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ABSTRACT 

High ammonia waste streams, containing both inorganic and organic nitrogen (N), can lead to 

algae outgrowth and the formation of disinfection byproducts if not properly treated. These waste 

streams are traditionally combined with municipal wastewaters for treatment. However, their high 

ammonia content can compromise the effectiveness of the wastewater treatment plants (WWTPs), 

leading to more stringent discharge limits for these sidestreams and industrial wastewaters. This 

thesis aims to develop a highly efficient technology for treating ammonia rich waste streams and 

to optimize the operation strategies for treating wastewaters with varied carbon to nitrogen (C/N) 

and alkalinity to nitrogen (Alk/N) ratios. 

 

Aerobic granular sludge (AGS) is featured by its superior biomass retention, high biomass density, 

excellent settling capacity, and resilience to toxic environments and shock loadings. These 

attributes make it a promising alternative for high ammonia wastewater treatment, especially those 

from industrial sources or those contaminated with recalcitrant compounds. Although AGS is a 

well-established technology for treating municipal wastewaters with low ammonia content and a 

C/N ratio around 10, its application to high ammonia wastewater has been rarely explored. High 

ammonia waste streams, often characterized by low C/N and Alk/N ratios, pose significant 

challenges for AGS application, including slow granulation, granule instability, and limited N 

removal capacity. 

 

This thesis first examined the impact of C/N ratios and influent solid content on N removal 

performance and granule structural and functional stability (Chapters 4 and 5). The results 

demonstrated that high ammonia conditions with low C/N ratios are conducive to the enrichment 
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of highly efficient autotrophic ammonia oxidizing bacteria (AAOB), achieving higher ammonia 

removal compared to high C/N conditions, where heterotrophic ammonia oxidizing bacteria 

(HAOB) was dominated. Subsequent tests on high ammonia wastewater with varied C/N and low 

Alk/N ratios in the AGS system indicated that a C/N ratio over 6 is required for high N removal. 

Low N removal was observed under conditions of low C/N and Alk/N ratios, likely due to an 

insufficient denitrification process and low alkalinity availability (Chapter 6). Additionally, a 

thorough microbial analysis showed that granules contributed more than flocs to N reduction 

under high C/N conditions, whereas flocs contributed more under low C/N conditions (Chapter 

7).  

 

Based on these findings, a new granular sludge reactor (GSR) was developed and tested for its 

effectiveness in treating high ammonia, low C/N waste streams. The GSR demonstrated an 

outstanding N removal capacity of up to 4.2 kg N/(m3·d) and a rapid startup for treating 

wastewaters rich in recalcitrant compounds, as well as efficacy in organic N removal (Chapter 8, 

9 and 10). In the GSR, the retention of highly active flocs and small granule, alongside strategies 

to facilitate the denitrification process for alkalinity recovery, contributed to such high N removal 

capacity. Furthermore, the GSR proved its capability in N removal and granule stability when 

using high COD wastewater as carbon source for the denitrification process, highlighting its 

promising upscaling potential (Chapter 11).  

 

In summary, this thesis has elucidated the impact of waste streams’ characteristics on AGS 

treatment performance and identified the critical parameters controlling the enhancement of high 

ammonia waste stream treatment. Through a deep understanding of the influence of C/N ratios 
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and detailed microbial analysis of the roles of granules and flocs, significant insights were gained. 

The newly developed GSR has opened up new opportunities for the enhanced removal of both 

inorganic and organic N from high ammonia waste streams.  
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Chapter 1. Introduction 

1.1 Background and motivations 
In high ammonia waste streams that sourced from municipal (i.e., anaerobically digested sludge 

supernatant) and industrial (i.e., anaerobically digested molasses wastewater) sectors, inorganic 

nitrogen (N) constitutes approximately 75% of the total dissolved nitrogen (TDN), with dissolved 

organic nitrogen (DON) making up the remaining 25%. These wastewaters, such as anaerobically 

digested sludge supernatant, are characterized by small volumes and high ammonia concentrations, 

which accounts for only 1% of the total plant influent flow but contributes 20 to 40% of the total 

N load. Conventionally, these high ammonia waste streams are integrated with mainstream 

wastewater treatment systems before discharging. This paradigm can destabilize mainstream 

treatment performance due to the significant ammonia loading and the potential formation of toxic 

disinfection by-products [1].  

 

The removal of inorganic N has been extensively studied. For the treatment of high ammonia 

waste streams, nitritation/denitritation (Nit/DNit) is more economically favourable compared to 

the traditional nitrification/denitrification (Nif/DNif) process. Nit/DNit converts ammonia to 

nitrite, which is then directly denitrified to nitrogen gas (NH4+   NO2-   N2), whereas the 

traditional Nif/DNif process involves additional steps for nitrite oxidation to nitrate and nitrate 

reduction (NH4+  NO2-  NO3-  NO2-  N2). Nit/DNit approach can save up to 25% in energy 

for oxygen supply and 40% in chemical demand. However, the retention of autotrophic ammonia 

oxidizing bacteria (AAOB), which are slow-growing microorganisms crucial for the Nit/DNit 

process, remains a major challenge that limits the overall treatment capacity.  

 

Studies on organic N removal are scarce in the literature. It has been reported that N-containing 

organics can be degraded through hydrolysis and fermentation (decarboxylation and deamination) 

by extracellular enzymes. In conventional anaerobic/anoxic/oxic treatment systems, the anaerobic 

zone, with the presence of chemical oxygen demand (COD), has been identified as the primary 

contributor to DON removal, a process that generally involves hydrolysis and fermentation [2, 3]. 

The reported approaches for DON removal primarily rely on membrane filtration (i.e., 
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ultrafiltration, and nanofiltration) [4], which can impose substantial operational and maintenance 

costs as well as significant energy requirements. 

 

In comparison to existing conventional activated sludge (CAS) system, an emerging biofilm-based 

technology, the aerobic granular sludge (AGS) system offers substantial advantages. The AGS 

system is a self-immobilizing microbial aggregate without the requirement for external supporting 

material, significantly enhancing biomass retention, which benefits the retention of AAOB. The 

AGS system is featured by its exceptional biomass retention, high biomass density, superior 

settling capacity, and resilience to toxic environments and shock loadings, making it a superior, 

low footprint alternative for high ammonia wastewater treatment [5]. The nature of AGS promotes 

the growth of diverse anaerobic, anoxic, facultative, and aerobic microorganisms, potentially 

enhancing the simultaneous removal of COD, inorganic N and organic N. Besides the 

aforementioned attractive aspects of adopting AGS in high ammonia wastewater treatment, two 

critical issues still need to be addressed: the varied wastewater characteristics, particularly the 

deficiency of alkalinity, and the limited biodegradable organics observed in some anaerobically 

digested high ammonia wastewaters.  

 

A sufficient alkalinity to N (Alk/N) ratio of 7.14 is essential to achieve complete ammonia 

oxidation, as pH drops during this process, and AAOB activity ceased when pH falls below 7 [6]. 

While external alkalinity can be supplied to support the treatment of low Alk/N wastewaters, it 

can also be replenished through denitritation or denitrification processes. These processes, 

therefore, play a crucial role in treating low Alk/N wastewaters. However, existing AGS systems 

often exhibit low denitrification efficiencies, which hinders their application for the treatment of 

high ammonia waste streams.  

 

AGS technology is typically applied for the treatment of high C/N wastewater with a ratio of 10. 

The C/N ratio plays a key role in the granulation process and AGS stability. A low C/N ratio was 

reported to extend the granulation process, and a C/N ratio over 10 or below 1 might adversely 

impact the N removal performance and granule stability [7]. Additionally, a high C/N ratio might 

facilitate the denitrification process, while the competition between heterotrophic and autotrophic 

microorganisms might adversely affect the ammonia removal performance. To date, no study has 
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employed AGS system for organic N removal from high ammonia waste streams, and only limited 

studies have explored the feasibility and efficacy of AGS in inorganic nitrogen removal from high 

ammonia waste streams with concentrations over 400 mg N/L [8-12]. Among the reported studies, 

thorough investigation into the impact of C/N ratios on granular sludge-based systems and the 

pathways for inorganic and organic N removal are underexplored. 

 

In the current study, a new granular sludge reactor design, referred to as the granular sludge reactor 

(GSR), was developed to address the issues mentioned above. Unlike conventional AGS studies, 

which predominantly rely on continuous aeration, this newly proposed design introduced an 

anoxic phase with additional COD to enhance inorganic and organic N removal and optimize COD 

utilization in high ammonia waste streams. Over the past four years, 12 reactors were operated to 

address the aims of this thesis and to provide important mechanistic understanding and practical 

guidance for upscale application of the GSR technology for the treatment of ammonia rich waste 

streams. 

 

1.2 Research objectives 
The primary aim of this thesis is to develop a highly efficient technology for the treatment of 

ammonia rich waste streams and to optimize the operation strategy for treating waste streams with 

varied C/N and Alk/N ratios. This objective was accomplished through three specific objectives: 

Objective 1. Evaluate the influence of waste stream characteristics (C/N ratios and residual solid 

content) on N removal pathways and granular stability. 

Objective 2. Identify the critical process controls in AGS treating high ammonia waste streams 

with varied C/N ratios.  

Objective 3. Apply and optimize the newly developed GSR for the removal of inorganic and 

organic N from high ammonia waste streams.  

 

1.3 Thesis outline 
This thesis consists of twelve chapters. 

Chapter 1 provides a brief introduction of the background, research objectives and approaches, 

and an outline of this thesis. 
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Chapter 2 offers a comprehensive literature review related to the objectives. 

 

Chapter 3 lists the general materials and methods adopted in this thesis. 

 

Chapters 4-5 address the Objective 1, investigating the impact of waste stream characteristics, 

including C/N ratios and solid content, on N removal pathways and granule stability in AGS. 

These chapters provide information on the selection of N removal pathway that guide the 

following studies. Specifically, Chapter 4 examines the impact of C/N ratios on ammonia 

oxidation pathways and their contributions to N removal capacity, based on specific microbial 

activity tests and microbial community results. The potential mechanism for the community and 

N pathway shifts were proposed. Chapter 5 explores the impact of influent solids on AGS, 

focusing on granular sludge functional and structural stability and N removal efficiency. 

 

Chapters 6-7 tackle Objective 2, exploring key control parameters in high ammonia waste stream 

treatment and guiding the development of the newly proposed GSR. Chapter 6 highlights the 

limitation of AGS in treating high ammonia, low alkalinity waste streams under varied C/N ratios, 

with a detailed microbial community analysis. Chapter 7 investigates the contributions of granules 

and flocs to N removal capacity under varied C/N ratios. A systematic microbial community 

analysis was conducted to identify divergences between granules and flocs and their responses 

during C/N ratio shifts.  

 

Chapters 8-11 address Objective 3, evaluating the efficacy of the newly developed GSR for 

inorganic and organic N removal from high ammonia waste streams. Chapter 8 focuses on 

inorganic N removal from high ammonia waste streams with low C/N and low Alk/N ratios. 

Chapter 9 assesses the GSR efficacy in the treatment of high ammonia, low C/N ratio and heavy 

metal contaminated wastewater, with a specific focus on inorganic N removal. Chapter 10 

investigates the dissolved organic nitrogen (DON) removal in high ammonia waste streams. 

Chapter 11 evaluates the feasibility of utilizing high COD waste streams as a replacement for 

commercial carbon source in N removal within the GSR. 
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Chapter 12 concludes the research findings and achievements, offering recommendations for 

future research. 
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Chapter 2. Literature Review 

2.1 Nitrogen fractions in high ammonia waste streams 
The high ammonia waste streams that are mentioned in this thesis primarily originated from 

aerobic or anaerobic digestion processes. These waste streams are characterized by high ammonia, 

over 400 mg/L, and have varied biodegradable COD (bCOD) levels, with bCOD/N ratios ranging 

from 0.1 to 10 [6, 13]. Alongside the high ammonia level, DON compounds are released into the 

liquid phase during anaerobic digestion. The inorganic N fraction comprises ammonia, nitrite and 

nitrate, while organic N consist of a complex matrix of various compounds. This includes 

biodegradable compounds like amino acids, proteins and amino sugars, and nonbiodegradable 

compounds, such as humic acids and fulvic acids [6, 14, 15]. Approximately 50% of the released 

DON is recalcitrant, making it challenging for wastewater treatment plants (WWTPs) to meet 

stringent discharge limits, with Total Kjeldahl Nitrogen (TKN) concentrations below 50 mg/L. 

This highlights the need for effective technology to treat such high ammonia waste streams. 

 

2.2 Biological processes for inorganic nitrogen removal from high ammonia 

waste streams 
Biological processes for treating high ammonia waste streams can be categorized based on 

different C/N ratios, as the C/N ratio is a critical factor influencing N removal performance. 

Previous studies have not clearly defined high and low C/N ratios. Therefore, in this thesis, a C/N 

ratio lower than 3 is considered low, and a C/N ratio over 3 is considered high. This classification 

is based on the C/N ratio required for the completion of the denitrification process. 

 

2.2.1 Inorganic nitrogen removal from low C/N ratio waste streams 

2.2.1.1 Conventional nitrification/denitrification 

High ammonia wastewater is traditionally being treated by combining with domestic wastewater 

and through nitrification/denitrification process. Nitrification process involves ammonia 

oxidation to nitrite (by autotrophic ammonia oxidizing bacteria (AAOB)) and then nitrite 

oxidation to nitrate (by nitrite oxidizing bacteria (NOB)) under aerobic condition (NH4+  NO2-  

NO3-). Denitrification process comprises nitrate reduction to nitrite followed by nitrite reduction 
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to nitric oxide, nitrous oxide, then to nitrogen gas (NO3-   NO2-   NO   N2O   N2) with the 

presence of organic carbon as electron donor.  

 

2.2.1.2 Nitritation/denitritation 

Nitritation/denitritation (Nit/DNit) converts ammonia to nitrite ( Reaction 2.1 ) and then directly 

denitrifies to nitrogen gas without producing nitrate (Reaction 2.2). Compared to the conventional 

Nif/DNif process, Nit/DNit can reduce oxygen demand and carbon demand by 25% and 40%, 

respectively [16]. High ammonia waste streams, such as centrate, mature landfill leachate, and 

various industrial wastewaters, often lack sufficient alkalinity and biodegradable organic carbon, 

which are essential for efficient ammonia removal. As a result, Nif/DNif process typically require 

intensive energy inputs for aeration and chemical additions for alkalinity and external carbon 

sources. Aeration is one of the most energy-intensive processes in WWTPs [17]. Therefore, 

Nit/DNit has emerged as a superior alternative to the conventional process, especially for the 

treatment of high ammonia waste streams.  

 2NH4
+ + 3O2 → 2NO2

− + 4H+ + 2H2O   Reaction 2.1  

 2NO2
− + CH3COO− → N2 + 2CO2 + H2O + OH−   Reaction 2.2  

 

2.2.1.3 Autotrophic nitrogen removal processes 

The autotrophic N removal processes potentially occurring in the treatment of high ammonia, low 

C/N ratio wastewaters involve anaerobic ammonia oxidation (anammox) and sulfide-oxidizing 

autotrophic denitrification (SOAD). The anammox process converts ammonia and nitrite to 

nitrogen gas, saving 60% of aeration consumption and eliminating the need for organic carbon 

[18]. This process is typically combined with nitritation. However, the slow growth and high 

sensitivity of anammox bacteria to nitrite, oxygen and temperature limit their practical 

applications [19, 20]. 

 

The sulfide-oxidizing autotrophic denitrification (SOAD) process utilizes sulfide or thiosulfate as 

an electron donor for denitrification. This process is independent of organic carbon, and thus 

saving the chemical costs. The presence of sulfide in industrial and sewer discharges has been 

documented [21], suggesting that this process might be feasible when treating high ammonia 

digestate.  
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2.2.2 Inorganic nitrogen removal from high C/N ratio waste streams 

The conventional Nif/DNif and Nit/DNit processes are also capable of performing N removal 

under high COD conditions, whereas anammox process is likely inhibited under high COD 

conditions [22]. Additionally, heterotrophic nitrification aerobic denitrification (HNAD), firstly 

reported in 1988 [23], can also facilitate N removal from high COD wastewaters. During the 

HNAD process, heterotrophic nitrification aerobic denitrification microorganisms (HNADMs) 

oxidizes ammonia in the presence of COD and perform denitrification under aerobic conditions 

[24]. This process can be carried out by a single microorganism, which directly converts ammonia 

to N2 [25, 26].  

 

2.3 Biological processes for organic nitrogen removal from high ammonia 

waste streams 
Most research on DON removal has focused on physical and chemical methods [27, 28]. These 

methods often include coagulation, nanofiltration, advanced oxidation, and adsorption [4, 29, 30]. 

Generally, biological process showed limited capability for DON removal. Most biodegradable 

organic N is converted to ammonia via hydrolysis and acidogenesis during anaerobic digestion. 

In mainstream treatment systems, the anaerobic zone showed high DON removal (~68%), while 

limited removal or even production of DON was observed in the anoxic phase [3, 15]. In the 

aerobic phase, elevated DON concentrations were obtained [3]. Further, the denitrification process 

has been reported as sink and source of DON, with the influence of C/N ratios on DON being 

controversial [31, 32]. Although DON is recognized as one of the most problematic constituents 

in the discharge of leachate into WWTPs due to its recalcitrate nature, successful strategies for 

DON removal remain scarce.  

 

2.4 Biological technologies for high ammonia waste stream treatment 
For inorganic N removal from high ammonia waste streams with varied C/N ratios, Nit/DNit is 

preferred process due to its robustness against operational variations and cost-effectiveness. This 

process involves autotrophic ammonia oxidizing bacteria (AAOB) and denitrifiers. The key to 

achieve high Nit/DNit capacity is the retention of slow growing AAOB. 
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2.4.1 Conventional activated sludge technology 

For sewage treatment in WWTPs, conventional activated sludge (CAS) technology necessitates a 

large footprint. This is due to the poor settleability and low biomass density, typically ranging 

from 3 to 5 g/L for CAS [33]. Consequently, a large secondary settling tank is required to ensure 

sufficient retention of microbes. 

 

2.4.2 Emerging biofilm-based technology: aerobic granular sludge  

Towards a more energy efficient treatment system, biofilm-based technologies have emerged to 

create more compact WWTPs. These technologies rely on the immobilization of microbes on 

carriers or retaining microbes in the system via membrane separation [33]. However, they are 

limited by biofilm mass transfer and high maintenance costs. 

 

In the late 1990s, aerobic granular sludge (AGS) technology was discovered. AGS is a unique 

biofilm-based microbial consortium without the need for a supporting material, advancing as a 

compelling alternative to activated sludge systems for wastewater treatment. Generally, a sludge 

size over 0.2 mm and sludge volume index (SVI) below 80 mL/g was considered granular sludge, 

otherwise classified as suspended sludge or flocs. AGS is featured by its outstanding biomass 

density, settling capacity, biomass retention, microbial diversity, tolerance to toxic compounds, 

and ability to withstand shock loadings [34]. These features enable wastewater treatment plants to 

save on land requirements (such as settling tank) and capital costs relevant to WWTP operation 

[35]. Moreover, AGS enhances industrial wastewater treatment performance and stability [36]. 

The superior biomass retention of AGS supports the growth of AAOB, thereby potentially 

achieving high N removal capacity with this technology. However, previous studies have 

primarily focused on COD removal, while N removal studies have been limited [37]. 

 

2.5 Aerobic granular sludge technology: status and challenges 
Driven by the increasing need for sustainability and stringent discharge standards, research has 

focused on elevating hydraulic loads without increasing reactor volume. Treatment systems have 

now shifted towards implementing AGS technology in municipal and industrial wastewater 

treatment.  
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2.5.1 Aerobic granular sludge in low ammonia wastewater treatment – a well-established 

technology 

AGS technology has been adopted for the treatment of municipal wastewaters, which typically 

have ammonia concentrations ranging from 30 to 50 mg/L and biodegradable COD (bCOD) 

concentrations around 200 to 500 mg/L [38]. The high C/N ratios approximately 10 in municipal 

wastewaters are favourable for the granulation process. The first full scale AGS installation was 

accomplished using Nereda® biotechnology. By 2021, 88 full scale AGS-based WWTPs had been 

constructed, with 80 applied to municipal wastewater treatment by the Nereda® and S:Select® 

brands [5]. The Nereda® AGS system operates with simultaneous fill and draw, continuous 

aeration and settling. The N loading rate that achieved in this system ranges from 0.4 to 1.2 

kg/(m3·d) [39, 40]. Key factors driving successful AGS implementation include rapid granulation 

and long-term stability. 

 

2.5.2 Aerobic granular sludge in high ammonia waste stream treatment: status  

To date, only six studies have adopted AGS for the treatment of landfill leachate and industrial 

wastewater with ammonia concentrations over 400 mg/L and C/N ratios ranging from 0.4 to 13.7 

(Table 2.1). With high C/N ratios (over 3), ammonia removal efficiencies ranged from 50% to 99%, 

while efficiencies of 84% to 88% were achieved with low C/N ratios (below 3). Under both high 

and low C/N conditions, TIN removal efficiencies were below 75%. Among these, only one study 

investigated the applicability of AGS for high ammonia, low C/N wastewater treatment. 

Table 2.1 Reported studies using aerobic granular sludge system for the treatment of high 
ammonia waste streams. 

Reactor 
type 

Waste 
streams 

NH4
+-N 

concentration 
(mg/L) 

C/N 
ratio 

Treatment 
process 

NH4
+-N 

removal 
efficiency 

TIN 
removal 

efficiency 

N loading 
rate 

(kg/(m3·d)) 
Reference 

AGS Landfill 
leachate 366 13.7 Nif/DNif 95% 75% 0.4 [12] 

AGS Swine 
slurry 1823 7.5 Nif/DNif < 50% < 50% 1.0 [41] 

AGS Livestock 650 3 - - 73% - [11] 
AGS Synthetic 120-500 1.6-6.8 Nit or Nif 99% 23% 0.7 [42]  
AGS Synthetic < 500 2 Nit 84% 40% 1.6 [43]  
AGS-

Fenton-
AS 

Landfill 
leachate 512 0.4 Nit/DNit 88% 75% - [8] 
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2.5.3 Aerobic granular sludge in high ammonia waste stream treatment: challenges  

The primary challenges for adopting AGS technology for the treatment of high ammonia, low 

COD wastewaters can be attributed to the following two aspects: 

I. Slow granule formation and granule instability  

High ammonia levels elevated free ammonia (FA) concentration, which has been reported to 

negatively affect the granulation process. This is due to the reduced extracellular polymeric 

substance (EPS) production and lowered hydrophobicity, which hindered cell attachments [44]. 

Low C/N condition limit the growth of heterotrophic bacteria, the main contributors to EPS 

production, leading to the formation of loosely structured granular sludge. Additionally, the 

residual solids in wastewater potentially influencing the granule stability. 

II. Limited nitrogen removal  

Achieving high N removal in high ammonia waste streams hinges on maintaining appropriate 

Alk/N and C/N ratios. These ratios are critical for efficient N oxidation and reduction. The Alk/N 

ratios are vital because pH decreases during ammonia oxidation. To maintain a pH range of 7.5 to 

8.0, which is suitable for ammonia oxidation, an Alk/N ratio of 7.14 is necessary [6]. Most high 

ammonia wastewaters have an Alk/N ratio below 7, leading to suboptimal conditions for ammonia 

oxidation. C/N ratios are crucial for N removal efficiency and alkalinity generation. During the 

denitrification process, alkalinity could be generated, which can help balance pH levels in the 

system. A combined Nit/DNit process can reduce the need for external alkalinity supplementation. 

However, strategies to enhance the denitrification process and integrate Nit/DNit into AGS system 

for treating high ammonia, low C/N waste streams remains unclear. 

 

2.6 Key factors to maintain granule structure during the treatment of high 

ammonia waste streams 
Granulation begins with cell to cell adhesion, forming aggregates through physical and chemical 

forces such as van der waals, and ionic attractions. This initial stage is followed by the 

development phase, where EPS and quorum sensing molecules (signaling molecules for cell to 

cell communication) secretion promote the growth of granular sludge (Figure 2.1). The final 

maturation process is facilitated by applied selection forces [5]. Key selection forces of significant 

importance are detailed below: 
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Figure 2.1 Granule formation mechanisms. 

 

2.6.1 Carbon to nitrogen ratios  

C/N ratios have been reported to influence granule formation, size, and stability [45]. The 

availability of bCOD influences the growth of functional microbes that critical to granule 

formation, particularly those responsible for EPS production [46]. Previous studies have 

demonstrated that granular sludge disintegrates at C/N ratio over 10 and below 1 [46, 47]. A C/N 

ratio over 8 favours the growth of fast-growing, heterotrophic, EPS producing microbes, which 

likely form fluffy and large granules. In contrast, a lower C/N ratio enriches slow-growing 

microbes, resulting in small and dense granules [47].  

 

2.6.2 Organic loading rate 

Similar to C/N ratios, organic loading rate (OLR) also plays a pivotal role in the granulation 

process. AGS can be cultivated at high OLR up to 15 kg COD/(m3·d), which can accelerate 

granulation [48]. However, granules cultivated under such high OLR are less stable and prone to 

disintegrate over time. In contrast, the granule cultivation period is longer with low OLR, but the 

cultivated granules are examined to be more stable in structure and performance [47].  
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2.6.3 Hydrodynamic shear force 

Hydrodynamic shear force, primarily provided by aeration and represented as up-flow superficial 

velocity, significantly impacts granule structure and shape [38]. A shear force over 1.2 cm/s is 

necessary for AGS formation [49]. Higher shear forces promote the formation of thin and dense 

granular sludge. Maintaining high shear force is beneficial for eliminating filamentous outgrowth, 

thereby enhancing granule stability [50]. Additionally, hydrodynamic shear force stimulates the 

secretion of EPS, which are crucial for cell to cell interactions and granule development. 

 

2.6.4 Settling period 

The settling period is an important selection force that manipulates the proportion of flocs (size 

below 0.2 mm) and large granules (size over 0.2 mm). With a short settling duration (2 to 10 min), 

flocs are likely washed out due to their slow settling capacity, allowing only large granules to be 

retained in the system [51]. Conversely, a long settling time allows flocs to remain in the system 

alongside large granules. Short settling times are commonly used in AGS studies to select for the 

fast settling and dense granules. 

 

2.6.5 Microbial selection 

Previous studies have indicated that controlling the microbial growth rates at a low level is the 

key to stabilizing granules [52]. Studies widely reported stable granular sludge with the 

enrichment of polyphosphate accumulating organisms (PAOs), glycogen accumulating organisms 

(GAOs) and nitrifying microorganisms like AAOB [52, 53]. These microorganisms help control 

the size of the granular sludge when treating high COD wastewater, thereby preventing the 

formation of large granules that are prone to disintegration into flocs over time, which can 

deteriorate treatment performance. 

 

2.6.6 Feeding regime 

Slow anaerobic feeding has been widely recognized to benefit AGS formation compared to pulse 

injection, primarily due to the enrichment of slow growing microorganisms, such as GAOs and 

PAOs [38]. These microorganisms convert available carbon to storage polymers, leaving limited 

bCOD for the growth of fast growing heterotrophic bacteria, especially filamentous bacteria that 
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can cause granule disintegration, in the subsequent aerobic phase [48]. Aerated feeding and fast 

static feeding can achieve rapid granulation but are suitable only for studies focusing on organic 

removal. Under these conditions, heterotrophic bacteria outcompete autotrophic N removal 

bacteria [54]. 

 

2.6.7 Carbon source 

The most commonly used carbon source in granule cultivation studies are sodium acetate, glucose, 

ethanol and propionate. Different carbon sources can influence the microbial community and 

granule structure. Sodium acetate has been identified as the ideal carbon source for granule 

cultivation and N removal, outperforming propionate, glucose, and ethanol. Granules cultivated 

with ethanol have stability concerns, while those formed with propionate and glucose require a 

longer time for granulation [55, 56]. 

 

2.6.8 Influent solid content 

Suspended solids in influent wastewaters minimally impacted granulation time but varied in 

granule size. Higher suspended solid content formed dense granular sludge, enhancing settling 

capacity and microbial activities [57]. However, excessive suspended solids may negatively affect 

sludge retention due to living space competition, leading to sludge washout [58]. 

 

2.7 Strategies to enhance nitrogen removal during high ammonia waste 

stream treatment 

2.7.1 Strategies under high ammonia and high COD conditions 

Poor ammonia and TIN removal have been reported in previous AGS studies treating high 

ammonia, high COD waste streams. This might be due to the competition between heterotrophic 

bacteria and autotrophic ammonia oxidizing bacteria (AAOB) for oxygen and space. Enhance the 

retention of AAOB can improve ammonia removal efficiency. Bioaugmentation can elevate the 

ammonia removal efficiency up to 86% [59]. Slow step feeding of high COD wastewater has also 

been tested and proven effective for improving ammonia removal. This strategy allows the 
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consumption of COD during the feeding phase, resulting in less residual COD when the reactor 

transitions to the aerobic phase [60]. 

 

2.7.2 Strategies under high ammonia and low COD conditions 

To date, strategies for achieving high TIN removal in AGS system are limited. Only one study has 

reported 75% TIN removal in low C/N wastewaters, utilizing a combination with Fenton process 

[8]. Even for high C/N wastewaters, TIN removal efficiencies have ranged from 23% to 75% [11, 

12, 41, 42], indicating inefficient COD utilization in AGS system. Apart from AGS studies, 

strategies such as supplying external carbon source during the anoxic phase to facilitate TIN 

removal are commonly used to enhance TIN removal [61]. Additionally, high COD waste streams 

can serve as an alternative for commercial carbon sources for denitrification [62].  

 

2.8 Full-scale technologies for high ammonia waste stream treatment 
Until now, several commercialized technologies have been developed for high ammonia 

wastewater treatment, such as SHARON, DEMON® and ANITATMMox. The SHARON process 

uses Nit/DNit process, while DEMON® and ANITATMMox employ the nitritation/anammox 

process [63, 64]. Among these, ANITATMMox, which utilizes attached growth sludge, shows the 

highest N loading rate at 1 to 1.2 kg N/(m3·d), followed by SHARON and DEMON®, both 

exhibiting N loading rates ranging from 0.2 to 0.6 kg N/(m3·d). These technologies are typically 

operated at temperatures above 25 oC. Granular sludge-based technology has yet to be applied to 

treat such waste streams. 
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Chapter 3. Materials and Methods 

This chapter elucidates the general materials and methods used in Chapter 4 to Chapter 11. 

Specific methodologies unique to each chapter will be addressed within their corresponding 

chapters. 

 

3.1 Analytical procedures 
The performance evaluation of the reactor was carried out by analyzing influent and effluent 

samples every two days. Upon collection, these samples were immediately filtered using 0.45 µm 

filters to determine concentrations of NH4+-N, NO2--N, NO3--N, and soluble COD (sCOD). The 

measurement of NH4+-N, NO2--N and NO3--N were analyzed by HACH Nessler reagent, NitriVer® 

2 nitrite reagent, and TNT 835 nitrate reagent (HACH, Germany), respectively. Additionally, 

parameters such as sCOD, biomass density and properties including mixed liquor suspended 

solids (MLSS), mixed liquor volatile suspended solids (MLVSS), and sludge volume index for 5 

min (SVI5) and 30 min (SVI30), were assessed according to the Standard Method [65]. Additionally, 

the biodegradable COD (bCOD) was measured following the standard method for ultimate 

biochemical oxygen demand measurement [65]. The changes in granular sludge sizes were 

monitored using ImageJ software. 

 

3.2 Cycle tests 
Cycle tests were performed at the end of each stage to assess the transformation of N compounds 

throughout a typical cycle. The anoxic feeding phase was not included as it was difficult to collect 

representative samples due to the lack of mixing in this period. Besides of that, sampling occurred 

in all other stages in a cycle. Collected samples were filtered (0.45 µm filters) and analyzed for 

NH4+-N, NO2--N, NO3--N and sCOD according to Section 3.1.  

 

3.3 Microbial activity test 
Batch tests were carried out to evaluate the specific activities of different N pathways, 

encompassing ammonia oxidation by autotrophic ammonia oxidizing bacteria (AAOB) and 

heterotrophic ammonia oxidizing bacteria (HAOB), nitrite oxidation by nitrite oxidizing bacteria 

(NOB), and nitrite reduction and nitrate reduction by denitrifying bacteria. These batch tests were 
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performed in triplicate at the temperature that used in respective studies. For all the tests, the 

sludge samples were collected at the steady state of each stage and specifically under aerobic 

phase to ensure a homogeneous environment. The MLVSS concentration in batch tests was 

consistently maintained at 4 g/L, with an initial pH set to approximately 7.5. The results were 

expressed as g N/(g VSS·d).  

 

AAOB, HAOB and NOB activity tests were conducted under aerobic conditions using 30 mL 

mixed liquor (containing centrifuged sludge and synthetic medium) in 160 mL serum bottles. The 

growth medium for AAOB activity tests contained 400 mg/L NH4+-N and 2800 mg CaCO3/L 

alkalinity. The growth medium used for HAOB activity tests contained 400 mg/L NH4+-N, 2800 

mg CaCO3/L alkalinity, 1200 mg/L COD, and 50 mg/L allylthiourea (ATU). ATU was used as an 

inhibitor of AAOB [66]. The substrate for NOB activity tests contained 200 mg/L NO2--N and 

1400 mg CaCO3/L. The pH was adjusted to around 7.5, and the bottles were then tightly sealed 

with rubber stopper and aluminum cap and shaken at 160 rpm. Sampling occurred at 15 min 

intervals for a duration of an hour. These samples were then filtered and analyzed for NH4+-N to 

ascertain AAOB and HAOB activities via the rate of NH4+-N reduction, and for NO3--N to 

determine NOB activity based on the rate of NO3--N production.  

 

Denitritation and denitrification activity tests were conducted under anoxic environment using 80 

mL mixed liquor in 120 mL serum bottles. The medium for denitritation activity tests contained 

200 mg/L NO2--N, 1400 mg CaCO3/L, and 2000 mg/L COD, and for denitrification activity tests 

contained 100 mg/L NO3--N, 700 mg CaCO3/L, and 1000 mg/L COD. Prior to the tests, the pH of 

the mixed liquor was adjusted to around 7.5, followed by a nitrogen gas purge for 10 min to ensure 

anoxic environment. The bottles were then sealed and shaken at 180 rpm. Samples were collected 

every 10 min for 40 min. These samples were filtered and analyzed for NO2--N and NO3--N to 

determine the denitritation and denitrification activities according to the slope of NO2--N and NO3-

-N reduction, respectively, versus time. 

 

3.4 Extracellular polymeric substances extraction 
Extracellular polymeric substances (EPS) extraction utilized the modified formaldehyde-sodium 

hydroxide method [67]. In detail, 10 mL samples were taken from the reactor; after supernatant 
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removal, it was resuspended to 10 mL using ultrapure water, followed by centrifugation at 4 oC 

and 2000 g for 15 min. The resultant supernatant was passed through 0.22 µm filters, designating 

it as soluble EPS (S-EPS). The pellets were subsequently resuspended in 10 mL of ultrapure water, 

with an addition of 0.06 mL of 36.5% formaldehyde, and stored at 4 oC for an hour. Post-

centrifugation (4 oC, 5000 g, 15 min), the supernatant was filtered (0.22 µm) and termed as loosely 

bound EPS (L-EPS). The pellets were then resuspended in ultrapure water to 10 mL with the 

addition of 4 mL 1N sodium hydroxide, incubated at 4 oC for 3 hrs, followed by centrifugation at 

4 oC and 6000 g for 15 min. The supernatant was filtered (0.22 µm) to yield tightly bound EPS 

(T-EPS). All EPS samples (S-EPS, L-EPS and T-EPS) were dialyzed for 24 hours using 

Spectra/Por® dialysis membrane, 3.5 kD (Spectrum Laboratories, Inc.). Protein quantification 

employed the modified Lowry method [68], while polysaccharide content was determined using 

the phenol-sulphuric acid method [69-71].  
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Chapter 4. Influence of Carbon to Nitrogen Ratios to Ammonia 

Oxidation Pathways in Aerobic Granular Sludge Reactor1 

4.1 Introduction 
In biological wastewater treatment, nitrogen removal relies on autotrophic nitrification (conducted 

by autotrophic ammonia and nitrite oxidizing bacteria, AAOB, and NOB) and anoxic 

denitrification [72]. It has been reported that the autotrophic nitrification process would be 

negatively affected if high COD were present, mainly due to the oxygen competition among 

autotrophic and heterotrophic microorganisms [73]. In addition, heterotrophic nitrification aerobic 

denitrification (HNAD) [23], may also carry out ammonia oxidation and denitrification in the 

presence of COD and oxygen [24]. Microorganisms such as Paracoccus, Alcaligenes, Aeromonas, 

Bacillus, Acinetobacter, and Pseudomonas are known HNADMs, capable to perform HNAD [34]. 

This process was found to be affected by a range of operation factors (such as dissolved oxygen 

(DO), C/N ratio, temperature, and salinity) [24], in which C/N ratio has been recently studied and 

shown to impact the N metabolic pathway (autotrophic or heterotrophic nitrification) [25, 73, 74]. 

However, the underlying mechanisms of the C/N ratio in the succession of N metabolic pathways 

were still unclear, especially the role of ammonia in the system. Further, due to the lack of 

information about specific microbial activities regarding autotrophic and heterotrophic 

nitrification at different C/N ratios, their contributions to ammonia oxidation in a co-existing 

system have been overlooked.  

 

The C/N ratio has also been reported as a crucial factor impacting granule formation, size, and 

structural stability [45]. Previous studies employed a relatively high C/N ratio (~8) to cultivate 

AGS [75]; while high C/N ratio might adversely impact the N removal processes and; granule 

disintegration was reported at a low C/N condition (C/N at 1) [7]. As N contaminated wastewater 

characteristics can vary significantly depending on C/N ratio, the impact of C/N on N removal of 

wastewaters and granule stability in AGS systems need to be demonstrated.  

 

 
1 A version of this chapter has been published: Zou, X., Gao, M., Mohammed, A., & Liu, Y. (2023). Responses of various carbon to nitrogen ratios 

to microbial communities, kinetics, and nitrogen metabolic pathways in aerobic granular sludge reactor. Bioresource Technology, 367, 128225. 

https://doi.org/10.1016/j.biortech.2022.128225 

https://doi.org/10.1016/j.biortech.2022.128225
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In this chapter, various C/N ratios (with different N levels) were tested for their impacts on the 

dominant N metabolic pathways in the following aspects: the specific microbial activities 

associated with nitrogen transformation, the dynamics of microbial community composition and 

the relative abundance of functional genes. Potential mechanisms that contribute to the succession 

of microbial communities were proposed. This study helps to better understand the contribution 

of AAOB and HAOB in different C/N conditions and provides an insight on the selection and 

enrichment of specific microbes for more efficient ammonia removal in future studies. 

 

4.2 Methods and materials 

4.2.1 Reactor configuration and operation 

A 1.8 L aerobic granular sludge (AGS) reactor (diameter: 6 cm, height: 69 cm) was used to treat 

wastewater in a sequencing batch mode (Figure 4.1). Air was introduced at 2.4 cm/s at the bottom 

of the reactor through an air diffuser. Synthetic wastewater was introduced at the bottom of the 

reactor. The reactor was operated for 280 days in four stages at 20 °C, each stage characterized by 

a different C/N ratio. The reactor was operated with a 50% feed exchange ratio and 4 h per cycle. 

Each cycle comprised 60 min anoxic feeding, 170 min aeration, 5 min settling, 3 min decanting, 

and 2 min idling. Pre-programmed timers automatically controlled the SBR operation sequences. 

Solid retention time (SRT) was not controlled in this study; sludge removal occurred only through 

effluent discharge. 
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Figure 4.1 Schematic of the granular sludge reactor. 

 

4.2.2 Seed sludge and synthetic reactor feed 

Dried AGS from a former AGS cultivation reactor using synthetic wastewater was used as the 

inoculum for a fast reactor startup. The mixed liquor volatile solids (10 g/L) in the suspended 

sludge were used to inoculate the AGS reactor. Various NH4+-N concentrations (100, 200, and 400 

mg/L, in the form of ammonium chloride) and 1200 mg/L COD (using sodium acetate anhydrous) 

were used as the synthetic wastewater reactor feed in Stage I to Stage IV (detailed information is 

shown in Table 4.1). Carbon dioxide in the air was the inorganic carbon source for the growth of 

nitrifying bacteria in all stages. In Stages III and IV, extra alkalinity (using sodium bicarbonate) 

was supplied to maintain the pH to above 7; and 2800 and 1400 mg CaCO3/L alkalinity were 

added to the reactor feed, respectively. Per liter, the synthetic wastewater also contained 0.05 g 

KH2PO4, 0.06 g K2HPO4, 0.03 g CaCl2·2H2O, 0.025 g MgSO4·7H2O, 0.02 g FeSO4·7H2O, and 

micro-nutrients prepared according to previous study [76]. 
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Table 4.1 Aerobic granular sludge reactor feed characteristics. 
Stages COD (mg/L) NH4

+-N (mg/L) C/N ratio Alkalinity supplied 
(mg/L) 

I 1200 100 12 0 
II 1200 200 6 0 
III 1200 400 3 2800 
IV 1200 200 6 1400 

 

4.2.3 DNA extraction and microbial analysis 

DNA was extracted in duplicate samples taken from reactor sludge at each stage (Stage I to Stage 

IV) using DNeasy PowerSoil® DNA Isolation Kits (QIAGEN, Hilden, Germany) following the 

protocol provided. Extracted DNA was checked for quality using NanoDrop™ One 

(ThermoFisher Waltham, MA), and sequenced on the Illumina Miseq platform at Génome Québec 

Innovation Centre (Montréal, QC, Canada). The raw sequence data were processed on the QIIME2 

platform using the DADA2 algorithm for low-quality sequences and chimera removal [77] and 

assigned taxonomy based on the GreenGene database (version13_8) with 99% similarity [78, 79]. 

The Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2 

(PICRUSt2) pipeline was used to predict the abundance of functional genes for nitrogen 

conversion in different C/N ratios based on the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) database [80]. The genes of core enzymes that related to ammonia oxidation and N 

removal were identified based on the KEGG pathway maps of nitrogen metabolism. The raw 

sequencing data was submitted to the National Center for Biotechnology Information (NCBI) 

GenBank (PRJNA887036). 

 

4.2.4 Statistical analysis 

The significance of the results was measured using the T-test in Microsoft® Excel® software, 

version 2109. A P-value < 0.05 was considered to be significant. RStudio, version 3.6.3, packages 

“vegan” and “ggplot” were used to perform canonical correspondence analysis (CCA) [81]. 

 

4.3 Results and discussion 

4.3.1 Sludge characteristics 

Figure 4.2a shows the dynamics of MLSS and MLVSS throughout the reactor operation. MLSS 

and MLVSS concentrations dropped in the first week of operation due to the sludge lost during 
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seed sludge rehydration. Afterwards, both MLSS and MLVSS gradually increased, and reached 

10 g/L and 6 g/L at the end of Stage I, respectively. As influent NH4+-N concentration increased 

from 100 (Stage I) to 200 mg/L (Stage II), MLSS and MLVSS concentrations decreased to 7 and 

5 g/L, respectively, and the sludge granular size decreased from 4.1 ± 1.0 mm to 2.2 ± 0.6 mm 

(Figure 4.3). A drastic reduction in biomass concentration (MLSS and MLVSS) was observed in 

the first two weeks after the influent NH4+-N level further increased from 200 mg/L (Stage II) to 

400 mg/L (Stage III). However, after the initial two weeks, the biomass concentration increased 

over a short time to 10 g/L MLSS and 9 g/L MLVSS, which was accompanied by a slight reduction 

in sludge granule size (to 2.0 ± 0.6 mm). In Stage IV, MLSS and MLVSS continuously increased 

from 10 and 8 g/L to 18 and 15 g/L, respectively. Granule size was further reduced to 0.7 ± 0.4 

mm (Figure 4.3). The decrease in granule size from Stage I to IV could be attributed to a reduced 

production of extracellular polymeric substances (EPS) by heterotrophic microorganisms due to 

the lower C/N ratios [82, 83]. In addition to the lower C/N ratios, higher FA concentrations might 

also contribute to the smaller granule size due to its adverse impact on cell hydrophobicity and 

EPS production [84]. 
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Figure 4.2 Sludge characteristics at each stage of wastewater treatment: (a) concentrations of 
mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS); (b) 
sludge volume index (SVI) values at 5 min and 30 min. 
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Figure 4.2b presents the sludge volume indexes SVI5 and SVI30 at different stages of wastewater 

treatment. Throughout the reactor operation, SVI values were maintained below 60 mL/g, except 

during the beginning of Stage III when considerable biomass washout was observed. These data 

suggest that the settling capacity and the stability of the granular sludge were maintained in the 

reactor even at a low C/N ratio of 3, although gradually reduced granule sizes were noticed. The 

SVI values in this study are in the commonly reported SVI range for AGS, below 80 mL/g [85].  

 

 
Figure 4.3 Granular sludge morphology in Stages I to IV under different carbon to nitrogen 
condition.  

 

4.3.2 Nitrogen removal 

Figure 4.4a shows NH4+-N, NO2--N, and NO3--N concentrations in reactor effluent at influent 

concentrations of 1200 mg/L COD and NH4+-N concentrations of 100 (Stage I; C/N = 12), 200 

(Stage II; C/N = 6), 400 (Stage III; C/N = 3), and 200 (Stage IV; C/N = 6) mg/L, respectively. 
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Figure 4.4b shows NH4+-N and total inorganic nitrogen (TIN) removal efficiencies. In Stage I, 

with a C/N ratio of 12, NH4+-N, NO2--N, and NO3--N in the effluents were 51 ± 1.0 mg/L, 1 ± 0.5 

mg/L, and 0.1 ± 0.1 mg/L, respectively, indicating 49 ± 0.5% NH4+-N and 46 ± 1.5% TIN removals. 

In Stage II, the C/N ratio decreased to 6, and the effluent contained 142 ± 2.4 mg/L NH4+-N, 1 ± 

0.8 mg/L NO2--N, and 0.1 ± 0.1 mg/L NO3--N, indicating NH4+-N and TIN removal efficiencies 

of 28 ± 2.4% and 28 ± 2.3%, respectively. It is noteworthy that TIN removal was constrained by 

the limited ammonia removal capacity in Stages I and II with no NOx (i.e., NO2- and NO3-) 

accumulation. The low ammonia removal was likely due to the wash out of the slow growing 

ammonia oxidizing bacteria, since heterotrophic bacteria had a faster sludge growth rate [86]. 

Meanwhile fast settling sludge selection force was applied throughout the operation. There are 

three possible mechanisms that contributed to the low effluent NOx, including simultaneous 

nitrification and denitrification (SND); NH4+-N uptake for cell growth [25, 87] instead of 

oxidization and; heterotrophic nitrification aerobic denitrification (HNAD), which happened in 

the presence of COD and oxygen, converting ammonia to N2 directly [25, 34]. Further research is 

needed to investigate the sludge production that accounted for N removal to gain a better 

understanding on N mass balance. Ammonia removal mechanisms in Stage I and Stage II were 

further assessed in cycle tests, activity tests, and microbial community analysis.  

 

With a C/N ratio of 3 in Stage III, effluent NH4+-N concentrations were gradually reduced from 

325 mg/L to ~1 mg/L as NO2--N accumulated after 18 days of acclimation. Effluent NH4+-N, NO2-

-N, and NO3--N concentrations stabilized at 1 ± 0.7 mg/L, 213 ± 6.2 mg/L, and 4 ± 1.8 mg/L, 

respectively, and the removals of 99 ± 0.3% NH4+-N and 45 ± 1.1% TIN were achieved over 98 

days of reactor operation. High ammonia removal efficiency and NOx (i.e., NO2- and NO3-) 

accumulation indicated that ammonia oxidation capacity was stimulated by lower C/N ratio as 

previously reported [83]. The accumulated NO2--N accounted for 90% of the oxidized nitrogen, 

indicating NOB was suppressed in this stage, which was due to the high free ammonia content 

(FA, up to 30 mg/L) at the initial condition of each cycle. As reported, the NOB activity could be 

successfully suppressed at 0.1-1 mg/L FA [88]. Although the C/N ratio again increased in Stage 

IV to 6, NH4+-N removal and TIN removal efficiencies were maintained at 99 ± 0.2% and 65 ± 

0.9%, respectively (Figure 4.4b). NO2--N (51 ± 0.3 mg/L) and NO3--N (18 ± 1.3 mg/L) 

accumulated in the effluent, suggesting that ammonia oxidizing bacteria that enriched in Stage III 
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probably had the capacity to sustain some level of COD fluctuation and was competitive to the 

heterotrophic bacteria for N source in this condition. The slight increase in effluent NO3--N 

concentration was due to lower (compared to Stage III) influent NH4+-N and FA concentrations 

(up to 15 mg/L), and as reported NOB could gradually recover from FA inhibition [89]. Figure 

4.4c shows a consistently high COD removal (98 ± 1.5%) from the AGS reactor, with influent 

1200 mg/L COD (representing the COD concentration in the feed) and effluent 34 ± 9.5 mg/L 

COD throughout Stage I to Stage IV, regardless of the changes in influent NH4+-N concentration.  
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Figure 4.4 AGS reactor performance in Stage I to Stage IV: (a) influent and effluent nitrogen 
concentrations (NH4+-N, NO2--N, NO3--N); (b) NH4+-N and total inorganic nitrogen (TIN) 
removal efficiencies; (c) influent and effluent COD concentrations and removal efficiencies. 
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4.4 Microbial kinetics 
To get a deeper understanding of the contribution on nitrogen removal from potential nitrogen 

metabolic pathways, specific microbial activities (Figure 4.5) including the activities of AAOB, 

HAOB, NOB, and denitritation and denitrification were conducted in each stage.  

 

4.4.1 Specific microbial activities associated with nitrogen oxidation 

Figure 4.5a shows the highest AAOB activity of 0.24 g N/(g VSS·d) in Stage III at 400 mg/L 

NH4+-N, followed by an AAOB activity of 0.22 g N/(g VSS·d) in Stage IV, suggesting higher 

AAOB activities were obtained under higher ammonia concentration. In comparison, significantly 

lower AAOB activities of 0.006 g N/(g VSS·d) in Stage I and 0.008 g N/(g VSS·d) in Stage II 

were observed (p<0.01). The AAOB activities at Stages III and IV were in the range of reported 

values (0.07-0.68 g N/(g VSS·d) ), while those at Stages I and II were comparatively low [88, 90]. 

 

HAOB activities in Stage I (0.02 g N/(g VSS·d)) and Stage II (0.04 g N/(g VSS·d)) were higher 

than AAOB activities (Figure 4.5a), suggesting that heterotrophic nitrification was likely the 

dominant N transformation pathway in Stage I and Stage II. HAOB activities further increased to 

0.09 g N/(g VSS·d) and 0.13 g N/(g VSS·d) in Stage III and Stage IV, respectively. However, 

compared to the AAOB activity in Stages III and IV, that ammonia oxidation rate was about 3 

times higher than HAOB ammonia oxidation rate, indicating autotrophic ammonia oxidation was 

the dominant ammonia transformation pathway in Stage III and Stage IV. The HAOB activities 

obtained in this study were comparable to reported HAOB activities [72]. Results indicated that 

the significantly increased ammonia removal capacity in Stage III and Stage IV was mainly 

contributed by AAOB. It should be noted that the comparison between specific AAOB and HAOB 

activities have not been reported previously. 

 

Limited NOB activity was detected in Stages I, II, and III: 0.008 g N/(g VSS·d), 0.012 g N/(g 

VSS·d), and 0.01 g N/(g VSS·d), respectively (Figure 4.5a). Higher NOB activity (0.16 g N/(g 

VSS·d)) was observed in Stage IV. The low NOB activities in Stage I and Stage II could be 

attributed to a lack of substrate for NOB to grow (i.e., NO2-), since heterotrophic nitrification 

commonly co-occurs with aerobic denitrification [91]. The limited NOB activity in Stage III was 
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mainly due to the inhibition from the high free ammonia (FA, up to 30 mg/L) at the initial 

condition of each operation cycle [92]. The increase in NOB activity in Stage IV agrees with the 

nitrate production and accumulation in the performance results. 

 

4.4.2 Specific microbial activities associated with nitrogen removal 

The limited denitritation (0.08 and 0.07 g N/(g VSS·d)) and denitrification (0.06 and 0.06 g N/(g 

VSS·d)) in Stage I and Stage II, respectively (Figure 4.5b), were likely a result of the trace NO2--

N and NO3--N accumulation, which served as substrates for the respective processes. With the 

production and accumulation of NO2--N and NO3--N, denitritation activity increased significantly 

(p<0.01) to 1.29 g N/(g VSS·d) (Stage III) and to 1.33 g N/(g VSS·d) (Stage IV), and 

denitrification activity also increased significantly (p<0.01) to 0.73 g N/(g VSS·d) (Stage III) and 

to 0.84 g N/(g VSS·d) (Stage IV). Similar to results reported in Peng and Zhu [93], the NO2--N 

removal rate was about 2 times higher than the NO3--N removal rate. 

 
Figure 4.5 Stage I to Stage IV: (a) Nitrogen oxidation rates of autotrophic ammonia oxidizing 
bacteria (AAOB), heterotrophic ammonia oxidizing bacteria (HAOB), and nitrite oxidizing 
bacteria (NOB); (b) Nitrogen removal rates of denitritation and denitrification. 

 

4.4.3 Cycle tests at different carbon to nitrogen ratios 

Cycle tests were performed to investigate the oxidation states of nitrogen in a typical cycle at each 

stage, as shown in Figure 4.6. The cycle tests were started once aeration began. In Stages I and II 

(Figure 4.6a and Figure 4.6b), low NH4+-N removals were observed (20−22.5 mg/L, calculated 

based on the difference of NH4+-N concentrations at the beginning and end of the cycle), and trace 
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levels of NO2--N and NO3--N were detected throughout the cycle test. The initial COD 

concentration of 535-620 mg/L, which was half of the influent COD concentration due to the 50% 

exchange ratio, was depleted within an hour. The cycle tests in Stage I and Stage II confirmed the 

absence of NOx accumulation throughout the cycles, suggesting that nitritation/nitrification and 

denitritation/denitrification happened simultaneously in the presence of oxygen. This observation 

may be attributed to the nature of granular sludge, which provided an anoxic environment for 

denitrification in the inner granules. Aerobic denitrification, which commonly co-occurs with 

heterotrophic nitrification might also contribute to simultaneous nitrogen removal [24]. As 

mentioned in Section 3.3, the activity test results showed the heterotrophic nitrification was the 

core N transformation pathway in Stages I and II. In addition to simultaneous N removal, N 

assimilation by bacteria can also contribute to TIN loss, which requires future studies to quantify. 

 

Figure 4.6c shows a typical cycle test in Stage III. Within 100 min, ~160 mg/L initial NH4+-N was 

completely consumed. NO2--N accumulated from 55 mg/L (at the beginning of the cycle) to 216 

mg/L, and trace NO3--N was produced (up to 5 mg/L). The initial COD of 311 mg/L in the cycle 

was relatively low compared to the COD concentrations in Stage I and Stage II. The initial NO2--

N concentration (55 mg/L) was lower than the theoretical initial NO2--N concentration (108 mg/L, 

which was calculated based on the leftover NO2--N concentration (216 mg/L) at the end of 

previous cycle and the 50% feed exchange ratio). The lower COD and NO2--N concentrations at 

the beginning of the cycle could be attributed to anoxic denitritation, which removed the leftover 

NO2--N with the introduced COD in the anoxic feeding period. Accumulated NO2--N accounted 

for 98% of the NH4+-N oxidized, again suggesting that simultaneous denitrification or aerobic 

denitrification was limited in Stage III, which might be attributed to the limited COD level in the 

aerobic phase and the reduced granule sizes. TIN removal in this stage was mainly contributed by 

denitritation during the anoxic feeding period.  

 

Figure 4.6d shows a typical cycle in Stage IV. Ammonia was completely oxidized within 100 min, 

and the NOx-N accumulation was 85% of oxidized NH4+-N. The remaining 15% NH4+-N might 

be associated with simultaneous nitrification denitrification (SND) and aerobic denitrification. 

Compared to Stage III, lower NO2--N accumulation was observed; this could be attributed to the 

reduced influent ammonia concentration and the higher C/N ratio that enhanced the denitritation. 
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Aerobic denitrification has been reported previously with C/N ratios from 5 to 10 [94-96], and the 

C/N ratio of 6 in this stage was within this range. The COD was 453 mg/L at the beginning of the 

cycle and that was completely consumed in an hour. Heterotrophic denitrification was also 

noticeable during the anoxic feeding period, which consumed all the leftover NO2--N and NO3--

N with influent COD. The NO3--N concentration was consistently lower than the NO2--N 

concentration, indicating NOB inhibition was still observed in Stage IV.  
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Figure 4.6 NH4+-N, NO2--N, NO3--N, and COD profiles in cycle tests: (a) Stage I (100 mg/L), (b) 
Stage II (200 mg/L), (c) Stage III (400 mg/L), (d) Stage IV (200 mg/L). 

 

4.4.4 Microbial community dynamics  

At the phylum level (Figure 4.7a), Proteobacteria accounted for the greatest proportion among all 

four stages, occupying 78% in Stage I, 88% in Stage II, 87% in Stage III and 91% in Stage IV. 

AAOB (i.e., Nitrosomonas) and denitrifiers (i.e., Thauera, Paracoccus) belong to the phylum 

Proteobacteria. Bacteroidetes is also a major phylum among all stages, accounting for 2%, 3%, 3% 

and 1%, respectively. Actinobacteria accounted for 19% in Stage I and gradually reduced to 0.1% 

in Stage IV. Chloroflexi and WPS-2 have the highest proportion in Stage III, at 7% and 2%, 
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respectively. Proteobacteria, Bacteroidetes, Actinobacteria and Chloroflexi have been reported as 

being involved in the N, organics and phosphorus removal, and granulation process [97]. Previous 

study reported that mature granules had a reduced relative abundance of Actinobacteria, which 

emphasizes the stability of granules over time [98]. 

 

Further analysis was conducted at the genus level (with relative abundances > 0.1%) in Stage I to 

Stage IV, as shown in Figure 4.7b. The dominant genera (> 1%) in all stages were heterotrophs 

[99, 100]; their high redundancy ensured stable COD removal efficiencies at various ammonia 

concentrations.  

 

4.4.4.1 Microbial genera affiliated with heterotrophic nitrifying microorganisms 

The dominant genera Thauera and Paracoccus are heterotrophic microorganisms capable of 

performing denitrification. Thauera and Paracoccus are commonly found in core communities in 

laboratory and full scale AGS systems [25, 101]. The relative abundance of Thauera was reduced 

dramatically from Stage I (64%) to Stage IV (1%), whereas the relative abundance of Paracoccus 

increased substantially from Stage I (3%) to Stage IV (80%). This observation indicated that the 

C/N ratio had a critical impact on bacterial population selection in the AGS system. The increase 

in the relative abundance of Paracoccus could be explained by its preference for high COD and 

high N environments [102, 103]. Previous studies have indicated that Paracoccus has a higher 

substrate uptake rate than Thauera [47, 104] and can perform nitrification and denitrification even 

at FA concentrations of 184 mg/L [25]. These characteristics support its dominance in this study. 

Further, Paracoccus has been reported to be capable to perform HNAD [25], thus the enrichment 

of Paracoccus agrees with the gradual increase of HAOB activities. Huang, Cui, Yan and Cui [34] 

also reported a high Paracoccus abundance (56% of the microbial community) at COD 600 mg/L 

with C/N ratio at ~2.7. This result emphasizes the high COD and ammonia content probably 

favours the growth of Paracoccus. However, contradictory results were reported previously, 

which indicated the abundance of Paracoccus increased as nitrogen level decreased [75]. 

Therefore, the impacts of ammonia concentration, the C/N ratio, and reactor operation on the 

enrichment of Paracoccus need further investigation. 

 



32 

 

The abundance of Azoarcus and unclassified genera in the Comamonadaceae and Rhodocyclaceae 

families was reduced to < 1% from Stage I to II, which may be attributed to their preference for 

high COD and limited nitrogen as demonstrated by Sarkar and Reinhold-Hurek [105] and Wang, 

Geng, Ren, Guo, Wang and Wang [100]. The relative abundance of Corynebacterium and 

Flavobacterium decreased to 0.1% in Stages III and IV, which was speculated to be the result of 

FA inhibition. The abundance of unclassified genera affiliated with the class Betaproteobacteria 

increased from 2% (Stage I) to 38% (Stage II), while its abundance reduced to < 0.1% in Stage III 

and increased again in Stage IV (1%), considering the FA levels in each stage, it is speculated that 

the population shift might be also due to the elevated FA level in Stage III. Further study is needed 

to understand the underlying mechanism of the observed population shift. In contrast, the relative 

abundance of unclassified genera in families A4b, Crymorphaceae, and Pseudomonadaceae, and 

in phylum WPS-2 increased as the ammonia level increased.  

 

4.4.4.2 Microbial genera affiliated with autotrophic nitrifying microorganisms 

The core autotrophic nitrification microorganisms in this reactor were Nitrosomonas (0.3% in 

Stage III) and unclassified genera affiliated with the Nitrosomondaceae family (0.2% at Stage IV), 

which have been previously reported as a representative AAOB [106] (Figure 4.7). The ammonia 

removal efficiencies in Stage III and Stage IV (Figure 4.4b) were likely enhanced by the 

enrichment of these autotrophic nitrifying bacteria (Nitrosomonas and unclassified genera in the 

Nitrosomondaceae family), even though their relative abundances were low (< 1%). In addition, 

the specific microbial activities result also suggest that autotrophic nitrifying bacteria with low 

abundance was the major contributor to the ammonia oxidation, even though highly abundant 

genus was found to be affiliated to heterotrophic nitrification. Similar observations had been 

reported previously [106].  

 

The dominant genus for nitrite oxidation was Nitrobacter, which was observed in Stage III and 

Stage IV and accounted for 0.1% of the microbial community in both stages. The limited NOB 

activity in Stage III with 0.1% relative abundance of Nitrobacter was likely due to FA inhibition. 

Limited NOB activities have been observed in nitritation reactors, even though NOB were present 

in the microbial communities of these reactors [92, 107]. The development of autotrophic 

nitrifying bacteria (AAOB and NOB) supports the succession of the dominant nitrogen metabolic 
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pathway from heterotrophic nitrification in Stage I and Stage II to autotrophic nitrification in Stage 

III and Stage IV. To better understand the dynamics of microbial community and verify the shift 

in N metabolic pathway, functional genes expression studies should be incorporated in future 

studies. 

 
Figure 4.7 Microbial relative abundances at the (a) phylum (> 0.1%) and (b) genus level (> 0.1%) 
at each stage. Unidentified genera are shown at family (Unclassified f_), order (Unclassified o_), 
class (Unclassified c_) and phylum (Unclassified p_) levels. Blue colored genera were affiliated 
with autotrophic nitrifying microorganism; red colored genera were commonly classified 
heterotrophic nitrifying microorganism. 

 

4.4.4.3 Microbial functional genes prediction: nitrogen metabolism 

Genes of core enzymes associated with ammonia oxidation (ammonia monooxygenase (amoABC) 

and hydroxylamine oxidoreductase (hao)) were identified in Stage III and Stage IV (Figure 4.8), 

while the relative abundance of those enzymes in Stages I and II were limited. This result supports 

the observation on the stimulation of autotrophic nitrification in Stages III and IV. The relative 

abundance of nitrite oxidoreductase genes (nxrAB) and nitrate reductases genes (narGH/napAB) 

were reduced in Stages III and IV (Figure 4.8). The napAB genes have been reported to be key 

genes participating in denitrification and nitrate respiration under aerobic conditions; also, these 

genes were commonly used to identify aerobic denitrifying bacteria [108]. It was speculated that 
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aerobic denitrification might be the core denitrifying process in Stages I and II, due to the highly 

abundant napAB genes. The reduction in napAB genes’ abundance in Stages III and IV indicates 

the reduced dominance of aerobic denitrification compared to anoxic denitrification. The highest 

relative abundance of nitrite reductase (nirSK) genes was observed in Stage III, followed by that 

observed in Stage IV (Figure 4.8); this might be correlated to the substrate (NO2-) availability, 

which showed a higher concentration in Stage III. Nitric oxide reductase (norBC) and nitrous 

oxide reductase (nosZ) showed relatively higher abundance, supporting the denitrification 

capacity in the current system. 

 
Figure 4.8 Predicted relative abundances of functional genes related to nitrification (amoABC, hao, 
nxrAB) and denitrification (narGH/napAB, nirSK, norBC, nosZ) in each stage. 

 

4.4.5 Mechanisms of microbial succession in ammonia oxidation 

In this study, heterotrophic nitrification coexists with autotrophic nitrification. Heterotrophic 

nitrification was the dominant nitrogen metabolic pathway in Stage I and Stage II. The limited 

autotrophic nitrification contribution in the first two stages to ammonia oxidation was likely due 

to the selection pressure from high C/N ratio. A high C/N ratio stimulated the growth of 

heterotrophic bacteria, which competed for the space with autotrophic bacteria, and may have 

resulted in difficulties in cultivating slow growing bacteria (i.e., AAOB). 
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The current results indicate that with consistent COD concentration, the autotrophic ammonia 

oxidation pathway was triggered in Stage III (with 400 mg/L NH4+-N) and autotrophic ammonia 

oxidation outcompeted heterotrophic nitrification in Stage III and IV as the major nitrogen 

metabolic pathway. The most reported explanation for higher ammonia oxidation efficiency at 

lower C/N ratios was the reduced competition between heterotrophs and AAOB for space and 

oxygen [75, 82, 83, 109]. However, oxygen competition might not be the reason in this case, since 

the COD was completely consumed within an hour, and there was a ~110 min aerobic condition 

in absence of COD. Further, the space competition from the growth of heterotrophs to AAOB in 

this study could not explain the AAOB growth stimulation in Stage III, because the COD 

concentration in the feed remained the same throughout operation, and the growth of heterotrophs 

and space competition might be similar in all four stages. 

 

4.4.5.1 Proposed mechanism for the development of autotrophic ammonia oxidation 

The free ammonia (FA) inhibition on heterotrophic bacteria [84] was proposed as the potential 

mechanism that triggered the microbial succession associated with nitrogen transformation. It has 

been reported that AGS formed only when the FA concentration was less than 23.5 mg/L [84]. 

The FA concentrations in Stage I to IV were 11, 21, 30, and 15 mg/L respectively, indicating the 

FA level in Stage III might inhibit the EPS production microbes, most likely heterotrophic bacteria, 

and thus, AAOB could grow and be retained in the reactor. Therefore, in addition to the C/N ratio, 

ammonia and FA concentrations were crucial for the shifts in the N metabolic pathway.  

 

FA has been reported to adversely impact the energy metabolism of microorganisms. In detail, FA 

could passively diffuse into the cell and result in proton imbalance. To balance the pH, cells need 

to consume more energy to pump protons in and potassium out, and which would cause potassium 

deficiency and further affect enzyme activities [110]. Therefore, higher FA conditions could 

increase the required energy for cell maintenance and cause lower cell activity and yield. These 

might be the mechanism of FA inhibition on some heterotrophic bacteria in this study. Future 

research is needed to investigate the potential FA inhibition impact on the growth of autotrophic 

and heterotrophic bacteria. 
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4.5 Conclusions 
This chapter demonstrated that high ammonia and low C/N conditions are conducive to high 

ammonia removal in AGS system, suggesting AGS’s capacity for high ammonia wastewater 

treatment. Elevated ammonia concentration with a low C/N ratio at 3 stimulated the growth of 

AAOB (Nitrosomonas), which enhanced ammonia removal efficiencies from 28% (C/N = 6) to 

100%. Although the abundance of AAOB was low (0.3%), their activity was 2.7-fold higher than 

that of HAOB. Heterotrophic nitrification was the dominant nitrogen transformation pathway at 

high C/N ratios (12 and 6). Stable granular sludge was achieved throughout the operation. Current 

study believed that FA inhibition on heterotrophic bacteria and nitrogen competition between 

AAOB and heterotrophic bacteria played a key role for the development of autotrophic nitrogen 

transformation pathway.  
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Chapter 5. Influence of Residual Sludge Content from 

Anaerobically Digested Sludge Wastewater on Aerobic Granular 

Sludge Reactor2  

5.1 Introduction 
Chapter 4 has demonstrated the influence of varied C/N ratios in high ammonia wastewaters on 

N removal pathways, revealing a shift in nitrification pathways between heterotrophic and 

autotrophic nitrification. Chapter 4 suggested that high ammonia conditions select for highly 

active AAOB, leading to higher ammonia removal efficiency. However, given that anaerobically 

digested sludge wastewaters often contain residual sludge, its potential impact on the efficacy of 

downstream reactors warrants further investigation.  

 

Recently, upflow anaerobic sludge blanket (UASB) reactors, employing anaerobic granular sludge 

(AnGS), are extensively utilized for energy and nutrient recovery from high strength industrial 

wastewaters and waste activated sludge [111, 112]. To date, no study has systematically 

investigated the impact of residual AnGS, particularly at a high concentration of 1.8 g/L, on the 

performance of AGS systems with a specific focus on N reduction.  

 

AnGS addition has been primarily confined to AGS start-up [113], rather than continuous addition. 

Previous studies have investigated the treatment of wastewater with high solid content (below 0.7 

g/L), results have been controversial. It has been reported that influent solids negatively impacted 

oxygen transfer, the retention of microbes, reactor stability and effluent quality [6, 57, 114]. In 

contrast, other studies documented enhanced settling efficiency, shortened granulation time, and 

improved N reduction during the treatment of high solid wastewater [57, 58]. The discrepancy in 

reported results highlights the need for a systematic investigation into the impact of residual solids 

(AnGS) in wastewater on the performance of nitrogen removal reactors, providing insights for its 

prospective deployment.  

 
2 A version of this chapter has been published: Zou, X., Gao, M., Sun, H., Zhang, Y., Yao, Y., Guo, H., & Liu, Y. (2024). Influence of residual 

anaerobic granular sludge (AnGS) from anaerobically digested molasses wastewater in aerobic granular sludge reactor. Science of the Total 

Environment, 949, 175206. 
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This chapter aims to evaluate the impact of AnGS introduction on nitrogen removal from 

anaerobically digested molasses wastewater. An AGS reactor was employed to treat wastewater 

with residual AnGS of 1.8 g/L and settled wastewater with minimal AnGS content of 0.3 g/L. A 

comprehensive investigation was carried out into its impacts on treatment performance, AGS 

structural stability, and microbial community dynamics, coupled with mass balance model, as well 

as the persistence of observed effects when AnGS was eliminated from the wastewater. This 

chapter offers insights into the treatment of AnGS contained wastewaters in future studies.  

 

5.2 Methods and materials 

5.2.1 Reactor setup and operation 

A cylindrical AGS reactor with a 3 L capacity was employed to treat anaerobically digested 

molasses wastewater over a period of 110 days at 20 oC. The reactor was initially seeded with 

nitrifying granular sludge from an AGS reactor treating high ammonium wastewater. To start-up 

the reactor, the low AnGS wastewater was introduced into the reactor for 18 days. Once the reactor 

stabilized, high AnGS wastewater was introduced into the AGS reactor, marking the Stage I 

operation. The sequencing batch AGS operated with 50% exchange ratio. An upflow superficial 

velocity of 1.2 cm/s was maintained by a fine bubble air diffuser positioned at the reactor’s base. 

Programmable timers were utilized for automatic control of the reactor’s operations. The reactor 

was operated at a cycle time of 4 hours, including 1 hour for feeding, which is known to benefit 

granule stability [115], 2.75 hours for aerobic phase, and 5 minutes each for settling and 

discharging phases. The reactor operation could be divided into two stages, Stage I used the mixed 

anaerobically digested molasses wastewater with AnGS content at 1.8 g/L (the high AnGS 

condition); Stage II fed with the settled anaerobically digested molasses wastewater with minimal 

AnGS content at around 0.3 g/L (the low AnGS condition). The dissolved oxygen (DO) 

concentrations were within the range of 1.0 to 1.2 mg/L in both stages. The solid retention time 

(SRT) was not manually controlled in this study.  

 

5.2.2 Calculation methods 

Nitrite accumulation rate (NAR) was employed in this study to evaluate the activities of AAOB 

and NOB in the AGS, determined according to Equation 5.1. SRT was adopted and calculated 
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based on Equation 5.2. to help with the understanding of the influence of AnGS introduction on 

the AGS.  

 𝑁𝐴𝑅 =
𝐶𝑁𝑂2

−−𝑁

𝐶𝑁𝑂2
−−𝑁+ 𝐶𝑁𝑂3

−−𝑁
× 100%  Equation 5.1 

where 𝐶𝑁𝑂2
−−𝑁 and 𝐶𝑁𝑂3

−−𝑁 represent the NO2--N and NO3--N concentrations in the AGS treated 

effluent. 

 𝑆𝑅𝑇 =
𝑀𝐿𝑆𝑆𝑅×𝑉𝑅

𝑀𝐿𝑆𝑆𝐸×𝑉𝐸
  Equation 5.2 

where 𝑀𝐿𝑆𝑆𝑅 and 𝑉𝑅 refer to the MLSS concentration in the AGS and volume of the AGS reactor, 

respectively. 𝑀𝐿𝑆𝑆𝐸  and 𝑉𝐸  refer to the effluent MLSS concentration and volume. No manual 

sludge discharge was performed in the AGS.  

 

5.2.3 Microbial community analysis 

DNA from the sludge samples from Stage I, II, and AnGS were extracted for analysis using 

DNeasy PowerSoil Pro Kit (QIAGEN, Hilden, Germany). The extracted DNA was amplified 

using the universal primer pair 515 F/806 R. These samples were then dispatched for amplicon 

sequencing on the Illumina Miseq PE250 platform at Genome Quebec (Montréal, QC, Canada). 

Data processing, including taxonomy assignment, was executed in the Qiime2 pipeline using the 

DADA2 algorithm and the GreenGenes database (version 13_8) with a 97% similarity [116]. 

Biodiversity and richness, such as Shannon, Simpson and Chao1 indexes were calculated, and 

Principal Coordinate analysis (PCoA) were employed to assess the community differences 

between the AnGS and AGS sludge samples from Stages I and II. These analyses carried out based 

on the genus level abundance data using the “ggplot2”, “ade4” and “vegan” packages in R. 

 

5.2.4 Microbial immigration dynamics analysis 

A mass balance model was employed to analyze the contribution of influent AnGS to the microbial 

communities in AGS in Stage I [117, 118]. Based on previous study, Equation 5.3 to Equation 5.7 

were used: 

 𝑑𝑁𝑥

𝑑𝑡
= 𝜇𝑥𝑁𝑥 + 𝑛𝑥,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 − 𝑛𝑥,𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 − 𝑛𝑥,𝑤𝑎𝑠𝑡𝑒   Equation 5.3 

Assume steady state condition, 

 0 = 𝜇𝑥𝑁𝑥 + 𝑛𝑥,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 − 𝑛𝑥,𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡    Equation 5.4 
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 𝜇𝑥 =
𝑛𝑥,𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡−𝑛𝑥,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡

𝑁𝑥
   Equation 5.5 

 𝜇𝑥 =
𝑛𝑥,𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

𝑁𝑥
−

𝑛𝑥,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡

𝑁𝑥
   Equation 5.6 

The cell concentration is assumed to be proportional to the volatile suspended solid (VSS) 

concentration [118], 

 𝜇𝑥 =
1

𝑆𝑅𝑇
−

𝑃𝑥,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 × 𝑉𝑆𝑆𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡×𝑄𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡

𝑃𝑥,𝐴𝐺𝑆 × 𝑉𝑆𝑆𝐴𝐺𝑆×𝑉𝐴𝐺𝑆
   Equation 5.7 

where Nx represents cell number of specific microorganisms in the AGS, t denotes the operation 

duration (d), µx is the net growth rate of microorganisms (1/d), nx,influent and nx,effluent represent the 

cell number of microbial x entering and exiting the system per day (1/d), respectively. The nx,waste 

is the cell number of microbes x wasted from the system, which is 0 in this study, since the sludge 

only wasted with the effluent discharging. Px,influent represents the relative abundance of microbe x 

in all OTUs in influent, VSSinfluent represents the VSS concentration in the influent (g/L), Qinfluent 

denotes the daily volume of the influent (L/d), Px,AGS represents the relative abundance of microbe 

x in all OTUs in AGS reactor, VSSAGS represents the VSS concentration in the AGS reactor (g/L) 

and VAGS represents the volume of the AGS reactor (L). Positive µ values represent actively 

growing microorganisms in AGS, while negative values indicate inactive immigrant in the AGS.  

 

5.2.5 Statistical analysis 

The determination of result significance was conducted using the p-value obtained from T-test 

(Microsoft Excel), with a p-value below 0.05 indicating statistical significance.  

 

5.3 Results 

5.3.1 Reactor performance 

5.3.1.1 Nitrogen and COD removal 

Figure 5.1 elucidates the transformation of N, COD and their respective removal efficiencies in 

the AGS for the treatment of anaerobically digested molasses wastewater over 110 days. In Stages 

I and II, with influent NH4+-N concentrations ranged from 350 to 470 mg/L, effluent 

concentrations of NH4+-N maintained at below 1 mg/L, that was an over 99% ammonium removal 

(Figure 5.1a and Figure 5.1b). The average NO2--N and NO3--N concentrations in Stage I (the high 

AnGS condition) effluent were 130 mg/L and 260 mg/L, respectively, that was a 10% TIN removal 
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(Figure 5.1a and Figure 5.1b). In contrast, Stage II (the low AnGS condition) achieved an 8% TIN 

removal with effluent NO2--N and NO3--N concentrations at 6 mg/L and 390 mg/L, respectively. 

Figure 5.1c indicates the nitrite accumulation rate over the operation period. An average nitrite 

accumulation of 30% was attained in Stage I (the high AnGS condition). However, after one week 

of operation in Stage II (the low AnGS condition), the nitrite accumulation reduced and stabilized 

at 1%. Nitrite accumulation was observed immediately upon introducing high AnGS content 

influent wastewater, indicating a quick response to the reduced SRT. Figure 5.1d shows the sCOD 

levels in Stage I influent and effluent were 2953 mg/L and 2634 mg/L, respectively, that was a 

sCOD removal efficiency of 11%. Interestingly, the sCOD removal efficiency experienced an 

improvement to 20% in Stage II. The decreased nitrite accumulation and higher sCOD removal 

in Stage II might be attributed to the elimination of AnGS from influent wastewater, which likely 

disintegrated and hydrolysed, interfered the system and resulting in a higher COD in Stage I’s 

effluent. The residual recalcitrant COD in the effluent should be further treated, potentially using 

advanced oxidation or photocatalytic processes [119, 120]. The hydrolysis of AnGS may also 

introduce ammonium and organic nitrogen into the system. Based on the consistently high 

ammonium removal efficiency, the produced ammonium likely being completely oxidized, but 

the organic nitrogen needs to be further tested and treated in future studies. 
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Figure 5.1 Reactor performance over stage I (the high AnGS condition) and stage II (the low 
AnGS condition), including a) NH4+-N, NO2--N and NO3--N concentrations in influent and 
effluent; b) NH4+-N and TIN removal efficiencies; c) NO2--N accumulation rates; and d) sCOD 
concentrations and removal efficiencies in influent and effluent.  

 

5.3.1.2 Effluent solid content 

The effluent solid concentration in Stage I (the high AnGS condition) was 2.6 g/L, while that in 

Stage II (the low AnGS condition) was 0.3 g/L. The effluent solids, predominantly in flocculant 

form, were likely derived from disintegrated AnGS and detachment of microorganisms from 

AGS’s surface. Solids were discharged exclusively during effluent decanting. The SRT, 

determined by the effluent solid content, was 7 days in Stage I and 80 days in Stage II. This trend 

indicated that elevated AnGS introduction may compromise the stability of the AGS, leading to 

increase sludge disintegration and loss.  
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5.3.2 Sludge characteristics 

Figure 5.2 presents values on biomass content and SVI over the operation period. In Figure 5.2a, 

it’s shown that the MLSS and MLVSS concentrations were 10 g/L and 8 g/L in Stage I (the high 

AnGS condition). Elevated MLSS and MLVSS concentrations were noticed in Stage II (the low 

AnGS condition), with an average of 12 g/L MLSS and 9 g/L MLVSS. Figure 5.2b illustrates the 

SVI5 and SVI30 dynamics in response to AnGS introduction. The SVI5 was 68 mL/g in Stage I, 

then gradually decreased and stabilized at 46 mL/g in Stage II. The SVI30 was higher in Stage I at 

40 mL/g, and then gradually settled at 25 mL/g in Stage II. Compared to Stage II (low AnGS 

condition), the high AnGS addition in Stage I likely caused increased friction between AnGS and 

AGS, leading to granule disintegration. This resulted in increased floc presence in the reactor, 

contributing to higher SVI values and lower biomass concentrations due to sludge washout. 

Previous study has also observed the disintegration of AnGS when added into AGS reactor [51]. 

Additionally, the AnGS might elevate organic loading in the system, which might result in 

subsequent oxygen competition and may hinder the aerobic metabolism and leading to structural 

breakdown.  

  
Figure 5.2 Dynamics of a) mixed liquor suspended solids (MLSS) and mixed liquor volatile 
suspended solids (MLVSS) concentrations, and b) sludge volume index (SVI5 and SVI30) across 
reactor operation. 

 

The size of the AGS in Stage I (the high AnGS condition) was 0.6 ± 0.3 mm, with notable presence 

of AnGS that acted as a nucleus within these granules. The granule size in Stage II (the low AnGS 
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condition) slightly increased to 0.7 ± 0.5 mm. The morphology of AGS in Stages I and II can be 

found in Figure 5.3. The observed smaller AGS in Stage I is likely due to the sludge detachment 

from granule surface through the friction between AnGS and AGS. Consequently, more intact 

granular sludge was preserved in the system. Similar observation has been documented previously 

[121]. Further, the presence of AnGS in the core of AGS implies that the retained AnGS or AnGS 

aggregates potentially contributed to support granule formation in AGS.  

 
Figure 5.3 Morphology of granular sludge in Stage I and Stage II. 

 

5.3.3 Microbial kinetics 

Figure 5.4 illustrates the rates of ammonium oxidation and nitrite oxidation, serving as indicators 

of autotrophic ammonia oxidizing bacteria (AAOB) and nitrite oxidizing bacteria (NOB) activity, 

respectively, during Stages I and II. Initially, in Stage I, AAOB activity was recorded at 0.22 g 

N/(g VSS·d). This rate increased significantly (p<0.05) to 0.32 g N/(g VSS·d) in Stage II, a rise 

that can be attributed to an extended SRT promoting AAOB retention. The AAOB activities 

achieved in current study fall within the range of previously reported values, which varied from 

0.08 to 0.65 g N/(g VSS·d) [122-126]. Significantly (p<0.05) increased activity of NOB was also 

observed from 0.19 g N/(g VSS·d) in Stage I to 0.31 g N/(g VSS·d) in Stage II. Further, the NOB 

activity in Stage I was lower than the AAOB activity, which explained the elevated nitrite 

accumulation in Stage I. Notably, the NOB activities observed in this study were higher compared 

to those reported in previous studies [126, 127]. This may be attributed to the well-cultivated seed 
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sludge that originated from a high ammonia wastewater treatment system, and the start-up phase, 

which allowed the microbes to pre-adapt to the wastewater. 

 
Figure 5.4 Specific microbial activities of autotrophic ammonia oxidizing bacteria (AAOB) and 
nitrite oxidizing bacteria (NOB) across the reactor operation. 

 

5.3.4 Microbial community dynamics 

To assess the influence of AnGS introduction on microbial community assembly within the AGS, 

a detailed microbial analysis was carried out.  

 

5.3.4.1 Microbial community at phylum level 

Figure 5.5a displays the microbial composition at phylum level in sludge samples from Stage I, II 

and AnGS. In Stage I, Proteobacteria, Synergistetes and Actinobacteria were the top three phyla, 

with relative abundances at 32%, 17% and 14%, respectively. In Stage II, Proteobacteria remained 

the most abundant phylum, constituting 54% of the microbial community, followed by 

Actinobacteria and Thermi, both accounting for 14% of the microbial community. The 

predominance of Proteobacteria and Actinobacteria underscores the capacity of the system to 

remove nitrogen and degrade complex organic matter [128, 129]. The microbial community in the 

AnGS was mainly composed of the phylum Synergistets at 33%, Firmicutes at 16%, 

Verrucomicrobia at 12% and Euryarchaeota at 11%, which were commonly reported in anaerobic 

digestion studies [130, 131]. The significant presence of Synergistets in Stage I, at 17%, likely 

due to the introduction and retention of AnGS. In contrast, the relative abundance of Synergistetes 
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dropped to less than 1% in Stage II once AnGS was removed from the feed. Stage I also showed 

a higher relative abundance of KSB3, Euryarchaeota and Firmicutes, which were the dominant 

microorganism in AnGS. These observations align with the previously reported studies, showing 

the influence of externally introduced microbes were more significant under short SRT condition 

like Stage I in current study than that under long SRT condition [132].  

 

5.3.4.2 Microbial community at genus level 

Figure 5.5b depicts the divergency of microbial composition at the genus level in sludge samples 

from Stage I, II and AnGS. In Stage I, the dominant genus was HA73, accounting for 13.7% of 

the community, followed by Leucobacter (6.9%) and Steroidobacter (6.2%). Stage II’s microbial 

community was most abundant in genus B-42 at 14.2%, followed by Leucobacter at 8.7% and 

Nitrosomonas at 7.8%. The predominant genera in AnGS were HA73 at 30.1%, R4-41B at 10.9%, 

and genera in phylum KSB3 at 9.1%.  

 

Development of genera associated with nitrogen oxidation 

The genera predominantly involved in ammonium oxidation were Nitrosomonas and genera 

belonging to the family Nitrosomonadaceae. Nitrosomonas, commonly found in wastewater 

treatment systems, displayed 0.3% of the microbial community in Stage I, substantially increasing 

to 7.8% in Stage II. Likewise, the relative abundance of genera affiliated to family 

Nitrosomonadaceae rose from 2.3% in Stage I to 5.2% in Stage II. Nitrosomonas, an r-strategist, 

proliferate more rapidly under high ammonium conditions compared to K-strategist, which 

explains its increased dominance in the reactor [6, 133]. The increased relative abundance of 

AAOB in Stage II was consistent with the elevated specific AAOB activity. Nitrobacter was the 

dominant NOB in the AGS, accounted for 0.6% in Stage I and increased to 3.1% in Stage II. The 

elevated relative abundances of Nitrosomonas and Nitrobacter in Stage II were likely attributed 

to the extended SRT, facilitates the retention of these slow growing bacteria. Moreover, the 

reduced abundance of Nitrobacter in Stage I was consistent with the observed increase in nitrite 

accumulation. It is reasonable that the relative abundance of these genera was limited in the AnGS.  
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Development of genera associated with nitrogen reduction 

Genera Paracoccus and Thauera are frequently reported as dominant denitrifiers in wastewater 

treatment systems [134, 135]. However, their relative abundances were merely 1% in Stages I and 

II, likely due to the low availability of biodegradable sCOD necessary for the growth of denitrifiers. 

In contrast, Steroidobacter, which had capability to perform denitrification using steroid as the 

organic carbon source [136]. The higher abundance of this genus in Stage I aligns with the activity 

and TIN removal performance result. 

 

Besides heterotrophic denitrifiers, this study observed the presence of Thiobacillus, a functional 

microorganism recognized in sulfide-oxidizing autotrophic denitrification (SOAD) studies [137, 

138]. Thiobacillus can use sulfide or thiosulfate as electron donors to remove N, a process 

typically observed under anoxic conditions [139, 140]. However, this microbe has also been 

detected in Nif/DNif biofilm reactors [141]. With the distinct layer structure in AGS, the SOAD 

process could potentially occur in the inner core of the AGS. Thiobacillus was undetectable in the 

AnGS, but showed 1% relative abundance in Stage I and 4% in Stage II. The absence of 

Thiobacillus in AnGS suggests that its emergence in Stages I and II was not due to the introduction 

of AnGS. The presence of sulfide in industrial and sewer discharges has been documented 

previously [21]. The hypothesis is that the slow feeding of sulfide-containing digested wastewater 

stimulated the growth of Thiobacillus. This suggests the possibility of autotrophic denitrification 

occurring in the AGS, contributing to nitrogen removal alongside with heterotrophic 

denitrification process. Further research, involving the measurement of influent wastewater 

sulfide concentration and the specific activity of this process, is required to ascertain the specific 

contribution of SOAD to the overall nitrogen removal in this system. 

 

Development of genera associated with COD degradation 

In Stage I, the dominated genera related to COD degradation were primarily sourced from AnGS, 

including HA73, genera belonging to order Bacteroidales, those affiliated with Clostridiales, and 

those belonging to the family Coriobacteriaceae. These microorganisms are capable of performing 

hydrolysis and fermentation processes [142-145]. In comparison, the predominant COD 

degradation genera in Stage II likely had a broad enzymatic capacity to degrade complex organic 
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compounds, involving genera from the order Burkholderiales, order JG30-KF-CM45, and family 

Phyllobacteriaceae [146, 147]. B-42 and Leucobacter were present in both stages. B-42, belonging 

to the family Trueperaceae, has been reported to degrade organics under extreme environments 

[148]. Genus Leucobacter is known for its ability to degrade complex organics [149]. 

 
Figure 5.5 Development of microbial community at a) phylum level and b) genus level (relative 
abundance over 1%) in sludge samples from Stages I, II and anaerobic granular sludge; 
Unidentified genera were named at family (Unclassified f_), order (Unclassified o_), class 
(Unclassified c_) and phylum (Unclassified p_) levels. 

 

5.3.4.3 Microbial Diversity and relationship 

Figure 5.6a shows the microbial diversity and richness across Stage I, II and AnGS. The Shannon 

and Simpson indexes, which represent the diversity of the microbial community, indicated a 

decrease in diversity from Stage I to Stage II. The Chao1 index, reflecting the richness of the 

microbial community, showed that Stage I exhibited the highest richness compared to Stage II and 

AnGS. This suggests that the introduction of AnGS potentially contributed to a more varied and 

abundant microbial community. 
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Principal coordinate analysis (PCoA) result was depicted in Figure 5.6b. The analysis revealed 

that PCoA1 axis explained 94% of the variance in the samples. Observations along the PCoA1 

axis indicate that the AnGS and sludge samples from Stages I were more closely grouped, 

suggesting a higher degree of similarities in their microbial communities. This pattern supports 

the observation of AnGS retention in the system and their disappearance over the operation.  

 
Figure 5.6 Diversity and relationship of sludge samples from Stages I, II and anaerobic granular 
sludge, a) microorganism biodiversity and richness indexes and b) principal coordinated analysis 
(PCoA). 

 

5.3.4.4 Microbial immigration evaluation 

Mass balance model analysis was performed at genus level for Stage I sludge sample. As 

delineated in Table 5.1, all dominant genera in AnGS, defined as having a relative abundance over 

1%, exhibited inactive in the AGS, indicated by negative growth rates (µ). This implies that the 

microbial immigration from AnGS to AGS might have a minimal impact on its microbial 

composition. The mass balance analysis excluded Stage II, attributed to the minimal presence of 

AnGS in the feed, presumed to exert an insignificant impact on the AGS. 
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Table 5.1 Microbial immigration model analysis result. 
Genera µ-Stage I, 1/d 

Unclassified_f_Ruminococcaceae -0.495149797 
Unclassified_o_Bacteroidales -0.059086722 

Unclassified_f_Christensenellaceae -0.322450432 
Unclassified_o_Clostridiales -0.47202298 

Unclassified_f_R4-41B -20.57198295 
HA73 -0.550018837 

Methanobacterium -0.248584211 
Unclassified_p_KSB3 -0.512367734 

Dehalobacterium -7.230361211 
vadinCA02 -0.435011622 

Methanosaeta -0.100266086 
Unclassified_f_Coriobacteriaceae -0.370009285 

Atopobium -0.476062795 
Methanospirillum -0.463983174 

Aminiphilus -0.182765381 
Methanomethylovorans -0.989219733 

 

5.4 Discussion 

5.4.1 Positive impacts from the introduction of AnGS 

5.4.1.1 AnGS elevated nitrite accumulation via SRT control 

Elevated nitrite accumulation was observed in Stage I (the high AnGS condition) at 30% compared 

to Stage II (the low AnGS condition) at 1%. This implies that the nitrite oxidation process was 

partially inhibited in Stage I. This observation has never been reported in AGS studies treating 

high solid content wastewaters. Potential factors that might lead to nitrite accumulation include 

inhibition by free ammonia and free nitrous acid, low temperatures, low DO and short SRT [150]. 

In current study, the reduced SRT is identified as a primary factor for nitrite accumulation, since 

the ammonium concentration, temperature and DO were maintained the same throughout the 

operation period. The consistent DO concentration, ranging from 1.0 to 1.2 mg/L, throughout the 

operation, indicated that the influent solids had no significant negative impact on oxygen transfer 

in this study. The SRT in Stage I was 7 days and in Stage II was 80 days. AAOB requires an SRT 

of 8 days [6], while NOB need over 10 days [151-153] to be retained in the reactor. This probably 

explained the reduced nitrite oxidation in Stage I. Although the SRT in Stage I was also lower than 
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the SRT required for AAOB retention, high ammonia removal was still observed. This could be 

attributed to the granular structure effectively retaining AAOB in the system and its higher affinity 

for oxygen compared to NOB. The introduction of AnGS at a concentration of 1.8 g/L had no 

significant effect on the ammonium oxidation process. However, a decline in ammonium 

oxidation efficiency may occur with the introduction of higher concentrations of AnGS into the 

AGS. 

 

The nitrite accumulation reduced the oxygen and chemical demand for nitrogen removal via 

Nit/DNit, which involves oxidizing ammonium to nitrite and then reducing to nitrogen gas. This 

is more economically favourable than conventional nitrification/denitrification, which converts 

ammonium to nitrite, then to nitrate, and followed by nitrate reduction to nitrite and finally to 

nitrogen gas. The accumulation of nitrite benefits the subsequent nitrogen reduction unit. 

Although nitrite accumulation was achieved in current study, the low bCOD in the wastewater 

limited the TIN removal. Further treatments involving denitrification process should be performed 

prior to the discharge. However, the increased nitrite concentration in the AGS and effluent 

potentially induces higher N2O emissions. Higher nitrite concentrations have been reported to 

stimulate N2O production under both aerobic and anoxic conditions, particularly when 

biodegradable COD is limited in the AGS [154]. The production of N2O should be further 

investigated and addressed before application. 

 

5.4.1.2 AnGS enhanced the TIN removal via sludge hydrolysis 

The introduction of AnGS led to an increase in TIN removal, from 8% in Stage II (the low AnGS 

condition) to 11% in Stage I (the high AnGS condition). This enhancement in TIN removal in 

Stage I might be attributed to the elevated nitrite accumulation, which consumes less COD to 

perform N reduction compared to nitrate denitrification. The hydrolyzation of AnGS contributed 

additional COD, thereby supporting the denitrification process.  

 

AnGS comprised mainly particulate organic matter and inert solids, with the organic fraction 

constituted a significant portion, accounting for 83% of the solid content. These characteristics 

indicate that the AnGS has the potential to be hydrolyzed and provide extra COD to facilitate 

denitrification process. However, its hydrolysis might be constrained under 4 hours cycle time, 
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therefore, a prolonged anoxic feeding phase could be provided to facilitate hydrolysis and 

potentially enhancing denitrification efficiency.  

 

5.4.1.3 AnGS enhanced performance through supporting granulation 

Even with the introduction and resultant disturbance by AnGS, intact AGS was observed, which 

is playing a crucial role in sustaining high ammonium removal efficiency in both stages. Previous 

study has also reported stable granule structure under long term operation when treating high 

solids content wastewater [58]. Two primary mechanisms by which AnGS supports granulation 

were proposed.  

 

Firstly, AnGS may have served as a core for granulation. Most of the introduced AnGS were 

gradually disintegrated into flocs or aggregates, which then provided a growth niche for 

microorganisms to attach on, and thus support the granulation process in the AGS system. This 

observation aligns with previous studies demonstrating rapid AGS cultivation upon introducing 

either intact or crushed granular sludge [155].  

 

Secondly, it is speculated that introducing mature granular sludge, which has been recognized as 

a strategy for introducing quorum sensing (QS) molecules, particularly N-acylhomoserine 

lactones (AHLs) and autoinducer-2 (AI-2) molecules, might contribute to enhanced granulation 

[155]. These molecules are known to stimulate the secretion of extracellular polymeric substances 

(EPS), thereby facilitating the granulation process. Further, a short term QS introduction has been 

documented to have long term positive impact on the AGS [156], which may have contributed to 

the enhanced settling capacity and elevated biomass content in Stage II. Further studies employing 

QS molecules, scanning electron microscopy (SEM) and EPS analysis are needed to support this 

hypothesis [157]. 

 

5.4.2 Negative impacts from the introduction of AnGS 

5.4.2.1 AnGS negatively affected the effluent biomass content via sludge disintegration 

The introduction of AnGS into the AGS resulted in an elevated effluent solids concentration. The 

effluent from the AGS primarily comprised of flocs, which were likely derived from AnGS 

disintegration, as well as the biomass detachment from AGS’s surface. Given that the AnGS 
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exhibited an average size at 1 mm with high density and good settling properties, it suggests that 

while AnGS was initially retained within the system, over time, it gradually disintegrated, either 

flowing out with the effluent or undergoing degradation within the system. Biomass detachment 

has also been documented in prior study treating high suspended solid wastewater [58]. 

Consequently, a post-treatment process is necessary to reduce the solids in the effluent to comply 

with discharge limit. It has also been reported that influent solids larger than 0.2 mm were likely 

retained in the system, either by trapped by AGS or through self-settling, while solids smaller than 

0.1 mm were likely washed out, contributing to higher effluent solid concentrations [158]. This 

aligns with the observation in this study. 

 

5.4.2.2 AnGS negatively affected the sCOD removal via the production of non-biodegradable 

sCOD 

The addition of AnGS increased effluent sCOD concentration from ~2300 mg/L in Stage II (low 

AnGS condition) to ~2600 mg/L in Stage I (high AnGS condition). The sCOD removal efficiency 

was 11% in Stage I and 20% in Stage II. The elevated sCOD concentration in the effluent in Stage 

I might be attributed to the production of unbiodegradable COD from sludge hydrolysis [159]. 

During sludge hydrolysis, soluble microbial by-products and EPS are hydrolysed into small 

molecules, potentially supporting TIN removal. Concurrently, recalcitrant molecules, such as 

humic acid, are produced, which likely contribute to the increased effluent sCOD. The treatment 

of remaining TIN in the treated wastewater warrants further investigation, such as bypassing high 

COD molasses wastewater (before anaerobic digestion) into the reactor or introducing the 

anaerobically digested molasses wastewater stepwise to effectively utilize the available 

biodegradable sCOD in the wastewater.  

 

5.4.2.3 AnGS negatively affected the specific microbial activities 

With high AnGS addition, the specific microbial activities of AAOB and NOB were lower 

compared to those under low AnGS addition conditions. The reduction was likely due to the 

washout of functional microbes under reduced SRT and the detachment from granules caused by 

friction between AnGS and AGS. The diminished activities indicate a lower treatment capacity 

and reduced resilience to environmental shocks. 
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5.4.3 AnGS's influence on AGS performance through bioaugmentation 

Bioaugmentation is an approach aimed at enhancing the degradation of pollutants through the 

introduction of specific microbes. The continuous introduction of AnGS was expected to 

bioaugment the system with facultative bacteria. However, mass balance model analysis revealed 

that the microorganisms present in AnGS experienced negative growth within the AGS, 

suggesting a lack of bioaugmentation effect from AnGS introduction. The detection of dominant 

genera from AnGS in Stage I sludge likely attributed to the continuous introduction and retention 

of AnGS. In contrast, a much lower relative abundance of these genera was noted in Stage II, at < 

2%, supporting that the microorganisms from AnGS did not survive in AGS, and showed limited 

effect on microbial development.  

 

5.4.4 Implications and perspectives 

In future applications, such wastewater treatment can be tailored to specific requirements. For 

ammonium removal alone, a buffering tank can be applied for solids removal before introducing 

the wastewater into the AGS system. For nitrogen removal, the wastewater can be directly 

introduced into the reactor to remove nitrogen through the nitritation/denitritation pathway. This 

study demonstrated the feasibility of AnGS addition for facilitating nitrite accumulation, saving 

both oxygen and chemical inputs compared to nitrification/denitrification. Currently, strategies 

like free ammonia and free nitrous acid inhibition are used to eliminate NOB and achieve nitrite 

accumulation [160, 161]. The introduction of AnGS could simultaneously promote granulation 

and nitrite accumulation. The removal of oxidized nitrogen could utilize COD from AnGS 

hydrolysis with extended hydrolysis time or by adding high COD molasses wastewater before 

anaerobic digestion. However, the dosing concentration and frequency of AnGS should be 

considered. Additionally, the elevated effluent solids content necessitates additional units to 

address this concern. 

 

5.5 Conclusion 
The introduction of AnGS into the nitrogen removal AGS showed both positive and negative 

impacts on system performance. A stable ammonia removal efficiency of 99% was consistently 

achieved, unaffected by the introduction of AnGS at a concentration of 1.8 g/L. AnGS addition 
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led to an increase in nitrite accumulation from 1% (the low AnGS condition) to 30% (the high 

AnGS condition), and an improvement in TIN removal efficiency from 8% to 11%. In contrast, 

elevated effluent sCOD concentration was noted under the high AnGS condition, alongside an 

increase in effluent solid content. The positive impacts on N removal from AnGS introduction can 

be attributed to its facilitation of sludge granulation by acting as nucleus. The negative impacts 

from AnGS attributable to the disturbance of the system, disintegration of AnGS, and detachment 

of biomass from AGS’s surface. Furthermore, the mass balance model analysis indicated that the 

addition of AnGS did not enhance the AGS microbial community through bioaugmentation. The 

results in current chapter provide a comprehensive insight into the potential effects of treating 

anaerobic digestate containing AnGS, outlining the complexities and considerations necessary for 

optimizing N removal processes in such system.  
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Chapter 6. Feasibility of Aerobic Granular Sludge (AGS) Reactor 

for High Ammonia Low Alkalinity Centrate Treatment under 

Various Carbon to Nitrogen Ratios: pH adjustment potential3  

6.1 Introduction 
Chapter 4 has demonstrated that high ammonia levels and low C/N ratios enriched and selected 

for highly active AAOB, significantly improving ammonia removal efficiency under alkalinity 

sufficient conditions. However, the feasibility of AGS and influence of varied bCOD content on 

high ammonia, low alkalinity centrate treatment has not yet been evaluated. Additionally, the 

combined effects of C/N ratios and Alk/N ratios remains underexplored. 

 

High ammonia conditions promote the proliferation of slow growing bacteria such as ammonia 

oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB). These bacteria have been reported 

to enhance the stability of granular sludge due to their ability to form dense structures [162, 163]. 

While high ammonia concentrations can increase the complexity of microbial community, they 

may also inhibit certain microorganisms responsible for the production of EPS, which are crucial 

for the granulation process [134, 163]. Additionally, the potential of C/N ratios on pH adjustmentt, 

compensating for the lack of alkalinity in the wastewater, is pivotal for high ammonia removal 

but has not yet been assessed. Consequently, a systematic investigation is needed to elucidate the 

influence of C/N ratios on treatment of high ammonia wastewaters using AGS reactors. 

 

This chapter investigated the effects of varying C/N ratios on the overall performance of an AGS 

treating high ammonia, low alkalinity digested sludge centrate. The primary objectives were to 

provide a comprehensive analysis of the resultant changes across varying C/N ratios, uncover the 

underlying mechanisms governing these changes, and thereby identified the control parameters to 

optimizing the treatment of such wastewaters. The investigation focused on the evaluation of 

treatment performance, granule stability, microbial specific activity, and microbial community 

shift.  

 

 
3 A version of this chapter has been submitted for journal publication in June 2024. 
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6.2 Methods and materials 

6.2.1 Source of wastewater and inoculum 

Raw digested sludge centrate was periodically collected from an autothermal thermophilic aerobic 

digestion facility in Canada. The wastewater exhibited NH4+-N concentrations ranging between 

769 and 952 mg/L, with limited NO2--N and NO3--N concentrations below 6 ± 3 mg/L, and an 

alkalinity between 1760 and 2330 mg CaCO3/L, that is an Alk/N ratio of 2.3 to 2.7 (Table 6.1). 

The soluble chemical oxygen demand (sCOD) concentration varied from 2136 to 7897 mg/L 

across different batches, resulting in an average C/N ratio in the wastewater of between 2.8 to 8.3. 

The biodegradable proportion of sCOD ranges from 1016 to 6722 mg/L. Before undergoing the 

AGS treatment, the wastewater samples were stored at a temperature of 4 oC. The AGS treatment 

utilized an inoculum derived from well-cultivated granular sludge from an AGS treating high 

ammonia, low biodegradable COD (bCOD) liquid waste [164].  

Table 6.1 Influent centrate physiochemical characteristics 

Stages 
NH4

+-N 
concentrations 

(mg/L) 

Alkalinity 
concentrations 

(mg/L) 

Soluble COD 
concentrations 

(mg/L) 

Biodegradable 
soluble COD 

concentrations 
(mg/L) 

C/N ratios 

I 952 ± 37 2250 7897 ± 90 6722 ± 167 8.3 ± 0.2 
II 887 ± 31 2000 5878 ± 436 4563 ± 555 6.6 ± 0.5 
III 858 ± 39 2330 3635 ± 245 2496 ± 407 4.2 ± 0.3 
IV 769 ± 18 2120 2136 ± 251 1016 ± 171 2.8 ± 0.3 

 

6.2.2 Reactor setup and operation 

A 3 L cylindrical AGS with dimensions of 90 cm in height and 8 cm in diameter was utilized to 

treat high ammonia digested sludge centrate. The reactor was operated at 30 oC in sequencing 

batch mode to mimic the environment in wastewater treatment plant. The reactor operation could 

be divided into four stages with varying carbon to nitrogen (C/N) ratios: 8-9 in Stage I, 6-7 in 

Stage II, 4-5 in Stage III and 2-3 in Stage IV. Each stage featured an operational cycle adjusted 

for duration: 8 hours for Stage I, 6 hours for Stage II, 5 hours for Stage III and 4 hours for Stage 

IV. These cycles consisted of a 30 min anoxic feeding period, 30 min for settling, 10 min for 

decanting and the remaining time dedicated to aeration. Aeration was facilitated by an air diffuser 

located at the bottom of the reactor, achieving an upflow superficial velocity of 1.0 cm/s. The 

operational sequences of the reactor were regulated using programmable timers, with a 40% feed 

exchange rate per cycle. 
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6.2.3 Sludge characteristics 

The extraction and measurement of soluble extracellular polymeric substance (S-EPS), loosely 

bound EPS (L-EPS) and tightly bound EPS (T-EPS) were conducted according to methods 

detailed in Chapter 3. Additionally, the changes in granular sludge sizes throughout the operation 

period were monitored using ImageJ software.  

 

6.2.4 Microbial community analysis 

DNA extraction was performed on seed sludge and sludge samples collected at Stages I to IV, 

using DNeasy PowerSoil Pro Kit (QIAGEN, Hilden, Germany). Amplification of the extracted 

DNA was performed with the universal primer pair 515 F/806 R, then sending the samples for 

amplicon sequencing on the Illumina Miseq PE250 platform at Genome Quebec (Montréal, QC, 

Canada). The processing of sequencing data, including the assignment of taxonomy, was 

conducted utilizing the DADA2 algorithm and referencing the Silva database (v138.1) with a 99% 

similarity [77, 165]. Alpha diversity and redundancy, as well as Principal Component Analysis 

(PCA) were evaluated using ampvis2 in R [166].  

 

6.2.5 Statistical analysis 

The determination of result significance was conducted using the p-value obtained from T-test 

(Microsoft Excel), with a p value below 0.05 indicating statistical significance.  

 

6.3 Results 

6.3.1 Reactor performance 

Figure 6.1 elucidates the reactor’s efficacy in treating digested sludge centrate under varying C/N 

ratios. Figure 6.1a presents the dynamics of N compounds (NH4+-N, NO2--N and NO3--N) in the 

influent and effluent. Notably, the influent NH4+-N concentration ranged from 1000 to 780 mg/L, 

while effluent NH4+-N levels exhibited a progressive increase from 35 mg/L in Stage I to 50 mg/L 

in Stage II, 137 mg/L in Stage III and to 220 mg/L in Stage IV (Figure 6.1a). Effluent pH values 

were below 7 across the reactor operation. This upward trend in effluent ammonia could be 

attributed to the inadequate alkalinity for complete ammonia oxidation. An alkalinity to NH4+-N 
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ratio of 7.14 indicates a requisite alkalinity over 5500 mg/L as CaCO3, beyond the 2000 mg/L 

alkalinity provided by the influent. Alternatively, COD could be leveraged to the denitrification 

process to replenish alkalinity internally. As the C/N ratio reduced from 9 to 2, the effluent nitrite 

concentration escalated from 82 mg/L (Stage I) to 105 mg/L (Stage II), 140 mg/L (Stage III) and 

reached 210 mg/L (Stage IV), indicating a diminished denitrification capacity and, consequently, 

a decrease in alkalinity recovery potential. In Stage I, with the highest C/N ratio of 8-9, an 

ammonia removal efficiency over 94% and a TIN removal of 86% were achieved (Figure 6.1b). 

A reduction in the C/N ratio to 6-7 resulted in reduced TIN removal to 79%, while maintaining 

stable ammonia removal at 94%. However, the reduction in the C/N ratio to 4-5 in Stages III and 

2-3 in Stage IV compromised the denitritation process, thereby restricting the alkalinity recovery 

and leading to reduced ammonia and TIN removal efficiencies to 82% and 65% in Stage III and 

72% and 44% in Stage IV (as shown in Figure 6.1b). Nitrate concentrations in the treated effluent 

maintained below 12 mg/L, likely due to suppressed NOB activity by high free ammonia 

concentration (up to 78 mg/L), surpassing the known NOB threshold (0.1-1 mg/L) [150].  

 

Figure 6.1c reveals the sCOD concentration in the influent and effluent, as well as the removal 

efficiencies across stages. Influent sCOD levels varied considerably from 7897 mg/L in Stage I to 

5878 in Stage II, 3635 mg/L in Stage III and 2136 in Stage IV, while effluent sCOD concentrations 

stabilized at approximately 1179 mg/L. This consistency in effluent sCOD suggests that it might 

primarily consist of the unbiodegradable proportion of influent sCOD, indicating that the 

biodegradable sCOD removal capacity was unaffected by the fluctuated C/N ratio. The sCOD 

removal efficiency dropped from 82% (Stage I) to 75% (Stage II), 62% (Stage III) and to 50% 

(Stage IV) due to the decreased available biodegradable sCOD in the centrate.  

 

Figure 6.1d addresses the reduction in dissolved organic nitrogen (DON) throughout the operation 

period. The quantity of DON removed from AGS treatment was gradually reduced from 270 mg/L 

in Stage I to 244 mg/L in Stage II, 177 mg/L in Stage III and to 169 mg/L in Stage IV. The reduction 

in DON removal may result from reduced DON concentration in the influent centrate and the 

reduced C/N ratio, which has been reported to have positive relationship with DON reduction 

[124]. 
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Figure 6.1 Reactor performance across the operation period, including a) concentrations of 
influent NH4+-N and effluent NH4+-N, NO2--N and NO3--N, b) removal efficiencies of NH4+-N 
and total inorganic nitrogen (TIN), c) concentrations of influent and effluent sCOD and its removal 
efficiency, and d) the concentrations of dissolved organic nitrogen (DON) in influent and treated 
effluent and the reduction of DON after treatment. 

 

6.3.2 Sludge characteristics 

6.3.2.1 Biomass concentration 

Figure 6.2a illustrates the concentration of MLSS and MLVSS at different stages. The seed sludge 

had a concentration of 12 g/L MLSS and 10 g/L MLVSS. During Stage I, there was a noticeable 

increase, reaching peaks of 14 g/L for MLSS and 13 g/L for MLVSS. In Stage II, the 

concentrations of MLSS and MLVSS stabilized at 14 g/L and 12 g/L, respectively. A remarkable 

decreased was observed initially in Stage III, with values dropping to 9 g/L MLSS and 9 g/L 

MLVSS, before recovering to 13 g/L MLSS and 12 g/L MLVSS. This pattern of reduction 
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followed by an increase was also seen when the C/N reduced to 2-3, with biomass eventually 

reaching 13 g/L MLSS and 12 g/L MLVSS. This observation suggests a dynamic response of the 

biomass and adaptation to the operation conditions. 

 

Figure 6.2b shows the SVI values at each stage. The seed sludge presented SVI5 and SVI30 values 

at 80 and 47 mL/g, respectively. In Stage I, the SVI30 value increased to 68 mL/g, indicating a 

deterioration in the sludge settling ability. In Stage II, the SVI5 and SVI30 improved and stabilized 

at 68 mL/g and 43 mL/g, respectively. In Stage III, the SVI5 and SVI30 values temporarily spiked 

to 101 mL/g and 66 mL/g, respectively, then decreased to 73 mL/g and 40 mL/g. Similarly, the 

values increased to 87 mL/g for SVI5 and 73 mL/g for SVI30 in Stage IV, which subsequently 

dropped to 71 mL/g and 44 mL/g, respectively.  

 

Figure 6.2 highlights the optimal sludge concentration and settling capacity were observed at 

Stage II, corresponding to a C/N ratio of 6-7. The elevated SVI5 and SVI30 values in Stage I might 

be attributed to the high C/N ratio, adversely impacting sludge structural stability and granulation, 

as noted by Wang et al. [46]. The observed decrease and subsequent improvement in MLSS, 

MLVSS and sludge settling capacity when C/N ratio dropped to 4-5 (Stage III) and 2-3 (Stage IV) 

imply that lower C/N ratio (< 5) initially disturb the system, causing granule structure instability, 

however, stabilization was achievable over time. The SVI30/SVI5 serve as a granulation indicator 

showing 90% in Stage I, 63% in Stage II, 55% in Stage III and 60% in Stage IV. This trend 

indicates a higher proportion of sludge in flocs form as the C/N ratio reduced [75].  
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Figure 6.2 Biomass concentrations and settling capacity under different C/N ratios, including a) 
mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS), and 
b) sludge volume indexes of 5 minutes (SVI5) and 30 minutes (SVI30). 

 

6.3.2.2 Granular sludge size and EPS production 

Figure 6.3 illustrates the dynamics of sludge size and EPS secretion under varied C/N ratios. 

Figure 6.3a depicts the change of granular sludge size, indicating a peak average size of 2.8 mm 

in Stage III, which slightly decreased to 2.7 mm at Stage IV, followed by 1.8 mm in Stage II, 1.3 

mm in Stage I, and the smallest size was found in the seed sludge. Granular sludge morphologies 

under different C/N ratios were shown in Figure 6.4. The relatively small granule obtained in 

Stages I and II were likely due to the low dissolved oxygen (DO) levels and the need for a longer 

time for granule maturation under high ammonia conditions. The elevated COD and ammonia 

concentrations during these stages heightened oxygen demand, thereby lowering DO levels in the 

bulk liquid compared to later stages. Low DO levels constrained oxygen penetration into the 

granules and prompting microbes to form smaller aggregates for better substrate access [167]. 

Previous study has also documented reduced granular sludge size at high C/N at 9-10 and the 

granules were fluffy and loose in morphology [46]. Although, reduced granular sludge sizes were 

often reported with lower C/N condition [134, 168], but stable granular sludge was observed in 

Stages III and IV, which might potentially be correlated with EPS content and microbial 

composition. 
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Figure 6.3 Sludge characteristics, including a) sludge size and b) concentrations of soluble 
extracellular polymeric substances (S-EPS) and its protein to polysaccharide ratios (PN/PS), c) 
concentrations of loosely bound EPS (L-EPS) and its protein to polysaccharide ratios (PN/PS), 
and d) concentrations of tightly bound EPS (T-EPS) and its protein to polysaccharide ratios 
(PN/PS) across the reactor operation. 

 

EPS is crucial for the granulation process and stability of granular sludge, which comprises protein, 

polysaccharide, and other substances. The concentrations of S-EPS (Figure 6.3b), L-EPS (Figure 

6.3c) and T-EPS (Figure 6.3d) revealed positive correlation with granular sludge size, except that 

in seed sludge. Lower overall EPS content that observed in Stages I and II aligned with the 

formation of smaller granular sludge. Further, the overall EPS contents in Stage IV was at the 



64 

 

same level as Stage III, which supports the observation of stable granule structure under reduced 

C/N conditions. T-EPS was the most abundant substance, followed by S-EPS and then L-EPS, 

aligning with the findings from previous granular study [169]. The protein to polysaccharide 

(PN/PS) ratio was less than 1 for S-EPS and L-EPS but exceeded 1 for T-EPS. L-EPS, rich in 

polysaccharide, is less conducive to flocculation and granulation [170], and high L-EPS levels can 

lead to sludge bulking and granule instability [171]. In contrary, the higher protein content 

observed in T-EPS is indicative of well-settling, stable granular sludge. This could be attributed 

to the negatively charged amino acids that involved in protein, which are adept at forming 

electrostatic bonds with multivalent cations, thereby enhance the stabilization of granule structure 

[172]. It is noticeable that all the lowest concentrations of S-EPS, L-EPS and T-EPS were observed 

in Stage I, with a significant increase by Stage II and stabilized afterwards. This observation 

suggests that a C/N ratio over 8 may impede EPS secretion.  

 
Figure 6.4 Morphology of aerobic granular sludge in each stage. 
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6.3.3 Microbial kinetics 

6.3.3.1 Specific activites of ammonia oxidizing bacteria and nitrite oxidizing bacteria 

Figure 6.5 elucidates the specific microbial activities, including AAOB, HAOB, NOB, 

denitritation and denitrification under various C/N ratios. Figure 6.5a shows the rates of ammonia 

and nitrite oxidation across reactor operation, highlighting that AAOB activity consistently 

outperformed HAOB activity. The highest AAOB activity was observed in the seed sludge at 0.38 

g N/(g VSS·d). The lowest AAOB activity occurred in Stage I at 0.27 g N/(g VSS·d), which might 

be attributed to a microbial adaptation phase to the high COD environment. Subsequently, the 

AAOB activity elevated to 0.30 g N/(g VSS·d) in Stage II, 0.29 g N/(g VSS·d) in Stage III and 

reached 0.33 g N/(g VSS·d) in Stage IV. The gradual increase in AAOB activity may indicate their 

preference to low C/N condition and suggest that the low ammonia reduction in performance 

results of Stages III and IV unlikely due to the microbial activity. The AAOB activities obtained 

in current study aligns with the values reported in previous studies, ranging from 0.07 to 0.64 g 

N/(g VSS·d) [122, 123, 125, 126, 164]. 

 

According to Figure 6.5a, HAOB activity was notably low in the seed sludge and reached peak 

values in Stage I at 0.10 g N/(g VSS·d). Subsequently, the activity gradually reduced to 0.08 g 

N/(g VSS·d) in Stages II and III and further to 0.03 g N/(g VSS·d) in Stage IV, indicating a decline 

in HAOB activity as the C/N ratio decreased. Additionally, NOB activity remained minimal 

throughout the operation, with values not exceeding 0.006 g N/(g VSS·d). This limited NOB 

activity explained the observed low accumulation of nitrate in the AGS effluent.  

 

6.3.3.2 Specific activities of denitritation and denitrification  

Figure 6.5b depicts the specific activities of denitritation and denitrification across operation 

period. The highest denitritation and denitrification activities were obtained in Stage I, with 

denitritation reaching 4.2 g N/(g VSS·d) and denitrification achieving 1.6 g N/(g VSS·d). As the 

C/N ratio reduced, a gradual decrease in both activities was observed and obtained the lowest 

values in Stage IV, with 1.3 g N/(g VSS·d) for denitritation activity and 0.4 g N/(g VSS·d) for 

denitrification activity. This suggest that specific denitritation and denitrification activities were 

positively correlated to the C/N ratio.  
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Figure 6.5 Specific microbial activities, including a) autotrophic ammonia oxidizing bacteria 
(AAOB), heterotrophic ammonia oxidizing bacteria (HAOB) and nitrite oxidizing bacteria (NOB); 
and b) denitritation and denitrification, under different C/N ratios. 

 

6.3.4 Microbial response to different C/N ratios 

6.3.4.1 Microbial diversity and richness 

Figure 6.6 shows the diversity and richness of the microbial community in the course of 310 days, 

utilizing Shannon (Figure 6.6a) and Simpson (Figure 6.6b) indices for diversity and Chao1 (Figure 

6.6c) for richness assessment. According to Figure 6.6, seed sludge exhibited the least microbial 

diversity and richness. As the C/N ratio decreased, an enhancement in microbial diversity was 

observed. An exception was noted in Stage III, which might be due to the microbial sensitivity to 

C/N ratios below 5. This aligns with the previously noticed reduction in biomass content in Stage 

III. The highest microbial richness was observed at Stage IV, which reduced with higher C/N 

ratios. Stages I and II exhibited similar richness levels, indicating the pivotal role of C/N ratios 

lower than 5 in driving the microbial community’s succession. The observation of highest 

diversity and richness in Stage IV might be attributed to the large granule size, which likely 

harbors more diverse microbial communities, aligning with previous studies [173, 174]. 
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Figure 6.6 Community diversity and richness indices, including a) Shannon, b) Simpson and c) 
Chao1 in seed sludge and sludge sampled at each stage.  

 

6.3.4.2 Microbial composition 

Microbial dynamics at phylum level 

Figure 6.7a reveals the microbial composition at phylum level in the seed sludge and at different 

stages. Proteobacteria was predominant in all samples, with its prevalence decreasing from 82% 

in the seed sludge to 54% in Stage I, 41% in Stages II and III and 28% in Stage IV. Given the 

crucial role of Phylum Proteobacteria in N and C cycling, this reduction in relative abundance 

may indicate a diminished N and C reduction capability [175], which matches the reactor 

performance results.  

 

Distinct preferences for specific C/N ratios were observed among various microbial phyla. The 

relative abundance of Bacteroidota was the highest at 14% in Stages I and II, subsequently reduced 

to 7% in Stages III and IV. The phyla Chloroflexi accounted for 13% in Stage IV, in contrast to 

less than 7% in earlier stages. Deinococcota constituted 17% of the community at Stage IV, while 
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less than 2% was detected in other stages. The phylum Actinobacteriota was most prevalent in 

Stage III, accounting for 27% of the microbial community, compared to 2% in seed sludge, 7% in 

Stage I and 10% in Stages II and IV. Additionally, the Planctomycetota showed its highest relative 

abundance at 23% in Stage II, with 15% in Stage I, 14% in Stage III and 18% in Stage IV.  

 

These observations implies that Proteobacteria favor higher C/N ratios, while Bacteroidota and 

planctomycetota showed a preference for C/N ratio over 6. Actinobacteriota thrived at a C/N ratio 

of 4-5, and C/N ratio below 3 are conducive to the growth of Chloroflexi and Deinococcota. It has 

been documented that Bacteroidota and Actinobacteriota, being heterotrophic bacteria, rely on the 

availability of organic carbon for survival [176, 177]. In contrast, Chloroflexi and Deinococcota, 

often associated with biofilm formation, are typically found in biofilm-based systems, and prefer 

lower C/N conditions [178-180].  

 

Microbial dynamics at genus level  

Figure 6.7b illustrates the top 30 genera within the system across the reactor operation. In the seed 

sludge, Thauera was markedly dominant, accounting 66% to the microbial community. This was 

followed by Nitrosomonas at 4.5%, a genus affiliated with phylum WPS-2 at 3.5%, a genus within 

the family NS9_marine group at 2.6%, and Truepera at 2.4%. The microbial shift at genus level 

across Stage I to IV was detailed based on functions. 

 

I. Genus associated with nitrification processes 

The autotrophic nitrification process was predominantly facilitated by the genus Nitrosomonas. 

The relative abundance of Nitrosomonas reduced from 4.5% in the seed to 1% in Stages I, II and 

III, then increased to 1.5% in Stage IV. This observation implies that low C/N conditions favoured 

the growth of Nitrosomonas, aligning with findings reported previously [134]. Additionally, the 

increased relative abundance of Nitrosomonas confirmed that the low ammonia reduction was 

unlikely due to the changes in abundance of functional microorganisms. Furthermore, the genus 

Corynebacterium, notable for its ability to conduct N fixation [181], peaked at 22% in Stage III. 

This marked presence contrasts with its relatively minor abundance in Stage II at 2% and less than 

1% in Stages I and IV. Additionally, Paracoccus has also been recorded for its potential to perform 

heterotrophic nitrification [26], showing less than 2% abundance in Stages I to III and only 0.1% 
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in Stage IV. With the same level of relative abundance of Paracoccus in Stages I to III, the specific 

HAOB activity test showed a highest value at Stage I, suggesting a higher C/N ratio could possibly 

enhance its specific activity, which requires further studies. 

 

II. Genus associated with denitrification processes 

As the C/N ratio decreased, most of the genera associated with the heterotrophic denitrification 

process experienced a decline in relative abundance. Thauera, a key denitrifier within the system, 

had a relative abundance reduced from 66% in the seed sludge to 39% in Stage I, 25% in Stage II, 

17% in Stage III and down to 6.5% in Stage IV. Paracoccus, another recognized denitrifier, 

showed limited abundance in the system (< 2%). The unidentified NS9 marine group, regarded as 

primary heterotrophic denitrifier in previous N removal study [151], was only detected in Stages 

I and II. In contrast, Ottowia, a traditional denitrifier [182], showed limited abundance (0.4%) in 

Stage I but increased to around 2% in subsequent stages. Rubinisphaera and Advenella were also 

the heterotrophic denitrification bacteria, which have been reported to play roles in power 

generation within microbial fuel cells [183, 184], both only observed in Stage I (2.7% and 1.3%) 

and Stage II (0.6% and 1.8%).  

 

Further, with the decreased C/N ratios, Psudomonas, recently reported as capable for performing 

aerobic denitrification, increased in abundance from 0.1% in Stage I to 3.4% in Stage IV, aligning 

with findings that low COD environment favored the growth of aerobic denitrifiers [185]. 

Interestingly, the genus Thermus was scarcely detected in Stages I to III but sored to 16% in Stage 

IV, which could possibly be attributed to the selection of microorganism capable of secreting 

various enzymes for the decomposition and utilization of macromolecular organic matter in 

conditions with limited easily biodegradable COD [186].  

 

III. Genus associated with autotrophic nitrogen removal processes 

Microorganisms capable of autotrophic nitrogen removal processes, including anaerobic 

ammonium oxidation (anammox) and Fe (III) reduction coupled to anaerobic ammonium 

oxidation (Feammox), were unexpectedly proliferated even under relatively high COD condition. 

Specifically, the genus Candidatus Anammoximicrobium showed limited abundance in Stages I 

and II but increased to 0.6% and 3.2% of the microbial community in Stages III and IV, 
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respectively. The existence of Candidatus Anammoximicrobium suggests that a low C/N condition 

with residue ammonia and nitrite is preferred for its growth, and it demonstrated its adaptability 

across a C/N ratio range from 4 to 5. This genus has been documented in previous anammox 

studies under COD rich condition [187, 188]. Genus Alicycliphilus was known for iron 

metabolism, has also been identified as capable of performing Feammox [189]. The relative 

abundance of Alicycliphilus reached 13% in Stage III, followed by 3% in Stage II, 2.5% in Stage 

IV and 2.3% in Stage I. Its high abundance obtained in Stage III can be attributed to both the high 

remaining ammonia levels and the conducive environment provided by large granular size, 

offering an optimal habitat for Alicycliphilus growth. Furthermore, the genus Limnobacter, known 

for its occurrence in bio-electrochemical systems with anammox process [190], contributed to 

0.7%, 0.9%, 0.5% and 1.8% in Stages I to IV. This trend suggests Limnobacter’s role in facilitating 

extracellular electron transfer for enhancing nitrogen removal in the granular sludge system.  

 

IV. Genus associated with COD reduction 

The relative abundance of genus that participate in organic carbon oxidation, such as Taibaiella 

and Paludisphaera, were experienced a gradual reduction from 4.3% to 1.5% and from 2.6% to 

0.5%, respectively, from Stage I to IV. In addition, results showed the sensitivity of aerobic 

heterotrophic bacteria, such as Persicitalea and Leucobacter, to the changes in the C/N ratio. As 

the C/N ratio decreased to 5 from Stage II to Stage III, a notable decline in their relative abundance 

was observed, with Persicitalea decreasing from 4.3% to 1.5% and Leucobacter from 2.1% to 

1.6%. The genus Truepera survived at Stage IV with a relative abundance of 1.3%, which could 

possibly attributed to its ability to metabolize a variety of organic compounds for growth [146]. 

 

V. Genus associated with granulation process 

Filamentous bacteria play a crucial role in the granulation process and granule stability, serving 

as the structural backbone within the granule. Among these, the genus Isosphaera was identified 

as the predominant filamentous bacterium in AGS [191], exhibiting a higher relative abundance 

in Stages II (14%), III (12%) and IV (12%) than in Stage I (4.5%). In addition to that, other 

filamentous bacteria, such as genus Litorilinea and genera associated with family Caldilineaceae, 

were present and reached peak abundance in Stage IV. Importantly, no negative impacts on granule 

stability were observed with the increase in these genera. The growing prevalence of filamentous 



71 

 

bacteria in Stage IV suggests a selection process favouring microbes capable of thriving in low 

COD, high ammonia conditions and potentially contributing to the structural integrity of granules. 

The beneficial role of filamentous bacteria in the treatment of low strength wastewater has been 

documented previously [192]. Additionally, the existence of slow growing microbes that enriched 

with high ammonia across all stages, like Nitrosomonas, might also play a role in supporting 

granule integrity and stability during C/N shifts [115]. 

 
Figure 6.7 Microbial community dynamics at a) phylum level and b) the top 30 genera in seed 
sludge and in Stages I to IV; and c) principal component analysis (PCA) of microbial community 
in seed sludge and in Stages I to IV; and d) Venn diagram of amplicon sequence variants obtained 
at each stage. 
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6.3.4.3 Microbial divergency at different C/N ratios 

Figure 6.7c reveals the divergencies of microbial community among seed sludge and sludge 

sampled at different C/N ratios. The PCA results, with PC1 explained 48.5% of the variance and 

PC2 explained 29.5%, collectively explained 78% of the total variance. The substantial separation 

of the seed sludge along the PC1 axis underscores a divergence in microbial community 

composition from that observed in subsequent stages. Furthermore, the PC2 axis reveals a 

progressive shift in the microbial community from Stage I to IV.  

 

In Figure 6.7c, specific genera responsible for the observed divergence among different samples 

were identified. The genus Nitrosomonas, known for its role in autotrophic nitrification, was 

present in all sludge samples. Initially, Thauera, a genus involved in heterotrophic denitrification, 

dominated the microbial community in the seed sludge and Stages I and II. However, as the system 

transitioned to Stages III and IV, the prevailing genera shifted towards Alicycliphilus, Isosphaera 

and Thermus. These genera are implicated in autotrophic nitrogen removal processes, degradation 

and utilization of macromolecular organic matter for nitrogen removal, and the enhancement of 

granule structure, particularly under low C/N condition. This shifts in dominance suggests the 

system’s adaptation and re-establishment of microbial community to the changing operational 

conditions. 

 

Figure 6.7d shows that 87 amplicon sequence variants (ASVs) shared across all four stages. 

Predominantly, these shared ASVs were dominated by heterotrophic bacteria, denitrifiers and 

filamentous bacteria. Heterotrophic and filamentous bacteria were posited as pivotal to the 

granulation process, attributed largely to their EPS production capabilities and structural support 

to the granular sludge. This capacity for EPS production and structural reinforcement is crucial 

for maintaining a stable granule structure under low C/N condition. The stage specific unique 

ASVs were 51 in Stage I, 38 in Stage II, 68 in Stage III and a marked increase to 185 in Stage IV, 

implying the major microbial shift was observed under C/N ratio decreased to 2 to 3.  

 

6.4 Conclusion 
This chapter comprehensively evaluated the impact of varying C/N ratios, from 9 to 2, on the 

performance, granule characteristics and microbial dynamics over time. The reduction in C/N ratio 
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constrained N removal efficiencies due to alkalinity deficiency, evidenced by a decrease in 

ammonia removal efficiency from 94% to 72%, and TIN removal efficiency from 86% to 44%. 

No negative impact was observed on COD removal efficiency and granule stability as the C/N 

ratio reduced. Additionally, the reduction in C/N ratio induced a microbial community shift from 

one predominantly comprising heterotrophic denitrification bacteria, that utilizing easily 

biodegradable COD, to a more diverse community characterized by a combination of autotrophic 

N removal bacteria and heterotrophic bacteria adept at consuming macromolecular organics. 

Unexpected enrichment of microorganisms performing Anammox (genus Candidatus 

anammoximicrobium) and Feammox (Alicycliphilus) were observed. The high ammonia induced 

selection and enrichment of slow growing autotrophic bacteria and heterotrophic bacteria might 

contribute to the integrity and stability of granules during C/N shifts. The specific microbial 

activity reflected this microbial succession, with enhanced AAOB and diminished HAOB, 

denitritation, denitrification activities as the C/N ratio decreased. Granular sludge was observed 

throughout the reactor operation with an average size ranging from 1.3 mm to 2.8 mm. This 

chapter elucidates that a C/N ratio over 6 is necessary for high N removal in AGS systems treating 

high ammonia, low Alk/N wastewaters. Poor N removal under low C/N conditions was primarily 

due to limited denitrification and insufficient alkalinity recovery potential. Therefore, controlling 

parameters for optimizing the denitrification process, particularly for alkalinity recovery and COD 

utilization, are crucial for enhancing N removal in low C/N, low Alk/N ratio waste streams. These 

parameters should be considered when developing a new technology. 
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Chapter 7. Divergences of Granules and Flocs Microbial 

Communities and Contributions to Nitrogen Removal under Varied 

Carbon to Nitrogen Ratios4 

7.1 Introduction 
Chapter 6 has identified that parameters controlling denitrification efficiency are crucial for 

complete ammonia removal in the treatment of high ammonia waste streams with low C/N and 

low Alk/N ratios. To enhance system treatment capacity, it is equally important to identify the 

controlling parameters for selecting and enriching highly active sludge forms.  

 

Typically, granules and flocs co-exist within granular sludge-based systems. This coexistence 

contributed to high N removal efficiencies, often exceeding 80% [193, 194]. Granules create 

varied microenvironments, encompassing aerobic, anoxic, and anaerobic conditions [195]. 

Additionally, the extended solid retention time in granular sludge aids the retention of slow 

growing microorganisms, particularly autotrophic ammonia oxidizing bacteria (AAOB), which 

are responsible for ammonia oxidation process [196]. In contrast, flocs are characterized by less 

limitation in oxygen and substrate diffusion, giving them a competitive edge for ammonia 

oxidation and reduction. These features often result in distinct microbial niches within granules 

and flocs. While the contributions of granules and flocs to N and organic removal have been 

studied, the results remain controversial [194, 197]. Moreover, most microbial community studies 

in granules and flocs have focused on low ammonia wastewater treatment with NH4+-N levels 

below 100 mg/L [197, 198], leaving a gap in understanding for systems treating high ammonia 

waste streams. 

 

In AGS systems, variations in the C/N ratio can lead to granule instability, deteriorated treatment 

performance, and shifts in N removal pathways [46, 199]. The impacts of C/N ratios on the 

microbial communities within granules and flocs, and their respective contributions to N removal, 

remain inadequately explored. This information is critical for selecting the appropriate sludge 

form to optimize performance during the treatment of wastewaters with varying C/N ratios. 

 
4 A version of this chapter has been submitted for journal publication in July 2024. 
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In this chapter, an AGS reactor was employed to treat high ammonia centrate with varied C/N 

ratios through Nit/DNit. The primary objective is to demonstrate the divergences between granules 

and flocs under different C/N ratios, with a focus on specific microbial activities, contributions to 

N removal processes, and the dynamics of core microorganisms shared by granules and flocs, as 

well as granule specific and floc specific microorganisms.  

 

7.2 Methods and materials 

7.2.1 Source of wastewater 

The high ammonia centrate was sourced from the effluent of a full-scale aerobic digester facility 

in British Columbia, Canada. Sampling was conducted periodically, and the collected centrate was 

stored at 4 oC before undergoing biotreatment. The concentrations of NH4+-N, NO2--N, NO3--N 

and alkalinity in the centrate were 865 ± 20 mg/L, 6 ± 3 mg/L, 6 ± 3 mg/L and 2217 ± 110 mg 

CaCO3/L, respectively. The level of chemical oxygen demand (COD) varied from 1810 mg/L to 

5300 mg/L, with the biodegradable portion ranging from 916 to 4236 mg/L.  

 

7.2.2 Reactor operation 

A cylindrical AGS reactor with an effective volume of 3 L was operated at 30 oC for high ammonia 

centrate treatment. The reactor operation was divided based on varied C/N ratios, with an average 

value at 6 in Stage I, 4 in Stage II and 2 in Stage III. The AGS operated on a 4-hour cycle, 

corresponding to an HRT of 10 hours. Each cycle consisted of 30 minutes of anoxic feeding, 160 

minutes of aeration, 30 minutes of settling, and 10 minutes of decanting. The time-based phase 

change was automatically controlled by programmable timers. An upflow superficial velocity of 

1.0 cm/s was maintained using a fine bubble air diffuser.  

 

7.2.3 DNA extraction and 16s rRNA sequencing 

Granules and flocs were sampled separately from 2 mL mixed liquor at the steady state of Stages 

I, II and III. Granules and flocs were separated using a 0.2 µm sieve. Granules were washed three 

times with phosphate buffered saline (PBS). Flocs proportions were centrifuged at 3,000 g for 10 

min, then the supernatant was discarded, and the remaining pellet was used for DNA extraction. 

DNA extraction was performed in duplicate using the DNeasy PowerSoil Pro Kit (QIAGEN, 
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Hilden, Germany). Subsequently, the extracted DNA was stored at -20 oC after the quality check 

using NanoDrop One (ThermoFisher, Waltham, MA). The 16S rRNA gene amplification was 

conducted using the universal primer pair 515 F (5′-

ACACTGACGACATGGTTCTACAGTGYCAGCMGCCGCGGTAA-3′) and 806 R (5′- 

TACGGTAGCAGAGACTTGGTCTGGACTACNVGGGTWTCTAAT-3′). Amplicon 

sequencing was conducted on the Illumina Miseq PE250 platform at Genome Quebec (Montréal, 

QC, Canada).  

 

7.2.4 Bioinformatics analysis 

The raw sequencing data was processed utilizing the DADA2 algorithm in R [77] to filter low 

quality sequences and chimeras and merge forward and reverse sequences. Taxonomy was 

assigned according to Silva reference database (version 138.1) [165]. Alpha-diversity analysis, 

core operational taxonomic units (OTUs) analysis and principal component analysis (PCA) were 

performed using the ampvis2 package in R. The core OTUs analysis sorted the microorganisms 

into three categories: core, granule specific and floc specific microorganisms. An Upset plot was 

employed to analysis the shared and unique microorganisms at the genus level among different 

sludge forms (granules and flocs) and C/N ratios. Statistical analysis of taxonomic and functional 

profiles (STAMP) software (version 2.1.3) was utilized to evaluate the differences in proportions 

between samples [200]. Two-sided G test (w/Yates’) + Fisher’s test was used for statistical analysis, 

and the Storey false discovery rate (FDR) method was applied for multiple test correction. A p-

value below 0.05 was considered statistically significant. 

 

7.3 Results 

7.3.1 Reactor performance 

Table 7.1 presents the chemical characteristics of the influent raw wastewater and the effluent 

from the AGS process. The autothermal thermophilic sludge aerobic digestion centrate primarily 

contained NH4+-N, with a concentration ranging from 769 to 887 mg/L; alkalinity below 2330 

mg/L; and soluble COD (sCOD) varying between 2136 mg/L to 5878 mg/L. These fluctuations in 

influent sCOD content resulted in different C/N ratios across the stages: 6 in Stage I, 4 in Stage II 

and 2 in Stage III.  
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Effluent NH4+-N concentrations increased progressively, from 124 mg/L in Stage I to 160 mg/L 

in Stage II, and 230 mg/L in Stage III. This corresponds to NH4+-N removal efficiencies of 86%, 

79% and 68%, respectively. The elevated effluent NH4+-N concentrations was attributable to the 

lack of alkalinity in the centrate to facilitate complete ammonia oxidation, which is evidenced by 

the low pH in effluent. With below 6 mg/L NO2--N in the centrate, effluent NO2--N concentrations 

rose from 132 mg/L in Stage I to 206 mg/L in Stage II, and 243 mg/L in Stage III, due to the 

reduced biodegradable sCOD. Both influent and effluent NO3--N levels remained minimal, under 

7 mg/L. The consistently low NO3--N concentration in the effluent is likely due to the inhibition 

effect of free ammonia, which could reach levels up to 78 mg/L, surpassing the threshold for NOB 

(0.1-1 mg/L) [150]. This corresponds to TIN removal efficiencies of 70%, 60% and 44% in Stages 

I, II, and III, respectively. Effluent sCOD levels remained stable between 1160 and 1360 mg/L, 

despite variations in influent sCOD. The remaining sCOD likely comprising primarily non-

biodegradable COD, ranging from 890 to 1500 mg/L in the wastewater. The corresponding sCOD 

removal efficiencies were 75% in Stage I, 62% in Stage II, and 50% in Stage III. 

Table 7.1 Characteristics of influent and treated effluent at Stages I, II and III. 
Influent parameters Stage I Stage II Stage III 

C/N ratios 6± 0.5 4 ± 0.3 2 ± 0.8 
NH4

+-N concentration (mg/L) 887 ± 31 858 ± 39 850 ± 18 
NO2

--N concentration (mg/L) 6 ± 2 6 ± 2 6 ± 2 
NO3

--N concentration (mg/L) 3 ± 1 3 ± 1 3 ± 1 
sCOD concentration (mg/L) 5300 ± 436 3635 ± 245 1810 ± 251 

Biodegradable sCOD concentration 
(mg/L) 4236 ± 555 2496 ± 407 916 ± 171 

Alkalinity 2200 2330 2120 
    

Effluent parameters    
pH 6 ± 1 6 ± 1 6 ± 1 

NH4
+-N concentration (mg/L) 124 ± 17 160 ± 5 230 ± 25 

NO2
--N concentration (mg/L) 132 ± 16 206 ± 48 243 ± 22 

NO3
--N concentration (mg/L) 7 ± 1 7 ± 1 7 ± 1 

sCOD concentration (mg/L) 1361 ± 92 1230 ± 62 1160 ± 38 
NH4

+-N removal efficiency (%) 86 ± 5 79 ± 7 68 ± 4 
TIN removal efficiency (%) 70 ± 3 60 ± 5 44 ± 8 

sCOD removal efficiency (%) 75 ± 6 62 ± 5 50 ± 5 
 

7.3.2 Sludge characteristics 

Table 7.2 presents the biomass concentration and sludge characteristics throughout the three stages. 

The MLSS concentration increased from 11 g/L in Stage I to 13 g/L in both Stages II and III. 

Similarly, the MLVSS content rose from 10 g/L in Stage I to 12 g/L in Stages II and III. Stable 
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SVI values were observed, ranging from 40 to 44 mL/g. The granular sludge structure was 

maintained and showing a size at 2.6 mm in Stage I, 2.8 mm in Stage II, and 2.7 mm in Stage III. 

The smaller granular sludge size observed in Stage I could be attributed to the low dissolved 

oxygen concentration (~0.8 mg/L). This low concentration was a result of the high COD and 

ammonia content in the bulk, which consumed a significant amount of dissolved oxygen, likely 

inducing microorganisms to form smaller granules to ensure oxygen diffusion. Similar 

observation has been reported in previous study [167]. Additionally, a reduction in granule size 

from Stage II to III might be due to the reduced availability of COD for extracellular polymeric 

substances (EPS) production. Granular sludge (> 0.2 mm in size) volatile solids accounted for 62% 

of the total MLVSS in Stage I, 69% in Stage II and 71% in Stage III. Accordingly, the flocs volatile 

solids contributed 38%, 31% and 29% to the total MLVSS in Stages I, II, and III, respectively. 

Previous study has also suggested a 35% flocs proportion for higher N removal in a flocs-granules 

coexisted system [201]. 

Table 7.2 Biomass concentrations and sludge characteristics. 
Biomass characteristics Stage I Stage II Stage III 

MLSS (g/L) 11 ± 0.3 13 ± 0.5 13 ± 0.3 
MLVSS (g/L) 10 ± 0.3 12 ± 0.4 12 ± 0.2 
SVI30 (mL/g) 43 ± 1.0 40 ± 2.0 44 ± 1.0 

Granular sludge/MLVSS (%) 62 ± 0.2 69 ± 0.4 71 ± 0.4 
Flocs/MLVSS (%) 38 ± 0.3 31 ± 0.3 29 ± 0.2 

Granular sludge size (mm) 2.6 ± 1.0 2.8 ± 0.9 2.7 ± 1.2 
 

7.3.3 Microbial kinetics  

Figure 7.1 illustrates the specific microbial activities of AAOB, HAOB, NOB, denitritation and 

denitrification in granules and flocs under varied C/N ratios and their contributions to the 

respective N oxidation and reduction capacities. Flocs consistently exhibited higher specific 

microbial activities for all five activity tests compared to granules. 

 

7.3.3.1 Ammonia and nitrite oxidation rate 

The ammonia oxidation rate was used to illustrate the activities of AAOB and HAOB. In granules, 

AAOB activities gradually reduced from 0.24 g N/(g VSS·d) in Stage I to 0.19 g N/(g VSS·d) in 

Stage II and 0.14 g N/(g VSS·d) in Stage III (Figure 7.1a). Conversely, AAOB activities in flocs 

increased from 0.25 g N/(g VSS·d) in Stage I to 0.31 g N/(g VSS·d) in Stage II, reaching 0.34 g 

N/(g VSS·d) in Stage III. The AAOB activities obtained in current study fall within the reported 
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range of 0.07 to 0.64 g N/(g VSS·d) [122, 123, 125, 126, 164]. These observations suggest that as 

the C/N ratio decreased, flocs may be more conducive to the growth of AAOB compared to 

granules. Although AAOB activity increased with the reduced C/N ratio, the higher biomass 

content in granules compared to flocs (Table 7.2) resulted in a higher partition of autotrophic 

ammonia oxidation contribution in granules at 61% in Stage I and 58% in Stage II, while equal 

contributions were observed in Stage III. 

 

Compared to AAOB activities, HAOB and NOB activities were significantly lower (p<0.05). Both 

granules and flocs exhibited decreasing HAOB activities with reduced C/N ratios from Stage I to 

III (Figure 7.1b). In granules, HAOB activities decreased substantially from 0.1 g N/(g VSS·d) in 

Stage I to 0.07 g N/(g VSS·d) in Stage II and 0.03 g N/(g VSS·d) in Stage III. In flocs, HAOB 

activities declined from 0.11 g N/(g VSS·d) (Stages I and II) to 0.09 g N/(g VSS·d) (Stage III). 

The contribution of heterotrophic ammonia oxidation from granules reduced from 60% in Stage I 

to 45% in Stage III, while the contribution from flocs increased.  

 

NOB activities, presented as nitrite oxidation rate, were below 0.002 g N/(g VSS·d) in granules 

(Figure 7.1c). In flocs, NOB activities elevated slightly from 0.001 g N/(g VSS·d) in Stage I to 

0.005 g N/(g VSS·d) in Stage III. These low values explain the absence of nitrate in the effluent 

throughout the three stages. The contribution of granules to nitrite oxidation gradually decreased 

from 64% in Stage I to 37% in Stage III, while contribution from flocs elevated. 

 

7.3.3.2 Nitrite and nitrate reduction rate 

Denitritation activities, indicated by nitrite reduction rate, and denitrification activities, indicated 

by nitrate reduction rate, both decreased stepwise with reduced C/N ratios. From Stage I to Stage 

III, denitritation activities in granules decreased from 2.6 to 1.8 to 1.1 g N/(g VSS·d), while in 

flocs, the activities reduced from 2.7 to 2.5 to 2.3 g N/(g VSS·d). Denitrification activities were 

consistently lower than denitritation activities, showing up to a 10-fold difference, likely due to 

substrate limitations. Denitrification activities remained relatively stable across the three stages, 

ranging from 0.28 to 0.32 g N/(g VSS·d) in granules and 0.30 to 0.35 g N/(g VSS·d) in flocs. In 

both nitrite and nitrate reduction capacities, granules consistently outperformed flocs. The 
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contribution from granules to nitrite reduction decreased from 62% to 53% as the C/N ratio 

reduced, while the contribution to nitrate reduction in granules elevated from 60% to 70%. 

 
Figure 7.1 Specific microbial activities in granules and flocs and their contributions to the 
corresponded process in the system across Stage I to III, including a) autotrophic ammonia 
oxidizing bacteria (AAOB) activity and their contributions to autotrophic ammonia oxidation, b) 
heterotrophic ammonia oxidizing bacteria (HAOB) activity and their contributions to 
heterotrophic ammonia oxidation, c) nitrite oxidizing bacteria (NOB) activity and their 
contributions to nitrite oxidation, d) denitritation activity and their contribution to nitrite reduction 
and e) denitrification activity and their contributions to nitrate reduction. 



81 

 

7.3.4 Microbial community dynamics 

7.3.4.1 Microbial diversity and richness 

The evaluation of microbial community diversity and richness in granules and flocs under 

different C/N ratios is shown in Figure 7.2. Diversity was evaluated using the Shannon (Figure 

7.2a) and Simpson (Figure 7.2b) indices, while richness was assessed using the Chao1 index 

(Figure 7.2c). Elevated microbial diversity was observed in granules compared to flocs at all 

stages. Decreasing C/N ratios had minimal impact on granule diversity. but negatively affected 

floc diversity. Granules in Stages I and II displayed higher richness levels compared to flocs, but 

in Stage III, flocs exhibited greater richness.  

 

Figure 7.2d illustrates the number of shared amplicon sequencing variants (ASVs) among granules 

and flocs across the three stages. Granules and flocs shared 55 ASVs across all stages. Granules 

shared 11 ASVs across stages, while flocs shared 7 ASVs. In Stage III, granules and flocs shared 

the highest number of ASVs of 20, followed by 16 in Stage I and 5 in Stage II. Stage III flocs had 

the highest number of unique ASVs at 85, whereas Stage III granules had the lowest at 36. Both 

granules and flocs in Stages I and II had approximately 45 unique ASVs. These observations 

suggest that low C/N ratios may induce substantial shifts in the microbial community, particularly 

in flocs, evidenced by enhanced microbial richness and higher unique sequences in Stage III flocs 

compared to granules. 
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Figure 7.2 Dynamics of microbial diversity and richness, encompassing a) Shannon b) Simpson 
and c) Chao1 indice; and d) Upset plot for granules (Stage I-G, Stage II-G, Stage III-G) and flocs 
(Stage I-F, Stage II-F, Stage III-F) under each stage. 

 

7.3.4.2 Microbial community at phylum level 

To understand the divergences in granules and flocs and the shifts in the microbial community 

under varied C/N ratios, a phylum level microbial analysis was performed (Figure 7.3a). 

Proteobacteria was the most abundant phylum in all sludge samples, accounting for 44% in Stage 

I granules, 45% in Stage I flocs, 34% in Stage II granules, 44% in Stage II flocs, 27% in Stage III 

granules, and 29% in Stage III flocs. Comparable relative abundances of Proteobacteria were 

observed in granules and flocs within the same stage. Microorganisms affiliated with 

Proteobacteria are known to participate in N removal processes [202]. With the reduced C/N ratios, 
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Proteobacteria showed a stepwise decrease in both granules and flocs, aligning with the reduced 

N removal performance and decreased specific microbial activities, particularly denitritation and 

denitrification activities.  

 

In addition to Proteobacteria, Actinobacteriota and Plantomycetota were among the top three 

phyla throughout the reactor operation. Previous studies have documented that many 

microorganisms in these phyla are capable of organic and N degradation [203, 204]. The relative 

abundance of Actinobacteriota decreased with the reduction in C/N ratios, with a considerable 

reduction observed in Stage III. Actinobacteriota decreased from 25% in Stage I granules and 28% 

in Stage I flocs to 20% in Stage II granules and 28% in Stage II flocs, and further to 17% in Stage 

III granules and 4% in Stage III flocs. Conversely, the relative abundance of Plantomycetota 

gradually increased in granules, from 14% in Stage I to 26% in Stage II, reaching 34% in Stage 

III. In contrast, the abundance of Plantomycetota remained relatively stable in flocs, at 8% in Stage 

I, 11% in Stage II, and 7% in Stage III. This suggests that microorganisms affiliated with 

Plantomycetota likely prefer to reside in granules and thrive in environments with low C/N ratios.  

 

Similar to the shifts observed in Planctomycetota, the phylum Choloroflexi, widely known as 

filamentous bacteria, showed higher abundance in granules compared to flocs. The relative 

abundance of Chloroflexi increased as the C/N ratio decreased, accounting for 8% in Stage I 

granules and 1% in Stage I flocs, then rising to 13% in Stage II granules and 2% in Stage II flocs, 

and finally reaching 14% in Stage III granule and 4% in Stage III flocs. Additionally, a significant 

increment in the abundance of Deinococcota was observed in Stage III flocs, rising from 1% in 

Stages I and II to 38% in Stage III, while its relative abundance remained below 2% in granules. 

The Deinococcota potentially perform thermophilic organic degradation and denitrification [146, 

205].  
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Figure 7.3 Microbial community composition at a) phylum and b) genus levels. Stage I-G 
represents Stage I granules and Stage I-F indicates Stage I flocs. Top 30 genus were presented, 
and being divided into three categories, including core microorganisms (shared by both granules 
and flocs), granule specific microorganisms (mainly dominated in granules), and floc specific 
microorganisms (mainly dominated in flocs). The unspecified genera were shown at family level 
(Unclassified f_). 

 

7.3.4.3 Microbial community at genus level 

To gain deeper insights, genus level microbial analysis was performed, revealing the dynamics of 

the top 30 abundant genera in granules and flocs (Figure 7.3b). These genera were categorized as 

core, granule specific and floc specific microorganisms. 

 

Core microorganisms 

Core microorganisms are present in both granules and flocs. The most abundant genera in this 

group were Isosphaera, Thauera and genus affiliated with the family Commamonadaceae across 

all C/N ratios.  

 

In granules, the relative abundance of Isosphaera increased from 11% in Stage I to 23% in Stage 

II and 26% in Stage III, while in flocs, it changed from 7% to 10% to 4%. Known for its 

filamentous structure and role in organic degradation and biofilm formation, Isosphaera is crucial 

in maintaining granule structure and stability [191, 206, 207]. Thauera, a heterotrophic denitrifier 

capable of degrading aromatic compounds and producing polysaccharide, plays a key role in 

initial cell aggregation [208]. In granules, the proportion of Thauera reduced from 16% in Stages 
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I and II to 10% in Stage III. In flocs, Thauera abundance increased from 11% in Stage I to 19% 

in Stage II, then dropped to 4% in Stage III. Genera affiliated with the family Comamonadaceae, 

are documented as aerobic heterotrophic bacteria with denitrification potential [209]. In granules, 

their proportion reduced from 18% in Stage I to 8% in Stage II and 3% in Stage III. In flocs, their 

abundance decreased from 21% to 11% and down to 4% across the stages.  

 

Among the core microorganisms, Nitrosomonas was the dominant genus responsible for ammonia 

oxidation. Although present in both granules and flocs, higher relative abundances Nitrosomonas 

were observed in flocs across all stages. In Stage I, its abundance was 0.7% in granules and 0.9% 

in flocs. As the C/N ratio decreased, the differences in the proportion of Nitrosomonas between 

granules and flocs became more pronounced, with 0.4% in Stage II granules, 1% in Stage II flocs, 

0.8% in Stage III granules, and 2.5% in Stage III flocs. This observation aligns with the AAOB 

activity test results. The higher relative abundance of AAOB in Stage I granules compared to Stage 

III might be due to competition with heterotrophic bacteria at high C/N ratios, inducing AAOB 

attachment on granules to prevent washout. Without such stress, AAOB preferred to residing in 

flocs under low C/N ratios. Previous study has documented that higher C/N ratios can cause 

AAOB washout and reduce ammonia oxidation efficiency [210]. This highlights the beneficial 

role of granules in retaining AAOB and maintaining satisfactory ammonia oxidation in Stage I. 

 

In addition to Thauera, Paracoccus is also a key denitrifying bacterium, which showed a 

considerable reduction when the reactor operation shifted from Stage II to III. In granules, its 

abundance decreased from 1% in Stages I and II to 0.1% in Stage III. In flocs, it changed from 1% 

in Stage I to 2% in Stage II, and to 0.3% in Stage III. 

 

Genera Truepera, Persicitalea, Leucobacter, Paludisphaera and those affiliated with the family 

JG30-KF-CM45 are known for degrading a wide range of organic compounds [146, 211-213]. 

The abundance of these genera increased in granules and reduced in flocs as the C/N ratio reduced, 

likely due to the higher capacity of granular sludge to capture macromolecular organics. The 

abundance of Truepera in granules increased from 1% in Stages I and II to 2% in Stage III, while 

remaining around 1% in flocs. The abundance of Persicitalea in granules increased from 1.2% in 

Stage I to 1.5% in Stage III, while in flocs it decreased from 2.6% in Stage I to 1.2% in Stage III. 
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Similarly, the proportion of Leucobacter in granules increased from 1.2% (Stage I) to 2.5% (Stage 

III), while in flocs it reduced from 1.1% (Stage I) to 0.7% (Stage III). The abundance of genus 

affiliated with the family JG30-KF-CM45 increased in granules from 1% in Stage I to 2% in Stage 

II, and to 3% in Stage III. In flocs, while maintaining around 1% in flocs. In addition to COD 

degradation capabilities, Paludisphaera and the genus affiliated with the family JG30-KF-CM45, 

which belong to Chloroflexi and exhibit a filamentous structure, may also contribute to granule 

stability [213, 214].  

 

Granule specific microorganisms 

The genus affiliated with the family Dermatophilaceae was the most abundant microorganism 

among granule specific microorganisms, with relative abundance of 3% in Stage I granules, 13% 

in Stage II granules, and 8% in Stage III granules. These genera, including polyphosphate 

accumulating organisms (PAOs) and glycogen accumulating organisms (GAOs), likely support 

granule structure and stability during shifts in C/N ratios [215].  

 

Candidatus Anammoximicrobium was the primary genus for nitrogen removal among the granule 

specific microorganisms, with a relative abundance of 1% in Stages I and II, increasing to 3% in 

Stage III. Genus Limnobacter, known for its role in partial denitrification and co-occurrence with 

anammox bacteria, increased in abundance in granules from 1% in Stages I and II to 2% in Stage 

III. Additionally, a genus associated with the family Caldilineaceae may also contribute to N 

removal, showing an elevated abundance in granules from 1% in Stage I to 3% in Stage III. 

 

Both Litorilinea and an unknown genus associated with family Caldilineaceae have been reported 

as filamentous bacteria prevalent in anaerobic systems, potentially serving as the structural 

backbone for granular sludge. Regarding COD degradation, Pirellula and a genus within the 

family 67-14 are potent organic degraders in the granules [216]. The relative abundance of 

Pirellula elevated from less than 1% in Stage I granules to 3% in Stage III granules. Similarly, the 

genus within the family 67-14 rose from below 1% in Stage I to 5% in Stage III.  
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Floc specific microorganisms 

The predominant genus among floc specific microorganisms was Corynebacterium in Stages I 

and II, which then shifted to Thermus in Stage III flocs. Genus Corynebacterium, known for N 

fixation and heterotrophic nitrification capabilities [181], exhibited a substantial reduction in 

abundance as the C/N ratio decreased, from 19% in Stage I granules to less than 1% in Stage III 

granules, and from 24% to below 1% in flocs. Conversely, Pseudomonas, which may participate 

in aerobic denitrification [185], increased in relative abundance in flocs from 1% in Stage I to 2% 

in Stage II, and to 7% in Stage III.  

 

Genus Thermus was highly enriched in Stage III flocs, with a relative abundance of 38%. This 

enrichment could be attributed to its ability to secret a variety of enzymes and decompose 

macromolecular organics under aerobic condition [186]. This genus has been widely reported in 

geothermal systems, may perform incomplete denitrification, potentially resulting in N2O 

production [205], warranting further investigation. Taibaiella, capable of degrading organics, 

showed a reduced relative abundance from 1% in Stage I flocs to below 1% in Stage III flocs. 

 

Additionally, the genera Coprothermobacter, Fervidobacterium and Arcobacter were dominant 

among floc specific microorganisms. Genus Coprothermobacter and Fervidobacterium, known 

as fermentation bacteria [217, 218], might have been introduced with centrate containing residual 

biomass from previous stages.  

 

7.3.4.4 C/N ratio impact on microbial community 

Figure 7.4 elucidates the divergences between granule and flocs at different C/N ratios. The PCA 

results, shown in Figure 7.4a, illustrate a total variance of 83%, with PC1 explained 47% of the 

variance and PC2 explained 36%. Substantial separation was observed between Stage III granules 

and flocs, followed by Stage II, with Stage I granules being closest to Stage I flocs. These results 

imply that the divergences between granules and flocs enlarged as the C/N ratio decreased. 

Additionally, flocs showed higher divergence compared to granules from Stage I to III. The 

variance between Stage II and III flocs was more substantial than between Stage I and II flocs. In 

contrast, higher variance was observed between Stage I and II granules than between Stage II and 

III granules. Specifically, Corynebacterium and Thermus separated Stages I and II flocs from 
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Stage III flocs, while Corynebacterium, Isosphaera, Thauera and genera affiliated with the 

families Dermatophilaceae separated Stage I granules from Stages II and III granules. 

 

STAMP analysis (Figure 7.4b) reveals a substantial difference in proportion was observed when 

comparing Stage I granules with Stage II granule and between Stage II and Stage III flocs. The 

proportion of Corynebacterium was over 15% more abundant in Stage I granules compared to 

Stage II. Substantial shifts were also seen in Isosphaera and genera associated with the families 

Comamonadaceae and Dermatophilaceae between Stage I and Stage II granules. These 

microorganisms, linked to heterotrophic nitrification and granule stability, showed significant 

abundance changes in granules during C/N ratio shifts from 6 (Stage I) to 4 (Stage II). In contrast, 

the level of differences between Stage II and Stage III granules were smaller, with a maximum 6% 

difference.  

 

Comparing Stage I to Stage II flocs, differences were below 10%, with the highest in Thauera. In 

comparison, the highest difference of 40% was observed in the macromolecular organics 

degrading genus Thermus between Stage II and Stage III flocs. The second most significant 

difference was in the heterotrophic nitrification related genus Corynebacterium.  

 
Figure 7.4 The similarities between granules and flocs under different C/N ratios, including a) 
principal component analysis (PCA) and b) comparative analysis of Stage I granules and Stage II 
granules, Stage II granules and Stage III granules, Stage I flocs and Stage II flocs, and Stage II 
flocs and Stage III flocs. 
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7.3.4.5 Functional variability across microbial groups 

 To investigate the correlation between reactor operation parameter and performance, as well as 

their associations with specific microbial groups (core, granule specific and floc specific 

microorganisms), Pearson’s correlation analysis and the Mantel test were employed. The 

correlation plot (Figure 7.5) revealed a significant positive correlation between C/N ratios and 

ammonia and TIN removal efficiencies. Additionally, C/N ratios positive correlated with HAOB, 

denitritation, and denitrification activities. Sludge size exhibited a significant positive correlation 

with microbial diversity but negatively correlated with all specific microbial activities, 

particularly AAOB activity. Furthermore, ammonia removal efficiency significantly correlated 

with TIN removal efficiency, underscoring the importance of TIN removal for alkalinity recovery 

and complete ammonia removal.  

 

The Mantel tests further revealed that core microorganisms were significantly correlated with 

AAOB activity and the removal efficiencies of ammonia and TIN. Similarly, floc specific 

microorganisms were significant correlated with AAOB, HAOB and denitritation activities, as 

well as ammonia and TIN removal efficiencies. In contrast, granule specific microorganisms were 

significantly correlated with denitrification activity and sludge size. These observations suggest 

that granules and flocs shared similar functionalities for N and COD removal. However, floc 

specific microorganisms presented a higher correlation with both N oxidation and reduction 

processes, while granule specific microorganisms, influenced by sludge size, primarily contribute 

to N reduction and granule formation and stability. Therefore, flocs are critical for N removal 

during the shift of C/N ratios from high to low. 
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Figure 7.5 Pairwise comparisons of reactor operation parameters, microbial kinetics, and reactor 
performances metrics. The color gradient indicates Pearson’s correlation coefficients, with 
statistical significance denotes as *** (p<0.001), ** (p>0.01) and * (p<0.05). The top 30 abundant 
genera in the microbial community, divided into three groups based on genus level analysis, were 
related to each operational factor and reactor performance result by Mantel tests. Edge color 
corresponds to the Mantel’s p value, and edge width denotes the Mantel’s r statistic for the distance 
correlation. 

 

7.4 Discussion 

7.4.1 Contributions of granules and flocs to N removal 

Granules and flocs both contributed to N removal in the system. Activity tests consistently showed 

higher microbial activities in flocs compared to granules, but granules had higher biomass content 

in the reactor, which also affect their contributions to the N removal capacity. The results suggest 

granules were the main contributors to N oxidation, including autotrophic and heterotrophic 

ammonia oxidation and nitrite oxidation, at C/N ratio of 6 (Stage I) and 4 (Stage II). As the C/N 

ratio reduced to 2, the contributions from granules to these processes diminished, while flocs’ 

contributions in Stage III became equal to or higher than granules. In contrast, granules 

consistently outperformed flocs in nitrite and nitrate reduction throughout the reactor operation. 

It is speculated that elevated N removal contribution from granules might associate with higher 



91 

 

C/N ratios, whereas flocs play a critical role under low C/N conditions. Specific anammox activity 

should be further investigated to better understand their contributions to the overall N removal. 

 

7.4.2 Granule and floc specific microorganisms and responses to C/N ratios 

Granules and flocs shared microorganisms involved in N removal, such as Nitrosomonas and 

Thauera, aerobic heterotrophic filamentous bacteria, like Isosphaera, and other microorganisms 

associated with the decomposition of complex organics. Granules predominantly contained 

anaerobic microorganisms (Candidatus Anammoximicrobium) and those have a filamentous 

structure, such as Isosphaera, Litorilinea, and genera involved in family Dermatophilaceae (PAOs 

and GAOs), which benefit granule stability. These microorganisms are crucial for granulation and 

maintaining structural stability during C/N ratio shifts. Flocs was dominated by aerobic 

microorganisms, including Nitrosomonas, Corynebacterium, Thermus, and genus associated with 

the family Comamonadaceae, which are likely capable of autotrophic/heterotrophic nitrification 

and organic degradation. Additionally, some microorganisms sourced from the influent 

wastewater were also present in the flocs.  

 

As the C/N ratio reduced, the abundance of heterotrophic bacteria in both granules and flocs 

declined, while the abundance of microbes capable of degrading macromolecular organics 

increased. In granules, there was an increased abundance of filamentous and anammox bacteria, 

while flocs had more AAOB. The PCA results indicate a pronounced microbial shift occurred in 

granules when the C/N ratio shifted from 6 (Stage I) to 4 (Stage II), whereas flocs were more 

affected by the shift from 4 (Stage II) to 2 (Stage III). It is speculated that microbes in granules 

may detach and remain active in the bulk when the C/N ratio shifted from 6 to 4, possibly 

explaining the earlier microbial shift in granules compared to flocs.  

 

7.5 Conclusion 
This chapter investigated the N removal contributions and predominant microorganisms in 

granules and flocs under varying C/N ratios in an aerobic granular sludge reactor (AGS) for high 

ammonia centrate treatment. Results revealed that specific microbial activities in flocs 

consistently surpassed those in granules. However, granules contributed more to the N oxidation 
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and reduction at C/N ratios of 6 and 4. As C/N ratio reduced to 2, flocs showed higher 

contributions to N oxidation, while granules maintained their major role in N reduction. Granules 

and flocs shared most N and COD removal associated microorganisms, such as Nitrosomonas and 

Thauera. Granule specific microorganisms involved anammox bacteria (Candidatus 

Anammoximicrobium), filamentous bacteria and genus in family Dermatophilaceae. Flocs were 

dominated by aerobic microorganisms associated with organic and N degradation. As the C/N 

ratio decreased, the relative abundances of filamentous bacteria in granules and microorganisms 

capable for macromolecular organic degradation in both granules and flocs, and Nitrosomonas in 

flocs were increased. Denitrification related microorganisms showed reduced abundance with 

decreasing C/N ratios. A shift from a C/N ratio from 6 to 4 had a greater impact on the microbial 

community in granules, whereas a shift from 4 to 2 had a more pronounced effect on flocs. This 

chapter highlights the key role of granules and flocs in treating high ammonia waste streams, 

suggesting that the retention of granules is more critical for high ammonia, high C/N conditions, 

whereas retaining flocs is critical for high ammonia, low C/N waste streams.  
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Chapter 8. Newly Developed Granular Sludge Reactor (GSR) 

Enhances Nitrogen Removal from High Ammonia Waste Stream: 

Selection and Enrichment of Effective Microbial Community5 

8.1 Introduction 
Chapter 6 shows that the poor N removal from high ammonia, low C/N, low Alk/N centrate is 

primarily due to insufficient alkalinity in the centrate and inadequate denitrification, which 

recovers alkalinity. Although high N removal was observed under high C/N conditions (a ratio 

over 6), a significant proportion of COD was consumed by aerobic heterotrophs, which did not 

contribute to N removal. Therefore, AGS operation should be modified to enhance effective COD 

utilization to improve the denitrification process during the treatment of low C/N and low Alk/N 

waste streams. Further, Chapter 7 suggests the significant role of flocs or small granules in N 

removal under low C/N conditions. Therefore, AGS should be further modified to allow higher 

retention of small granules and flocs to improve the N removal capacity. 

 

A range of high ammonia waste streams, such as anaerobically digested sludge supernatant and 

landfill leachate, contains up to 1000 mg N/L ammonia and very low biodegradable COD (< 300 

mg/L), resulting in a C/N ratio of 0.25-0.5. This presents a scenario that has not been extensively 

explored in previous AGS studies for the treatment of ammonia rich waste streams. However, the 

feasibility of AGS reactors for treating high ammonia waste streams with low C/N ratios has not 

been well demonstrated, and optimization strategies for TIN removal and N loading have yet to 

be established. The paucity of studies in this area maybe due to granulation challenges arising 

from free ammonia inhibition and scarcity of readily biodegradable COD, which is essential for 

the synthesis of extracellular polymeric substance (EPS) required for microbial aggregation. 

Previous studies have documented that granulation processes tend to be slower under low C/N 

conditions. For instance, a study observed that it took 80 days to form granules in wastewater 

treatment systems where the C/N ratio was 5 [219]. Additionally, numerous investigations 

 
5 A version of this chapter has been published: Zou, X., Gao, M., Yao, Y., Zhang, Y., Guo, H., & Liu, Y. (2024). Efficient nitrogen removal from 

ammonia rich wastewater using aerobic granular sludge (AGS) reactor: Selection and enrichment of effective microbial community. Environmental 

Research, 251, 118573. https://doi.org/10.1016/j.envres.2024.118573 

https://doi.org/10.1016/j.envres.2024.118573
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reported compromised granular integrity when treating waste streams with C/N ratios over 10 or 

below 2 [45, 220].  

 

In the present chapter, a newly developed GSR was introduced for the Nit/DNit of ammonia rich 

anaerobically digested sludge supernatant. Unlike previous AGS studies, which predominantly 

relied on continuous aeration, this study introduced an anoxic phase with additional COD to 

enhance nitrogen removal efficiency and optimize COD utilization in low C/N wastewater. The 

primary objectives are to demonstrate the innovative adaptation of GSR for low C/N, high 

ammonia wastewater treatment without the prerequisite of pretreatment, and optimize the TIN 

removal and the N loading capacity with a specific focus on selecting and enriching highly 

efficient N removing microbial consortium.  

 

8.2 Methods and materials 

8.2.1 Reactor setup and operation 

A cylindrical GSR with a 4 L capacity was employed for the treatment of anaerobically digested 

sludge supernatant, which contains 800-1000 mg/L NH4+-N, 2500-3000 mg/L alkalinity as CaCO3, 

and 100-300 mg/L BOD. Anaerobically digested sludge supernatant was biweekly sampled from 

a wastewater treatment facility in Alberta, Canada, and subsequently stored in a cold room until 

undergoing biotreatment. Due to the seasonal variation, varied influent wastewater characteristics 

were observed. The seed sludge was suspended solids that originated from a Nit/DNit reactor 

designed for high ammonia wastewater treatment [61]. The GSR operated in a sequencing batch 

manner, with a feed exchange rate of 50% at 20 oC. Both feed and air were introduced from the 

bottom of the reactor and the air provided an upflow superficial velocity at 1.4 cm/s. The reactor’s 

operation involved 7 stages based on hydraulic retention time (HRT) and N loading. The HRT was 

progressively reduced from 48 hrs to 7 hrs based on the reactor capacity. Throughout the reactor 

operation, feeding and discharging duration were fixed at 10 min, and the settling duration was 

set at 30 min. The proportion of the aerobic phase within the cycle duration was progressively 

reduced from 68% to 43%, while the anoxic phase consistently occupied 30% of the cycle time. 

During the anoxic phase, a concentrated organic carbon source, sodium acetate anhydrous, with a 
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COD of 40 g/L was pulse added to a C/N ratio of 2 to aid in the removal of TIN. Reactor’s 

operations were automatically controlled by timers. 

 

8.2.2 Granular sludge characterization 

Granular sludge retrieved from the GSR at Stage VII underwent characterization with X-ray 

powder diffraction (XRD, Rigaku Ultima IV, Japan) employing the Bragg Brentano reflection 

geometry. The acquired data was evaluated with JADE MDI 9.6 software, and phase identification 

was performed through DIFFRAC.EVA software using the 2021/2022 ICDD PDF 4+ and PDF 

4+/Organics databases. Granule dimensions were ascertained using a digital image microscope 

(Axiovert100-Micro Injection), with subsequent image analysis executed via ImageJ software. 

Extracellular polymeric substances (EPS) were extracted from the seed sludge, as well as from 

samples collected at Stages III and VII.  

 

8.2.3 DNA extraction and microbial analysis 

Seed sludge and mixed liquor sludge samples gathered at the end of each stage were extracted for 

DNA. This extraction process was duplicated using the DNeasy PowerSoil Pro Kit (QIAGEN, 

Hilden, Germany). The extracted DNA was then amplified using the universal primer pair 515 F 

(GTGCCAGCMGCCGCGG) and 806 R (GGACTACHVGGGTWTCTAAT). Subsequently, 

these DNA samples were dispatched for sequencing on the Illumina Miseq PE250 platform at 

Genome Quebec (Montréal, QC, Canada). Analysis of the sequencing data employed the DADA2 

algorithm in QIIME2 pipeline [77, 221]. Taxonomy assignments were made in accordance with 

the GreenGenes database (version 13_8) at a 97% similarity [79].  

 

For the quantitative analysis of functional genes integral to N conversions, specifically ammonia 

monooxygenase (amoA), nitrite oxidoreductase (NSR) and nitrite reductase (nirSK), a quantitative 

polymerase chain reaction (qPCR) was utilized. Detailed primer information was presented in 

Table 8.1. 
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Table 8.1 Primer information for quantitative analysis of N conversion functional genes. 
 Target gene Primer Sequence Reference 

Nitrification 
amoA amoA-1F 5’-GGGGTTTCTACTGGTGGT-3’ [222] 

amoA-2R 5’-CCCCTCKGSAAAGCCTTCTTC-3’ 

Nitrospira spp.  NSR 1113f 5’-CCTGCTTTCAGTTGCTACCG-3’ [223]  NSR 1264r 5’-GTTTGCAGCGCTTTGTACCG-3’ 

Denitrification 
nirS nirS 2f 5’-TACCACCCSGARCCGCGCGT-3’ [224]  nirS 3r 5’-GCCGCCGTCRTGVAGGAA-3’ 

nirK 
nirK 876 5’-ATYGGCGGVCAYGGCGA-3’ 

[225]  nirK 1040 5’-GCCTCGATCAGRTTRTGGTT-3’ 
 

8.2.4 Statistical analysis 

T-test, executed in Microsoft® Excel® software, was used to determine statistical significance. 

Differences were reported significant at P<0.05.  

 

8.3 Results and discussion 

8.3.1 Nitrogen removal  

Figure 8.1 presents the reactor performance over 450 days’ continuous operation with an influent 

ammonia concentration of approximately 900 mg N/L. The reactor operation was divided into 7 

stages with progressively reduced HRT from 48 hrs to 7 hrs. Within Figure 8.1a, Stage I is 

recognized as the start-up phase. During this phase, effluent NH4+-N and NO2--N concentrations 

fluctuated between 100 to 400 mg/L, achieving 40-85% NH4+-N and TIN removal (Figure 8.1b). 

The interruption in Stage I arose due to a facility shutdown. Beyond this phase, from Stages II to 

VII, effluent NH4+-N, NO2--N and NO3--N were consistently low, averaging 2 mg N/L, 20 mg N/L 

and 3 mg N/L, respectively. An exception was observed at the culmination of Stage III with a 

relatively higher effluent NO2--N (up to 55 mg/L) and NO3--N (up to 20 mg/L), likely attributed 

to the excessive aeration, suggesting the HRT could be further shortened. This prolonged aeration 

allowed AAOB to fully oxidize ammonia, while NOB further transformed nitrite to nitrate. The 

carbon source provided inadequate for the full conversion of nitrate to nitrogen gas, leading to 

observable leftover nitrite in Stage III's effluent. As depicted in Figure 8.1c, the inherent COD of 

the raw wastewater contained a readily biodegradable fraction of up to 200 mg/L. When combined 

with externally supplied COD during anoxic phase, the resultant C/N ratios varied between 2 and 

2.5. These C/N values align with previously reported studies for nitrite denitrification [61, 226]. 
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However, nitrate denitrification demands a higher COD input to complete. Figure 8.1b highlights 

impressive ammonia and total inorganic nitrogen (TIN) removal efficiencies at 99% and 95% 

respectively, from Stage II onward. In comparison to a previous study with a C/N ratio of 3, which 

achieved only a 31% nitrogen removal efficiency, the nitrogen removal efficiency observed in the 

current study is notably higher [227]. 

 

Meanwhile, Figure 8.1d details the N composition of wastewater before and after treatment at 

Stage VII. In the untreated wastewater, NH4+-N constituted 68.7% of the soluble total N and 

soluble organic N making up 31.1%. The remaining percentages were shared by NO2--N and NO3-

-N. In the GSR treated wastewater, the majority of soluble N was organic N, accounting for 76%. 

It’s noteworthy that the soluble total N in the untreated wastewater was 1240 mg/L, which 

dramatically reduced to 64 mg/L in the treated effluent, that is a 95% reduction. The N loading 

rate achieved in present study was the highest at 4.2 kg N(m3·d), compared to reported granular 

sludge studies treating industrial and municipal wastewaters, which reported rates ranging from 

0.16 to 1.20 kg N/(m3·d) [88, 228-231], or other technologies for high ammonia wastewater 

treatment, such as DEMON®, suspended SBR and ANITATM Mox, reporting N loading rates of 

0.03 to 2.2 kg N(m3·d) [107, 232-234].  
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Figure 8.1 Granular sludge reactor (GSR) reactor performance for the treatment of ammonia rich 
digested sludge supernatant; a) influent and effluent NH4+-N concentrations and effluent NO2--N 
and NO3--N concentrations; b) NH4+-N and total inorganic nitrogen removal efficiencies; c) 
influent and effluent COD concentrations and CODremoved/Nremoved ratio; and d) proportion of 
different N (NH4+-N, NO2--N, NO3--N, and organic N) in raw wastewater and GSR treated effluent. 

 

8.3.2 Sludge characteristics 

8.3.2.1 Physical properties of granular sludge 

At the commencement, the sludge concentration stood at roughly 4 g/L. As depicted in Figure 

8.2a, during Stage I, the MLSS and MLVSS remained below 5 g/L. Subsequently, there was a 

gradual escalation in biomass concentration along with the diminishing HRT. By Stage VII, the 

MLSS and MLVSS peaked at 22 g/L and 17 g/L, respectively. Compared to conventional activated 

sludge (CAS) system, the biomass concentration in current study was about 4-5 folds higher, 
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which aligned with previously reported study [235]. The high biomass density might enhance the 

resilience of the reactor, resulted in stable treatment efficiencies across the operation period. The 

MLVSS/MLSS ratio experienced a decline from 0.84 to 0.76, potentially a consequence of the 

inorganic matter accumulation sourced from the raw wastewater or formed during the reaction.  

 

As portrayed in Figure 8.2b, the SVI30 initially reached a high of 390 mL/g, with the SVI5 also 

peaking at 260 mL/g during Stage I. These SVI values in Stage I signified that the seed sludge 

predominantly exhibited a floc form. As operations progressed, SVI values steadily decreased, 

with Stage VII recording the lowest SVI30 and SVI5 values at 35 mL/g and 24 mL/g respectively. 

The low SVI values suggest high settleability of the granular sludge cultivated in current study.  

 

This surge in biomass content and the decline in SVI values could be linked to the formation of 

granulated sludge, evident from Stage III onwards. This granulated sludge, characterized by its 

denser structure and lower SVI, led to enhanced sludge retention. Further, the longer settling time 

in current study facilitated greater biomass retention compared to traditional AGS reactor 

operation, which typically use shorter settling time to select for large granules.  
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Figure 8.2 Sludge characteristics during bioreactor operation; a) mixed liquor suspended solids 
(MLSS) and mixed liquor volatile suspended solids (MLVSS) concentrations; and b) sludge 
volume index at 5 min and 30 min. 
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8.3.2.2 Granule composition and structure 

Figure 8.3a illustrates the granule size distribution at Stage VII. An average size of 0.5 mm was 

observed, with a predominant distribution ranging from 0.3 to 0.6 mm (Figure 8.4). The dispersion 

of smaller granules was pronounced relative to the larger granules observed in previous AGS 

systems, ranging from 0.5 to 8 mm and even up to 2 cm [11, 38, 73, 236, 237]. During the reactor 

operation period, granular sludge was consistently observed. In current study, the slow granulation 

process observed might be due to a lack of EPS production. Instead, hydraulic force could have 

been the primary factor stimulating granule formation during the treatment of low C/N wastewater.  

 
Figure 8.3 Characteristics of granular sludge: a) granule size distribution at Stage VII and b) 
dynamics of extracellular polymeric substances (EPS) in seed sludge samples and samples 
collected at Stage III and Stage VII. 

 

Proteins and polysaccharides are reported as key components for the formation and integrity of 

granular sludge [238]. The dynamics of protein and polysaccharide concentrations in S-EPS, L-

EPS and T-EPS were evaluated from seed sludge and samples collected in Stages III and VII, as 

shown in Figure 8.3b. Detailed information was listed in Table 8.2. Predominantly, T-EPS was 

observed in all the samples. While S-EPS content was comparable across the three samples, L-

EPS showed the highest value in the seed sludge, and the highest T-EPS value was observed in 

the Stage VII sludge. T-EPS has been reported as the key for cell granulation, which supports the 

high T-EPS content in Stage VII sludge [239, 240]. Quantitively of the T-EPS, the seed sludge 

displayed 27 mg protein/g VSS and 8 mg polysaccharide/g VSS, while 41 mg protein/g VSS and 

29 mg polysaccharide/g VSS in the Stage III T-EPS. Contrastingly, Stage VII sludge exhibited 40 
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mg protein/g VSS and 60 mg polysaccharide/g VSS in T-EPS. Protein and polysaccharide 

concentrations in T-EPS in the previously reported granular studies were higher than the values in 

current study [171, 241], which might be attributed to the low bCOD content in the raw wastewater, 

limiting the EPS secretion and granule growth. Notably, while proteins exceeded polysaccharide 

concentrations in the seed sludge and Stage III samples, Stage VII samples manifested a markedly 

elevated polysaccharide presence. Similar observation has been reported previously, observing 

higher polysaccharide content in the granular system [242].  

 
Figure 8.4 Image of granular sludge sampled at Stage VII. 

 

Apart from protein and polysaccharide values, the protein to polysaccharide ratio (PN/PS) serves 

as a critical determination of granule structure regulation. Figure 8.3b illustrates a progressive 

decrease in PN/PS ratio throughout the granulation process, diminishing from 2.1 in the seed 

sludge to 1.3 in Stage III to 0.7 in Stage VII. The role of the PN/PS ratio in indicating granule 

structural stability and robustness remains debated in the literature. While some studies suggested 

that ratios less than 1 are indicative of stability [198, 237], others have predominantly reported 

ratio over 1 [171, 241, 243]. Multiple factors may influence the PN/PS ratio, such as the C/N ratio 

in feed water and the selection of COD source. Notably, a high PN/PS ratio has often associated 
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with a C/N ratio ranging between 5-20 [171, 241, 243]. In contrast, this study observed a low 

PN/PS ratio, which may be related to the specific wastewater characteristic (i.e., low C/N ratio at 

0.25) and the utilization of sodium acetate as carbon source. The EPS content highlights the 

significant influence of polysaccharide in granulation, especially when treating wastewater with a 

low C/N ratio. 

Table 8.2 Protein and polysaccharide concentrations in soluble extracellular polymeric substance 
(S-EPS), loosely bound EPS (L-EPS) and tightly bound EPS (T-EPS).  

 Seed sludge (mg/L) Stage III (mg/L) Stage VII (mg/L) 
Protein Polysaccharide Protein Polysaccharide Protein Polysaccharide 

S-EPS 0.47 0.33 0.49 1.71 0.36 0.67 
L-EPS 1.98 5.46 0.36 1.13 0.45 1.28 
T-EPS 26.92 8.44 40.93 28.93 39.77 59.94 

 

XRD was applied to investigate the composition of the granular sludge, as shown in Figure 8.5, 

that monohydrocalcite was the predominant precipitate in the Stage VII sludge sample. 

Concurrently, the presence of variscite and SiO2 were identified. The formation and accumulation 

of these precipitates might attribute to the reduced MLVSS/MLSS ratios.  

 

 
Figure 8.5 XRD analysis result for granular sludge collected at Stage VII. 
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8.3.3 Microbial kinetics 

Specific microbial activities of AAOB, NOB, denitritation and denitrification were shown in 

Figure 8.6. The AAOB activities as shown in Figure 8.6a had the lowest value in Stage I at 0.18 

g N/(g VSS·d), then increased with the shortened HRT and reached the highest value in Stage VII 

at 0.5 g N/(g VSS·d), which fitted at the high end of the reported AAOB activity values, ranging 

from 0.07 to 0.64 g N/(g VSS·d) [88, 90, 244-246]. The relatively high AAOB activity might be 

attributed to the selection of highly effective microbial community via enhanced N loading. As 

previous studies reported, the small-sized granular sludge might also contribute to the relatively 

high AAOB activity [90]. NOB activities were relatively low across the operation compared to 

AAOB activities. There was a significant (p<0.05) increment in NOB activity in Stage III, which 

aligns with the observation in reactor performance data in Stage III, where effluent nitrate was 

slightly higher compared to other stages. 

 

The denitritation and denitrification specific activities were shown in Figure 8.6b. The 

denitritation activities increased progressively from 1.1 to 3.7 g N/(g VSS·d) and peaked at Stage 

VII. In contrast, the denitrification activities were stabilized at approximately 1 g N/(g VSS·d), 

which was 3-fold lower than the highest denitritation activities. Similar observation has been 

reported previously [88]. The nitrite reduction rate obtained in present study was the highest across 

the reported granular studies, which showed a value from 0.25 to 2 g N/(g VSS·d) [88, 244, 247]. 

Across all the samples, the specific activities of denitritation were considerably higher than 

denitrification, which has also been reported previously [88, 244, 246]. These results suggest that 

increased N loading also enhanced the denitritation activity in the GSR system. 
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Figure 8.6 Specific microbial activities under each stage, including a) the specific activities of 
autotrophic ammonia oxidizing bacteria (AAOB) and nitrite oxidizing bacteria (NOB); b) the 
specific activities of denitritation and denitrification. 

 

8.3.4 Microbial community dynamics 

The relative abundance of bacteria at phylum level and genus level were depicted in Figure 8.7a 

and Figure 8.7b. As shown in Figure 8.7a, phylum Proteobacteria was dominated in sludge 

samples across all the stages, accounting for 68% in seed sludge and reached up to 98% in Stage 

VII. As previously reported, nitrogen removal related functional microbes are affiliated in phylum 

Proteobacteria [97]. Followed by Bacteroidetes, which reduced in relative abundance from 20% 

in seed sludge to 0.2% in Stage VII. Phylum [Thermi] is the third abundant group in microbial 

community, the relative abundance of which was increased from 6% in seed sludge to 10% in 

Stage I, then gradually reduced to 1% in Stage VII. This phylum has also been reported to be 

involved in ammonia removal process [248]. 

 

Figure 8.7b depicts the relative abundance of genus involved in nitrification and denitrification 

processes and genus constituted over 1% of the microbial communities. Genus Nitrosomonas was 

the primary ammonia oxidizing bacteria throughout the operational stages. This genus manifested 

a peak in its relative abundance during Stage III, registering at 14.4%, an increased from its 

previous concentrations in seed sludge (0.1%), Stage I (0.8%) and Stage II (1.4%). Thereafter, a 

decline was observed through Stage IV (10.3%), Stage V (11.2%), Stage VI (3.6%) to Stage VII 

(2.7%). Even though the relative abundance of Nitrosomonas reduced from Stage III onwards, 
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qPCR results in Figure 8.7c showed a statistically significant (p<0.05) increment in the copy 

number of functional ammonia monooxygenase gene (amoA) in the system, escalating from 6.4 × 

109 copies/L in seed sludge to 4.3× 1011 copies/L in last stage. The findings showed that the 

reduction in the relative abundance of Nitrosomonas was primarily attributed to the substantial 

growth of denitrifying bacteria. Despite this decrease in relative abundance, the quantitative 

abundance of the functional genes (amoA) increased along the reactor operation, fortifying 

specific ammonia oxidation rate and N removal capacity. 

 

Genus Nitrobacter was the primary nitrite oxidizing bacteria in the reactor, marked a 0.1% in 

relative abundance during Stages III and IV, underscoring enhanced nitrite to nitrate conversions. 

The observation aligned with the performance data. Figure 8.7d, presenting quantifications of the 

nitrite oxidoreductase (NSR) gene throughout the operation, highlighting the highest NSR gene 

copy number in Stage III at 5.2 × 107 copies/L, which also matches the sequencing result. Outside 

these two stages, the relative abundance of Nitrobacter remained under 0.1%, implying effective 

inhibition of NOB by FA for the majority of the operation period. Remarkably, another identified 

genus within family Nitrosomonnadaceae was also detected in the seed sludge, albeit its 

prevalence reduced in subsequent GSR operations.  

 

The most abundant denitrifiers was affiliated to Thauera and followed by Paracoccus (Figure 

8.7b). The lowest relative abundance of Thauera was observed in the seed sludge at 32.7%, while 

peaked in Stage VII at 93.8%. In contrast, Paracoccus showed the highest relative abundance in 

Stage II at 3.3% and the lowest value in Stage VII at 0.1%. The domination of Thauera in the 

AGS system suggesting it is preferred for environments with high ammonia and low C/N 

condition, which also supported by previous study [249]. Further, the copy numbers of nitrite 

reductases (nirSK) increased gradually over time (Figure 8.7e), elevating from 4.7 × 1010 copies/L 

to 5.6 × 1011 copies/L, emphasizing the enhanced denitritation capacity in the GSR system.  
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Figure 8.7 Microbial community analysis in seed sludge and sludge samples in Stage I to VII, 
including the relative abundance of bacteria in a) phylum and b) genus level, and qPCR analysis 
of functional genes involved in c) ammonia oxidation, ammonia monooxygenase (amoA), d) 
nitrite oxidation, nitrite oxidoreductase (NSR) and e) nitrite reduction, nitrite reductase (nirSK). 
Unidentified genera in b) are shown at family (Unclassified f_), order (Unclassified o_), and 
phylum (Unclassified p_) levels. 

 

8.3.5 Key to the high nitrogen removal capacity 

The remarkable nitrogen removal capacity obtained could be attributed to the synergist effect of 

multiple factors: i) the selectively enriched AAOB that demonstrated elevated specific microbial 

activities via incremental N loading; ii) the high biomass content attained with sufficient settling 

duration; iii) the formation of small-sized granular sludge, which not only exhibited an enhanced 

active microbial surface area but also mitigated diffusion constrains, encompassing substrate and 

oxygen diffusion dynamics within the granular sludge as well as; iv) the compact granule structure, 

which might also facilitate symbiotic interactions between AAOB and denitrifiers, recognizing as 

complimentary role in the N cycle. The enhanced specific microbial activities in line with the 



107 

 

reactor performance, suggesting a microbial adaptation and proliferation in response to 

operational conditions, fostering the proliferation of efficient nitrogen-transforming 

microorganisms. In summary, the high retention capacity of efficient functional bacteria underpins 

the exceptional N removal capacity of GSR system. 

 

8.3.6 Implications and perspectives 

Our work provides an insight for the application of granular sludge for the treatment of wastewater 

rich in ammonia and low in biodegradable COD. With the GSR, an impressive N treatment 

capacity at 4.2 kg N/(m3·d) was achieved. This system not only reduces reactor size but also the 

demand of subsequent treatment units, such as settling tank, and minimizes the requirement for 

chemical and oxygen supplementation. The economical and sustainable attributes of GSR position 

it as a preferred alternative for wastewater treatment. 

 

Other than the aforementioned merits, several areas require further research. As previous studies 

suggested, a moderate loading rate fostered a more stable granular sludge. It's observed that 

escalated substrate loading rates can amplify biomass growth, potentially compromising the 

structural integrity of microbial community [250]. While stable granular structure was consistently 

observed during the 450 days’ operation, comprehensive assessment regarding the long-term 

stability and resilience of granular sludge under different N loading and shock conditions remain 

to be undertaken. Prior to large-scale applications, it is imperative to undertake a system scale-up 

to thoroughly evaluate the viability and effectiveness of the technology. 

 

8.4 Conclusion 
A high nitrogen treatment capacity at 4.2 kg N(m3·d) was achieved in a GSR treating anaerobically 

digested sludge supernatant without any pretreatment. This chapter cultivated, selected, and 

enriched the highly efficient microbial community, especially the high AAOB and denitrifiers 

activities, showing the highest activity at 0.5 g N/(g VSS·d) and 3.7 g N/(g VSS·d), respectively. 

High biomass density at 17 g/L MLVSS was attained and small granular sludge (0.5 mm) was 

cultivated. At the genus level, Nitrosomonas was the dominated AAOB in ammonia oxidation 

process, while Thauera was the primary denitrifiers in nitrite reduction process. Quantitative PCR 
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analyses further revealed an increase in abundance of functional genes critical to the N cycle, 

namely, ammonia monooxygenase (amoA) and nitrite reductase (nirSK), as the operation 

progressed. This chapter showcased the efficacy of GSR in treating anaerobically digested sludge 

supernatant, attaining remarkable nitrogen removal capacity by selectively enriching a highly 

efficient microbial community and stably increased biomass density. 
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Chapter 9. Newly Developed Granular Sludge Reactor (GSR) for 

High Ammonia Mature Landfill Leachate Treatment6  

9.1 Introduction 
Chapter 8 has demonstrated the feasibility of the newly developed GSR for high ammonia, low 

C/N ratio anaerobically digested sludge supernatant treatment. Given that granules have higher 

resistance to toxic compounds, the newly developed GSR can be a superior alternative for treating 

high ammonia raw landfill leachate wastewater (LLW). LLW is particularly challenging due to its 

high toxicity and elevated concentrations of heavy metals, salinity, ammonia, and recalcitrant 

COD [251, 252]. Effective treatment of LLW is essential to prevent surface water and groundwater 

contamination [253].  

 

To date, there are only limited studies on the application of granular sludge-based systems for 

LLW treatment. Studies using suspended sludge-based processes, such as conventional activated 

sludge (CAS) processes [254], or sequencing batch reactors (SBR) [255-257], reported poor 

treatment efficiencies, which was largely attributed to the poor sludge settleability, sludge bulking 

and low biomass concentration [258]. Studies using biofilm-based processes, such as rotating 

biological contactor (RBC), membrane aerated biofilm reactor (MABR) and moving bed biofilm 

reactor (MBBR) reported N loadings ranged from 0.1 to 2.3 kg N/(m3·d) with HRTs ranged from 

1-5 days [259-262]. In comparison, improved LLW ammonia removal efficiency and stability 

have been reported using granular sludge-based systems. For instance, Ren, Ferraz, Lashkarizadeh 

and Yuan [42] compared the nutrient removal performance between an activated sludge reactor 

and a granular sludge reactor for young landfill leachate wastewater treatment, and showed that 

the granular sludge reactor had significantly higher nutrient removal efficiency and tolerance to 

the toxic components. Previous study seeded granular sludge in a reactor treating LLW and 

achieved 95% ammonia removal and 83% total nitrogen removal at the relatively high nitrogen 

 
6 A version of this chapter has been published: Zou, X., Mohammed, A., Gao, M., & Liu, Y. (2022). Mature landfill leachate treatment using 

granular sludge-based reactor (GSR) via nitritation/denitritation: Process startup and optimization. Science of the Total Environment, 844, 157078. 

https://doi.org/10.1016/j.scitotenv.2022.157078 

 

https://doi.org/10.1016/j.scitotenv.2022.157078
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loading rate of ~1.1 kg N/(m3·d) [12]. Additionally, a reported study used AGS for landfill leachate 

treatment, and achieved 98% inorganic nitrogen removal with an HRT of 6 hrs [263].  

 

Despite the promise reported in recent granular sludge based LLW studies, the biological 

treatment of LLW with no pretreatment, dilution or cotreatment with low strength streams 

requirements has rarely been demonstrated previously. The optimization of the treatment 

performance to achieve reduced HRT has yet to be demonstrated, and the impact of LLW on 

microbial activity, microbial communities, and functional gene abundance has not been evaluated. 

 

In this chapter, Nit/DNit was applied to treat mature LLW in a GSR at 20 °C. Ammonia and TIN 

removal efficiencies, microbial activities and dynamics, and the relative abundance of functional 

genes related to the N cycle and heavy metals were assessed and compared at different stages in 

the treatment. 

 

9.2 Materials and methods 

9.2.1 Reactor setup and operation 

A 4 L cylindrical reactor with an inner diameter of 9 cm and a height of 63 cm, was employed to 

treat mature landfill leachate at 20 °C. The reactor was operated in sequencing batch mode with a 

50% feed exchange ratio. The seed sludge for the GSR was collected from a Nit/DNit based 

integrated fixed film activated sludge (IFAS) reactor treating high ammonia (~800 mg/L) digester 

effluent wastewater. Treatment performance of the IFAS reactor has been reported previously [61]. 

The initial seed sludge concentration was ~ 5.5 g/L mixed liquor volatile suspended solids 

(MLVSS).  

 

Since the seed sludge originated from a reactor treating ammonia rich digestate, to minimize the 

potential adverse impacts of raw leachate on the microbes, the reactor was initially fed with 

ammonia rich digestate (collected from a wastewater treatment plant in Alberta, Canada) from the 

anaerobic digestion of primary and secondary sludge, and then was gradually replaced by landfill 

leachate using 10% additions and mixing well. Landfill leachate wastewater (LLW) was collected 

biweekly from a local landfill leachate (Alberta, Canada). The collected LLW and lagoon 
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supernatant were stored in a cold room (4 °C) before mixing together with different percentage 

(as shown in Table 9.1) and being treated by GSR. Detailed physicochemical characteristics of 

wastewaters are shown in Section 9.3.1.  

 

During process optimization, the HRT in the GSR was gradually shortened from 16 hrs to 6 hrs, 

and the settling time was reduced from 30 min to 5 min, as the percentage landfill leachate 

increased. Conditions of reactor operation are depicted in Table 9.1. The operation sequences and 

duration were modified based on the cycle test results to prevent excessive aeration supply and 

eliminate nitrite oxidation. The feeding (10 min) and discharging (5 min) durations were 

consistent throughout the reactor operation. During the aerobic phase, a diffuser at the bottom of 

the reactor provided a superficial air upflow velocity of 1.4 cm/s and dissolved oxygen (DO) 

concentration at 0.6-1 mg/L. An external carbon source (sodium acetate anhydrous) at ~ 43 g 

COD/L was introduced into the reactor via pulse injection in the first 10 min of the anoxic phase 

to support the denitritation process, since the mature LLW was lack of biodegradable organic 

carbon. A recirculation rate of ~ 134 mL/min was provided during the anoxic phase to prevent 

sludge settling and to enhance COD mixing. 

Table 9.1 Reactor operation conditions. 

Stages 
Landfill 
leachate 

% 

NH4
+-N 

concentration 
(mg/L) 

HRT 
(hrs) 

Operation sequences and duration (min) 

Aeration Anoxic Aeration Anoxic Post-
aeration Settling 

I 0 850 16 140 60 140 60 20 30 
II 10 835 16 140 60 90 60 20 20 
III 20 750 14 140 60 30 60 20 20 
IV 30 632 10 120 90 - - 20 20 
V 40 594 8 120 90 - - 20 15 
VI 50 545 8 90 90 - - 20 10 
VII 60 510 7 90 90 - - 20 10 
VIII 70 458 6 60 75 - - 20 5 
IX 80 393 6 45 75 - - 20 5 
X 90 328 6 45 75 - - 10 5 
XI 100 300 6 45 75 - - 10 5 

 

9.2.2 Metal analysis 

Metals in raw LLW and GSR treated LLW were digested based on the U.S, Environmental 

Protection Agency (EPA) 6010d method and analyzed with U.S. EPA 3051A using inductively 

coupled plasma optical emission spectroscopy (ICP-OES) (Thermo Icap6300 Duo ICP-OES). 
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9.2.3 DNA extraction  

Seed sludge and sludge samples at 50% and 100% landfill leachate conditions were collected in 

duplicate to determine the microbial community dynamics in the granular sludge reactor (GSR). 

DNA was extracted from collected sludge samples using DNeasy PowerSoil® DNA Isolation Kits 

(QIAGEN, Hilden, Germany) according to the instructions provided. Extracted DNA was checked 

for quality with NanoDrop™ One (ThermoFisher Waltham, MA), then stored at -20 °C. Samples 

were sequenced on the Illumina Miseq PE250 platform at Genome Quebec (Montréal, QC, 

Canada). 

 

9.2.4 Sequencing and analysis 

The QIIME2 pipeline DADA2 algorithm was employed to process sequencing data and removing 

low quality sequences and chimeras [77, 221]. The taxonomy was assigned based on the 

GreenGenes database (version 13_8) with 99% similarity [79]. Alpha diversity was calculated in 

the RStudio (version 3.6.3) package “vegan” and “fossil” to assess the dynamics in richness and 

diversity of the microbial community as the landfill leachate loading increased. The Phylogenetic 

Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) pipeline, 

based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, was used to predict 

functional genes for nitrogen conversion and metal resistance in seed sludge and in sludge 

collected at 50% and 100% LLW [80]. Functional Annotation of Prokaryotic Taxa (FAPROTAX) 

was used to map the carbon and nitrogen metabolic functions in seed sludge and in the sludge at 

LLW percentages of 50% and 100% [264]. 

 

9.2.5 Statistical analysis 

The results were expressed as a mean value ± standard deviation. The T-test in Microsoft® Excel® 

software (version 2109) was used to evaluate the significance of the results; P<0.05 was 

considered to be a significant difference. 
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9.3 Results and discussion 

9.3.1 Main physicochemical characteristics of landfill leachate and lagoon supernatant 

Raw landfill leachate wastewater (LLW) contained: 300.4 ± 5.8 mg/L NH4+-N, 4.5 ± 1.3 mg/L 

NO2--N, 2.7 ± 0.1 mg/L NO3--N, 480 ± 15 mg/L total nitrogen (TN), 479.7 ± 14.5 mg/L total 

Kjeldahl nitrogen (TKN), 2683.3 ± 49.3 mg/L alkalinity (as CaCO3), 1078.2 ± 43.9 mg/L soluble 

COD, 106.8 ± 5.3 mg/L BOD, 8.4 ± 1.5 g/L total solids (TS), 1.6 ± 1.1 g/L total suspended solids 

(TSS) and pH 7.3 ± 0.3. The lagoon supernatant contained: 950 ± 100 mg/L NH4+-N, 4.0 ± 2.0 

mg/L NO2--N, 2.0 ± 1.0 mg/L NO3--N, 2800-3000 mg CaCO3/L alkalinity and 739.6 mg/L COD. 

 

9.3.2 Granular sludge reactor (GSR) performance and cycle tests 

The nitrogen (N) and COD removals over 50 days of sequencing batch operation of GSR are 

presented in Figure 9.1. The NH4+-N concentration in the feed gradually decreased as the landfill 

leachate wastewater (LLW) percentage increased, ranging from 850 (0% LLW) to 300 (100% 

LLW) mg/L (Figure 9.1a). At 10% LLW and 20% LLW, the removal efficiencies of ammonia and 

total inorganic nitrogen (TIN) dropped, then recovered in a short time, possibly due to sludge 

washout in the early stage of reactor operation and microbial acclimatization to the different feed 

characteristics. Effluent NH4+-N, NO2--N, and NO3--N stabilized at 2.5 ± 1.4, 15.1 ± 4.4, and 1.3 

± 0.9 mg/L, respectively (Figure 9.1a), and removal efficiencies of 99.1 ± 0.4 % NH4+-N and 92.6 

± 0.9 % total inorganic nitrogen (TIN) were consistently observed (Figure 9.1b), even at 100% 

LLW, with N loading at 1.2 ± 0.04 kg N/(m3·d). The results suggest inorganic N removal from the 

GSR was not impacted by landfill leachate loading increase. The inorganic N removal from 

landfill leachate was superior in the present study, as compared to the results reported in previous 

studies, especially CAS systems [254-256]. Huang and Lee [255] reported an 86.4% TIN removal 

from landfill leachate at a 1.25 ± 0.04 kg N/(m3·d) N loading rate, whereas Kulikowska and Bernat 

[256] reported a 78% TIN removal with an TIN loading of 0.42 ± 0.01 kg N/(m3·d). With 480 ± 

15 mg/L TN and 479.7 ± 14.5 mg/L TKN in the feed, the effluent TN and TKN concentrations 

were 110 and 95 mg/L, respectively, those were 77.1% TN removal and 80% TKN removal. The 

cycle test results at each LLW percentage (from 0% to 100%) are shown in Figure 9.2. The 

accumulated nitrite accounted for ~93% of the NOx produced, indicating that nitritation was 

maintained in the GSR throughout the operation. Nit/DNit contributed 81-89% nitrogen removal 
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in each stage (as shown in Figure 9.3). Further research is needed to investigate the gas phase 

nitrogen compounds composition for a better understanding regards to N mass balance.  
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Figure 9.1 Granular sludge-based reactor (GSR) performance in the nitritation/denitritation 
(Nit/DNit) of landfill leachate over 50 days: (a) nitrogen (NH4+-N, NO2--N, NO3--N) 
concentrations in influent and effluent; (b) NH4+-N and total inorganic nitrogen (TIN) removal 
efficiencies; (c) COD concentrations in influent and effluent and CODremoved/Nremoved ratios. 

 

The influent COD concentration gradually increased as the LLW loading increased, ranged from 

739.6 to 1128.8 mg/L (Figure 9.1c), resulted in increased effluent COD concentration from 661.7 

to 1021.8 mg/L (Figure 9.1c). At 100% LLW, the COD removal efficiency was 8.2 ± 1.4%. The 

high effluent COD concentration and the low COD removal efficiency were a result of the limited 

biodegradable COD in the mature landfill leachate. Similar observations have been reported 

previously [265, 266]. With external COD addition, the CODremoved/Nremoved ratio was maintained 
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at ~ 2.8 (Figure 9.1c), comparable to previously reported studies [226, 256, 267]. Further research 

is needed to investigate effective strategies for mature landfill leachate recalcitrant COD removal 

and thus achieve simultaneous N and COD removal. To further improve the environmental 

benefits of the LLW treatment process, incorporating the anammox based process in LLW 

treatment is promising to investigate in future studies. 

  
Figure 9.2 The nitrogen species concentrations in typical cycle tests at different landfill leachate 
percentages, from 10% to 100% with 10% interval.  
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Figure 9.3 Contributions of nitrogen removal (%) from different pathways including 
nitritation/denitritation (Nit/DNit), nitrification/denitrification (Nif/DNif) and others (cell 
assimilation, simultaneous nitrogen oxidation and reduction). 

 

9.3.3 Metal removal in the treatment of mature landfill leachate 

Table 9.2 shows the average metal concentrations in the influent landfill leachate wastewater 

(LLW) and the effluent from the GSR with 100% LLW. The concentrations of most metals, 

especially Ca and Fe, were lower after granular sludge treatment. Although some of the metal 

levels were relatively low in Table 9.2, but since the metal precipitates accumulated in the system, 

therefore, analyzations related to metals were performed. Metal removal was likely carried out via 

biomineralization at pH ~8.6, through extracellular polymeric substances (EPS) adsorption and 

co-precipitation [268-270]. Potential microbes involved in biomineralization are discussed in 

following sections.  
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Table 9.2 Average metal concentrations in the landfill leachate influent and the effluent from the 
granular sludge reactor (GSR). 

  Unit Influent  Effluent  
Ag mg/L * * 
Al mg/L 0.70 0.40 
As mg/L * * 
B mg/L 25.15 24.54 
Ba mg/L 3.83 1.51 
Be mg/L * * 
Ca mg/L 300.87 111.11 
Cd mg/L * * 
Cr mg/L 0.07 0.04 
Cu mg/L 0.04 0.02 
Fe mg/L 42.66 27.52 
K mg/L 310.58 293.45 
Li mg/L 0.28 0.28 
Mg mg/L 242.35 223.63 
Mn mg/L 0.54 0.25 
Mo mg/L * * 
Na mg/L 1716.24 1625.71 
Ni mg/L 0.15 0.14 
P mg/L 2.46 13.29 
Pb mg/L 0.04 0.03 
S mg/L 15.51 15.47 
Sb mg/L * * 
Se mg/L * * 
Si mg/L 14.27 9.61 
Sr mg/L 5.31 2.97 
Ti mg/L 0.05 0.03 
Tl mg/L * * 
V mg/L * * 
Zn mg/L 0.17 0.10 

*lower than the detection limit 

9.3.4 Sludge concentrations and sludge settling  

Increases in mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids 

(MLVSS) in the GSR are shown in Figure 9.4a. Initial MLSS and MLVSS concentrations were 

7.18 and 5.5 g/L, respectively, with a 0.77 MLVSS/MLSS ratio, commonly found in wastewater 

treatment systems [271]. After over 50 days of operation, the MLSS and MLVSS concentrations 

increased significantly to 60.7 and 22.5 g/L, respectively. The MLVSS is considerable higher than 
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the biomass content in CAS and biofilm systems and no biofilm/sludge control is required [92, 

260, 261]. The final MLVSS/MLSS ratio of 0.37 was low because of the accumulation in the 

reactor of metal precipitates from the landfill leachate. Due to the high treatment performance 

maintained during the operation, no sludge wasting was conducted.  

 

Figure 9.4b shows sludge volume index values, SVI5 and SVI30, that were used as an indicator of 

granulation and to evaluate the settling ability of the granular sludge [272]. A granular sludge 

reactor was commonly characterized by limited difference between SVI5 and SVI30 and the SVI5 

and SVI30 were within the range from 35 to 70 mL/g [273, 274]. Initially, SVI5 and SVI30 were 

118.4 mL/g and 52.9 mL/g, respectively, which indicates that the seed sludge was in a flocculant 

form. SVI5 and SVI30 decreased during reactor operation, to 37.7 and 34.2 mL/g, respectively, on 

day 11, with 30% LLW in the reactor feed. The sludge settling ability kept improving until the 

SVI5 and SVI30 stabilized at 6.1 and 4.9 mL/g, respectively. The low SVI5 and SVI30 enhanced the 

sludge retention capacity of the GSR, contributing to high effluent quality and the high MLSS and 

MLVSS contents in the reactor. The significant reduction in SVI values can be attributed to the 

selection pressures applied to the reactor—such as a short settling period and a high hydrodynamic 

shear force. Further, metal precipitates (Ca and Fe) introduced into the reactor from the LLW also 

contributed to the fast settling granular sludge, since the metal precipitates could enhance the 

production of extracellular polymeric substances (EPS) [275], contributing to the adsorption of 

metals to the negatively charged cell surface, thus enhancing sludge density and improving sludge 

settling ability [268, 269].  
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Figure 9.4 The dynamics of (a) concentrations of mixed liquor suspended solids (MLSS) and 
mixed liquor volatile suspended solids (MLVSS); (b) sludge volume index (SVI) over 50 days 
operation. 

 

9.3.5 Nitrogen transformation kinetic tests 

Batch tests were conducted to monitor the activity of specific microbes. Figure 9.5 indicates that 

AAOB activity (NH4+-N oxidation rates) was consistently higher than NOB activity (NO3--N 

production rates). NH4+-N oxidation rates increased from 0.24 ± 0.05 to 0.64 ± 0.11 g N/(g VSS·d) 

in the seed sludge (equally to the sludge at 0% LLW) and the sludge collected at 100% LLW, 

respectively. The highest NH4+-N oxidation rates obtained in this study were higher than the 

activity values previously reported in GSR systems [229, 244, 245, 247, 276-278]. The high NH4+-

N oxidation rate was probably a result of the small granule size (~0.1-0.3 mm) in the GSR [90] 

and the relative high nitrogen loading rate. Granular size distribution under 100% LLW loading 

condition is shown in Figure 9.6. Negligible NO3--N production rates of 0.0028 ± 0.0004 (seed 

sludge) and 0.028 ± 0.0003 (100% LLW) g N/(g VSS·d) were obtained, indicating that NOB 

suppression was successfully maintained throughout the 50 days of reactor operation. The free 

ammonia (FA) concentrations in the GSR ranged from 7.61 to 21 mg/L, which was considerable 

higher than the reported FA for NOB inhibition (0.1-1 mg/L) [279]. The accumulated metal 

content in the GSR probably also contributed to the NOB inhibition. Operation parameters such 

as low dissolved oxygen (DO at 0.6-1 mg/L) and short aeration phase, which stopped once 

ammonia was depleted, favored the growth of AAOB over NOB. Trace NOB activities have been 
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reported in nitritation studies [61, 247, 278, 280]. However, the NO3--N production rate in 100% 

LLW sludge was slightly higher than the NO3--N production rate in the seed sludge, probably 

because of the lower FA concentration in 100% LLW) [279], which was attributed to the lower 

influent ammonia concentration at 100% LLW condition (reduced from 850 to 300 mg/L). 

Although the FA in the GSR was higher than the required FA for NOB inhibition, NOB may 

gradually become resistant to FA after long-term exposure [89].  

 
Figure 9.5 Microbial activity tests: oxidation of NH4+-N to NO2--N with autotrophic ammonia 
oxidizing bacteria (AAOB); oxidation of NO2--N to NO3--N with nitrite oxidizing bacteria (NOB); 
denitritation (NO2--N reduction) and denitrification (NO3--N reduction) in the seed sludge at Stage 
I and in the sludge at 100% LLW at Stage XI (error bars represent the standard deviation). 

 

Figure 9.5 shows the denitritation and denitrification activities (NO2--N and NO3--N reduction 

rates, respectively) in the seed sludge and the 100% LLW sludge. NO3--N reduction rates in the 

seed sludge and the 100% LLW sludge were 0.31 ± 0.03 and 0.63 ± 0.02 g N/(g VSS·d), 

respectively. A significantly higher (p<0.05) NO3--N reduction rate was observed in the 100% 

LLW sludge compared to the seed sludge. NO2--N N reduction rates in 100% LLW sludge (2.03 

± 0.06 g N/(g VSS·d)) was significantly higher than the NO2--N reduction rate in the seed sludge 

(1.15 ± 0.20 g N/(g VSS·d)). Higher NO2--N reduction rates were obtained in this study compared 

to previous granular sludge based studies, which ranged between 0.25 and 1.27 g N/(g VSS·d) 

[244, 247]. NO2--N reduction rates were about 3-fold higher than NO3--N reduction rates. A similar 

study reported NO2--N reduction rates over 1.5 times higher than the NO3--N reduction rate [93].  



121 

 

 
Figure 9.6 The granule size distribution and the structure of granular sludge with 100% landfill 
leachate loading. 

 

9.3.6 Alpha diversity in the microbial community 

Table 9.3 presents the microbial diversity indexes in the seed sludge and in the sludge at 50% and 

100% LLW. Chao1 and ACE values refer to the richness of the microbial community, and Shannon 

and Simpson indexes represent the diversity of the microbial community. As the landfill leachate 

wastewater (LLW) loading increased to 50%, Chao1, ACE, and Shannon and Simpson values 

dropped, possibly due to inhibitory effects of compounds in the landfill leachate on the growth of 

microorganisms. Similar observations have been reported [281]. Although still smaller than those 

in the seed sludge, the values of all four parameters were slightly higher when 100% LLW was 

supplied to the reactor, possibly due to a gradual microbe acclimatization to the LLW. 

Table 9.3 Microbial diversity indexes in the granular sludge reactor (GSR). 
LLW% Chao1 ACE Shannon index Simpson index 

Seed 158.6 158.3 2.7 0.9 
50% LLW 70.0 70.0 1.6 0.6 
100% LLW 93.0 93.0 2.4 0.8 
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9.3.7 Microbial community dynamics and analysis 

9.3.7.1 Microbial community dynamics at the phylum level with increased landfill leachate 

loading 

In the seed sludge the dominant phyla (> 1%) were Proteobacteria (74.8%), Bacteroidetes (17.3%), 

Actinobacteria (2.1%), [Thermi] (1.8%) and Synergistetes (1.1%) (Figure 9.7a). In the sludge at 

50% and 100% LLW, the phyla presented the following order of dominance: Proteobacteria, 

Bacteroidetes, [Thermi], Actinobacteria. An increase in relative abundances of Proteobacteria and 

[Thermi], and a reduction in relative abundances of Bacteroidetes and Synergistetes were 

observed in 50% and 100% LLW sludge. Proteobacteria, which includes species with nitrogen 

fixation capability [282], were predominant, with relative abundances of 90.3% in 50% LLW 

sludge and 84.4% in 100% LLW sludge. The relative abundance of Proteobacteria was slightly 

higher in 50% LLW sludge than in 100% LLW sludge, possibly due to a reduction in other 

dominant phyla in 50% LLW sludge, suggesting Proteobacteria potentially more tolerant to the 

environmental fluctuation and toxic compounds. Yan, Wang, Liu, Liu, Pu, Lin, … and Undefined 

[283] indicated that Proteobacteria and Actinobacteria contain the most metal resistant bacteria. A 

dominance of Proteobacteria in the microbial community has been reported in previous studies of 

landfill leachate treatment [282, 284]. Bacteroidetes accounted for 6.0% and 7.9%, respectively, 

of the microbial communities in 50% and 100% LLW sludge, and [Thermi] accounted for 1.6% 

and 2.6%, respectively, of the microbial communities in 50% and 100% LLW sludge. 

Actinobacteria had a relative abundance of 1.2% and 2.2% in 50% and 100% LLW sludge, 

respectively; and the relative abundance of Synergistetes was undetectable. Since the phylum 

Synergistetes is commonly found in wastewater treated with an up flow anaerobic sludge blanket 

(UASB) or in anaerobically treated wastewater effluent, it is reasonable that Synergistetes was 

detected in the seed originated from a reactor for anaerobic digestion effluent treatment, then 

disappeared during LLW treatment. Phylum level evolution similar to that described here has been 

observed during other leachate treatments [285]. 

 

9.3.7.2 Microbial dynamics at genus level with increased landfill leachate loading  

Figure 9.7b shows the relative abundances (> 0.1%) of microorganisms at the genus level in the 

seed sludge, the 50% LLW sludge, and the 100% LLW sludge. Genera in the Pseudomonadaceae 

family, the Xanthomonadaceae family, and the Phyllobacteriaceae family, and the genera 
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Paracoccus, Nitrosomonas, and Thauera were dominant (> 1%) in the three sludge samples. 

Denitrifying microbes in the Pseudomonadaceae family have previously been shown to be 

involved in denitrification [286]. The relative abundance of microbes in the Pseudomonadaceae 

family indicated that a high denitrifying potential was achieved in the GSR. Members of the 

Xanthomonadaceae family and the Paracoccus genus have been reported to have the potential to 

conduct autotrophic Fe2+ oxidation/denitrification when the nirS gene abundance is higher than 

the nirK gene abundance [286, 287]. The relative abundance of the Xanthomonadaceae family 

decreased to 6.2% at 50% LLW, but was enriched to 11.9% at 100% LLW, similar to the level 

(12.3%) of the Xanthomonadaceae family in the seed sludge. The relative abundance of the 

Paracoccus genus decreased from 6.0% to 2.4% when leachate was introduced into the system. 

The existence of the Xanthomonadaceae family and the Paracoccus combined with the ICP results 

(Table 9.2), which showed a considerable amount of Fe in the landfill leachate, suggesting a 

potential of autotrophic Fe2+ oxidizing denitrification in the GSR. Nitrosomonas, a typical 

ammonia oxidizing bacterium, was relatively lower in abundance in 50% LLW sludge than in the 

seed sludge and in 100% LLW sludge. Possibly Nitrosomonas is sensitive to LLW, but became 

acclimatized by the time the LLW reached 100%. The lower relative abundance of Nitrosomonas 

in 50% LLW sludge did not impact ammonia removal performance. The microbial genera 

associated with nitrite oxidation was less than 0.1%, and therefore these organisms are not shown 

in Figure 9.7b. The negligible nitrite oxidation rate can be explained by the limited relative 

abundance of NOB, indicating a successful NOB suppression in the GSR. The genus Thauera, 

commonly found in Nit/DNit reactors [251, 280], is reported to be responsible for the high 

removal rate of N and organics at anoxic or low dissolved oxygen (DO) conditions [73, 234]. The 

relative abundance of Thauera enriched from 14.5% in the seed sludge to 22.5% in 100% LLW 

sludge, enhancing the removal of N and the reduction of organics in the GSR. Quantitative 

analysis of functional bacteria could be incorporated in future research to better understand the 

microbial community dynamics. 

 

9.3.7.3 Microbial genera related to metal reduction 

Biomineralization, in which living organisms produce minerals, is a potential pathway for metal 

precipitation [288]. For example, Flavobacterium are capable of precipitating calcium as calcite 

[269]. A relative abundance of Flavobacterium was detected only in 100% LLW sludge samples. 
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The relative abundance of Leucobacter increased gradually as the LLW percentage increased. 

Leucobacter was resistant to Cr (VI) and has been reported to reduce Cr (VI) to Cr (III) [289, 290]. 

Of note, the formation of insoluble Cr (III) could be absorbed by the negatively charged microbial 

cell [290], contributing to the slightly lower Cr concentration in the granular sludge reactor (GSR) 

effluent. 

 
Figure 9.7 Relative abundances in the microbial community at (a) phylum (> 1%) and (b) up to 
genus (> 0.1%) levels. Unidentified genera are shown at family (Unclassified f_), order 
(Unclassified o_), or class (Unclassified c_) levels. 
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9.3.8 Functional gene prediction 

To illustrate the evolution of N conversion and heavy metal related functional gene abundance 

during the feasibility test of landfill leachate treatment, PICRUSt2 was adopted to conduct the 

prediction analysis based on the KEGG database.  

 

The relative abundance of functional genes associated with nitrification and denitrification are 

shown in Figure 9.8a. The relative abundance of functional genes in 50% LLW sludge was 

consistently lower than the relative abundance of functional genes in seed sludge and 100% LLW 

sludge, possibly this difference is due to microorganisms were acclimating to the landfill leachate. 

There are two functional genes involved in ammonia oxidation to nitrite, which are amo and hao 

genes, responsible for the ammonia oxidation to the hydroxylamine and the hydroxylamine 

oxidation to nitrite, respectively. The higher relative abundances of the amo and hao genes in 100% 

LLW sludge compared to seed sludge suggests an enhanced ammonia oxidation capacity in LLW 

sludge; this is consistent with the microbial results at the genus level and the enhanced AAOB 

activity test results. Both nirS and nirK were involved in nitrite reduction. As predicted, the nirS 

abundance prevailed over the nirK abundance; this observation supports the potential of 

autotrophic Fe2+ oxidation and denitrification during the LLW treatment (as mentioned in 8.3.7.1). 

As shown in Figure 9.8a, nirS and nirK genes were more abundant in 100% LLW sludge compared 

with the seed sludge. Compared to seed sludge, 100% LLW sludge showed similar or reduced 

relative abundances of nitrate reductases (reduce NO3- to NO2-), nitric oxide reductases (reduce 

NO to N2O), and nitrous oxide reductases (reduce N2O to N2). The presence of Nap genes suggests 

some aerobic denitrification in the reactor [291] The depletion of nitric oxide and nitrous oxide 

reductases indicates a potential for NO and N2O production [292] Further research is needed to 

address this point.  

 

Genes associated with metal resistance or metal (Ni, Cr, Mg, Co, Zn, Hg, Cu, As) transport are 

abundant in Figure 9.8b. As the percentage of LLW increased, the abundance of genes that provide 

resistance to chromate, copper, arsenate, and heavy metals increased. The chromate related 

functional gene (chrA) increased at a higher percentage of LLW, as did the relative abundance of 

Leucobacter. An increase in heavy metal resistance genes is crucial for the survival of microbes 

in landfill leachate, which is contaminated with heavy metals [283]. The increase in heavy metal 
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resistance genes can partially account for the short acclimatization phase and the successful 

nitrogen removal in this study. This is the first study that has looked into the regulation of heavy 

metal related genes in landfill leachate treatment. 

 
Figure 9.8 Predictions according to PICRUSt2 analysis of functional genes in the microbial 
community: (a) functional genes related to nitrogen removal by nitrification and denitrification; 
(b) functional genes related to heavy metal resistance and transport. 

 

9.3.9 Prediction of metabolic annotations 

Metabolic functional groups under heavy metal stress in microbial communities involved in 

carbon and nitrogen cycles were identified using FAPROTAX 1.1 (Figure 9.9). Approximately 

32.2% operational taxonomic units (OTUs) were assigned to at least one group in the FAPROTAX 

analysis. The breadth of ecological functions involved in carbon and nitrogen cycles is shown in 

Figure 9.9. The relative abundance of the functions indicated in Figure 9.9 was mostly lower in 

50% LLW sludge than in seed sludge, but recovered to the highest level in 100% LLW sludge. 

Chemoheterotroph (organisms that obtain energy from organic chemical substances) and aerobic 

chemoheterotroph were the major functionaries in the carbon cycle, and had the highest relative 

abundance in 100% LLW. Thus, biodegradation of carbon from LLW occurred in the granular 

sludge-based reactor (GSR) via Nit/DNit and external supplementation. Denitrification, nitrogen 

respiration, nitrate respiration, and nitrite respiration were enhanced at 50% LLW and 100% LLW, 
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indicating that nitrogen related functions were restored in the LLW treatment. The PICRUSt2 

results indicate that increased denitrification was caused by an increase in the relative abundance 

of nitrite reductases encoded by nirS and nirK genes. The enhanced nitrification and aerobic 

ammonia oxidation functions at 100% LLW were in line with the dynamics of relative abundance 

of Nitrosomonas, indicating a capacity for ammonia oxidation in a GSR treating raw LLW. 

Although aerobic nitrite oxidation increased slightly in the last stage of LLW treatment (100% 

LLW), it was negligible compared to other functions according to the FAPROTAX analysis. This 

observation was consistent with the NOB activity test results, which showed a slightly higher NO3-

-N production rate in the 100% LLW sludge.  

 
Figure 9.9 Metabolic annotations associated with carbon and nitrogen conversions in seed sludge, 
50% landfill leachate wastewater (LLW) sludge, and 100% LLW sludge were predicted by 
FAPROTAX (Functional Annotation of Prokaryotic Taxa). 
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9.4 Conclusion 
This chapter used the granular sludge reactor (GSR) to treat landfill leachate wastewater via 

nitritation/denitritation (Nit/DNit) at 20 °C. The microbial community dynamics, the functional 

genes associated with the N cycle, the prediction of heavy metal related resistance genes, and 

changes in the ecological functions were studied with increasing loading of landfill leachate. A 

short startup time (1 month) was needed to achieve stable ammonia and total inorganic nitrogen 

(TIN) removal efficiencies at 99% and 93%, respectively, with 100% raw landfill leachate feed. 

High MLVSS and MLSS concentrations were observed with the biomass development and the 

accumulation of metal precipitates. Small granules were formed in the GSR with high ammonia 

oxidation rate of 0.64 ± 0.11 g N/(g VSS·d), whereas the nitrite oxidation rate was negligible 

throughout reactor operation. The gradually acclimatized granular sludge microbes showed 

increased heavy metal resistance gene abundance as the LLW loading increased, ensuring the 

stable nitrogen removal efficiencies. The granular sludge in this chapter is featured by high 

microbial activities, treatment efficiencies, stability, settleability and heavy metal resistance genes 

abundance, which represents a feasible landfill leachate biological treatment process.   
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Chapter 10. Newly Developed Granular Sludge Reactor (GSR) for 

Enhanced Biological Dissolved Organic Nitrogen Removal in 

Landfill Leachate Wastewater: The Role of Sodium Acetate Co-

Metabolism7  

10.1 Introduction 
Chapter 9 has examined the effectiveness of the newly developed GSR for treating landfill 

leachate wastewater (LLW), achieving high ammonia and TIN removal. Inorganic N and 

dissolved organic N (DON) are the two components of total dissolved N (TDN) in LLW. While 

extensive studies have focused on the removal of inorganic N in LLW [88, 258, 265], there is a 

notable gap in research on the removal of DON. DON is prevalently found in the environment 

and recent studies have highlighted its potential to stimulate algal growth and contribute to the 

formation of toxic disinfection by-products [1]. With increasingly stringent N discharge limits 

being imposed, there is a pressing need for effective strategies to remove organic N. 

 

The major components of DON in wastewater are urea, amino acids, nucleic acids, humic acids 

and fulvic acids. Humic and fulvic acids are commonly considered as recalcitrant portion of DON, 

while other fractions are most likely labile [14, 15]. Most research on landfill leachate primarily 

concentrates on dissolved organic matter (DOM), covering its characterization, transformation, 

and removal through a combination of physicochemical and biological methods. These methods 

often include coagulation, nanofiltration, advanced oxidation, and adsorption [4, 29, 30]. Although 

dissolved organic nitrogen (DON) is recognized as one of the most problematic constituents in the 

discharge of leachate into wastewater treatment plants due to its recalcitrate nature, successful 

strategies for DON removal remain scarce. To date, reported approaches for DON removal rely 

on membrane filtration (i.e., ultrafiltration, and nanofiltration) [4], which can impose substantial 

operational and maintenance costs as well as significant energy requirements.  

 
7 A version of this chapter has been published: Zou, X., Zhang, Y., Gao, M., Yao, Y., Guo, H., & Liu, Y. (2024). Enhancing biological dissolved 

organic nitrogen removal in landfill leachate wastewater: The role of sodium acetate co-metabolism. Chemical Engineering Journal, 479, 147714. 

https://doi.org/10.1016/j.cej.2023.147714 

 

https://doi.org/10.1016/j.cej.2023.147714
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Co-metabolism is a biological approach utilized in degrading recalcitrant compounds when an 

easily biodegradable substrate is present. This differs from co-substrate, which refers to the 

addition of a substrate to complement the limited component in another substrate [293]. The 

underlying mechanism of co-metabolism is based on the consumption of easily biodegradable 

substrate, which induces the secretion of specific enzymes, aiding the degradation of recalcitrant 

compounds [294, 295]. It has been reported that N-containing organics can be degraded through 

hydrolysis and fermentation (decarboxylation and deamination) by extracellular enzymes. Major 

extracellular enzymes that involved in hydrolysis process are nuclease, urease, lysozyme, 

chitinase and protease, which are mainly targeting the degradation of nucleic acid, proteins and 

cell wall components [296]. The resulting N-containing organics from hydrolysis can be converted 

to ammonia or other organic acids by decarboxylase and deaminase [297]. In conventional 

biological nutrient removal (BNR) A2O systems, the anaerobic zone has been identified as the 

primary contributor to DON removal, a process that generally involves hydrolysis and 

fermentation [2, 3]. However, an increase in DON concentration ranging from 5-20% has been 

observed in the aerobic zone of BNR systems [2, 3, 15].  

 

Despite the numerous studies on DON transformations and removal in water, wastewater, and 

landfill leachate mainly via physicochemical approach [15, 298, 299], no effective biological 

strategy for DON degradation has been documented. This chapter explores the influence of readily 

biodegradable COD addition, specifically sodium acetate, on DON removal from LLW within the 

newly developed GSR. The primary aim of this chapter is to formulate an effective strategy for 

DON removal, to understand the molecular composition of DON, and to unravel the underlying 

mechanisms driving DON removal in the treatment of LLW. A thorough understanding of DON 

removal mechanisms from mature LLW could pave the way for strategies in larger-scale 

applications. 

 

10.2 Materials and methods 

10.2.1 Reactor operation 

Mature landfill leachate wastewater (LLW) was treated in a 4 L cylindrical reactor (diameter: 9 

cm, height: 63 cm) and operated with 50% exchange ratio. Sludge from a lab-scale landfill 
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leachate treatment GSR served as the reactor inoculum [88]. The raw LLW was collected regularly 

from a local landfill leachate storage facility and stored at 4 oC prior to the bioreactor treatment. 

The mature LLW contains NH4+-N at 322 ± 56 mg/L, NO2--N at 9 ± 3 mg/L, NO3--N at 0.7 ± 0.05 

mg/L, dissolved Total Kjeldahl Nitrogen (DTKN) at 394 ± 68 mg/L, dissolved organic nitrogen 

(DON) at 75 ± 15 mg/L and COD at 1088 ± 100 mg/L. The reactor was operated with 10 min 

feeding, 60 min aerobic, 75 min anoxic, 10 min post-aerobic, 10 min settling, 10 min discharging 

and 5 min idling. During aerobic phase, 1.4 cm/s superficial air upflow velocity was provided 

through a fine bubble air diffuser at the bottom of the reactor. During anoxic phase, the aeration 

was stopped, and recirculation was provided for mixing, and external COD was pulse supplied in 

Stage I while no COD was supplied in Stage II. A concentrated sodium acetate solution with a 

COD at ~40 g/L was introduced via pulse injection to facilitate denitrification process. The 

external COD addition provided a C/N ratio at 2.5 for denitrification. The hydraulic retention time 

(HRT) was 6 hrs throughout the 134 days of operation. 

 

10.2.2 Fourier-transform ion cyclotron resonance-mass spectrometry (FTICR-MS) 

analysis 

Dissolved organic nitrogen (DON) was extracted from raw landfill leachate and GSR treated 

effluent samples in both stages following the protocol reported by Dittmar, Koch, Hertkorn and 

Kattner [300]. The sample with a volume of 50 mL was collected, filtered through 0.45µm filters 

and acidified to pH 2 prior to passing through the HLB tube (MilliporeSigma, USA). Briefly, the 

cartridges were pre-activated with one cartridge (12 mL) of methanol, then acidified samples were 

passed through the cartridge. Before elution, the cartridges were rinsed with 2 cartridge volumes 

(24 mL) of 0.01 M HCl to remove salts and dried with air. Dissolved organic matters were then 

eluted with 12 mL methanol and stored at -20 oC until proceeding the analysis on Bruker 9.4 T 

Apex-Qe FT-ICR (Bruker Daltonics, Billerica, MA, USA, 2007). 

 

Raw data were processed using DataAnalysis software v.3.4. Categories of DON and 

corresponding zones based on elemental ratios have shown variations in prior studies, as 

summarized by Li, Li, Zhang, Chen, McKenna, Chen and Tang [301]. In this study, the DON 

formulae were delineated into 7 categories based on elemental ratios (O/C and H/C): i) lipid (H/C 

= 1.5-2.0, O/C = 0-0.3), ii) protein/amino sugar (H/C = 1.5-2.2, O/C = 0.3-0.67), iii) carbohydrates 
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(H/C = 1.5-2.2, O/C = 0.67-1.2), iv) unsaturated hydrocarbons (H/C = 0.7-1.5, O/C = 0-0.1), v) 

lignin and carboxylic rich alicyclic molecules (CRAM) (H/C = 0.7-1.5, O/C = 0.1-0.67), vi) 

tannins (H/C = 0.5-1.5, O/C = 0.67-1.2), and vii) condensed aromatics (H/C = 0.2-0.7, O/C = 0-

0.67) [302, 303].  

 

10.2.3 Microbial community analysis 

At the end of each stage, duplicate biomass samples were collected from the GSR during aeration 

phase, centrifuged immediately at 4000 rpm for 5 min, and extracted the DNA from pellet using 

DNeasy PowerSoil® DNA Isolation Kits (QIAGEN, Hilden, Germany) following the protocol. 

DNA quality was checked with NanoDrop™ One (ThermoFisher Waltham, MA) and stored at -

20 °C before future analysis. DNA samples were amplified using the universal primer pair 515 F 

(GTGCCAGCMGCCGCGG) and 806 R (GGACTACHVGGGTWTCTAAT), then sequenced on 

the Illumina Miseq PE250 platform at Genome Quebec (Montréal, QC, Canada). Sequencing data 

was processed using the DADA2 algorithm in QIIME2 pipeline [77, 221]. Taxonomy was 

assigned with 99% similarity using the GreenGenes database (version 13_8) [79]. The prediction 

of functional genes for nitrogen and organics metabolism was carried out through the Phylogenetic 

Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) pipeline 

and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [80]. 

 

10.2.4 Statistical analysis 

Significance of the results was evaluated using T-test in Microsoft® Excel® software (version 

2109). Significant difference was determined when P-value was less than 0.05. 

 

10.3 Results and discussion 

10.3.1 Reactor performance  

Inorganic and dissolved organic N concentrations and their removal efficiencies are shown in 

Figure 10.1. The variations in ammonia, DTKN and COD concentrations observed in Figure 10.1 

could be attributed to seasonal and environmental factors such as rainfall, which influence the 

quality of landfill leachate. Figure 10.1a shows that with influent NH4+-N concentrations 322 ± 

56 mg/L, only trace amounts of NH4+-N remained in the GSR effluent, and the ammonia removal 
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efficiencies were consistently observed at > 99% in both stages (Figure 10.1b). Low effluent NO2-

-N (< 18 mg/L) and NO3--N (< 2 mg/L) concentrations were noticed in Stage I when sodium 

acetate was provided to facilitate TIN removal, and under which 94% TIN removal was achieved, 

as shown in Figure 10.1b. In Stage II, without sodium acetate addition, effluent NO2--N and NO3-

-N were gradually accumulated, and the TIN removal efficiencies reduced substantially to ~10% 

and maintained at this level for the remaining operation days.  

 

Figure 10.1c illustrates that DON was removed in Stage I and generated in Stage II. The influent 

DON level was 75 ± 15 mg/L. Effluent DON in Stage I was ~35 mg/L, which represents ~45% 

removal. In contrast, the DON concentration increased after GSR treatment in Stage II when 

sodium acetate addition was not conducted. After the treatment, an average DON increment of 

22% was observed in the effluent, which can be attributed to the breakdown of particulate organic 

compounds and the microorganism-derived compounds from microbial metabolism, similar to 

other reported studies [32, 304].  
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Figure 10.1 Granular sludge reactor (GSR) performance for landfill leachate wastewater treatment 
with (Stage I) or without (Stage II) COD supplementation: a) Influent NH4+-N, and effluent NH4+-
N, NO2--N and NO3--N concentrations; b) NH4+-N removal efficiencies and total inorganic 
nitrogen (TIN) removal efficiencies; c) Influent and effluent dissolved organic nitrogen (DON) 
concentrations and DON removal efficiencies; d) influent and effluent dissolved Total Kjeldahl 
Nitrogen (DTKN) concentrations and DTKN removal efficiencies; e) influent and effluent total 
dissolved nitrogen (TDN) and TDN removal efficiencies; and f) influent and effluent COD 
concentrations and COD removal efficiencies. 
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As depicted in Figure 10.1d, with influent DTKN levels at 394 ± 68 mg/L, DTKN removal 

efficiencies were notably lower in Stage II compared to Stage I. This decrease can be primarily 

attributed to the substantial amount of DON that remained untreated in Stage II. Over 85% TDN 

removal was observed in Stage I (Figure 10.1e), while less than 10% removal was seen in Stage 

II without the addition of sodium acetate. Figure 10.2 shows the dissolved nitrogen mass balance 

before and after treatment in both stages. In each stage, ammonia constituted roughly 80% of the 

total dissolved nitrogen (TDN) in raw leachate, while DON comprised about 19%. The remaining 

percentages were attributed to nitrite and nitrate. In Stage I’s effluent, DON was the predominant 

component of TDN (approximately 50 mg/L) making up 68%, followed by nitrite at 21%. In 

contrast, the effluent in Stage II was composed of 35% nitrite, 36% nitrate and 29% DON.  

 

Further, as shown in Figure 10.1f, LLW COD removal, when comparing influent to effluent, was 

under 10% in Stage I, with a slightly higher removal observed in Stage II at around 20%. The 

limited COD removal can be attributed to the nature of mature landfill leachate, which contains 

minimal amount of biodegradable COD. The higher effluent COD in Stage I may be due to the 

leftover externally added COD after treatment, compared to Stage II. 

 

 
Figure 10.2 Nitrogen speciation and mass balance of raw and treated leachate samples in Stage I 
and Stage II. 
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10.3.2 Sludge properties 

As indicated in Figure 10.3, the biomass concentration in Stage I was markedly high, with the 

Mixed Liquor Volatile Suspended Solids (MLVSS) stabilized between 20-25 g/L. In Stage II, the 

MLVSS gradually reduced, stabilizing at 13 g/L. The decrease in biomass concentration was likely 

due to the washout of heterotrophic bacteria and cell death, which can be attributed to the limited 

biodegradable COD available to support the growth of these bacteria. 

 

In Figure 10.3, the SVI30 in Stage I was low, maintained at 5 mL/g. However, as the operation 

condition switched to Stage II, both the SVI5 and SVI30 gradually increased to respective values 

of 30 and 20 mL/g. The reduced sludge settling capacity may be attributed to the reduced 

abundance of heterotrophic bacteria without COD addition. These bacteria play a key role as the 

primary producers of extracellular polymeric substances (EPS), which are crucial for the 

formation of granular sludge. 
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Figure 10.3 Sludge properties under different operation conditions in Stages I and II, including 
the concentration of mixed liquor volatile suspended solids (MLVSS) and sludge volume indexes 
at 5 min and 30 min. 
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10.3.3 Specific microbial activity --- inorganic nitrogen removal  

The AAOB activity (Figure 10.4) was higher in Stage II, registering at 0.68 g N/(g VSS·d), 

compared to 0.64 g N/(g VSS·d) in Stage I. The AAOB activities obtained in this study were 

higher than previously reported studies, ranging from 0.14 ̶ 0.64 g N/(g VSS·d) [88, 305-307]. 

Compared the NOB activity in Stage I, significant (p<0.05) increment was observed in Stage II, 

which could be attributed to the high residual nitrite in the bioreactor system when COD was not 

supplied. In Stage I, NOB activity was inhibited, likely due to free ammonia inhibition (FA>1 

mg/L) and lack of nitrite. However, NOB has been reported to be resistant to free ammonia (FA) 

if it was exposed at the FA inhibition level for a long period [89, 246, 308]. On the other hand, as 

shown in Figure 10.4, the activities of denitritation and denitrification were significantly lower 

(p<0.05) in Stage II compared to Stage I, which might be due to the lack of organic carbon source 

to support the growth of heterotrophic denitrifying bacteria.  

 
Figure 10.4 Specific microbial activity tests in Stages I and II, including the specific activity of 
autotrophic ammonia oxidizing bacteria (AAOB), nitrite oxidizing bacteria (NOB), and the 
activity of denitritation and denitrification. 

 

10.3.4 Cycle tests 

Cycle tests were carried out regularly along the bioreactor operation to decipher the impact of 

sodium acetate addition on N transformation. Figure 10.5 shows the N transformations during a 

typical cycle in Stage I (on day 50, Figure 10.5a) and Stage II (on day 175, Figure 10.5b). 
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10.3.4.1 Nitrogen transformation in cycle tests with sodium acetate addition 

Figure 10.5a illustrates the N transformation, including NH4+-N, NO2--N, NO3--N and DON, 

within a typical cycle in Stage I with sodium acetate addition during the anoxic phase. According 

to Figure 10.5a, over 90% of NH4+-N was oxidized to NO2--N within an hour aeration. In the 

meantime, limited NO3--N concentration was observed throughout the cycle. During the anoxic 

phase, 90% TIN removal was achieved with sodium acetate addition at a C/N ratio of 2.5. 

Dissolved organic N (DON) decreased first and then increased during the aeration phase. During 

aerobic phase, the reduced DON concentration at the beginning of the phase might be attributed 

to the removal of biodegradable DON, such as protein and lipid like compounds [15]. Then, the 

increment in DON concentration was observed, which may be attributed to the hydrolysis of 

particulate to dissolved organic compounds as well as the production of soluble microbial products 

(SMPs). Previous studies reported the production of SMPs from the metabolism of nitrifying 

bacteria and the SMP is a significant source of DON in wastewater [15, 299]. The DON removal 

rate under the aerobic phase was lower than the ammonia oxidation rate. DON concentration 

slightly dropped during the anoxic phase from 55 mg/L to 44 mg/L. The DON that was removed 

during the anoxic phase may have been hydrolyzed to ammonia. However, an increase in ammonia 

concentration was not observed, which could be attributed to the activity of AAOB utilizing 

residual oxygen in the system from the previous aerobic phase or the oxygen introduced through 

recirculation. 

 

10.3.4.2 Nitrogen transformation in cycle tests without sodium acetate addition 

Figure 10.5b elucidates the dynamics of NH4+-N, NO2--N, NO3--N and DON in a typical cycle in 

the absence of sodium acetate. Different from the high NO2--N accumulation in Stage I, a large 

proportion of influent NH4+-N (70%) was completely oxidized to NO3--N and only a small 

proportion (30%) was partially oxidized to NO2--N. NO3--N accumulation indicated the enhanced 

NOB activity, as a result of the limited competition of NO2--N with denitrifiers. NO3--N 

concentration was consistent before and after the anoxic phase due to the lack of denitrification 

process. Similarly to the DON transformation observed during the aerobic phase in Stage I, DON 

concentration initially decreased and then increased. However, in contrast to Stage I, DON 

production was observed during the anoxic phase of Stage II. This DON production likely resulted 

from hydrolysis reactions and the production of SMPs. Without the addition of sodium acetate in 
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the anoxic phase, the microbial community was likely under starvation-induced stress, which 

might have stimulated the production of SMPs, thereby contributing to the increased DON 

concentration in the system [3].  

 
Figure 10.5 Inorganic and dissolved organic N transformation during typical cycle tests in a) Stage 
I and b) Stage II. 

 

10.3.4.3 COD impact on nitrogen transformation 

Under aerobic conditions, comparable reductions in DON were observed in both stages, with a 

decrease of 31 mg/L in Stage I and 26 mg/L in Stage II. Both stages exhibited similar DON trends 

under aerobic phase. Under anoxic conditions, however, DON was reduced in Stage I but 

increased in Stage II. The decrease in DON concentration in Stage I suggests that the addition of 

easily biodegradable COD in the form of sodium acetate likely induced co-metabolism, which 

enhances the degradation of recalcitrant organic compounds in the presence of easily 

biodegradable COD. 

 

10.3.5 Transformation of dissolved organic nitrogen 

The categories of DON in typical raw mature landfill leachate wastewater were shown in Figure 

10.6a. The divergencies of DON categories in the effluent samples from Stage I and Stage II were 

depicted in Figure 10.6b and Figure 10.6c. Most identified DON were located in lignin and 

carboxylic rich alicyclic molecules (CRAM) region, accounting for 67-74% of the DON 

community, which was consistent with previous studies on mature landfill leachate wastewater 
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DON characteristics [4, 309]. Considering the recalcitrant nature of lignin and CRAM-type DON, 

it is likely that these compounds will persist in the treated effluent (Figure 10.6e and Figure 10.6f). 

As shown in Figure 10.1, the quality of raw leachate varied over time. While this study primarily 

focused on the DON results of a representative raw mature leachate sample, further studies on the 

characterization of raw leachate across different seasonal or environmental conditions should be 

performed. 

 

Upon adding sodium acetate (Stage I), the number of DON formulae decreased slightly from 160 

in the influent to 158 in the effluent (Figure 10.6d), with reductions in lipid, protein/amino sugar 

and unsaturated hydrocarbon-like DON. However, an increase in lignin, CRAM, and condensed 

aromatic-like DON was observed after GSR treatment. Most sulfur-containing DON (CHONS) 

were effectively removed with sodium acetate supplementation. As per the Venn diagram in Figure 

10.6d, 79 DON formulae were common to both the influent and effluent in Stage I, with the 

effluent and influent each having 79 and 81 unique DON formulae respectively. 

 

Contrastingly, without the addition of sodium acetate, the number of DON formulae rose from 

160 in the influent to 200 in the effluent (Figure 10.6d), where most of the newly formed DON 

belonged to protein/amino sugar, lignin, CRAM, and condensed aromatics. It is worth noting that 

sulfur-containing DON were generated in the absence of an easily biodegradable carbon source. 

These sulfur-containing molecules (CHONS) are believed to originate from microbial metabolism 

[310] or the hydrolysis of particulates to soluble organics. These newly formed CHONS molecules 

were primarily found in the protein/amino sugar region, which are generally regarded as labile 

portions of dissolved organics [311]. Figure 10.6d showed that influent and Stage II effluent 

shared 74 DON formulae, with the effluent having 126 unique DON formulae and the influent 

having 86 unique DON formulae. 
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Figure 10.6 Van Krevelen diagrams of categories of identified dissolved organic nitrogen (DON) 
in a) influent (raw landfill leachate), and effluent samples after b) Stage I (with sodium acetate 
addition) and c) Stage II (without sodium acetate addition) GSR treatment. The number of shared 
and unique DON formulae in the influent and treated effluent in Stage I and Stage II were shown 
in d) Venn diagram. The production, persistence, and removal of DON compounds in e) Stage I 
and f) Stage II GSR treatment. 

 

Moreover, the effluents from both Stage I and Stage II shared 125 DON formulae, some of which 

were only identified in the effluent samples. This implies that the degradation of leachate-

originated DON by granular sludge might result in certain organic compounds that are particularly 

difficult for microorganisms to remove. The dynamics of DON compounds in both stages were 

illustrated in Figure 10.7. Within the raw leachate and treated effluent of both stages, the 

predominated DON molecular structures were identified as N1O2, N1O3 and N1O4. Together, these 

three compounds comprised 85% of the treated effluent in Stage I and 68% in Stage II. It is 

noticeable that most of the molecules in Stage I’s influent wastewater containing N2 and N4 

structures diminished during treatment. Instead, higher relative abundance of N1O3, N1O4 and 

N1O2 were observed, suggesting potential degradation of long chain molecules into shorter chain 

molecules. While the effluent from Stage II showed higher relative abundance of S-containing 
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molecules such as N2O7S, N2O6S, N2O5S, and N2O1S2 after GSR treatment without the 

supplementation of easily biodegradable COD.  

 
Figure 10.7 Dynamics of DON compounds in relative abundance of the raw leachate and treated 
effluent in a) Stage I and b) Stage II. 

 

10.3.6 Microbial community dynamics 

10.3.6.1 Microbial composition at phylum level 

Microbial community composition at the phylum level in Stages I and II were shown in Figure 

10.8a. Bacteria in phylum Proteobacteria was predominant in both stages and accounted for 84.4% 

in Stage I and 45.2% in Stage II. Bacteroidetes accounted for 7.9% in Stage I and 1.4% in Stage 

II. The reduction in the relative abundance of Proteobacteria and Bacteroidetes in Stage II might 

be attributed to the reduced abundance of denitrifiers. As previous study reported that microbes 

that take part in denitrification were most likely affiliated to phylum Proteobacteria and 

Bacteroidetes [312, 313]. Actinobacteria accounted for 2.2% in Stage I while increased to 24.2% 

in Stage II. Actinobacteria has been demonstrated to produce considerable secondary metabolites 

to help with the degradation of complex organics [314, 315]. Additionally, Actinobacteria also 

involves in the denitrifying process, which might be able to perform aerobic denitrification [315]. 

Chloroflexi accounted for 0.8% in Stage I and 13% in Stage II. Previous studies reported that 

Chloroflexi could uptake complex organic compounds. Its growth possesses the potential for the 

degradation of complex organics, amino acids and carbohydrate [316-318]. The relative 

abundances of Thermi and Planctomycetes were also increased from 2.9% in Stage I to 5.9% in 
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Stage II and 0.2% in Stage I to 6.7% in Stage II. Increased relative abundance of bacteria that 

belongs to Actinobacteria and Chloroflexi in Stage II, supporting the observation that lower 

effluent COD was achieved in Stage II. 

 

10.3.6.2 Microbial composition at genus level 

Microbial genera involved in nitrogen metabolism 

Figure 10.8b depicts the microbial community development in genus level. In this study, nitrogen 

removal processes mainly consisted of nitritation, nitratation, denitritation and denitrification. 

Nitritation was mainly carried out by autotrophic ammonia oxidizing bacteria (AAOB), genus 

Nitrosomonas, which accounted for 4.6% in Stage I and 10.3% in Stage II. The relative abundance 

of Nitrosomonas increased from Stage I to II was probably due to the reduced abundance of 

heterotrophic bacteria in Stage II. The slightly higher specific AAOB activity in Stage II might be 

attributed to the higher relative abundance of AAOB in collected sludge. Nitratation was 

conducted by nitrite oxidizing bacteria (NOB), genus Nitrobacter, which was accounted for 0.1% 

in Stage I and 4.0% in Stage II. The limited relative abundance of Nitrobacter in Stage I was in 

agreement with the limited specific NOB activity in Figure 10.4. The relative abundance of 

Nitrobacter increased once COD supplementation was ceased in Stage II and that resulted in the 

accumulation of nitrite, which serves as the substrate for the growth of NOB. Genus Thauera and 

Paracoccus were widely reported denitrifiers that perform denitritation and denitrification 

processes [148, 319]. These two genera accounted for 22.5 and 11.9% in Stage I, while reduced 

in Stage II to 0.2 and 0.1%, respectively. The reduction of relative abundances of Thauera and 

Paracoccus in Stage II were attributed to the absence of bioavailable COD.  

 

Microbial genera involved in organics removal 

According to Figure 10.8b, the relative abundance of bacteria from family Pseudomonadaceae 

was reduced from 33.7% in Stage I to limited percentage in Stage II. Previous study reported that 

numerous genera in family Pseudomonadaceae were able to biodegrade organics, and this family 

was highly present in system with abundant easily biodegradable substrate, such as sodium acetate, 

therefore the abundance of bacteria from this family was dropped in Stage II [320]. Microbes that 

affiliated to family Xanthomonadaceae were also responsible for COD and N removal, as well as 

EPS production [321]; the relative abundance of which slightly reduced from 11.9% in Stage I to 
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8.5% in Stage II. In Stage II, increased relative abundances of genera that participated in the 

degradation of organics, humus substances and aromatic hydrocarbons, such as Mycobacterium, 

Phycisphareae, and Rhodococcus were noticed [322-325]. Current study showed that the growth 

of microbes that have the function of complex organics degradation was stimulated when easily 

biodegradable organics was limited. 

 

10.3.6.3 Microbial function prediction 

To gain insights into the influence of sodium acetate addition on microbial functions associated 

with N and organics degradation, the predicted relative abundance of N removal process involved 

functional genes, including amoABC, hao, nxrAB/narGH, nirKS, norBC and nosZ are presented 

in Figure 10.8c; and organics degradation process involved functional genes, including lysozyme, 

chitinase, urease, protease, decarboxylase and deaminase are presented in Figure 10.8d.  

 

Nitrogen metabolism 

The ammonia and nitrite oxidation related functional genes, including ammonia monooxygenase 

genes (amoABC), hydroxylamine dehydrogenase gene (hao) and nitrite oxidoreductase genes 

(nxrAB) are more abundant in Stage II compared to Stage I. Over 3 times higher nxrAB genes’ 

relative abundance in Stage II emphasizing the increased activity of NOB under long term 

exposure to high FA condition. In contrast, the denitrifying process related functional genes, 

including nitrite oxidoreductase genes (nirKS), nitric oxide reductase genes (norBC) and nitrous 

oxide reductase gene (nosZ) were more abundant in Stage I. These results match the reactor 

performance and sequencing results.  

 

Nitrogen-containing organics degradation 

The extracellular enzymes found in current study includes urease, lysozyme, chitinase and 

protease, which are mainly targeting the degradation of proteins and cell wall components [296]. 

According to Figure 10.8d, the relative abundances of urease (ureABC), lysozyme, chitinase were 

limited compared to that of protease. The protease is a vital functional gene that involved in 

hydrolysis of protein. It functions in breaking down the peptide bonds, so that protein could be 

converted to amino acids [326]. The main group of protease found in our predicted functional 

genes was serine proteases, which has also been documented in other studies [296, 327]. Previous 
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study reported that the expression of serine proteases was dominated by phylum Proteobacteria 

[296], which was the predominant phylum in current study. Decarboxylase functions in breaking 

down the C-C bond, thus the products might be amine and CO2 [328]. Deaminase functions in 

breaking down the C-N bond, and the products are mainly NH3 and organic acids [328]. In both 

Stage I and Stage II, the protease has the highest relative abundance among those functional genes, 

followed by decarboxylase and deaminase. Higher relative abundance of decarboxylase compared 

to deaminase represented that decarboxylation was the dominated pathway for amino acid 

degradation. The predicted relative abundance of protease in Stage I and Stage II were at the same 

level, indicating both stages had comparable capacity to perform hydrolysis reaction. The 

abundance of deaminase was higher in Stage I compared to Stage II, indicating that the microbial 

community in Stage I had higher capacity to degrade nitrogen containing organics into ammonia. 

The results are in agreement with the higher DON removal in Stage I in Figure 10.1c.  
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Figure 10.8 Microbial community structure in sludge samples collected in Stage I (with sodium 
acetate addition) and Stage II (without sodium acetate addition): a) microbial relative abundances 
at the phylum level; and b) microbial relative abundances at the genus level, and unidentified 
genera are shown at family (Unclassified f_), order (Unclassified o_), and class (Unclassified c_) 
levels. The relative abundance of predicted function genes associated with c) nitrogen oxidation 
and reduction and d) organics degradation in Stage I and Stage II. 

 

10.3.7 Proposed mechanism for the removal of dissolved organic nitrogen 

Cycle test results indicate that biodegradable DON could be diminished during the aerobic phase, 

whereas an increase in DON concentration was observed once the biodegradable DON had been 
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exhausted. The incorporation of sodium acetate was found to effectively decrease the number of 

DON formulae, the concentrations of DON, and the presence of sulfur-containing molecules. 

 

Under aerobic conditions, DON degradation typically proceeds via a hydrolysis reaction which 

generates ammonia, subsequently utilized in nitrification and denitrification processes [3]. Under 

anoxic/anaerobic conditions, DON breakdown primarily occurs through hydrolysis and 

fermentation reactions. Here, larger molecular DON compounds such as proteins are broken down 

into smaller molecular DON compounds like amino acids. Subsequently, the amino acids can be 

deaminated, yielding ammonia [3, 296]. 

 

During the anoxic phase, hydrolysis and fermentation reactions likely occur concurrently. Our 

study showed that the addition of sodium acetate during the anoxic phase led to the upregulation 

of functional genes involved in releasing nitrogen from organics, such as decarboxylase and 

deaminase. This could explain the slight reduction in DON concentration observed in the anoxic 

phase during the Stage I cycle test. Conversely, in the Stage II cycle test, DON was generated 

during the anoxic phase, potentially due to limited fermentation reactions. Therefore, the 

combined production of DON from hydrolysis and microbial metabolism outweighed DON 

removal. Furthermore, the adsorption of hydrophobic DON could also contribute to DON removal. 

Higher DON adsorption capacity might have also occurred in Stage I, due to a higher potential 

for EPS production compared to Stage II [329]. 

 

We propose that the addition of easily biodegradable COD (sodium acetate) could induce co-

metabolism by stimulating the secretion of extracellular hydrolytic enzymes, decarboxylases, 

deaminases, and other secondary metabolites. This enhancement could aid DON decomposition, 

particularly of protein/amino sugar and lipid-like CHONS during the biological nitrogen removal 

process, thereby lowering effluent DON concentrations. Future research should focus on 

characterizing DON produced and removed during the nitrogen removal process with different 

carbon sources to better understand the features of DON that can be effectively removed via the 

addition of easily biodegradable COD. Based on our findings, the addition of sodium acetate 

during the anoxic phase, as implemented in this study, could be applied in larger scale studies for 

effective DON and TIN removal, helping to meet stringent TKN discharge requirements. Further 
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research of various C/N ratios for DON removal is essential to offer economical solutions for 

large-scale studies. Additionally, the effectiveness of this approach for different types of LLW, 

like young leachate should also be investigated. 

 

In the course of biotransformation, DON molecules were converted to less biodegradable organic 

nitrogen forms, which mitigate the potential for eutrophication in receiving water system. It is 

noteworthy that DON serves as a precursor for the formation of toxic nitrogenous disinfection by-

products (N-DBPs). During chlorination or chloramination process, typical N-DBPs, including 

Dichloroacetonitrile (DCAN), N nitrosodimethylamine (NDMA) and trichloronitromethane 

(TCNM) are formed in the presence of DON [3]. These compounds pose significant risks to both 

aquatic ecosystems and human health [330]. However, the formation of N-DBPs is multifactorial, 

influenced not only by DON concentrations, but also by disinfectant quantities and temperature 

[3]. Further research to investigate the combined impact of DON and other factors on the 

formation of DBPs is needed. Consequently, maintaining low DON concentration is imperative to 

reduce the generation of DBPs. 

 

10.4 Conclusion 
The incorporation of sodium acetate significantly enhanced the removal of TIN and DON during 

the GSR nitrogen removal from mature landfill leachate wastewater. With the addition of sodium 

acetate, an impressive removal efficiency of 94% for TIN and 45% for DON were achieved. In 

contrast, without sodium acetate supplementation, only approximately 10% TIN removal was 

observed, and the effluent DON content increased by ~22% relative to the influent. 

 

This chapter proposes that the supplementation of sodium acetate stimulates a co-metabolism 

process that contributes to the reduction of recalcitrant organics originating from mature landfill 

leachate. This co-metabolism process is likely facilitated by the secretion of extracellular enzymes 

and secondary metabolites that target the degradation of nitrogen and sulfur-containing 

compounds (CHONS). Decarboxylase and deaminase, major enzymes involved in the degradation 

of amino acids and the release of nitrogen from organics, had their corresponding genes 

upregulated in the presence of sodium acetate. 
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Moreover, the addition of sodium acetate resulted in improved sludge settling capacity, another 

critical aspect of effective wastewater treatment. Thus, our findings highlight the value of sodium 

acetate supplementation in enhancing both the efficiency and the overall functionality of N 

removal processes in wastewater treatment.  
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Chapter 11. Utilizing High COD Wastewater as Carbon Source for 

Enhanced Nitrogen Removal in High Ammonia Wastewater Using 

the Newly Developed Granular Sludge Reactor8 

11.1 Introduction 
In previous chapters, the newly developed GSR has achieved over 95% N removal from high 

ammonia wastewaters with the addition of an external carbon source, such as sodium acetate, 

during the anoxic phase [123, 164]. Compared to techniques like the Fenton process or a 

combination of post-denitrification and membrane filtration for enhanced N removal, 

supplementing external COD is a more cost-effective option, especially when utilizing high COD 

raw wastewaters as carbon source, which can save considerable chemical cost during large scale 

application.  

 

In this chapter, the newly developed GSR was employed to treat high ammonia, low biodegradable 

COD (bCOD) anaerobically digested molasses wastewater. The raw molasses wastewater, prior 

to anaerobic digestion, which is rich in bCOD, was adopted to supply necessary organic carbon 

instead of commercial carbon sources. This chapter aims to investigate the feasibility and impact 

of supplementing high bCOD raw molasses wastewater on the performance of the GSR and the 

stability of the granular sludge. Furthermore, a microbial community analysis was conducted to 

identify potential nitrogen removal pathways. This is the first study demonstrating the utilization 

of raw high bCOD wastewater for enhancing denitrification in a GSR.  

 

11.2 Methods and materials 

11.2.1 Wastewater source and characteristics 

In this study, two types of molasses wastewater were treated: pre- and post-anaerobic digestion, 

referred to here as raw and anaerobically digested molasses wastewater. The anaerobically 

 
8 A version of this chapter has been published: Zou, X., Yao, Y., Gao, M., Zhang, Y., Guo, H., & Liu, Y. (2024). Treatment of high ammonia 

anaerobically digested molasses wastewater using aerobic granular sludge reactor. Bioresource Technology, 131056. 

https://doi.org/10.1016/j.biortech.2024.131056 
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digested molasses wastewater, used as the influent, has a pH of 7.2, a high NH4+-N level ranging 

from 360 to 440 mg/L, a PO4--P concentration ranging from 10 to 22 mg/L and a salinity of 7800 

mg/L. The raw molasses wastewater, utilized as the external carbon source, has a pH of 5.7 and 

limited amounts of ammonia, whereas the concentration of organic N was notably higher, 

approximately 1700 mg/L. The wastewater characteristics (Table 11.1) highlight significantly 

higher soluble COD (sCOD) and biodegradable soluble COD (bsCOD) concentrations in the raw 

molasses wastewater compared to its anaerobically digested counterpart. It is noted that the 

majority of the bCOD present in the raw wastewater is converted to methane through the anaerobic 

digestion process. The anaerobically digested wastewater was collected every three weeks, while 

the raw molasses wastewater was obtained in a single collection. Both wastewaters were collected 

from a yeast production industry in Alberta, Canada. Prior to the bioreactor treatment, all 

wastewater samples were stored at 4 oC in a cold room. 

Table 11.1 Physiochemical characteristics of raw and anaerobically digested molasses 
wastewater. 

Physiochemical parameters Anaerobically digested molasses 
wastewater 

Raw molasses 
wastewater 

NH4
+-N (mg/L) 406 ± 37 56 ± 10 

NO2
--N (mg/L) 9 ± 3 - 

NO3
--N (mg/L) 3 ± 1 - 

PO4
--P (mg/L) 17 ± 5 - 

Alkalinity as CaCO3 (mg/L) 3030 ± 85 - 
Soluble COD (mg/L) 2464 ± 502 37150 ± 2450 

Biodegradable soluble COD (mg/L) 340 ± 117 21000 ± 1879 
Dissolved Ca (mg/L) 127 ± 35 920 ± 56 
Dissolved Mg (mg/L) 31 ± 4 42 ± 11 

Mixed liquor suspended solids (mg/L) 1800 ± 1000 - 
Mixed liquor volatile suspended solids (mg/L) 1500 ± 900 - 

 

11.2.2 Reactor setup and operation 

A 3 L cylindrical GSR was employed for the treatment of anaerobically digested molasses 

wastewater at 20 oC. The inoculum was granular sludge (with a mean size of 0.6 mm) collected 

from a dual AGS designed for high ammonia wastewater treatment. The feed, primarily composed 

of supernatant, was introduced at the reactor’s bottom with a 50% exchange ratio. Aeration was 

provided via a fine bubble air diffuser positioned at the bottom, achieving an upflow superficial 

velocity of 1.0 cm/s and dissolved oxygen values of 0.6 to 0.9 mg/L. The operation of the reactor 

was divided into two consecutive stages: Stage I, with a 4 h cycle time without the addition of 

high bCOD raw molasses wastewater, then switched to Stage II, with a 6 h cycle time 
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supplemented with high bCOD raw molasses wastewater, containing approximately 21000 mg/L 

bsCOD. The raw molasses wastewater was introduced in a pulsed manner during the first 10 min 

of the anoxic phase, with a volume of 34 mL. To enhance mixing during the anoxic phase, 

recirculation was provided at a rate of 130 mL/min. Programmable timers were utilized for 

automatically controlling the reactor operations. The feeding was conducted in a slow feeding 

mode for 1 hour to enhance granular stability, and the utilization of bCOD originated from the 

feed for N and P removal [53]. A consistent settling and decanting duration of 5 min was provided. 

Detailed sequence of the reactor operation can be found in Table 11.2. The solid retention time 

(SRT) in the system was not manually controlled, instead, sludge wasting occurred with the 

discharge of effluent. 

Table 11.2 Granular sludge reactor operation sequence in Stage I and Stage II. 
Stages Feeding Aerobic Anoxic Post-aerobic Settling Discharging 
Stage I 1 h 2.75 h - - 5 min 5 min 
Stage II 1 h 3 h 1.5 h 15 min 5 min 5 min 

 

11.2.3 Sludge characterization 

Sludge morphology and composition were analyzed using scanning electron microscopy (SEM) 

and energy dispersive X-ray (EDX) (ZEISS Sigma) [331]. The identification of chemical 

compounds within the granular sludge was performed using X-ray powder diffraction (XRD, 

Rigaku Ultima IV, Japan), employing the Bragg Brentano reflection geometry [332]. Data analysis 

was conducted using JADE MDI 9.6 software, and phase identification was based on the 

2021/2022 ICDD PDF 4+ and PDF 4+/Organics databases, utilizing DIFFRAC.EVA software.  

 

11.2.4 Microbial community analysis 

DNA extraction was performed in duplicate from sludge samples collected at the steady state of 

each stage, using Dneasy PowerSoil Pro Kit (QIAGEN, Hilden, Germany). The extracted DNA 

was then amplified and sequenced using the Illumina Miseq PE250 platform at Genome Quebec 

(Montréal, QC, Canada). Subsequent sequence data processing employed the DADA2 algorithm 

in QIIME2 pipeline, with taxonomic assignments based on the GreenGenes database (version 

13_8) at a 97% similarity [116]. Furthermore, the functional genes involved in nitrogen and sulfur 

metabolisms were predicted using the Phylogenetic Investigation of Communities by 
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Reconstruction of Unobserved States 2 (PICRUSt2) pipeline, aligned with the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database [333]. The raw sequencing data has been 

submitted to the National Center for Biotechnology Information (NCBI) GenBank 

(PRJNA1103104). 

 

11.2.5 Statistical analysis 

The statistical significance of the results was assessed using a T-test in Microsoft Excel. A p-value 

less than 0.05 was considered as significant. 

 

11.3 Results and discussion 

11.3.1 Reactor performance  

The performance of the GSR in N and COD transformation in Stages I and II is illustrated in 

Figure 11.1. Figure 11.1a depicts the concentrations of influent NH4+-N, and effluent NH4+-N, 

NO2--N and NO3--N. The influent NH4+-N concentrations in both stages varied between 300 and 

370 mg/L. In Stage I, without the addition of high bCOD raw molasses wastewater, the effluent 

NH4+-N concentration was approximately 1 mg/L, achieving a 99% ammonia removal efficiency 

(Figure 11.1b). The NO3--N was predominant in Stage I effluent, ranging from 260 to 330 mg/L, 

while a low NO2--N at 6 mg/L was observed. With the supplementation of high bCOD raw 

molasses wastewater in Stage II, the effluent NH4+-N concentration remained low at 1 mg/L, 

suggesting COD had no adverse impact on the ammonia oxidation process. Furthermore, a 

consistently low level of effluent NO2--N was observed in Stage II. In comparison to Stage I, the 

effluent NO3--N concentration in Stage II significantly decreased to less than 10 mg/L within 25 

days and maintained low levels thereafter. Figure 11.1b reveals the TIN removal efficiency 

enhanced from approximately 10% in Stage I to 97% in Stage II. The increase in TIN removal 

could be attributed to the introduction of high bCOD raw molasses wastewater in the anoxic phase. 

The N loading rate obtained in Stage I was 3.6 kg N/(m3·d) and in Stage II was 2.4 kg N/(m3·d). 

In Stages I and II, the effluent contained solid concentrations ranging from 150 mg/L to 300 mg/L, 

resulting in an average SRT of 45 days. The effluent solid concentrations in this study were higher 

than the reported AGS studies, ranging from 5 to 20 mg/L [112, 272], likely due to the higher solid 

content in the influent wastewater. 
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As shown in Figure 11.1c, the sCOD removal in Stage I, without high bCOD raw molasses 

wastewater addition, was 13%. This represents a 90% bsCOD removal, calculated by dividing the 

removed sCOD at 300 mg/L by the feed bsCOD concentration of 340 mg/L. During anoxic phase 

in Stage II, a small volume of high bCOD raw molasses wastewater was added, resulting in a 

CODremoved/Nremoved ratio of 3. The influent sCOD concentration in Stage II was determined by 

adding up the externally supplied sCOD and the sCOD originated from the anaerobically digested 

molasses wastewater. A 36% sCOD removal was attained in Stage II, including the removal of 

biodegradable proportion of anaerobically digested molasses wastewater and externally added raw 

molasses wastewater. It is noticeable that the sCOD levels in the effluent from Stage II was at the 

same level as those in Stage I, suggesting the complete removal of externally added bsCOD. 

However, due to the high concentration of recalcitrant COD in the anaerobically digested molasses 

wastewater, a low COD removal efficiency was still observed. The remaining recalcitrant COD 

should be addressed through further treatment, potentially employing a combination of advanced 

oxidation processes or membrane technologies [334]. The provided C/N ratio in Stage II was 

slightly lower than the practical ratio of 3.5-3.8 required for denitrification [6]. This suggests the 

possible existence of an alternative pathway contributing to nitrate reduction. The soluble organic 

loading rate reached 7.4 kg/(m3·d) in Stage I and 5.3 kg/(m3·d) in Stage II, while the loading rate 

of biodegradable organics was 1 kg/(m3·d) in Stage I and 1.6 kg/(m3·d) in Stage II.  

 

Figure 11.1d depicts the phosphorus (P) concentrations before and after GSR treatment in both 

stages. Notably, a reduction in P levels was observed in both stages: a decrease from 19 mg/L to 

8 mg/L in Stage I, and a slightly higher reduction from 15 mg/L to 2 mg/L in Stage II. The P 

removal might be contributed by cell assimilation for growth, as well as activities of 

polyphosphate accumulating organisms (PAO) and denitrifying PAO (DPAO). The layer 

stratification of granular sludge and the slow plug flow feeding mode likely supported P removal 

via PAO and DPAO activities. The bCOD from the feed and raw molasses wastewater likely 

supports the biological phosphorus removal. Figure 11.1e illustrates the dissolved Ca 

concentrations in the influent wastewater and the treated effluent across both stages. During Stage 

I, there was a slight decrease in Ca concentration, with values dropping from an average of 127 

mg/L in the influent to 122 mg/L in the effluent. In Stage II, a more substantial reduction in 

calcium levels was observed, where the effluent contained 136 mg/L Ca, down from 174 mg/L Ca 
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introduced to the reactor. This decrease in Stage II can potentially be linked to the increased initial 

Ca concentration due to the addition of high bCOD raw molasses wastewater, as well as the 

improved denitrification process. The latter may promote the secretion of extracellular polymeric 

substances (EPS) and certain enzymes, facilitating Ca precipitation in the wastewater [335].  

 
Figure 11.1 Performance of granular sludge reactor (GSR) in Stage I and Stage II, including a) 
nitrogen transformation (influent NH4+-N, and effluent NH4+-N, NO2--N and NO3--N); b) removal 
efficiencies of ammonia and total inorganic nitrogen (TIN); c) total sCOD inputs (sum of sCOD 
from digested molasses wastewater and externally added sCOD derived from raw molasses 
wastewater, normalized to influent volume), effluent sCOD and sCOD removal efficiency; d) PO4-

-P concentrations in influent (INF) and effluent (EFF); and e) dissolved Ca concentrations in 
influent (INF) and effluent (EFF). The bars in d) and e) represent the highest and lowest values in 
the data set, excluding any outliers. The lower edge of the box represents the 25th percentile, 
indicating 25% of the data fall below this line. The upper edge of the box marks the 75th percentile, 
showing that 75% of the data is below this point. The middle line denotes the median. 

0 10 20 30 40 50 60 70 80 90 100 110 120
0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90 100 110 120
0

50

100

150

200

250

300

350

400

 Influent NH4-N
 Effluent NH4-N
 Effluent NO2-N
 Effluent NO3-N

Operation time (days)

N
itr

og
en

 c
on

ce
nt

ra
tio

n 
(m

g/
L)

Stage I
Without COD addition

Stage II
With COD addition

a b

 NH4-N removal efficiency
 TIN removal efficiency

N
itr

og
en

 re
m

ov
al

 e
ff

ic
ie

nc
y 

(%
)

Operation time (days)

Stage I
Without COD addition

Stage II
With COD addition

0 10 20 30 40 50 60 70 80 90 100 110 120
0

400

800

1200

1600

2000

2400

2800

3200

3600  Influent+externally supplied sCOD
 Effluent sCOD 
 sCOD removal efficiency

Operation time (days)

sC
O

D
 c

on
ce

nt
ra

tio
n 

(m
g/

L)

c

0

10

20

30

40

50

60

70

80

90

100

sC
O

D
 re

m
ov

al
 e

ff
ic

ie
nc

y 
(%

)

0

50

100

150

200

250

D
is

so
lv

ed
 C

a 
co

nc
en

tra
tio

n 
(m

g/
L)d

Stage I INF Stage I EFF Stage II INF Stage II EFF
0

4

8

12

16

20

PO
4-

P 
co

nc
en

tra
tio

n 
(m

g/
L)e



156 

 

11.3.2 Cycle tests 

A typical cycle test in each stage was presented to reveal the N transformations in the GSR (Figure 

11.2). In both Stages I and II, ~155 mg/L ammonia was depleted within 150 min and nitrite 

accumulation was observed in the middle of the aeration phase, but mostly being converted to 

nitrate at the end of aeration phase. Without the addition of raw molasses wastewater (Figure 

11.2a), elevated nitrate concentration at 264 mg/L was observed in Stage I’s effluent, whereas low 

nitrate level at 21 mg/L was attained in Stage II’s effluent (Figure 11.2b). Given a 50% feed 

exchange ratio, expected initial nitrate concentration was 132 mg/L for Stage I and 10 mg/L for 

Stage II. The actual measurements of initial nitrate level were lower, at 108 mg/L in Stage I and 

less than 6 mg/L in Stage II, indicating denitrification likely occurred during the feeding phase. 

However, the initial sCOD concentrations were around 2200 mg/L, consistent with theoretical 

expectations for a 50% exchange ratio, suggesting limited COD utilization in the feeding phase. 

This observation revealed that nitrate removal during feeding phase, possibly predominantly 

through autotrophic denitrification processes like sulfide-oxidizing autotrophic denitrification 

(SOAD), as sulfide likely existed in the anaerobically digested molasses wastewater. Due to the 

complexity of the process, additional research involving RNA level analysis and specific 

microbial activities is needed to characterize the contribution rate of autotrophic and heterotrophic 

denitrification to the TIN removal.  

 
Figure 11.2 Typical cycle tests in a) Stage I without COD addition and b) Stage II with COD 
addition. 
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11.3.3 Sludge characteristics 

11.3.3.1 Physical properties 

The MLSS and MLVSS in Stage I stabilized at about 12 g/L and 9.4 g/L, respectively (Figure 

11.3). During Stage II, MLSS levels gradually elevated to 18 g/L, while MLVSS slightly rose to 

approximately 11 g/L, resulting in a decrease in the MLVSS/MLSS ratio from 0.8 to 0.6. This 

reduction in the MLVSS/MLSS ratio, coinciding with the introduction of raw molasses wastewater, 

might be linked to the introduction of solids from raw wastewater or biologically induced chemical 

precipitation, as evidenced by the reduced Ca concentration in the treated effluent compared to 

the influent (Figure 11.1d). It is important to note that the wastewaters were predominantly settled 

before being introduced into the reactor, suggesting a minimal contribution to the reactor solids. 

Further, as indicated in Table 11.1, solids from the molasses wastewater were largely biomass, 

implying a limited impact on the reduction in MLVSS/MLSS ratio. The progressive buildup of 

inorganic solids within the granular sludge may improve granule stability, potentially acting as a 

nucleus for granular sludge.  

 
Figure 11.3 Biomass concentrations and properties across the reactor operation period: a) 
concentrations of mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended 
solids (MLVSS), and the ratio of MLVSS/MLSS; b) sludge volume index (SVI) at 5 minutes and 
30 minutes. 

 

The SVI values in Stage I remained stable at 72 mL/g for SVI5 and 53 mL/g for SVI30. However, 

with the introduction of raw molasses wastewater, intended to enhance nitrate reduction, there 
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were significant reductions in SVI values, dropping from 72 to 32 mL/g for SVI5 and from 53 to 

18 mL/g for SVI30. The dramatic decline in SVI may correlate with the decreased MLVSS/MLSS 

ratio. A progressive increase in the average size of granular sludge from Stage I (0.6 mm) to Stage 

II (0.7 mm) was observed (Figure 11.4), together with the improved settling capacity. This growth 

in granule size was likely attributed to the formation of inorganic compounds, which may enhance 

the microbial adhesion processes. The granule size in this study is at the lower end of the 

previously reported granule sizes (0.2-3 mm) [162, 336, 337]. The cultivation of small granular 

sludge in this study could be attributed to the limited availability of bCOD for aerobic heterotrophs 

[7]. Maintaining a stable granular structure in environments with low bCOD has traditionally been 

challenging. However, the current operational cycle of the reactor, which includes an anoxic phase, 

was expected to enhance the growth of heterotrophic bacteria, which are crucial for the secretion 

of EPS and supporting the granule structure. 

 
Figure 11.4 Granular sludge size and morphology, a) dynamics of granular sludge size, b) granular 
sludge morphology in Stage I, and c) granular sludge morphology in Stage II. 

 

11.3.3.2 Chemical precipitation in sludge 

Scanning electron microscopy (SEM, Figure 11.5) coupled with energy dispersive X-ray detector 

(EDX, Figure 11.5) analysis was performed on the sludge samples collected on day 115 to evaluate 

the formation and distribution of inorganic compounds within the granular sludge. The result 

reveals the presence of inorganic precipitates in the outer layer of the granules. The mineralized 

area exhibits a morphology clearly distinguishable from regions occupied by microorganisms. 

Diverse microbial shapes, including rod-shaped and spherical, were observed.  

 

EDX spectrum shows the elemental composition of the granular sludge, demonstrating that 

oxygen, calcium and carbon were the dominant elements in the mineralized areas, constituting 
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40%, 27% and 24% of mass, respectively. Phosphorus accounted for about 2% of mass in the 

granular sludge, presenting a low elemental Ca/P ratio at 0.1 compared to the commonly reported 

1.63 ± 5 in CaP precipitation studies [338]. This elemental composition suggests that calcium 

precipitate formation contributed to calcium removal, however, it is unlikely that CaP is the 

dominant precipitate involved. Multiple SEM and EDX analyses targeting various mineralized 

zones yielded similar spectra results.  

 
Figure 11.5 Granular sludge characterization a) scanning electron microscopy (SEM) images of 
granular sludge and b) energy dispersive X-ray detector (EDX) spectra. 

 

According to the XRD analysis (Figure 11.6), calcite was the predominant precipitate in the 

granular sludge, given the high alkalinity levels in the wastewater. The occurrence of calcium 

precipitates was also documented in the context of an anaerobic membrane bioreactor treating raw 

molasses wastewater [339].  
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Figure 11.6 X-ray powder diffraction (XRD) result of the identification of chemical compounds 
within the granular sludge. (chapter 4) 

 

11.3.4 Microbial kinetics 

Figure 11.7 delineates the specific microbial activities evaluated in this study, including ammonia 

oxidation (AOB activity), nitrite oxidation (NOB activity), nitrite reduction (denitritation activity) 

and nitrate reduction (denitrification activity). The ammonia oxidation rate achieved in Stage I 

was 0.32 g N/(g VSS·d) and slightly reduced to 0.22 g N/(g VSS·d) in Stage II. These rates were 

within the previously reported range of 0.08 to 0.65 g N/(g VSS·d) [122, 123, 125, 340]. The NOB 

activities observed in both stages, at 0.31 (Stage I) and 0.28 g N/(g VSS·d) (Stage II), were higher 

than the previously reported range of 0.001 to 0.13 g N/(g VSS·d) [125, 197]. The elevated NOB 

activity in this study might be attributed to effective solid retention and high nitrite availability 

during the aeration phase. Additionally, the inoculum was originated from a dual AGS operated 

under similar free ammonia conditions (FA at ~7 mg/L), which likely contributed to the 

enrichment of NOB resistant to this level of FA.  

 

In Stage II, there was a substantial increase in both denitritation and denitrification activities, 

reaching 0.18 and 0.11 g N/(g VSS·d), respectively, compared to 0.1 and 0.08 g N/(g VSS·d) in 

Stage I. These observed rates of denitritation and denitrification align with the ranges reported 

previously, varying from 0.02 to 2 g N/(g VSS·d) [123, 341]. The enhanced denitritation and 

denitrification activities in Stage II match with the improved performance results during this phase. 
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Figure 11.7 Specific microbial activities of autotrophic ammonia oxidizing bacteria (AAOB), 
nitrite oxidizing bacteria (NOB), denitritation bacteria and denitrification bacteria in Stage I and 
Stage II. Error bar represents the standard deviation of the results. 

 

11.3.5 Development of microbial community 

11.3.5.1 Microbial community at phylum level 

Figure 11.8a illustrates the microbial community composition across Stages I and II. In Stage I, 

the dominant phyla were Proteobacteria (54%), Actinobacteria (13%) and Thermi (14%). In Stage 

II, Proteobacteria remained the most prevalent phylum, accounting 59% of the microbial 

community, followed by Chloroflexi at 15%, and Thermi at 7%. The consistent dominance of 

Proteobacteria in both stages indicates a stable capacity for nitrogen removal [342]. Compared to 

Stage I, Stage II showed a decrease in the relative abundances of Actinobacteria and Thermi to 5% 

and 7%, respectively, while Chloroflexi increased from 5% to 15%. This shift suggests an 

adaptation to the anoxic conditions introduced in Stage II, as Chloroflexi, known as facultative 

anaerobes, are well-suited to environments where oxygen is limited [248, 343]. Furthermore, the 

phylum Euryarchaeota, which includes methanogens, was observed at a relative abundance of 2% 

in Stage I and 1% in Stage II. The presence of Euryarchaeota in the reactor is likely due to the 

introduction of anaerobically digested molasses wastewater, which may have carried sludge from 

the anaerobic digestion process.  
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Figure 11.8 The development of microbial communities at a) phylum and b) genus level in both 
Stage I and Stage II. The unidentified genera were shown as family (Unclassified_f_), order 
(Unclassified_o_) or class (Unclassified_c_). 

 

11.3.5.2 Microbial community at genus level 

Figure 11.8b details the dynamics of the microbial community at the genus level, focusing on 

those with a relative abundance over 1%. Discrepancies in the microbial composition were 

observed between Stages I and II. In Stage I, the dominant genera included B-42 (14%), 

Leucobacter (9%), and Nitrosomonas (8%). Both Leucobacter and B-42 have been identified in 

other wastewater treatment systems operating under aerobic condition, while Leucobacter 

recognized for its capacity to degrade complex organics [149]. In contrast, Stage II showed an 

enrichment of genera known for their denitrification capabilities. This included a genus from the 

order JG30-KF-CM45, which accounted for 10% of the microbial population. Other significant 

denitrifying genera in Stage II were Paracoccus (8%), Rhodobacter (8%), B-42 (7%) and Shinella 

(7%). Although the abundance of microorganisms belonging to PAO was below 0.1% in both 

stages, certain genera such as Thauera, Paracoccus and Thiobacillus, previously reported to be 
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capable of simultaneously removing N and P, may function as denitrifying PAO [344]. These 

microorganisms may reside in the granules and contribute to P removal in this study. 

 

Genera associated with nitrogen oxidation 

The N oxidation process includes ammonia oxidation and nitrite oxidation. For ammonia 

oxidation, the primary genera involved were Nitrosomonas and a genus within the family 

Nitrosomonadaceae. In Stage I, Nitrosomonas accounted 7.8% of the microbial community, but 

this decreased to 2.9% in Stage II. Similarly, the relative abundance of the genus from the family 

Nitrosomonadaceae declined from 5.2% in Stage I to 0.4% in Stage II. Regarding nitrite oxidation, 

the genus Nitrobacter was identified as the primary NOB. Its relative abundance also decreased, 

falling from 3.1% in Stage I to 0.8% in Stage II. This observed decrease in the relative abundance 

of both AAOB and NOB could be attributed to the enriched denitrifier population in Stage II, as 

a result of the addition of high bCOD raw molasses wastewater. 

 

Genera associated with nitrogen reduction 

I. Heterotrophic denitrification 

The primary heterotrophic denitrifiers across both stages were identified as Paracoccus, Thauera, 

Shinella and Rhodobacter, all of which exhibited an increase in relative abundance from Stage I 

to Stage II. Thauera and Paracoccus were particularly notable, as they have been extensively 

documented in wastewater treatment for their ability to reduce nitrite and nitrate to nitrogen gas 

[134, 135]. Specifically, the relative abundance of Paracoccus surged from 1.7% in Stage I to 8.4% 

in Stage II, marking it as the most predominant heterotrophic denitrifier in Stage II. The relative 

abundance of Thauera grew from 0.8% in Stage I to 3.5% in Stage II, while Shinella increased 

from 1.2% in Stage I to 7.6% in Stage II. Additionally, the relative abundance of Rhodobacter 

rose from 0.7% to 7.1%. It is noteworthy that previous studies using a sole carbon source, such as 

sodium acetate, often reported Thauera or Paracoccus as the dominant genus with significantly 

high relative abundance (up to 83 %) compared to other genera [134, 345, 346]. In contrast, the 

denitrifying genera in this study displayed more comparable relative abundances. This variation 

may be attributed to the diversity of carbon sources present in the raw molasses wastewater. This 

indicates the redundancy and adaptability of the microbial community in treating a variety of 
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carbon sources, underscoring its resilience and functional versatility in the wastewater treatment 

process. 

 

II. Autotrophic denitrification 

The sulfide-oxidizing autotrophic denitrification (SOAD) process, which utilizes sulfide or 

thiosulfate as an electron donor for denitrification, may have been particularly relevant in this 

study, as sulfide likely existed in the anaerobically digested molasses wastewater. The SOAD 

process can be facilitated by genera such as Thiobacillus, Sulfurimonas, Arcobacter, Thauera and 

Paracoccus [122, 336]. Among these, only limited abundances of Sulfurimonas and Arcobacter 

were observed in this study, while Thauera and Paracoccus were dominant. In particular, the 

genus Thiobacillus, widely documented for its SOAD capabilities, was detected under both stages 

of current study. The SOAD process might have been particularly active during the feeding period 

when stored anaerobically digested molasses wastewater, potentially undergoing sulfate reduction 

to sulfide by sulfate reducing bacteria (SRB), was introduced. The sulfide could then serve as an 

electron donor for the SOAD process. Additionally, an hour-long feeding likely provided a 

conducive environment for SOAD processes. The relative abundances of Thiobacillus decreased 

from 3.6% in Stage I to 1.2% in Stage II, aligning with the cycle test results, showing lower 

contribution of autotrophic denitrification to the N removal in Stage II. This reduction could be 

due to the proliferation of heterotrophic denitrifying bacteria and a limitation of substrate (NO3--

N) necessary for SOAD. The enhanced denitrification observed in Stage II might have led to a 

scarcity of nitrate or nitrite in the effluent, thereby limiting their availability for SOAD. This 

constraint could also explain the observed decline in Thiobacillus abundance. Further 

investigation is required to discern the individual contributions of Thiobacillus, Thauera and 

Paracoccus to autotrophic denitrification. 

 

In the current study, two potential denitrification pathways, heterotrophic and autotrophic 

denitrification, might coexist and likely collaborate in nitrogen reduction. This mixotrophic 

approach could account for the observed lower C/N ratio requirement for nitrate denitrification. 

The coexistence of these pathways suggests a more efficient utilization of available carbon sources 

and electron donors for denitrification. Given the potential importance of SOAD in the treatment 

of anaerobically digested wastewater, further investigations are warranted. Specifically, RNA-
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based studies could provide deeper insights into the functional roles and contributions of SOAD 

within the system. 

 

11.3.6 Microbial functional genes analysis 

To gain a comprehensive understanding of the microbial community composition and the 

associated metabolic functions crucial for the reactor’s performance, the PICRUSt2 analysis was 

adopted [333]. PICRUSt2 predicts the functional potential of the microbial community using 

KEGG database to link known genomes to the marker gene in sequencing profile. Figure 11.9 

depicts the relative abundance of functional genes involved in nitrogen metabolism, including 

both the oxidation and reduction of nitrogenous compounds. Additionally, the figure also 

highlights functional genes related to sulfur metabolism, including those responsible for sulfate 

reduction, and the oxidation of sulfide and thiosulfate.  

 

11.3.6.1 Nitrogen metabolism 

Nitrification associated functional genes 

The nitrification process is primarily driven by two enzymes, ammonia monooxygenase and nitrite 

oxidoreductase. The relative abundances of the functional genes associated with these enzymes 

are depicted in Figure 11.9a. Specifically, the ammonia monooxygenases gene comprise three 

subunits, amoA, amoB, and amoC, referred to as amoABC in Figure 11.9a. During the study, it 

was observed that the amoABC genes were more prevalent in Stage I (0.030%) compared to Stage 

II (0.012%), aligning with the sequencing results. Additionally, nitrite oxidoreductase, which 

shares the narG gene with nitrate reductase, showed an increase in relative abundance, rising from 

0.005% in Stage I to 0.011% in Stage II.  

 

Denitrification associated functional genes 

Denitrification process involves functional genes related to nitrate reductase (narG), nitrite 

reductases (nirS and nirK), nitric oxide reductases (norB and norC) and nitrous oxide reductase 

(nosZ). In this study, all genes associated with these enzymes were found to be upregulated in 

Stage II compared to Stage I. This upregulation is primarily attributed to the supplementation of 

high bCOD raw molasses wastewater during anoxic condition of Stage II.  
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More specifically, the functional genes nirK and nirS, which play a crucial role in denitrification, 

showed an increase from 0.023% to 0.029% and from 0.005% to 0.009%, respectively, between 

Stage I and Stage II. Similarly, the relative abundance of the nosZ gene, essential for reducing 

nitrous oxide emissions, also observed an increase from 0.02% in Stage I to 0.04% in Stage II. 

The ratio of the relative abundance of nosZ to nirSK increased from 0.85 in Stage I to 1.0 in Stage 

II, suggesting a reduced potential for nitrous oxide emissions [347]. The observed upregulation of 

these functional genes correlates with the enhanced TIN removal efficiencies achieved in Stage II. 

 

11.3.6.2 Sulfur metabolism 

Figure 11.9b illustrates the functional genes involved in sulfur metabolism. Sulfide oxidation, a 

key component of this process, primarily operates via two enzymatic pathways, the Sox pathway 

and sulfide: quinone oxidoreductase (Sqr) pathway [348]. The functional genes encoding the Sox 

system, including soxC, soxY and soxZ, maintained a consistent relative abundance of 0.2% across 

both stages. These genes are commonly reported in SOAD process [349, 350].  

 

The sqr gene, pivotal for converting sulfide into elemental sulfur [351], showed an increase from 

0.04% in Stage I to 0.05% Stage II. This upregulation suggests a heightened microbial capacity 

for sulfide conversion. Notably, the relative abundance of functional genes encoding the Sox 

system surpassed that of the Sqr pathway, suggesting the Sox system might be the dominant 

pathway for sulfide oxidation in the GSR.  

 

The comparable relative abundances of functional genes in sulfide oxidation point to the 

coexistence of autotrophic and heterotrophic denitrifiers in both stages. Additionally, the similar 

sulfide oxidation capabilities observed in both stages imply the involvement of other microbial 

species in sulfur metabolism. This inference is supported by the noted reduced relative abundance 

of Thiobacillus. It is conceivable that other species, such as Thauera or others may complement 

the role of Thiobacillus in sulfur metabolism within the system, which require further 

investigations [122].  

 

Moreover, genes involved in dissimilatory and assimilatory sulfate reduction were detected, 

exhibiting comparable abundance in both stages (0.3%). Functional genes such as cysNC, cysN, 
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cysH, cysJ and cysI were present in both stages, while the relative abundances of sat, cysC and sir 

functional genes fell below the detection limit in Stage II. 

 
Figure 11.9 The prediction of relative abundance of functional genes involved in a) nitrogen and 
b) sulfur metabolism. 

 

11.3.7 Impact of raw molasses wastewater supplementation and potential nitrogen removal 

pathways 

High ammonia removal efficiencies were achieved with or without high bCOD raw molasses 

wastewater supplementation. Although the raw molasses wastewater contained 1700 mg/L organic 

N, the small volume added meant its impact on N removal was negligible. Adding high bCOD 

raw molasses wastewater as an external COD source significantly enhanced the denitrification 

process in Stage II, achieving over 97% TIN removal efficiency. This supplementation not only 

improved TIN removal but also positively affected sludge settleability. The introduction of raw 

molasses wastewater led to bio-induced calcium precipitation within the sludge, increasing the 

granular sludge density and thereby improving its settling properties. Based on these observations, 

adding raw molasses wastewater appears to be an effective approach for accelerating granule 

formation during reactor start-up.  

 

Furthermore, the supply of high bCOD raw molasses wastewater during the anoxic phase of the 

reactor operation facilitated heterotrophic denitrification. The relatively low C/N ratio required 

for nitrate reduction is likely attributed to mixotrophic denitrification, indicating the possible co-
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existence of autotrophic and heterotrophic denitrification. Autotrophic denitrification primarily 

utilizes inorganic carbon as the carbon source and sulfide as the electron donor for nitrate 

reduction. The final products of the SOAD process might be sulfate or elemental sulfur, which 

warrants further characterization of the sludge and identification of the SOAD pathway involved 

in this study. Under conditions of limited bCOD, the SOAD process might dominate nitrogen 

removal. However, with the addition of bCOD, heterotrophic denitrification tends to outcompete 

the SOAD process. The PICRUSt2 analysis revealed a comparable abundance of functional genes 

implicated in sulfide oxidation in both stages, suggesting that the introduction of high bCOD raw 

molasses wastewater exerted minimal adverse effects on SOAD microorganisms. This finding 

suggests a potentially enhanced synergy between autotrophic and heterotrophic bacteria in nitrate 

removal. 

 

11.4 Conclusion 
This chapter utilized the GSR to treat high ammonia, low bCOD anaerobically digested molasses 

wastewater, achieving a 99% ammonia removal efficiency, independent of bCOD levels. The 

introduction of high bCOD raw molasses wastewater improved TIN removal from 10% to 97% 

and sludge settleability. The study highlighted a synergistic interaction between autotrophic and 

heterotrophic denitrification pathways, significantly contributing to nitrogen removal. Key 

microorganisms included Nitrosomonas and Nitrobacter for ammonia and nitrite oxidation, 

respectively, with Paracoccus and Thauera serving as primary heterotrophic denitrifiers, and 

Thiobacillus leading sulfide-oxidizing autotrophic denitrification process. This study offers a 

more economically favorable GSR operation strategy for high N removal for upscaling.  
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Chapter 12. Conclusions and Recommendations 

12.1 Conclusions of this thesis 
This thesis comprehensively investigated the influence of C/N ratios and influent solid content on 

N removal pathways and the structural stability of granular sludge, revealing that high ammonia 

conditions are conducive to the enrichment of AAOB, which exhibit higher activity compared to 

HAOB. The influent solid content can lead to reduced SRT. According to the treatment of high 

ammonia wastewaters with varied C/N ratios, the limitation in N removal capacity often stems 

from insufficient denitrification due to a lack of alkalinity recovery. Furthermore, the study 

highlights the significant role of flocs and small granules, particularly those smaller than 0.2 mm, 

in achieving effective ammonia removal, especially under low C/N conditions. The retention of 

these small granules and flocs is essential as they harbor a considerable portion of active biomass 

that contributes to enhanced N removal. 

 

Building on these findings, a new GSR was developed, introducing an anoxic phase with COD 

addition into the reactor operation—unlike conventional AGS systems operated with continuous 

aeration—and extended settling times to promote the retention of small granules and flocs. This 

novel GSR was tested for its ability to treat high ammonia, low C/N waste streams and heavy 

metal-contaminated wastewater, achieving a superior N removal capacity of 4.2 kg N/(m³·d), 

which is approximately four times higher compared to existing commercial technologies. 

Additionally, the GSR demonstrated effectiveness in DON removal. The high biomass retention 

and the selection and enrichment of key N removal functional microbes, including AAOB and 

denitrifying bacteria, were the key in GSR technology. Prior to upscaling, the feasibility of using 

more cost-effective carbon sources for N removal in the GSR were tested, showing high N 

removal efficiency and improved sludge settling capacity. Main conclusions are shown below: 

 

I. High ammonia and low C/N conditions are conducive to high ammonia removal in AGS 

system (Chapter 4). Elevated ammonia concentration with a low C/N ratio at 3 stimulated 

the growth of AAOB (Nitrosomonas), which enhanced ammonia removal efficiencies 

from 28% (C/N = 6) to 100%. Although the abundance of AAOB was low (0.3 %), their 

activity was 2.7-fold higher than that of HAOB. Heterotrophic nitrification was the 
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dominant nitrogen transformation pathway at high C/N ratios (12 and 6). Stable granular 

sludge was achieved throughout the operation, regardless of the shifts in C/N ratios. 

Current study believed that FA inhibition on heterotrophic bacteria and nitrogen 

competition between AAOB and heterotrophic bacteria played a key role for the 

development of autotrophic nitrogen transformation pathway. 

II. Results obtained from Chapter 5 indicated that the introduction of AnGS with a 

concentration of 1.8 g/L had minimal impact on ammonia removal efficiency (99%). 

AnGS addition led to an increase in nitrite accumulation from 1% (the low AnGS condition) 

to 30% (the high AnGS condition), and an improvement in TIN removal efficiency from 

8% to 11%. In contrast, elevated effluent sCOD concentration and increased effluent solid 

content were observed with high solid introduction. The AnGS introduction can support 

sludge granulation by acting as nucleus and promoting the formation of denser granular 

sludge.  

III. Poor N removal under low C/N condition was primarily due to the limited denitrification 

process and insufficient alkalinity recovery potential (Chapter 6). Therefore, the key to 

enhancing N removal in low C/N and Alk/N ratio wastewaters is to improve the 

denitrification process in the reactor. The high ammonia induced selection and enrichment 

of slow growing autotrophic bacteria and heterotrophic bacteria might contribute to the 

integrity and stability of granules during C/N shifts. Enhanced AAOB and diminished 

HAOB, denitritation, denitrification activities were observed as the C/N ratio decreased.  

IV. Results from Chapter 7 revealed that specific microbial activities in flocs consistently 

surpassed those in granules. However, granules contributed more to the N oxidation and 

reduction at C/N ratios of 6 and 4. As C/N ratio reduced to 2, flocs showed higher 

contributions to N oxidation, while granules maintained their major role in N reduction. 

Flocs were dominated by aerobic microorganisms associated with organic and N 

degradation. A shift of C/N ratio from 6 to 4 had a greater impact on the microbial 

community in granules, whereas a shift from 4 to 2 had a more pronounced effect on flocs. 

This result highlights the key role of granules and flocs in treating high ammonia 

wastewaters, suggesting that the retention of granules is more critical for high ammonia, 

high C/N conditions, whereas retaining flocs is critical for high ammonia, low C/N waste 

streams.  
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V. The newly developed GSR has been applied for inorganic and organic N removal from 

high ammonia, low COD wastewaters. Chapters 8 through 11 of this thesis highlight the 

exceptional treatment capabilities of the newly developed GSR across various challenging 

waste streams without requiring pretreatment. Specifically, Chapter 8 reports that a high 

N treatment capacity of 4.2 kg N/(m³·d) was achieved in treating high ammonia, low C/N 

and low Alk/N anaerobically digested sludge supernatant. Chapter 9 details the GSR’s 

rapid startup time of just one month, after which stable ammonia and total inorganic 

nitrogen (TIN) removal efficiencies of 99% and 93%, respectively, were maintained with 

a 100% raw landfill leachate feed. In Chapter 10, the addition of sodium acetate to the 

GSR significantly enhanced the removal efficiencies to 94% for TIN and 45% for 

dissolved organic nitrogen (DON) when treating mature landfill leachate wastewater. 

Furthermore, Chapter 11 demonstrated that introducing high bCOD raw molasses 

wastewater as an organic carbon source led to remarkable ammonia and TIN removal 

efficiencies of 99% and 97%, respectively. The outstanding performance and stability of 

the granular sludge within the GSR suggest anoxic COD supplementation is an effective 

strategy to enhance denitrification process with limited amount of chemical addition. 

Additionally, the high N removal capacity can be primarily attributed to the effective 

cultivation, selection, and enrichment of a highly efficient microbial community, and high 

biomass retention and the cultivation of small granular sludge.  

 

12.2 Recommendations 
This thesis demonstrated the feasibility of the newly developed GSR for high ammonia waste 

stream treatment. The high N loading rate and specific microbial activities unveil new 

opportunities to sidestream and industrial wastewater treatment. More future studies are 

anticipated before upscaling: 

I. To validate the laboratory-scale findings, initiate pilot-scale studies to assess the GSR's 

performance under real-world conditions. These studies should focus on scalability, cost-

effectiveness, and operational challenges that may arise at larger scales.  

II. Investigate the patterns of nitrous oxide (N2O) emissions within the GSR. Given its potent 

greenhouse effect, understanding the conditions that lead to N2O production or 
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consumption is crucial. This can incorporate with modeling to quantify emissions and 

develop strategies to mitigate N2O release during treatment processes. 

III. This thesis has proposed the potential contribution of autotrophic denitrification in N 

removal such as SOAD, anammox and Feammox. To confirm the presence and fractionate 

the contributions of these processes to N removal, specific activities and RNA level 

studies need to be performed.  

IV. The removal of inorganic and organic N from landfill leachate wastewater (LLW) was 

successfully demonstrated in this thesis. Considering that LLW often contains significant 

quantities of per- and polyfluoroalkyl substances (PFAS), further research is essential to 

explore and optimize the GSR’s capability to effectively remove PFAS during LLW 

treatment. 

V. This thesis primarily focused on N removal from waste streams; however, the phosphorus 

(P) content also requires treatment. Consequently, the GSR could be further optimized to 

enable simultaneous removal of both N and P.  

VI. Assess the GSR’s resilience to changes in wastewater characteristics, which can occur due 

to environmental factors like rainfall or seasonal variations. Conduct stress tests to 

evaluate the system's response to shock loadings and periods of starvation. This research 

is essential to ensure the GSR can operate reliably under fluctuating conditions typical of 

real-world applications. 
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