previous studies focusing on short SRT EBPR process were 

mostly conducted with lab-scale SBR reactors fed with synthetic wastewater. Limited knowledge 
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was known about the year-round performance of short SRT EBPR fed continuously with more 

complicated municipal wastewater in different seasons. The effects of some physicochemical 

characteristics which are supposed as key factors for bioflocculation, such as EPS quantities and 

composition, surface charge and hydrophobicity, were contradictory in previous studies. 

Furthermore, limited studies have focused on the dynamics of microbial community at short 

SRTs based on long-term observation, and moreover, on the interactions of the dynamics with 

the variation of floc properties and sludge settling problems. In general, bioflocculation of short 

SRT sludge, which is considered as one of the largest issues of successful operation of short SRT 

processes, has not received much attention yet. Therefore, the main objective of this research 

was to comprehend the bioflocculation phenomena in activated sludge systems at short SRTs. 

Specifically, the objective can be described as following: 

• Examine, with long-term pilot operation, the feasibility of short SRT EBPR as secondary 

treatment process in view of maximizing energy and resource recovery, through evaluating 

the removal efficiency of chief wastewater parameters, the resistance to shock loadings and 

the fraction of influent organic carbon and phosphorus converted to the recovery process.  

• Identify and examine key process factors affecting sludge settling characteristics in view 

of bioflocculation mechanisms, to understand how the process factors influence the 

metabolism of microorganism, generation of biological products, and therefore the 

morphology of sludge flocs which directly governs settling properties; 

• Characterize the microbial community structure in short SRT EBPR process and assess the 

impact of microbial community dynamics on bioflocculation by comparing it with regular 

or long SRT process and correlating it to sludge settling properties and removal functions. 
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In additions, provide a better understanding of the ecological relationship between 

microbial communities and different operating conditions; 

• Recognize whether the change of biochemical characteristics in the floc matrix due to 

varying microbial metabolism, or the shift of microbial community structure, or the 

combination of both, leads to the occurrence of settling problems at short SRT process, 

helping to determine improving strategy for sludge settleability in the future. 

1.3 Outline of the thesis 

This dissertation is organized in a manuscript format for the convenience of publication. 

However, some repeated contents in materials and methods parts are deleted for the integrity 

of this thesis. Chapter 5 has been published in National Water & Wastewater Conference 

(NWWC) 2017. Chapter 6 has been accepted by 4th IWA Specialized International Conference 

– Ecotechnologies for Wastewater Treatment. Chapter 7 has been accepted by Canadian 

Society for Civil Engineering (CSCE) 2018 Annual Conference as paper presentation. Chapter 

3-7 are meant to be submitted to peer-reviewed scientific journals. 

The organization is as follows. 

Chapter 1 serves a brief introduction to short SRT activated sludge process about its potential 

benefits and challenges, and provides a description of research objectives.   

Chapter 2 provides a literature review focusing on the physicochemical and biological 

characteristic involved in biofloccualtion. 

Chapter 3 focuses on the year-round removal efficiency of short SRT EBPR process, the 

resistance to shock loadings, and the potential of energy and resource recovery. 
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Chapter 4 correlates sludge settling performance with physicochemical characteristics of flocs 

to assess the contribution of metabolic dynamics of bacteria to the settling problem in short 

SRT EBPR process. 

Chapter 5 characterizes the microbial community structure dynamics in short SRT EBPR 

process and provide a better understanding of the ecological relationship between microbial 

communities and process factors, as well as bioflocculation. 

Chapter 6 evaluates the impact of short SRT on floc stability and the underlying biochemical 

and biological mechanisms for the impact. 

Chapter 7 tests the hypothesis that the incorporation with EBPR could improve the settling 

performance of short SRT process. 

Chapter 8 summarizes the conclusions from chapter 3 to chapter 7 and suggests some 

recommendation for future research. 
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Chapter 2. Literature Review

2.1 Short SRT process with the goal of resource recovery

In the past ten years, a new paradigm is emerging about the treatment of municipal and industrial 

wastewater. Wastewater should no longer be treated as a waste but as a resource for water, 

energy, and nutrients. It was estimated that the chemical energy contained in the organic matters 

in municipal wastewater was around 1.9kWh/m3 (McCarty et al. 2011). If these organic matters 

could be maximumly used to generate biogas, the produced energy could support a large fraction 

of the energy consumption of a wastewater treatment plants (WWTP). Compared to regular SRT

(>6 days), short SRT process can maximize the conversion of organic carbon into biomass while 

minimizing the fraction that is oxidized into carbon dioxide. Meanwhile, nitrification is 

prevented because of the washout of nitrifiers at short SRTs. As a result, the energy consumption 

for aeration, which was typically reported to be 0.3-0.7kWh/m3 (Metcalf et al. 2003) and 

accounts for approximately 60% of the total energy consumption in WWTP operated at longer 

SRTs (Mizuta &Shimada 2010), could be significantly reduced due to decreased carbon 

mineralisation and nitrification. Meanwhile, the organic carbon stored in biomass could be 

converted to an energy source in the form of methane in the subsequent anaerobic digestion 

process. It was reported that the activated sludge wasted from a short SRT process has better 

digestion properties compared to that from regular-SRT activated sludge process (Batstone et al. 

2003, Loosdrecht et al. 1997). Gossett and Belser (1982) reported that the sludge degradability 

decreased 10% with one-day increase of SRT, when SRT was in a low range.  
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2.1.1 COD removal at short SRTs 

Organic carbon in wastewater could be divided into soluble COD (fraction that passes a 0.45µm 

membrane), particulate COD (difference between total COD and the fraction that passes a 1.5µm 

filter) and colloidal COD (difference between particulate COD and soluble COD (Jimenez et al. 

2005). The mechanisms regarding COD removal include: 1) oxidation of organic carbon, 2) 

conversion of organic carbon into bacterial cells (biosynthesis), 3) intracellular storage of 

organic carbon, and 4) adsorption of particulate and colloidal organic carbon onto sludge flocs. 

the main objective of short SRTs is to maximize the last three mechanisms and control the first 

mechanism in view of improving energy recovery. 

Regarding the removal of COD fractions, short SRTs shows a different efficiency from regular 

or longer SRTs. Theoretically, the readily biodegradable COD should be utilized by the 

heterotrophic bacteria in very short SRT. Correspondingly, Grady et al. (2011) reported that the 

substantial removal of the soluble substrate can be achieved at very short SRT and the slight 

difference was found at SRTs above 2 days. Jimenez et al. (2015) examined the removal 

performance of a high-rate activated sludge plant of pilot scale and found that the removal 

efficiency of SCOD could achieve 70-80% when SRT was larger than 0.5d and HRT larger than 

15min, and could achieve above 80% when SRT increased to 2d and HRT increased to 30min. 

Rahman et al. (2016) reported that the effluent SCOD from a continuous stirred tank reactor 

(CSTR) operated at SRT of 0.2d, 0.8d and 2.2d and high DO level was in the range of 34-

43mg/l.  However, Haider et al. (2000) found that low sludge ages selected bacteria with high 

growth rate and they were only able to utilize parts of the readily biodegradable COD. They also 

found that activated sludge at an SRT larger than 5 days could degrade all the readily 

biodegradable COD (Haider et al. 2003). 
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In the removal of colloidal and particulate COD, both the extent of adsorption and 

bioflocculation and the rate of hydrolysis play important roles. Typically, the particulate and 

colloidal matters in the influent could be quickly captured by activated sludge flocs and then 

either be hydrolyzed to soluble substrates and biodegraded, or be directly removed with wasted 

biomass. It is accepted that the removal of colloidal and particulate COD mostly relied on 

bioflocculation and subsequent solid-liquid separation process (Jimenez et al. 2005). However, at 

extremely short SRTs, the time is insufficient for adsorption and bioflocculation (Koch et al. 

2000). A full-scale conventional activated sludge plant operated at SRT of lea than one day was 

reported to have a COD removal efficiency of only 50-54%. Jimenez et al. (2007) indicated that 

an SRT of at least 3 days and HRT of at least 30 mins were required for efficient bioflocculation 

and therefore for complete removal of particulate COD. To balance maximum biofloccualtion 

for desired effluent quality, maximum organic carbon accumulation for energy recovery, and 

minimum organic carbon oxidation for energy saving, a better understanding of the 

physicochemical mechanisms and the microbial metabolisms is needed. 

2.1.2 Nutrient removal and recovery   

Biological removal of ammonium nitrogen relies on nitrification in aerobic condition. Since 

autotrophic nitrifiers have very slow growth rate, short SRTs usually could not maintain 

nitrification due to the washout of nitrifiers. Pai et al. (2010) found that the removal efficiency of 

ammonium-N was only 26% when SRT decreased to 5d. Differently, Kargi and Uygur (2002) 

found that ammonium-N could be removed 80% at 5d SRT using a batch-scale SBR operated as 

a five-stage process (anaerobic/anoxic/oxic /anoxic/oxic). Valverde-Pérez et al. (2016) found no 

nitrification in 3d-SRT EBPR, with an ammonium-N removal efficiency of 40% due to 
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assimilation. While they found nitrite accumulation at 3.5d SRT, indicating that SRT of 3.5 days 

was insufficient for the growth of nitrite-oxidizing bacteria (NOB) but could maintain the growth 

and certain activity of ammonia-oxidizing bacteria (AOB).  

It is known that the existence of nitrate in anaerobic zone/phase usually leads to competition 

between PAOs and denitrifiers for organic substrates and therefore results in failure of EBPR. 

Guerrero et al. (2011) found that the presence of nitrate did not inhibit EBPR function when 

enough VFAs were provided in anaerobic zone/phase. PAOs could outcompete heterotrophic 

denitrifiers even in anoxic/aerobic processes when VFAs concentration was high. As a result, the 

availability of VFA in anaerobic zone/phase is the key point to maintain the activity of PAOs and 

the function of EBPR. Moreover, a bacterial population of PAOs, called denitrifying PAOs, were 

found to be able to coexist with nitrate and to utilize nitrate for proliferation in anaerobic/anoxic 

or anaerobic/anoxic/aerobic processes (Guerrero et al. 2012, Hu et al. 2002). 

Performance of EBPR processes operated at short SRTs has been reported in limited studies, 

since most full-scale EBPR plants are operated at regular or longer SRTs. Brdjanovic et al. 

(1998b) indicated that the minimal SRT for EBPR process was determined by the conversion 

kinetics and storage capacity of poly-hydroxy-alkanoates (PHA) rather than the growth rate of 

PAOs. However, Erdal et al. (2006) found that there were washout SRTs in EBPR process for 

different temperature, which was defined as the critical SRT allowing the growth of desired 

organisms. They indicated that the washout SRT of PAOs in EBPR was 3.5 days at 5°C and 1.8 

days at 10°C. Similarly, Mamais andJenkins (1992) found that the removal efficiency of EBPR 

process decreased from 90% to 80% when the SRT decreased from of 3.2 or 2.9 days to  2.6 

days, and further decreased to 40% when SRT decreased to 2.3 days. However, Ge et al. (2015) 

investigated the performance of EBPR at short SRTs using a lab-scale reactor at room 
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temperature (20-22°C) and found that a phosphorus removal efficiency of over 90% could be 

achieved when the reactor was operated at 2-2.5d SRT, but a loss of activity was observed when 

SRT was reduced to 1.7d. Valverde-Pérez et al. (2016) reported that high removal efficiency of 

phosphorus and COD could be achieved in EBPR process operated at 3d SRT. In general, based 

on previous studies, the abundance and activity of PAOs and the sludge wasting rate should be 

balanced through an optical SRT to achieve a high P removal efficiency. 

2.2 Physicochemical characteristics related to bioflocculation and sludge 

settleability 

2.2.1 Floc structure and stability 

2.2.1.1 Structure models of flocs 

Rheological approach and fractal approach have been both used to describe the floc structure. 

With rheological approach, flocs are composed of multiple layers. The inner layer is unreversed 

as a core and the outer layer is reversed and could be broken under shear force. The bonding of 

inner layer relies mainly on van der Waals force and hydrophobic interactions, and the 

interparticle forces of the outer layer were mainly electrostatic, ionic interactions and hydrogen 

bonds (Liao et al. 2002). With the fractal approach, Snidaro et al. (1997) proposed a model based 

on observation of transmission electron microscopy (SEM) and reported that activated sludge 

flocs with an average diameter of 125µm were composed of microcolonies with an average 

diameter of 13µm, which further comprised bacterial cells with a diameter of 2.5 µm. The 13µm 

microcolonies were considered as the fundamental units of a fractal floc structure. Similarly, 

Gregory (1997) developed an ideal model with a triplet of equal spheres as the fundamental unit 

and the spheres were distributed in order rows (Figure 2-1a). Sludge flocs were formed by 
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numbers of these fundamental units. Yuan et al. (2014) settled a more actual model based on the 

fractal structure of flocs proposed by Gregory (1997). In this model, microcolonies were adopted 

as the fundamental units and the interparticle forces were discussed at bacterial cell level, 

microcolony level, floc level and aggregate level (Figure 2-1b). At floc level, when flocs 

approached to one another and reached a certain separation distance, the negative surface charge 

usually acts as a repulsive force resisting van der Waals interactions which are attractive force. 

With high net values of surface charge, the repulsive force dominates, flocs may not form into 

aggregate. With the intermediate surface charge, flocs at certain separation distance might 

aggregate by a reversible attachment. With low net values of surface charge, the attractive force 

dominates and as a result, a strong aggregate formed.   

  

Figure 2-1 Floc structure with fractal approach: a) Ideal model of one fundamental unit (Gregory 1997); 

b) Actual model of floc and aggregate structure (Yuan et al. 2014) 
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However, the distribution of cells or microcolonies inside flocs in the fractal structure models 

developed by Gregory (1997) and Yuan et al. (2014) was base on the ignorance of bacterial 

functions. Han et al. (2012) indicated that the distribution of cells and microcolonies were related 

to the micro-environment inside different sized flocs. In flocs larger than 100µm, there was a 

significant concentration gradient of dissolved oxygen, ammonium and nitrate insides. While in 

the flocs sized between 60 and 100µm, no significant concentration gradient was found. In flocs 

sized less than 60µm, the distribution of chemical compounds was entirely even. The distribution 

of functional bacteria like AOB and NOB, was accordant with the distribution of chemical 

compounds, indicating that considering the functions of bacterial groups, the distribution of cells 

and microcolonies was various according to the micro-environment.  

It has been reported that the characteristics of EPS were different at floc level and microcolony 

level. Wang et al. (2014) reported that the quantity of EPS distributed at microcolony level was 

more than that at floc level, constituting 60% and 40% of the total EPS, respectively. 

Furthermore, the protein to carbohydrate ratio and molecular weight of EPS at microcolony level 

were both higher than those at floc level. In additions, the EPS at microcolony level was found to 

have higher hydrophobicity. They also found that cation exchange resin could not extract the 

EPS at microcolony level, suggesting that the mechanism of EPS bridging with cations played a 

more significant role in the interactions at floc level. In comparison, at microcolony level, 

mechanisms of EPS entanglement and hydrophobic interaction play more critical roles. 

2.2.1.2 Floc stability and deflocculation 

High suspended solid contents in effluent have been reported in short-SRT processes (Henze et 

al. 2002, Liao et al. 2001, Meerburg et al. 2015), attributed to inadequate flocculation and 
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deflocculation of loose-structure flocs. Deflocculation occurs when weak flocs are subject to 

shear forces from aeration, pumping, and flow over weirs, increasing the formation of pin-point 

flocs and planktonic bacteria which will be difficult to settle in the secondary clarifiers. In this 

term, floc stability has become one of the most important characteristics of activated sludge 

regulating the solid-liquid separation performance. Poor floc stability has been proved to 

contribute to the high turbidity in effluent (Liao et al. 2002, Mikkelsen &Keiding 2002a). 

Deflocculation of flocs could be classified into two modes, fragmentation and surface erosion 

(Mikkelsen &Keiding 2002a). As Figure 2-2 showed, fragmentation cleaves large flocs into 

smaller sized flocs without increasing the amounts of primary particles (0.5~5µm), which are 

usually single cells with/ without polymeric matter. While surface erosion removes primary 

particles from the surface of flocs, dealing to an increased population of pin-point particles.  

 

Figure 2-2 Two modes of deflocculation under different shear conditions (Jarvis et al. 2005) 
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In order to describe the activated sludge behaviours under shear force, Parker et al. (1971) and 

Wahlberg et al. (1994) suggested a model based on flocculation and deflocculation balance, 

which was proved to introduce errors when used for high shear intensity or high solid 

concentration in later research (Mikkelsen &Keiding 1999). Instead, an adhesion- erosion model 

(AE model, Eq.2-1) was developed based on multi-layer adhesion theory from macroscopic view 

to estimate the amounts of primary particles under shear force (Mikkelsen &Keiding 1999). 

Sheng et al. (2008a) indicated that AE model could be modified with taking Brownian motion 

into account in order to fit the condition of low shear intensity (G=100 and 200s-1).  

𝑚𝑑,𝑡 = 𝑚𝑑,∞ + (𝑚𝑑,0 − 𝑚𝑑,∞)
6

𝜋2
∑

1

𝑁2 𝑒−𝑁2𝐷𝑡9
𝑁=1                                                    Eq.2-1 

where 𝑚𝑑,𝑡 is the dispersed mass concentration at time t, 𝑚𝑑,0 and 𝑚𝑑,∞ are the dispersed mass 

concentration initially and at equilibrium, respectively, N is an integer and D is an effective 

diffusion constant. 

In general, it is accepted that SRT affects floc structure and shear sensitivity. As early as more 

than twenty years ago, Eriksson et al. (1992) found that flocs at short sludge age had chain-type 

structures with weak interaction, while flocs at long sludge age had more compact structure but 

some bacteria in the outer layer could be loosely bounded and sensitive to shear stress. Chaignon 

et al. (2002) also reported that short-age flocs were irregularly shaped while long age flocs were 

more compact and spherical in morphology. Tian and Su (2012) assessed the floc stability in 

MBRs operated at 15d and 30d SRT and found that flocs at higher SRT were more stable and 

less sensitive to shear stress. It is not surprising that their trend between different SRTs was not 

exactly the same with ours since the range of SRT and type of process were both different. 
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2.2.2 Role of EPS in floc surface properties and bioflocculation 

EPS have charged functional groups and hydrophobicity regions, impacting the surface 

properties of flocs and therefore exhibit an important effect on flocculation. For example, an 

amino acid in proteins contributes to the hydrophobicity of cells and flocs. Negatively charged 

carboxyl group in carbohydrates contributes to the negative surface charge of flocs. Massé et al. 

(2006) reported that larger fraction of proteins was observed in bound polymers while a larger 

fraction of carbohydrates was observed in the supernatant, suggesting that proteins played a more 

important role in aggregation. Zhang et al. (2015) found that the contribution of extracellular 

protein was mostly in the mechanism of bridging with cations. Sponza (2003) found that the P/C 

ratio was positively related to floc hydrophobicity. Liao et al. (2001) found high P/C ratio 

contributed to less negative surface charge. Zhang et al. (2016) also indicated that high P/C ratio 

corresponded to better sludge settleability. Humic substances were found to be negatively 

correlated to flocculating ability (Wilén et al. 2003a).  More et al. (2014) reported that humic 

substances played a minor role in bioflocculation. 

Results of previous studies about the impact of EPS on bioflocculation were contradictory. 

Urbain et al. (1993a) and Badireddy et al. (2010) reported that more EPS significantly increased 

sludge flocculation, while Wilén et al. (2008a) and Ding et al. (2015) found that more EPS had 

an adverse effect on the flocculation ability. Some researchers divided EPS into tightly bound 

type and loosely bound type, and indicated they had different effects on bioflocculation (Li 

&Yang 2007b, Wang et al. 2014). For example, Li andYang (2007b) found tightly bound EPS 

had no effect on the formation of activated sludge flocs. However, Guo et al. (2016) illustrated 

that hydrophobic proteins which accounted for a large fraction in tightly bound EPS, played an 
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important role in bacterial aggregation. Klausen et al. (2004) found that the strength of 

Betaproteobacteria colonies remained stable after several treatments which were applied to 

reduce the hydrophobicity, change surface charge and release divalent and polyvalent cations. 

They explained this phenomenon by that the aggregation of this group of bacteria was more 

dependent on a possible mechanism of bioflocculation defined as EPS entanglements. In general, 

the contradictory results about the role of EPS were mainly due to the difference in the 

composition and distribution of EPS among different studies, with different sludge types, 

process, operational factors, influent characteristics, and extraction methods. The nonstandard 

extraction methods made the comparison among studies infeasible.  

Flocculation in activated sludge involves several interactions, as a result it is difficult to clearly 

tell which factor the poor stability was due to. For example, in the EPS bridging mechanism, the 

ionic strength of cations, which function as bridging agents, is a critical factor. An early study 

found that the flocculation of Flavobacterium isolate was independent on EPS, but was affected 

by monovalent and divalent cations (Tezuka 1969). Later non-cultured studies illustrated the 

important role of monovalent to polyvalent (including divalent) ratio (M/P) in floc size, stability 

and settleability (Novak et al. 1998, Peeters &Herman 2007, Van De Staey et al. 2015, Van 

Dierdonck et al. 2013a). Klausen et al. (2004) indicated that when the activated sludge sample 

was treated with ethylenediaminetetraacetic acid (EDTA) and Ca2+ and Mg2+ were removed from 

the floc matrix, the strength microcolonies of Gammaproteobacteria and Bacteroidetes was 

reduced, suggesting that EPS bridging with divalent cations might be a critical mechanism for 

their aggregation forming. While the strength of Deltaproteobacteria and Firmicutes colonies 

was more influenced when the ferric iron was removed by treating with sulfide, indicating that 

their EPS matrix depended more on ferric iron than Ca2+ and Mg2+. Wilén et al. (2008b) reported 



 

18 
 

that two activated sludge samples gathered from the same plant but at different operational 

conditions had similar EPS amount and composition but different shear sensitivity, probably due 

to the iron contents or the different microbial community structures.  

2.2.3 Generation of EPS 

The quantity and composition of EPS could be impacted by environmental factors that influence 

microbial community structure and bacterial metabolism. The influent characteristics, 

operational conditions and some exogenous substances have been proved to affect the generation 

of EPS, although results from different studies are sometimes conflicting. 

It was reported that the type of carbon source exhibited an effect on the quantity of EPS. For 

example, Li and Yang (2007) found that the sludge fed with glucose had higher EPS content than 

that fed with acetate. However, Ye et al. (2011a) reported that protein content was not influenced 

by the type of carbon source. Liu et al. (2006) indicated that deficiency of phosphorus simulated 

EPS generation. The ratio of carbon to nitrogen in the influent was also reported to affect EPS 

production and the favorite value was 20 (Ye et al. 2011b).   

The effect of SRT on EPS generation was contradictory among different studies. Patsios 

andKarabelas (2011), Sesay et al. (2006) found that the total EPS amount and the contents of 

protein and carbohydrates all increased with increasing SRT. However, Ahmed et al. (2007), 

Duan et al. (2015) reported an opposite trend about the relationship between EPS contents and 

SRT. Some other researchers found the total quantity of EPS was independent on SRT (Li 

&Yang 2007b, Liao et al. 2001). Temperature influenced the metabolism of bacteria and 

therefore influenced EPS generation. It was reported that under extreme high or low temperature, 

bacteria responded to the unfavourite environment and caused a change in both quantity and 



 

19 
 

composition of EPS (Gao et al. 2012). Shin et al. (2001) reported that shear force would 

stimulate microorganisms to generate more carbohydrate, while had no effect on protein 

generation. Total EPS was also reported to increase with increasing aeration intensity in SBRs 

(Adav et al. 2007). Moreover, the presence of exogenous toxic substance, like heavy metals and 

toxic compounds, would simulated EPS generation. This influence was reported to be more 

significant in protein production than in other EPS components. 

2.3 Microbial community structures related to bioflocculation and sludge 

settleability                                                                                     

2.3.1 Microbial community structure of short-SRT processes 

Microbial community of activated sludge was reported by many studies in the last twenty years. 

However, most of the results were obtained from lab- or full-scale systems operated at regular or 

long SRT, where nitrification also occurred. For example, Nielsen et al. (2010, 2012) 

investigated the microbial community of 25 full-scale wastewater treatment plants in Denmark 

that were operated with biological N and P removal and developed a conceptual model based on 

quantitative FISH. The average abundance of core species showed that the most dominant groups 

were Betaproteobacteria (23%) and Actinobacteria (23%), followed by Chloroflexi (13%) and 

Bacteroidetes (9%). In the term of function groups, PAOs accounted for 13%, nitrifiers 7%, and 

denitrifiers 18%. Some researchers tried to correlate the bacterial population to environmental 

factors or operational parameters, and to the process removal functions (Ju & Zhang 2015, Wells 

et al. 2014, Werker 2006). While limited studies have focused on the dynamics of microbial 

community at short SRTs based on long-term observation, and moreover, on the interactions of 

the dynamics with the variation of floc properties and sludge settling problems. Pala-Ozkok et al. 
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(2013) compared the microbial communities in two lab-scale sequencing batch reactors (SBR) 

fed with acetate and operated at 2d and 10d SRT, respectively. The results of high-throughput 

sequencing of 16S rRNA genes showed that sludge sample from 2d-SRT system had higher 

abundant Proteobacteria (97.5% compared to 88.6%) and lower Bacteroidetes (2.2% compared 

to 9.4%). Furthermore, the diversity was much lower in 2d-SRT sludge. Valverde-Pérez et al. 

(2016) operated a lab-scale SBR as EBPR process at HRT of 18h and SRTs of 8, 3.5 and 3d, 

which was fed with municipal wastewater and synthetic supplement. Filamentous bulking was 

observed when the system was operated at 3.5d-SRT, due to the overgrowth of Thiothrix spp. 

However, during the operating period of 3d-SRT, the sludge showed stable settleability with SVI 

of around 200ml/g. 

2.3.2 Flocculating properties of bacterial groups 

Alphaproteobacteria was reported to form small colonies (Lee et al. 2002) and deflocculate 

easily under shear force (Klausen et al. 2004, Wilén et al. 2008b). Betaproteobacteria had 

already been reported to be large and strong microcolonies or flocs former (Klausen et al. 2004, 

Schmid et al. 2003, Wilén et al. 2008b). The aggregating property of Gammaproteobacteria was 

argued in different studies. For example, Larsen et al. (2006) indicated that they formed strong 

microcolonies, while Wilén et al. (2008b) found that they were more abundant in both 

supernatants before and after shear test than in the total solids. Actinobacteria were identified as 

floc formers in most previous studies (Klausen et al. 2004, Wilén et al. 2008b). In this study, 

they were found to be related to small flocs but not to initial dispersion or shear sensitivity. 

Nadarajah et al. (2010) used denaturing gradient gel electrophoresis (DGGE) of 16S rRNA to 

analyze the activated sludge treating industrial wastewater and also proved that the community 
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structure of settled sludge was different from that of unsettle sludge. Larsen et al. (2006) reported 

that two probes defined PAOs (Rhodocyclus-related PAO defined by PAO651 and 

Actinobacteria-related PAO defined by Actino-221) were both strong floc formers. While Bugge 

et al. (2013) thought Actinobacteria-related PAO formed weak colonies or existed as single cells. 

In summary, although the information about the flocculating ability of different microbial groups 

are limited and sometimes conflicting, it is obvious that microbial community structure plays an 

important role in both flocculation and deflocculation. 

2.3.3 Relative abundance of PAOs in EBPR process 

Several phylogenetical and taxonomical groups have been claimed to be PAO in the past decade. 

Rhodocyclus-related Candidatus ‘Accumulibacter phosphatis’ belonging to Betaproteobacteria 

was supported by evidence from worldwide EBPR plants. Tetrasphaera-related Actinobacteria 

have been suggested to be a putative PAO which were common in pilot-scale and full-scale 

EBPR plants (Eschenhagen et al. 2003, Kong et al. 2005). The abundance of Accumulibacter 

have been widely studied and the results were quite different between lab-scale reactors and full-

scale EBPR plants, as shown in Table 2-1. There were limited studies reporting the abundance of 

Tetrasphaera-related Actinobacteria. Kong et al. (2005) reported an abundance of 12% for the 

subgroup defined by Actino-658 and 7% for the subgroup defined by Actino-221. Nielsen et al. 

(2010) reported that the total abundance of Tetrasphaera-related Actinobacteria defined by 

Actino-221 and Actino-658 was in the range of 1.8-20.7%, with the average value of 8.4% in 25 

full-scale Danish EBPR plants. 
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Table 2-1 Relative abundance of Accumulibacter in lab- and full-scale EBPR processes 

Sludge sample  Relative abundance Reference 

Acetate-fed SBRs 40-80% Oehmen et al. 2004, He et al. 2006, 

Carvalho et al. 2007 

A lab-scale SBR fed with alternating 

acetate and propionate 

90% Lu et al. 2006 

A lab-scale EBPR fed with propionate 89% Carvalho et al. 2007 

5 full-scale EBPR plants in the USA 9-24% He et al. 2008 

4 full-scale EBPR plants in Australia 7-12% Saunders et al. 2003 

7 full-scale EBPR plants in the 

Netherlands 

5.7-16.4% López-Vázquez et al. 2008 

3 full-scale plants in Japan 8-17% Chua et al. 2006 

25 full-scale EBPR plants in Denmark 1-10.8% Nielsen et al. 2010 

2.3.4 Contribution of PAOs to floc density and sludge settleability 

According to the functional metabolism of biological phosphorus removal, PAOs uptake 

excessive phosphorus in aerobic condition and store inside cells in the form of polyphosphate. In 

addition to polyphosphate, polyhydroxybutyrate (PHB), as well as polyhydroxyalkanoates 

(PHA) are also intracellular storage products in PAOs. These intracellular products have a higher 

density than water (Table 2-2), and therefore contribute to the higher density of PAOs and better 

settleability of the sludge. Schuler et al. (2001) reported a positive linear relationship between the 

content of intracellular polyphosphate and the biomass density, which was further negatively 

related to SVI. When the phosphorus content in sludge increased for 1%, the sludge density 

increased for 0.0012-0.0015g/cm3.  

Furthermore, the sludge flocs from EBPR process were found to have higher density, more 

regular and less open shape, and low abundance of filamentous bacteria, all contributing to the 
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lower SVI compared to non-EBPR sludge (Schuler &Jang 2007). The average SVI of 9 EBPR 

plants was reported to be 124ml/g and that of 10 non-EBPR plants was 139ml/g, corresponding 

to the different phosphorus contents in biomass of 4.4% and 2.4%, respectively. Parker et al. 

(2004) investigated the performance of 21 full-scale activated sludge plants with selectors and 

found that anaerobic selectors, which could create EBPR conditions based on the original aerobic 

reactors, had better performance on improving sludge settleability than anoxic selectors. De 

Lange et al. (2010) carried out a survey of 48 full-scale wastewater treatment plants with 

selectors across the United States and United Kingdom and found that there were 16 plants using 

anaerobic selectors. They indicated that anaerobic selectors were often chosen by plants with 

SRT less than 5 days and filamentous bulking could be controlled by these selectors with large 

enough volume and high enough suspended solid concentration. However, weak flocs and high 

effluent SS were occasionally observed in plants with selectors even though the SVIs were low 

enough. This phenomenon was mainly caused by the lack of filamentous backbones (Daigger 

&Nicholson 1990).   

 

Table 2-2 Density of the main intracellular storage products in PAOs 

 Density (g/cm3) Testing method Reference 

polyphosphate 1.23 Sucrose gradient (Friedberg &Avigad 

1968) 

PHB 1.23-1.25 Dry weight/volume Dawes and Senior 

1973) 

PHA 1.15-1.25 Mathematical model (Mas et al. 1985) 

PAOs enriched-cultural 

in aerobic condition 

1.077 Percoll gradient (Winkler et al. 2013) 

PAOs enriched-cultural 

in anaerobic condition 

1.065 Percoll gradient  (Winkler et al. 2013) 
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Chapter 3. Removal Performance of EBPR Process Operated at 
Short SRTs

3.1 Introduction

Under short SRT, the soluble substrates are mostly taken up by bacteria and converted into 

intracellular storage, or removed through biosynthesis and biological oxidation. By contrast, the 

particulate and colloidal substrates are mostly removed through bioflocculation and clarification. 

Therefore, the effluent quality is critically impacted by the performance of solid-liquid

separation. However, it has been reported that high SVI and high effluent suspended solid 

concentrations (SS) occasionally occurred in short SRT process due to the increased amount of 

pin flocs (Liao et al. 2001) or the proliferation of non-flocculating microorganisms (Ng 

&Hermanowicz 2005). If the short-SRT processes are employed to meet the secondary effluent 

standards, it is important to choose a relatively safe SRT to confirm the required effluent quality 

for year-round operation. If they are designed as the A-stage of secondary treatment for diverting 

maximum amounts of organic substrates into digester, there are possibly certain requirements 

about effluent SS as well in order to avoid clogging in the subsequent biological filters which are 

sometimes designed as B-stage to remove nitrogen.

When incorporated with enhanced biological phosphorus removal (EBPR), it could become 

possible for short SRT activated sludge process to produce phosphorus-rich biomass, thereby, 

providing the potential for phosphorous recovery while improving the sludge settling. Since the 

phosphorus is up taken and stored in phosphorus accumulating organisms (PAOs) in the form of 

poly-phosphate, which has a higher density of 1.23g/cm3, it is generally accepted that the sludge 

flocs in good-performance EBPR plants have a higher density due to the phosphorus 

accumulation and therefore have better settling properties. Moreover, the poly-phosphate stored
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in biomass could be released in subsequent anaerobic digesters and then recovered through 

struvite precipitation, which is one of the widely used processes for phosphorus recovery.  

Performance of EBPR processes operated at short SRTs has been reported in limited studies 

since most full-scale EBPR plants are operated at regular or longer SRTs. Brdjanovic et al. 

(1998b) indicated that the minimal SRT for EBPR process was determined by the conversion 

kinetics and storage capacity of poly-hydroxy-alkanoates (PHA) rather than the growth rate of 

PAOs. However, Erdal et al. (2006) found that there were washout SRTs in EBPR process for 

different temperature, which was defined as the critical SRT allowing the growth of desired 

organisms. They indicated that the washout SRT of PAOs in EBPR was 3.5 days for 5°C and 1.8 

days for 10°C. Similarly, Mamais andJenkins (1992) found that the removal efficiency of EBPR 

process decreased from 90% to 80% when the SRT decreased from of 3.2 or 2.9 days to  2.6 

days, and further decreased to 40% when SRT decreased to 2.3 days. However, Ge et al. (2015) 

investigated the performance of EBPR at short SRTs using a lab-scale reactor at room 

temperature (20-22°C) and found that a phosphorus removal efficiency of over 90% could be 

achieved when the reactor was operated at 2-2.5d SRT, but a loss of activity was observed when 

SRT was reduced to 1.7d. Valverde-Pérez et al. (2016) reported that high removal efficiency of 

phosphorus and COD could be achieved in EBPR process operated at 3d SRT. 

Previous studies focusing on short SRT EBPR process were mostly conducted with lab-scale 

SBR reactors fed with synthetic wastewater. Limited knowledge was known about the year-

round performance of short SRT EBPR fed continuously with more complicated municipal 

wastewater in different seasons. Therefore, the objectives of this study were to observe the 

seasonal performance of EBPR process operated at short SRTs, focussing on the availability of 
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short SRT in maximizing the conversion of organic carbon and phosphorus into biomass, to 

achieve energy and resource recovery.  

3.2 Materials and methods 

3.2.1 Pilot plant description 

 

Figure 3-1 Process flow diagram of EBPR reactor 

A pilot plant consisting of three parallel trains of EBPR bioreactors was installed at the City of 

Guelph wastewater treatment plant (WWTP), ON, Canada. The process diagram for each train 

was shown in Figure 3-1. The plant was fed with screened raw municipal wastewater, which was 

composed by 50% municipal sewage and 50% industrial wastewater and had typical 

characteristics except for the higher concentration of nitrates (2.7±1.6mg/l) and cations (Ca2+: 

113.3±6.5mg/l, Mg2+: 31.7±3.1mg/l, Na+: 307.7±40.9mg/l, K+: 14.2±2.4mg/l). Due to the 

undesired high content of nitrate in the influent, anoxic zones were placed ahead of anaerobic 

and aerobic zones to eliminate the adverse effect of nitrate on the growth of phosphorus 

accumulating organisms (PAOs). The effective volume of anoxic, anaerobic and aerobic zone 

was 8.4L, 8.4L and 25.2L, respectively. Acetate acid was supplemented to keep VFA/P ratio in 

the range of 7~10 in order to ensure its availability for PAOs. The anoxic zones and anaerobic 
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zones were continuously mixed with mixers at 120-140rpm. The aerobic zones were 

continuously aerated with a coarse bubble to maintain the dissolved oxygen around 4mg/l. Conic 

secondary clarifiers with an effective volume of 58L, equipped with slow-speed sludge scrapers 

at the bottom, were used to separate the biomass from the effluent.  After settling, the recycled 

activated sludge was then pumped back to the anoxic zone. Wasted sludge was directly pumped 

out from aerobic zones at an interval of 30mins to control SRT. For each system, in-situ 

measurements were made for temperature, pH, oxidation reduction potential (ORP), and 

dissolved oxygen (DO) daily.  

Table 3-1 Operation details of the pilot plant 

Operation 

period 

Long term C Loading shock P loading shock Short term 

Duration 2015/08/06-

2016/08/16 

2016/08/17-

2016/08/31 

2016/09/19- 

2016/09/28 

2017/02/01-

2017/03/30 

SRT 2d, 3d, 6d 2d, 3d, 6d 2d, 3d, 6d 2.5d, 4d 

HRT 2h, 2h, 4h 2h, 2h, 4h 2h, 2h, 4h    2h, 2h 

Supplementary  acetate around 

35mg/l  

acetate around 

35mg/l;  

Glucose around 

400mg/l (as COD) 

acetate around 75mg/l; 

K2HPO4 and NaH2PO4 

around 3mg/l (as P) for 2d, 3d 

system, 6mg/l for 6d system 

acetate around 

35mg/l  

 

MLSS 2d: 2677±796mg/l 

3d: 3484±889mg/l 

6d: 3325±525mg/l 

2d: 4057±1102mg/l 

3d: 4482±1074mg/l 

6d: 3797±936mg/l 

2d: 2590±461mg/l 

3d: 3581±491mg/l 

6d: 3705±418mg/l 

2.5d: 2392±333mg/l 

4d: 3260±592mg/l 

MLVSS 2d: 2140±629mg/l 

3d: 2789±722mg/l 

6d: 2623±501mg/l 

2d: 3238±896mg/l 

3d: 3634±856mg/l 

6d: 3047±754mg/l 

2d: 2036±368mg/l 

3d: 2860±393mg/l 

6d: 2925±390mg/l 

2.5d: 1910±271mg/l 

4d: 2617±499mg/l 

The operation details were shown in Table 3-1. During a long-term operation, the three trains of 

reactors were operated for one year at 2h HRT/ 2d SRT, 2h HRT/ 3d SRT, and 4h HRT/6d SRT, 
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respectively. The 6d-SRT system was set as a regular SRT for comparison purpose. At the end of 

this operation, organic loading shock and phosphorus loading shock were conducted to observe 

the resistance to shock loads and the removal capacity of short SRTs. A short-term operation for 

two months at 2h HRT/ 2.5d SRT and 2h HRT/ 4d SRT was supplemented to the analysis of 

short SRTs. Monthly average temperature during operation time was shown in Table 3-2. 

Table 3-2 Monthly average temperature in reactors (⁰C) 

Month  
08/ 

15 

09/ 

15 

10/ 

15 

11/ 

15 

12/ 

15 

01/ 

16 

02/ 

16 

03/ 

16 

04/ 

16 

05/ 

16 

16/ 

16 

07/ 

16 

08/ 

16 

09/ 

16 

02/ 

17 

03/ 

17 

2d&3d 

6d 

 22.1 

22.4 

19.3 

19.2 

16.5 

15.8 

12.2 

9.8 

9.2 

7.7 

10.5 

9.7 

11.8 

12.4 

12.9 

13.4 

11.5 

11.6 

17.0 

17.4 

18.0 

18.1 

21.3 

21.7 

23.4 

23.6 

19.6 

19.7 

11.6 

11.6 

12.5 

12.5 

3.2.2 Sampling and chemical analysis 

24h-composite samples of influent and effluent were collected twice a week during regular 

operation. During loading shock, grab samples were collected at an interval of several hours. 

Chemical oxygen demand (COD), nitrate nitrogen, ammonia nitrogen and total phosphorus are 

measured with Hach methods (Test’ N Tube, Hach, USA). The soluble COD and soluble 

phosphorous were measured after filtration with 0.45μm membranes.  

Activated sludge samples were collected from the anaerobic zone and the aerobic zone. MLSS 

and MLVSS were tested according to Standard Methods (APHA, 2012). Total phosphorus in 

mix liquor was tested to calculate the phosphorus content in biomass. Soluble COD and soluble 

phosphorus in mixed liquor were also tested after filtration with 1.5μm glass filter and then with 

0.45 membranes. 
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3.2.3 Statistical analyses 

Statistical analyses were performed with IBM SPSS Statistics. Pearson’s correlation coefficient 

was used to analyze the correlation. Wilcoxon rank sum test was used for the comparison of 

abnormally distributed datasets which were dependent. Paired t-test was used for the comparison 

of normally distributed datasets which were dependent. 

3.3 Results and discussion 

3.3.1 Removal of organic carbon  

3.3.1.1 Removal of soluble COD during long-term and short-term operation 

The concentrations of soluble COD (SCOD) in the influent and effluent were shown in Figure 

3-2. The data for influent was the sum of the soluble part in the original screened sewage and the 

external dosage of acetate as supplementary. It was shown that the SCOD in the influent was 

relatively stable, with the average value of 155mg/l (around 118mg/l from raw wastewater and 

37mg/l from complemented acetate) and standard deviation of 19mg/l. During the long-term 

operation, SCOD concentration in the effluent of the 2d-, 3d- and 6d-SRT system was 39±13, 

39±14 and 34±13mg/l, respectively, with removal efficiency of 75%, 75% and 78%. During the 

short-term operation, SCOD concentration in the effluent of the 2.5d- and 4d-SRT system was 

46±7and 35±5mg/l, with removal efficiency of 74% and 80%.  

Statistical analysis showed that there was no significant correlation between the influent SCOD 

and any effluent SCOD (p=0.74-0.88), suggesting that the removal capacity of all SRT has 

certain adaptability to slight change of influent contents. However, the correlations among the 

effluent SCOD in different systems were significant (p<0.01 for each pair), indicating that the 

removal of SCOD was impacted by seasonal factor or other influent characteristics. Wilcoxon 
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rank sum test for related samples was carried out to compare the effluent SCOD according to 

their abnormal distribution. Results showed that both 2d- and 3d-SRT systems had higher 

effluent SCOD compared to the 6d-SRT system (p<0.01 for 2d&6d, p<0.05 for 3d&6d), while 

the difference between the two short SRTs was not significant (p>0.05). Similarly, the effluent 

SCOD of 2.5d SRT was significantly higher than that of 4d SRT (p<0.01).  

 

Figure 3-2 Soluble COD in influent and effluent during long-term and short-term operation 

Theoretically, the readily biodegradable COD should be utilized by the heterotrophic bacteria in 

very short SRT. Correspondingly, Grady et al. (2011) reported that the substantial removal of the 

soluble substrate can be achieved at very short SRT and the slight difference was found at SRTs 

above 2 days. Jimenez et al. (2015) investigated the removal performance of a pilot-scale high-

rate activated sludge plant and found that the removal efficiency of SCOD could achieve 70-80% 

when SRT was larger than 0.5d and HRT larger than 15min, and could achieve above 80% when 

SRT increased to 2d and HRT increased to 30min. Rahman et al. (2016) reported that the 
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effluent SCOD from a continuous stirred tank reactor (CSTR) operated at SRT of 0.2d, 0.8d and 

2.2d and high DO level was in the range of 34-43mg/l.  However, Haider et al. (2000) found that 

low sludge ages selected bacteria with high growth rate and they were only able to utilize parts 

of the readily biodegradable COD. They also found that activated sludge at an SRT larger than 5 

days could degrade all the readily biodegradable COD (Haider et al. 2003). In general, the 

removal efficiency of SCOD in this study was in the similar range those reported in previous 

studies, and the difference between SRT of 2d-6d was slight, although it was significant in 

statistics. 

3.3.1.2 Removal of total COD during long-term and short-term operation 

Total COD (TCOD) in the influent and effluent during long-term and short-term operation was 

shown in Figure 3-3. Both influent TCOD and effluent TCOD fluctuated a lot due to the unstable 

suspended solid concentration in the influent. Different from SCOD, statistical analysis of the 

long-term operation showed that the effluent TCOD of all the 2d-, 3d- and 6d-SRT systems 

could be related to the influent TCOD at certain significance level (p=0.010 for 3d and 6d, 

p=0.019 for 2d), probably suggesting that the removal capacity of TCOD was limited to some 

extent. Moreover, the average value of effluent TCOD of 2d, 3d and 6d SRT was 62, 52 and 

43mg/l respectively, with a significant difference between each other (Wilcoxon rank sum test, 

p<0.01). The results indicated a trend that the effluent TCOD increased with decreasing SRT. 

Moreover, high effluent TCOD was observed in 2d-SRT system in September and October in 

2015, due to a sludge bulking occurring in this period, corresponding with high SS concentration 

in the effluent. In winter, high effluent TCOD was observed in all the three systems, due to the 

high influent TCOD and poor solid-liquid separation. 
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Figure 3-3 Total COD in influent and effluent during long-term and short-term operation 

Since the effluent SCOD of 2d and 3d SRT was similar and slightly higher than that of 6d SRT, 

the significant difference in TCOD could be mostly attributed to the difference in particulate 

COD (PCOD) and colloidal COD (CCOD), which was defined as the part of COD filtered with 

1.5µm filter and the part of difference between PCOD and SCOD (Jimenez et al. 2005). 

Wilcoxon rank sum test was conducted to the sum of PCOD and SCOD, and the results further 

proved the significant difference between different systems (p<0.01 for each pair). Similar to this 

study, Rahman et al. (2016) reported that the TCOD and PCOD in effluent both increased when 

the SRT decreased from 2.2d to 0.8d and then to 0.2d in a pilot-scale CSTR system. Jimenez et 

al. (2015) also reported a positive linear correlation between the removal efficiency of both 

PCOD and CCOD with SRT. They found that the removal of particulate and colloidal COD 

could be achieved more than 60% after the SRT increased to 1.5d. 
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Typically, the particulate and colloidal matters in the influent could be quickly captured by 

activated sludge flocs and then either be hydrolyzed to soluble substrates and biodegraded, or be 

directly removed with wasted biomass. In this study, the fraction distribution of influent CCOD 

and PCOD that was hydrolyzed, biodegraded or just enmeshed into floc matrix was not clear by 

the limited testing parameters. However, it is accepted that the removal of CCOD and PCOD 

mostly relied on bioflocculation and subsequent clarification (Jimenez et al. 2005). Nevertheless, 

bioflocculation of PCOD was limited at short SRTs. Although it is widely believed that a 

minimum SRT is required to achieve efficient bioflocculation, the value of the minimum SRT 

reported in previous studies was not consistent.  Grady et al. (2011) suggested 1-2 days SRT to 

ensure bioflocculation for the domestic water. While Jimenez et al. (2007) indicated that an SRT 

of at least 3 days and HRT of at least 30 mins were required for efficient bioflocculation and 

therefore for complete removal of particulate COD.  

3.3.1.3 COD mass balance 

Simple mass balance based on average value of the tested parameters was calculated for organic 

carbon matters (Figure 3-4). The COD in wasted biomass was calculated as (1.42mg COD/mg 

VSS) (VXVSS/SRT), where the V was the volume of the reactor, XVSS was the MLVSS 

concentration in the reactor. Mineralization was calculated as the left part to close the mass 

balance (Akanyeti et al. 2010). In terms of the fraction converted into biomass, mass balance 

showed that the 2d-SRT system could harvest 35% of total influent organic carbon by wasting 

biomass, 3d-SRT system could harvest 30%, which were both significantly higher than that of 

6d-SRT system (26%). During the short-term operation, 2.5d-SRT system harvested 31% of the 

total influent carbon, which was higher than that of 4d-SRT system (27%). In general, the 

fraction that was converted into biomass decreased with increasing SRT, while the fraction of 
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mineralization increased with increasing SRT. This trend was consistent with that reported by 

Jimenez et al. (2015) who operated a pilot-scale activated reactor at SRT of 0.1-2d. However, the 

fraction harvested in wasted biomass at 2d SRT in this study was higher than that in some other 

studies, such as 23% at 2d reported by Jimenez et al. (2015) and 13% at 2.2d by Rahman et al. 

(2016). The difference could probably be attributed to the difference in process configurations 

and MLVSS concentrations in the reactors. 

 

Figure 3-4 COD distribution as a fraction of the total COD mass in influent 

3.3.1.4 COD removal Performance during organic loading shock 

Figure 3-5 showed the response of EBPR systems operated at different SRT when they received 

an organic loading shock of around double the original loading rate for 10 days. The effluent 

soluble COD of 2d-SRT system rapidly increased to around 350mg/l at the fourth hour and sixth 

hour after the loading shock started. The responding time of two HRTs was reasonable due to the 

dilution effect of the 100% sludge recirculating rate at the first HRT. The increased amount of 

COD in the influent seemed to totally leak from the system. The peak effluent SCOD appeared at 

the same time in the 3d-SRT system, however, with significantly lower value (around 260mg/l), 

indicating that there was a small capability of resistance to loading shock. In comparison, the 

effluent SCOD in the 6d-SRT system just increased slightly, suggesting a good resistance to 
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loading shock. The small response of the 6d SRT might be attributed to the longer HRT (4 

hours), which offered a lower organic loading rate (half of the loading rate for the two short 

SRT). It took one day for the two short-SRT systems to achieve a new stable state with higher 

SCOD removal capacity. However, the particulate COD in effluent kept fluctuating until the end 

of the third day of loading shock, suggesting that it took a longer time to achieve a new stable 

bioflocculation state.  

 

Figure 3-5 System response to organic loading shock: a) total COD in the influent and effluent, and 

MLSS in the aerobic zone of reactors; b) soluble COD in the influent and effluent, and MLVSS in the 

aerobic zone of reactors 

It was interesting to found that the MLSS (or MLVSS) concentration of all the three SRTs 

decreased at the first day of loading shock, and then increased to a higher value and remained 

relatively stable, corresponding to the new removal capability. The two-stage transient state of 
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biomass concentration indicated a shift in metabolic mechanism. At the beginning of organic 

loading shock, the cell replication was limited and more substrates were used to produce 

intracellular and extracellular bioproducts or were removed through oxidation. The biological 

mechanism underlying this phenomenon was not yet clear in this study. However, the growth 

rate hysteresis effect had been reported by Storer and Gaudy (1969), who found that after a 

threefold step increase in feeding was applied, both yield and specific growth rate decreased in 

the first 30 minutes, and then the specific growth rate increased slightly, while yield further 

decreased during the maximum COD leakage period. After this period, both the two kinetic 

parameters increased in a linear fashion and achieved peak values at the sixth hour and thereafter 

reduced to stable values similar to those before the loading shock. 

3.3.2 Removal of phosphorus  

3.3.2.1 Removal of phosphorus during long-term and short-term operation 

Figure 3-6 and Figure 3-7 showed the soluble and total phosphorus concentrations in the influent 

and effluent during the long-term and short-term operation. The soluble phosphorus (SP) in the 

influent was not high compared to the typical values of municipal wastewater, with an average 

value of 2.0mg/l. The SP concentration in the effluent of 2d, 3d and 6d SRT was 0.8±0.2mg/l, 

0.6±0.2mg/l and 0.4±0.2mg/l, respectively. Since the three datasets were abnormally distributed 

and related to each other, Wilcoxon rank sum test was used to compare them. Results showed 

that the difference among them was significant (p<0.01), suggesting a trend that the effluent SP 

increased with decreasing SRT. This trend was not found for effluent soluble COD, indicating 

that the underlying mechanisms for biological removal of phosphorus, such as the release and 

uptake of phosphorus, were affected more by SRT and HRT. 
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The influent total phosphorus (TP) concentration belonged to the typical range of municipal 

wastewater, with an average of 4.9mg/l. The effluent TP of the two short-SRT systems 

(1.0±0.3mg/l at 2d SRT and 1.1±0.3mg/l at 3d SRT) was both significantly higher than that of 

the regular-SRT system (0.6±0.2mg/l). However, no significant difference was found between 

the two short-SRT systems. This trend of effluent TP was also not consistent to that of TCOD. 

The underlying reason was probably that the unsettled biomass in the effluent contained a 

different fraction of phosphorus, which lead to a difference between the trends of particulate 

COD concentration and particulate phosphorus concentration in the effluent of the two short-

SRT systems. 

 

Figure 3-6 Soluble phosphorus in the influent and effluent during long-term and short-term operation 

According to the operating conditions, the 3d-SRT system had the same HRT(2h) with the 2d-

SRT system, and the same HRT/SRT ratio with the 6d-SRT system (4h/6d). The ratio of 

phosphorus feeding/wasted sludge (Pin/WAS) was lower at 2d SRT than that of 3d and 6d SRT, 
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if ignoring the difference in MLSS concentration. However, the actual MLSS concentration in 

the 2d-SRT system was significantly lower during operation period due to the poor sludge 

settling and compacting property. As a result, the actual ratio of Pin/WAS at 2d SRT was not kept 

as the lowest one among the three systems, which was one of the reasons leading to the failure to 

achieve a better phosphorus removal efficiency. It should be noted that not only the ratio of 

Pin/WAS, but also the relative abundance and activity of PAOs which might be influenced by 

SRT, would affect the performance of P removal. This was further proved by the difference in P 

removal efficiency between 3d SRT and 6d SRT that had a similar ratio of phosphorus feeding to 

wasted sludge.  

 

Figure 3-7 Total phosphorus in the influent and effluent during long-term and short-term operation 

The effect of SRT on phosphorus removal efficiency was not consistent in previous studies. 

Some researchers indicated that longer SRT had poorer P removal efficiency as a result of the 
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lower sludge yield rate, while some others reported that longer SRT favoured the domination of 

PAOs because PAOs had a lower decay rate than other bacteria (Wentzel et al. 1991). Similarly, 

Lee et al. (2007) operated a lab-scale anaerobic-intermittent aeration reactor at SRT of 15, 20 

and 30 days and found that the amount of PAOs and the phosphorus content inside PAOs were 

both higher in longer SRT, although the sludge yield rate was lower. Differently, Rodrigo et al. 

(1999) operated a pilot anaerobic/anoxic/aerobic plant at SRT od 11-65 days and found that the 

growth of PAO was favored at shorter SRT. it was also reported that shorter SRT could suppress 

the proliferation of GAOs at high temperature (Whang &Park 2006). However, for shorter SRT, 

it was believed by some researchers that there was a critical minimum SRT for the growth of 

PAOs in EBPR processes. For example, Mamais andJenkins (1992) found that a P removal 

efficiency of 90% could be achieved in an EBPR process operated at 3.2d SRT, and the removal 

efficiency dropped to 40% when SRT decreased to 2.3 days. Similar trend but different critical 

SRT was reported by Ge et al. (2015), who found that a P removal efficiency of over 90% could 

be achieved at 2-2.5d SRT at room temperature, but a loss of activity was observed when SRT 

was reduced to 1.7d. Erdal et al. (2006) found that the washout SRT of PAOs in EBPR was 3.5 

days for 5°C and 1.8 days for 10°C. In general, based on previous studies, the abundance and 

activity of PAOs and the sludge wasting rate should be balanced through an optical SRT to 

achieve a high P removal efficiency. 

3.3.2.2 Phosphorus removal during P loading shock 

Figure 3-8 showed the response of EBPR systems operated at different SRT when they received 

an phosphorus loading shock for 9 days. Different from the organic loading, a same external P 

loading rate was applied to all the three systems, meaning that the increased influent P 

concentration for the 6d-SRT system was double of that for the two short-SRT systems, since the 
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influent flowrate for 6d SRT was half of that for the two short SRT systems. The external dosage 

of acetate was also correspondingly increased to keep the VFA/P ratio larger than 7. The results 

showed that the effluent SP and TP of the two short-SRT systems rapidly increased to the peak 

values at the fourth hour after the loading shock started and remained for around 1.5 days. The 

increased amount of phosphorus in the effluent during the peak period was a little lower than the 

amount of external dosage, indicating that the P uptake increased slightly right after the external 

dosage entered the systems. The 6d-SRT system showed a slower response, reaching the peak 

effluent concentration at the second day and remained for 2 days. The difference between the 

peak value and external dosage also indicated an increase in P uptake. After the peak period, the 

effluent P of all the three systems dropped to new stable values, which were, however, 

significantly higher than those before the loading shock.  

The response in biomass concentration also showed certain hysteresis effect, like that occurred 

during organic loading shock. The MLSS concentration of the two short SRTs increased on the 

second day while the MLSS of the 6d SRT increased on the third day of the loading shock. On 

the days with high MLSS concentrations, the effluent P was also within peak range, suggesting 

that a fraction of the external dosage of acetate was utilized for cell replication rather than taken 

by PAOs for P release in anaerobic zone. According to the linear correlation between the 

anaerobic P release and the aerobic P uptake (Cao et al. 2009), the P uptake was limited and 

therefore the P removal efficiency was not high. After one or two days, the MLSS concentration 

started to decrease, and finally achieved values similar to those before the loading shock. 

Meanwhile, the effluent P decreased to stable values, indicating that more substrates were taken 

by PAOs for P release, leading to a high P uptake and removal efficiency.  
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Figure 3-8 System response to phosphorus loading shock: a) total phosphorus in the influent and effluent, 

and MLSS in the aerobic zone of reactors; b) soluble phosphorus in the influent and effluent, and MLVSS 

in the aerobic zone of reactors 

3.3.2.3 Soluble P concentration at different location and P content in biomass 

The phosphorus concentration profiles at the SRT of 2d, 3d and 6d in different seasons was 

shown in Figure 3-9. On September 23, 2015, the soluble P concentration in anaerobic zone at 3d 

and 6d SRT was similar, significantly higher than that at 2d SRT. Based on the MLVSS 

concentration (1624, 3720 and 2760mg/l for 2d, 3d and 6d, respectively) and the anaerobic 

hydraulic retention time (0.4, 0.4 and 0.8h), the P release rates were 9.3, 9.4 and 6.1 

mgP/gMLSS·h, respectively. The SCOD uptake rates in anaerobic zone was calculated with the 

same MLSS and retention time and the results for the three systems were 20.9, 16.3 and 10.5 
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mgSCOD/gMLSS·h, respectively. The P uptake rate in aerobic zone was also calculated based 

on the MLSS concentration and the aerobic hydraulic retention time (1.2, 1.2 and 2.4h).  

 

Figure 3-9 Soluble phosphorus concentration at different sampling location during long-term operation:  

a) sampled on Sep 23, 2015; b) sampled on Jan 22, 2016; c) sampled on May 26, 2016; d) sampled on 

Aug 15, 2016. Mixed: the calculated concentration based on the mix of influent and recirculating sludge 

at 100% ratio 

The average transformation rates for each testing month based on two or three tests were shown 

in Table 3-3. Seasonal variation was observed in P release rate, which was significantly lower in 

the winter and summer months. The reason for this variation might be explained by the lower 

activity of PAOs at low temperature and the lower abundance of PAOs at higher temperature due 

to the competition with GAOs. The microbiological analysis supporting this explanation will be 

further discussed in a separate chapter. Here the difference in SCOD uptake rate between 

summer and winter could also support the different reason for the lower P release rates in these 
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two seasons. The SCOD uptake rate in summer was significantly higher than that in winter, 

suggesting that the organic substrates were possibly utilized by some other microorganisms in 

the anaerobic zone. In comparison, the lower SCOD uptake rate in winter was corresponding to 

the lower P release and uptake rates, indicating the lower activity of PAOs. 

   Table 3-3 Substrate transformation rates related to phosphorus removal during long-term operation 

  Sep Jan May Aug 

Anaerobic P release 

(mgP/gMLSS·h) 

2d 9.3±3.1 6.3±2.0 12.6±3.4 5.5±1.8 

3d 9.4±2.0 6.8±1.0 10.9±1.0 5.3±0.8 

6d 6.1±1.0 4.1±1.0 6.5±0.9 3.6±0.9 

Anaerobic SCOD uptake 

(mgSCOD/gMLSS·h) 

2d 20.9±2.1 14.1±1.4 23.3±3.5 18.4±1.7 

3d 16.3±1.4 11.5±1.3 19.9±2.4 18.2±1.7 

6d 10.5±3.2 8.2±1.0 9.2±2.3 11.2±1.1 

Aerobic P uptake 

(mgP/gMLSS·h) 

2d 3.9±0.9 2.9±0.9 4.9±0.9 2.3±0.7 

3d 2.7±0.9 2.8±0.9 4.1±0.7 2.2±0.7 

6d 2.2±0.2 1.8±0.8 2.4±0.6 1.7±0.8 

The difference in the substrate transformation rates was observed between different SRT. Table 

3-3 showed that all the P release rates, SCOD uptake rates and P uptake rates in the two short-

SRT systems were higher than those in the 6d-SRT system. This trend was consistent with some 

previous studies. Chan et al. (2017) investigated the performance of EBPR process at SRT of 

3.6-14 days and reported that all the substrate transformation rates involved in EBPR processes, 

including P release and P uptake, PHA production and glycogen degradation, were higher at 

shorter SRTs. Marang et al. (2015) also found that the activated sludge of EBPR process with 

acetate supplementary had the highest PHA producing rate under the SRT of 3 days and pH of 8-

9. Ge et al. (2015) operated a high-rate EBPR process under SRTs less than 4 days and found a 

high P release and uptake at 1.9d SRT. They also reported that at 2d SRT, the SCOD was mostly 
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consumed under anaerobic phase and only a small fraction entered into aerobic phase, which was 

also observed in this study. 

The soluble P profile during P loading shock was shown in Figure 3-10. At the fourth hour after 

the loading shock started (Figure 3-10a), the P release and uptake rates all kept unchanged. The 

SCOD uptake rate in the anaerobic zone was also similar as that before the loading shock, 

however, the increased amount due to the higher acetate supplementary was not further utilized 

for cell replication in the aerobic zone, corresponding to the decreased MLSS concentration. On 

the second day (Figure 3-10b), the P release and uptake rates both decrease at the two short SRTs 

and remained unchanged at the 6d SRT, accordingly with decreased SCOD uptake rate. 

Nevertheless, a large fraction of SCOD was utilized in the aerobic zone, corresponding to an 

increased MLSS in the two short-SRT systems. On the fourth day (Figure 3-10c), the P release 

and uptake rates increased significantly in the two short SRT and slightly in the 6d SRT, 

resulting a significant drop in effluent P of the two short SRT systems. The majority of SCOD 

was consumed in the anaerobic zone. On the seventh day (Figure 3-10d), the P release and 

uptake further increase for all the three systems and both of effluent P and SCOD dropped to the 

lowest values. 
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Figure 3-10 Soluble phosphorus concentration at different sampling location during phosphorus loading 

shock: a) sampled at 13:30am on Sep 20, 2016; b) sampled at 13:30am on Sep 21, 2016; c) sampled at 

13:30am on Sep 23, 2016; d) sampled at 9:30am on Sep 26, 2016. Mixed: the calculated concentration 

based on the mix of influent and recirculating sludge at 100% ratio 

 

Figure 3-11 Monthly average phosphorus contents in biomass dry weight 
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Figure 3-11 showed the monthly average P contents in biomass dry weight. The P content values 

fluctuated during the operating time in the range of 2.8-7.2%, corresponding to the typical P 

content in biomass dry weight in EBPR plants ranged from 4% to 5%. During the long-term 

operation, the seasonal variation could be observed, with lowest values at a temperature lower 

than 10°C and higher than 23°C. This trend agreed with the seasonal variation in P released and 

uptake rates. During organic loading shock, the P contents in biomass increased to a certain 

extent compared to that before the loading shock, suggesting that the increased feeding soluble 

substrates simulated the growth and activity of PAOs. It was reported that the SCOD uptake and 

P released in anaerobic zone followed a ratio of 0.23-0.73mgP/mgCOD for EBPR process of 

municipal wastewater (Smolders et al. 1994). During phosphorus loading shock, the P contents 

in biomass increased significantly to the highest value observed in the long-term operation, 

indicating that other than temperature, influent substrates contents and P loading also impacted 

the P release and uptake and therefore affected the P content in biomass. 

The difference in P content in biomass between different SRT was compared with Wilcoxon 

rank sum test. The results showed that the P content in biomass dry weight of 2d-SRT sludge 

was significantly lower than those of 3d-SRT sludge and 6d-SRT sludge (p<0.05 for 2d & 3d, 

p<0.01 for 2d &6d). However, there was no significant difference between 3d-SRT sludge and 

6d-SRT sludge (p>0.05). Ignoring the difference in MLSS concentration, the 3d-SRT system and 

6d-SRT system had the same ratio of P feeding mass to wasted sludge amount, which was higher 

than that of 2d-SRT system, probably contributing to the tendency in P contents in biomass. 

Certainly, the difference in the abundance and activity of PAOs also played an important role in 

determining the P contents. Henze et al. (2008) indicated that the P contents in biomass increased 

as SRT increased until 10 days, while P removal efficiency decreased as SRT increased from 3 
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days, attributed to the lower sludge productivity and the growth of nitrifiers. Cao et al. (2006) 

investigated the performance of an anaerobic selector in a full-scale plant which was operated at 

SRT of 3-6 days and found the average P content in aerobic biomass was 3.3%, as mg P/mg 

MLVSS-COD.  

3.3.3 Removal of nitrogen 

Ammonium-nitrogen concentration in the influent and effluent during the long-term and short-

term operation was shown in Figure 3-12. The effluent ammonium-N concentration of all the 

three systems could be related to that of influent with high positive correlation coefficients at a 

significant level (p<0.01). The three datasets were all normally distributed and related to each 

other. As a result, paired t-test was conducted to compare them. Results showed that the 

ammonium-N concentrations in effluent of the two short-SRT systems were both significantly 

higher than that of the 6d-SRT system, while there was no significant difference between the two 

short SRTs. The removal efficiency of the two short SRT was 45% at 2d SRT and 44% at 3d 

SRT. Based on the ratio of 0.1mg N/mg wasted biomass (Henze et al. 2008), the nitrogen mass 

contained in wasted sludge was calculated to be 5.6g/d at 2d SRT and 4.9g/d at 3d SRT, which 

constituted 97% and 81% of the total removed ammonium-nitrogen mass (5.8g/d and 6.0g/d, 

respectively), indicating that the removal of ammonia at short SRTs was mostly attributed to the 

utilization for cell replication. In comparison, the ammonia removal efficiency of 6d SRT system 

was much higher, with the average value of 70%. Only 46% of the removed ammonium-nitrogen 

mass could be attributed to cell synthesis. During the short-term operation, the ammonia removal 

efficiency of 2.5d SRT and 4d SRT was 42% and 39%, respectively. Like the results in long-

term operation, 69% and 63% of the removed ammonium-N was utilized for cell synthesis. In 
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general, the ammonia removal efficiency of short SRT of 2-4 days was around 40%. When the 

SRT was increased to 6d, the removal efficiency increased to 70%.  

 

Figure 3-12 Ammonium-N in the influent and effluent during long-term and short -term operation 

 

Figure 3-13 Nitrate-N in the influent and effluent during long-term and short-term operation 
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Figure 3-13 showed the nitrate-N concentration in the influent and effluent during long-term and 

short-term operation. The three datasets of effluent concentration were related to each other 

(p<0.05) but were independent of the influent concentration. Comparison using Wilcoxon rank 

sum test showed that the effluent nitrate concentration of 6d-SRT system was significantly 

higher than those of the two short-SRT systems. Since no nitrate was detected in the anaerobic 

zone of all the three systems, it could be concluded that the nitrate in the effluent was produced 

within the process, indicating the occurrence of certain nitrification. Moreover, nitrogen mass 

balance showed that, taking the influent organic nitrogen contents into account, there was a 

nitrogen loss in the system, which was slight in the two short-SRT system and significant in the 

6d-SRT system. This loss could be probably due to the certain occurrence of nitrification in the 

aerobic zone and denitrification in the secondary clarifier, since sludge rising was occasionally 

observed in the clarifier of the 6d-SRT system. Pai et al. (2010) found that when SRT decreased 

from 15d to 5d, the removal efficiency of ammonium-N dropped from 90% to 26%. Differently, 

Kargi and Uygur (2002) found that ammonium-N could be removed 80% at 5d SRT using a 

batch-scale SBR operated as a five-stage process (anaerobic/anoxic/oxic/anoxic/oxic). Valverde-

Pérez et al. (2016) found no nitrification in EBPR at 3d SRT, with an ammonium-N removal 

efficiency of 40% due to assimilation. While they found nitrite accumulation at 3.5d SRT, 

indicating that SRT of 3.5 days was insufficient for the growth of nitrite-oxidizing bacteria 

(NOB) but could maintain the growth and certain activity of ammonia-oxidizing bacteria (AOB). 

3.4 Conclusions 

• The effluent soluble COD concentrations were independent of the influent concentration 

and were relatively stable during the operation period. The removal efficiency of 4d- SRT 

and 6d-SRT systems was slightly higher than those of 2d-, 2.5d and 3d-SRT systems. In 
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comparison, the total COD in effluent at all SRTs fluctuated and were dependent on the 

variation of influent TCOD. Moreover, the effluent TCOD increased with decreasing 

SRT, mainly due to the different performance of bioflocculation. When the systems 

receiving an organic loading shock of around double of the original loading, different 

peak values of effluent concentration were found in different SRT, but all the 2d-, 3d- 

and 6d-SRT systems could achieve a new stable state with high removal efficiency and 

low effluent concentration. The fraction that was converted into biomass decreased with 

increasing SRT, while the fraction of mineralization increased with increasing SRT. 

• The effluent soluble phosphorus concentration was found to increase with decreasing 

SRT, while the total phosphorus concentrations in the effluent of 2d and 3d SRT were 

similar and both higher than that of 6d SRT. When treating a shock P loading, all the 2d-, 

3d- and 6d- SRT could achieve a new stable state, however, with higher effluent P 

concentrations than those before the shock. The P release rates, SCOD uptake rates, and 

P uptake rates, expressed as mg substrates/gVSS·h, were higher in the two short-SRT 

systems compared to the 6d-SRT system. The P content in biomass seasonally varied 

during the operating time, in the range of 2.8-7.2%. The 2d-SRT sludge had lower P 

content than those of 3d-SRT and 6d-SRT sludge. 

• The ammonia removal efficiency of short SRT of 2-4 days was around 40%. When the 

SRT was increased to 6d, the removal efficiency increased to 70%. 
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Chapter 4. Dynamics in Flocculation and Settling Properties at 
Short-SRT EBPR Process

4.1 Introduction

Short SRT processes were reported to be faced with a probability of poor solid-liquid separation 

performance. Second settlement is typically the final treatment unit in WWTP and as a result, it 

plays a critical role in both producing an effluent with low enough contents of suspended solids 

to meet the discharge limits, and producing a returning sludge with high enough contents of 

biomass to achieve a designed MLSS concentration in the reactors. Bioflocculation, the process 

of floc forming, determines the morphological property and density of the sludge flocs, and 

therefore determines the sludge settleability. It is believed that a minimum SRT is required for 

attaining efficient bioflocculation, despite the biodegradation of organics and nutrients. Ng 

andHermanowicz (2005) indicated that poor sludge settling properties in short-SRT systems 

result from the increase of non-flocculating microorganisms. Liao et al. (2001) and Maharajh

(2010) also suggested that short SRTs increased the amount of pin-point flocs in effluent due to 

poor sludge flocculation. However, limited studies have focused on the bioflocculation in the 

short SRT systems.

Bioflocculation can be explained by various mechanisms of varying complexity which are not 

necessarily exclusive. They can be summarized to: charge neutralization by Derjaguin-Landau- 

Verwey-Overbeek (DLVO) theory and extended DLVO theory (Chia et al. 2011, Liu et al. 2010, 

Zita &Hermansson 1994), bridging by extracellular polymeric substances (EPS) and metal ions

(Keiding &Nielsen 1997), and hydrophobic interactions; (Jorand et al. 1998, Urbain et al.

1993b). Currently, there has been no unique dimension of bioflocculation, while some
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conventional parameters are often used to assess good or bad flocculation, such as effluent 

suspended solids (ESS, or effluent turbidity) and sludge volume index (SVI). Meanwhile, some 

physicochemical characteristics which are supposed as key factors for bioflocculation are 

observed as well, such as EPS quantities and composition, surface charge and hydrophobicity 

(Liao et al. 2001, Tian et al. 2011, Wilén et al. 2003b, 2008a, Xie et al. 2010). In addition, 

monitor of floc size also gives a direct inspection of bioflocculation (Govoreanu et al. 2003, Van 

Dierdonck et al. 2012).  However, it should be noted that some of the results in these reports may 

conflict with one another. Take the effect of EPS on settleability for example, some studies 

found that SVI decreased as EPS increased (Goodwin &Forster 1985, Ng &Hermanowicz 2005), 

while some other studies reported a contradictory conclusion (Jin et al. 2003, Jorand et al. 1994) 

since EPS were negatively charged and would, therefore, lead to higher surface charge of cells  

and aggregates (Morgan et al. 1990). Moreover, bioflocculation of short SRT sludge, which is 

considered as one of the largest issues of successful operation of short SRT processes, has not 

received much attention yet. Most researches of biofloccualtion of activated sludge were 

conducted in the laboratory under stable temperature with synthetic wastewater, where limited 

parameters were observed.  

In this research, a long-term investigation was conducted on three parallel EBPR systems 

operated at two short SRTs (2d and 3d) and meanwhile one regular SRT (6d) for comparison. 

The pilot-scale plant was continuously fed with non-preclarified municipal wastewater, under 

temperature conditions that were generally similar to the full-scale plant. After one-month 

starting period, a comprehensive set of parameters were gathered for one year to comprehend the 

bioflocculation phenomena at the three systems. Seasonal variations were observed and 

correlations among the process data were accessed in order to recognize the key parameters 
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affecting the solid-liquid separation performance. It was expected that the results of this study 

could help to understand the bioflocculation phenomena in short SRT activated sludge process 

and to investigate the feasibility and improvement of short SRT process. 

4.2 Materials and methods 

4.2.1 Sludge volume index and size distribution 

The SVI was tested on site for the sludge samples from aerobic zones according to Standard 

Methods (APHA, 2012). The mixed sludge was diluted or thickened to obtain a MLSS 

concentration at around 2000mg/l, and then placed into a 1L graduated cylinder for 30 minutes 

settling.  

Particle size distribution was analyzed with a laser diffraction particle size analyzer (Mastersizer 

2000, Malvern Instruments Ltd., UK). De-ionized water was used as the dispersant. 

4.2.2 EPS extraction and composition 

The extraction of EPS from activated sludge samples was conducted with cation exchange resin 

(CER) (Dowex 50x80, Na+ form, 20-50 mesh) according to the method suggested by Frølund et 

al. (1996). CER was washed with a phosphate buffer saline (PBS) (NaCl 4g/l, KCl 0.1g/l, 

KH2PO4 0.06g/l, and Na2HPO4 0.455g/l) and dried at room temperature. Sludge samples were 

also washed twice with PBS and resuspended to the original volume. MLVSS concentration was 

tested for each sludge sample before the extraction was conducted to determine the dose of CER 

at the ratio of 100 g CER/ gVSS according to the results of the previous study (Durmaz &Sanin 

2001). A control of CER in PBS without sludge sample was prepared for each test. Extraction 

beakers were stirred for 4 hours at a speed of 700 rpm at 4⁰C. Then the mix liquids were 

centrifuged for 10 minutes and filtered with a 1.5µm glass fiber. 
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The composition of extracted EPS was analyzed for protein, humic substance and carbohydrate, 

according to the methods reported by  Frølund et al. (1996, 1995), using Bovine Serum Albumin 

(Sigma), glucose (Sigma), and Humic acid (Aldrich) as standards, respectively. CER-control was 

conducted with the same procedures and subtracted from sludge-CER samples. The standard 

deviation of duplicated testing was controlled within 2% for protein and humic substance, and 

5% for carbohydrate. The sum of protein, carbohydrate, and humic substance was calculated as 

total EPS.  

4.2.3 Surface charge and relative hydrophobicity 

The net value of negative surface charge (SC) of the sludge flocs is measured using colloidal 

titration method reported by Morgan et al. (1990). In order to diminish the influence of high 

contents of cations in the mix liquid, the sludge samples were first centrifuged and resuspended 

with DI water. Then 2mL resuspended sample was diluted to 100 ml with DI water and mixed 

with an excess volume of polybrene (5mL) (0.001N). Polyvinyl sulphate (0.001 N) was used to 

back titrate the excess polybrene to an endpoint indicated by Toluidine Blue (color changing 

from blue to pink). DI water with an equal volume to the sludge sample was used as a control 

and subtracted for each titration. Duplicate measurements were performed to control the standard 

deviation within 5%. 

Relative hydrophobicity was tested with Microbial Adhesion to Hydrocarbons (MATH) method 

developed by Rosenberg (1981). Sludge samples were washed twice with phosphate buffer 

solution (PBS) and resuspended to the original volume, followed by homogenization by 

sonication at 50W for 2 mins. The suspension was diluted with PBA to achieve an absorbance of 

around 0.4 at 600nm. Then 10mL diluted sample was mixed with 5mL hexadecane (Sigma) in a 
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separating funnel, mixed for 2mins and allowed to separate completely for 15mins. The liquid 

part was taken out for absorbance measurement. The relative hydrophobicity was calculated as: 

 Hydrophobicity(%) = (1 −
Afinal

Ainitial
) ∗ 100. 

4.2.4 Statistical analyses 

Statistical analyses were performed with IBM SPSS Statistics. ANOVA for repeated measure 

was used for comparison of dependent parameters like EPS contents and Multivariate ANOVA 

(MANOVA) was used to assess the difference between systems which was seasonal like surface 

charge and relative hydrophobicity. ANOVA was used to analyze the influence of temperature 

on EPS with the type Ⅰ error rate set to be 0.05. Pearson’s product momentum correlation 

coefficient (rp) was used to assess the linear correlation among parameters. 

4.3 Results and discussion 

4.3.1 Sludge settling properties  

The MLSS was targeted at approximately 3 g/l, but fluctuated between 1.2 and 5g/l, especially in 

the 2d-SRT and 3d-SRT systems (Figure 4-1), mainly as a result of the varied solid 

concentrations in the influent. Thickening performance in the settling tank, which determines the 

solid concentration of returning sludge, also caused variation of sludge concentration in the 

reactors. 6d-SRT system showed relatively better stability during operation time, meaning a 

better tolerance to the variation of influent and more stable settling properties of activated 

sludge.  
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Figure 4-1 Suspended solids concentration in reactors during operation time 

 

Figure 4-2 F/M ratio during operation time 

As well as SRT, food to microorganisms (F/M) ratio is another operating parameter in activated 

sludge processes. The settling characteristics of activated sludge were previously related to F/M 

ratio and the results showed that when the F/M ratio was increased to certain values, the system 

would suffer from poor settling and compacting properties (Bisogni &Lawrence 1971, Chao 

&Keinath 1979).  In this study, the F/M ratio was calculated as the rate of influent total COD 
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applied per unit of volatile suspended solids. Theoretically, if SRT is kept constant, F/M ratio 

also becomes constant. However, in practice, the F/M is linked to both the sludge concentration 

and the influent COD or BOD. As shown in Figure 4-2, the F/M in 2d- and 3d-SRT systems 

fluctuated in a broad range because of the fluctuating MLSS. By contrast, the F/M ratio of 6d-

SRT system was relatively stable.    

 
Figure 4-3 Effluent quality: a) Turbidity; b) suspended solids concentration 
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When looking at the flocculation properties, effluent suspended solids concentration and 

turbidity were observed. In the 6d-SRT system, the first peak existed during the cold temperature 

(December and January,5~12⁰C) (Figure 4-3), with high SVI meanwhile (Figure 4-4). The 

second peak with poor quality occurred in June, without significant rising of SVI. During these 

days, sludge rising caused by denitrification in the settling tank was observed. For 2d- and 3d-

SRT systems, ESS and turbidity fluctuated significantly during the year. From September to 

November 2015, 2d-SRT system suffered from sludge bulking. Poor liquid-solid separation also 

appeared several times in the 3d-SRT system.  

It can be seen from Figure 4-4, at the beginning of operating time (August ~October 2015), the 

SVI of 3d- and 6d- SRT system were relatively stable in the range of 100~200, while the 2d-SRT 

system experienced a series bulking with the SVI up to 500. During the winter days, the SVI of 

6d SRT rose to 200~300, whereas the short SRTs showed a better settling and compaction 

properties. In the following warmer months, 6d-SRT system achieved improved properties, while 

the SVI of short SRTs still varied in the range of 100~250.  The factors that relate to SVI were 

complicated and difficult to assess. Wilén et al. (2008a) found that the sludge flocs had more 

open structures and irregularly shapes at low temperature in winter than in summer. Since the 

sludge at 6d SRT in winter had modest D50 and larger span (Figure 4-5), it could be supposed 

that there were some less packed net-like flocs which lead to a high SVI. However, the quantities 

and compositions of biopolymers and microbial community structures are believed to also affect 

SVI.  

 



 

59 
 

 

Figure 4-4 SVI of activated sludge during operation time 

Floc size plays a key role in affecting the performance of solid-liquid separation. Flocs with large 

size and high density always contribute to good settling properties. In comparison, a large faction 

of single cells or pin-point flocs often results in a higher turbidity or suspended solids in the 

effluent. In this term, monitoring floc size offers a direct view of the dynamics of the 

bioflocculation process (Van Dierdonck et al. 2012). The D50 (or Dv0.5) is the median for a 

volume distribution, which is one of the easier statistics to understand and also one of the most 

meaningful for particle size distributions (PSD). The span is one of the common model 

independent calculations to describe distribution width used for laser diffraction results, with the 

strict definition of 𝑆𝑝𝑎𝑛 = (𝐷90 − 𝐷10)/𝐷50. D [4, 3] is the volume-weighted mean of particle 

size, which is very sensitive to the fraction of big particles due to its calculating method. Because 

of the influence of large particles, this value is usually larger than D50. 
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Figure 4-5 Particle size distribution of activated sludge flocs: a) D50; b) Span; c) D [4,3] 
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Figure 4-5a showed that the median floc size (D50) of sludge samples from the three systems 

were in the range of 56.63 - 233.65 µm, and a large variation was observed in each system 

during the operating time. During September and October in 2015, the median size of flocs in 

2d- and 3d-SRT system dropped near to 50 µm, and the size distribution curves could not be 

fitted to the log-normal model, showing a broader and irregular distribution (two peaks).  For the 

PSD of bulking sludge at short SRT condition, a bi-modal model was suggested to be more 

suitable (Jorand et al. 1995, Liao et al. 2006). As the water temperature getting lower, the floc 

size in the two short-SRT systems rose to the first peak in January (166.58 µm for 2d and 103.26 

for 3d, respectively), and then achieved another peak in June 2016 (220.63µm for 2d and 

153.05µm for 3d, respectively). In contrast, the floc size of 6d SRT went to a peak (233.65µm) at 

the beginning of the operation and then maintained in a stable range of 70~115µm. 

The span of PSD could reflect the width of PSD curves. In autumn 2015, the PSD span of 2d-

SRT flocs increased up to 4.5, and dropped to 2.5 in winter days (Figure 4-5b). By contrast, the 

span of 3d- and 6d-SRT sludge kept rising to 3.3 and 2.8, respectively, as the temperature gets 

lower. There was a peak in 6d SRT sludge in June, with a small average size at the meantime, 

showed that the poor effluent turbidity in this period was caused not only by sludge rising in the 

settling tank, but also by the appearance of some pin-flocs.  

Comparing D [4,3] (Figure 4-5c) and D50, the two parameters showed similar trends in all the 

three systems. As a result, a combination of D50 and the span could be used to characterize the 

particle size distributions in this study, although D [4,3] was thought to be more representative 

than D50 in some previous studies.  
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4.3.2 Production and composition of EPS 

4.3.2.1 Influence of SRT 

It was shown that the extracted EPS quantities per unit of biomass dry weight were significantly 

higher in longer SRT than in shorter SRT (Figure 4-6a) (ANOVA for repeated measure, 2d&6d: 

p=0.000; 3d&6d: p=0.001). While there was no significant difference between 2d and 3d SRT 

system (ANOVA for repeated measure, p=0.086). The results indicated that when the 

microorganisms are subject to rapid growth rate at short SRTs (or at high F/M ratios), the EPS 

productivity was lower than the biomass productivity, resulting in a lower EPS concentration in 

per unit of activated sludge. This trend was corresponding to the results reported by Pavoni et al. 

(1972) who investigated the EPS production rate at different growth phases of microorganisms 

with a batch-scale reactor. Similarly, Sheng et al. (2006a) studied the EPS production rate of a 

photosynthetic bacterial strain and observed that when the bacteria were at the exponential 

growth phase the quantity of EPS reduced with cultivation time, while when they were at the 

stationary phase the EPS kept relatively stable. The results in this study were in agreement with 

the illustration by Patsios and Karabelas (2011), Sesay et al. (2006) who found that the total EPS 

amount increased with increasing SRT. However, Ahmed et al. (2007), Duan et al. (2015) 

reported an opposite trend about the relationship between EPS contents and SRT. Some other 

researchers found the total quantity of EPS was independent on SRT (Li &Yang 2007b, Liao et 

al. 2001). 

The contents of protein in EPS showed similar tendency with the total EPS amount (Figure 4-6b) 

(ANOVA for repeated measure, 2d&6d: p=0.000; 3d&6d: p=0.001; 2d&3d: p=0.067). The 

protein in EPS could be mainly attributed to cell lysis and secretion. Although the effect of SRT 
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on protein secretion was unclear yet, cell lysis was proved to occur in a larger amount at long 

SRT where a huge fraction of microorganisms was at endogenous phase and have low growth 

rate, contributing to the higher contents of protein in EPS. 

 

 

Figure 4-6 Variations in total extracted EPS and components: a) total EPS and b) protein in EPS 
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Figure 4-7 Variations in total extracted EPS and components: a) carbohydrate in EPS and b) humic 

substances in EPS 

However, the influence of SRT on carbohydrate contents was not significant (Figure 4-7a) 

(ANOVA for repeated measure, 2d&6d: p=0.325; 3d&6d: p=0.864; 2d&3d: p=0.406). As for 

humic substances, statistical analyses showed that there was no significant difference between 2d 



 

65 
 

and 3d SRT system (ANOVA for repeated measure, p=0.889), while the difference between 

short SRTs and 6d SRT was significant (Figure 4-7b, ANOVA for repeated measure, 2d&6d: 

p=0.022; 3d&6d: p=0.027).  

4.3.2.2 Influence of temperature 

Extracted EPS content was found to be significantly higher at low temperature (December 

2015~March 2016, water temperature 5⁰C~15⁰C), while significantly lower at high temperature 

(Figure 4-6a).  Statistical analyses indicated that the influence of operation period (grouped as 

monthly average) was significant (ANOVA, p=0.005). Temperature influenced the metabolism 

of bacteria and therefore influenced EPS generation. Gao et al. (2012) reported that under 

extreme high or extremely low temperature, bacteria responded to the environmental stress and 

as a result, the quantity of EPS increased and the composition changed. Jiang et al. (2005) 

indicated that low temperature would deteriorate bioflocculation ability and cause deflocculation 

of sludge flocs, consequently leading to a decrease of floc size and an increase of EPS at floc 

level. However, the trend of floc size variation and the EPS quantity dynamics in this study did 

not agree with this hypothesis.  

Proteins were found to be the most dominant component of extracted EPS in all sludge samples, 

and showed similar seasonal variation tendency with total EPS (Figure 4-6b) (ANOVA, 

p=0.004). At 3d and 6d SRT, a similar varying tendency was also observed for carbohydrates in 

extracted EPS ((Figure 4-7a) (ANOVA, p=0.011). Most extracellular carbohydrates are soluble, 

the fraction of carbohydrates attached to cell surface or within floc matrix was mainly captured 

through divalent bonds to other polymers. Since the carbohydrates are polymers with high 

biodegradability and can be degraded by carbohydrate hydrolysis enzymes, it was probably that a 
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larger fraction of carbohydrate was degraded by enzymes in summer. At extremely short SRT 

(2d), the influence of temperature on carbohydrate contents in EPS was not as clear as that in 

longer SRT. It is possible that the production of this component in 2d-SRT system was more 

from excess carbon source conversion and accumulation as extracellular polymers than from cell 

lysis in endogenous metabolism. Liao et al. (2001) noted that sludge at lower SRT might not be 

able to consume all the carbon source in the influent and part of the carbon substrates was 

converted into intracellular storage products or EPS.  

The contents of humic substances also changed with operation time ((Figure 4-7b) (ANOVA, 

p=0.019). However, the trend seemed not to be linked to temperature. It is not surprising because 

the sources of humic substances in EPS are adsorption from wastewater to EPS matrix and 

hydrolysis of other biopolymers.  

 

Figure 4-8  Variations in the ratio of proteins to carbohydrates (P/C) in the EPS 

Figure 4-8 shows the ratios of protein to carbohydrate (P/C) in the EPS. The ratios were 

consistently larger than one, due to the dominant contents of protein in EPS. The P/C ratio 
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variation with SRT was observed to be seasonal: sludge in 6d SRT system had higher P/C ratios 

in warm weather, while lower ones in cold weather. The reason for this might be that in higher 

temperature, more carbohydrates were degraded in the present of high exoenzymes, while in low 

temperature this biodegradation was weak and meanwhile more carbohydrates were released 

under adverse conditions.  The P/C ratios in this study varied in a wide range, from 3 to 9, where 

the upper values were even larger than those were reported. The EPS composition reported in 

previous studies was not consistent, due to the difference in process (biofilm or activated sludge), 

influent characteristics, operating conditions or EPS extraction methods (Morgan et al. 1990). 

For instance, some studies reported a dominance of carbohydrate rather than protein, with P/C 

ratios less than one (0.16–0.70) (Horan &Eccles 1986, Morgan et al. 1990). Liao et al. (2001) 

reported the P/C ratio in EPS changed at different SRTs. They found that the highest P/C ratio at 

12d SRT, the lowest ratio at 4d SRT and a modest ratio at 16d and 20d SRT. However, Wilén et 

al. (2003b) found that the P/C ratios in extracted EPS were very similar (in the range of 5~6) in 

sludge samples from 7 full-scale WWTP.  

Higgins and Novak (1997a) found that the quantity of protein in EPS increased when the content 

of divalent cations (Ca2+ and Mg2+) in the influent increased. Similarly, Wilén et al. (2003b) 

found that the quantity of total extracted EPS would increase as the content of cations in the 

sludge increased. When the cation-exchange resin was used to extract EPS, sodium ions replace 

divalent cations that bound EPS by cationic bridges, and thus EPS were released into the 

solution. In this study, Ca2+ and Mg2+ concentrations in the influent were as high as 114mg/l and 

33.9mg/l, respectively. As a result, more amounts of proteins bounded by cationic bridges would 

be released. 
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4.3.3 Variation of surface charge and hydrophobicity of sludge flocs 

Sludge floc surface charge (SC) plays an important role in bioflocculation and sludge bulking. 

As illustrated by the DLVO theory, the high repulsive force between approaching particles due 

to electrostatic interactions would weaken the bonding between floc fractions, when the negative 

surface charge was of high value. It is therefore supposed that flocs with high values of negative 

SC would have poorer flocculating and compacting properties. As shown in Figure 4-9, the 

higher SC value for 2d SRT in September 2015 (MAVONA, p=0.014) and for 3d SRT in April 

2016 (MAVONA, p=0.013), accorded with the small particle size and high SVI in these two 

months. By contrast, 2d SRT sludge showed lower SC in January 2016 (MAVONA, p=0.017). 

During the whole operation time, sludge at 6d-SRT had more stable SC values than sludge at 

short SRTs (2d and 3d). Chao and Keinath (1979) observed that the zeta potential on floc surface 

did not change a lot when the SRT varied in the range of 1.1-11.5d. While Liao et al. (2001) 

found a significantly smaller value of SC on flocs at longer SRTs (16 and 20d) (-0.24meq/g 

VSS), compared to flocs at shorter SRTs (4 and 9d) (-0. 4meq/g VSS). 

 
Figure 4-9 Negative surface charge of sludge flocs 
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Low values of negative surface charge reveal that there are less amount of free negative charges 

and more cations bounded electrostatically to the surface of sludge flocs. In this term, the lower 

SC values in this study compared to previous studies could accord to the high cation 

concentrations in the feeding wastewater. Furthermore, Mikkelsen and Keiding (2002b) noted 

that since the measurement of surface charge is based on the adsorption of a kind of cationic 

polymer onto the floc surface, it is therefore very likely that the total surface area of the flocs 

would influence the results of  SC measurement. The floc size changed in a broad range for all 

the three systems in this study, so there might be some bias on SC results that was caused by the 

difference in surface area. 

 
Figure 4-10  Relative hydrophobicity of sludge flocs 

The EPS have various charged groups such as carboxyl, hydroxyl, phosphoric, phenolic and 

sulfhydryl groups) and a number of nonpolar groups like aromatics and aliphatic in proteins, and 

hydrophobic regions in carbohydrate (Flemming 2003). In this study, the results tested with 

microbial adhesion to hydrocarbons (MATH) reflected the relative ratio of hydrophilic groups 

and hydrophobic groups (Figure 4-10). Statistical analyses showed that at the beginning of 
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operating time (September 2015), sludge of 2d SRT showed significantly lower hydrophobicity 

than 6d SRT (MANOVA, p=0.015). However, no more significant differences were found 

among different SRTs in the following periods (MANOVA, p>0.05). There was also no clear 

seasonal variation in all the three SRTs. However, it has been shown through some batch studies 

that cells are more hydrophobic in stationary growth phase than in exponential growth phase 

(Allison et al. 1990). Frølund et al. (1994) found that the EPS of a sludge sample at 8d SRT were 

more hydrophobic than the EPS of a sludge sample at 36d SRT. These results indicated that the 

hydrophobicity of sludge could be affected by SRT and that longer SRTs generally contributed 

to more hydrophobic surface. Liao et al. (2001) also reported that sludge hydrophobicity (or 

contact angle) at longer SRTs (12, 16 and 20d) were significantly higher than that at shoryer 

SRTs (4 and 9d). The results of this study did not show a similar tendency, and the reason might 

be that the longer SRT in this study was only 6 days, which was sometimes researched as shorter 

SRT in previous studies.  

4.3.4 Correlations between settling properties, floc characteristics and EPS contents 

4.3.4.1 Relationship between surface charge and settleability 

Linear regression analysis indicated that there was a modest positive correlation between the 

value of negative surface charge and both SVI and effluent turbidity (Table 4-1 and Figure 4-11). 

This is not surprising since the presence of a high value of negative surface charge on floc 

surfaces may generate more repulsive force which prevents close contact. Similarly, Li et al. 

(2012) found the addition of Al3+ and Fe3+ could significantly reduce the interaction energy 

barrier and therefore increased the mean floc size and decreased the supernatant turbidity, 

suggesting that the repulsive force induced by surface charge played an important role in 

preventing flocculation. Sponza (2002) analyzed five industrial and municipal sludge flocs in 
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lab-scale reactors and found that less negatively charged sludge flocs had lower SVI for all 

sludge samples. Similarly, Jin et al. (2003) investigated seven full-scale plants, five treating 

municipal sewage and two treating industrial wastewater, and found that high values of negative 

surface charge contributed to high SVI. 

Table 4-1 Pearson’s coefficients (rp) for linear correlation between settling properties, floc characteristics 

and EPS contents (number of observations=165)  

 

SVI Eff Tur ESS SC Hydrop-

hobicity 

d50 Span D [4,3] 

Eff Tur 0.545**        

ESS 0.350** 0.818**       

SC 0.615** 0.557** 0.409**      

Hydrophobicity -0.192* -0.278** -0.148 -0.288**     

D50 -0.123 - 0.217* -0.305** -0.203** -0.161    

Span of 

distribution 

0.495** 0.605** 0.484** 0.361** 0.014 -0.397**   

D [4,3] -0.025 -0.059 -0.197* -0.167* -0.169 0.132 -0.310**  

protein 0.037 -0.152 -0.078 -0.162* 0.469** -0.178* -0.011 -0.219** 

carbohydrate 0.400** 0.088 0.090 0.243** 0.166* -0.258** 0.146 -0.195** 

protein/carbon -0.418** -0.201* -0.149 -0.406** 0.133 0.194* -0.193* 0.090 

Humic substance -0.121 -0.399** -0.323** -0.136 0.410** -0.043 -0.120 -0.034 

total EPS 0.063 -0.269** -0.181* -0.117 0.550** -0.201* -0.028 -0.210** 
* Correlation is significant at the 0.05 level. 

 **Correlation is significant at the 0.01 level. 

Barber and Veenstra (1986) indicated that only in the truly non-filamentous sludge, the repulsive 

force coming from surface charge played a significant role in determining the settling 

performance. High values of negative surface charge kept the flocs in a more expanded 

condition, leading to slower settling velocity of sludge blanket. Otherwise, the filamentous 

bacteria would work as a physical bridge connecting flocs. Klimpel and Hogg (1986) indicated 

that electrostatic forces dominate over gravity for flocs smaller than 20µm. This might explain 
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why there were more unsettling solids (high effluent turbidity) in sludge with high surface charge 

values and a large proportion of pin-flocs. The considerable correlation coefficient between the 

span of PSD and effluent turbidity (rp=0.582, p<0.01) (Table 4-1) supported this hypothesis. Xie 

et al. (2010) used pure cultures of two bacterial strains, which represented genus with good and 

poor settleability, to investigate surface properties and bioflocculation. They found high 

correlation coefficients between turbidity to ζ-potential 

        

 

Figure 4-11 Relationship between surface charge and a) SVI; b) Effluent turbidity 
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4.3.4.2 Relationship between relative hydrophobicity and settleability 

It is accepted that hydrophobic interactions take considerable roles in the attachment of bacteria 

cells and floc fragments. Since hydrophobic molecules are non-polar and therefore less 

homogenously mixed in water than hydrophilic molecules, they are supposed to be benefit for 

the aggregation of the sludge flocs. Zita and Hermansson (1997) reported that the low level of 

hydrophobicity of cell surface probably contributed to the existence of free-living cells failing to 

attach to flocs. Liao et al. (2001) and Xie et al. (2010) also indicated that high hydrophobicity 

was linked to low effluent suspended solids or turbidity. However, Van Dierdonck et al. (2013b) 

found that neither the correlation coefficient between hydrophobicity and SVI nor that between 

hydrophobicity and the amount of pin particles (0.5~5 µm) was significant.  

In this study, hydrophobicity did not show significant influence on either SVI or ESS (effluent 

turbidity). This is not surprising since the hydrophobicity tested in this study was relative values. 

There is no absolute measurement of hydrophobicity. As for relative hydrophobicity, contact 

angle and MATH are two most commonly used methods. However, measurements of MATH are 

dependent on the organic and aqueous used in testing. For instance, Boyette et al. (2001) 

reported that for the same sludge sample, the results were different when using n-hexadecane 

(18~21%) or n-octane (2~9%). Palmgren et al. (1998) also indicated that the relative 

hydrophobicity was in different range for cells isolated from activated sludge, 12~98% using DI 

water, 0~80% using phosphate- urea- magnesium buffer, and 23~99% using another buffer.  

4.3.4.3 Relationship between PSD and settleability 

Statistical analyses showed that the correlations between the span of PSD and both ESS (or 

effluent turbidity) and SVI were significant and considerable, whereas, the effect of D50 was 
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insignificant on SVI, and weak on ESS or turbidity (Table 4-1). However, it could be seen from 

Figure 4-12, the effect of D50 on effluent quality and compacting performance was also modest: 

when D50 was small (<70µm), even though the span of distribution was not high, the sludge still 

showed poor solid-liquid separation and compacting ability. Similarly, Wilén and Balmér (1999) 

indicated that a large fraction of single or tiny clumps of flocs in the sludge tended to result in a 

higher effluent turbidity.  

       

Figure 4-12 Relationship between PSD and a) ESS; b) SVI 

The relationship between floc size and size distribution and SVI was studied in the literature. 

However, the results were inconsistent, dependent on the filaments abundance. For example, 

Govoreanu et al. (2003) found that there was a negative correlation between D [4,3] and SVI 

when floc-forming bacteria was predominant in the activated sludge while a positive correlation 

when filamentous bacteria became predominant. Liao et al. (2006) reported that the correlation 

between D (50, frequency) and SVI was significantly strong, a high SVI linking to a small floc 

size. In contrast, Andreadakis (1993) found a strong positive correlation between SVI and 

median floc size in non-filamentous sludge. 
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4.3.4.4 Relationship between EPS and surface properties 

As shown in Figure 4-13 and Table 4-1, there was a modest correlation between protein/ 

carbohydrate ratio and negative surface charge. This correlation could be explained by that the 

positive charges carried by amino groups in proteins may neutralize certain negative charges 

carried by carboxyl, hydroxyl, phosphoric and sulfhydryl groups in carbohydrates, resulting in a 

deduction of the value of negative surface charge. Corresponding to this study, Morgan et al. 

(1990) found that the surface charge could be related to the composition of EPS in the form of  

proteins/total carbohydrates rather than the amounts of individual EPS components in both tested 

anaerobic and aerobic sludge samples. Liao et al. (2001) also observed that the ratio of protein to 

carbohydrates or the ratio of protein to carbohydrate plus DNA played a more significant role in 

controlling the SC than the amounts of individual EPS components or total EPS.  

 

Figure 4-13 Relationship between protein/carbohydrate ratio and negative SC 

It should be noted that some conflicting results have been reported in literature. For instance, 

Mikkelsen andKeiding (2002b) found a positive relationship between the EPS contents in sludge 
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and the values of negative surface charge. Similarly, Wilén et al. (2003b) found that the total 

EPS content, proteins, carbohydrates and humic substances all had positive effects on the net 

charge of sludge. On the contrary, Wang et al. (2005) reported that the contents of total EPS and  

the individual quantities of protein and carbohydrate all had negative effects on the values of floc 

surface charge. 

However, the weak correlation between protein/carbohydrate ratio and the surface charge 

indicated that there are some other EPS components or other factors influencing the surface 

charge of sludge flocs. For example, the negatively charged cell surfaces, EPS components and 

inorganic components would affiliate cations onto sludge flocs. Those cations would neutralize 

the negative charges on floc surface and subsequently reduce the value of SC. Priester et al. 

(2006) found that heavy metals could be bonded by proteins, carbohydrates or nucleic acids in 

EPS. Wilén et al. (2003b) reported that the amounts of monovalent cations (Na+, K+), divalent 

cations (Ca2+, Mg2+) and the trivalent cations (Fe3+, Al3+) in the sludge all could be negatively 

related to the values of SC of flocs. These results showed that not only the EPS composition but 

also the cations bonded to flocs were key parameters affecting the SC. 
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Figure 4-14 Relationship between relative hydrophobicity and a) total EPS; b) protein; and c) humic 

substances 
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In this study, hydrophobicity was found to be affected by the amounts of total EPS, protein and 

humic substance contents and of sludge (Figure 4-14 and Table 4-1 ). This result agreed with a 

few previous studies. For example, Jorand et al. (1998) separated the hydrophobic and 

hydrophilic EPS fractions using XAD resin and reported that the hydrophobic fraction was 

mostly made up of proteins, while the hydrophilic fraction was mostly made up of carbohydrates. 

Higgins and Novak (1997b) reported that amino acids carrying hydrophobic regions, such as 

glycine and alanine, were highly abundant in the protein fraction of EPS, contributing 

significantly to the hydrophobicity of sludge flocs. Similarly, Dignac et al. (1998) revealed that 

approximately 24% of the amino acids were hydrophobic. Jahn and Nielsen (1998) indicated that 

humic substances, usually described as polyelectrolytes, carried hydrophobic entities. Moreover, 

Pan et al. (2010) found that the binding strength and capability of proteins were higher than those 

of humic substances. Liao et al. (2001) found that the proteins/carbohydrates ratio could be 

positively related to the hydrophobicity of sludge, while total EPS content had no influence. 

Wilén et al. (2003b) found that the quantities of total EPS, protein and humic substances all 

showed negative correlations to hydrophobicity and the correlations were relatively moderate, 

illustrating that there were some other factors contributing to the hydrophobicity of the sludge. 

4.3.4.5 Relationship between EPS and settleability 

In this study, protein/carbohydrate ratio showed a negative effect on SVI (Table 4-1), which was 

not surprising when combining the impact of P/C ratio on surface charge and the effect of 

surface charge on SVI. Carbohydrates in EPS had a positive effect on SVI, while the quantities 

of proteins, humic substances, and total EPS appeared no significant influence on SVI. Instead, 

the correlation between humic substances and effluent turbidity was found to be significantly 

negative. Different from this result, Jin et al. (2003) reported that the amounts of protein, 
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carbohydrate, and humic substances were all significantly related to SVI and the correlations 

were all positive. Liao et al. (2001) and Martinez et al. (2000) indicated a positive effect of both 

total EPS and protein on SVI while no significant effect of carbohydrate. Actually, the role of 

EPS in bioflocculation has been widely studied in the literature, but sometimes results were 

contradictory. Yang and Li (2009) found that more loosely bounded EPS would cause more 

bound water inside the flocs and as a result, produce low-density aggregates, corresponding with 

poor settleability. However, some other researchers reported that the increase in bound protein 

was associated with improved settleability (Higgins &Novak 1997b, Sponza 2004). In summary, 

EPS form a vast net-like net through complex interactions to bind cells closely, and meanwhile, 

bind some water into the aggregates. The exact role of EPS in settling properties was difficult to 

resolve because of the complicated aggregate matrix of sludge and the variation of extraction 

methods. 

4.3.5 Effect of operating parameters on settling properties, floc characteristics and EPS 

contents 

Table 4-2 showed the Pearson’s coefficients between the four operating parameters (SRT, F/M, 

MLVSS and organic loading) and the settling properties, floc characteristics and EPS contents of 

activated sludge. SRT has modest relations (absolute value of rp>0.3) to effluent turbidity, total 

EPS contents, protein contents, ESS and span of PSD. MLVSS showed a negative correlation 

with SVI. On the other hand, the influence of organic loading on the physicochemical properties 

was not as considerable as SRT. The overall results showed that SRT took a more important role 

than other operating conditions in affecting the solid-liquid separating performance and EPS 

contents. This is agreeing to many other studies. For example, Chao and Keinath (1979) 

demonstrated that the ESS increased from 39 to 257 mg/l when SRT reduced from 11.4 to 1.1d 
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and, corresponding to the decrease of EPS content.  Liao et al. (2006) indicated that the PSD at 

shorter SRTs (4d and 6d) was more unstable than sludge at longer SRT (9~20d), and modest 

bulking with a broader PSD occasionally happened at shorter SRT, which generally vanished 

within two weeks. However, no significant correlation was found between SRT and the median 

floc size. Similarly, in this study, sludge bulking was observed several times in 2d and 3d-SRT 

systems while only once in June 2016 in 6d-SRT system, but the median particle size could not 

be related to SRT. Differently, Andreadakis (1993) reported that the median floc size increased 

from 20 µm to 35~45 µm when SRT increased from 1.1 d to the range of 4.2~17.4 d.  

The effects of SRT on EPS reported in the literature were also contradictory. Some researchers 

found that EPS increased with increasing SRT because microorganisms generated more EPS 

during the endogenous phase. For example, Sesay et al. (2006) reported that there was a positive 

correlation coefficient between SRT and the total EPS, protein and carbohydrate contents. By 

contrast, Li and Yang (Li &Yang 2007) indicated that there was a negative correlation between 

SRT and the loosely bounded EPS, while no significant correlation between SRT and the tightly 

bounded EPS. The conflicting results may be explained by the different principles of different 

extraction methods. Even just for the CER method, the extraction efficiency depends on 

extraction time. Frølund et al. (1996) illustrated a curve between the total amount of extracted 

EPS and extraction time, which showed that the amount kept rising till up to the17th hour. 

However, 3h or 4h extraction time was often adopted by researchers to get representative results. 

It is possible that different compositions of EPS, different amounts of bounded cations, or 

different microbial communities of activated sludge all could contribute to different extraction 

efficiency. It is also likely, that the different portions of loosely bounded and closely bounded 

EPS could deal to bias results of total quantities and composition of EPS.  
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Table 4-2 Pearson’s coefficients (rp) for linear correlation between physicochemical characteristics of 

sludge and operating parameters (number of observations=165)   

  

SRT F/M MLVSS Organic loading 

rp p rp p rp p rp p 

SVI -0.231** 0.003 0.174* 0.033 -0.364** 0.000 -0.044 0.591 

Eff Turbidity -0.437** 0.000 0.230** 0.005 -0.089 0.272 0.234** 0.004 

ESS -0.318** 0.000 0.162 0.053 0.050 0.546 0.187* 0.025 

protein 0.363** 0.000 -0.203* 0.013 0.017 0.829 -0.270** 0.001 

protein/carbon 0.259** 0.001 -0.142 0.084 0.178* 0.026 -0.064 0.434 

carbohydrate 0.075 0.336 -0.068 0.411 -0.107 0.185 -0.186* 0.023 

Humic substance 0.251** 0.001 0.058 0.481 -0.172* 0.032 -0.091 0.268 

total EPS 0.382** 0.000 -0.126 0.123 -0.093 0.246 -0.270** 0.001 

SC -0.232** 0.003 0.164* 0.045 -0.254** 0.001 0.038 0.641 

Hydrophobicity 0.284** 0.001 -0.063 0.465 -0.003 0.972 -0.132 0.126 

D50 0.019 0.809 0.173* 0.034 -0.253** 0.001 0.062 0.449 

Span -0.317** 0.000 0.146 0.074 -0.053 0.507 0.103 0.211 

* Correlation is significant at the 0.05 level. 

 **Correlation is significant at the 0.01 level. 

4.4 Conclusions 

This study investigated the variation of settling properties and physicochemical characteristics of 

activated sludge in 2d- and 3d- SRT EBPR process for one year, as well as 6d-SRT EBPR for 

reference. The results showed: 

• Sludge bulking (SVI>200ml/g, ESS>20mg/l, and D50<70µm) occasionally happened in 

short SRT systems, especially at 2d SRT. 6d-SRT sludge had higher SVI in winter. The 
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occurrence of sludge bulking was corresponding to low protein to carbohydrate ratio in 

EPS and high value of negative surface charge. 

• Total EPS quantities and protein contents at the three SRTs were affected significantly by 

temperature, higher in winter and lower in summer. Both total EPS and protein contents 

were lower at short SRTs, while the contents of carbohydrates were independent on SRT. 

The effect of SRT on protein/carbohydrate ratio was seasonal. 

• There was a modest negative correlation between protein/ carbohydrate ratio and net 

surface charge, and moreover, the latter showed a positive effect on both SVI and effluent 

turbidity. 

• Hydrophobicity was found to be influenced by the total EPS, protein, and humic 

substance contents, while the effect of hydrophobicity on sludge settleability was not 

significant. 

• No significant correlation was observed between SVI and proteins, humic substances or 

total EPS; while SVI increased with increasing carbohydrate contents.  

• Small D50 and large PSD span could be associated to poor sludge settleability and 

effluent quality.
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Chapter 5. Characterization of Microbial Dynamics in EBPR 
Process Operated at Short SRTs

5.1 Introduction

Bioflocculation, the process in which bacterial cells and other organisms are organised into flocs, 

with extracellular polymeric substances (EPS) and organic/inorganic particles in the wastewater, 

determines the efficiency of solid-liquid separation. Although microbial organisms account for 

only 5~20% in the organic fraction of activated sludge, the species composition and metabolism 

determine the sludge settling and compacting properties in addition to undertaking the 

biodegradation of organic matter and nutrients. Based on previous studies, the microbiological 

reasons for settling problems could be summarised to three mechanisms: (1) the fraction of free- 

living or loosely-bounded bacteria increase, (2) filamentous bacteria extensively grow, and (3)

microbial metabolism rather than the community structure changes and as a result the 

physicochemical characteristics vary in the floc matrix. It is already proved by quite a few 

researchers that the quantity or composition of EPS and cations contribute to the degree of 

bioflocculation. However, the occurrence of settling problems could be attributed to any of the 

above mechanisms or a combination of them.

Microbial community of activated sludge was reported by many studies in the last twenty years. 

However, most of the results were obtained from lab- or full-scale systems operated at regular or 

long SRT, where nitrification also occurred. For example, Nielsen et al. (2010), (2012)

investigated the microbial community of 25 full-scale wastewater treatment plants in Denmark 

that were operated with biological nitrogen and phosphorus removal and developed a conceptual 

model based on quantitative FISH. The average abundance of core species showed that the most 

dominant groups were Betaproteobacteria (23%) and Actinobacteria (23%), followed by
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Chloroflexi (13%) and Bacteroidetes (9%). In the term of function groups, PAOs accounted for 

13%, nitrifiers 7%, and denitrifiers 18%. Some researchers tried to correlate the bacterial 

population to environmental factors or operational parameters, and to the process removal 

functions (Ju &Zhang 2015, Wells et al. 2014, Werker 2006). While limited studies have focused 

on the dynamics of microbial community at short SRTs based on long-term observation, and 

moreover, on the interactions of the dynamics with the variation of floc properties and sludge 

settling problems. Pala-Ozkok et al. (2013) compared the microbial communities in two lab-scale 

sequencing batch reactors (SBR) fed with acetate and operated at 2d and 10d SRT, respectively. 

The results of high-throughput sequencing of 16S rRNA genes showed that sludge sample from 

2d-SRT system had higher abundant Proteobacteria (97.5% compared to 88.6%) and lower 

Bacteroidetes (2.2% compared to 9.4%). Furthermore, the diversity was much lower in 2d-SRT 

sludge. Valverde-Pérez et al. (2016) operated a lab-scale SBR as EBPR process at HRT of 18h 

and SRTs of 8, 3.5 and 3d, which was fed with municipal wastewater and synthetic supplement. 

Filamentous bulking was observed when the system was operated at 3.5d-SRT, due to the 

overgrowth of Thiothrix spp. However, during the operating period of 3d-SRT, the sludge 

showed stable settleability with SVI of around 200ml/g. 

Some studies investigated the different attachment abilities of different groups of microbial 

population by comparing the community compositions in the supernatant and settled sludge or 

before and after shear. For example, Klausen et al. (2004) applied shear to the sludge samples 

from a full-scale nutrient removal plant and found that Beta-, Gamma- and Deltaproteobacteria 

and Actinobacteria had better resistance to shear while more Alphaproteobacteria and 

Firmicutes were disrupted. Schmid et al. (2003) indicated that there were less Alpha- and 

Betaproteobacteria and Actinobacteria in the unsettled sludge than the total sludge. Differently, 
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Morgan-Sagastume et al. (2008) reported that the abundances of Alpha-, Gammaproteobacteria 

and Actinobacteria were similar in the supernatants and settled sludge. They also found that 

although Betaproteobacteria, Bacteroidetes, and Chloroflexi were observed to have lower 

abundance in the supernatants, they were sensitive to shear. Wilén et al. (2008a) indicated that a 

subgroup of Gammaproteobacteria might be loosely bound. The abundances of 

Alphaproteobacteria and Actinobacteria in the supernatant were lower than those in total sludge 

but slightly increased after shear. Nadarajah et al. (2010) used denaturing gradient gel 

electrophoresis (DGGE) of 16S rRNA to analyze the activated sludge treating industrial 

wastewater and also proved that the community structure of settled sludge was different from 

that of unsettled sludge. Larsen et al. (2006) reported that two probes defined PAOs 

(Rhodocyclus-related PAO defined by PAO651 and Actinobacteria-related PAO defined by 

Actino-221) were both strong floc formers. While Bugge et al. (2013) thought Actinobacteria-

related PAO formed weak colonies or existed as single cells. In summary, although the 

information about the flocculating ability of different microbial groups are limited and 

sometimes conflicting, it is obvious that microbial community structure plays an important role 

in both flocculation and deflocculation. 

The objectives of this study were to characterize the microbial community structure in short-SRT 

EBPR process and provide a better understanding of the ecological relationship between 

microbial communities and operating factors. Another aim was to assess the impact of microbial 

community dynamics on bioflocculation through linking the bacterial population to the sludge 

settling properties. 
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5.2 Materials and methods 

5.2.1 Microbial analysis 

The microbial community structures were measured using fluorescence in situ hybridization 

(FISH), according to the protocol described by Nielsen et al. (2009). Activated sludge samples 

were collected and analyzed twice in an interval of one week for each testing months to obtain an 

average result. Sludge samples of loading shocks were collected one week after shocks were 

applied. Samples were grabbed from the aerobic zone of each reactor and fixed with 4% 

paraformaldehyde (PFA) for 3 hours in the refrigerator. Then the biomass was separated from 

PFA using centrifuge for 8min at 3500g, washed twice with PBS buffer, and stored in 1:1 

PBS/Ethanol at -20°C. The fixed sludge samples were directly applied to the slide to maintain 

the special resolution within the flocs. After dehydration, lysozyme treatment was applied in 

order to make Gram-positive cells more permeable. The oligonucleotide probes used for testing 

are listed in Table 5-1. Probes were 5’-labeled with the fluorochrome fluorescein isothiocyanate 

(FITC) or sulfoindocyanine dyes (Cy3 or Cy5). Citifluor was used as the mounting agent. FISH 

images were recorded by using CLSM (upright Leica DM 6000B microscope connected to Leica 

TCS SP5 system). Lens of 40x (oil, Ph) was used. For each targeted group in each sludge 

sample, images of 20 fields of view in random x, y and z dimensions were taken from two 

hybridization wells with the two samples grabbed on different dates within the testing month. 

Images were analyzed using a software called DAIME, which has been written especially for 

analyzing images of microbial cells as obtained by FISH. The relative abundance of the probe-

defined population was estimated as the biovolume fraction which was principled to be the ratio 

of the area that fluoresced with the specific probe to that with the EUBmix probe. 
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Table 5-1 Oligonucleotide probes used in FISH analysis 

Functional 

group 

Phylogenetic  

group 

Target Probe name Reference 

 most bacteria most bacteria EUBmix (EUB338, 

EUB338II and 

EUB338III) 

Daims et al. 

(1999) 

  negative control NONEUB Wallner et 

al. (1993) 

 Proteobacteria Alpha-proteobacteria ALF1b Manz et al. 

(1992) 

Beta-proteobacteria BET42a Manz et al. 

(1992) 

Gamma-proteobacteria GAM42a Manz et al. 

(1992) 

Bacteroidetes Cytophaga–Flavobacteria 

of Bacteroidetes 

CF319a Manz et al. 

(1996) 

Firmicutes many Firmicutes LGC354b Meier et al. 

(1999) 

Actinobacteria most Actinobacteria HGC69A  Roller et al. 

(1994) 

PAO 

  

Beta-proteobacteria Rhodocyclus-related PAO PAOmix (PAO462, 

PAO651 and PAO846) 

Crocetti et 

al. (2000) 

Actinobacteria Actinobaterial PAO Actino-221, Actino-

658 

Kong et al. 

(2005) 

 
 Competitors Actino-221-2,3,  

Actino-658-2,3 

Kong et al. 

(2005) 

GAO 

  

Alpha-proteobacteria Defluviicoccus spp. DF218, DF618, 

DF988, DF1020 

Wong et al. 

(2004) 

Gamma-

proteobacteria 

Competibacter-related 

GAO 

GB_G1, GB_G2 Kong et al. 

(2002) 

 

5.2.2 Statistical analysis 

 ANOVA was conducted to compare data from different systems or in different seasons, using 

the software SPSS (IBM SPSS statistics 24). Redundancy analysis of microbial community 
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structure constrained by operating factors or sludge settling properties was performed with the 

software CANOCO 5. 

5.3 Results and discussion 

5.3.1 Influent characteristics 

The influent of Guelph WWTP, composed of 50% municipal sewage and 50% industrial 

wastewater, was screened and then fed to the pilots. Average values of influent parameters in 

selected months when FISH was performed were shown in Table 5-2. The averages and standard 

deviations were calculated from 6~8 readings tested once or twice per week during the month. It 

was shown that the characteristics of the feeding wastewater were typical except for the higher 

concentration of nitrates. Total COD (TCOD)and total phosphorus (TP) fluctuated because of the 

change of suspended solids concentration in the influent, while soluble COD (SCOD)and soluble 

phosphorus (SP) were relatively stable. Furthermore, the cation contents were higher than typical 

values since the source of water supply in Guelph is groundwater and water softening is widely 

used.  

During the organic loading shock test, glucose (~400mg/l as COD) was supplemented to the raw 

wastewater as the increased organic content in influent. Due to the different hydraulic retention 

time of short SRT-systems (2h) and the regular-SRT system (4h), the real organic loading shock 

applied onto them was different, 4800gCOD/m3·d to short SRTs and 2400gCOD/m3·d to regular 

SRT. During the phosphorus-loading shock test, K2HPO4 and NaH2PO4 were supplemented at 

1:1 ratio. The increased phosphorus content of influent for the two short-SRT systems was 

around 3mg/l as P, while that for the 6d- SRT system was around 6mg/l as P. This difference was 

determined from the results of pretest which showed that the increase of 3mg/l P could not cause 
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a significant rise of the effluent P in 6d-SRT system, even though the effluent was monitored 

every two hours. In the term of phosphorus loading rate, the shock applied to the three systems 

was of the same value, 36gP/m3·d. In addition, more acetate was added during phosphorus-

loading shock in order to keep the VFA: P ratio larger than 7. 

Table 5-2 Influent characteristics in the months when FISH was performed (mg/l) 

 Long Term Loading shock Short-term 

 OCT JAN MAY AUG C-shock P-shock Mar 

VSS 196±41 186±25 189±12 83±52 79±37 104±46 126±20 

TCOD 432±114 409±40 373±32 289±62 752±32 272±17 330±75 

SCOD 149±17 156±14 147±14 177±26 524±11 119±18 136±11 

TP 5.7±1.8 5.0±0.5 5.5±0.5 4.37±0.6 5.6±1.8 7.4/10.4±0.5** 4.5±0.6 

SP 2.6±0.73 2.0±0.2 2.0±0.3 2.0±0.4 1.8±0.5 5.4/8.4±0.2 ** 1.8±0.1 

NO3
--N 2.2±0.5 3.0±0.8 1.8±0.3 2.9±0.4 1.8±1.5 0.7±0.5 3.2±0.5 

NH3
+-N 27.2±3.7 29.5±3.0 29.8±2.7 29.3±7.5 23.8±6.1 30.3±6.7 27.7±2.4 

Ca2+ 105  121  113  114 

Mg2+ 27.3  33.9  31.3  33.9 

Na+ 252  322  309  349 

K+ 12.0  13.1  14.2  17.5 

Total Fe 2.55  4.02  4.45  7.45 

VFA* 48 45 44 42 48 85 42 

* Sum of VFA in raw wastewater and supplementary, as acetate 

** Value for 2d- and 3d-SRT systems/ value for 6d-SRT system 

5.3.2 Variation of microbial community structure 

Microbial population at phylum (or class for Proteobacteria) level defined by group-specific 

probes was in shown in Figure 5-1(b). Similar dominant groups were found in all the three 



 

90 
 

reactors in different seasons. The largest fraction of the microbial community belonged to the 

Betaproteobacteria (24.0~36.5% in all bacteria defined by EUBmix), followed by 

Alphaproteobacteria (13.8~26.3%), Actinobacteria (7.4~22.4%), Gammaproteobacteria 

(2.2~15.1%) and Bacteroidetes (2.5~12.5%). Firmicutes accounted for low abundance in all 

samples.  

 

Figure 5-1 a.) Liquid temperature in reactors and b.) microbial community structure in selected months 

during operation 

Betaproteobacteria have been reported as the most abundant group in high-performance EBPR 

sludge in previous studies using FISH, PCR-cloning or sequence analyses methods.  A genus of 

Rhodocyclus in this class is known for its phosphate removal function. For example, Bond et al. 

(1995) operated lab-scale SBR in EBPR process with and without VFA supplementary and 

found that Betaproteobacteria accounted for 33% and 25% respectively. Kong et al. (2007) 
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indicated the abundance of Betaproteobacteria was 38% in a full-scale EBPR plant in Skagen, 

Denmark. A similar dominance of this group was also reported in other wastewater treatment 

process. Duan et al. (2009) illustrated that in a lab-scale MBR operated at 3d, 5d and 10d SRT, 

Betaproteobacteria constituted 37%, 23% and 39% of the bacterial population. Snaidr et al. 

(1997) found that Betaproteobacteria accounted for 52% of the total bacteria in a high-load 

aeration tank of a full-scale municipal wastewater treatment plant.  

The abundances of Alphaproteobacteria in activated sludge differed a lot in previous studies 

about EBPR process, from 4 to 20.4% in some lab-scale researches (Bond et al. 1995, 

Christensson et al. 1998, Dabert et al. 2001, Liu et al. 2001, Zhang et al. 2005), 2~8 % in a pilot 

scale EBPR system without nitrogen removal at SRT of 4d (Lee et al. 2002), and 7±2% in a full-

scale EBPR plant (Kong et al. 2007). The result of this study was relatively higher compared to 

these reported values. This could possibly be attributed to high Ca2+ contents in Guelph 

wastewater. Ye et al. (2016) indicated that Rhodobacteraceae, which belongs to 

Alphaproteobacteria, were detected in the sludge feeding with the high concentration of Ca2+ 

(>150 mg/l), while not detected in the sludge with no Ca2+ feeding. The genus Rhodobacter was 

reported as a denitrifying bacterium (Lv et al. 2014), which might be competitive in the anoxic 

zones of the systems in this study. 16S rRNA sequencing analysis of sludge samples from the 

pilot collected in summer proved that the family of Rhodobacteraceae constituted 24~38% in all 

the OTUs within Alphaproteobacteria and the genus of Rhodobacter accounted for 5~14% in all 

Alphaproteobacteria (conducted by Institute for Environmental Genomics (IEG), University of 

Oklahoma for data gathering for Molecular Ecological Network Analysis Pipeline). It was 

known that Delfuviicoccus vanus in Rhodospirillales order within Alphaproteobacteria was 

identified as GAO. 
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(a)     (b) 

(c)     (d) 

Figure 5-2 FISH-CLSM images of activated sludge samples from 2d-SRT system, overlay of green and 

red is shown as yellow, overlay of green and blue is shown as cyan: (a) sampled in August and hybridized 

with EUBmix (green), BET42a (red) and GAM42a (blue); (b) sampled in August and hybridized with 

EUBmix (green) and ALF1b (red); (c) sampled in August and hybridized with EUBmix (green), 

HGC69A (red); and d) sampled in May and hybridized with EUBmix (green), HGC69A (red). 40x, 

zoom=3.25, Bar=10µm 

Actinobacteria were another abundant group found in high- performance EBPR sludge. They 

accounted for 23% in the microbial community model developed by Nielsen et al. (2012) based 

on quantitative FISH analysis of 25 full-scale Danish EBPR plants. Bond et al. (1999) reported 

that Actinobacteria were the second largest group following Betaproteobacteria in EBPR sludge. 
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A genus of Tetrasphaera (in family Intrasporangiaceae, order Actinomycetales) of this phylum 

was reported to be PAOs (Maszenan et al. 2000). Microbial community analysis of a full-scale 

EBPR plant illustrated that Actinobacteria defined by probe HGC69A could dominate the 

bacterial population, and meanwhile, polyphosphate was found in these organisms which 

revealed the probability of their P removal function (Kämpfer et al. 1996, Wagner et al. 1994). 

Christensson et al. (1998)studied a lab-scale continuous flow EBPR and found Actinobacteria 

constituted 37% in the total sequenced clone library. Similarly, a survey of 9 full-scale EBPR 

plants in Australia indicated that 7~35% of the total bacteria were targeted by probe HGC69A 

and over 50% of the cells in this group were polyphosphate positive(Beer et al. 2006). 

The abundances of Gammaproteobacteria in this study were in normal range, compared to 

previous studies. This group accounted for 5~10% in some lab-scale EBPR reactors (Bond et al. 

1995, Christensson et al. 1998, Dabert et al. 2001, Liu et al. 2001, Zhang et al. 2005), 5~15 % in 

the pilot scale EBPR system at SRT of 4d (Lee et al. 2002) and some full-scale EBPR plants 

(Beer et al. 2006, Kong et al. 2007). Competibacter, known as a group of GAOs, belonging to 

this class, had been found in sludge failing to remove phosphate. An order in this class called 

Pseudomonas which are usually predominant in fresh sewage microbes, has an ecologically 

important role in the removal function of wastewater plants in the term of reducing pollution to 

the receiving water, since these bacteria tend to exist in the effluent if they can not form sludge 

flocs and settled in secondary clarifiers.  

Bacteroidetes and Firmicutes also accounted for similar abundances as reported results. 

Members within Bacteroidetes phylum are thought to complex organic materials such as proteins 

and carbohydrates. Firmicutes were suggested to be unable to thrive in intense aeration 

conditions (Hu et al. 2012). 
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In this study, the factions of Alpha-, Beta- and Gammaproteobacteria showed no clear relation to 

season or SRT. However, Actinobacteria were significantly less in summer, when water 

temperature was higher than 20°C (Figure 5-1). By contrast, the faction of Bacteroidetes was a 

little lower in cold weather, when water temperature was around 10°C. In general, in the term of 

the dominance of microbial community at phylum or class level (for Proteobacteria), there was 

no clear tendency between sludge samples from different SRTs. However, variations were 

observed between different seasons.  

Some previous studies reported that microbial community was very changeable in lab-scale 

bioreactors despite the stable removal efficiency (Fernández et al. 1999, Wittebolle et al. 2008, 

Zumstein et al. 2000). While some other researchers found that there was a strong relationship 

between the dynamics of microbial community structure and the system performance. For 

example, Zhang et al. (2005) indicated that the significant change in microbial composition in a 

lab-scale EBPR reactor deal to a failure of phosphorus removal. Valverde-Pérez et al. (2016) 

found the abundance of Thiothrix increased from a very low value to a predominant value when 

they operated a lab-scale SBR in EBPR process at 3.5d SRT, and as a result, SVI of the sludge 

became very high, leading to poor effluent quality. However, more stable microbial community 

structure has been predicted in large-scale bioreactors (Briones &Raskin 2003). Lee et al. 

(2002)illustrated that the microbial community in the two pilot-scale EBPR systems with and 

without nitrogen removal (SRT=21d and 4d, respectively) was both relatively stable during the 

2.5-year operation period, at phylum or class level (for Proteobacteria) defined by FISH probes, 

similar as the results of this study. Further discussion about the impact of environment variables 

and operation conditions on the dynamics of microbial community will be conducted using 

redundancy analysis in following part. 
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Figure 5-3 Shift of microbial community structure when loading shocks were applied 

The shift of microbial community structures during loading shocks was shown in Figure 5-3. 

Since the two loading shocks were conducted within 40 days (from the end of August to 

September 2016), here the discussion ignored the impact of temperature. It was shown that when 

more readily biodegradable organic matter (glucose) entered into the systems, the fraction of 

Betaproteobacteria from the two short-SRT systems increased significantly, while that from 6d-

SRT system was relatively stable. The abundance of Actinobacteria increased significantly for 

all the three systems. The fraction of Alphaproteobacteria also showed a certain increase, 

especially in 6d-SRT system. By contrast, the abundance of Bacteroidetes and Firmicutes 

decreased. Similarly, Lee et al. (2002) also reported a rising of the amount of Alpha- and 

Betaproteobacteria when they manipulated the influent to a pilot-scale EBPR plant by external 

dosing of glucose. However, they also observed an increase of the abundance of 

Gammaproteobacteria, which only occurred in our 3d-SRT system. In the term of substrate 

consumption, Tetrasphaera-PAO in Actinobacteria phylum and Defluviicoccus-GAO in 

Alphaproteobacteria could both take up glucose. In addition, certain filamentous bacteria also 



 

96 
 

could consume glucose, such as Type 021N in Gammaproteobacteria, Haliscomenobacter in 

Bacteroidetes and Thin ‘Chloroflexi’.  

During phosphorus loading shock with more acetate complemented, the factions of 

Betaproteobacteria and Actinobacteria increased significantly, compared to the stable state 

before loading shock. Different from carbon loading shock, the relative abundance of 

Alphaproteobacteria decreased significantly in the two short-SRT systems. It is known that 

Rhodocyclus-related PAO belonging to Betaproteobacteria phylum and one subgroup of 

Tetrasphaera-PAO consume acetate. In additions, most non-filamentous bacteria could consume 

acetate, such as most denitrifiers and GAOs, while the filamentous bacteria usually founded in 

EBPR process could not consume acetate.  

5.3.3 Abundance of PAOs and P contents in biomass 

Several phylogenetical and taxonomical groups have been claimed to be PAO in the past decade. 

Rhodocyclus-related Candidatus ‘Accumulibacter phosphatis’ belonging to Betaproteobacteria 

was supported by evidence from worldwide EBPR plants. Tetrasphaera-related Actinobacteria 

have been suggested to be a putative PAO which were common in pilot-scale and full-scale 

EBPR plants (Eschenhagen et al. 2003, Kong et al. 2005). In this study, the relative abundances 

of Rhodocyclus-related PAO and Actinobacterial-PAO in total bacteria defined by probe 

EUBmix were in the similar range, from 4 to 12% (Figure 5-4). Moreover, the two groups of 

PAOs were both significantly less abundant in hot weather (August) compared to all the other 

seasons. This decrease was mainly attributed to the competition with GAO. It was widely 

accepted that there is a shift in the microbial community of EBPR plants from PAOs to GAOs 

when the temperature elevates to over 20°C and as a result, the performance of phosphorus 
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removal deteriorates. This phenomenon was also supported by the abundance of GAOs in this 

study, rising to up to 10% of total bacteria in all the three systems in August from less than 4% in 

other seasons. In general, despite the influence of temperature, short SRT favored the growth of 

PAOs in the competition with GAOs during most time of the year, as illustrated by Oehmen et 

al. (2007). The largest total abundance of the two groups of PAOs were 21% in 3d-SRT system 

in January and 23% in 2.5d-SRT system in March. However, the comparison of PAOs 

abundance from different SRT was not clear. This is not surprising since the “longer” SRT in 

this study was still “short” compared to the common SRTs used by most full-scale EBPR plants. 

 

Figure 5-4 Relative abundance of PAOs and the phosphorus contents in biomass 

Rhodocyclus-related PAO was usually reported to be in very high abundance in lab-scale acetate-

fed SBRs in precious studies, sometimes even dominated the microbial community, ranging from 

40 to 80% in total bacteria (Carvalho et al. 2007, He et al. 2006, Oehmen et al. 2004). Lu et al. 

(2006) reported that the abundance of Accumulibacter could achieve 90% when the feeding of 

alternating acetate and propionate. Carvalho et al. (2007) also founded that Accumulibacter 



 

98 
 

accounted for 89% of total bacteria in a lab-scale EBPR fed with propionate. However, the 

reported abundance of PAOs in full-scale EBPR plants was relatively lower. Accumulibacter in 5 

full-scale EBPR plants in the USA were reported to constitute 9~24% of total bacteria (He et al. 

2008). Saunders et al. (2003) found that in 4 full-scale plants in Australia Accumulibacter 

accounted for 7~12% in the total cells. A survey of 7 full-scale EBPR plants in the Netherlands 

showed that Accumulibacter constituted 5.7~16.4% of the total bacteria (López-Vázquez et al. 

2008). Chua et al. (2006) reported 8~17% of the total bacteria in 3 full-scale plants in Japan were 

Accumulibacter. A survey of 25 Danish EBPR plants indicated that the abundance of 

Accumulibacter defined by PAOmix were in the range of 1-10.8% with the average value of 

3.6%, while the abundance of Tetrasphaera-related Actinobacteria defined by Actino-221 and 

Actino-658 were in the range of 1.8~20.7%, with the average value of 8.4% (Nielsen et al. 

2010). Compared to these results of full-scale EBPR plants, the abundance of the two groups of 

PAOs in this study was in the common range, although the scale of the reactors was relatively 

small.  

In terms of phosphorus uptake, there are two mechanisms occur in EBPR process, one is the 

diffuse uptake by almost all bacteria for cell synthesis, and the other is the excessive uptake by 

PAOs. In this study, the phosphorus contents in wasted activated sludge were all significantly 

richer (3~7% of the dry weight of biomass) than those from conventional aeration processes 

(1.5~2% of the dry weight of biomass), suggesting the occurrence of enhanced biological 

phosphorus removal (Figure 3-11).  However, no linear correlation was found at statistically 

significant level between the abundance of PAOs and the phosphorus contents in biomass. In 

summer, the P contents in biomass were the lowest of the year, in correlation with decreased 

abundance of PAOs. While in winter, the abundance of both groups of PAOs was higher in all 
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the three systems, while the P contents in biomass were lower, especially in the two short-SRT 

systems. Low temperature was reported to diminish the rates of biochemical transformations, 

such as the release and uptake of phosphorus, the uptake of acetate and PHA oxidation 

(Brdjanovic et al. 1998a). This could also be explained by the fact that not all of the PAOs 

defined by FISH probes were actively contributing to the excessive uptake of phosphorus. In 

another word, there were differences in metabolic activity within the identified population of 

PAOs. Wong et al. (2005) conducted a survey of 9 full-scale EBPR and non-EBPR plants and 

indicated that Accumulibacter constituted more than 10% of the total bacteria, but a large 

fraction of them was found to contain little or no polyphosphate. Lee et al. (2002) also reported 

that in a pilot-scale EBPR system, a fraction of Rhodocyclus-related PAO defined by FISH did 

not show any radioactive 33Pi uptake.  

 
(a)                                               (b)                                                (c) 

Figure 5-5 FISH-CLSM images of activated sludge samples from 3d-SRT system in May, overlay of 

green and red is shown as yellow: (a) Rhodocyclus-related PAO hybridized with EUBmix (green), 

PAO462, PAO651 and PAO846 (red); (b) Tetrasphaera-related hybridized with EUBmix (green) and 

Actino-221 (red); (c) Tetrasphaera-related hybridized with EUBmix (green) and Actino-658 (red); 40x, 

zoom=3.25, Bar=10µm      

During phosphorus loading shock, it is not surprising that the external supplementary of 

phosphorus and acetate favored the growth of both groups PAOs and therefore improved the P 

uptake. Accordingly, the abundance of GAOs decreased a little, from 9~10% to 5~7% in total 
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bacteria. However, during organic loading shock with glucose supplementary, it was interesting 

that the phosphorus uptake was not diminished due to the proliferation of GAOs, in contradiction 

to previous studies (Mino 2000, Oehmen et al. 2006). It is believed that GAOs could compete 

over PAOs because external glucose would take the place of the internal glycogen, working as 

the energy source, and therefore diminish the power for PHA accumulation and the reliance on 

polyphosphate. It has been reported that Defluviicoccus-GAO can consume glucose directly 

while Competibacter-GAO cannot (Burow et al. 2007, Kong et al. 2006). However, the 

abundance of former increased slightly during the dosage of glucose. On the contrary, the uptake 

of phosphorus was improved, which might be attributed partially to the slightly increased 

abundance of Tetrasphaera-related PAO. Initial studies suggested that Tetrasphaera-related 

PAO consumed amino acids rather than short-chain fatty acids or glucose (Kong et al. 2005), 

while recent investigations indicated that a subgroup of them can assimilate acetate and all of 

them can ferment glucose (Nielsen et al. 2010). Furthermore, some glucose fed EBPR reactors 

were successfully operated in the lab, revealing that glucose could be fermented into VFAs and 

then uptake by PAOs like Accumulibacter (Canizares et al. 2000, Kong et al. 2004). 

5.3.4 Redundancy analysis of microbial community constrained by environmental and 

operational parameters 

In order to assess the impact of environmental factor (temperature), influent characteristics and 

operational parameters (SRT and F/M) on the dynamics of the microbial community, redundancy 

analysis (RDA) was conducted. There were too many explanatory variables that could be taken 

into account, so forward selection was performed to identify the significance or contribution of 

all these variables. False discovery rate (FDR) was used for P-value correction. Some parameters 

such as influent soluble phosphorus, MLSS and MLVSS and organic loading rate were 
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correlated at high adjusted P-value, they were therefore not included in the final RDA model. 9 

explanatory variables were taken into the final model graph (shown in Figure 5-6), accounting 

for 76.0% of the total variation. Arrows point to the variable values’ increasing direction. The 

length of the environmental arrow illustrates the contribution of this parameter in constraining 

the microbial community structure. To approximate the correlation between a specific species 

and an environmental variable, an easy and direct way is to make a perpendicular projection of 

the species arrow tip onto the line overlaying the environmental variable’s arrow. The further the 

projection point lays, the larger the correlation coefficient is.  

 
Figure 5-6 RDA of microbial community constrained by environmental factor, influent characteristics and 

operating parameters. IN-: parameters of influent; F/M: defined as the rate of COD applied per unit dry 

weight of sludge per day 

Temperature was the most important explanatory variable affecting the microbial community 

dynamics, as indicated by RDA (Figure 5-6), explaining 23.5% of the total variation with an 
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adjusted P value of 0.007. The two groups of GAOs were highly and positively related to 

temperature, while the two groups of PAOs and Actinobacteria had a high but negative 

correlation with temperature. Bacteroidetes also showed a certain positive correlation with 

temperature. The significant correlation between temperature and the bacterial composition in 

this study was supported by microbial ecological theory and previous studies. Different species 

may have a different optional temperature for their growth. It has been widely accepted that 

temperature is a key parameter in the competition of PAOs and GAOs and temperature lower 

than 20°C favors PAOs over GAOs (Lopez-Vazquez et al. 2007). Panswad et al. (2003) 

indicated that the fraction of GAOs could achieve 28~51% even at 20°C. In terms of the 

microbial community structure, Nadarajah et al. (2007) reported strong variation in community 

structure as the temperature changed in a stably operated lab-scale SBR, using PCR-DGGE 

analysis. Werker (2006) found that temperature performed the dominant effect on the dynamics 

of microbial community structure through monitoring the patterns of microbial fatty acids 

(MFAs). Wells et al. (2011) investigated the dynamics of bacterial community of a full- scale 

municipal wastewater treatment plant during one year through monitoring 16S rRNA genes 

clone libraries. They found that the impact of temperature was strong and significant. However, 

Ju and Zhang (2014) indicated that the dynamics of microbial community of a municipal 

wastewater treatment plant showed no significant correlation to seasonal temporal changes, 

based on 16S rRNA gene observation during 5 years. 

From the result of RDA (Figure 5-6), the food to microorganisms (F/M) ratio explained 17.4% of 

the total variation, at the adjusted P-value of 0.033. Theoretically, F/M ratio is only related to 

SRT. While in actual operation, this ratio changes since the MLVSS concentration in the reactors 

is usually influenced by the compacting performance of sludge in the secondary clarifier. The 
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monitored MLVSS concentrations in short-SRT systems, especially in the 2d-SRT, fluctuated 

due to the unstable settling properties of activated sludge. Consequently, F/M could be 

considered as an integrated parameter combining HRT, influent COD and MLSS concentration. 

From the RDA graph, Beta- and Gammaproteobacteria showed certain positive correlation to 

F/M ratio. Similarly, Valentín-Vargas et al. (2012) studied the community structure of two full-

scale domestic plants and found F/M ratio had a strong impact on the bacterial community using 

canonical correspondence analysis (CCA). Xia et al. (2010) indicated that F/M ratio significantly 

influenced the microbial community structures in both biofilm and activated sludge in MBR. 

Moreover, the abundance of Betaproteobacteria was more dominant in high F/M biofilm than in 

low F/M biofilm. While Jo et al. (2016) illustrated that F/M ratio had a significant relationship 

with the microbial dynamics of the biofilm but could not explain the community variation of 

activated sludge. 

The amount of volatile suspended solids in the influent also showed a certain impact on the 

microbial community by RDA (Figure 5-6). This could be explained by the varying fraction of 

autochthonous microorganisms immigrating from the influent into the systems. Wells et al. 

(2011) indicated that the immigration could significantly drive the variation of microbial 

communities. Ofiţeru et al. (2010) also suggested that the dynamics of the bacterial population 

could be explained by immigration and random reproduction and deaths. Meerburg et al. (2016) 

found that the variation of microbial community in a high-rate activated sludge system was less 

significantly explained by environmental factors compared to that in a low-rate system, which 

supported the impact of species immigration from the influent. 

According to the RDA graph, SRT could not explain the variation of the community dynamics 

on its own, despite its opposite relation to F/M. It might be attributed to small SRT range applied 
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in this study (2.5d~6d). The analysis level of microbial community (phylum or class level for 

Proteobacteria) could also be one reason for the less significance of SRT’s effect. Duan et al. 

(2009) found that although the three lab-scale MBR operated at 3d, 5d and 10d SRT had the 

similar dominant groups at phylum or class level, there was a significant difference in the 

presence of some specific species. For instance, Sphaerotilus sp. was present in 10d SRT but was 

not detected in the other two reactors. If the SRT was not sufficient for the biochemical 

transformation or growth of some specific species, they would be washed out from the 

bioreactor. Ju and Zhang (2015) also suggested that longer SRT could improve the diversity of 

microbial community. On the contrary, Saikaly et al. (2005) indicated that the diversity of 

microbial community at 2d SRT was richer than that at 8d SRT. 

The nutrients contents (NO3
--N, NH3-N, and TP) did not show significant influence on the 

dynamics of community. NH3-N concentration in the influence in this study was stable during 

operation time. Total phosphorus concentration was also stable in operation time except for the 

P-loading shock period with external P dosage. NO3
--N concentration showed certain fluctuation, 

ranging from 0.7mg/l to 3.2mg/l. it has been believed that if there is nitrate in the anaerobic zone, 

denitrifiers will compete with PAOs for VFA uptake, leading to a detriment to P uptake. This 

was why anoxic zones were set before anaerobic zones in our reactors. The dosage of VFA could 

also diminish the adverse effect of the presence of nitrate. Moreover, a group of PAOs has been 

proved to be able to use nitrate and nitrite as the electron acceptor to uptake phosphorus (Kuba et 

al. 1993). A subgroup of Accumulibacter was proved to be denitrifying PAO (Carvalho et al. 

2007). These two reasons might help to explain the weak impact on microbial community 

dynamics.  
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5.3.5 Sludge settling properties and the correlation to microbial community structure 

SVI and suspended solids in effluent (ESS) are two easily-tested parameters representing the 

settle ability of activated sludge. The average values of these two parameters in the months when 

FISH analysis was performed were shown in Figure 5-7(a). The median particle size and the 

span of particle size distribution (PSD) were shown in Figure 5-7(b). It was suggested that there 

were positive interactions of the span of PSD with both ESS and SVI (rp=0.484 and 0.495, 

respectively, p<0.01) (B. Wang et al. 2018, unpublished). As shown in Figure 5-7, in October, 

the 2d-SRT system suffered from a sludge bulking with high SVI, high ESS, small D50 and 

significantly large span. Meanwhile few filaments were observed on FISH images, indicating 

this was a pin-point floc bulking. Flocs in 3d-SRT system had even smaller median size (around 

60µ) but modest span of PSD, and acceptable ESS and SVI. The 6d-SRT system had flocs with 

larger median size and modest span, as a result, although the SVI (around 160ml/g) was higher 

than the optimal value suggested by literature (lower than 120ml/g), the ESS was lower than 

10mg/l. During winter days, all the three systems had ESS larger than 15mg/l, while only 6d-

SRT system had high SVI, mainly attributed to the increased abundance of Alphaproteobacterial 

filaments (Figure 5-8a). In May, sludge rising caused by denitrification in the settling tank was 

observed in 6d SRT system, partially contributing to the high ESS but low SVI. In August, 

sludge from all the three systems showed good solid-liquid separation performance and 

compacting property. During organic loading shock, SVI of the two short-SRT systems increased 

to 200ml/g, probably attributed to the increased abundance of filamentous bacteria belonging 

Alphaproteobacteria, which could be observed on FISH images (Figure 5-8b and c). On the 

contrary, sludge settling properties were improved for all the three systems. 2.5d- and 4d-SRT 
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systems operated for short term in February and March both showed acceptable sludge 

settleability. 

 

 

Figure 5-7 a) SVI and effluent suspended solids (ESS) and b) median particle size (D50) and span of 

distribution. D50: based on volume; 𝑠𝑝𝑎𝑛=(𝐷90−𝐷10)/𝐷50 
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(a)                                                 (b)                                               (c) 

Figure 5-8 FISH-CLSM images of activated sludge samples, overlay of green and red is shown as yellow, 

Alphaproteobacteria hybridized with EUBmix (green) and ALF1b (red): (a) sample from 6d-SRT in 

January; (b) sample from 2d-SRT during organic loading shock; (c) sample from 3d-SRT during organic 

loading shock. 40x, zoom=3.25, Bar=10µm 

RDA was carried out to analyse the interaction between microbial community structures and 

sludge settling properties. Unfortunately, the permutation test results showed the P-value was 

larger than 0.05 and therefore the correlation between the microbial community dynamics and 

the sludge settling properties (represented by SVI, ESS, median floc size) was not significant.  

Pearson’s correlation coefficients were therefore calculated to see whether any single group 

could be related to sludge settling parameters. As shown in Table 5-3, high abundance of 

Alphaproteobacteria significantly contributed to high ESS and large span of PSD. During most 

operation time (except for 6d-SRT in January), most Alphaproteobacteria existed as small 

rounded clusters or free-living cells (Figure 5-2b, Figure 5-9). If they could not be captured by 

flocs or loosely attached to flocs, they would be too small to settle in the clarifier. Lee et al. 

(2002) also observed some Alphaproteobacteria existing as 5~20µm clusters. However, in 

sludge sample from 6d-SRT system in January, and two short-SRT systems during organic 

loading shock, a fraction of Alphaproteobacteria was found to be filamentous bacteria. 

Moreover, most of these filaments did not exist inside flocs, serving as backbones, therefore they 
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had an adverse effect on sludge settling. According to their long, coiled and tangled morphotype, 

these filaments probably could be identified as Alphaproteobacterial Nostocoida limicola. They 

were found to be the main group responsible for sludge bulking in plants treating a large fraction 

of industrial wastewater (Levantesi et al. 2004). Only a low number of Nostocoida limicola 

belonging to Alphaproteobacteria were found in German municipal wastewater treatment plants 

(Müller et al. 2007) while more amount was detected in EBPR plants in Australia (Nielsen et al. 

2009). These filaments were reported to be Gram-negative and heterotrophic, growing in the 

bulk liquid. They consume kinds of carbon sources and have large storage capacity (Levantesi et 

al. 2004), which might be able to explain their proliferation during organic loading shock. 

Table 5-3 Pearson’s correlation coefficients between single bacterial phylum (or class) and sludge settling 

properties 

  

ESS SVI D50 span 

rp p rp p rp p rp p 

Alphaproteobacteria 0.762** 0 0.554* 0.011 -0.475* 0.034 0.638** 0.002 

Betaproteobacteria     0.694** 0.001 -0.468* 0.037 

Firmicutes   0.487* 0.029   0.646** 0.002 

** significant at 0.01 level 

* significant at 0.05 level 

Betaproteobacteria had a significant and positive interaction with floc size (Table 5-3). More 

abundant Betaproteobacteria contributed to larger median floc size and smaller span of PSD. 

From the FISH-CLSM images in this study, they were mostly found to grow in large clusters 

(Figure 5-2a). Betaproteobacteria are a board group encompassing a lot of species and some of 

them are of long-rod shape or short filaments with good aggregating properties. Similarly, Lee et 

al. (2002) found that Betaproteobacteria were usually found in big and homogeneous clusters, 



 

109 
 

with sizes of 10~100 µm. Klausen et al. (2004) and Wilén et al. (2008a) reported that 

Betaproteobacteria were one of the strong microbial colony formers. However, although 

Morgan-Sagastume et al. (2008) agreed that Betaproteobacteria formed strong colonies, some of 

them were sensitive to shear force and therefore larger abundance was found in the supernatant 

after shear.   

    
(a)                                                      (b)                                                         (c) 

Figure 5-9 FISH-CLSM images of activated sludge samples in October, overlay of green and red is 

shown as yellow, Alphaproteobacteria hybridized with EUBmix (green) and ALF1b (red): (a) sample 

from 2d-SRT; (b) sample from 3d-SRT; (c) sample from 6d-SRT. 40x, zoom=3.25, Bar=10µm 

Although the fraction of Firmicutes was found to have a positive correlation to the span of PSD 

by statistical analysis, it was difficult to explain their function mechanism since they are in very 

low abundance in this study. However, this phylum was observed to grow as single cells from 

FISH-CLSM images, free living in the mixed liquid or inside the flocs. 

The linear correlation coefficients between SVI and the detected microbial groups were of 

relatively lower value or not significant, indicating that the factors impacting SVI were 

complicated and difficult to assess, except for the filamentous bulking. The occurrence of 

settling problems could partially be attributed to the overgrowth some non-aggregating bacteria 

or filamentous bacteria. However, it is accepted that the variation in metabolic activities which 
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caused physicochemical changes in the floc matrix and surface also play an important role in 

affecting sludge settling properties. 

5.4 Conclusions  

• Similar phylum-level (or class-level for Proteobacteria) dominance was found in 2d-, 3d- 

and 6d-SRT systems in different seasons. The largest fraction of the microbial 

community belonged to the Betaproteobacteria (24.0~36.5%), followed by 

Alphaproteobacteria (13.8~26.3%), Actinobacteria (7.4~22.4%), Gammaproteobacteria 

(2.2~15.1%) and Bacteroidetes (2.5~12.5%). Firmicutes accounted for low abundance in 

all samples. However, dynamics in microbial community structure were observed during 

operation. 

• During organic loading shock, the fraction of Alpha-, Betaproteobacteria, and 

Actinobacteria increased. During phosphorus-loading shock, the factions of 

Betaproteobacteria and Actinobacteria increased while the fraction of 

Alphaproteobacteria decreased significantly. There was a difference in the microbial 

variation between short and long SRTs during both loading shocks. 

• The relative abundances of Rhodocyclus-related PAOs and Actinobacterial-PAOs in total 

bacteria were in the similar range, from 4 to 12%, with the lowest value in hot weather. 

The phosphorus contents in wasted activated sludge were 3~7% of the dry weight of 

biomass. No linear correlation was found between the abundance of PAOs and the P 

contents in biomass. 

• By redundancy analysis, temperature was the most important explanatory variable 

affecting the microbial community microbial community dynamics, followed by the food 
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to microorganisms (F/M) ratio and influent suspended solid concentration. The 

contribution of SRT itself was not significant, despite its opposite relation to F/M. 

• Pearson’s correlation analysis showed that high abundance of Alphaproteobacteria 

significantly contributed to high ESS and large span of PSD. During most operation time 

Alphaproteobacteria existed mostly as small rounded clusters or free-living cells. While 

in 6d-SRT system in January, and two short-SRT systems during organic loading shock, 

a fraction of Alphaproteobacteria was found to be filamentous bacteria. 

Betaproteobacteria were found to have a significant and positive interaction with floc 

size. 
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Chapter 6. Linking Biomass Floc Stability to Microbial and 
Biochemical Characteristics in Short-SRT EBPR Process

6.1 Introduction

High suspended solid contents in effluent have been reported in short-SRT processes (Henze et 

al. 2002, Liao et al. 2001, Meerburg et al. 2015), attributed to inadequate flocculation and 

deflocculation of loose-structure flocs. Deflocculation occurs when weak flocs are subject to 

shear forces from aeration, pumping, and flow over weirs, increasing the formation of pin-point 

flocs and planktonic bacteria which will be difficult to settle in the secondary clarifiers. In this 

term, floc stability has become one of the most important characteristics of activated sludge 

regulating the solid-liquid separation performance. Poor floc stability has been proved to 

contribute to the high turbidity in the effluent (Liao et al. 2002, Mikkelsen &Keiding 2002a). 

Deflocculation of flocs could be classified into two modes, fragmentation and surface erosion

(Mikkelsen &Keiding 2002a). Fragmentation cleaves large flocs into smaller sized flocs without 

increasing the amounts of primary particles (0.5~5µm), which are usually single cells with/ 

without polymeric matter. While surface erosion removes primary particles from the surface of 

flocs, leading to an increased population of pin-point particles.

In order to describe the activated sludge behaviours under shear force, Parker et al. (1971) and 

Wahlberg et al. (1994) suggested a model based on flocculation and deflocculation balance, 

which was proved to introduce errors when used for high shear intensity or high solid 

concentration in later research (Mikkelsen &Keiding 1999). Instead, an adhesion- erosion model

(AE model) was developed based on multi-layer adhesion theory from macroscopic view to 

estimate the amounts of primary particles under shear force (Mikkelsen &Keiding 1999). Sheng
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et al. (2008a) indicated that AE model could be modified by taking Brownian motion into 

account in order to fit the condition of low shear intensity (G=100 and 200s-1).  

Flocs of activated sludge are mainly composed of bacterial cells, extracellular polymeric 

substances and small amounts of cations. Floc stability depends on the number and strength of 

inner-particle bonds such as hydrophobic interaction, bridging of EPS by means of cations, 

hydrogen bond and Derjaguin-Landau-Verwey-Overbeek (DLVO)-type interactions. If the shear 

intensity applied onto the flocs was higher than the strength of these bonds, fragmentation or 

surface erosion will occur. As a result, surface properties like surface charge and hydrophobicity 

of sludge flocs, should be linked to the floc stability. Furthermore, EPS, acting as bridges 

between particles with charged groups and hydrophobic groups, might also theoretically have a 

certain correlation to the stability of flocs. However, the roles of surface properties and EPS 

quantities in the stability of sludge flocs are still not clear. Wilén et al. (2008b) found that sludge 

samples from two full-scale wastewater treatment plants had similar EPS quantities and 

composition, but the floc stability of the two samples was quite different. Guo et al. (2016) 

illustrated that hydrogen bond was the most dominant force in promoting the formation of flocs, 

rather than the ion interaction. Sheng et al. (2008b) indicated that hydrophobicity and surface 

charge of aerobic and anaerobic sludge showed different changing trend under shear conditions. 

It was reported that different groups of microbial population had different deflocculating 

behavior under shear conditions. Klausen et al. (2004) applied shear to sludge flocs from a full-

scale nutrient removal plant and found that Beta-, Gamma- and Deltaproteobacteria and 

Actinobacteria were resistant to shear while more Alphaproteobacteria and Firmicutes were 

disrupted. Differently, Morgan-Sagastume et al. (2008) reported that Betaproteobacteria, 

Bacteroidetes and Chloroflexi were sensitive to shear force. Wilén et al. (2008a) indicated that a 
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subgroup of Gammaproteobacteria might be loosely bound. The abundances of 

Alphaproteobacteria and Actinobacteria in the supernatant were slightly increased by shear. 

Larsen et al. (2006) reported that two probes defined PAOs (Rhodocyclus-related PAO defined 

by PAO651 and Actinobacteria-related PAO defined by Actino-221) were both strong floc 

formers. While Bugge et al. (2013) thought Actinobacteria-related PAO formed weak colonies or 

existed as single cells. In general, although the information about the flocculating ability of 

different microbial groups is limited and sometimes conflicting, it is obvious that microbial 

community structure plays a key role in both flocculation and deflocculation. 

The main objectives of this study were to assess the floc stabilities of the sludge samples 

collected from short-SRT EBPR bioreactors based on the AE model, and to correlate them to the 

physicochemical characteristics of biomass flocs and the compositions of microbial community 

using biomolecular analysis.   

6.2 Material and methods 

6.2.1 Shear test 

Shear tests were conducted to assess the floc stability of activated sludge from different-SRT 

systems during operation time. 800ml sludge sample was put into a baffled paddle-mixing vessel 

placed in iced water bath. The shear intensity was controlled at 1090s-1 as velocity gradient (G) 

which was calculated with the equation G = √P/ηV , where P is the power input, η is the fluid 

viscosity, and V is the suspension volume. 4ml suspension was sampled from the vessel at 

certain time intervals till 120min. The deduction of suspension volume for sampling was around 

5% of the initial volume at the end of shear test. Centrifugation was conducted at 800g for 2 

minutes to suspension samples to get supernatants with single cells and pin-point floc fragments. 
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Solid contents of supernatants were tested as the absorbance at 650nm, which was found to be 

linearly related to SS concentration (Wilén et al. 2008b).  

Results of the absorbance at 650nm (ABS650) versus sampling time were fitted to the AE model 

(Eq.6-1) using software Origin to estimate the values of 𝑚𝑑,0, 𝑚𝑑,∞, and 𝐷. 

𝑚𝑑,𝑡 = 𝑚𝑑,∞ + (𝑚𝑑,0 − 𝑚𝑑,∞)
6

𝜋2
∑

1

𝑁2
𝑒−𝑁2𝐷𝑡9

𝑁=1                                       Eq.6-1 

where 𝑚𝑑,𝑡 is the dispersed mass concentration at time t, 𝑚𝑑,0 and 𝑚𝑑,∞ are the dispersed mass 

concentration initially and at equilibrium, respectively, N is an integer and D is an effective 

diffusion constant. In this study, the values of ABS650 were directly used for 𝑚𝑑,𝑡 𝑚𝑑,0, 𝑚𝑑,∞, 

instead of the mass concentration, for internal comparison between sludge samples from 

different systems, according to their linear correlation.  

6.2.2 Microbial analysis 

The microbial community structures were analyzed by fluorescence in situ hybridization (FISH), 

according to the protocol described by Nielsen et al. (2009). Activated sludge samples were 

collected and analyzed twice in an interval of one week for each testing months to obtain an 

average result. Samples were grabbed from the aerobic zone of each reactor and fixed with 4% 

paraformaldehyde (PFA) for 3 hours in the refrigerator. Then the biomass was separated from 

PFA using centrifuge for 8min at 3500g, washed twice with PBS buffer, and stored in 1:1 

PBS/Ethanol at -20°C. In May 2016, before and after the shear test, 500ml suspensions were 

placed into a cylinder and settled for 30min. Supernatants were gently taken out with a pipette, 

ensuring the settled sludge was not disturbed. The supernatants were fixed with the same 

procedure as regular activated sludge samples, except using centrifuge at 14000g for 5mins for 
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separation, in order to diminish the loss of small fragments. The fixed sludge samples were 

directly applied to the slide to maintain the special resolution within the flocs. After dehydration, 

lysozyme treatment was applied in order to make Gram-positive cells more permeable. 

EUB338mix was used to detect all bacteria (Daims et al. 1999), with NONEUB as a negative 

control (Wallner et al. 1993); ALF1b, BET42a, GAM42a, and CF319a were used to targeted 

Alpha-, Beta- and Gammaproteobacteria and Bacteroidetes, respectively (Manz et al. 1992). 

HGC69a was used to targeted Actinobacteria (Roller et al. 1994) and LGC354b was used for 

Firmicutes (Meier et al. 1999). Probes were 5’-labeled with the fluorochrome fluorescein 

isothiocyanate (FITC) or sulfoindocyanine dyes (Cy3 or Cy5). Citifluor was used as the 

mounting agent. FISH images were recorded by using CLSM (upright Leica DM 6000B 

microscope connected to Leica TCS SP5 system). Lens of 40x (oil, Ph) was used. For each 

targeted group in each sludge sample, images of 15~20 fields of view in random x, y and z 

dimensions were taken from two hybridization wells with the two samples grabbed on a different 

date within the testing month. Images were analyzed using a software called DAIME, which has 

been written especially for analyzing images of microbial cells as obtained by FISH. The relative 

abundance of the probe-defined population was estimated as the biovolume fraction which was 

principled to be the ratio of area fluorescing with the specific probe to that with the EUBmix 

probe. 

6.3 Results and discussion 

6.3.1 Floc stability of sludge at different SRTs 

The supernatant absorbance at 650nm normalized by total MLSS versus shearing time for sludge 

samples at different SRT in selected months was shown in Figure 6-1. Since Mikkelsen 
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andKeiding (2002a) indicated that there was a close to linear correlation between the total solid 

concentration (MLSS) and the supernatant mass contents at equilibrium (𝑚𝑑,∞), the supernatant 

absorbance shown in y-axis was normalized by the MLSS of the tested sludge sample for 

effective comparison between different samples. It was shown that the data was well fitted to AE 

model. Different tendency was found in different season, indicating that the floc stability was 

influenced by not only SRT but also temporal factor. In October 2015, when sludge bulking was 

observed in the 2d -SRT system, the dispersed mass content increased quickly with time during 

the shear test. The stability of 2d-SRT sludge was better in seasons, but was always the worst 

among the three systems. From Figure 6-1, there was no significant difference between the 

sludge stability at 3d and 6d SRT. 

To quantify the floc stability, a concept of “shear sensitivity” was suggested by Mikkelsen and 

Keiding (2002a), defined as 𝑘𝑆𝑆 =
𝑚𝑑,∞

𝑚𝑇
, where 𝑚𝑇 is the MLSS concentration of the tested 

sludge. This parameter describes the ratio of the supernatant mass content at equilibrium to the 

total mass content in the sludge, when it was exposed to certain shear intensity. The shear 

sensitivity actually quantifies the relative amount of the released primary particles and small 

fragments at equilibrium, indicating the tendency of erosion. Similarly, the “initial dispersion” 

was defined as DD =
𝑚𝑑,0

𝑚𝑇
, which is the initial supernatant mass content before shear test 

normalized by the MLSS concentration. The shear sensitivity and initial dispersion of sludge 

samples in this study was shown in Table 6-1.  
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Figure 6-1 Supernatant absorbance normalized by total MLSS versus shearing time for sludge samples at 

different SRT in selected months: a) October 2015; b) January 2016; c) May 2016; and d) August 2016 
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Table 6-1 Shear sensitivity and initial dispersion of activated sludge samples from September 2015 to 

August 2016 (ABS650/g MLSS) 

   SEP OCT NOV JAN MAR MAY AUG 

𝑘𝑆𝑆 =
𝑚𝑑,∞

𝑚𝑇
 

2d-SRT 0.244 0.279 0.139 0.138 0.124 0.117 0.090 

3d-SRT 0.076 0.096 0.109 0.093 0.136 0.075 0.073 

6d-SRT 0.079 0.089 0.082 0.112 0.086 0.077 0.050 

DD =
𝑚𝑑,0

𝑚𝑇
 

2d-SRT 0.025 0.025 0.045 0.010 0.015 0.009 0.007 

3d-SRT 0.009 0.020 0.020 0.002 0.024 0.016 0.001 

6d-SRT 0.006 0.009 0.009 0.008 0.013 0.007 0.008 

As shown in Table 6-1, the shear sensitivity of 2d-SRT sludge was higher than that of 3d- and 

6d- SRT sludge. In September and October 2015, when sludge bulking occurred in 2d-SRT 

system, the shear sensitivity was significantly higher. Combined with the high initial dispersion, 

it was shown that the flocs in this period were loosely aggregated and some primary particles or 

small aggregates were not captured by flocs in flocculation process. For sludge in 6d-SRT 

system, both the initial dispersion and shear sensitivity were generally stable and low. The higher 

shear sensitivity in January indicated a poor resistance to surface erosion in cold weather, 

corresponding to the illustration of Wilén et al. (2008a) who found that the flocs had more open 

and irregularly shapes in the winter months. There was no significant difference in shear 

sensitivity between 3d- and 6d-SRT sludge. While the initial dispersion of 3d-SRT sludge was 

not as stable as that of 6d-SRT. This might mean that 3d SRT was adequate for forming strong 

flocs but inadequate for the bioflocculation of certain primary particles or small aggregates.  

Sheng et al. (2008a) found there was a nonlinear correlation between 𝑚𝑑,∞ and the shear 

intensity, a larger higher equilibrium dispersion was resulted under higher intensity. Even if the 
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same shear intensity was applied, mixer and reactor characteristics were usually variable in 

different studies, as a result, it is difficult to directly compare their values of shear sensitivity 

other than the general tendency reported by these studies. In general, it is accepted that SRT 

affect floc structure and shear sensitivity. As early as more than twenty years ago, Eriksson et al. 

(1992) found that flocs at short sludge age had chain-type structures with weak interaction, while 

flocs at long sludge age had more compact structure but some bacteria in the outer layer could be 

loosely bounded and sensitive to shear stress. Chaignon et al. (2002) also reported that short age 

flocs were irregular shaped while long age flocs were more compact and spherical in 

morphology. Tian and Su (2012) assessed the floc stability in MBRs operated at 15d and 30d 

SRT and found that flocs at higher SRT were more stable and less sensitive to shear stress. It is 

not surprising that their trend between different SRTs was not exactly the same with ours, since 

the range of SRT and type of process were both different. Wilén et al. (2008b) compared the floc 

stability of two activated sludge samples from the same biological nitrogen removal plant at 

different operating conditions (SRT=2.7 and 2.5d, F/M=0.45 and 0.65kgCOD/kgSS/d, Fe 

dose=38 and 20g/s, for sample 1 and sample 2, respectively). They found that the shear 

sensitivity of sample 1 was significantly lower than sample 2 under the shear intensity of 1760s-1, 

corresponding to the lower effluent SS and turbidity of the plant at that condition.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

6.3.2 The shift of floc size in shear test 

Volume-based particle size distribution (PSD) of sludge samples before and after shear test in 

October 2015 and May 2016 was shown in Figure 6-2. In October, sludge from 2d- and 3d-SRT 

systems both had small median size (D50) and D10. However, the 2d-SRT sludge had 

significantly higher D90 than 3d-SRT sludge, suggesting that the PSD of 2d-SRT sludge was 
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broader. The D10, D50 and D90 of 6d-SRT sludge were all larger than those of the two short 

SRT. Similarly, Jorand et al. (1995) and Liao et al. (2006) reported that the PSD curves of 

bulking sludge at short SRT did not fit the log-normal model, showing a broader and irregular 

distribution (two peaks). Wilén et al. (2008b) found that flocs of the two sludge samples at 2.7d- 

and 2.5d-SRT both had a small size, open structure, low abundance of filaments and some pin-

point flocs. After the shear test, the particle size of all the three samples was decreased. D10 and 

D50 of 2d-SRT sludge dropped most significantly (more than 30% of the initial values) while the 

decrease of D90 was only 20%, suggesting that more surface erosion than fragmentation 

occurred under the shear intensity. The size decrease of 3d-SRT flocs was relatively smaller, 

corresponding to its lower shear sensitivity compared to 2d-SRT sludge (Table 6-1). Although 

the D10, D50, and D90 of 6d-SRT sludge all decreased more than 30%, the larger initial size 

might contribute to the lower shear sensitivity. In May, the particle sizes of all sludge samples 

were quite different from those in October. 2d-SRT sludge had a median floc size up to nearly 

200µm, while the 6d-SRT sludge had smaller floc size than the two short SRT.  The size 

decrease of the three samples was all significant after shear, while the shear sensitivity was not 

high, attributed to the relatively low percentage of primary particles (D10>20µm). Particles sized 

larger than 25µm were usually considered as flocs, from 5 to 13 µm as microcolonies and 

0.5~5µm as primary particles (Klausen et al. 2004, Mikkelsen 2001). Although primary particles 

only account for a very small part of the total solid mass of activated sludge, they play a critical 

role in determining the quality of supernatant. In this term, the smaller value of D10 means the 

larger fraction of primary particles, leading to higher dispersion and supernatant turbidity. 

When the floc breakage under shear was investigated through monitoring the shift of particle size 

distribution, the methods used for measuring floc size should ensure not to damage the 
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aggregates. However, no method could be suggested ideal. Laser scattering instrument which 

was used in this study has been proved to be good for monitoring the shift of particle size 

distribution of aggregates (Jarvis et al. 2005). However, this instrument requires a pump and a 

containing vessel equipped with mixing paddles to continuously recycle the suspension, which 

could cause certain shear stress.  

 

Figure 6-2 Shift of particle size distribution of activated sludge before and after shear test: a) in October; 

b) in May. D10=DV,10, D50=DV,50, D90=DV,90 

6.3.3 The relationship between shear sensitivity and surface properties of flocs 

According to colloidal chemistry, changes in surface properties such as surface charge and 

hydrophobicity should have certain effects on floc stability. These two parameters were tested 

twice or three times within the two weeks before and after the dates when shear tests were 
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conducted. The correlation between the average values and the shear sensitivity was shown in 

Figure 6-3. It was shown that the sludge flocs with high net surface charge had high shear 

sensitivity. The effect of surface charge could be explained by DLVO theory, which was 

originally developed for colloidal particles but has been proved to be appropriate for explaining 

the microbial aggregation in biological systems. The negative surface charge usually acts as a 

repulsive force resisting van der Waals interaction which are an attractive force. With high net 

values of surface charge, the double layers are extensive and the repulsive force dominates, 

particles may not aggregate. With the intermediate surface charge, particles at certain separation 

distance might aggregate by a reversible attachment.  With low net values of surface charge, the 

attractive force dominates and as a result, a strong and irreversible attachment forms. In this 

study, when the net surface charge of sludge samples from 2d-SRT system in September and 

October 2015 was very high, some single cells (or primary particles) lived freely and some were 

attached to floc surface in a reversible manner, leading to a high initial dispersion and shear 

sensitivity. When the net surface charge was low enough, the flocs had strong and compact 

structure, resulting in a small shear sensitivity. Sheng et al. (2006b) indicated that when the net 

surface charge was increased through adding external pH to prompt ionization of charged groups 

in EPS, the shear sensitivity was increased by the stronger repulsive force between cells. Klausen 

et al. (2004) also found that the increased net surface charge by adjusting the pH to 9 slightly 

reduced the strength of microcolonies of Betaproteobacteria. 

The effect of hydrophobicity on shear sensitivity was opposite from surface charge (Figure 

6-3b). Hydrophobic areas on cell surface and hydrophobic EPS components like proteins make 

them attached to each other or be captured by flocs. Higher hydrophobicity could induce strong 

hydrophobic interactions between cells or cells and flocs. Zita and Hermansson (1997) found that 
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the adhesion of E.coli to the activated sludge flocs was strongly related to the surface 

hydrophobicity of cells. They also isolated bacteria by passing the effluent of a wastewater 

treatment plant through a column filled with hydrophobic glass beads. The adhesion to sludge 

flocs tested for these isolates increased with increasing hydrophobicity on cell surface.  Klausen 

et al. (2004) assessed the impact of hydrophobic on the colony strength of bacterial groups by 

adding a detergent to weaken the hydrophobicity interactions. They found that colony strength of 

Deltaproteobacteria and Firmicutes was reduced significantly and the strength of 

Betaproteobacteria was slightly reduced, suggesting that hydrophobic interactions played an 

important role in the adhesion of some bacterial groups. 

 

Figure 6-3 Correlation between shear sensitivity and floc surface properties: a) surface charge; b) 

hydrophobicity 
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6.3.4 Effect of EPS on shear sensitivity 

EPS, present outside bacterial cells, account for a large fraction (up to 80%) in activated sludge 

flocs and play a critical role in maintaining the floc structure by binding bacteria together (Staudt 

et al. 2004, Tian 2008, Wingender et al. 1999). EPS have charged function groups such as amino, 

carboxyl, and phosphate, which could interact with cations and therefore work as bridges 

between cells. EPS also have hydrophobic moieties which could be attached to hydrophobic 

areas on cell surfaces or on other floc components. EPS are mainly composed of proteins, 

carbohydrates, humic substances and a small amount of DNA and lipids. Proteins, carbohydrates, 

DNA, and lipids are usually produced from lysis or metabolism of bacteria, while humic 

substances are mainly from wastewater. Early studies found that flocs at short SRTs had weak 

structures probably because of the low EPS production (Eriksson et al. 1992). However, in this 

study, no linear correlation was found between the floc shear sensitive and EPS quantity and 

composition (Figure 6-4). While the sludge samples with highest shear sensitivity from 2d-SRT 

system were found to have relatively lower total EPS and protein to carbohydrate ratio (P/C) 

(Figure 6-4c and 4d). Pearson’s coefficients which were calculated based on 165 observations 

during the yearly operation showed that total EPS could be significantly related to the 

hydrophobicity (rp=0.550, p<0.01) and P/C ratio could be related to the net surface charge of 

flocs (rp=-0.406, p<0.01). Although the coefficients were both not of high values, the trends 

could help to explain their contributes to floc stability.  

Results of studies about the impact of EPS on bioflocculation were conflicting. Urbain et al. 

(1993a) and Badireddy et al. (2010) reported that more EPS significantly increased sludge 

flocculation, while Wilén et al. (2008a) and Ding et al. (2015) found that more EPS had an 

adverse effect on the flocculation ability. Some researchers divided EPS into tightly bound type 
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and loosely bound type, and indicated they had different effects on bioflocculation (Li &Yang 

2007b, Wang et al. 2014). For example, Li andYang (2007b) found tightly bound EPS had no 

effect on the formation of activated sludge flocs. However, Guo et al. (2016) illustrated that 

hydrophobic proteins which accounted for a large fraction of tightly bound EPS, played an 

important role in bacterial aggregation. Klausen et al. (2004) found that the strength of 

Betaproteobacteria colonies remained stable after several treatments which were applied to 

reduce the hydrophobicity, change surface charge and release divalent and polyvalent cations. 

They explained this phenomenon by that the aggregation of this group of bacteria was more 

dependent on a possible mechanism of bioflocculation defined as EPS entanglements.   

 

Figure 6-4 Correlation between shear sensitivity and EPS quantity and composition: a) proteins in 

extracted EPS; b) carbohydrates in extracted EPS; c) total extracted EPS (sum of proteins, carbohydrates 

and humic substances); d) protein to carbohydrate ratio in extracted EPS 
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Flocculation in activated sludge involves several interactions, as a result, it is difficult to clearly 

tell which factor the poor stability was due to. For example, in the EPS bridging mechanism, the 

ionic strength of cations, which function as bridging agents, is a critical factor. An early study 

found that the flocculation of Flavobacterium isolate was independent on EPS, but was affected 

by monovalent and divalent cations (Tezuka 1969). Later non-cultured studies illustrated the 

important role of monovalent to polyvalent (including divalent) ratio (M/P) in floc size, stability, 

and settleability (Novak et al. 1998, Peeters &Herman 2007, Van De Staey et al. 2015, Van 

Dierdonck et al. 2013a). Klausen et al. (2004) indicated that when the activated sludge sample 

was treated with ethylenediaminetetraacetic acid (EDTA) and Ca2+ and Mg2+ were removed from 

the floc matrix, the strength microcolonies of Gammaproteobacteria and Bacteroidetes was 

reduced, suggesting that EPS bridging with divalent cations might be a critical mechanism for 

their aggregation forming. While the strength of Deltaproteobacteria and Firmicutes colonies 

was more influenced when ferric iron was removed by treating with sulfide, indicating that their 

EPS matrix depended more on ferric iron than Ca2+ and Mg2+. Wilén et al. (2008b) reported that 

two activated sludge samples gathered from the same plant but at different operational conditions 

had similar EPS amount and composition but different shear sensitivity, probably due to the iron 

contents or the different microbial community structures. In this study, the M/P ratio in the 

influent was stable and around 1.5 (as ratio of equivalence which was mole concentration 

multiplied by its valence), which was considered to be benefit for bioflocculation (Novak et al. 

1998, Peeters &Herman 2007, Van De Staey et al. 2015, Van Dierdonck et al. 2013a). 

Consequently, the microbial community structure might be an important factor leading to a 

different shear sensitivity of activated sludge with similar EPS quantity and composition. 
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6.3.5 Effect of microbial community structure on floc stability 

In order to analyze the effect of microbial community structure on floc stability, redundancy 

analysis was conducted with CANOCO 5. The result showed that the floc properties presented 

by initial dispersion, shear sensitivity, D50 and span of PSD, could explain 55% of the total 

variation of the microbial community structure defined by certain FISH probes, at p=0.026. As 

shown in Figure 6-5, arrows in the graph point to the variable values’ increasing direction. The 

length of the floc-property arrows illustrates the contribution of this parameter in constraining 

the microbial community structure. The angle between two floc-property parameters indicates 

the correlation between them. To approximate the correlation between a specific species and a 

floc-property parameter, an easy and direct way is to make a perpendicular projection of the 

species arrow tip onto the line overlaying the floc-property variable’s arrow. The further the 

projection point lays, the larger the correlation coefficient is.  

 
Figure 6-5 Redundancy analysis of microbial community structure constrained by floc properties. Alpha-

prt: Alphaproteobacteria; Beta-prt: Betaproteobacteria; Gamma-prt: Gammaproteobacteria; 

Actinoba:Actinobacteria; D50: DV,50; Span: span of PSD, =(D90-D10)/D50 
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It was shown in the RDA graph that initial dispersion, shear sensitivity, and span of PSD were 

positively related to one other, according to the sharp angles between the arrows. This could be 

explained by that the presence of a large fraction of small flocs contributed to the amounts of 

unsettled solids in the undisturbed supernatant. While the presence of flocs with relatively larger 

size, but probably with open, irregular and loose structure, which were easily affected by surface 

erosion, contributed to the shear sensitivity. Furthermore, the abundances of 

Alphaproteobacteria and Firmicutes were both positively related to these three floc-property 

parameters. This phenomenon was supported by the shift of the abundances of these two groups 

in the supernatant before and after the shear test (Figure 6-6). It was shown that 

Alphaproteobacteria had significantly higher abundance in the supernatant of 2d and 3d SRT, 

compared to the abundance in total solids. After the shear test, the abundance significantly 

increased in all the three samples. A similar phenomenon was observed for Firmicutes. RDA 

graph also showed that the abundances of Beta- and Gammaproteobacteria were positively 

related to the median floc size and the abundance of Betaproteobacteria was negatively 

correlated to initial dispersion, shear sensitivity, and span of PSD (Figure 6-5). The strong-flocs 

forming property of Betaproteobacteria could be proved by the shift of microbial community 

structure before and after the shear test (Figure 6-6), showing that the abundance of 

Betaproteobacteria in the supernatant significantly decreased after shear. RDA results did not 

show significant contribution of Actinobacteria or Bacteroidetes on initial dispersion or shear 

sensitivity. While the abundance of Actinobacteria had a certain adverse effect on median floc 

size (Figure 6-5). Figure 6-6 showed that the abundance of Actinobacteria was lower in the 

supernatant compared to that in total solids, and was stable in the shear test.  The shift of 
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Bacteroidete abundance was not consistent in the three systems, increase only observed in 2d- 

and 3d-SRT sludge after shear.   

 
Figure 6-6 Shift of microbial community structure in the supernatant before and after shear test compared 

to that of total solids in activated sludge: a) 2d SRT; b) 3d SRT; and c) 6d SRT 

Combined the results in Figure 6-5 and Figure 6-6, differences in the contribution of microbial 

groups to floc properties and in the relative abundance in total solids and in the supernatants 

before and after shear both supported the idea that microbial community structure was one of the 

important factors affecting the stability of activated sludge flocs. The overgrowth or lack of 

certain bacterial groups would lead to poor sludge settling property and high effluent turbidity.  
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In general, the aggregating behaviors of probe defined groups were in agreement with previous 

studies. Alphaproteobacteria was reported to form small colonies (Lee et al. 2002) and 

deflocculate easily under shear force (Klausen et al. 2004, Wilén et al. 2008b). FISH-CLSM 

images in this study illustrated that some Alphaproteobacteria formed round microcolonies less 

than 20µm and some were free-living as primary particles (Figure 6-7a). Most 

Alphaproteobacteria in the supernatant were small colonies (<10µm) and single cells that were 

not attached to flocs (Figure 6-7b and c). Betaproteobacteria had already been reported to be 

large and strong microcolonies or flocs former (Klausen et al. 2004, Schmid et al. 2003, Wilén et 

al. 2008b). Similar characteristics were found in this study. The aggregating property of 

Gammaproteobacteria was argued in different studies. For example, Larsen et al. (2006) 

indicated that they formed strong microcolonies, while Wilén et al. (2008b) found that they were 

more abundant in both supernatants before and after shear test than in the total solids. The 

abundance of Gammaproteobacteria in this study was not high. Some subgroups were filaments 

existing inside large flocs and serving as backbones, and some other subgroups were round cocci 

cells attached by flocs (Figure 6-7d). Most Gammaproteobacteria in supernatants were free-

living cells (Figure 6-7e and f). Actinobacteria were identified as floc formers in most previous 

studies (Klausen et al. 2004, Wilén et al. 2008b). In this study, they were found to be related to 

small flocs but not to initial dispersion or shear sensitivity. In FISH-CLSM images, most 

Actinobacteria aggregated into irregularly shaped microcolonies which were usually existing 

inside flocs. Firmicutes were at very low abundance in total solids (less than 5%) and were 

mostly free-living single cells. Consequently, they were observed to be more abundant in 

supernatants. In addition, some short filaments belonging to Bacteroidetes were observed free 

swimming in the supernatants.  
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(a) (b) (c) 

(d) (e) (f) 

Figure 6-7 FISH-CLSM images: a) ~ c) Alphaproteobacteria hybridized with EUBmix (green) and 

ALF1b (red): a) total activated sludge; b) supernatant before shear; c) supernatant after shear; d)~f) Beta- 

and Gammaproteobacteria hybridized with EUBmix (green), BET42a (red) and GAM42a (blue): d) total 

activated sludge; e) supernatant before shear; f) supernatant after shear. Overlay of green and red is 

shown as yellow, overlay of green and blue is shown as cyan. 40x, zoom=3.25, Bar=10µm 

It was admitted that there were certain biases about the analysis of microbial community 

structure at phylum level or class level (for proteobacteria) since the probes used to define 

bacterial groups were actually able to target most or only parts of the subgroups within this 

phylum or class. For example, the probes used for Bacteroidetes was designed to detect 

Cytophaga–Flavobacteria, the tested abundance was therefore underestimated. In addition, some 

filamentous bacteria belonging to Chloroflexi could not be detected by probe EUBmix. 

Moreover, some phyla or classes are very broad groups encompassing kinds of genes. Some 

genes are strong floc-formers while some others are loosely flocculated. As a result, it is not 

surprising that the results from different studies were sometimes conflicting. For instance, one or 
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more subgroups within Betaproteobacteria were found to be loosely bounded and sensitive to 

shear force (Morgan-Sagastume et al. 2008, Wilén et al. 2008b). In this term, more specific 

probes for more detailed assessment of aggerating properties of bacterial populations should be 

suggested. 

6.4 Conclusions 

• The shear sensitivity of 2d-SRT sludge was higher than that of 3d- and 6d- SRT sludge. 

There was no significant difference in shear sensitivity between 3d- and 6d-SRT sludge, 

while the initial dispersion of 3d-SRT sludge was not as stable as that of 6d-SRT. 

• The 2d-SRT sludge had significantly broader particle size distribution during sludge 

bulking period. D10 and D50 dropped significantly after the shear test, suggesting that 

more surface erosion than fragmentation occurred. 

• The sludge flocs with high net surface charge and low relative hydrophobicity had poor 

stability.  These weak flocs were formed due to greater electrostatic repulsion and weaker 

hydrophobicity binding. 

• No linear correlation was found between the floc shear sensitivity and EPS quantity and 

composition. However, the sludge samples with highest shear sensitivity from the 2d-

SRT system were found to have relatively lower total EPS and protein to carbohydrate 

ratio (P/C). 

• The abundances of Alphaproteobacteria and Firmicutes were both positively related to 

initial dispersion, shear sensitivity, and span of PSD. The abundances of Beta- and 

Gammaproteobacteria were positively related to the median floc size and the abundance 

of Betaproteobacteria contributed to low initial dispersion and low shear sensitivity.  
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Chapter 7. Comparison of Sludge Settling Properties and Microbial 
Community Structures in Conventional Aeration and EBPR 
Processes Operated at Short SRT

7.1 Introduction

Increase in effluent suspended solid contents (SS) caused by poor solid-liquid separation 

performance in secondary clarifiers will lead to high contents of COD, nitrogen, and phosphorus, 

and therefore make the effluent fail to meet the discharge limits and affect the performance of 

tertial treatments or disinfection. In this term, the occasional occurrence of poor settling and 

compacting performance has become the key challenge to the stable operation of short SRT 

processes (Henze et al. 2002, Liao et al. 2001, Meerburg et al. 2015). Several factors have been 

reported to influence the sludge settleability, such as floc surface properties, size, and 

morphology of flocs, extracellular polymeric substance (EPS) quantity and composition, and 

microbial community structures. Another crucial factor, floc density, is directly related to 

gravitational force which is the driving force of all sedimentation. Since the phosphorus is up 

taken and stored in phosphorus accumulating organisms (PAOs) in the form of poly-phosphate, 

which has a higher density of 1.23g/cm3, it is generally accepted that the sludge flocs in good- 

performance EBPR plants have a higher density due to the phosphorus accumulation and 

therefore have better settling properties. Schuler et al. (2001), (2002) indicated that the density of 

PAOs was determined by the amount of storage polyphosphate, and the density of total solids 

could be related to phosphorus content in biomass through Eq.7-1. From this equation, at certain 

SRT, the buoyant density increased linearly as the phosphorus content in biomass increased. 

Furthermore, a negative correlation was found between buoyant density and SVI, suggesting that 

sludge with higher contents of phosphorus had better settleability. 
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𝜌′ = 0.43 (
𝑃𝑛𝑠

𝑉𝑆𝑆
) + 0.0005(𝑆𝑅𝑇) + 0.016                                                     Eq.7-1                                      

 where 𝜌′ is the buoyant density of biomass, 𝑃𝑛𝑠 is the non-soluble phosphorus concentration in 

activated sludge suspension. 

A comparison in settleability and floc characteristics of activated sludge from 17 full-scale 

EBPR and non-EBPR plants, conducted by Schuler and Jang (2007), showed further support to 

the contribution of PAOs on good settling performance. It was found that the average SVI of 9 

EBPR plants (124ml/g) was lower than that of 10 non-EBPR plants (139ml/g). In addition, the 

flocs from EBPR plants were more round-shaped with low abundance of filamentous bacteria. 

Parker et al. (2004) investigated the performance of 21 full-scale activated sludge plants with 

selectors and found that anaerobic selectors, which could create EBPR conditions based on the 

original aerobic reactors, had better performance on improving sludge settleability than anoxic 

selectors. De Lange et al. (2010) carried out a survey of 48 full-scale wastewater treatment plants 

with selectors across the United States and the United Kingdom and found that there were 16 

plants using anaerobic selectors. They indicated that anaerobic selectors were often chosen by 

plants with SRT less than 5 days and filamentous bulking could be controlled by these selectors 

with large enough volume and high enough suspended solid concentration. However, weak flocs 

and high effluent SS were occasionally observed in plants with selectors even though the SVIs 

were low enough. This phenomenon was mainly caused by the lack of filamentous backbones 

(Daigger &Nicholson 1990).   

EPS with higher densities should make a certain contribution to the biomass density as well. The 

average density of EPS is higher than that of water, ranging from 1.19 to 1.30g/cm3 (Sears et al. 

2006), where the density of proteins was reported to be 1.35g/cm3 (Quillin &Matthews 2000) 
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and nucleic acid was up to 1.7g/cm3 (Śmiałek et al. 2013). PAOs were reported to generate EPS 

(Zhang &Huang 2011) and therefore they could contribute to sludge settleability in this 

perspective. However, EPS have been reported to be involved in several biofloccualtion 

mechanisms such as bridging with cations, hydrophobic interaction and polymer entanglement. 

In terms of sludge settleability as measured by SVI, the effects of EPS were conflicting in 

different studies. Some studies found that SVI decreased as EPS increased (Goodwin &Forster 

1985, Ng &Hermanowicz 2005), while some other studies reported a contradictory conclusion 

(Jin et al. 2003, Jorand et al. 1994).  

In general, incorporating with EBPR could offer the potential to alleviate the settling problems 

occur in short SRT processes and meanwhile to achieve energy and phosphorus recovery. 

However, most current comparison of EBPR and non-EBPR processes were concluded 

macroscopically based on surveys of full-scale plants with different influent characteristics and 

under different operational conditions, or focused on one point like floc density. Limited studies 

have analyzed the underlying biochemical and microbial characteristics involved in the 

settleability improvement by EBPR condition. In this study, two parallel pilot systems were 

operated under conventional aeration and EBPR process at a short SRT (4d). Settling 

performance, floc size and surface properties, EPS generation, and microbial community 

structures were analyzed and compared, in order to assess the settleability-improving function of 

EBPR condition in short SRT processes. 

7.2 Material and methods 

A pilot plant was installed at the City of Guelph wastewater treatment plant, ON, Canada, which 

consisted of two parallel trains designed as conventional activated sludge (CAS) process and 
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EBPR process, respectively (Figure 7-1).  The plant was fed with screened raw municipal 

wastewater and operated at SRT of 4 days and HRT of 2 hours. The whole volume of the 

conventional system and the aerobic zone of EBPR system were aerated with coarse bubbles to 

maintain the dissolved oxygen (DO) of the suspended solids at around 4mg/l. Due to the 

undesired high content of nitrate in the influent, anoxic zones were placed ahead of anaerobic 

and aerobic zones of the EBPR system to eliminate the adverse effect of nitrate on the growth of 

phosphorus accumulating organisms (PAOs). Acetate acid was supplemented to EBPR system to 

keep VFA/P ratio in the range of 7~10 in order to ensure its availability for PAOs. For 

comparison purpose, the same operation was conducted to the conventional system. Conic 

secondary clarifiers were used to separate the biomass from the effluent.  After settling, the 

recycled activated sludge was then pumped back to the front of the systems. The total reactor 

volume of the two systems was both 42L, while the reactor of EBPR system was separated into 

anoxic zone, anaerobic zone and aerobic zone with baffles at the volume ratio of 1:1:3. The SRT 

was based on the volume of reactors only, neglecting the sludge retention time in clarifiers. The 

liquid temperature tested in the middle of the aerobic zone of EBPR system and the same 

location of the CAS system was in the range of 7-15.5°C, with an average value of 12.5°C 

during the operation period. 
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Figure 7-1 Process flow diagram of a) CAS system, b) EBPR system 

7.3 Results and discussion 

7.3.1 Removal performance  

Removal performance of the two systems in the stable period was shown in Figure 7-2. It was 

shown that the COD removal performance was generally similar for the two systems (Figure 

7-2a and 1b). Statistical analysis showed that effluent SCOD in conventional activated sludge 

(CAS) system was slightly lower (p<0.05). However, there was no significant difference in total 

COD removal between the two systems, indicating the effluent particulate COD in the CAS 

system was slightly higher, mainly due to the relatively higher suspended solid contents in the 

effluent.  
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Figure 7-2 System performance during stable period: a) total COD; b) soluble COD; c) total phosphorus; 

d) soluble phosphorus; e) ammonium-N; f) nitrate-N; g) MLSS; h) MLVSS 

The biological removal of phosphorus in EBPR system was significant, with an average removal 

efficiency of around 88% and effluent total P concentration stably lower than 1mg/l (Figure 
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7-2c). By contrast, the P removal efficiency of CAS system was only around 63% (Figure 7-2d). 

Both particulate and soluble P were significantly higher in the effluent of CAS system. The 

ammonia removal efficiency was quite different between the two systems, around 31% for EBPR 

and 68% for CAS (Figure 7-2e). Higher nitrate concentration in the effluent of CAS system 

indicated the occurrence of nitrification (Figure 7-2f). Differently, no significant nitrification was 

observed in EBPR system, mainly due to the shorter aerobic SRT of 2.5d. The MLSS and 

MLVSS concentration in the two reactors showed a similar tendency, increasing till the middle 

of the operation period and then decreasing, which was corresponding to the tendency of influent 

COD (Figure 7-2g and h). However, the biomass concentration in EBPR system was consistently 

lower than that in CAS system. 

Organic mass balance was conducted for the two systems. Results showed that the removal 

efficiency of total COD was 88% in EBPR system and 89% in the CAS system, where the 

faction converted into biomass was around 27% and 34% of the total COD mass in the influent, 

respectively. The difference in this conversation was mainly resulted from the different sludge 

productivities in the two systems. It is known that the fermentation process occurred in the 

anaerobic zone had a low cell yield. The effluent soluble COD was 35±5mg/l in EBPR and 

31±6mg/l in CAS system, occasionally a little higher than the inert soluble COD tested in the 

influent (around 30mg/l). Theoretically, the readily biodegradable COD should be utilized by the 

heterotrophic bacteria in very short SRT. Grady et al. (2011) reported that the substantial 

removal of the soluble substrate can be achieved at very short SRT and a slight difference was 

found at SRTs above 2 days. However, the result of this study was accordant with the illustration 

by Haider et al. (2000) who found that low sludge ages selected bacteria with high growth rate 

and they were only able to utilize parts of the readily biodegradable COD. They also found that 
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activated sludge at an SRT larger than 5 days could degrade all the readily biodegradable COD 

(Haider et al. 2003). Bioflocculation played a key role in removing the particulate COD in short 

SRT process, no matter the inert part or biodegradable part. Jimenez et al. (2007) indicated that 

an SRT of at least 3 days and HRT of at least 30 mins were required for efficient bioflocculation 

and therefore for complete removal of particulate COD. High-rate activated sludge  (HRAS) 

process with SRT of 1-4 days and HRT of 2-4 hours had been suggested to be designed as the 

secondary treatment or as the first stage in absorption /bio-oxidation process (Metcalf et al. 

2003).  Jimenez et al. (2015) conducted a research about HRAS and found that the removal of 

particulate and colloidal COD could be achieved more than 60% after the SRT increased to 1.5d.  

The average phosphorus content in biomass dry weight was tested to be 1.8±0.3% for the CAS 

system and 5.4±0.9% for EBPR system, which approximately agreed with the calculated values 

based on phosphorus mass balance. It was reported that per 1% increase of the P content in 

biomass could result in an increase of 0.0012-0.0015g/cm3 in the density of total solids (Schuler 

et al. 2002, Schuler &Jang 2007). According to this rate, the biomass density of EBPR sludge in 

this study would be 0.0043-0.0054g/cm3 higher than that of the CAS sludge, ignoring other 

factors affecting biomass density. The significant difference between the two systems proved the 

occurrence of enhanced biological removal. The P content values in this study corresponded to 

the typical P content in biomass dry weight in EBPR plants ranged from 4% to 5% and that in 

CAS plants ranged from 1.5% to 2%, and were lower than the reported value of over 15% in lab-

scale EBPR reactors (Crocetti et al. 2000). The successful operation of EBPT at 4d SRT was 

accordant to previous studies. Henze et al. (2008) indicated that the P contents in biomass 

increased as SRT increased until 10 days, while P removal efficiency decreased as SRT 

increased from 3 days, attributed to the lower sludge productivity and the growth of nitrifiers. 
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Oehmen et al. (2007) also believed that short SRT favored the growth of PAO. Cao et al. (2006) 

investigated the performance of an anaerobic selector in a full-scale plant which was operated at 

SRT of 3-6 days. They found the average phosphorus removal efficiency was 66% for an 

average influent P concentration of 10.5mg/l and the P content in aerobic biomass was 3.3%, as 

mg P/mg MLVSS-COD. Henze et al. (2002) operated a pilot-scale EBPR plant at 4d SRT 

(anaerobic SRT=1.3d) and found it could achieve very low and stable effluent P concentration 

when the influent P concentration was 4mg/l. Valverde-Pérez et al. (2016) found that an EBPR 

system operated at 3d SRT (anaerobic SRT=0.58d) could achieve high P removal efficiency (85-

99%).  

Low concentration of nitrate (around 1mg/l) and under-detection level of nitrite were observed in 

the effluent of EBPR system, suggesting that the nitrate in the influent (3.1±0.3mg/l) was 

effectively denitrified in the anoxic zone. Ammonium-N in the effluent was around 8.5g/d, 

constituting 61% of the influent ammonium-N (13.9g/d), while the nitrogen synthesized into 

biomass was calculated to be 3.4g/d (0.1mg N/mg wasted biomass, Henze et al. 2008), 

constituting around 25% of the influent ammonia-N. Taking influent organic nitrogen into 

account, there was a nitrogen loss in the system. This loss could be probably due to the certain 

occurrence of nitrification in the aerobic zone and denitrification in the secondary clarifier since 

sludge rising was occasionally observed in the clarifier. SRT was reported to be the key factor 

which determined partial nitrification at given temperature (Pollice et al. 2002). Pai et al. (2010) 

found that when SRT decreased from 15d to 5d, the removal efficiency of ammonium-N dropped 

from 90% to 26%. Differently, Kargi and Uygur (2002) found that ammonium-N could be 

removed 80% at 5d SRT. Valverde-Pérez et al. (2016) found no nitrification in 3d-SRT EBPR 

but found nitrite accumulation at 3.5d SRT. Different from EBPR system, effluent ammonium-N 
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and nitrate-N in the CAS system accounted for around 32% and 31% in the influent ammonium-

N, respectively. The N in wasted biomass constituted 32% of the influent ammonium-N. Similar 

to the CAS system, there was certain nitrogen loss, suggesting that more nitrification occurred in 

the aerobic zone and denitrification in the clarifier. 

7.3.2 Sludge settleability 

Figure 7-3 showed the SVI and effluent suspended solid concentration (ESS) of the two systems. 

It was shown that both the SVI and ESS of the CAS system were significantly higher than those 

of the EBPR system (p<0.01). However, SVI of both systems were variable during the operation 

period, and the variation of CAS system was larger, from 130ml/g to 240ml/g. The unstable SVI 

observed in this study was corresponding to previous studies. For example, Henze et al. (2002) 

operated a pilot-scale EBPR system and found the diluted SVI fluctuated in the range of 70-

180ml/g, which was similar to the values of the EBPR system in this study. Wilén et al. (2010) 

investigated the sludge settling properties in a full-scale plant which was operated at 2-4d SRT 

and found large variation in SVI during the 2-year observation. The improved settleability in 

EBPR system also agreed with most studies. A survey of 21 full-scale plants incorporating with 

selectors in North America and Denmark illustrated that sludge SVI were all significantly 

improved, and plants with anaerobic zones showed the best performance (Parker et al. 2004). 

The good improving effect of anaerobic selectors was attributed to the higher density of bio-

phosphorus sludge. Furthermore, another survey of 48 full-scale plants with selectors across the 

United States and the United Kingdom indicated that the short SRT plants incorporating with 

unaerated selectors could achieve the best settling performance when the aerobic SRT was 4.5 

days or longer, the selector SRT was 2-3 days, and the DO in aerobic zone was 2.5-4mg/l (De 

Lange et al. 2010). 
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The improving effect of EBPR in effluent suspended solid concentration (ESS) was more 

significant than in SVI (Figure 7-3). Parker et al. (2004) compared the ESS of a full-scale plant 

with the anaerobic selector on and off. They found that when the selector was turned on the 

median value decreased modestly (from 12.4 to 9.5mg/l), and the 90th percentile value decreased 

more significantly (from 24.5 to 14.8mg/l). Typically, high SVI means a high surface level of the 

sludge blanket, and therefore leads to high ESS. However, in this study, relatively low SVI 

sometimes companioned with high ESS. Parker et al. (2004) and Wilén et al. (2010) also found 

that SVI below 200-250ml/g did not show the discernable effect on ESS.  

 
Figure 7-3 a) SVI of activated sludge and b) effluent suspended solid concentration during operating time 

Except for the high floc density, larger floc size in EBPR system contributed to the improved 

settling performance as well. Characteristics in floc size distribution of the two systems were 

shown in Figure 7-4. Compared to flocs in the CAS system, flocs in the EBPR had larger median 

size and small span of size distribution, indicating a better fit to the typical log-normal 

distribution. By contrast, the size distribution of CAS flocs was broader, with a larger fraction of 

small flocs. The smaller floc size in CAS system might be partly attributed to the longer 

exposure to shear force coming from aeration. The chief principle of solid-liquid separation is 
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Stokes’ law, which indicates that the settling velocity is related to the square of particle size 

(assuming spherical shape). Settling velocity decreases with a decrease in floc dimension. In this 

term, the presence of a large fraction of pin flocs has an adverse effect on sludge settleability. 

Flocs have microstructure and macrostructure, which are both important in determining the 

settling performance. Properties of microstructure include the organization of microorganisms, 

density, and other floc components. Properties of macrostructure include size, shape, and number 

of filaments. Round or regularly shaped flocs of a certain size with optimum amounts of 

filaments were considered to have better settleability. However, if the microstructure has high 

density, the floc could have good settling performance, no matter whether its shape is regular, or 

whether it contains filaments (Wilén et al. 2010). As a result, in addition to the larger floc size, 

PAOs with higher density also contributed to better settleability of EBPR sludge in this study. 

 
Figure 7-4 a) Median particle size (D50, based on volume) and b) span of particle size distribution, (D90-

D10)/D50 

7.3.3 Surface properties and EPS 

The difference in surface properties was probably another factor causing the difference in 

settling behavior of the activated sludge from the two systems. As shown in Figure 7-5a, there 

was a difference in surface charge between the sludge from the two systems (p<0.01) and the 
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higher net values were found for flocs from CAS system. According to the DLVO theory, 

aggregation of particles was weakened or diminished when the repulsive electrostatic force was 

higher than the van der Waals force, corresponding the smaller floc size in the CAS system. Zhu 

et al. (2015) found a clear negative correlation between the values of negative surface charge and 

the microbial cluster size with a high correlation coefficient. Li et al. (2012) found the addition 

of Al3+ and Fe3+ could significantly reduce the interaction energy barrier and therefore increased 

the mean floc size and decreased the supernatant turbidity, suggesting that the repulsive force 

induced by surface charge played an important role in preventing flocculation. Liao et al. (2001) 

found that the values negative surface charge was positively related to effluent SS but 

insignificantly related to SVI. However, Sponza (2002) analyzed five industrial and municipal 

sludge flocs in lab-scale reactors and found that less negatively charged sludge flocs had lower 

SVI for all sludge samples. Similarly, Jin et al. (2003) investigated seven full-scale plants, five 

treating municipal sewage and two treating industrial wastewater, and found that high values of 

negative surface charge contributed to high SVI. 

Different from the surface charge, no significant difference was found in hydrophobicity 

between sludge from the two systems (Figure 7-5b). Hydrophobicity interactions were believed 

to be another important theory in describing the flocculation process of activated sludge and had 

been combined with the classic DLVO theory as the extended DLVO theory, in which the van 

der Waals forces, repulsive electrostatic force, and hydrophobic interactions were all considered. 

Both Sponza (2002) and Liao et al. (2001) indicated a strong negative linear relationship 

between hydrophobicity and the values of surface charge. However, no similar correlation was 

found in this study or the study by Jin et al. (2003). The effects of hydrophobicity on sludge 

settleability were conflicting in previous studies. For instance, Sponza (2002) reported that 
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higher hydrophobicity corresponded to lower SVI. Zhang et al. (2007) found the hydrophobicity 

of aerobic granules was higher than that of flocs. Liao et al. (2001) found that high 

hydrophobicity corresponded to lower effluent turbidity, but had no impact on SVI. Jin et al. 

(2003) found a positive correlation between relative hydrophobicity and SVI. In this study, the 

difference in floc size and settleability between the EBPR sludge and the CAS sludge was not 

attributed to hydrophobicity.   

 
Figure 7-5 Floc surface properties of sludge from the two systems: a) net value of negative surface 

charge; b) relative hydrophobicity 

Extracted EPS quantity and composition of the sludge from the two systems were shown in 

Figure 7-6. The amounts of extracted carbohydrates were significantly higher in CAS sludge, 

leading to a significantly lower protein to carbohydrate ratio (P/C) (p<0.01). The larger MLSS 

and MLVSS in the CAS system resulted in a lower F/M ratio, which was reported to increase 

carbohydrate generation (Massé et al. 2006). In additions, the longer exposure to aeration shear 

force contributed to the higher carbohydrate generation in CAS system. Shin et al. (2001) 

reported that shear force would stimulate microorganisms to generate more carbohydrate, while 

had no effect on protein generation. Zhang et al. (2016) indicated that the generation of proteins 

and carbohydrates were both lower in the anaerobic zone and anoxic zone in A2/O process, and 

longer anoxic retention time reduced the quantity of total EPS and increased the P/C ratio. The 
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amounts of extracted humic substances in the sludge from the CAS system was also a little 

higher (p<0.05). Humic substances exist naturally in the wastewater and in activated sludge from 

organic hydrolysis, attaching to EPS through functional groups. In comparison, there was no 

significant difference in the amounts of extracted protein between the EBPR and the CAS system 

in this study. A very slight difference was observed for total EPS, which was defined as the sum 

of proteins, carbohydrates, and humic substances, due to the dominant fraction of proteins. 

However, total EPS was reported to increase with increasing aeration intensity in SBRs (Adav et 

al. 2007). 

EPS have charged functional groups and hydrophobicity regions, impacting the surface 

properties of flocs and therefore exhibit an important effect on flocculation. For example, amino 

acid in proteins contributes to the hydrophobicity of cells and flocs. Negatively charged carboxyl 

group in carbohydrates contributes to the negative surface charge of flocs. Massé et al. (2006) 

reported that larger fraction of proteins was observed in bound polymers while a larger fraction 

of carbohydrates was observed in the supernatant, suggesting that proteins played a more 

important role in aggregation. Sponza (2003) found that the P/C ratio was positively related to 

floc hydrophobicity. Liao et al. (2001) found high P/C ratio contributed to less negative surface 

charge. Zhang et al. (2016) also indicated that high P/C ratio corresponded to better sludge 

settleability. Humic substances were found to be negatively correlated with the flocculating 

ability (Wilén et al. 2003a).   

In the term of total EPS, the previous studies reported conflicting effects on sludge settleability. 

Zhu et al. (2015) reported that high amount of EPS resulted in poor flocculating and settling 

performance since more EPS caused the high value of negative surface charge and therefore high 

repulsive force. Li and Yang (2007b) divided EPS into tightly bound EPS and loosely bound 
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EPS by different extraction procedures, and found that loosely bound EPS had a negative effect 

on flocculating and settling ability. However, Mikkelsen and Nielsen (2001) found more EPS 

corresponded to better settleability. In additions, higher EPS was reported to favor the formation 

of granules (Adav et al. 2008, Seviour et al. 2012).  

 
Figure 7-6 Key components of extracted EPS: a) proteins; b) carbohydrates; c) humic substances; d) total 

EPS (defined as the sum of proteins, carbohydrates and humic substances) and protein to carbohydrate 

ratio (P/C) 

7.3.4 Microbial community structures 

As shown in Figure 7-7, the dominant groups were Betaproteobacteria, Alphaproteobacteria, 

and Actinobacteria in both systems. Gammaproteobacteria was not abundant in this study. The 

three orders belonging to Proteobacteria phylum were all slightly more abundant in the CAS 

system, accounting for 61.3% in the total bacteria defined by the probe EUBmix, compared to 
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that in the EBPR system (50.6%). While the abundance of Actinobacteria in the CAS system 

(15.2%) was significantly lower than that in the EBPR system (22.4%). Bacteroidetes and 

Firmicutes were found in low abundance in this study, partly attributed to the small detecting 

range of the probes used to define them. Bacterial groups targeted by EUBmix but not detected 

by the chosen probes constituted 12.6% and 17.2% in the CAS system and EBPR system, 

respectively. They were probably belonging to Deltaproteobacteria, Planctomycetes, 

Chloroflexi, or other subgroups belonging to Bacteroidetes and Firmicutes. The similar 

domination of the two systems indicated that process design would not change the microbial 

community structure at phylum level (or order level for Proteobacteria). The same illustration 

was reported by Silva et al. (2012) who investigated the microbial structure of eight pilot-scale or 

full-scale MBR plants operated as EBPR or non-EBPR, and found similar domination in all of 

the plants.  

 

Figure 7-7 Relative abundance of bacterial population defined by FISH probes 

A difference in the amounts of filaments was observed between the two systems from FISH-

CLSM images, although no specific probe for detecting filamentous bacteria (Figure 7-8). In 
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images for the EBPR sludge, certain amounts of filaments with the length of 10-20µm were 

detected by probe EUBmix, while they were seldom observed in images for CAS sludge. These 

filaments probably contributed to the aggregation of large flocs in EBPR sludge, by connecting 

microcolonies together. In comparison, the smaller floc size in the CAS system could be partly 

attributed to the lack of filamentous bacteria as backbones. The difference in the abundance of 

filaments could be explained by the difference in aeration between the two systems. Although 

the DO concentration was controlled at the same level (around 4mg/l) in the CAS system and 

aerobic zone of EBPR system, higher airflow demanded by the higher MLSS and longer aeration 

time in the CAS system did not favor the proliferation of filaments. Menniti and Morgenroth 

(2010) reported that more filaments and larger flocs were found in the MBR with low aeration 

intensity, compared to the one operated with high aeration intensity.  

However, it was difficult to clearly assess the effect of filamentous bacteria on bioflocculation 

and settleability in this study. It was reported that when the total length of filaments was less than 

107µm/mg MLSS, SVI would not be affected, while when the length was larger than this value, 

SVI would increase steeply as the length increased (Sezgin 1982). Jin et al. (2003) also indicated 

a positive correlation between filament index and SVI. Differently, Wilén et al. (2010) found that 

the presence of moderate amounts of filamentous bacteria could form a network of flocs which 

captured single cells and pin-point flocs as they settled down, resulting in a low SS concentration 

in the effluent. In this term, it was probably that both the presence of filaments at low abundance, 

the higher density and the lower value of negative surface charge all contributed to the better 

settleability of sludge in the EBPR system. 
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(a)   (b) 

(c)   (d) 

Figure 7-8 FISH-CLSM images: Betaproteobacteria hybridized by BET42A (red) and EUBmix (green) 

in a) EBPR system and b) CAS system; Actinobacteria hybridized by HGC69a (red) and EUBmix (green) 

in c) EBPR system and d) CAS system. 40x, zoom=3.25, bar=10µm. Arrows point to the short filaments. 

 
Figure 7-9 Relative abundance of PAOs in the two systems 
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Relative abundance of PAOs defined by FISH probes was shown in Figure 7-9. In the EBPR 

system, Rhodocyclus-related PAO (Accumulibacter) constituted 7.5% of total bacteria population 

defined by probe EUBmix. Actinobacterial PAO (Tetrasphaera-related PAO) accounted for a 

larger abundance of 10.5%. The total abundance of the two PAO groups was significantly higher 

than that in the CAS system, suggesting the occurrence of EBPR. Accumulibacter cells and the 

two potential Actinobacterial PAO cells were observed mostly growing in small or medium-

sized microcolonies (10-20µm) (Figure 7-10). It was reported that the microcolonies of the both 

PAO groups had high strength since neither high pH nor EDTA addition could remove more 

than 20% of PAOs from their microcolonies. Both Competibacter-GAO and Defluviicoccus-

related GAO were found in very low abundance (<2%) in the EBPR system. 

     
                             (a)                                                      (b)                                                         (c) 

Figure 7-10 FISH-CLSM images of PAOs hybridized by a) PAOmix (red); b) Actino-221 (red); and c) 

Actino-658 (red) and EUBmix (green). 40x, zoom=3.25, bar=10µm 

Both Rhodocyclus-related and Actinobacterial PAO were found in relatively lower abundance in 

the CAS system. Differently, Wong et al. (2005) found an unexpected high abundance (around 

10%) of Rhodocyclus-related PAO in sludge from three full-scale CAS plants. However, these 

PAOmix-probe defined cells were found to contain no polyphosphate by DAPI staining and were 

observed to live as single cells dispersed in the bulk liquid or distributed across flocs. Similarly, 
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Silva et al. (2012) reported that the abundance of Rhodocyclus-related and Actinobacterial PAO 

were both in a similar range in MBRs operated as EBPR and non-EBPR, but it was not clear 

whether they contained polyP within cells. 

7.4  Conclusions 

• The biological removal of phosphorus in EBPR system was significant, with an average 

removal efficiency of around 88%, much higher than that of the CAS system. 

Correspondingly, the average phosphorus content in biomass dry weight was tested to be 

5.4±0.9% for EBPR system, higher than 1.8±0.3% for the CAS system, resulting in a 

significant difference in biomass density according to the reported linear correlation 

between the biomass density and P contents. 

• Both the SVI and ESS of the CAS system were significantly higher than those of the 

EBPR system, due to the smaller floc size and higher value of negative surface charge. 

The amounts of extracted carbohydrates were significantly higher in CAS sludge, leading 

to a significantly lower protein to carbohydrate ratio (P/C) with similar amounts of 

extracted proteins. 

• Similar domination of bacterial population was found in the two systems at phylum level 

(or order level for Proteobacteria), but the difference in the amounts of filaments was 

observed, which probably contributed to the aggregation of large flocs in EBPR sludge. 

Rhodocyclus-related PAO (Accumulibacter) and Actinobacterial PAO (Tetrasphaera-

related PAO) constituted 7.5% and 10.5% in total bacteria population, respectively. 
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Chapter 8. Conclusions and Recommendations

8.1 Conclusions

This research was carried out to comprehend the bioflocculation phenomena in activated sludge 

systems at short SRTs, which is considered as one of the largest issues of stable operation of 

short SRT processes. The incorporation with EBPR was set base on the hypothesis that PAOs 

rich of polyphosphate could contribute to a higher density of sludge and therefore to a better 

settling performance. Moreover, the phosphorous accumulated in biomass can be released out in 

subsequent anaerobic digestion and then recovered by struvite precipitation. A long-term 

operation of a pilot-scale plant at two short SRTs and one regular SRT was conducted to observe 

the year-round performance of short SRT EBPR process, to evaluate the key physicochemical 

parameters related to bioflocculation, and to characterize the dynamics of microbial community 

structure and assess its contribution to settling properties. Some short-term complementary 

operations were also conducted to examine the resistance of short SRT process to shock loadings 

and to test the hypothesis that incorporation with EBPR could improve the settling performance 

of short SRT process.

In Chapter 3, the research was focusing on the removal efficiency of short SRT EBPR process, 

the resistance to shock loadings, and the potential of energy and resource recovery. The main 

conclusions were:

1) The effluent soluble COD concentrations were independent on the influent concentration

and were relatively stable during the operation period. In comparison, the total COD in 

effluent at all SRTs fluctuated and dependent on the variation of influent TCOD.



 

156 
 

Moreover, the effluent TCOD increased with decreasing SRT, mainly due to the different 

performance of bioflocculation. When the systems receiving an organic loading shock of 

around double of the original one, different peak values of effluent concentration were 

found in different SRT, but all the 2d-, 3d- and 6d-SRT systems could achieve a new 

stable state with high removal efficiency and low effluent concentration. The fraction that 

was converted into biomass decreased with increasing SRT, while the fraction of 

mineralization increased with increasing SRT. 

2) The effluent soluble phosphorus concentration was found to increase with decreasing 

SRT, while the total phosphorus concentrations in the effluent of 2d and 3d SRT were 

similar and both higher than that of 6d SRT. When treating a shock P loading, all the 2d-, 

3d- and 6d- SRT could achieve a new stable state, however, with higher effluent P 

concentrations than those before the shock. The P release rates, SCOD uptake rates, and 

P uptake rates, expressed as mg substrates/gVSS·h, were higher in the two short-SRT 

systems compared to the 6d-SRT system. The P content in biomass seasonally varied 

during the operating time, in the range of 2.8-7.2%. The 2d-SRT sludge had lower P 

content than those of 3d-SRT and 6d-SRT sludge. 

In Chapter 4, sludge settling performance was related to physicochemical characteristics to 

assess the contribution of metabolic dynamics of bacteria to the settling problem in short SRT 

process. The main conclusions were: 

3) Sludge bulking (SVI>200ml/g, ESS>20mg/l, and D50<70µm) occasionally happened in 

short SRT systems, especially at 2d SRT. 6d-SRT sludge had higher SVI in winter. The 

occurrence of bulking was corresponding to low protein to carbohydrate ratio in EPS and 

high value of negative surface charge. 
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4) Total EPS quantities and protein contents at the three SRTs were affected significantly by 

temperature, higher in winter and lower in summer. Both total EPS and protein contents 

were lower at short SRTs, while the contents of carbohydrates and humic substrates were 

independent of SRT. The effect of SRT on protein/carbohydrate ratio was seasonal. 

5) There was a modest negative correlation between protein/ carbohydrate ratio and net 

surface charge, and moreover, the latter showed a positive effect on both SVI and effluent 

turbidity. Hydrophobicity was found to be influenced by the total EPS, protein, and 

humic substrate contents, while the effect of hydrophobicity on sludge settleability was 

not significant. No significant correlation was observed between SVI and proteins, humic 

substrates or total EPS; while SVI increased with increasing carbohydrate contents.  

6) Small D50 and large PSD span could also be associated with poor sludge settleability and 

effluent quality. 

In chapter 5, microbial community structure was analyzed and related to process factors and 

sludge settling properties, to provide a better understanding of the ecological relationship 

between microbial communities and different operating conditions, and to assess the impact of 

microbial community dynamics on bioflocculation. The main conclusions were: 

7) Similar phylum- (or class- for Proteobacteria) level of dominance was found in 2d-, 3d- 

and 6d-SRT systems and in different seasons. The largest fraction of the microbial 

community belonged to the Betaproteobacteria (24.0~36.5%), followed by 

Alphaproteobacteria (13.8~26.3%), Actinobacteria (7.4~22.4%), Gammaproteobacteria 

(2.2~15.1%) and Bacteroidetes (2.5~12.5%). Firmicutes accounted for low abundance in 

all samples. During organic loading shock, the fraction of Alpha-, Betaproteobacteria, 
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and Actinobacteria increased. During phosphorus-loading shock, the factions of 

Betaproteobacteria and Actinobacteria increased while the fraction of 

Alphaproteobacteria decreased significantly. There was a difference in the microbial 

variation between short and long SRTs during both loading shocks. 

8) The relative abundances of Rhodocyclus-related PAO and Actinobacterial-PAO in total 

bacteria were in the similar range, from 4 to 12%, with the lowest value in hot weather. 

No linear correlation was found between the abundance of PAO and the P contents in 

biomass. 

9) By redundancy analysis, temperature was the most important explanatory variable 

affecting the microbial community microbial community dynamics, followed by the food 

to microorganisms (F/M) ratio and influent suspended solid concentration. The 

contribution of SRT itself was not significant, despite its opposite relation to F/M. 

10) Pearson’s correlation analysis showed that high abundance of Alphaproteobacteria 

significantly contributed to high ESS and large span of PSD. During most operation time 

Alphaproteobacteria existed mostly as small rounded clusters or free-living cells. While 

in 6d-SRT system in January, and two short-SRT systems during organic loading shock, 

a fraction of Alphaproteobacteria was found to be filamentous bacteria. 

Betaproteobacteria were found to have a significant and positive interaction with floc 

size. 

In chapter 6, floc stability was analysed with shear test and a mathematics model, and was 

related to sludge physicochemical characteristics and microbial community structure, to evaluate 

the impact of SRT on floc stability and underlying biochemical and biological mechanisms for 

the impact. The main conclusions were: 
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11) The shear sensitivity of 2d-SRT sludge was higher than that of 3d- and 6d- SRT sludge. 

There was no significant difference in shear sensitivity between 3d- and 6d-SRT sludge, 

while the initial dispersion of 3d-SRT sludge was not as stable as that of 6d-SRT. The 2d-

SRT sludge had significantly broader particle size distribution during sludge bulking 

period. D10 and D50 dropped significantly after shear test, suggesting that more surface 

erosion than fragmentation occurred. 

12) The sludge flocs with high net surface charge and low relative hydrophobicity had poor 

stability.  These weak flocs were formed due to greater electrostatic repulsion and weaker 

hydrophobicity binding. No linear correlation was found between the floc shear sensitive 

and EPS quantity and composition. However, the sludge samples with highest shear 

sensitivity from the 2d-SRT system were found to have relatively lower total EPS and 

protein to carbohydrate ratio (P/C). 

13) The abundances of Alphaproteobacteria and Firmicutes were both positively related to 

initial dispersion, shear sensitivity, and span of PSD. The abundances of Beta- and 

Gammaproteobacteria were positively related to the median floc size and the abundance 

of Betaproteobacteria contributed to low initial dispersion and shear sensitivity.  

In Chapter 7, two parallel systems were operated at the same SRT but with different processes, 

EBPR, and conventional aeration system, respectively, to test the hypothesis that the 

incorporation with EBPR could improve the settling performance of short SRT process. The 

main conclusions were: 

14) The biological removal of phosphorus in EBPR system was significant, with an average 

removal efficiency of around 88%, much higher than that of the CAS system. 
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Correspondingly, the average phosphorus content in biomass dry weight was tested to be 

5.4±0.9% for EBPR system, higher than 1.8±0.3% for the CAS system, resulting in a 

significant difference in biomass density according to the reported linear correlation 

between the biomass density and P contents. 

15) Both the SVI and ESS of the CAS system were significantly higher than those of the 

EBPR system, due to the smaller floc size and higher value of negative surface charge. 

The amounts of extracted carbohydrates were significantly higher in CAS sludge, leading 

to a significantly lower protein to carbohydrate ratio (P/C) with similar amounts of 

extracted proteins. 

16) Similar domination of bacterial population was found in the two systems at phylum level 

(or order level for Proteobacteria), but the difference in the amounts of filaments was 

observed, which probably contributed to the aggregation of large flocs in EBPR sludge. 

Rhodocyclus-related PAO (Accumulibacter) and Actinobacterial PAO (Tetrasphaera-

related PAO) constituted 7.5% and 10.5% in total bacteria population, respectively. 

8.2 Recommendations 

There were several shortcomings in this research due to kinds of reasons, based on which, 

recommendations were given for future study. 

1) Some metabolic parameters related to the biological removal mechanisms, such as the 

amounts of some intracellular storage products (glycogen, polyphosphate, PHB, and 

PHA) and certain enzymes involved in the hydrolysis of particulate substrates, would 

have helped to understand the underlying reasons leading to the different removal 

efficiency between short SRT and regular SRT. However, because of the considerable 
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time consumed by pilot maintenance, the testing of these parameters was lack in this 

research.  As a result, the fate of influent organic matters could only be estimated by 

simple mass balance. 

2) It was difficult to control the pilot plant under constantly steady states due to the 

changing influent characteristics.  Moreover, the settling performance and removal 

efficiency, as well as the microbial community structure, were influenced by kinds of 

parameters through complicated mechanisms which are unclear yet.  It is probably that 

one or more of these key parameters were not involved in this research. The statistical 

correlation between system performance and the process factors on which this research 

focused might be subject to some errors. 

3) The analysis of EPS in this research might be not comprehensive enough, resulting in the 

difficulty in precisely assessing their effect on bioflocculation. Considering the lack of 

standard extraction method and the advantages of introducing no cell lysis or interrupt to 

further analysis, CER method was chosen for EPS extraction. However, recent 

publications indicated that CER could only extract EPS at floc level. As a result, a 

combination of two or more extraction methods is recommended to deeply analyze the 

EPS quantity and characteristics in short SRT process and subsequently to assess their 

contribution to bioflocculation. 

4) Considering the potential biases existing in PCR-based techniques related to DNA 

extraction and PCR amplification, FISH method was used for microbial analysis. 

However, FISH probes might overestimate the abundance of a certain group by 

inevitably targeting genes which have very similar sequences, although some competitor 

probes were already used in this study to avoid targeting closely related bacteria. 
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Underestimation is also possible by missing some members of the targeted group against 

which the probe was originally designed. Moreover, regarding different flocculating 

properties of microbial groups, the presence of certain contradictory results in literature 

may suggest that groups defined by probes with broad coverage might comprise 

subgroups with different flocculating properties. In this term, the use of more specific 

probes or combination with PCR-based techniques is recommended for future research. 
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Appendices 

Appendix Ⅰ Pictures of the pilot plant 

 

 

Figure Ⅰ-1Overall view from the end of waterflow 
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Figure Ⅰ-2 Influent tank and influent pumps and other tanks 



 

195 
 

 

Figure Ⅰ-3 Sideview of one reactor and view of three reactors from the end of waterflow 
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Figure Ⅰ-4 View of three secondary clarifiers sideview of one secondary clarifier during scratcher working 
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              Good settling                                      Sludge bulking                                           Sludge rising 

              performance                                        in 2d SRT system                                      in 6d SRT system     

 

Figure Ⅰ-5 Pictures of secondary clarifier with different settling performance 
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Appendix Ⅱ Data for Pearson’s correlation coefficient calculation in Chapter 4 

Table Ⅱ-1 Data of sludge properties and operational conditions 

SRT SVI Eff 

Tur 

 ESS protein P/C Carbohy

drate 

HA Total 

EPS 

SC Hydrop-

hobicity 

d50 span D[4,3] F/

M 

MLV

SS 
Lorg HRT 

3 163 7.3 10.95 37.21 4.76 7.81 13.17 58.19 .27 .58 153.98 2.28 193.54   2.13 1.93 4.32 2 

3 96 8.5 7.85 31.29 7.65 4.09 10.07 45.45 .16 .49 163.77 2.37 218.97   1.98 2.37 4.93 2 

3 126 9.9 8.65 35.47 5.66 6.27 5.25 46.98 .19 .71 156.03 2.41 203.45   2.04 2.14 4.60 2 

3 178 12.5 12.45 33.19 5.89 5.63 8.89 47.71 .08  168.88 2.24 204.40   2.76 2.26 6.54 2 

3 238 22.5  38.64 4.36 8.86 10.62 58.13 .40  136.58 2.17 166.53  2.37  2 

3 191 18.6  35.92 5.81 6.18 10.12 52.22 .27 .46 121.40 2.29 155.58   1.56 2.77 4.55 2 

3 202 19.5 35.20 33.16 3.75 8.84 7.62 49.62 .22 .60 102.47 2.22 147.59   1.29 3.11 4.20 2 

3 149 15.6 30.30 32.70 4.07 8.03 9.13 49.86 .23 .69 61.89 2.28 126.91   1.14 3.00 3.58 2 

3 200 12.1 22.00 40.81 4.87 8.39 7.95 57.15 .19 .77 61.59 2.40 82.83   1.38 2.61 3.79 2 

3 138 12.6 13.50 33.58 4.06 7.35 8.96 49.88 .17 .71 59.33 2.36 88.43   .23 3.79 .90 2 

3 137 9.3 11.75 34.06 4.21 8.08 11.50 53.65 .13 .66 54.56 2.41 81.23   .93 3.72 3.64 2 

3 120 10.2  35.20 4.48 7.86 8.03 51.09 .17 .66 56.14 2.54 82.95    2 

3 141 5.4 10.59 38.46 5.82 6.61 13.32 58.39 .21  59.32 2.73 94.91   .83 3.46 3.02 2 

3 134 8.0  40.25 7.57 5.31 10.63 56.19 .13 .79 59.31 2.49 84.26   1.57 4.06 6.67 2 

3 153 11.5  41.74 6.28 6.64 9.90 58.28 .18  56.63 2.60 90.09    2 
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SRT SVI Eff 

Tur 

 ESS protein P/C Carbohy

drate 

HA Total 

EPS 

SC Hydrop-

hobicity 

d50 span D[4,3] F/

M 

MLV

SS 
Lorg HRT 

3 162 12.7 13.55 38.84 7.45 5.21 13.20 57.26 .16  52.95 2.64 84.20   1.28 4.32 5.80 2 

3 136 10.1 17.25 45.97 5.60 8.21 11.10 65.27 .16 .81 60.08 2.75 96.37   1.33 3.96 5.54 2 

3 178 12.0 11.25 36.95 4.87 7.58 11.98 56.52 .30 .70 64.01 2.63 96.64   1.55 3.01 4.90 2 

3 202 9.0 14.70 39.43 6.10 6.47 14.77 60.67         2 

3 235 6.6 8.00 45.40 5.24 8.66 16.98 71.05 .22 .85 73.73 2.72 109.47   2.95 2.39 7.40 2 

3 308 6.4 10.25 40.19 4.43 9.08 23.64 72.92 .17  73.91 2.82 113.72   .90 2.69 2.56 2 

3 254 15.5 20.50 47.65 5.32 8.95 12.93 69.54 .16 .75 82.41 3.20 130.78   2.49 1.82 4.76 2 

3 229 11.7 26.50 49.97 5.81 8.60 15.52 74.10 .25 .73 86.95 3.25 138.47   1.99 2.91 6.08 2 

3 114 16.9 36.00 41.88 5.04 8.31 11.84 62.03 .14  83.22 3.18 130.28   .46 4.88 2.34 2 

3 165 7.2 12.50 43.49 4.81 9.03 8.13 60.65 .26 .87 75.44 2.79 115.08   .95 2.81 2.80 2 

3 132 11.2 19.25 40.09 5.10 7.86 12.86 60.81 .18 .72 76.56 2.64 112.93   2.31 3.28 7.97 2 

3 96 18.0 20.00 39.66 6.57 6.04 8.75 54.44 .15 .77 85.00 2.59 118.77   1.09 4.23 4.86 2 

3 121 13.1 18.25 48.38 4.61 10.50 11.53 70.41 .14 .75 96.11 2.55 132.11   1.43 3.10 4.64 2 

3 209 13.1 29.00 48.46 3.77 12.87 11.53 72.87 .19 .82 96.82 2.52 130.67   1.93 2.26 4.57 2 

3 201 10.8 18.00 53.17 4.14 12.85 14.56 80.58 .14 .93 77.48 2.49 111.42   1.39 3.21 4.68 2 

3 123 6.9 14.00 50.28 5.21 9.66 9.21 69.15 .09 .74 62.43 2.14 80.35   1.34 3.48 4.91 2 

3 125 8.3 13.00 51.62 5.25 9.83 10.02 71.47 .13 .86 66.73 2.29 94.79   1.62 2.81 4.78 2 

3 115 5.1 9.00 48.55 5.14 9.44 11.05 69.04 .17 .88 72.26 2.37 102.48   1.21 3.45 4.38 2 

3 154 9.2 14.00 50.28 5.01 10.03 9.85 70.16 .24 .86 71.64 2.29 92.66   1.92 2.46 4.94 2 



 

200 
 

SRT SVI Eff 

Tur 

 ESS protein P/C Carbohy

drate 

HA Total 

EPS 

SC Hydrop-

hobicity 

d50 span D[4,3] F/

M 

MLV

SS 
Lorg HRT 

3 187 9.7 14.50 37.68 3.44 10.95 15.28 63.91 .20 .78 69.28 2.43 99.15 1.66 3.22 5.60 2 

3 276 4.4 8.00 38.59 4.05 9.52 14.12 62.23 .25 .75 66.85 2.29 90.53 .98 2.48 2.54 2 

3 200 8.0 14.00 42.45 5.43 7.83 12.53 62.80 .27 .80 65.45 2.30 91.25 1.41 2.85 4.21 2 

3 195 9.8 26.00 40.68 4.69 8.68 10.88 60.24 .36 .78 65.49 2.37 93.15 1.52 3.03 4.84 2 

3 254 14.6 26.75 42.69 5.18 8.25 12.47 63.41 .28 .83 67.48 2.35 90.26 1.61 2.81 4.74 2 

3 213 16.7 20.50 37.58 4.72 7.97 11.38 56.93 .31 .73 64.66 2.34 92.22 2.03 2.14 4.56 2 

3 211 8.5 15.50 40.38 4.59 8.81 13.06 62.24 .23 .76 70.38 2.33 91.22 2.74 1.72 4.94 2 

3 159 4.0 9.00 41.48 6.76 6.14 13.78 61.40 .13 .84 63.53 2.32 90.28 2.58 1.49 4.02 2 

3 154 7.3 8.00 42.89 5.46 7.86 20.77 71.52 .14 .78 73.58 2.37 96.15 2.55 1.60 4.27 2 

3 159 4.6 14.00 40.59 6.16 6.59 18.38 65.55 .10 .81 84.25 2.36 108.26 2.45 1.81 4.64 2 

3 144 7.0 11.50 44.53 7.09 6.28 16.78 67.59 .10 .78 85.98 2.41 114.51 2.11 1.95 4.33 2 

3 126 8.2 15.50 40.39 4.90 8.24 15.37 64.00 .17 .82 88.16 2.39 120.15 2.03 1.88 4.01 2 

3 129 10.2 14.50 46.99 5.06 9.28 17.66 73.94 .14 .84 92.05 2.39 124.19 3.46 1.38 5.02 2 

3 145 3.7 10.25 40.39 5.48 7.37 12.39 60.15 .11 .88 94.88 2.66 136.01 1.37 2.68 3.85 2 

3 178 8.4 20.50 36.83 4.80 7.68 10.86 55.36 .12 .83 101.03 2.63 143.18 3.40 1.88 6.72 2 

3 106 11.8 24.00 38.79 5.67 6.84 10.26 55.90 .17 .81 125.77 2.47 168.12 2.31 2.59 6.26 2 

3 100 9.1 18.25 34.66 5.42 6.40 16.37 57.42 .17 .85 153.05 2.17 188.83 2.13 2.69 6.01 2 

3 124 6.9 9.50 37.86 5.08 7.45 13.76 59.07 .12 .79 130.88 2.25 180.25 2.15 2.72 6.13 2 

3 118 8.3 13.50 30.78 4.70 6.54 12.74 50.06 .17 .75 135.91 2.50 182.15 2.04 2.62 5.60 2 



 

201 
 

SRT SVI Eff 

Tur 

 ESS protein P/C Carbohy

drate 

HA Total 

EPS 

SC Hydrop-

hobicity 

d50 span D[4,3] F/

M 

MLV

SS 
Lorg HRT 

3 98 10.0 8.50 33.77 4.98 6.78 14.39 54.94 .14 .76 126.13 2.31 170.25 2.00 2.75 5.78 2 

3 116 7.7 10.50 31.69 5.25 6.04 11.50 49.22 .14 .75 108.43 2.41 163.26  2.52  2 

2 129 7.7 9.55 34.00 4.82 7.05 12.88 53.94 .26 .52 167.36 2.32 230.69 2.51 1.64 4.32 2 

2 87 8.5 8.85 35.35 6.35 5.56 7.59 48.50 .11 .51 177.97 2.43 229.85 1.56 3.02 4.93 2 

2 133 14.3 11.50 36.34 4.47 8.13 4.90 49.36 .14 .73 160.22 2.53 210.52 2.04 2.15 4.60 2 

2 215 12.6 14.55 38.08 5.45 6.99 6.66 51.72 .15  160.39 2.36 209.55 3.90 1.60 6.54 2 

2 447 28.2  41.50 4.65 8.92 10.91 61.34 .53  141.86 2.37 182.13  1.65  2 

2 444 27.5  34.87 4.14 8.43 6.86 50.15 .39 .58 121.31 2.54 245.37 2.71 1.60 4.55 2 

2 513 20.8 44.40 33.01 3.31 9.98 10.38 53.36 .39 .53 109.21 2.52 169.77 3.94 1.02 4.20 2 

2 322 18.4 36.70 33.95 3.77 9.01 9.92 52.88 .32 .65 57.71 2.90 145.88 1.45 2.34 3.58 2 

2 496 26.8 43.80 35.17 3.49 10.08 4.66 49.91 .23 .61 67.59 3.53 100.50 2.34 1.54 3.79 2 

2 488 25.3 24.30 40.13 4.14 10.33 8.03 59.38 .32 .76 69.13 4.05 127.04 .70 1.23 .90 2 

2 403 31.6 38.25 37.75 4.06 9.29 9.94 56.98 .42 .78 62.15 4.33 118.19 2.13 1.62 3.64 2 

2 381 30.1  38.78 4.25 9.13 5.55 53.46 .27 .68 66.91 4.32 126.63    2 

2 431 19.8 16.50 37.55 4.67 8.03 11.00 56.59 .35  73.21 4.35 135.16 1.45 1.99 3.02 2 

2 324 20.5  44.12 5.84 7.55 10.27 61.94 .21 .72 79.98 3.58 134.75 2.16 2.95 6.67 2 

2 253 14.8  44.13 4.95 8.91 7.63 60.66 .21  89.33 4.12 156.25    2 

2 284 25.5 28.50 37.12 5.35 6.93 9.42 53.48 .32  77.65 3.93 136.83 2.39 2.31 5.80 2 

2 156 15.1 18.00 43.18 5.27 8.20 8.64 60.02 .25 .84 91.41 3.48 147.74 3.32 1.59 5.54 2 
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SRT SVI Eff 

Tur 

 ESS protein P/C Carbohy

drate 

HA Total 

EPS 

SC Hydrop-

hobicity 

d50 span D[4,3] F/

M 

MLV

SS 
Lorg HRT 

2 255 16.5 28.25 40.73 5.43 7.50 9.96 58.19 .35 .76 96.00 3.52 155.30 1.88 2.48 4.90 2 

2 210 14.7 37.88 40.68 6.12 6.65 13.58 60.90         2 

2 227 14.2 26.00 39.56 6.42 6.16 20.32 66.05 .23 .89 91.86 2.93 138.86 5.09 1.38 7.40 2 

2 111 16.1 21.50 42.72 8.40 5.08 18.26 66.06 .19  84.23 3.04 132.30 1.14 2.13 2.56 2 

2 181 29.7 24.00 40.38 6.49 6.22 14.05 60.65 .20 .79 77.20 3.52 129.25 1.83 2.48 4.76 2 

2 93 24.5 36.00 44.09 7.10 6.21 7.98 58.28 .19 .83 93.74 2.83 137.51 1.73 3.36 6.08 2 

2 87 17.9 33.00 38.71 6.06 6.39 6.63 51.73 .14  99.57 2.81 144.76 .48 4.66 2.34 2 

2 134 6.1 13.00 41.20 5.63 7.32 5.26 53.78 .22 .68 112.80 2.56 153.61 1.16 2.30 2.80 2 

2 128 9.2 12.50 43.58 6.51 6.70 9.93 60.20 .14 .77 125.76 2.44 164.41 2.75 2.76 7.97 2 

2 113 9.9 15.50 46.43 5.64 8.23 7.65 62.31 .18 .73 130.13 2.63 175.96 1.80 2.58 4.86 2 

2 126 11.8 20.75 48.15 5.15 9.36 8.86 66.36 .11 .76 139.18 2.53 184.70 1.77 2.50 4.64 2 

2 125 10.1 16.00 44.27 5.06 8.75 9.21 62.22 .10 .80 143.85 2.46 187.94 1.51 2.88 4.57 2 

2 204 11.8 18.25 50.48 5.56 9.07 8.88 68.42 .10 .78 155.05 2.32 196.32 1.39 3.20 4.68 2 

2 239 11.8 23.00 55.88 6.15 9.09 12.60 77.56 .13 .84 156.34 2.53 204.60 2.88 1.62 4.91 2 

2 284 12.3 12.00 47.83 6.39 7.49 15.49 70.80 .07 .85 153.08 2.77 208.33 1.83 2.48 4.78 2 

2 161 8.3 8.50 48.27 4.73 10.20 17.47 75.94 .19 .84 115.34 3.16 170.85 4.67 .89 4.38 2 

2 166 14.5 20.30 45.39 5.77 7.87 14.54 67.79 .31 .86 108.49 2.96 157.70 4.73 1.00 4.94 2 

2 209 17.0 17.00 35.59 3.67 9.69 19.97 65.25 .23 .86 96.59 2.40 133.02 2.19 2.44 5.60 2 

2 229 3.1 7.50 35.24 4.17 8.44 16.24 59.91 .17 .79 106.42 2.50 142.16 1.13 2.14 2.54 2 
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SRT SVI Eff 

Tur 

 ESS protein P/C Carbohy

drate 

HA Total 

EPS 

SC Hydrop-

hobicity 

d50 span D[4,3] F/

M 

MLV

SS 
Lorg HRT 

2 167 6.5 10.50 42.36 6.01 7.04 11.46 60.85 .14 .80 98.48 2.46 140.26 1.70 2.36 4.21 2 

2 140 5.3 13.50 39.18 5.20 7.54 8.25 54.97 .14 .73 104.58 2.49 135.27 1.74 2.64 4.84 2 

2 156 7.3 12.00 39.43 5.23 7.53 9.03 55.99 .18 .76 103.58 2.37 137.15 1.87 2.42 4.74 2 

2 147 6.4 10.20 36.85 4.37 8.43 10.33 55.61 .21 .78 102.90 2.32 132.26 1.93 2.25 4.56 2 

2 182 8.0 12.50 38.28 4.56 8.39 11.37 58.04 .18 .71 110.45 2.37 128.51 2.29 2.05 4.94 2 

2 191 4.5 8.50 43.74 4.70 9.30 13.12 66.16 .19 .73 101.27 2.21 130.08 2.22 1.73 4.02 2 

2 161 6.9 8.00 46.70 6.00 7.79 16.28 70.77 .13 .78 108.35 2.27 141.27 2.02 2.01 4.27 2 

2 174 8.4 14.50 37.39 5.51 6.79 15.78 59.96 .15 .81 128.84 2.30 159.15 2.54 1.74 4.64 2 

2 178 7.4 10.50 42.38 7.87 5.39 17.38 65.14 .11 .85 183.54 2.28 229.15 2.82 1.46 4.33 2 

2 200 5.6 9.20 35.39 4.43 7.99 14.87 58.24 .12 .83 172.49 2.43 258.15 3.22 1.18 4.01 2 

2 206 10.4 10.25 42.07 4.07 10.34 20.19 72.60 .10 .89 219.20 2.45 275.97 3.67 1.30 5.02 2 

2 206 6.2 8.50 36.79 4.70 7.82 14.88 59.49 .14 .81 220.63 2.60 285.76 2.18 1.68 3.85 2 

2 154 6.1 10.60 30.38 4.43 6.86 15.78 53.03 .19 .69 181.19 2.71 245.11 2.55 2.51 6.72 2 

2 136 7.9 19.25 34.88 4.83 7.23 18.88 60.98 .16 .79 200.77 2.40 255.96 2.41 2.47 6.26 2 

2 189 9.7 12.40 30.40 4.76 6.39 14.40 51.18 .16 .76 209.25 2.58 272.06 2.16 2.65 6.01 2 

2 157 7.5 12.25 31.25 4.55 6.87 15.83 53.95 .11 .78 161.55 2.55 235.16 2.22 2.63 6.13 2 

2 163 6.4 10.00 28.39 4.69 6.06 17.37 51.81 .22 .70 146.73 2.59 196.13 2.21 2.42 5.60 2 

2 133 5.3 10.50 33.49 4.77 7.03 13.87 54.39 .20 .78 150.00 2.61 172.25 2.25 2.45 5.78 2 

2 136 4.8 11.25 30.98 4.45 6.96 10.28 48.21 .17 .71 116.81 2.69 156.25  2.69  2 
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SRT SVI Eff 

Tur 

 ESS protein P/C Carbohy

drate 

HA Total 

EPS 

SC Hydrop-

hobicity 

d50 span D[4,3] F/

M 

MLV

SS 
Lorg HRT 

6 134 5.7 9.85 37.58 4.89 7.69 14.08 59.35 .22 .75 201.32 1.86 233.17   .91 2.26 2.16 4 

6 78 6.1 8.05 38.21 8.49 4.50 8.23 50.94 .08 .54 200.66 1.85 208.43   .80 2.94 2.47 4 

6 115 5.6 10.30 38.92 7.93 4.91 9.18 53.01 .11 .84 187.96 1.91 191.07   .72 3.05 2.30 4 

6 138 6.4 6.20 42.99 6.75 6.37 5.93 55.29 .07  204.45 1.81 214.37   1.51 2.06 3.27 4 

6 117   42.51 5.93 7.17 10.32 60.00 .24  181.63 1.80 233.39  2.20  4 

6 166   40.69 7.36 5.53 6.94 53.15 .16 .67 206.31 1.81 151.45   .96 2.26 2.27 4 

6 160 9.2 15.10 44.43 6.88 6.46 13.44 64.34 .23 .67 214.26 1.80 234.36   .91 2.21 2.10 4 

6 191 4.5 5.65 44.39 7.22 6.14 12.89 63.42 .12 .83 183.44 1.97 266.79   .85 2.01 1.79 4 

6 189 5.5 9.50 46.47 5.65 8.23 7.43 62.12 .17 .88 196.73 2.10 213.29   .75 2.41 1.90 4 

6 162 6.4 7.85 39.78 6.83 8.57 10.04 58.40 .18 .87 195.11 2.11 234.04   .15 2.85 .45 4 

6 176 3.9 8.00 45.01 6.20 7.26 15.64 67.91 .13 .85 165.42 2.30 233.01   .63 2.76 1.82 4 

6 149 2.4  44.89 5.84 7.69 11.69 64.27 .18 .77 150.10 2.26 122.67    4 

6 160 2.6 8.00 46.23 8.31 5.56 16.85 68.65 .12  139.49 2.33 187.78   .43 3.38 1.51 4 

6 159 3.5  46.35 9.49 4.88 14.74 65.97 .11 .84 129.55 2.43 176.59   .94 3.38 3.34 4 

6 173 4.3  46.97 6.97 6.73 16.78 70.48 .18  135.69 2.43 168.94    4 

6 178 2.7 6.35 42.14 6.56 6.43 15.96 64.53 .21  112.87 2.56 178.52   .82 3.38 2.90 4 

6 186 8.6 9.50 43.02 6.21 6.93 19.19 69.14 .21 .79 113.31 2.57 153.77   .91 2.89 2.77 4 

6 175 4.7 7.75 42.74 6.11 7.00 14.84 64.58 .27 .82 103.87 2.58 149.77   .77 3.04 2.45 4 

6 187 4.8 9.68 43.58 5.09 8.57 16.68 68.83         4 
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SRT SVI Eff 

Tur 

 ESS protein P/C Carbohy

drate 

HA Total 

EPS 

SC Hydrop-

hobicity 

d50 span D[4,3] F/

M 

MLV

SS 
Lorg HRT 

6 203 2.9 6.75 41.49 4.82 8.61 16.06 66.16 .19 .87 104.10 2.41 142.10   1.26 2.80 3.70 4 

6 286 3.2 8.25 45.96 4.33 10.61 17.36 73.93 .13  105.22 2.42 138.82   .43 2.84 1.28 4 

6 292 5.1 9.50 50.73 4.30 11.79 13.20 75.73 .16 .80 102.04 2.78 149.14   .78 2.90 2.38 4 

6 281 8.7 11.25 52.25 4.87 10.73 13.21 76.19 .26 .81 100.32 2.84 137.14   1.04 2.79 3.04 4 

6 258 5.5 8.75 43.41 4.88 8.89 10.35 62.65 .19  102.88 2.75 142.31   .33 3.33 1.17 4 

6 258 5.2 9.50 47.16 4.38 10.77 9.22 67.15 .20 .83 90.14 2.63 136.19   .51 2.60 1.40 4 

6 254 6.9 9.50 47.53 5.75 8.27 11.32 67.13 .13 .75 92.60 2.54 127.66   1.19 3.19 3.98 4 

6 222 10.7 14.00 46.43 3.05 15.24 12.64 74.32 .26 .78 90.00 2.68 127.98   .62 3.73 2.43 4 

6 225 12.8 17.00 53.72 3.85 13.95 14.59 82.26 .17 .77 91.98 2.68 134.11   .80 2.78 2.32 4 

6 232 8.9 15.00 49.12 3.33 14.77 12.42 76.30 .19 .81 89.43 2.65 132.45   .74 2.94 2.29 4 

6 257 9.6 16.25 59.76 4.74 12.60 14.22 86.57 .14 .78 94.73 2.61 127.96   .98 2.26 2.34 4 

6 173 9.7 18.50 57.87 4.95 11.70 14.44 84.01 .12 .85 98.63 2.41 143.12   1.00 2.33 2.45 4 

6 177 7.9 12.50 51.74 4.67 11.07 11.29 74.09 .15 .87 102.17 2.53 131.58   1.13 2.01 2.39 4 

6 212 8.6 13.00 46.20 4.29 10.77 19.82 76.79 .29 .85 104.03 2.46 141.16   1.28 1.62 2.19 4 

6 210 8.0 8.50 52.36 5.35 9.78 19.38 81.53 .26 .87 101.34 2.39 141.09   1.35 1.74 2.47 4 

6 125 5.3 8.00 43.06 3.67 11.73 26.12 80.92 .21 .80 83.03 2.66 134.45   1.12 2.38 2.80 4 

6 124 4.9 8.00 43.54 5.15 8.45 24.58 76.57 .17 .85 83.72 2.57 123.31   .51 2.40 1.27 4 

6 146 6.5 11.50 46.05 5.96 7.72 16.54 70.31 .14 .86 87.43 2.53 100.56   .89 2.25 2.11 4 

6 129 7.6 13.50 44.37 6.18 7.18 17.25 68.80 .16 .79 89.39 2.39 93.15   .89 2.60 2.42 4 
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SRT SVI Eff 

Tur 

 ESS protein P/C Carbohy

drate 

HA Total 

EPS 

SC Hydrop-

hobicity 

d50 span D[4,3] F/

M 

MLV

SS 
Lorg HRT 

6 138 4.3 9.50 42.76 4.88 8.75 16.39 67.90 .17 .84 80.35 2.38 82.22   .93 2.43 2.37 4 

6 103 4.0 6.50 43.59 6.28 6.94 17.34 67.86 .12 .87 83.28 2.40 90.14   .95 2.30 2.28 4 

6 120 4.0 6.80 39.74 5.95 6.68 14.25 60.67 .14 .80 76.59 2.27 103.65   .98 2.41 2.47 4 

6 114 3.5 9.00 42.08 3.67 11.47 16.06 69.61 .17 .75 75.79 2.26 121.71   .80 2.38 2.01 4 

6 116 5.2 8.00 46.39 6.28 7.39 20.79 74.56 .11 .82 72.14 2.26 119.15   .80 2.55 2.14 4 

6 91 4.5 7.50 44.38 7.07 6.28 18.78 69.44 .14 .84 77.38 2.37 124.16   .82 2.68 2.32 4 

6 110 6.2 14.00 45.28 8.47 5.35 14.38 65.01 .09 .85 71.09 2.32 113.26   .71 2.91 2.17 4 

6 86 9.6 15.50 43.87 6.98 6.29 10.79 60.95 .09 .88 75.37 2.48 109.16   .65 2.93 2.00 4 

6 93 11.3 21.50 43.21 4.20 10.28 12.29 65.79 .15 .88 69.25 2.32 107.35   .81 2.96 2.51 4 

6 99 10.2 18.25 43.78 6.97 6.28 11.38 61.44 .14 .88 71.60 2.50 101.17   .79 2.34 1.93 4 

6 98 13.5 32.00 39.79 7.99 4.98 11.78 56.55 .12 .85 71.31 2.74 111.18   1.10 2.90 3.36 4 

6 97 17.2 35.00 36.41 6.38 5.71 11.45 53.57 .18 .85 76.66 3.20 117.13   .96 3.12 3.13 4 

6 136 13.7 20.50 39.37 5.33 7.39 12.37 59.12 .14 .80 89.32 3.03 123.45   .81 3.55 3.01 4 

6 114 8.3 14.85 40.38 5.99 6.75 15.83 62.95 .15 .83 95.09 2.68 102.36   .91 3.20 3.07 4 

6 111 6.5 10.50 38.44 5.20 7.39 12.56 58.39 .14 .75 99.53 2.55 90.15   .89 3.00 2.80 4 

6 92 6.5 6.25 41.54 6.62 6.28 11.37 59.19 .10 .76 96.57 2.57 113.15   .86 3.20 2.89 4 

6 88 5.6 8.85 29.75 6.57 4.53 16.81 51.09 .11 .81 110.22 2.50 124.15  3.05  4 
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Appendix Ⅲ Data for redundancy analysis in Chapter 5 

Table Ⅲ-1. Relative abundance of species (%) 

Labels Alpha-

prt 

Beta-

prt 

Gamma-

prt 

Actino-

bacteria 

Bacteroidetes Firmicutes other Rhodo- 

PAO 

Actino-PAO Deflu-

GAO 

Compet- 

GAO 

OCT-2D 26.3  28.7  8.7  15.1  7.5  6.5  7.2  9.2  9.0  2.0  1.6  

OCT-3D 19.4  24.4  3.7  17.4  6.1  3.1  25.8  7.5  8.3  2.4  1.3  

OCT-6D 13.8  36.5  12.3  12.7  3.2  1.4  20.0  10.0  5.8  2.7  1.3  

JAN-2D 18.3  34.2  14.6  20.7  3.5  1.5  7.2  11.3  8.1  2.0  1.4  

JAN-3D 20.1  33.7  5.9  20.0  3.5  1.0  15.8  10.5  10.9  2.6  1.6  

JAN-6D 22.4  24.0  6.6  21.8  2.5  4.5  18.1  11.2  7.6  2.3  1.6  

MAY-2D 16.0  35.7  6.3  18.8  9.5  3.5  10.2  7.7  9.9  2.4  1.1  

MAY-3D 16.2  32.2  4.2  18.3  8.2  2.7  18.1  6.5  10.0  2.1  1.3  

MAY-6D 22.7  30.0  3.4  19.4  4.5  2.0  18.0  9.0  7.1  4.6  0.9  

AUG-2D 15.8  29.4  15.1  7.4  12.5  3.4  16.5  4.7  3.1  4.2  4.5  

AUG-3D 17.0  28.3  8.2  9.8  10.5  2.2  23.9  4.7  3.9  4.7  4.0  

AUG-6D 16.0  33.1  7.3  9.2  6.6  2.5  25.3  5.9  4.1  6.0  3.1  

C shock-2D 16.7  36.8  11.1  15.7  7.9  1.3  10.5  4.3  5.2  5.5  4.4  

C shock-3D 18.6  37.3  13.4  14.3  8.1  1.0  7.2  4.0  4.7  5.0  5.0  

C shock-6D 22.7  35.3  5.0  15.8  4.9  1.8  14.5  5.0  5.1  5.7  4.9  

P shock-2D 8.4  41.3  9.8  11.6  10.4  2.4  16.1  5.3  6.0  2.5  2.2  

P shock-3D 12.7  38.6  10.2  13.6  7.6  2.1  15.2  7.9  8.0  3.1  3.2  

P shock-6D 16.0  44.8  8.9  16.5  2.1  1.8  9.9  8.4  10.1  4.6  2.1  

Mar-2.5D 16.0  31.7  2.3  20.5  6.5  3.4  19.6  12.3  11.9  1.5  2.0  

Mar-4D 20.5  28.0  2.2  22.4  5.0  4.9  17.1  7.5  10.5  1.9  2.0  
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Table Ⅲ-2. Monthly average values of explanatory variables 

Labels SRT(d) F/M 

(g/g·d) 

Temp. 

(°C) 

MLVSS 

(g/l) 

IN-VSS 

(g/l) 

IN-TCOD 

(mg/l) 

IN-TP 

(mg/l) 

IN-NO3-N 

(mg/l) 

IN-NH3-N 

(mg/l) 

IN-SP 

(mg/l) 

IN-SCOD 

(mg/l) 

OCT-2D 2  2.2  16.5  2.262  0.196  432  5.7  2.2  27.2  2.6  149  

OCT-3D 3  1.3  16.5  3.760  0.196  432  5.7  2.2  27.2  2.6  149  

OCT-6D 6  0.8  15.8  3.213  0.196  432  5.7  2.2  27.2  2.6  149  

JAN-2D 2  1.9  10.5  2.553  0.186  409  4.9  3.0  29.5  1.9  156  

JAN-3D 3  1.5  10.5  3.012  0.186  409  4.9  3.0  29.5  1.9  156  

JAN-6D 6  0.9  9.7  2.578  0.186  409  4.9  3.0  29.5  1.9  156  

MAY-2D 2  2.9  17.0  1.462  0.189  373  4.8  1.8  29.8  1.7  147  

MAY-3D 3  2.2  17.0  1.881  0.189  373  4.8  1.8  29.8  1.7  147  

MAY-6D 6  0.7  17.4  2.840  0.189  373  4.8  1.8  29.8  1.7  147  

AUG-2D 2  1.3  23.4  2.548  0.083  289  3.8  2.9  29.3  2.0  177  

AUG-3D 3  1.2  23.4  2.654  0.083  289  3.8  2.9  29.3  2.0  177  

AUG-6D 6  0.5  23.6  3.110  0.083  289  3.8  2.9  29.3  2.0  177  

COD shock-2D 2  3.8  22.1  2.254  0.079  752  5.6  1.8  23.8  1.7  524  

COD shock-3D 3  3.9  22.1  2.190  0.079  752  5.6  1.8  23.8  1.7  524  

COD shock-6D 6  2.3  22.4  1.852  0.079  752  5.6  1.8  23.8  1.7  524  

P shock-2D 2  1.5  19.6  2.097  0.104  272  7.4  0.7  30.3  5.4  119  

P shock-3D 3  1.1  19.6  2.956  0.104  272  7.4  0.7  30.3  5.4  119  

P shock-6D 6  0.6  19.7  2.803  0.104  272  10.4  0.7  30.3  8.4  119  

Mar-2.5D 2.5  1.0  12.5  1.825  0.126  330  4.5  3.2  27.7  1.8  136  

Mar-4D 4  0.8  12.5  2.362  0.126  330  4.5  3.2  27.7  1.8  136  
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Appendix Ⅳ Data for Pearson’s correlation coefficient calculation in Chapter 5 

Table Ⅳ-1 Monthly average values of sludge properties related to settling performance 

Labels SVI (ml/g) ESS (mg/l） D50 (µm) Span P in biomass (g/g) 

OCT-2D 284  23.90  85  3.74  0.045  

OCT-3D 151  12.78  59  2.63  0.049  

OCT-6D 172  7.87  121  2.49  0.057  

JAN-2D 136  18.40  150  2.44  0.038  

JAN-3D 144  16.00  84  2.45  0.045  

JAN-6D 220  16.35  95  2.62  0.056  

MAY-2D 190  11.11  169  2.37  0.059  

MAY-3D 144  13.88  85  2.39  0.068  

MAY-6D 95  17.00  73  2.36  0.050  

AUG-2D 129  9.61  112  2.67  0.031  

AUG-3D 117  12.13  103  2.45  0.033  

AUG-6D 114  9.58  105  2.51  0.047  

C shock-2D 183  19.20  139  2.43  0.045  

C shock-3D 205  22.53  89  2.53  0.041  

C shock-6D 148  14.31  158  2.35  0.047  

P shock-2D 102  5.99  165  2.12  0.065  

P shock-3D 99  8.73  125  2.12  0.064  

P shock-6D 90  10.25  186  2.25  0.081  

Mar-2.5D 129  13.44  150  2.56  0.042  

Mar-4D 133  11.44  116  2.31  0.054  
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Appendix Ⅴ Data of shear test in Chapter 6 

Table Ⅴ-1. Sep.14, 2015 (ABS650/gMLSS) 

Time 

(min) model-3d model-2d model-6d measure-3d measure-2d measure-6d 

0 0.002 0.011 0.002 0.004 0.011 0.003 

10 0.007 0.023 0.006 0.006 0.024 0.006 

20 0.010 0.031 0.008 0.010 0.032 0.008 

30 0.012 0.037 0.009 0.010 0.037 0.009 

50 0.015 0.046 0.012 0.015 0.045 0.012 

70 0.018 0.054 0.014 0.017 0.052 0.014 

90 0.020 0.059 0.015 0.020 0.060 0.015 

120 0.023 0.067 0.017 0.024 0.068 0.018 

 N shear sensitivity Initial dispersion 

3d 0.000035 0.050 0.003 

2d 0.000035 0.142 0.004 

6d 0.000035 0.037 0.001 

 

Table Ⅴ-2. Sep.25, 2015 (ABS650/gMLSS) 

Time 

(min) model-3d model-2d model-6d measure-3d measure-2d measure-6d 

0 0.007 0.028 0.002 0.007 0.026 0.003 

10 0.009 0.035 0.005 0.009 0.036 0.007 

20 0.011 0.041 0.007 0.011 0.041 0.009 

30 0.013 0.046 0.009 0.012 0.050 0.009 

50 0.015 0.054 0.012 0.018 0.055 0.011 

70 0.018 0.061 0.014 0.019 0.058 0.014 

90 0.020 0.067 0.016 0.019 0.065 0.015 

120 0.022 0.075 0.019 0.023 0.073 0.016 

 N shear sensitivity Initial dispersion 

3d 0.00001 0.076 0.009 

2d 0.00001 0.244 0.025 

6d 0.00001 0.079 0.006 

 

 

 

 



 

211 
 

Table Ⅴ-3. Oct.15, 2015 (ABS650/gMLSS) 

Time 

(min) model-3d model-2d model-6d measure-3d measure-2d measure-6d 

0 0.010 0.028 0.008 0.013 0.032 0.008 

10 0.015 0.043 0.013 0.015 0.044 0.011 

20 0.019 0.054 0.016 0.018 0.052 0.015 

30 0.022 0.063 0.019 0.021 0.059 0.018 

40 0.025 0.070 0.022 0.021 0.069 0.029 

50 0.027 0.076 0.024 0.025 0.073 0.020 

70 0.031 0.087 0.027 0.030 0.084 0.025 

90 0.034 0.097 0.030 0.036 0.097 0.032 

120 0.038 0.108 0.034 0.039 0.115 0.031 

 N shear sensitivity Initial dispersion 

3d 0.00002 0.096 0.020 

2d 0.00002 0.279 0.025 

6d 0.00002 0.089 0.009 

 

Table Ⅴ-4. Nov.26, 2015 (ABS650/gMLSS) 

Time 

(min) model-3d model-2d model-6d measure-3d measure-2d measure-6d 

0 0.013 0.022 0.008 0.015 0.020 0.010 

10 0.021 0.032 0.014 0.022 0.034 0.014 

20 0.027 0.038 0.018 0.026 0.043 0.019 

30 0.031 0.043 0.021 0.031 0.039 0.019 

40 0.034 0.047 0.024 0.031 0.048 0.021 

60 0.040 0.054 0.028 0.037 0.052 0.028 

80 0.044 0.060 0.032 0.043 0.058 0.033 

100 0.048 0.064 0.035 0.050 0.066 0.037 

120 0.051 0.068 0.037 0.053 0.069 0.037 

 N shear sensitivity Initial dispersion 

3d 0.00003 0.109 0.020 

2d 0.00003 0.139 0.045 

6d 0.00003 0.082 0.009 
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Table Ⅴ-5. Jan.8, 2016 (ABS650/gMLSS) 

Time 

(min) model-3d model-2d model-6d measure-3d measure-2d measure-6d 

0 0.004 0.012 0.009 0.003 0.008 0.010 

10 0.010 0.019 0.015 0.012 0.020 0.015 

20 0.013 0.025 0.020 0.015 0.026 0.020 

30 0.017 0.029 0.023 0.016 0.036 0.024 

40 0.019 0.033 0.027 0.018 0.034 0.030 

50 0.022 0.036 0.029 0.019 0.034 0.026 

70 0.025 0.042 0.034 0.025 0.039 0.033 

90 0.029 0.046 0.037 0.029 0.046 0.037 

120 0.033 0.052 0.042 0.033 0.052 0.044 

 N shear sensitivity Initial dispersion 

3d 0.00002 0.093 0.002 

2d 0.00002 0.138 0.010 

6d 0.00002 0.112 0.008 

 

Table Ⅴ-6. Mar.10, 2016 (ABS650/gMLSS) 

Time 

(min) model-3d model-2d model-6d measure-3d measure-2d measure-6d 

0 0.015 0.013 0.011 0.020 0.017 0.012 

10 0.025 0.023 0.017 0.024 0.021 0.016 

20 0.032 0.029 0.021 0.028 0.026 0.020 

30 0.037 0.034 0.025 0.033 0.032 0.024 

40 0.041 0.038 0.027 0.039 0.036 0.026 

50 0.045 0.041 0.030 0.045 0.041 0.031 

60 0.048 0.044 0.032 0.049 0.044 0.033 

80 0.054 0.049 0.035 0.055 0.050 0.036 

100 0.059 0.054 0.038 0.060 0.055 0.038 

120 0.063 0.057 0.041 0.064 0.058 0.040 

 N shear sensitivity Initial dispersion 

3d 0.00003 0.136 0.024 

2d 0.00003 0.124 0.015 

6d 0.00003 0.086 0.013 
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Table Ⅴ-7. May.30, 2016 (ABS650/gMLSS) 

Time 

(min) model-3d model-2d model-6d measure-3d measure-2d measure-6d 

0 0.009 0.010 0.006 0.010 0.012 0.007 

10 0.016 0.022 0.014 0.018 0.023 0.014 

20 0.021 0.029 0.019 0.021 0.031 0.017 

30 0.024 0.035 0.023 0.025 0.035 0.023 

40 0.027 0.039 0.026 0.026 0.037 0.023 

50 0.029 0.043 0.028 0.026 0.041 0.028 

60 0.032 0.047 0.030 0.029 0.043 0.033 

80 0.035 0.053 0.034 0.036 0.056 0.035 

100 0.038 0.057 0.037 0.039 0.059 0.037 

120 0.041 0.062 0.040 0.043 0.064 0.038 

 N shear sensitivity Initial dispersion 

3d 0.000045 0.075 0.016 

2d 0.000045 0.117 0.009 

6d 0.000045 0.076 0.007 

 

Table Ⅴ-8. Aug.1, 2016 (ABS650/gMLSS) 

Time 

(min) model-3d model-2d model-6d measure-3d measure-2d measure-6d 

0 0.005 0.008 0.005 0.009 0.009 0.006 

10 0.011 0.015 0.009 0.011 0.014 0.009 

20 0.014 0.019 0.011 0.014 0.018 0.011 

30 0.017 0.023 0.013 0.017 0.022 0.013 

40 0.020 0.026 0.015 0.020 0.027 0.015 

50 0.022 0.028 0.016 0.020 0.028 0.016 

60 0.024 0.030 0.018 0.024 0.030 0.018 

80 0.027 0.034 0.020 0.027 0.035 0.020 

100 0.030 0.037 0.021 0.030 0.038 0.021 

120 0.032 0.040 0.023 0.032 0.039 0.023 

 N shear sensitivity Initial dispersion 

3d 0.00003 0.073 0.001 

2d 0.00003 0.090 0.007 

6d 0.00003 0.050 0.008 
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Appendix Ⅵ Supplemental data in Chapter 3 

Table Ⅵ-1 Influent suspended solid contents during long-term observation (g/l) 

Date TSS VSS Date TSS VSS Date TSS VSS 

6-Aug 0.136 0.096 2-Dec 0.25 0.194 6-Apr 0.203 0.162 

11-Aug 0.216 0.166 7-Dec 0.194 0.167 13-Apr 0.254 0.196 

13-Aug 0.19 0.168 10-Dec 0.18 0.141 20-Apr 0.213 0.179 

18-Aug 0.23 0.188 16-Dec 0.404 0.324 27-Apr 0.239 0.194 

25-Aug 0.234 0.152 22-Dec 0.233 0.197 4-May 0.257 0.201 

28-Aug 0.35 0.272 30-Dec 0.249 0.208 10-May 0.228 0.175 

4-Sep 0.186 0.124 5-Jan 0.202 0.174 19-May 0.231 0.181 

8-Sep 0.268 0.235 8-Jan 0.218 0.183 26-May 0.246 0.197 

16-Sep 0.205 0.17 19-Jan 0.211 0.171 2-Jun 0.263 0.202 

23-Sep 0.372 0.302 22-Jan 0.286 0.23 8-Jun 0.402 0.316 

1-Oct 0.261 0.22 27-Jan 0.219 0.174 15-Jun 0.314 0.259 

8-Oct 0.146 0.149 1-Feb 0.213 0.169 22-Jun 0.407 0.313 

15-Oct 0.278 0.24 8-Feb 0.184 0.147 30-Jun 0.321 0.259 

20-Oct 0.084  12-Feb 0.201 0.172 7-Jul 0.284 0.235 

27-Oct 0.265 0.175 2-Mar 0.235 0.182 14-Jul 0.221 0.179 

16-Nov 0.321 0.279 7-Mar 0.235 0.168 21-Jul 0.205 0.164 

18-Nov 0.181 0.141 10-Mar 0.224 0.179 1-Aug 0.105 0.08 

24-Nov 0.146 0.121 16-Mar 0.251 0.196 8-Aug 0.109 0.086 

26-Nov 0.407 0.302 23-Mar 0.239 0.185 15-Aug 0.078 0.059 

30-Nov 0.301 0.241 30-Mar 0.239 0.185 16-Aug 0.139 0.109 
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Table Ⅵ-2 Phosphorus contents in biomass (g/g) 

SRT(d) 

Aug-

15 

Sep- 

15 

Oct- 

15 

Nov- 

15 

Dec- 

15 

Jan- 

16 

Feb- 

16 

Mar- 

16 

Apr-

16 

May-

16 

Jun-

16 

Jul-

16 

Aug-

16 

C-

loading 

P-

loading 

3* 0.040 0.042 0.031 0.069 0.015 0.039 0.041 0.038 0.057 0.074 0.086 0.048 0.032 0.048 0.063 

3* 0.050 0.042 0.060 0.035 0.031 0.048 0.050 0.060 0.070 0.057 0.040 0.052 0.035 0.050 0.062 

3* 0.049 0.039 0.056  0.042 0.041 0.059 0.034 0.080 0.073 0.097 0.058 0.033 0.037 0.076 

3* 0.041 0.039 0.042 0.054 0.023 0.041  0.039 0.079 0.067 0.052   0.082 0.071 

3*  0.035 0.055  0.026 0.050  0.043   0.048   0.040 0.065 

3*      0.033          

2* 0.032 0.041 0.032 0.097 0.013 0.036 0.032 0.039 0.049 0.053 0.059 0.033 0.025 0.036 0.048 

2* 0.029 0.034 0.051 0.023 0.031 0.038 0.071  0.047 0.051 0.049 0.038 0.037 0.072 0.050 

2* 0.044 0.035 0.030 0.070 0.034 0.029 0.061  0.047 0.067 0.046 0.045 0.031 0.031 0.063 

2*   0.065 0.039 0.033 0.028  0.032 0.053 0.057 0.037   0.055 0.050 

2* 0.059 0.047 0.046  0.025 0.053  0.035   0.053   0.034 0.054 

2*      0.046  0.060        

6* 0.040 0.074 0.035 0.067 0.027 0.051 0.057 0.063 0.063 0.056 0.071 0.046 0.044 0.071 0.065 

6* 0.044 0.043 0.081 0.035 0.039 0.055 0.051 0.041 0.064 0.063 0.054 0.052 0.049 0.044 0.077 

6* 0.053 0.056 0.039   0.046 0.083 0.055 0.051 0.057 0.066 0.056 0.048 0.042 0.060 

6*  0.057 0.068 0.076 0.031 0.040  0.055 0.056 0.066 0.050    0.064 

6*  0.048 0.063  0.038 0.041  0.056   0.041    0.060 

6*      0.053          

SRT(d) 

Feb- 

17 

Mar- 

17 SRT(d) 

Feb- 

17 

Mar- 

17 SRT(d) 

Feb-

17 

Mar-

17 

4* 0.044 0.063 2.5* 0.043 0.040 4** 0.020 0.021 

4* 0.049 0.061 2.5* 0.046 0.040 4** 0.016 0.015 

4* 0.047 0.060 2.5* 0.043 0.041 4** 0.019 0.018 

*EBPR process 
**CAS process 
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