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Abstract  

Anaerobic ammonium oxidation (ANAMMOX) is an efficient and cost-effective process 

developed for biological nitrogen removal from wastewater. However, widespread 

application of the ANAMMOX process for wastewater treatment remains constrained due 

to the slow growth of ANAMMOX bacteria, propensity for out-competition by fast growing 

microbes, and its sensitivity to environmental and operational conditions. Consequently, 

understanding the influence of mixing conditions in different reactor configurations on this 

process is paramount in its improvement.  

This study focused on the comparative analysis of ANAMMOX-mediated nitrogen removal 

in a hybrid up-flow anaerobic sludge blanket reactor (H-UASB), moving bed biofilm reactor 

(MBBR) and a gas-lift reactor (GLR). The study involved experimental study of nitrogen 

removal, bacterial population dynamics and physical properties of the bacterial biomass 

within the reactors, as well as the description of process performance and the growth of 

nitrifying and ANAMMOX bacteria in the reactors using a calibrated mechanistic model. 

All the reactors were operated for 535 days using the same synthetic feed under anaerobic 

conditions. K1-type carrier materials were added to each reactor for biofilm development.  

The concentrations of ammonium (NH4
+), nitrite (NO2

-) and nitrate (NO3
-) in the effluent 

from the reactors were determined colorimetrically. Among the three reactors, MBBR 

displayed the highest nitrogen removal efficiency (NRE) during the study (66±36%), and 

contained the lowest concentration of free ammonia (FA) (19±22 mg-N/L) and free nitrous 

acid (FNA) (0.001±0.001 mg-N/L). In comparison, the NRE and the concentrations of FA 

and FNA in H-UASB during the study were 63±28%, 91±41 mg-N/L and 0.006±0.004 mg-

N/L, respectively, while in the GLR, they were 54±39%, 28±29 mg-N/L and 0.002±0.002 

mg-N/L, respectively. Based on the ratios of NO2
- consumed to NH4

+ consumed, and the 

ratios of NO3
- produced  to NH4

+ consumed, the start-up of ANAMMOX process was faster 

in the MBBR (144 days) compared to H-UASB (193 days) and GLR (272 days).  MBBR 

also displayed less fluctuations in the NREs and nitrogen removal rates (NRRs) during the 

study compared to H-UASB and GLR.     

The microbial communities in the suspended biomass in the reactors were characterised 

using high-throughput sequencing on an Illumina MiSeq platform on days 125, 192, 260, 

309 and 535, while the microbial communities in the biofilms were only characterised on 

day 535 (last day) due to slow biofilm development. Gradual increases in the relative 
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abundance of ANAMMOX bacteria were observed in the suspended biomass in all the 

reactors between days 125 and 309, which corroborated the observed increases in the NREs. 

The relative abundance of ANAMMOX bacteria remained consistently higher in H-UASB 

during the study than in MBBR and GLR. On the contrary, the highest relative abundance 

of ammonia oxidising bacteria (AOB) was observed in the suspended biomass in the MBBR 

on day 125 at approximately 38%, while the highest relative abundance of nitrite oxidising 

bacteria (NOB) and complete ammonia oxidising (COMAMMOX) bacteria was recorded in 

the suspended biomass in the MBBR at approximately 30% and 5%, respectively. In all the 

reactors, the relative abundance of AOB in the biofilms and the suspended biomass was 

comparable on day 535. In addition, on day 535, higher relative abundance of NOB was 

observed in the biofilms in both GLR and H-UASB at approximately 7% compared to the 

suspended biomass, while their abundance in the suspended biomass in the MBBR was 

comparable to that recorded in the biofilms. Furthermore, in both H-UASB and MBBR, 

higher relative abundance of ANAMMOX bacteria was observed in the suspended biomass 

compared to the biofilms on day 535, while comparable abundance was observed in the 

GLR. The highest total microbial diversity (Shannon and Simpson indices) and evenness 

(Pielou’s Evenness) was observed in the suspended biomass in the MBBR.  

Granulation of the suspended biomass was observed in both GLR and H-UASB, while the 

suspended biomass in the MBBR was flocculent. In the MBBR, the colour of the biomass 

had turned brown on day 125, while the biomass in H-UASB and GLR on this day was 

tawny and dark-tawny, respectively. However, on day 309, the biomass in all the reactors 

had turned red, corroborating the highest relative abundance of ANAMMOX bacteria 

observed during the study.  Faster attachment of biomass on the carrier materials in MBBR 

was observed in the course of study compared to H-UASB and GLR. On the last day, the 

concentrations of the biomass on the carrier materials in the MBBR was also higher (12 

mg/carrier) in the MBBR than in the H-UASB (8 mg/carrier) and GLR (10 mg/carrier).   

Activated sludge model 1 (ASM 1), which was modified by separating the activities of 

Nitrospira spp. from those of Nitrobacter spp. as well as by adding both ANAMMOX and 

COMAMMOX bacterial activities, was used to describe process performance in the reactors. 

The modified ASM 1 was able to predict the trends in the effluent concentrations of NH4
+, 

NO2
- and NO3

- in all the reactors. In addition, the correlation of the actual relative abundance 

of nitrifying and ANAMMOX bacteria, with the model-predicted relative abundance, was 

positive. The model also indicated higher heterotrophic activities in both GLR and MBBR 
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compared to H-UASB, an indication that continuous mixing in MBBR and alternation of 

plug-flow conditions with internal gas circulation in GLR favoured heterotrophic bacterial 

growth. However, the model was limited in predicting the fluctuations in bacterial 

abundance and the fluctuations in the effluent concentrations of NH4
+, NO2

- and NO3
- in the 

reactors.  

The obtained results indicate that better-mixed conditions in the MBBR led to comparable 

relative abundance of nitrifying bacteria between the biofilms and the suspended biomass, 

while plug-flow conditions in the H-UASB favoured ANAMMOX bacterial growth in the 

suspended biomass and the nitrifying bacterial growth in the biofilms. The alternation of 

internal gas circulation with plug-flow conditions in the GLR also favoured the growth of 

nitrifying bacteria in the biofilms. Overall, nitrogen removal in H-UASB was likely 

dominated by ANAMMOX process, while nitrogen removal in MBBR and GLR was as a 

result of combined ANAMMOX and sequential nitrification-denitrification processes. The 

novelty of this study stem from the impact of mixing conditions on process performance and 

microbial ecology of ANAMMOX-mediated systems. 

Keywords: plug-flow, mixing, ANAMMOX, reactor configuration, biofilms, suspended 

biomass.  
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CHAPTER ONE 

1 Introduction 

1.1  Background of study and research motivation 

Excess nitrogenous compounds in wastewaters can cause serious ecological problems when 

released into the environment without adequate treatment (Foglar and Briški 2003). In 

receiving streams, they can cause eutrophication, induce water stagnation, odour problems, 

ammonia (NH3) and nitrite (NO2
-) toxicity as well as decrease dissolved oxygen 

concentration (Arbib et al. 2014; Cho et al. 2016). Within wastewater treatment systems, the 

biologically mediated processes such as Nitrification followed by Denitrification, and 

ANAMMOX, are employed for nitrogen removal (Wiesmann 1994; Val del Río, Campos 

Gómez and Mosquera Corral 2016). Nitrification is a chemolithoautotrophic process by 

which ammonium (NH4
+) is oxidised to nitrate (NO3

-) either in two-step reactions through 

the synergistic activities of ammonia oxidising bacteria (AOB) and nitrite oxidising bacteria 

(NOB), or in a single step by complete ammonia oxidising (COMAMMOX) bacteria. In a 

two-step nitrification process, NH4
+ is first oxidized to NO2

- by AOB and then the NO2
- is 

oxidised to NO3
- by NOB under strict aerobic conditions (Hira et al. 2018), while in a single-

step nitrification, COMAMMOX bacteria oxidise NH4
+ to NO3

- using oxygen as an electron 

acceptor (Daims et al. 2015). In this process, inorganic carbon is used as a carbon (C) source 

(Awolusi, Kumari and Bux 2015). Denitrification is a subsequent process where 

heterotrophic bacteria reduce oxidized nitrogen species to gaseous nitrogen under anaerobic 

conditions, using NO2
- or NO3

- as electron acceptors and organic matter for C and energy 

source (Breisha and Winter 2010). The ANAMMOX process is a relatively newer addition 

to the Nitrogen cycle, and represents a direct conversion of NH4
+ to dinitrogen (N2) gas by 

anaerobic ammonium oxidising (ANAMMOX) bacteria in a single step using CO2 as C 

source (equation 1.1) (Kartal et al. 2013). However, in its inception, Mulder et al. (1995) 

had proposed equation 1.2 to represent ANAMMOX process, which was later disapproved 

by Strous et al. (1998) through rigorous experimentation. 

𝑁𝐻4
+ + 1.32𝑁𝑂2

− + 0.066𝐻𝐶𝑂3
− + 0.13𝐻+ → 1.02𝑁2 + 0.256𝑁𝑂3

− +

0.066𝐶𝐻2𝑂0.5𝑁0.15 + 2.03𝐻2𝑂         (1.1) 

3NO3
− + 9NH4

+ → +N2 + 9𝐻2O + 2H+       (1.2) 
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The ANAMMOX process exhibits many advantages over the conventional nitrification and 

denitrification processes, viz., the need for less aeration, lower sludge generation and 

utilisation of inorganic carbon as the sole carbon source (Abbas et al. 2015; Ali and Okabe 

2015). These advantages have made it an attractive option, and currently, over 100 full-scale 

ANAMMOX-mediated treatment plants are in operation worldwide (Lackner et al. 2014; 

Bowden, Stensel and Tsuchihashi 2015). Despite this success, widespread application of the 

ANAMMOX process is still hampered by the lack of access to sufficient quantities of active 

ANAMMOX biomass, particularly in developing countries (Ni et al. 2011b). Due to the 

slow growth rate of ANAMMOX bacteria, its sensitivity to inhibition, and proclivity to out-

competition, generating suitable amounts of active ANAMMOX biomass is still a challenge 

(Tsushima et al. 2007; Zhang et al. 2017c). Minimising the excess washout of the slow-

growing ANAMMOX biomass fraction and improving its retention during operation are key 

strategies in ANAMMOX reactor start-up and stable operation (Fernández et al. 2008; Chen 

et al. 2012). Further, complex substrates such as municipal, digester effluents and industrial 

wastewaters could present unprecedented influence on process performance and microbial 

community structures (Laureni et al. 2015; Li et al. 2017b). 

In full-scale systems, the co-culturing of ammonia oxidising bacteria (AOB) and 

ANAMMOX bacteria ensures that the process is self-sustaining as AOB generate NO2
- for 

ANAMMOX bacteria, which, in turn, is used by ANAMMOX bacteria as an electron 

acceptor in the oxidation of residual NH4
+ to nitrogen gas. However, dissolved oxygen (DO) 

concentrations above 0.5 mg/L could inhibit ANAMMOX bacteria (Strous et al. 1997a). 

Excess supply of oxygen could also promote the growth of undesired microorganisms such 

as NOB in ANAMMOX-mediated systems, which compete with ANAMMOX bacteria for 

NO2
-.  As a consequence, several process control strategies have been engineered for both 

mainstream  and sidestream ANAMMOX-mediated systems to stabilise the ANAMMOX-

mediated processes.  

In the current full-scale ANAMMOX-mediated installations, moving bed biofilm reactors 

(MBBRs), integrated fixed-film activated sludge (IFAS) systems, rotating biological 

contactors (RBCs), granular up-flow reactors and SBRs are common (Lackner et al. 2014; 

Bowden, Stensel and Tsuchihashi 2015). However, previous reports have highlighted 

disparities in process performance with reactor configuration in full-scale systems, possibly 

due to variation in biomass concentration in the reactors (Lackner and Horn 2013; Lackner 

et al. 2014). Variation in full-scale reactor start-up periods with reactor configuration has 
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also been reported, possibly due to the variation in biomass retention capacities and mass 

transfer within the different reactor configurations (van der Star et al. 2007; Isaka et al. 2017; 

Xu et al. 2018). Similarly, niche segregation of bacteria in different ANAMMOX-mediated 

systems has also been reported in many previous studies (Park et al. 2010a; Vlaeminck et 

al. 2010; Veuillet et al. 2014; Park et al. 2015). While ANAMMOX bacteria are reportedly 

growing mainly within the granular and the biofilm structures where anoxic conditions 

prevail, AOB, NOB and other aerobic bacteria have been observed to grow mainly in 

floccular biomass or on the peripheries of biofilms and granules where they can easily access 

oxygen (Winkler et al. 2013; Lotti et al. 2015; Park et al. 2015). Therefore, comparative 

study of ANAMMOX-mediated nitrogen removal in different reactors under baseline 

conditions could be necessary to understand the impact of reactor configuration on reactor 

start-up, nitrogen removal kinetics, microbial ecology and properties of biomass aggregates. 

Furthermore, describing process performance using a calibrated mechanistic model could be 

necessary to understand the extent of nitrogen transformation by the newly discovered 

bacteria such as COMAMMOX bacteria. 

The novelty of this work stem from the evaluation of the impact of mixing conditions within 

the reactors on microbial ecology and process performance, and the description of process 

performance using modified activated sludge model 1 (ASM 1). The addition of 

COMAMMOX bacteria to ASM 1, and the inclusion of Nitrospira spp. and Nitrobacter spp. 

as separate bacterial groups in the model are novel approaches in the modelling of 

ANAMMOX-mediated systems. None of the currently existing models describing process 

performance of ANAMMOX-mediated systems has included the activities of 

COMAMMOX bacteria, even though Annavajhala et al. (2018) reported that these bacteria 

are co-existing with ANAMMOX bacteria in nitrogen removal systems.   
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1.2 Aim  

Study the impact of reactor configuration on the performance and properties of 

ANAMMOX-mediated systems 

1.3 Objectives 

The objectives of the study are: 

• Evaluate process performance and kinetics of nitrogen removal in three reactor 

configurations (Chapter 3) 

• Evaluate the impact of reactor configuration on microbial ecology (Chapter 4) 

• Evaluate the impact of reactor configuration on physical properties of reactor 

biomass (Chapter 5) 

• Describe process performance in the three selected reactor configurations using 

calibrated mechanistic model (Chapter 6) 
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CHAPTER TWO 

2 Literature review 

2.1 Engineering the biological nitrogen removal processes 

2.1.1 Nitrification/denitrification 

Nitrification followed by denitrification is a conventional process that has been in employed 

for nitrogen removal for decades in wastewater treatment plants (Grady Jr et al. 2011). Until 

the discovery of COMAMMOX bacteria that can oxidise NH4
+ to NO3

- in a single step, 

nitrification was thought to be a two-step process involving two groups of microorganisms 

working synergistically to oxidise NH4
+ to NO3

- (first to NO2
- then to NO3

-).  AOB oxidise 

NH4
+ to NO2

- in the first step, and nitrite oxidising bacteria (NOB) oxidise NO2
- to NO3

- in 

the second step (Awolusi et al. 2015). The AOB and NOB are mutually beneficial to each 

other as NOB depend on AOB for nitrite while the NOB relieve AOB of nitrite toxicity 

(Peng and Zhu 2006). NO2
- consumption by NOB not only prevents NO2

- accumulation but 

also the formation of by-products such as nitric oxide (NO) which can affect the normal 

functioning of bacterial enzymes (Peng and Zhu 2006).   

Full nitrification by both AOB and NOB yields 3.373 moles of nitrate per ammonium 

consumed (Grady Jr et al. 2011) (equation 2.3). A large amount of alkalinity is consumed in 

the process (6.708mg HCO3
-/mg NH4

+), mainly for neutralization of the hydrogen ions 

produced in the first step by AOB (equation 2.2). In addition, a substantial amount of oxygen 

is also consumed (3.3 mg-O2/mgNH4
+).  However, the biomass yield is quite low (0.129 mg 

biomass/ mg NH4
+) as is known of autotrophic growth, with the growth of AOB generating 

most of the biomass (equations 2.1-2.3) (Grady Jr et al. 2011).  

   

𝑁𝐻4
+ + 2.457𝑂2 + 6.716𝐻𝐶𝑂3

− → 2.509𝑁𝑂2
− + 6.513𝐻2𝐶𝑂3 + 0.114𝐶5𝐻7𝑁𝑂2 + 1.036𝐻2𝑂   

           (2.1) 

0.001𝑁𝐻4
+ + 𝑁𝑂2

− + 0.339𝑂2 + 0.014𝐻2𝐶𝑂3 + 0.003𝐻𝐶𝑂3
− → 1.348𝑁𝑂3

− + 0.006𝐶5𝐻7𝑁𝑂2 +

0.003𝐻2𝑂           (2.2) 

𝑁𝐻4
+ + 3.3𝑂2 + 6.708𝐻2𝐶𝑂3 → 3.373𝑁𝑂3

− + 0.129𝐶5𝐻7𝑁𝑂2 + 1.041𝐻2𝑂 + 6.463𝐻𝐶𝑂3
−  

           (2.3) 

Recent studies have revealed the existence of a distinct group of bacteria (COMAMMOX-

complete ammonia oxidising bacteria) belonging to Nitrospira genus that can directly 
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oxidise NH4
+ to NO3

- in a single step (Daims et al. 2015; Annavajhala et al. 2018). To date, 

only three species of COMAMMOX bacteria have been identified (Candidatus Nitrospira 

nitrosa, Candidatus Nitrospira inopinata and Candidatus Nitrospira nitrificans) 

(Annavajhala et al. 2018). Although studies of physiological, molecular and kinetic 

properties of COMAMMOX bacteria are ongoing, it has been reported in some studies that 

they have a higher affinity for NH4
+ than most ammonia oxidisers (Kits et al. 2017). In 

addition, Kits et al. (2017) also reported that the biomass yield of COMAMMOX bacteria 

(Candidatus Nitrospira inopinata) is higher than that of incomplete ammonia oxidisers. 

Indeed, Costa, Pérez and Kreft (2006)  postulated that COMAMMOX organisms are slow 

growing K-strategists (bacteria with high substrate affinity, slow growth and able to grow 

under limited substrate). To date, COMAMMOX bacteria have been detected in different 

BNR (biological nitrogen removal) systems, suggesting a significant impact of 

COMAMMOX bacteria in nitrogen transformation (Annavajhala et al. 2018; Cotto et al. 

2020).  

Denitrification is a subsequent step after nitrification that is carried out by heterotrophic, 

mixotrophic or autotrophic bacteria (Di Capua et al. 2019). In this stage, nitrate is reduced 

via NO2
-, nitric oxide (NO) and nitrous oxide (N2O) to dinitrogen gas (N2) (equations 2.4 

and 2.5) (Loick et al. 2016). The reported electron donors during denitrification are 

hydrogen gas, inorganic sulphur compounds, organic carbon, metallic ions, etc. (Wang et al. 

2016; Su, Liang and Lian 2018). However, nitrous oxide (N2O) and nitric oxide (NO) 

emissions at low oxygen concentrations have been the major concern of 

nitrification/denitrification since both gases have greenhouse effect and can deplete the 

earth’s ozone (Kester, De Boer and Laanbroek 1997). For instance, (N2O) is approximately 

300 times more radiatively active than carbon dioxide (CO2) (Smith 2010; Lackner et al. 

2014). According to Trimmer et al. (2016) and (Ma et al. 2016) N2O production by AOB is 

stimulated under limited oxygen concentrations.  

𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁𝑂 → 𝑁2𝑂 → 𝑁2       (2.4) 

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑑𝑜𝑛𝑜𝑟 + 𝑁𝑂3
− →  𝑁2 + 𝑏𝑖𝑜𝑚𝑎𝑠𝑠        (2.5) 

In the treatment of domestic wastewater streams rich in NH4
+ and organic carbon, it is thus 

inevitable to provide conditions conducive for both autotrophic and heterotrophic bacteria 

through time/space-variant dissolved oxygen concentration (Grady Jr et al. 2011). For 

instance, in a Modified Ludzack-Ettinger (MLE) process (Figure 2.1), the heterotrophic 

bacteria using organic carbon in the influent remove NO3
- in the recycled streams. This way, 
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the removal of both carbon and nitrogen from domestic wastewater can be effected without 

the addition of an external carbon source. Excess oxygen supply could also be avoided if 

carbon is first utilised in the anoxic tank (through denitrification) before the water is fed to 

an aerated tank. However, in the treatment of wastewater streams with low organic carbon 

concentrations, the addition of external organic carbon, such as methanol, is necessary for 

efficient nitrogen removal (Grady Jr et al. 2011).    

 

Figure 2. 1. Schematic representation of the MLE process. 

2.1.2 Partial nitrification/denitrification 

Partial nitrification followed by denitrification was developed as a short-cut BNR process to 

full nitrification/denitrification. In this process, NH4
+ oxidation is limited to nitritation (at 

NO2
-), which is then reduced to nitrogen gas using organic carbon as electron donor and 

energy source (figure 2.2) (Hellinga, van Loosdrecht and Heijnen 1999). To achieve this, the 

temperature and pH of the reactors for partial nitrification are maintained between 30-40⁰C 

and 8-8.5, respectively, which enable faster growth of AOB than NOB, leading to nitrite 

accumulation (Hellinga, van Loosdrecht and Heijnen 1999; van Kempen et al. 2001b). The 

DO concentration, substrate loading rate and aeration pattern are also regulated for efficient 

nitrogen removal (Hellinga et al. 1998). This process has been termed SHARON (Single 

reactor system for High activity Ammonia Removal Over Nitrite) (Hellinga, van Loosdrecht 

and Heijnen 1999).  

The maintenance of the solids retention time (SRT) similar to the hydraulic retention time 

(HRT) in the SHARON process leads to washout NOB since the operating conditions do not 

favour their growth (SRT<doubling time), unlike the AOB which regenerate fast enough 

within the system (Hellinga et al. 1998; van Kempen et al. 2001b). This is advantageous as 
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oxygen consumption and sludge production is reduced (Hellinga et al. 1998; van Kempen et 

al. 2001b).  

van Kempen et al. (2001a) reported on the full-scale application of partial 

nitrification/denitrification process for nitrogen removal from digester filtrate. In this two-

stage process, NO2
--rich streams generated in partial nitrification (SHARON) reactor are 

recycled and mixed with the influent of the wastewater treatment plant that is rich in COD 

(chemical oxygen demand), allowing heterotrophic bacteria to denitrify. In some systems, 

methanol is added to the first stage to enhance heterotrophic bacterial activities, leading to 

the consumption of acidity according to equations 2.6 and 2.7.  

Partial nitrification/denitrification is favoured to full nitrification/denitrification because of 

the following (Hellinga, van Loosdrecht and Heijnen 1999; van Kempen et al. 2001a):  

(i) 60% reduction in energy consumption as oxygen requirement is 25% lower  

(ii) consumption of electron donor is about 40% lower  

(iii) nitrite denitrification is 1.5-2 times faster than nitrate reduction 

(iv) CO2 production is 20% lower 

(v) sludge production is 33-35% lower in nitrification and 55% lower in 

denitrification 

 

 

Figure 2. 2. Schematic representation of partial nitrification/denitrification process 

𝐻2𝑂 +  𝐶𝑂2 →  𝐻𝐶𝑂3
− + 𝐻+        (2.6) 

𝑁𝑂2
− + 0.5𝐶𝐻3𝑂𝐻 → 0.5𝐶𝑂2 + 𝑂𝐻− + 0.5𝑁2 + 0.5𝐻2𝑂       (2.7) 

2.1.3 Partial nitrification/ANAMMOX 

ANAMMOX process is the denitrification of NO2
- with NH4

+ as the electron donor, and 

carbon dioxide as the source of carbon. ANAMMOX process takes place in two stages: (1) 

the energy generation from the oxidation of NH4
+ to dinitrogen gas (equation 2.8) and (2) 

the fixation of bicarbonate into cell biomass (equation 2.9). Broda (1977) postulated the 

existence of these bacteria in 1977 based on the metabolic versatility of prokaryotes and the 

 

Nitritation
 NH4

+
NO2

-

O
rg

an
ic

 

ca
rb

o
n

Denitrification

O
2

N2



9 

 

low Gibbs energy of the process. Costa, Pérez and Kreft (2006) argued that because of the 

economical usage of the substrate by ANAMMOX bacteria, their growth rate is very low 

compared to other bacteria such as AOB and NOB. 

  

1𝑁𝐻4
+ +  1𝑁𝑂2

− → 1𝑁2 + 2𝐻2𝑂        ∆𝐺° = −357 𝑘𝐽𝑚𝑜𝑙−1𝑁2        (2.8) 

0.27 𝑁𝑂2
− + 0.066𝐻𝐶𝑂3

− → 0.26𝑁𝑂3
− + 0.066𝐶𝐻2𝑂0.5𝑁0.15                (2.9) 

𝑁𝐻4
+ +  1.32𝑁𝑂2

− + 0.066𝐻𝐶𝑂3
− + 0.13𝐻+ → 1.02𝑁2 + 0.26𝑁𝑂3

− +

0.066𝐶𝐻2𝑂0.5𝑁0.15 + 2.03𝐻2𝑂         (2.10) 

In full-scale applications, partial nitrification and ANAMMOX are either coupled in a single 

reactor (CANON-completely autotrophic nitrogen removal over nitrite) or two reactors 

connected in series (SHARON/ANAMMOX) for synergistic cooperation in nitrogen 

removal (Sliekers et al. 2002). In both systems, NH4
+ is partially oxidised to NO2

- by the 

AOB and the residual NH4
+ is then oxidised to nitrogen gas by the ANAMMOX bacteria 

using the NO2
- produced by AOB as the electron acceptor.    

In a single reactor configuration (CANON systems) (figure 2.3), oxygen supply is regulated 

to suppress NOB growth and to avoid oxygen-inhibition of ANAMMOX bacteria (Joss et 

al. 2011). The control of NOB growth, in particular, is of paramount importance in 

ANAMMOX-mediated systems as they compete for NO2
- with ANAMMOX bacteria, and 

oxygen with AOB (Joss et al. 2011; Li et al. 2018). Because both the AOB and ANAMMOX 

bacterial activities take place in CANON systems simultaneously, the bacterial aggregates 

are structured such that the AOB and other aerobes are found on the outer lying layers while 

the ANAMMOX bacteria occupy the inner lying anoxic layers (Winkler et al. 2013). 

However, in small aggregates (flocs), ANAMMOX bacterial growth is inhibited by oxygen 

while the AOB growth is favoured (Vlaeminck et al. 2010; Yang et al. 2016).  Therefore, to 

promote the activities of both AOB and ANAMMOX bacteria, either intermittent or 

continuous aeration of the reactors is implemented (Klaus et al. 2017).  

Intermittent aeration allows the creation of aerobic and anoxic phases in the reactors within 

which AOB and ANAMMOX activities take place, respectively (Bowden, Stensel and 

Tsuchihashi 2015). This alternation of aerobic and anoxic phases limit NOB activities as 

they have longer enzymatic lags than AOB when conditions change from anoxic to oxic 

(Wett et al. 2013). Under such conditions, ANAMMOX bacteria can compete with the NOB 

for NO2
-, further limiting their growth (Lotti et al. 2014a). Many full-scale suspended-

growth ANAMMOX-mediated systems implemented intermittent aeration for better 
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nitrogen removal (Lackner et al. 2014; Val del Río, Campos Gómez and Mosquera Corral 

2016).  

In continuous aeration modes, DO control between 0.3–1.5 mg-O2/L has been reported in 

full-scale systems (Christensson et al. 2013; Val del Río, Campos Gómez and Mosquera 

Corral 2016). Conversely, in intermittent aeration modes, the duration of aeration of the 

reactors is   regulated (Val del Río, Campos Gómez and Mosquera Corral 2016). However, 

according to Klaus et al. (2017), intermittent aeration is vulnerable to high shear rates that 

can affect biofilm developments and granulation, while shear rates in continuous aeration 

mode can be easily managed by maintaining low aeration rates. 

 

 

Figure 2. 3. Schematic diagram of the CANON concept 

The two-stage SHARON/ANAMMOX concept is designed much like the partial 

nitrification-denitrification, in which ammonia is partially oxidised in the first reactor 

(SHARON) and the residual ammonium is oxidised by ANAMMOX bacteria in the second 

reactor (van der Star et al. 2007) (figure 2.4).  In the SHARON reactor, the HRT is kept high 

enough for AOB to grow but low for NOB growth, similar to partial 

nitrification/denitrification concept. As a result, the NOB are washed out of the reactors, as 

the SRT in the SHARON system is kept equal to its HRT (van der Star et al. 2007).  As 

demonstrated by van Dongen, Jetten and van Loosdrecht (2001), the effluent concentration 

of the SHARON reactor is only dependent on the growth rate of bacteria and not the 

concentration of the influent.     

CANON
100 % NH4

+
 NO3

-
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2
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Figure 2. 4. Schematic diagram of a two-stage partial nitrification/ANAMMOX concept 

2.1.4 Partial denitratation/ANAMMOX 

Recent lab-scale studies have demonstrated that coupling denitratation with ANAMMOX 

bacterial activities is feasible (Ma et al. 2017; Xie et al. 2017). In this process, NH4
+ is first 

oxidised to NO3
- (equation 2.3), and then the NO3

- is partially reduced to NO2
- either by 

denitrifying bacteria under organic carbon-limited conditions (equation 2.11 and figure 2.5) 

or by denitrifying anaerobic methane oxidising (DAMO) archaea using methane (CH4) 

(equation 2.12 and figure 2.56) (Ma et al. 2017; Xie et al. 2017). ANAMMOX bacteria then 

use the NO2
- produced by DAMO archaea or denitrifying bacteria to oxidise the residual 

NH4
+ to nitrogen gas. Coupling denitratation with ANAMMOX could be attractive for 

mainstream wastewater systems with high COD to nitrogen (C/N) ratios where limitation of 

NH4
+ oxidation to NO2

- might be challenging (Ma et al. 2017). However, 

denitratation/ANAMMOX process consumes approximately 21% more oxygen than partial 

nitrification/ANAMMOX, which translates into increased operational costs for this 

treatment process. This notwithstanding, the NO2
- production through denitratation is more 

stable (Ma et al. 2017).   

Xie et al. (2017) demonstrated that coupling denitratation by DAMO archaea with 

ANAMMOX process can achieve high NRRs (>1 kg-N/m3). However, the supply of 

methane to DAMO archaea could require the use of membranes, which could increases the 

capital and operational costs of the treatment system. However, despite these challenges, 

coupling denitratation with ANAMMOX could play a key role in mainstream ANAMMOX-

mediated processes where otherwise the conventional partial nitritation/ANAMMOX could 

be challenging (Ma et al. 2017; Li et al. 2018). This is because mainstream wastewaters 

contain high C/N ratios that, in turn, can lead to increased DO consumption as heterotrophic 

bacteria would use part of the oxygen meant for AOB (Li et al. 2018). The control of NOB 

in mainstream wastewaters is also a challenge as conventional sidestream process control 

technologies face limitations (Li et al. 2018). 
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𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑎𝑟𝑏𝑜𝑛 + 4𝑁𝑂3
− → 𝑁𝑂2

−        (2.11) 

𝐶𝐻4 + 4𝑁𝑂3
− → 𝐶𝑂2 + 4𝑁𝑂2

− + 2𝐻2𝑂      (2.12) 

 

Figure 2. 5. Conceptualised coupling of ANAMMOX with denitratation using denitrifying 

bacteria 

 

Figure 2. 6. Conceptualised coupling of ANAMMOX with denitratation using DAMO 

archaea 

2.2 Factors affecting ANAMMOX-mediated processes  

2.2.1  Dissolved oxygen 

ANAMMOX bacteria are reversibly inhibited by oxygen (Strous et al. 1997a). Different 

inhibitory concentrations of oxygen have been reported in different studies: Carvajal-Arroyo 

et al. (2013) reported 20% inhibition of ANAMMOX activities at 1 mg/L DO and complete 

inhibition at 8 mg/L, while Strous et al. (1997a) reported inhibition at air saturations above 

0.5% (ca. 0.04 mg/L). However, Carvajal-Arroyo et al. (2013) reported that the inhibitory 

oxygen concentration could vary with the growth morphology of the biomass. 

In full-scale applications, process control technologies regulate the DO by controlling the 

rate of aeration and/or the duration of aeration. This is largely because of the three reasons 

(Rosenwinkel and Cornelius 2005; Val del Río, Campos Gómez and Mosquera Corral 2016): 

(I) AOB consume oxygen fed into the system hence assist in regulating the DO 

concentration within the non-inhibitory concentration,  
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(II) The process control strategy could allow intermittent aeration leading to the 

creation of both oxic and anoxic phases within which AOB and ANAMMOX 

bacterial activities could take place, respectively, 

(III) The process control strategy could maintain the DO at non-inhibitory 

concentration.  

2.2.2 Temperature and pH 

Temperature and pH are critical parameters in wastewater treatment whose influence in 

nutrient removal has been extensively studied and recorded (Awata et al. 2012; Puyol et al. 

2014; Lackner et al. 2015; Tomaszewski, Cema and Ziembińska-Buczyńska 2017; He et al. 

2018). Both temperature and pH could affect the normal function of ANAMMOX bacteria, 

in turn influencing the reaction rate kinetics (Tomaszewski, Cema and Ziembińska-

Buczyńska 2017). Additionally, both the temperature and pH could also influence FA and 

FNA concentrations within ANAMMOX-mediated systems (equations 2.13-2.16) 

(Anthonisen et al. 1976), both of which are inhibitory to ANAMMOX bacteria and AOB 

(Giustinianovich et al. 2018).  

According to Anthonisen et al. (1976) and (Soliman and Eldyasti 2016), an increase in 

temperature and pH triggers a rise in FA concentration as a result of ammonium dissociation 

(equations 2.13 and 2.15), while the reverse is true for FNA produced when aqueous NO2
- 

dissociate (equation 2.15). This was demonstrated by applying equations 2.15 and 2.16 at 

pH between 7 and 8 as well as the temperature between 20⁰C and 30⁰C (figures 2.7 and 2.8).   

𝑁𝐻4
+ + 𝑂𝐻− ↔ 𝑁𝐻3 + 𝐻2𝑂        (2.13) 

𝐻𝑁𝑂2 ↔ 𝐻+ +  𝑁𝑂2
−          (2.14) 

𝐹𝐴, 𝑚𝑔𝑁𝐿−1 =
17

14

𝑁𝐻4
+−𝑁,𝑚𝑔𝑁𝐿−1∗ 10𝑝𝐻

𝑒
(

6344
𝑇(𝐾)

+10𝑝𝐻)
       (2.15) 

𝐹𝑁𝐴, 𝑚𝑔𝑁𝐿−1 =
46

14

𝑁𝑂2
−−𝑁,𝑚𝑔𝑁𝐿−1

𝑒
(

−2300
𝑇(𝐾)

+10𝑝𝐻)
       (2.16) 
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Figure 2. 7. Simulation of FA at increasing pH and temperature (NH4
+=NO2

-= 20 mg-N/L) 

based on Anthonisen et al. (1976). 

 

Figure 2. 8. Simulation of FNA at increasing pH and temperature (NH4
+=NO2

-= 20 mg-N/L) 

based on Anthonisen et al. (1976).  

Inhibition of ANAMMOX bacterial activities has been reported at FA concentrations as low 

as 2 mg/L (Jaroszynski et al. 2012). According to Jaroszynski et al. (2012), FA diffuses 

through the cell membranes of bacterial cells, consequently changing the cytoplasmic pH 

and subsequently neutralising the membrane potentials, leading to cell death. At 

approximately 40 mg/L FA concentrations, about 50% reduction in specific ANAMMOX 

activity (SAA) was reported (Dapena-Mora et al. 2007; Fernández et al. 2012; Jaroszynski 
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et al. 2012). On the other hand, FNA affects SAA at much lower concentrations than FA 

(0.5 μg HNO2-N/L) (Fernández et al. 2012). However, FNA inhibition of ANAMMOX 

activities has been demonstrated to be reversible, an indication that NO2
- is only inhibitory 

and not toxic to ANAMMOX bacteria (Lotti et al. 2012b). The inhibitory effect of NO2
- on 

ANAMMOX bacteria is also less in the presence of NH4
+ than in its absence (Lotti et al. 

2012b). Indeed, 50% and 30% loss in ANAMMOX activities were reported in the absence 

and presence of NH4
+ (85 mg NH4

+-N) (Lotti et al. 2012b), respectively.  

In few studies, however, it has been suggested that aqueous NO2
- is the inhibitor of 

ANAMMOX bacterial activities and not the FNA (Lotti et al. 2012b; Puyol et al. 2014). 

However, according to Puyol et al. (2014), at pH below 7.1, FNA is the main inhibitor while 

aqueous NO2
- is the main inhibitor at pH above 7.1.  

Besides the effect of temperature and pH on the FA and FNA concentrations, they could also 

seriously affect the metabolic activities of ANAMMOX bacteria, particularly at 

temperatures and pH below 20⁰C and 6.5, and above 40 ⁰C and 9, respectively, (Egli et al. 

2001; Oshiki et al. 2011; Hendrickx et al. 2014) (table 2.1). For instance, (Lotti et al. 2014b) 

reported a 20% decline in specific activity on the reduction of temperature from 20 ⁰C to 10 

⁰C. Yang et al. (2018) also reported a decline in NRRs on switching from side-stream (30-

35 ⁰C) to mainstream conditions (20-26 ⁰C) while Laureni et al. (2015) reported a 90% 

decrease in NRRs when the temperature was gradually decreased from 29 ⁰C to 12.5 ⁰C. 

Since the growth rates of bacteria are functions of temperature (Isaka et al. 2008), low 

temperatures could considerably reduce the doubling times of ANAMMOX bacteria. 

According to Isaka et al. (2008), increasing or decreasing the temperature could result in a 

lapse in one or some of the enzymes involved in ammonium oxidation due to different 

optimum temperatures for the different enzymes.  

The optimum growth temperatures and pH for different species of ANAMMOX bacteria 

reported in different studies are summarised in table 2.1. Within the ANAMMOX bacterial 

communities, marine species have been reported to have low optimal temperatures (≤25⁰C) 

(Rysgaard et al. 2004; Kawagoshi et al. 2012). In literature, the reported activation energy 

of ANAMMOX bacteria ranges between 33 and 94 kJ/mol at the temperature range of 20 to 

40⁰C (table 2.1). In comparison, the average activation energies for NH4
+ and NO2

- oxidisers 

reported in the literature at 20⁰C are approximately 68 and 44 kJ/mol, respectively (Wyffels 

et al. 2004).  
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Table 2. 1. A summary of the reported growth temperatures, pH and activation energies of 

ANAMMOX bacteria. 

ANAMMOX 

bacteria 

Growth 

temperat

ure (⁰C) 

Optimum 

temperatur

e (⁰C) 

Adaptat

ion 

period 

(days) 

Growth 

morphol

ogy 

Activation 

energy 

(kJ/mol) 

pH Reference 

Candidatus 

Brocadia 

fulgida 

10 20-30 722 Suspende

d (MBR) 

66 7.5 (Hendrickx 

et al. 2014) 

Candidatus 

Brocadia 

fulgida 

12 25 ~200 Suspende

d (SBR) 

- 7.3 (Hu et al. 

2013) 

Candidatus 

Kuenenia 

stuttgartiensis 

~6-15 37 >200 encapsula

ted 

28-37⁰C 

(33)  22-

28⁰C (93)    

6-22⁰C (94) 

7.2 (Isaka et al. 

2008) 

Candidatus 

Brocadia 

sinica 

25-45 35–40 146 flocs 56±3 6.5

-

8.8 

(Oshiki et 

al. 2011) 

Candidatus 

Jettenia caeni 

20–42.5 37 - - 55.4 ± 6.8 6.5

–

8.5 

(Ali et al. 

2015a) 

Candidatus 

Brocadia 

Anammoxidan

s 

11-22 - 528 Suspende

d (UASB) 

71 ± 3 8.1 

± 

0.3 

(Reino et 

al. 2018) 

 

2.2.3  Salinity 

The influence of salinity on ANAMMOX bacterial activities has also been studied and 

recorded previously (Dapena-Mora et al. 2007; Awata et al. 2015; Lin et al. 2020). The 

inhibitory salinity concentrations of ANAMMOX bacteria could be expected to vary with 

the species and the duration of acclimatisation (Kartal et al. 2006; Wei et al. 2016). Lin et 

al. (2020) recently indicated that the inhibitory salinity concentration for ANAMMOX 

bacteria could be lower in the presence of NO2
- than in its absence. It is possible that with 

increasing salinity, ANAMMOX bacterial cells utilise more energy for maintenance and/or 

adjustments of osmotic cell pressures, consequently affecting the normal cell functioning 

(Dapena-Mora et al. 2007; Awata et al. 2015).   

For marine species (Candidatus Scalindua spp.), enhanced nitrogen removal was reported at  

0.5% - 3.5% salinity, while inhibition was reported at 4% salinity (Awata et al. 2015). In 

mixed cultures containing fresh-water and marine ANAMMOX bacteria, an increase in 

salinity could lead to population shifts towards the dominance of marine ANAMMOX 
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bacteria (Kartal et al. 2006). According to Kartal et al. (2006), fresh water ANAMMOX 

bacteria could adapt to high salinity better when gradual increment of salinity of the 

wastewater is made. However, Kartal et al. (2006) also reported that ANAMMOX bacterial 

community dominated by fresh water ANAMMOX bacteria could not adapt to NaCl 

concentrations above 30 g/l. Furthermore, at NaCl concentrations higher than 20 g/l, lower 

ANAMMOX activity was observed, and a complete loss of ANAMMOX activity at 60 g/L 

NaCl, even though 30% of ANAMMOX bacterial population was the marine species 

Candidatus Scalindua wagneri. Wei et al. (2016) also reported 85% nitrogen removal at 50 

g/L NaCl concentration using marine ANAMMOX culture.  

Dapena-Mora et al. (2007) reported a 50% reduction in ANAMMOX activities at 80 mM, 

200 mM and 230 mM concentrations of Na2SO4, KCl, and NaCl, respectively, using fresh-

water ANAMMOX culture Candidatus Kuenenia stuttgartiensis. According to Dapena-

Mora et al. (2007), the lower inhibitory threshold of Na2SO4 than NaCl could be due to the 

presence of 2 sodium ions (Na+) in Na2SO4 compared to NaCl. Carvajal-Arroyo et al. (2013) 

reported 50% inhibition of ANAMMOX activities at 93 ± 4 mM NaCl and complete 

inhibition at 200 mM for fresh-water ANAMMOX species Candidatus Brocadia spp.   

2.2.4 Chemical oxygen demand to nitrogen (C/N) ratio 

The presence of COD in wastewater could affect the normal functioning of ANAMMOX-

mediated processes mainly due to the growth of heterotrophic bacteria in the reactors, which 

compete for oxygen with AOB, and NO2
- with ANAMMOX bacteria (O'Shaughnessy 2015; 

Li et al. 2018). However, in sidestream wastewaters, C/N ratios are <1, while in mainstream 

wastewaters, it is >1 (Bowden, Stensel and Tsuchihashi 2015; O'Shaughnessy 2015; Li et 

al. 2018).  

Besides supporting heterotrophic bacterial growth, some compounds contributing in the 

overall COD of the wastewater could be inhibitory to ANAMMOX bacteria. For instance, 

alcohols have been reported to irreversibly inhibit ANAMMOX bacterial activities, while 

some organic carbon compounds such as propionate have been reported to enhance 

ANAMMOX bacterial activities (Güven et al. 2005; Kartal et al. 2007). It has been 

suggested that methanol can be converted to formaldehyde by hydroxylamine 

oxidoreductase enzyme, which destroys enzymatic activities through irreversible cross-

linking of peptide chains (Güven et al. 2005). Güven et al. (2005) reported immediate and 

irreversible inhibition of ANAMMOX activities at 0.5 mM methanol concentration, while 
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ethanol at 2 mM only resulted in a 30% loss of ANAMMOX activity. On the contrary, Güven 

et al. (2005) reported that ANAMMOX bacteria could oxidise propionate at approximately 

0.8 nmol/g-protein-min to CO2 using either NO2
- or NO3

- as the electron acceptor. It could 

be possible that ANAMMOX bacteria first reduce NO2
- to NH4

+ and then subsequently 

oxidise NH4
+ to nitrogen gas through the normal pathway, or use the denitrification pathway 

(figure 2.9). Güven et al. (2005) reported that approximately 50% of the organic carbon is 

oxidised to CO2 while less than 10% is incorporated into the cell biomass, contrary to Kartal 

et al. (2007) who argued that propionate oxidation only generates energy. In a different 

study, Dapena-Mora et al. (2007) reported enhancement in nitrogen gas production in an 

ANAMMOX-mediated reactor at 10 mM acetate concentration while at 25 mM and 50 mM 

acetate concentrations, there was 22% and 70% inhibition of ANAMMOX activities, 

respectively. 

Niche segregation of ANAMMOX bacterial species in the presence of organic compounds 

has also been observed previously (Kartal et al. 2007; Kartal et al. 2008; Winkler, 

Kleerebezem and van Loosdrecht 2012) (table 2.2). In the presence of propionate, 

Candidatus Anammoxoglobus propionicus was reported to out-compete other ANAMMOX 

bacterial species (Kartal et al. 2007), while in the presence of acetate, Candidatus Brocadia 

fulgida dominated (Kartal et al. 2008; Winkler, Kleerebezem and van Loosdrecht 2012). 

This is probably due to the different rates of organic carbon utilisation by the different 

ANAMMOX bacterial species, leading to differential growth rates.  

 

Figure 2. 9. Schematic model of nitrate reduction by ANAMMOX bacteria: a-denitrification 

pathway and pathway for nitrate reduction to nitrite then to nitrogen gas by ANAMMOX 

bacteria, b-dissimilatory nitrate reduction to NH4
+ pathway based on a report by Güven et 

al. (2005). 
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Table 2. 2. A summary of the reported oxidation rates of propionate, formate and acetate by 

different ANAMMOX bacterial species. 

ANAMMOX 

bacterial species 

Organic carbon oxidation rate (µmol/g-

protein-min) 

References 

Propionate Formate Acetate  

Ca. Brocadia 

fulgida 

0.88±0.02 3±0.22 1.5±0.06 (Kartal et al. 2008)  

Ca. Brocadia 

anammoxidans 

0.12±0.01 6.5±0.6 0.57±0.05 (Kartal et al. 2007)  

Ca. 

Anammoxoglobus 

propionicus 

0.64±0.05 6.7±0.6 0.79±0.07 

Ca. Kuenenia 

stuttgartiensis 

0.12±0.01 5.8±0.6 0.31±0.03 

Ca. Scalindua sp. 0.36±0.05 5.2±0.1 0.78±0.19  (Awata et al. 2015) 

- 0.0008 - - (Güven et al. 2005) 

 

2.2.5  Sulphides and phosphates 

Chemical and petrochemical wastewater may contain high levels of sulphide, while 

phosphates are readily available in wastewater because they are used in fertilizers and 

detergents (Carvajal-Arroyo et al. 2013). Both compounds could inhibit ANAMMOX 

bacterial activities (Dapena-Mora et al. 2007; Carvajal-Arroyo et al. 2013). 

The sulphides in wastewater could be derived from sulphate reduction or mineralization of 

organic matter (Carvajal-Arroyo et al. 2013). Sulphide toxicity to ANAMMOX bacteria has 

previously been associated with undissociated H2S.  According to Dapena-Mora et al. 

(2007), sulphide concentration between 1 and 2 mM causes a decrease in ANAMMOX 

activities by 60%, and at ca. 5 mM, ANAMMOX activities are completely inhibited. 

Carvajal-Arroyo et al. (2013) reported 50% inhibition of ANAMMOX activities at 0.03 and 

0.11 mM H2S concentrations for suspended and granular biomass, respectively. It has been 

suggested that haem centers of cytochrome oxidase within the ANAMMOX bacterial cells 

interact with sulphide, causing the reduction of haem iron in cytochrome c, which in turn 

disrupts the ANAMMOX metabolic activities (Pietri, Román-Morales and López-Garriga 

2011; Carvajal-Arroyo et al. 2013). 



20 

 

Phosphates, on the other hand, could enhance ANAMMOX bacterial activities at ≤155 mg-

P/L, while at concentrations above 310 mg-P/L, there could be ca. 10% reduction in SAA 

(Zhang et al. 2016c). Phosphate inhibition could be due to dihydrogen phosphate ion 

(H2PO4
−), which bonds with complexes of substrate and enzymes, leading to the formation 

of triple-complexes, inhibiting ANAMMOX metabolic processes (Zhang et al. 2016c). 

According to Carvajal-Arroyo et al. (2013) and Dapena-Mora et al. (2007), ca. 25 mM and 

ca. 20 mM concentrations of phosphate, respectively, lead to 50% reduction in SAA.  

2.2.6  Heavy metals 

Heavy metals such as copper (Cu), zinc (Zn), cadmium (Cd), lead (Pb) and nickel (Ni) are 

found in municipal landfill leachates, effluents from fertiliser factories, effluents from 

digesters of dairy and piggery slurries,  and the effluents from semiconductor manufacturing 

plants (Ochoa-Herrera et al. 2011; Kimura and Isaka 2014; Zhang et al. 2016d; Zhang et al. 

2019). Most heavy metals accumulate in ANAMMOX granules through adsorption because 

extracellular polymeric substances (EPS) and surfaces of ANAMMOX bacterial cells 

contain amino, carboxylic, hydroxyl and phosphate functional groups (that are negatively 

charged) (Zhang et al. 2016d).  

The SAA could decrease with heavy metal concentrations in wastewater and with the period 

of exposure time (Kimura and Isaka 2014; Zhang et al. 2019). Zhang et al. (2016d) reported 

50%-loss in ANAMMOX activity on exposure to media containing 30 mg/L Cu and 25 mg/L 

Zn  for 24 hours, while Kimura and Isaka (2014) reported 10% inhibition at 5 and 10 mg/L 

by copper and zinc. Lotti et al. (2012a) reported 50% loss in ANAMMOX activity on 

addition of 1.9 and 3.9 mg/l Cu and Zn, respectively. In addition, Zhang et al. (2016d) 

reported more acute inhibition on pre-exposure to Cu and Zn in the absence of substrate 

(NH4
+ and NO2

-) than in their presence.  

Zhang et al. (2016d) suggested that Cu ions within ANAMMOX bacterial cells could chelate 

sulfhydryl groups, affecting the metabolic activities of ANAMMOX bacteria. In addition, 

Cu-induced rupture of cytoplasmic membranes may accelerate the accumulation of other 

heavy metals such as Zn, seriously affecting the normal functioning of ANAMMOX 

bacterial cells. Furthermore, Ni, Co and Mo were reported by Kimura and Isaka (2014) to 

inhibit 10% of ANAMMOX activity at 5,5 and 0.2 mg/L.  

According to Kimura and Isaka (2014), the inhibition of Ni, Cu, Zn and Co is reversible. 

However, Mo-inhibition was reported by Kimura and Isaka (2014) to be irreversible, 
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probably because Mo replaces some metal in the proteins, inactivating the enzyme(s) and 

proteins.   

2.3 Physiological and phylogenetic characteristics of ANAMMOX 

bacteria 

Phylogenetic, cellular and molecular analyses place ANAMMOX bacteria under the phylum 

Planctomycetes and the order Brocadiales. All the known ANAMMOX bacterial species 

bear taxonomical status ‘Candidatus’ because none of them was obtained as pure culture 

(Kartal et al. 2013).  

The known species are grouped under five genera (Kartal et al. 2013; Park et al. 2017b):  

1. Candidatus Kuenenia under which ‘Kuenenia stuttgartiensis’ falls 

2. Candidatus Brocadia under which ‘Brocadia anammoxidans’, ‘Brocadia fulgida’, 

‘Brocadia caroliniensis’ and ‘Brocadia sinica’ are grouped 

3.  Candidatus Anammoxoglobus with one known species (‘Anammoxoglobus 

propionicus’) 

4. Candidatus Jettenia in which ‘Jettenia asiatica’  and ‘Jettenia caeni’ fall 

5. Candidatus Scalindua with four species (‘Scalindua brodae’, ‘Scalindua sorokinii’, 

‘Scalindua wagneri’ and ‘Scalindua profunda’) 

Within the genus Candidatus Brocadia, Candidatus Brocadia sp. 40, Candidatus Brocadia 

sp. 1 and Candidatus Brocadia sp. 2 have also been discovered (Park et al. 2010a; 

Bhattacharjee et al. 2017). 

ANAMMOX bacterial cells are coccoid in shape with diameters ranging between 0.8 and 

1.1 µm (Kartal et al. 2013; Erdim et al. 2018). The internal structure of ANAMMOX bacteria 

combines the features of archaea, bacteria and eucarya (Erdim et al. 2018). In addition, 

ANAMMOX bacterial cells consist of three compartments each surrounded by two layers of 

membrane typical of Planctomycetes (Kartal et al. 2013) (figure 2.10). The outermost 

membrane, enclosing both the cell and the outer compartment, the paryphoplasm, constitute 

the cell wall together with a thin peptidoglycan (Kartal and Keltjens 2016). The second 

membrane, surrounds riboplasm harbouring both nucleoid and ribosomes. Anammoxosome, 

the central cell structure is bounded in the third highly curved innermost membrane. Several 

heme c proteins including hydroxylamine oxidoreductase (HAO)-like proteins, hydrazine 

synthase (HZS) and nitrite-nitrate oxidoreductase complexes which are involved in 

catabolism are harboured in the anammoxosome (Kartal et al. 2013; Kartal and Keltjens 
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2016). The energy released in the ANAMMOX process is conserved by adenosine 

triphosphate synthase (ATPase) which is bounded by a membrane (Kartal et al. 2013). 

ANAMMOX membranes are composed of glycerolipids just like all other living organisms 

(Kartal et al. 2013). The glycerolipids contain ester-linked fatty acids, which is common 

with bacteria and Eukarya, or ether-linked long-chain alcohols which is common with 

Archaea (Kartal et al. 2013). The presence of saturated C17-C20 fatty acids and alcohols 

fused with cis-ring junctions to make ladder-like cyclobutane rings, with or without 

cyclohexane rings, making ANAMMOX bacteria special. The fatty acids are esterified with 

glycerol or methanol backbone and the alcohols are ether-linked in different directions to 

glycerol (Kartal et al. 2013; Kartal and Keltjens 2016).  

 

Figure 2. 10. The cell plan of ANAMMOX bacterium based on Kartal and Keltjens (2016) 

2.4 Enrichment of ANAMMOX bacteria 

Following the discovery of ANAMMOX bacteria in a BNR system in the mid-1990s 

(Mulder et al. 1995), several ensuing studies reported their presence in the WWTPs, oceans, 

soil sediments and fresh-water bodies (Rysgaard et al. 2004; Wang et al. 2012a; van de 

Vossenberg et al. 2013; Nejidat et al. 2018). After the discovery, the first enrichment of 

ANAMMOX bacteria in a laboratory reactor was reported by van de Graaf et al. (1996) in a 

2.5L fluidised bed reactor (FBR). The composition of the synthetic media used in their study 

has since been adopted in several other lab-scale studies (table 2.3). The enrichment of 

ANAMMOX bacteria has since been undertaken in reactors of different configurations 

(table 2.3). The ratios of NO2
--N consumed to NH4

+-N consumed (∆NO2
-/∆NH4

+) as well as 

the NO3
--N produced to the NH4

+-N consumed (∆NO3
-/∆NH4

+) are used to determine when 

the ANAMMOX process is the dominant nitrogen removal pathway in nitrogen removal 

systems (Strous et al. 1998).   

Wang et al. (2012b) demonstrated that reactor configuration has an impact on the duration 

of the start-up period of ANAMMOX process. In their study, they reported that a membrane 
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reactor was started up in 59 days, while SBR could only be started up in 101 days. Chen et 

al. (2012) also reported faster start-up of ANAMMOX process in an up-flow reactor with 

bamboo charcoal compared with a reactor without any carrier materials, an indication that 

biomass retention plays an important role during reactor start-up.   

From the studies summarised on table 2.3, only the study by Hendrickx et al. (2014) enriched 

ANAMMOX bacteria at low temperatures which are not ideal for the growth of 

ANAMMOX bacteria (Wu et al. 2020), and hence the observed long start-up period of 412 

days. This is because ANAMMOX activities are slower at low temperatures compared to 

high temperatures (Lotti, Kleerebezem and van Loosdrecht 2015). However, previous 

findings have indicated that the optimal growth temperatures vary with the ANAMMOX 

bacterial species (table 2.1).  
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Table 2. 3. A summary of enrichment studies of ANAMMOX bacteria in different reactor 

configurations 

 Source of 

inoculum 

Reactor 

configuration 

Duration of 

start-up 

period (days) 

Operating 

conditions 

Remarks Reference 

1 WWTPs Gas-lift reactor 

(GLR) 

412  Anoxic, 

20 ⁰C 

Membrane modules 

used to retain biomass; 

van de Graaf et al. 

(1996) media 

(Hendrickx 

et al. 2014) 

2 WWTP Membrane 

aerated biofilm 

reactor 

(MABR) 

80 CANON, 

31.3 ± 0.7 

⁰C 

van de Graaf et al. 

(1996) media 

(Augusto, 

Camiloti 

and Souza 

2018) 

3 WWTP Sequencing 

batch reactor 

(SBR) 

- Anoxic, 

35 ⁰C 

van de Graaf et al. 

(1996) media 

(Dapena-

Mora et al. 

2004d) 

4 WWTP Moving bed 

biofilm reactor 

(MBBR) 

100 Anoxic, 

20 ⁰C 

Ring-shaped carriers (Zekker et 

al. 2012) 

5 WWTP Up-flow 

Anaerobic 

Sludge Blanket 

reactor (UASB) 

117 Anoxic, 

30 ± 1 °C 

van de Graaf et al. 

(1996) media 

(Chen et al. 

2012) 

6 Marine 

sediment  

SBR 90 days Anoxic, 

15–23°C 

Feed media containing 

Red Sea salt 

(Van De 

Vossenberg 

et al. 2008) 

7 WWTP Continuously 

stirred tank 

reactor (CSTR) 

80 days Anoxic, 

20 ⁰C 

van de Graaf et al. 

(1996) media; gel 

encapsulated biomass 

(Bae et al. 

2015) 
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2.5 Microbial ecology of ANAMMOX-mediated nitrogen removal systems 

Since the discovery of ANAMMOX bacteria in mid-1990s (Mulder et al. 1995), a lot of 

research efforts have been made leading to a better understanding of their physiology and 

ecology. All the ANAMMOX bacteria that have so far been discovered belong to the phylum 

Planctomycetes, order Candidatus Brocadiales and family Candidatus Brocadiaceae (Kartal 

et al. 2013). All the discovered ANAMMOX-bacterial species fall into either of the 

following genera: Candidatus Brocadia, Candidatus Jettenia, Candidatus Kuenenia, 

Candidatus Anammoxoglobus or Candidatus Scalindua (Kartal et al. 2013).  

However, the bacterial communities in ANAMMOX-mediated systems are diverse, and 

bacteria, protozoans, viruses and archaea are known to co-exist together (Bae, Chung and 

Jung 2010; Suarez, Persson and Hermansson 2015). Within the bacterial community, the co-

existence of ANAMMOX bacteria with nitrifying bacteria (AOB, NOB and COMAMMOX 

bacteria, and heterotrophic bacteria have been reported in several studies (Bhattacharjee et 

al. 2017; Li et al. 2017b; Gu et al. 2018; Yang et al. 2018). AOB (Ca. Nitrosoglobus spp., 

Nitrosovibrio spp., Nitrosospira spp., Nitrosomonas spp., Nitrosococcus spp.) fall within the 

phylum Proteobacteria, whilst the NOB are spread among the phyla Nitrospirae, chloroflexi 

(Nitrolancea hollandica), Nitrospina and Proteobacteria (Nitrobacter spp. and Nitrococcus 

spp.) (Prosser 2005). Aerobic heterotrophs, fermentative organisms and denitrifiers are 

distributed across Bacteroidetes, Ignavibacteriae, Armatimonadetes, Chlorobi, 

Acidobacteria and Chloroflexi phyla, amongst many other phyla (Speth et al. 2016).  

The abundance of heterotrophic bacteria could vary with the C/N ratios of the influent 

wastewaters. The C/N ratios, in turn, could vary with the type of sludge treated, pre-

treatment method, digestion and de-watering processes (Gu et al. 2018; Zhang et al. 2018). 

However, typical sidestream wastewater has a C/N ratio well below 1 (tables 2.4 and 2.5). 

On the contrary, mainstream wastewaters have higher C/N ratios (>1) than the sidestream 

wastewaters (Constantine et al. 2016; Li et al. 2018). Therefore, in order to stabilise 

mainstream ANAMMOX-mediated systems, carbon removal and/or diversion normally 

precede nitrogen removal (Lotti et al. 2015; Li et al. 2018); carbon removal/diversion in the 

first stage (A-process) and nitrogen in the second stage (B-process).  
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2.5.1 Growth of nitrifying and ANAMMOX bacteria in suspended-growth 

ANAMMOX-mediated systems 

Affinity for substrate could drive niche segregation between different bacterial groups, with 

K-strategists (bacteria with high affinity for substrate) outcompeting r-strategists (bacteria 

with high maximum specific growth rates) at low-substrate concentration systems, while the 

r-strategists outcompete the K-strategists in high-substrate concentration systems (van der 

Star et al. 2008; Park et al. 2015). In some instances, heterotrophic bacterial groups 

including  Prosthecobacter that consume oxygen, N-acetylglucosamine and ammonium, 

could induce substrate limitation leading to the selection of autotrophic K-strategists over r-

strategists (Gonzalez-Martinez et al. 2016). Nitrosomonas spp., Nitrobacter spp. and 

Candidatus Brocadia spp. are regarded as r-strategists while Nitrosospira spp., Nitrospira 

spp. and Candidatus Kuenenia spp. are regarded as K-strategists (Park et al. 2015; Gonzalez-

Martinez et al. 2016). 

Park et al. (2010a) demonstrated that the key factors influencing the diversity of microbial 

communities in ANAMMOX-mediated systems are the operating conditions. In contrast, 

Date et al. (2009) had earlier reported that the diversity of microbial communities in 

ANAMMOX-mediated systems depend on the inoculum. Park et al. (2010a) reported that 

in both an anaerobic granular reactor and PN/A MBBR, Candidatus Brocadia sp. 40 

dominated although the two systems were inoculated with biomass from different sources, 

but fed with centrate from the same WWTP.  Similarly, NOB and AOB communities were 

comparable in both systems: Nitrobacter and Nitrosomonas eutropha, respectively. The 

dominance of Nitrobacter spp. and Nitrosomonas spp. in both systems might have been 

expected as the substrate concentrations were quite favourable to both groups of bacteria 

(granular reactor: 490±194 mgNH4
+-N/L and 518±222 mgNO2

—N/L, MBBR: 616±165 

mgNH4
+-N/L and 2.5-3 mg-O2/L during aeration period) (Park et al. 2015). It appears that 

Candidatus Brocadia spp. proliferate easily in ANAMMOX-mediated systems treating 

COD-containing wastewaters (table 2.4), as they have been previously linked with COD 

consumption, giving them an added advantage over other species  (Winkler, Kleerebezem 

and van Loosdrecht 2012). The dominance of Nitrosomonas spp. could also be expected in 

sidestream ANAMMOX-mediated systems because of the high ammonia concentrations 

(Park et al. 2010a) (table 2.4). Although none of the previous studies reported on the 

dominance of Nitrosococcus-like bacteria in ANAMMOX-mediated systems, Fumasoli et 

al. (2017) recently reported their growth at pH below 6. Between Nitrospira and Nitrobacter-
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related species, the prevailing DO concentrations could drive niche segregation between the 

two groups, with Nitrospira expected to dominate at DO concentrations below 0.5 mg/L 

whilst Nitrobacter could dominate at DO concentrations above 1 mg/L as Nitrobacter have 

lower affinity for oxygen than Nitrospira  (Park, Park and Chandran 2017).  

In SBRs, regulating the duration of the settling phases maintains an optimal fraction of 

flocculent biomass in the reactors is widely believed to regulate the growth of NOB in the 

reactors through washout (Bowden, Stensel and Tsuchihashi 2015; Val del Río, Campos 

Gómez and Mosquera Corral 2016). Recent reports, however, have indicated that shortening 

the settling periods could not only destabilise the process performance but also increase the 

abundance of NOB in the granular biomass, particularly the Nitrospira spp. (Li et al. 2019).  
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Table 2. 4. AOB, NOB and ANAMMOX bacterial species in suspended-growth ANAMMOX-mediated systems. 

 Influent concentrations DO 

(mg-

O2/L) 

T(⁰C

) 

HR

T 

(hrs

) 

NRR 

(gN/m3/

d) 

Dominant bacteria species Other detected bacterial 

species 

Remarks References 

 NH4
+-N 

(mg/L) 

NO2
—N 

(mg/L) 

NO3
—

N 

(mg/L) 

COD 

(mg/L

) 

AOB NOB AMX AOB NO

B 

AMX   

1 1615±6

8.5 

0.0±0.1 0.2±0.

3 

204±4

3 

<0.4 30-

35 

15.3

-

717.

6 

830 - - Ca. 

Brocadia 

spp. ~ 51% 

- - Ca. 

Kuenenia 

spp. ~ 

49% 

Full scale 

SBR 

(Yang et al. 

2016) 

2 1,230±6

1 

- - 400±5

7 

- 32⁰C 24 297±27 Nitrosomon

as europaea 

- Candidatus 

Kuenenia 

stuttgartiens

is 

- - - Two-stage 

PN/A; 

filtrate as 

feed 

(Kotay et 

al. 2013) 

4 490±19

4 

518±22

2 

- - - 35 - - - Nitrobact

er spp. 

Candidatus 

Brocadia sp. 

40 

- Nitro

spira 

spp. 

Candidat

us 

Brocadia 

fulgida 

Partially 

nitrified 

centrate 

feed 

(Park et al. 

2010b) 

5 1420 ± 1

30 

0.9 ± 0.1 0.3 ± 0.

1 

841 ± 

186 

- - - 0.0033 - - Ca. 

Brocadia 

spp. 

- - - Regular 

sidestream 

WW* 

(Gu et al. 

2018) 

6 2190 ± 2

80 

0.1 ± 0.1 0.4 ± 0.

2 

3290 

± 640 

- - - - - - Ca. 

Brocadia 

spp. 

- - - Thermally 

hydrolysed 

WW*  

7 176 - 

839 

- - 43.7 - 

110.3 

≤0.38 32 ± 

2  

- 0.42 - 

0.80 

Nitrosomon

as spp. 

- Ca. 

Brocadia 

spp. 

- - -. PN/A SBR; 

SWW  

(Cheng et 

al. 2017) 

 ≤1.5 0.18-

1.23 

Nitrosomon

as spp. 

- Ca. 

Brocadia 

spp. 

   PN/A SBR; 

SWW 

 AMX – ANAMMOX bacteria, WW - wastewater, SWW - synthetic wastewater, *anaerobic system 
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2.5.2 Growth of nitrifying and ANAMMOX bacteria in attached-growth 

ANAMMOX-mediated systems 

Comparative studies of attached-growth and granular systems have reported similarities in 

bacterial communities even in systems started with different inocula (Park et al. 2010a; Guo 

et al. 2016; Bhattacharjee et al. 2017). However, Park et al. (2015) found that the ratio of 

Nitrospira spp. in biofilms to suspension increased with the reduction in HRT, whilst that of 

Nitrobacter spp. remained largely unchanged. Because of high affinities for oxygen, 

Nitrospira spp., can adapt well to biofilm conditions (Park et al. 2015).  It is interesting that 

some Nitrospira spp. are evolutionarily connected to ANAMMOX bacteria and share similar 

forms of the enzyme nitrite oxidoreductase (nxr) and  other proteins involved in metabolic 

activities (Lucker et al. 2010). Nitrobacter spp., on the other hand, not only has lower affinity 

for both oxygen and nitrite, but also has lower biomass yield than Nitrospira spp. (Park, Park 

and Chandran 2017). Indeed, literature survey revealed the out-competition of Nitrospira 

spp. by Nitrobacter spp. at DO concentrations above 1 mg-O2/L (table 2.5). The selection 

of Nitrosomonas spp. and Candidatus Brocadia spp. was commonly reported in attached-

growth systems (table 2.5), similar to that of suspended-growth systems (table 2.4), which 

hints that the selection is mainly based on operating conditions and not the growth 

morphology, in line with Park et al. (2010a), Agrawal et al. (2017) and Guo et al. (2016).  
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Table 2. 5. AOB, NOB and ANAMMOX bacterial species in attached-growth ANAMMOX-mediated systems 

 Influent concentrations DO 

(mg-

O2/L) 

T 

(⁰C

) 

HR

T 

(hrs) 

NRR 

(gN/m3/

d) 

Dominant bacteria species Other detected bacterial 

species 

Remar

ks 

Referen

ces 

 NH4
+-

N 

(mg/L

) 

NO2
—

N 

(mg/L

) 

NO3
—

N 

(mg/L

) 

COD 

(mg/

L) 

AOB NOB AMX AO

B 

NOB AM

X 

  

1 761-

837 

- - - 1.1-1.7 10 

-19 

1.7 - 

3.7 

0.17-

1.67a 

Nitrosomona

s spp. 

Clone14 

Nitrobacter 

spp. 

C. Brocadia sp.40 - Nitrospira 

spp. 

- 200L 

pilot 

scale 

MBBR 

(Persson 

et al. 

2014) 

2 616 ± 

165 

- - - 2.5-3 - - 3.1a Nitrosomona

s eutropha 

Nitrobacter 

spp. 

C. Brocadia sp.40 - Nitrospira 

spp. 

- 4L 

centrate 

fed 

PN/A 

MBBR 

(Park et 

al. 

2010a) 

3 1460–

1750 

0.3–

2.2 

1.1–

2.3 

500-

800 

0.3–0.5 27-

30 

48-

72 

0.41 Nitrosomona

s spp. 

- C. Brocadia spp. - - - 832 m3  

full 

scale 

SNAD 

reactor 

(Xu et 

al. 

2018) 

4 120-

920* 

1.07** - 400±5

7 

- - - 86±2 b - - C. Brocadia spp.# - - - 2-stage 

partially 

nitrified 

centrate 

feed  

(Bhattac

harjee et 

al. 

2017) 

 a gN/m2.d; AS – activated sludge; AMX – ANAMMOX bacteria; SNAD-simultaneous partial nitrification, ANAMMOX and denitrification, *influent for 1st stage aerated reactor, 

** NO2
—N/ NH4

+-N ratio, b-total inorganic nitrogen removal (%), #new species 
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2.6 Reactor configurations for full-scale applications of ANAMMOX-

mediated processes 

The development of ANAMMOX-mediated nitrogen removal has increased since the 

installation of the first full-scale plant in the Rotterdam (van der Star et al. 2007; Lackner et 

al. 2014). As of 2014, 88% of the over 100 full-scale plants worldwide were sequencing 

batch reactors (SBRs) (Lackner et al. 2014). According to Bowden, Stensel and Tsuchihashi 

(2015), granular systems were the second most popular, while moving bed biofilm reactors 

(MBBRs) were the third most popular for full-scale applications. Few applications of 

ANAMMOX-mediated processes in rotating biological contactors (RBCs) and new 

activated sludge (NAS) were also reported by Bowden, Stensel and Tsuchihashi (2015), 

while only one full-scale system employing gel encapsulation was reported by Isaka et al. 

(2017). However, most of the reported full-scale installations are in Europe and all of them 

are designed for sidestream wastewater treatment (Bowden, Stensel and Tsuchihashi 2015), 

except for the recent modifications incorporating mainstream applications of ANAMMOX 

(Wett et al. 2015; Constantine et al. 2016).   

In SBR configurations, feeding, reaction/aeration, settling and decanting are sequenced 

(Yang et al. 2016). This is largely necessitated by the need to control the concentration of 

dissolved oxygen (DO) and the retention of biomass rich in the slow growing ANAMMOX 

bacteria, while wasting the slowly settling-flocculent biomass rich in the NOB (Li et al. 

2019). However, the nitrogen removal capacity of the SBRs is lower than that of continuous 

granular systems (Lackner et al. 2014).  

Continuously operated granular systems include the internal circulation (IC) reactors and 

Up-flow anaerobic sludge blanket reactors (UASB) and expanded granular sludge bed 

reactor (EGSB) (Castro-Barros et al. 2015; Wang and Zheng 2017). The IC reactor 

configuration was applied in the first full-scale ANAMMOX-mediated system developed in 

Rotterdam, Netherlands (van der Star et al. 2007), and since then other IC configurations 

have been developed by Paques, which is behind the SHARON/ANAMMOX process 

(Bowden, Stensel and Tsuchihashi 2015).   

In the MBBR configuration, biofilms develop on carrier materials which have density less 

than that of water, allowing them to move around during stirring with the motion of water 

(section 2.7). The carrier materials could be open-ended cylinders with protected inner 

surfaces, hollow spheres or thin discs with honey comb-like compartments on either side 
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(Almstrand et al. 2014; Kanders et al. 2014; Bowden, Stensel and Tsuchihashi 2015).  On 

the contrary, in the RBCs, biofilms develop on discs mounted on a rotating shaft which is 

positioned just above the water while ca. 45% of the disc surfaces are submerged at all times 

(Clark, Moseng and Asano 1978; Lackner et al. 2014). The rotation of the shaft is used to 

control access to oxygen and the substrate (Lackner et al. 2014).    

In the NAS process, the treatment is configured with three or four reactors, each containing 

activated sludge (Desloover et al. 2011; Bowden, Stensel and Tsuchihashi 2015). In the first 

reactor, DO is kept low in order to allow for nitrite to accumulate, while the second reactor 

is maintained under anaerobic conditions, enabling ANAMMOX bacteria to grow 

(Desloover et al. 2011; Bowden, Stensel and Tsuchihashi 2015). The third and fourth 

reactors are mainly for effluent polishing through nitrification/denitrification (Desloover et 

al. 2011).    

A survey of ANAMMOX-mediated full-scale systems that was conducted by Lackner et al. 

(2014) revealed that SBRs had lower NRRs compared to biofilm-based systems including 

granular and MBBR systems. Many factors could inform the selection of one reactor 

configuration over another. These factors could range from the capital costs to the 

characteristics of the wastewater to be treated (Bowden, Stensel and Tsuchihashi 2015; 

O'Shaughnessy 2015). However, despite the vast knowledge accumulated over the years on 

the ANAMMOX process, a lot is still not clearly understood, including the unexplained 

system failures in full-scale applications (Lackner et al. 2014). Although sulphide, substrate 

and oxygen inhibition of ANAMMOX-mediated processes have been associated with some 

of these failures (Joss et al. 2011; Lackner et al. 2014), the performance of different reactor 

configurations under a wide range of these conditions has not been explored. In addition, the 

impact of reactor configuration on the growth of different bacterial groups has not been 

adequately addressed in the currently existing literature despite the findings by Arnaldos et 

al. (2017), Chu, van Veldhuizen and van Loosdrecht (2003) and Wells et al. (2017) 

highlighting its possible impact on the growth of microorganisms with different substrate 

affinities. 

2.7 Biomass retention in ANAMMOX-mediated systems 

Sufficient ANAMMOX bacterial consortia must be retained within ANAMMOX-mediated 

systems as unchecked washout of biomass could affect process performance since 

ANAMMOX bacteria have long doubling periods (2.1-11 days) (van der Star et al. 2007; 
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Fernández et al. 2008; Zhang et al. 2017b). For this purpose, different biomass retention 

strategies have been employed in ANAMMOX-mediated systems, viz. granulation, biofilm 

development, gel encapsulation, application of membranes and hydrocyclones for biomass 

separation from the effluent (Lackner et al. 2014; Isaka et al. 2017; Klaus et al. 2017).  

2.7.1 Suspended-growth ANAMMOX-mediated systems  

Among the full-scale ANAMMOX-mediated systems, SBR configuration is the most 

popular (Lackner et al. 2014), owing to its excellent biomass retention efficiency, 

homogeneous substrate distribution, simplicity and flexibility of operation (Vázquez-Padín 

et al. 2013). In the SBR configuration, the AOB grow mainly in the flocculent biomass, 

while the ANAMMOX bacteria grow mainly in the granular biomass (Yang et al. 2016). 

However, the proportion of flocculent and granular biomass in the SBRs could depend on 

the operational regime such as the duration of settling phases and the intensity of mixing 

(Cheng et al. 2017).  

The sequencing of operations in the SBRs allows for the enrichment of AOB in the aerobic 

phase and ANAMMOX bacteria in the anoxic phase. Moreover, alternation of aerobic and 

anoxic phases could favour AOB growth over NOB growth since NOB have longer 

enzymatic lag-phases than the AOB in transitioning from the anoxic to aerobic conditions  

(Wett 2007). This is particularly important in limiting NOB growth in the reactors, in 

addition to maintenance of low DO as is the practice with most SBR-based process control 

strategies (Innerebner et al. 2007; Jeanningros et al. 2010). However, poor settling of 

biomass in SBRs due to the attachment of nitrogen bubbles on the biomass could present 

challenges to biomass retention in SBRs (Dapena-Mora et al. 2004a). Once-off addition of 

flocculants and/or the avoidance of short air pulses at the beginning of settling phases could 

eliminate this setback (Joss et al. 2009). In addition, the inclusion of short stirring periods 

towards the end of the operational cycle without the addition of substrate could also limit 

biomass floatation in the settling phase (Dapena-Mora et al. 2004a). Furthermore, system 

modification with the incorporation of a settler, as well as the extension of reaction phase to 

allow complete utilisation of NO2
- before the settling phase begins would eliminate gas 

production in the settling phase, mitigating biomass floatation (Dapena-Mora et al. 2004a). 

The incorporation of hydrocyclones or screens on the effluent lines could also be useful in 

retaining biomass washed out of the reactors during effluent withdrawal. This could be 

particularly useful in stabilising process performance as increased washout could have 

disastrous implications on process stability (Arrojo et al. 2006). 
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Shear stress due to mixing could detach biomass from the granule surfaces, leading to 

washout of biomass on granule surface, mostly AOB and NOB, as they are located on the 

outer layers (figure 2.13),  while ANAMMOX bacteria which grow in the inner layers of 

granules could be protected from these shear forces (Strous et al. 1998).  However, if the 

mixing forces are too strong, they could cause granule disintegration leading to washout, 

consequently affecting process performance. Indeed, Arrojo et al. (2006) reported a decrease 

in process performance by ca. 40% on increasing stirring speed from 180 revolutions per 

minute (rpm) to 250 rpm in a lab-scale anaerobic ANAMMOX-mediated SBR, which was 

accompanied by 400% increase in the biomass washout.  Literature survey revealed that 

mixing speeds between 50 and 120 revolutions per minute (rpm) in lab-scale ANAMMOX-

mediated systems are common (Dapena-Mora et al. 2004a; Dapena-Mora et al. 2004b; Third 

et al. 2005; Fernández et al. 2009), which are lower than that reported by Arrojo et al. (2006). 

In continuous systems such as up-flow reactors such as UASB (up-flow anaerobic sludge 

blanket), EGSB (expanded granular sludge bed) and IC (internal circulation), granulation is 

crucial for successful operations (Dolfing 1986; Wang and Zheng 2017). Unlike the SBRs, 

continuous reactor systems are characterised by higher biomass concentrations and NRRs 

than the SBRs (Lackner et al. 2014).  As a consequence, the nitrogen loading rates (NLRs) 

in sidestream up-flow reactors (0.9-7 kg-N/m3-day) are higher than for sidestream SBRs 

(0.04-0.65 kg-N/m3-day) (Lackner et al. 2014).  

However, due to the absence of external mixing in the UASB reactor configuration is not 

included, mass transfer limitations could affect process performance (Reino and Carrera 

2017). On the contrary, in both IC and EGSB reactor configurations, due to the higher fluid 

velocities than in the UASB reactor configurations, and as a result, mass transfer in those 

configurations could be better enhanced than in the UASB reactor configuration (Reino and 

Carrera 2017). In addition, due to the lower fluid velocities in UASB reactors than in both 

EGSB and IC reactors, the accumulation of inert particles in UASB reactors could reduce 

the capacity of the reactors. Although mixing of reactors through gas circulation and/or 

increasing liquid flow rates could result in higher mass transfer of substrate to bacteria in 

both EGSB and IC reactors than in UASB, high velocities of liquids and gases could disrupt 

granular structures and/or increase washout of biomass. Therefore, the control of reactor 

hydrodynamics through process design and control is paramount. However, detachment of 

biomass from granules, and the control of physical properties of granules (such as density, 
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size, shape, porosity and texture), present challenges as there is no applicable design rule for 

their mitigation.  

In mixed systems such as SBRs and IC reactors, shear stress from the mixing forces could 

shear off some biomass from the granules leading to reduction in the granule sizes. Although 

reduction of granule sizes would increase the surface area of biomass aggregates, and 

consequently improve mass transfer, if too small aggregates were produced as a result of 

strong mixing forces, it could lead to poor biomass settleability. On the other hand, however, 

strong shear forces could yield smooth and strong granules, while weak shear forces could 

result in rough and fluffy granules as was reported by Kwok et al. (1998).   

According to Wu et al. (2009), strong shear conditions of approximately 8 s-1 shear rate, 

promote faster biomass granulation than more violent conditions (shear rate of ca. 12 s-1) 

and low shear rates (0.05 s-1). Better granulation at strong shear rate than at violent and low 

shear rates could be due to enhanced EPS (extracellular polymeric substances) secretion by 

bacteria in response to increase in shear stress, which benefit nucleation of bacterial cells 

(Wu et al. 2009).   However, under violent conditions, over production of EPS weakens the 

biomass aggregates, leading to aggregate disruption and washout, while low EPS secretion 

at 0.05 s-1 shear rate limits nucleation (Wu et al. 2009).   

 

Figure 2. 11. Conceptualised stratification of AOB, NOB and ANAMMOX bacteria in the 

granules. 

The incorporation of hydrocyclones into the ANAMMOX-mediated systems has made the 

retention of biomass in the effluent feasible (Shi, Wells and Morgenroth 2016). This could 

be implemented by applying centrifugal force at approximately 2 bars on sludge recycle 

flows which strip the less dense flocs into the overflow, and the denser granular biomass rich 

in ANAMMOX bacteria into the underflow, which could then be recycled back into the 
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reactors (Wett et al. 2010; Daigger et al. 2011) (figures 2.12 and 2.13). The solid retention 

times (SRTs) of AOB and ANAMMOX bacteria in such systems could thus be adjusted 

separately from the hydraulic retention times (HRTs) by installing hydrocyclones on the 

waste activated sludge lines of both mainstream and sidestream ANAMMOX-mediated 

systems (Wett et al. 2010) (figure 2.13). In addition, whenever recirculation of biomass into 

sidestream systems is not necessary, the hydrocyclones could still play a crucial role in the 

development of mainstream ANAMMOX-mediated systems as the biomass in the effluent 

from sidestream systems can be retained using hydrocyclones and then bio-augmented into 

the mainstream systems (figure 2.15) (Wett et al. 2015). Bio-augmentation of both AOB and 

ANAMMOX bacteria into mainstream systems from sidestream systems could be useful in 

suppressing NOB growth within the mainstream systems as AOB and ANAMMOX bacteria 

present competition to them for oxygen and NO2
-, respectively (Wett et al. 2015). 

According to Daigger et al. (2011), 90% of the bacterial activity in the underflow of the 

hydrocyclone, which constitute about 10-20% of the total flow, could be related to 

ANAMMOX. However, the unintended selection of NOB, particularly Nitrospira spp., 

together with ANAMMOX bacteria in granules, and an increase in the ratios of NOB to 

AOB populations with the increase in aggregate sizes has been reported in mainstream 

systems using hydrocyclones for biomass retention (Constantine et al. 2016). This is 

probably because Nitrospira have higher affinities for oxygen than AOB, making them more 

competitive at DO (<1 mg/L) than the AOB, and hence they could adapt to the conditions 

within the granules (Wett et al. 2013; Regmi et al. 2014).    

 

 

Figure 2. 12. Schematic diagram of biomass separation in a hydrocyclone. 

Underflow

Overflow

Influent, pressure>2 bars

Aggregates rich in ANAMMOX 
bacteria

Aggregates rich in aerobic bacteria

Concentration of ANAMMOX bacteria: 
underflow>influent>overflow



37 

 

Besides hydrocyclones, screens could also be used in ANAMMOX-mediated systems to 

retain biomass washed out of the reactors (Han et al. 2016). Screen usage involves the 

application of physical (tangential or normal) forces on the suspended sludge (containing 

flocs and granules) on a screen mesh. The size of screen mesh could determine the size of 

particles retained on it, as well as the vacuum applied, the washing volume/velocity, or the 

applied forces (Murthy et al. 2014).  The compressible aggregates (mainly flocs) are pushed 

through the screens during washing, while the non-compressible aggregates (granules) are 

retained on the screens. The tangential forces, on the other hand, depending on the applied 

shear frequency, intensity or duration, could shear off the fast-growing (superficial) biomass 

from the surfaces of the slow-growing biomass (Murthy et al. 2014).   

Han et al. (2016) reported better retention of granular biomass rich in ANAMMOX bacteria 

on switching from vacuum screens to vibrating screens in a PN/A pilot-scale system. Besides 

the enrichment of ANAMMOX bacteria, Han et al. (2016) reported  an improvement in 

ANAMMOX bacterial activities at the expense of NOB activities on witching from vacuum 

screens to vibrating screens. Similarly, Zhang et al. (2016a) reported an improvement in 

ANAMMOX bacterial activities on the installation of a vibrating screen on effluent lines of 

a 20L ANAMMOX-mediated sidestream SBR treating thermally hydrolysed digestate, with 

the retention efficiency of a vibrating screen decreasing to 14.7±5.2%, compared to 54.2±8% 

on a gravity screen. This, suggests that, because of the additional forces due to the vibrations 

on the screens, better separation of sludge is achieved as the flocs trapped in the sludge are 

forced through the mesh while the granules are retained because of their bigger sizes and 

incompressibility. As a result of better sludge separation, improved process performance 

could be expected as NOB and heterotrophic bacteria (which mainly grow in flocs) are 

washed out, while the ANAMMOX-rich granules are retained in the reactors (Zhang et al. 

2016a). 

Membrane modules could also be installed on the effluent lines to separate biomass from 

wastewater, allowing 100% biomass separation (Zhang and Okabe 2017, 2020). However, 

their application for biomass retention in ANAMMOX-mediated systems is currently limited 

to lab-scale studies as no study in the reviewed articles reported on pilot-scale or full-scale 

applications. conversely, Cotto et al. (2020), Wen et al. (2015) and Wang et al. (2019) 

indicated that this technology is already in application in full-scale nitrification-

denitrification systems, activated sludge processes, and pilot-scale nitritation-denitritation 

systems, respectively. In previous lab-scale studies of ANAMMOX-mediated systems, 
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membrane modules were installed on the effluent lines to separate biomass from wastewater, 

allowing 100% biomass separation (Zhang and Okabe 2017, 2020). Therefore, membranes 

enable independent separation of SRT of the systems from the HRTs as biomass wastage 

can be controlled (van der Star et al. 2008). 

2.7.2 Attached-growth ANAMMOX-mediated systems 

The addition of carrier materials represents an economical reactor modification that can 

significantly enhance biomass retention, reducing the start-up period of ANAMMOX-

mediated systems. Carrier materials generally provide an increased surface area, within or 

upon which bacteria can become attached, saving on space for wastewater treatment plant 

(Ødegaard et al. 2012). Biofilm-based systems include rotating biological contactors (RBC), 

moving bed biofilm reactors (MBBRs), packed bed reactors, IFAS (integrated fixed-film 

activated sludge) and membrane aerated biofilm reactors (MABRs) (Lackner et al. 2014; 

Zhang et al. 2015; Bhattacharjee et al. 2017; Klaus et al. 2017). Attachment of biomass on 

carrier materials could be achieved through adsorption, electrostatic binding to a surface, 

flocculation, entrapment, and encapsulation (Dzionek, Wojcieszyńska and Guzik 2016). The 

major advantage is that the bacteria in the biofilms are often protected from shear forces, 

starvation, and inhibitory compounds (Veys et al. 2010; Jaroszynski et al. 2012; Boltz et al. 

2017). They may be composed of a single monoculture or can be composed of multiple 

synergistic species that metabolically complement each other (Burmolle et al. 2014; Cordero 

and Datta 2016).  

However, where fast-growing microorganisms (>0.1 h-1) are cultured, the use of biofilms 

might be unnecessary as enough biomass could be generated with relatively short SRTs 

without the need for biomass retention (Van Loosdrecht and Heijnen 1993). Conversely, the 

use of biofilms could be ideal for ANAMMOX-mediated systems as ANAMMOX bacteria, 

have long doubling times (2.1-11 days) (Zhang et al. 2017b).   

The structural and physical properties of biofilms on support surfaces are similar to that of 

granules, except the biofilms forming on aerated membrane modules (in MABRs). As a 

result, therefore, the mass transfer, hydrodynamics and reaction characteristics of both 

granules and conventional biofilms (on carrier materials) are similar. For instance, both 

granulation and biofilm formation on carrier materials have been reported to occur when the 

maximum bacterial growth rates are lower than the dilution rates (van Loosdrecht et al. 1995; 

Beun et al. 1999). Although granulation could also sometimes occur in systems operated at 
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dilution rates lower than the maximum growth rates, the bacterial activity in such systems 

mainly occurs in suspension (Van Loosdrecht and Heijnen 1993).   

Available surface area is a key parameter for the effectiveness of a carrier material. A large 

surface area allows for the greatest available binding surface for bacterial adhesion and 

possible biofilm formation. Surface charge plays an essential role in electrostatic attachment 

of biological molecules and can be a key discriminator in the type of particles that attach to 

the carrier (Chen et al. 2012). The surface charge can vary with the material composition of 

the particle, the coating or the colonisers of the particle itself.   

Development of ANAMMOX bacterial biofilms on zeolite, biochar, sand, bio-carriers, and 

the non-woven fabric has been well studied and documented (Strous et al. 1997b; Tsushima 

et al. 2007; Fernández et al. 2008; Wenjie et al. 2015). Zeolite and sand have cavities and 

channels within the internal matrix where cations, water, and/or small molecules may reside 

(Chang et al. 2009; Montalvo et al. 2012). These features promote the attachment of bacteria 

leading to the formation of biofilms. However, the high densities of zeolite and sand 

(1.42g/cm3 and 2.38 g/cm3, respectively (Chang et al. 2009)), could limit their application 

for biofilm development in mechanically agitated ANAMMOX-mediated reactors as strong 

mixing forces are essential in bringing the biomass in contact with the particles (Fernández 

et al. 2008). That notwithstanding, Fernández et al. (2008) reported a drop in biomass 

concentration in the effluent on the addition of zeolite particles into a lab-scale 

ANAMMOX-mediated reactor. In a lab-scale fluidised-bed ANAMMOX-mediated reactor, 

Strous et al. (1997b) demonstrated that biofilms could develop on sand particles. Although 

the limitation of zeolite application in agitated reactors could be circumvented by using 

linear channel-type reactors packed with zeolite, pore-clogging, need for zeolite regeneration 

and ‘short-circuiting’ still present challenges to these kind of reactors (Grismer and Collison 

2017; Collison and Grismer 2018). On the other hand, biochar materials have large surface 

areas, relatively high specific gravities, high cation exchange capacities and high surface 

charge densities, which make them attractive carrier materials (Wu et al. 2009; Chen et al. 

2012; Wenjie et al. 2015; Jin, Wang and Zhang 2016).  Wenjie et al. (2015) reported 

successful formation of biofilms with high settling velocities (200 mh-1) on activated 

charcoal in ANAMMOX-mediated EGSB reactor, which were higher  than that of granular 

biomass (73-78 mh-1) reported by Tang et al. (2011). Additionally, the high porosity and 

adsorption capacity of biochar have been argued to reduce the reactor start-up period and 
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seed sludge dosage of ANAMMOX-mediated systems (Wu et al. 2009; Chen et al. 2012; 

Jin, Wang and Zhang 2016).  

Currently, bio-carriers constructed of materials with densities slightly less than water that 

allow the media to move around with the motion of the water column and gain suitable 

mixing have received wide application in full-scale ANAMMOX-mediated systems 

(Lackner et al. 2014). Literature survey indicates that bio-carrier fill capacity of between 

32% and 50% is practised in full-scale systems (Rosenwinkel and Cornelius 2005; Lackner 

et al. 2014; Klaus et al. 2017). This is particularly important as fill capacities higher than 

these values could bring about challenges with mixing.  

The development of biofilm on bio-carriers could take several months (Almstrand et al. 

2014; Kanders et al. 2014; Kowalski, Devlin and Oleszkiewicz 2018). Almstrand et al. 

(2014) and Rosenwinkel and Cornelius (2005) argued that bacterial growth on carrier 

materials is sequential, with AOB being the first colonizers and ANAMMOX bacteria only 

colonizing when conducive conditions created by AOB prevail. As the biofilms develop, the 

concentration of the slow-growing (ANAMMOX) bacteria increase in the anaerobic sections 

deeper in the biofilm, while the faster-growing bacteria (AOB) grow mainly on the outer 

layers closer to the biofilm surface, similar to granules (Almstrand et al. 2014). However, 

the microbial composition and structures in biofilms could change with reactor configuration 

and the operating conditions. For instance, the existence of micro-channels in the biofilms 

that could allow oxygen-rich wastewater to flow, enabling AOB and other fast-growing 

organisms to grow deep in the biofilms, where, normally, anoxic conditions would be 

expected to prevail (Vlaeminck et al. 2010). Reactor start-up strategies in place could also 

influence the biofilm structures. For instance, Cho et al. (2011) reported indistinguishable 

distribution of AOB and ANAMMOX bacteria in MBBR biofilms started with nitrifying 

sludge (figure 2.16b), while in another MBBR started with enriched ANAMMOX bacterial 

consortia, the biofilms were stratified (figures 2.16a). Furthermore, Cho et al. (2011)  

reported that the biofilms developed from nitrifying biomass were fluffy, while those 

developed from enriched ANAMMOX bacterial biomass were rigid.   

Continuous ANAMMOX-mediated up-flow and MBBR systems can be operated with 

nitrogen loading rates in the range of 0.9-7 kg-N/m3-day, which are comparatively higher 

than SBRs (van der Star et al. 2007; Lackner et al. 2014). However, mass transfer into the 

biofilms limits the capacity of MBBRs (Zhao et al. 2013). To mitigate this shortcoming, 
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modification of MBBR systems with the incorporation of settlers that would enable re-

circulation of suspended biomass back into the reactors in a system referred to as IFAS 

(Integrated Fixed-Film Activated Sludge) have been made (Zhao et al. 2013; Trojanowicz, 

Plaza and Trela 2016) (figure 2.17). According to Veuillet et al. (2014), retention of 

suspended biomass in the modified MBBR configuration (known as IFAS), lead to niche 

segregation of AOB and ANAMMOX bacteria between the biofilms and the suspension, 

enabling better access to oxygen by the AOB in suspension. As a consequence of better 

accessibility of oxygen by the AOB, more NO2
- would be generated which increases its 

concentration in the bulk liquid, creating a concentration gradient with the biofilms, 

subsequently improving NO2
- diffusion into the biofilms (Zhao et al. 2013). The process 

performance of the IFAS systems could thus be better than that of conventional MBBR 

systems because of enhanced diffusion of the substrate (Zhao et al. 2013; Veuillet et al. 

2014). Consequently, because of better mass transfer in IFAS systems than in MBBR, the 

operational DO in IFAS systems could be kept below that of MBBR systems, as was 

demonstrated by Veuillet et al. (2013) in a full-scale plant. Lower operational DO, in turn, 

could translate into lower operational costs in IFAS than in MBBR as the aeration costs are 

lower than in MBBR. In a lab-scale mainstream system, Malovanyy, Trela and Plaza (2015) 

also reported better process performance in a mainstream IFAS configuration than in a 

mainstream MBBR system, underpinning the suitability of this configuration not only for 

sidestream applications but also mainstream applications. Similar findings were reported by 

Trojanowicz, Plaza and Trela (2016) from a pilot-scale study of IFAS and MBBR PN/A 

mainstream systems. Also, Trojanowicz, Plaza and Trela (2016) reported lower NOB 

activities in IFAS configurations than in MBBR configurations, whose suppression was 

argued to have been easier in IFAS than in MBBR as they grow in suspension as they do not 

get biofilm protection in IFAS against free ammonia. As a result of better NOB suppression 

in IFAS configuration than in MBBR configuration, higher nitrogen removal was reported 

in IFAS than in MBBR by Trojanowicz, Plaza and Trela (2016).  
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Figure 2. 13. Schematic diagrams of biofilms depicting the distribution of ANAMMOX 

bacteria and AOB on biofilms developed using two different strategies; a – biofilms 

developed from biomass dominated by ANAMMOX bacteria, b – biofilms developed from 

nitrifying sludge. 

 

 

Figure 2. 14. Conceptualised MBBR and IFAS systems 

In MABRs, bacterial biofilms develop on membranes modules that are also used to supply 

air into the wastewater (Pellicer-Nàcher et al. 2010).  However, the operation of MABRs 

could vary with configuration: in some, the membrane lumen is pressurised with air, while 

in others, wastewater flows through the membrane lumens with volatile components 

diffusing through the membrane to the biofilms (Brookes and Livingston 1994; Reij et al. 

1995).   

The biofilm structures in ANAMMOX-mediated MABRs are thus different from those of 

conventional systems (figure 2.18) as AOB, NOB and other aerobes grow in the inner layers 

where there is easy access to oxygen, while ANAMMOX bacteria grow in outer (anoxic) 

layers (Pellicer-Nàcher et al. 2010; Li et al. 2016). However, the growth of NOB, in the 

inner layers is a concern, as their repression becomes a challenge. Their repression is limited 

due to the creation of regions of high DO concentrations within the biofilms which favour 

their growth, as well as their protection by ANAMMOX bacteria growing on the surface 

which make the conventional approaches of NOB repression ineffective (Pellicer-Nàcher et 
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al. 2010). In a study by Li et al. (2016), a 5.4% relative abundance of Nitrospira spp. was 

reported in the biofilms forming on membrane modules of MABR (table 2.6). Earlier, 

Pellicer-Nàcher et al. (2010) had demonstrated that this setback could be managed with 

sequential aeration as AOB excrete hydroxylamine when oxygen supply is abruptly stopped 

and/or produce nitric oxide (NO)  under anaerobic conditions, both of which are toxic to 

NOB. Augusto, Camiloti and Souza (2018), however, argued that maintaining low DO in 

MABR, (<0.5 mg-O2/L) effectively suppress NOB in MABRs.  

Uncontrolled biofilm growth could also cause serious mass-transfer challenges, 

subsequently affecting the process performance (Pellicer-Nàcher et al. 2010). Normally, 

shear forces are applied to regulate biofilm thickness, and one way of achieving this is by 

installing rotating modules (Pellicer-Nàcher et al. 2010). However, detachment of biofilms 

due to sloughing or erosion could make it challenging to control biofilm thickness (Syron 

and Casey 2008).  

Despite the above challenges, Xie et al. (2017) and Shi et al. (2013) demonstrated that 

MABR-type reactors could still play an important role in mainstream ANAMMOX-

mediated systems incorporating DAMO (denitrifying anaerobic methane oxidising) 

organisms, that could otherwise be challenging to implement in other reactor configurations. 

This is because DAMO organisms require methane, a highly flammable gas whose supply 

needs to be strictly regulated.  In addition, MABRs could still be ideal for PN/A systems as 

they not only allow independent regulation of substrate and oxygen supply, but also provide 

higher efficiencies of gas transfer than conventional diffusers, thus allowing  higher substrate 

utilisation rates (Li et al. 2016). 
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Figure 2. 15. Schematic diagram of biofilm on a membrane surface. 

 

Table 2. 6. Application of MABRs and MBfRs (membrane biofilm reactors) in 

ANAMMOX-mediated systems. 
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2.7.3  Gel encapsulation of bacterial biomass in ANAMMOX-mediated systems 

Gel encapsulation is relatively a new strategy employed for retention of biomass in full-scale 

ANAMMOX-mediated systems (Isaka et al. 2017). The gel capsules allow for the diffusion 

of gas and liquid media but retain biomass within the matrix, effectively creating pseudo-

microenvironments with conducive conditions for AOB/ANAMMOX bacterial growth (Bae 

et al. 2017). Each gel-capsule can self-regulate under stress conditions, and the 

AOB/ANAMMOX bacteria may gain a competitive advantage due to less competition 

within each self-contained capsule. In addition, gel-encapsulation protects biomass from 

shear forces, reduces the working volume of the reactor, and improves resilience to substrate 

inhibition and toxicity (Sumino et al. 1992; Vanotti and Hunt 2000; Cho et al. 2017). 

Therefore, gel-encapsulation could allow for independent  SRT and HRT regulation in the 

reactors (Zhu, Hu and Wang 2009). High gel porosity, good compressive strength, low 

deformation rate, low surface charges and stability in acidic, basic and saline solutions are 

essential parameters of gel beads (Sumino et al. 1992; Zhu, Hu and Wang 2009; Bae et al. 

2015). Polyvinyl alcohol (PVA), polyethylene glycol (PEG) and a combination of PVA with 

sodium alginate (SA) are the commonly used hydrogels (table 2.7).  

Biomass immobilisation starts with mixing polymer and biomass, followed by curing 

through the addition of a chemical initiator or freezing  (Magrí, Vanotti and Szögi 2012). 

This hardening procedure, however, could affect AOB/ANAMMOX bacterial activity as 

prolonged freezing could inactivate the ANAMMOX bacteria, whilst the addition of a 

chemical compound could affect the permeability of the gel beads. A study by Magrí, 

Vanotti and Szögi (2012) reported a 90% drop in ANAMMOX activity on reactivation after 

freezing at -8⁰C for 17 hours. Choi et al. (2018) also reported a long lag phase (54 days) on 

inoculating with gel-encapsulated biomass, probably because of freezing and thawing. Both 

boric acid and SA have been reported to reduce porosity, leading to floatation as nitrogen 

gas produced by ANAMMOX bacteria get trapped within the gel beads (Choi et al. 2018).   

Zhu, Hu and Wang (2009), in their studies on biomass-encapsulation with sodium 

carboxymethylcellulose (Na-CMC), SA, PVA and PVA/SA, found that ANAMMOX 

activity varies with the physical properties of the polymers. While the ANAMMOX activity 

increased in the following order: Na-CMC>SA>PVA/SA>PVA, the compressive strength 

increased in the following order: PVA/SA>PVA>SA>Na-CMC. In their study, it was found 

that although Na-CMC has a loose highly porous structure that enables faster transfer of 

substrates within the beads, it is unstable in saline solutions. On the other hand, although SA 
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beads have thin shells and porous internal structures that could enhance faster mass transfer, 

Ca2+, Mg2+ and phosphates, can destroy its porous structure (Zhu, Hu and Wang 2009). 

Conversely, PVA forms compact spherical shells with a porous interior that could negatively 

affect the mass transfer, is unstable in salty solutions, has many hydrophilic groups making 

it susceptible to expansion in water solutions and can easily agglutinate. Therefore, of the 

four gel beads, PVA/SA presents the best option as gel beads aggregate less, material cost is 

low and nitrogen removal is high (Zhu, Hu and Wang 2009).  

Isaka et al. (2017) demonstrated that the start-up of full-scale ANAMMOX-mediated 

reactors could be faster with biomass-encapsulation. In their studies, they showed that full-

scale ANAMMOX-mediated reactor could be started-up in about 69 days, which was faster 

than over 3 years start-up period reported by (van der Star et al. 2007). It was further 

demonstrated by Isaka et al. (2007) that through biomass encapsulating, the  seed sludge 

concentration  required for a successful start-up of ANAMMOX reactor could also be 

minimised to a greater extend. Ali et al. (2015b) also reported NRRs of 7 kg-N/m3-day in 5 

up-flow column reactors inoculated with different concentrations of sludge (0.33-1.67 

gVss/L) in 7-25 days. However, it was also reported that for systems with fixed amounts of 

gel-trapped biomass have maximum NRRs beyond which no further increase in NRRs could 

be expected even if the nitrogen loading rates are increased (NLRs). It would thus be 

desirable to reduce the sizes of gel beads (to enhance mass transfer) and increase in the bead 

fill ratio in reactors (Isaka et al. 2007). 

Unlike up-flow reactors, fixed bed reactors or SBRs that require settlers for influent pre-

treatment, a high concentration of suspended solids cannot affect the performance of systems 

employing gel-entrapment (Isaka et al. 2011). However, the performance of systems 

employing gel-encapsulation could be affected by bead thickness (Choi et al. 2018). Indeed, 

using  1 mm, 2 mm and 3 mm thick-beads, Choi et al. (2018)  reported successful reactor 

start-up in 63, 65 and 94 days respectively. Notwithstanding the challenges associated with 

gel encapsulation of bacterial biomass, the NRR (3.2 kg-N/m3-day) of full-scale 

ANAMMOX-mediated system reported by Isaka et al. (2017) were within the range of 

biofilm systems reported by (Lackner et al. 2014). 
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Table 2. 7. Encapsulation of ANAMMOX bacterial consortia 

Gel Inoculum 

% (w/v) 

Reactor Influent 

(mg-N/L) 

Hardening 

procedure 

Operating 

conditions 

NRR  

(kg-

N/m3-

day) 

Feed Affiliated 

ANAMMOX bacterial 

species 

Reference 

NH4
+  NO2

-  

PVA  CSTR 90 - 

196.3 

90-700 Freezing- 

thawing 

pH 7.5, HRT 2.6-

11.7h, Temp (33⁰C) 

3.0 Synthetic WW - (Magrí, Vanotti and 

Szögi 2012) 

PEG 0.88 100L   chemical pH 7.5, HRT 7.2h, 

Temp (30⁰C) 

3.8 Digester 

supernatant 

- (Isaka et al. 2011) 

PVA - 0.23L 50 66 Freezing - 

thawing 

pH 7.8±0.15, HRT 

2.52h, Temp (35⁰C) 

1.1 Synthetic feed Shift to C. Brocadia 

sinica from C. Jettenia 

asiatca 

(Choi et al. 2018) 

PVA

/SA 

- 0.5L 51.7-

102 

- Chemical pH 7.1-7.45, HRT 

4.08h, Temp (35⁰C) 

 Synthetic WW, 

core-shell beads 

C. Jettenia asiatca (Bae et al. 2017) 

PVA

/SA 

1.67 1.2L 

CSTR 

50-550 50-550 Chemical  pH 6.8-7.3, HRT 2-

12h, Temp (23-

33⁰C) 

27.3  Synthetic and 

reject wastewater 

- (Quan et al. 2011) 

PEG 0.24 CSTR 63.63 -

154.84 

71.01 – 
190.72 

Chemical pH 7.2, HRT 2h, 

Temp (36⁰C) 

12.3 synthetic - (Isaka et al. 2007) 

PEG 0.24 0.5L 

CSTR 

63.63 -

154.84 

71.01 – 
190.72 

Chemical pH 7.2, HRT 1-13h, 

Temp (6.3-32⁰C) 

0.36-6.2 Synthetic feed C. Kuenenia 

Stuttgartiensis, C. 

Brocadia 

anammoxidans 

(Isaka et al. 2008) 
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2.8 Modelling and simulation of ANAMMOX-mediated systems 

Since the discovery of ANAMMOX bacteria in the mid-1990s, their contribution in nitrogen 

removal has always been modelled using modified activated sludge models (ASMs) 

(Wyffels et al. 2004; Cema et al. 2012; Ni, Joss and Yuan 2014; Trojanowicz, Plaza and 

Trela 2017). The original model, ASM 1, which was developed by a task group formed in 

1983 by International Association on Water Pollution Research and Control (IAWPRC) 

(now called International Water Association - IWA) incorporated only the nitrifiers, 

denitrifiers and heterotrophic bacteria (Henze et al. 1987). However, several users have since 

modified this model in their applications to incorporate the activities of ANAMMOX 

bacteria. For instance, Dapena-Mora et al. (2004c)  and Trojanowicz, Plaza and Trela (2017) 

modified ASM 1 for modelling and simulation of  a lab-scale SBR and a pilot-scale MBBR, 

respectively, while Ni, Joss and Yuan (2014) simulated nitrogen and carbon removal in a 

full-scale SBR using a modified ASM 1.   

The ASMs are based on a matrix format introduced by Petersen (1965). A simplified 

model based on this format incorporating three components is presented on table 2.8 

(Henze et al. 1987). According to this format, the processes (j) are listed on the leftmost 

column, while the process rate expressions (ρ) are listed on the rightmost column, while 

the components (i) are listed on the first row of the columns in between the leftmost and 

rightmost columns, and the stoichiometric coefficients νij are listed in the rows below the 

components (table 2.8).  

Process rates (ri) are obtained by summing the products of process rate expressions and 

stoichiometric coefficients νij (Henze et al. 1987);   

𝑟𝑖 = ∑ 𝑣𝑖𝑗𝜌𝑖𝑗            (2.17) 

For instance, the rate of reaction of substrate SS would be:  

𝑟𝑆𝑆
= −

1

𝑌

𝜇𝑚𝑎𝑥𝑆𝑆

𝐾𝑆+𝑆𝑆
𝑋          (2.18) 

To balance the component(s) in a system, the basic mass balance equation would then be 

used (Henze et al. 1987): 

𝐼𝑛𝑝𝑢𝑡 −  𝑜𝑢𝑡𝑝𝑢𝑡 +  𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛      (2.19) 
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In the ASM 1, the inhibition of bacterial activities is accounted for using a switching 

function adopted as: 

s0

k0+s0
             (2.20) 

However, Trojanowicz, Plaza and Trela (2017) were able to demonstrate that inhibition 

could also be accounted by using Aiba-Edwards model: 

𝜇 =
𝜇𝑚𝑎𝑥𝑆𝑆

𝐾𝑆+𝑆𝑆
exp (−

𝑆𝑆

𝐾𝑖
)         (2.21) 

Where 𝜇 and 𝐾𝑖 are the specific bacterial growth rate and inhibition constant, respectively. 

Similarly, Haldane kinetics can also be used to describe the inhibition instead of the 

switching function (Choi et al. 2008; Trojanowicz, Plaza and Trela 2017): 

𝜇 =
𝜇𝑚𝑎𝑥𝑆𝑆

𝐾𝑆+𝑆𝑆+𝑆𝑆
2/𝐾𝑖

          (2.22)  

Table 2. 8. A simplified activated sludge model 1 (ASM 1) matrix. 

Process j ↓ Component i → Process rate ρi 

 Biomass 

X 

Substrate  

SS 

Oxygen  

SO 

 

Growth 1 -
1

𝑌
 -

1−𝑌

𝑌
 𝜇𝑚𝑎𝑥𝑆𝑆

𝐾𝑆 + 𝑆𝑆
𝑋 

Decay -1  -1 𝑏𝑋 

Units mgCOD L-1 mgCOD L-1 mgCOD L-1 Mass/(volume*time) 

Y - growth yield, 𝜇𝑚𝑎𝑥 - maximum specific growth rate, KS - half-velocity constant, b - 

specific decay rate  
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CHAPTER 3 
3 PROCESS PERFORMANCE AND KINETICS OF NITROGEN REMOVAL IN 

THE ANAMMOX-MEDIATED SYSTEMS 

3.1 Introduction 

Process stability, kinetics and efficiencies form critical aspects of BNR processes. In 

ANAMMOX-mediated systems, resilience and process stability during periods of transient 

perturbations could vary with the reactor configuration (Lackner and Horn 2013; Wells et 

al. 2017). In addition, the NRRs could also vary with reactor configurations (Lackner and 

Horn 2013; Ali et al. 2015b), leading to significant variations in start-up periods of 

ANAMMOX-mediated processes in different reactor configurations (Tao et al. 2012; Wang 

et al. 2012b).  

Start-up of full-scale ANAMMOX-mediated systems, therefore, is a daunting task that could 

take several months or even years depending on reactor configuration (van der Star et al. 

2007; Isaka et al. 2017; Xu et al. 2018). According to Ali et al. (2015b), reactor start-up 

periods and process performance can be attributed to several factors affecting process 

kinetics, among which is the variation in mass transfer rates with reactor configurations. 

Similarly, variation in the inhibitory threshold of the substrate with reactor configuration has 

also been reported (Magrí, Vanotti and Szögi 2012).  

Although pioneering comparative studies provide crucial information about the impact of 

reactor configuration on the performance of ANAMMOX-mediated processes, more studies 

could still be necessary to understand the impact of reactor configuration on the long-term 

process performance. The operation of reactors at baseline conditions could also be 

necessary to understand the impact of reactor configuration on reactor start-up, kinetics and 

process efficiency.  

In this chapter, comparative study of moving bed biofilm reactor (MBBR), hybrid up-flow 

anaerobic sludge blanket reactor (H-UASB) and gas-lift reactor (GLR) based on reactor 

start-up periods, NRRs and NREs over 535 days is presented. For each reactor, NRRs and 

NREs were determined, and the activities of AOB, NOB, ANAMMOX and heterotrophic 

bacteria were monitored based on the ratios of NO2
- consumed per NH4

+ consumed and NO3
- 

produced per NH4
+ consumed. The concentrations of FA and FNA in each reactor during the 
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study period were also estimated. All the reactors were inoculated with biomass from a 

mainstream MBBR that was fed with effluent from a sidestream aerated MBBR. 

3.2 Methodology 

3.2.1 Fabrication of reactors and experimental set-up 

The reactors used in this study viz., moving bed biofilm reactor (MBBR), gas-lift reactor 

(GLR) and a hybrid up-flow anaerobic sludge blanket reactor (H-UASB) were fabricated 

using Perspex cylinders and Perspex sheets (figure 3.1). All the three reactors had a total 

volume of 5.64 L (110 mm deep conical bases and 330 mm by 140 mm by 2 mm cylinders) 

(figures A.3.1-A.3.3, appendix A). External 440 mm x 180 mm x 4 mm Perspex cylinders 

were used as water jackets in each reactor (Figures A.3.1-A.3.3, appendix A). Each reactor 

contained three sampling points along the reactor height, which were closed with PVC 

(polyvinyl chloride) ball valves. Additionally, in GLR, an internal 300 mm by 70 mm by 2 

mm draft tube and 55 mm – diameter air-stone which acted as a gas diffuser, were included 

(figures 3.1 and A.3.3, appendix A). Furthermore, in MBBR, a 180 W motor was connected 

to a 19 mm-diameter-mixing shaft with 3, 100 mm by 20 mm by 2 mm blades. The shaft 

was fixed to the top of the reactor using a set of ball bearings (figure A.3.1, appendix). To 

each reactor, a 2.5L settler was attached for biomass separation from the effluent (figures 

3.1, 3.2 and A.3.1-A.3.3, appendix A).  

PVC pipes, adapters and connectors were used to join different pieces of the reactors 

together. PVC ball valves were used in all the effluent lines and influent lines. Silicone tubes 

(4 mm internal diameter) were used in the effluent lines to interconnect the settlers to the 

reactors as well as in the feed lines to interconnect the feed tank and the reactors. 

The water jackets in each reactor were connected to a water-circulating pump in a water bath 

with silicone tubes. A loop for circulation of argon/carbon dioxide (CO2) gas mixture was 

created in GLR by connecting the ends of a bicycle tubing (cut at the middle to form an 

open-ended tubing) to the gas exit and gas entry points of the reactor (figure 3.2). Argon/CO2 

gas mixture was circulated in GLR within the loop using an air compressor (figure 3.2). 

Polyethylene K1 type carrier materials (Azacore, South Africa) were added to each reactor 

during inoculation for biofilm development (figures 3.3 and A.3.9). Each of the carrier 

materials contained 25 equally spaced fins that were 1.5 mm long and 0.1 mm thick (figure 

A.3.9). The carrier materials were 14 mm long and 20 mm in diameter. The inner sections of 

the carrier materials were subdivided into 8 chambers by 0.2 mm thick crosses (figure A.3.9). 
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Figure 3. 1. Photographic images of the reactors before inoculation. 

3.2.2 Synthetic feed  

All the three reactors were fed with the same feed using a four channel peristaltic pump 

(Gilson, UK). The concentration of Mg2+, Ca2+ and trace elements I and II in the feed were 

as previously described by van de Graaf et al. (1996) (table 3.1). NaNO2 and (NH4)2SO4 

were used to make the required concentrations of NO2
- and NH4

+, respectively (table 3.1).  

The feed also contained NaCl (15 mg/L - between the first day and the day 327), NaHCO3 

(1g/L), K2HPO4 (13.6 mg/L) and KH2PO4 (13.6 mg/L).   

The pH in the influent was maintained at 6.2±0.2 using CO2. The concentration of dissolved 

oxygen (DO) in the feed was maintained below 0.5 mg-O2/L by sparging with argon-carbon 

dioxide (CO2) mixture (95% argon, 5% CO2) at 5 L/min throughout the study except 

between days 46-86 of reactor operation when the DO was not controlled in the feed. 

During this period (i.e. days 46-86), the DO varied from approximately 8.0 mg-O2/L to 

approximately 8.8 mg-O2/L (table 3.2).  
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Table 3. 1. Composition of the synthetic feed. 

Compound Concentration 

(mg/L) 

Compound Concentration 

(mg/L) 

MgSO4.7H2O 300 EDTA 0.015 

CaCl2.2H2O 180 ZnSO4.7H2O 0.00043 

NaHCO3 1000 CoCl2.H2O 0.00024 

K2HPO4 13.6 MnCl2.4H2O 0.00099 

KH2PO4 13.6 H3BO4 0.000014 

NaCl* 15 CuSO4.5H2O 0.00025 

FeSO4 0.005 NaMoO4.2H2O 0.00022 

EDTA** 0.005 NiCl2.6H2O 0.00019 

NaNO2 variable NaSeO4.10H2O 0.00021 

(NH4)2SO4 variable   

*provided for the first 327 days only, *Ethylenediaminetetraacetic acid 

3.2.3 Initialisation and operation of reactors 

All the reactors were inoculated with approximately 30 ml of seed biomass collected from 

the effluent of an anaerobic mainstream (operated at 15⁰C) MBBR, which was in turn fed 

with effluent from an aerated sidestream MBBR (operated at 30⁰C) at the Earth and 

Environmental Engineering department, Columbia University, USA. The biomass samples 

were then shipped to our labs in a cooler box. 

The period of reactor operation was divided into 9 phases over a 535-day study period based 

on the influent DO, NO2
- and NH4

+ concentrations as described on table 3.2. The 

concentrations of NO2
- and NH4

+ were gradually increased based on NRR of the reactors.  

The biomass retained in the settlers were recycled back into the respective reactors once a 

week using peristaltic pumps (Masterflex, USA). Throughout the entire period of study, 

anaerobic conditions in the settlers were maintained as the reactors were sealed.  
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Figure 3. 2. Schematic diagram of the experimental set-up. 

 

Figure 3. 3. Photographic image of K1-type bio-carriers used for biofilm development in the 

reactors. 

3.2.4 Analysis of residence time distribution 

The residence time distribution (RTD) was determined as previously described by 

Danckwerts (1953) and Scott (2016) modification.  This was done by injecting a tracer 

(green food colouring) (figure A. 3. 8, Appendix A) at a constant rate (Q) of 10 ml per minute 

for 4 minutes at the inlet and then measuring the absorbance of the effluent samples from 

the reactors every 30 minutes for 15 hours. During the analysis of RTD, internal gas 

circulation in GLR was effected for the first three hours only, after which gas circulation 

was stopped. Tap water was pumped into and out of the reactors at the rate of 10 ml/min 

during the entire process of RTD analysis, and the working volume (V) was kept constant at 

5L.   

Feed Peristaltic 
pump

 

Comp

GLR

Effluent

Influent

Recycled biomass

Heating water

MBBRH-UASB

Argon/CO2 mixture

Water heater
Water bath

Bicycle tubing
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3.2.5 Analytical methods 

The absorbance of the effluent samples during the analysis of RTD was measured on a DR 

6000 (HACH, USA) (figure A.3.4, appendix A) at 680 nm using tap water as the reference. 

The concentrations of NO2
-, NH4

+, and NO3
- were also measured colorimetrically three times 

a week using DR 6000 (HACH, USA) as described previously by Lotti et al. (2014b). The 

effluent samples were first filtered through 0.45 µm syringe filters before the analysis. 

Bacterial activities were monitored in the three reactors based on the ratios of NO2
--N 

consumed to NH4
+-N consumed (∆NO2

-/∆NH4
+) (equation 3.1) and NO3

--N produced  to 

NH4
+-N consumed (∆NO3

-/∆NH4
+) (equation 3.2) (Lotti et al. 2014b). The DO and pH in 

the feed tank were measured using LabQuest 2 multiparameter device during feed 

preparation (Vernier, USA) (figure A.3.5, appendix A). The temperature of the reactors were 

maintained at 36±1⁰C by continuously circulating warm water between the water jackets in 

the reactors and the water bath (Labcon Laboratory equipment, Johannesburg) (figure A.3.6, 

Appendix A), while the pH in the reactors was maintained between 7-7.5 with either HCl or 

NAHCO3 using automatic pH controllers (Etatron, Italy) (figure A.3.7, Appendix A). 

Statistical analyses of reactor performance were performed in Microsoft excel using a single 

factor ANOVA (analysis of variance). 

∆NO2
−/∆NH4

+ =  
(𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 NO2

−− Effluent NO2
−) (

𝑘𝑔−𝑁

𝑚3 )

(𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 NH4
+− Effluent NH4

+) (
𝑘𝑔−𝑁

𝑚3 )
         (3.1) 

∆NO3
−/∆NH4

+ =  
(Effluent NO3

−) (
𝑘𝑔−𝑁

𝑚3 )

(𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 NH4
+− Effluent NH4

+) (
𝑘𝑔−𝑁

𝑚3 )
        (3.2) 

 The NRR and NRE were calculated according to equations 3.3 and 3.4, respectively,  (Li et 

al. 2017a):  

𝑁𝑅𝑅 (
𝑘𝑔−𝑁

𝑚3𝑑𝑎𝑦
) =  

(𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑁− Total effluent N) (
𝑘𝑔−𝑁

𝑚3 )

𝐻𝑅𝑇 (𝑑𝑎𝑦)
       (3.3) 

𝑁𝑅𝐸 (%) =  
(𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑁− Total effluent N) (

𝑘𝑔−𝑁

𝑚3 )

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑁 ((
𝑘𝑔−𝑁

𝑚3 ))
 ∗ 100    (3.4) 

Where, total (influent/effluent) nitrogen was determined as a summation of NH4
+, NO2

- and 

NO3
- concentrations. 

The concentrations of FA (free ammonia) and FNA (free nitrous acid) were calculated based 

on equations 2.15 and 2.16 in Chapter 2 (Anthonisen et al. 1976; Soliman and Eldyasti 
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2016). The calculations were based on the operational pH of 7.5 and the temperature of 36⁰C 

in the reactors. In both MBBR and GLR, the calculations of FA and FNA were based on the 

effluent NO2
- and NH4

+ concentrations, while their calculations in H-UASB were based on 

the average concentrations of the effluent and influent concentrations of NO2
- and NH4

+.  

3.3 Results 

3.3.1 Operation of reactors 

During the inoculation of the reactors, 150 K1-type carrier particles were added to each 

reactor (figure 3.3), and from 351st day, an additional 100 carrier particles were added to 

MBBR due to faster biofilm attachment in the MBBR than in the other reactors (Chapter 5). 

For the first 120 days of this study, GLR was pressurised with argon/CO2 mixture that was 

continuously circulated at 35 L/minute within the loop by an air compressor (figure 3.2). 

However, from the 121st day, gas circulation in GLR was only maintained for three hours a 

day as continuous circulation of argon/CO2 mixture caused frequent failure of air 

compressors necessitating frequent replacements. 

According to the influent concentrations of the DO, NH4
+ and NO2

-, the operational period 

of the reactors could be divided into IX operational phases (table 3.2). The average influent 

NO2
- and NH4

+ concentrations ranged from 38 mg-N/L and 50 mg-N/L to 305 mg-N/L and 

220 mg-N/L, respectively, during the study period (table 3.2). 

Table 3. 2. The average concentrations of the influent DO, NO2
- and NH4

+ in the different 

phases of operation of the reactors.  

Phase Period 

(days) 

Influent DO and N concentrations 

DO (mg-O2/L) NH4
+ (mg-N/L) NO2

- (mg-N/L) 

I 0-45 0.5 ±0.1 50.0±1.0 56.0±4.0 

II 46-86 8.5±0.3 69.0±10.0 38.0±10.0 

III 87-186  0.3 ±0.2 74.0±11.0 51.0±10.0 

IV 187-250 0.3 ±0.2 75.0±21.0 81.0±0.5 

V 251-327 0.3 ±0.2 131.0±39.0 175.0±61.8 

VI 328-355 0.3 ±0.2 220.0±0.0 305.0±7.0 

VII 356-424 0.3 ±0.2 200.0±0.0 264.0±0.0 

VIII 425-434 0.3 ±0.2 110.0±0.0 145.0±0.0 

IX 435-535 0.3 ±0.2 200.0±0.0 264.0±0.0  
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3.3.2 Residence time distribution 

The internal decay of the food colouring in the reactors was observed over time in the 

reactors (figures 3.4 a-c). During the first 30 minutes of the experiment, sharp increase in 

the absorbance of the effluent samples in MBBR was observed, which was then followed by 

gradual decrease until it reached zero (figure 3.4a). In the H-UASB, the absorbance of the 

effluent samples remained close to zero for 390 minutes before a spike was observed 

between this period and the 450th minute, which was then followed by gradual decrease until 

it reached zero (figure 3.4b). In the GLR, the absorbance of the effluent samples followed 

similar trend with MBBR within the first 240 minutes, beyond which the absorbance of the 

effluent samples dropped sharply from 0.172 absorbance units (abs) (on 240th minute) to 

0.054 (on 300th minute). Following this decrease was a plateau on the curve between the 

300th and 330th minute, which preceded a minor spike in the absorbance of the effluent 

samples, which then gradually decreased to zero (figure 3.4c).    

Visual observations made in the course of RTD analysis revealed uniform distribution of 

light-green colour in the MBBR and GLR within the first minute, and a dark-green colour 

between the fourth minute and the 150th minute (figures 3.5 a-d and 3.5 i-l). However, the 

intensity of the green colour gradually decreased in the MBBR over time, and by the 720th 

minute, faint-green colour was distributed in this reactor (figure 3.5d). On the contrary, faint-

green “plug” was observed hanging on the upper liquid level in the GLR by this time (figure 

3.5l). In the H-UASB, some thread-like light-green colour was seen extending from the base 

of the reactor up to just above the middle section within the first minute, which then 

expanded to cover almost half a section of the bottom-half of the reactor by the fourth minute 

(figure 3.5f). By the 150th minute, the upper three-quarter of the H-UASB was covered in 

light-green colour, while the lower quarter was covered in some dark-green colour (figures 

3.5 g). Over time, the dark-green “plug” rose up the reactor until it reached the top, which 
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then gradually disappeared. However, light-green colouring which covered almost the entire 

reactor after the dark-green colouring had disappeared, begun to clear at the lower section 

and by the 750th minute, only a small light-green “plug” hang on the upper liquid level (figure 

3.5h).   

 

Figure 3. 4. Age distribution of the food colouring in the reactors during RTD analysis: a-

MBBR; b-H-UASB and c-GLR. Q - flow rate; t - time (minutes); V - volume. 
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Figure 3. 5. Photographic images of the reactors upon injection of the food colouring: 

MBBR - a to d; H-UASB - e to h and GLR - i to l after 1 minute (a, e and i), 4 minutes (b, f 

and j), 150 minutes (c, g and k) and 720 minutes (d, h and l). 

 

3.3.3 Stoichiometry of nitrite consumption and nitrate production per ammonium 

consumption 

The ratios of NO2
- consumed per NH4

+ consumed (∆NO2
-/∆NH4

+) and NO3
- produced per 

NH4
+ (∆NO3

-/∆NH4
+) consumed significantly varied in the reactors during the study period 

(figure 3.6) (ANOVA, p<0.005). The ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios during phase 

I (days 1-45) fluctuated from <-10 to >10 in all the reactors (Figure 3.6).  In phases II (days 

46-86), the ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios in all the reactors ranged between -0.6 

and 3, except on the 74th day in GLR when the ∆NO3
-/∆NH4

+ was approximately 9.43 (figure 
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3.6). Towards the end of phase III, the calculated ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios in 

the MBBR approached the stoichiometric ratios expected of ANAMMOX process (figure 

3.6a). Conversely, in the H-UASB, the ∆NO2
-/∆NH4

+ ratios in phase III were lower 

(0.42±0.29) than the stoichiometric ratios (1.32) expected of ANAMMOX process, while 

the ∆NO3
-/∆NH4

+ ratios were close to the stoichiometric ratios of ANAMMOX process 

(figure 3.6b). In GLR, the ∆NO2
-/∆NH4

+ ratios were also lower than the stoichiometric ratios 

of ANAMMOX process during this phase, while the ∆NO3
-/∆NH4

+ ratios were higher 

(0.70±0.64) than the stoichiometric ratios expected of ANAMMOX process (figure 3.6c). 

However, at the beginning of phase IV, the ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios in the H-

UASB approached the stoichiometric ratios expected of ANAMMOX process (figure 3.6b), 

while in the GLR, the ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios were only close to the 

stoichiometric ratios expected of ANAMMOX process towards the end of phase IV (figure 

3.6c).  Fluctuations in ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios were observed in the MBBR 

in phase IV (figure 3.6a). During this period, the attachment of biomass on reactor wall in 

the MBBR was also observed, and the colour of the biomass turned dark brown (Chapter 5).   

From phase V onwards, the ∆NO2
-/∆NH4

+ ratios in all the reactors remained close to the 

stoichiometric ratios of ANAMMOX process, except in phase VIII in H-UASB when the 

∆NO2
-/∆NH4

+ ratios were 0.14±0.13 (figure 3.6b). The ∆NO3
-/∆NH4

+ ratios were slightly 

lower than the stoichiometric ratio (0.26) in the MBBR and GLR between phases V and VII 

(0.06±0.03 and 0.11±0.08, respectively), while in the H-UASB, it was close to the 

stoichiometric ratio expected of ANAMMOX process (0.17±0.08) (figure 3.6b). In phase 

VIII, the ∆NO3
-/∆NH4

+ ratios in the MBBR and GLR were 0.07±0.03 and 0.08±0.04, 

respectively, while in the H-UASB, it was 0.31±0.13. Decreases in the ∆NO3
-/∆NH4

+ ratios 

were observed in all the reactors in the final phase (phase IX), reaching 0.03±0.02, 0.10±0.08 

and 0.03±0.01 in the MBBR, H-UASB and GLR, respectively. 
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Figure 3. 6. Truncated ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios in the reactors; a-MBBR, b-

H-UASB and c-GLR. 

3.3.4 Effluent nitrogen concentrations 

Instances of higher concentrations of NH4
+ in the effluent compared to the influent were 

observed in all the reactors in phase I (figures 3.7 a-c). The average effluent NH4
+ 

concentration in all the reactors in phase I was above 40 mg-N/L. However, in phase II, more 

than 50% decrease in average effluent NH4
+ concentrations were observed in both MBBR 

and H-UASB compared to phase I, while only a 2% decrease in the average effluent NH4
+ 

concentrations were observed in GLR (figures 3.7 a-c). Conversely, in phase III, the average 

effluent NH4
+ concentrations in MBBR increased by approximately 92%, while 18% and 

1% decreases were recorded in H-UASB and GLR, respectively (figures 3.7 a-c). A further 

3% increase in the effluent NH4
+ concentrations were observed in the MBBR in phase IV, 

while approximately 62% and 22% decreases were observed in H-UASB and GLR, 

respectively, during the same period. Between phases IV and V, the effluent NH4
+ 

concentrations decreased by approximately 75% in MBBR, and remained close to these 

concentrations until the end of the study (figure 3.7c). However, fluctuation in the effluent 
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NH4
+ concentrations was observed in the H-UASB during this period (figures 3.7a), while 

gradual decreases in the effluent NH4
+ concentrations were observed in the GLR during the 

same period (figure 3.7b). A 94% decrease in the effluent NH4
+ concentrations were 

observed in the GLR between phases IV and IX (figure 3.7b), while a 386% increase in the 

effluent NH4
+ concentrations was observed in the H-UASB between phases IV and VI, 

followed by a 43% decrease between phase VI and VII (figure 3.7a). The pH controller 

malfunctioned on the 425th day in the H-UASB, leading to a drop in the pH in the reactor to 

approximately 3, leading to a 268% jump in the average effluent NH4
+ concentrations, which 

then decreased by 63% in the final phase (figure 3.7a).     

Higher concentrations of NO2
- in the effluent compared to the influent were also observed 

in the MBBR (phase I), H-UASB (phases II-III) and GLR (phases II-III), similar to the 

concentrations of NH4
+ (figures 3.7 a-c). The average effluent NO2

- concentrations ranged 

between 29 mg-N/L and 40 mg-N/L in phases I and II in both MBBR and GLR (figures 3.7b 

and 3.7c), while in the H-UASB, the average effluent NO2
- concentrations during the same 

period ranged between 17 mg-N/L and 42 mg-N/L (figures 3.7a). In phase III, 35% and 28% 

decreases in the average effluent NO2
- concentrations were observed in the MBBR and H-

UASB (figures 3.7a and 3.7c), respectively, while 31% decrease was observed in the GLR 

(figure 3.7b). A further 68% increase in the average effluent NO2
- concentration was 

observed in the GLR between phases III and IV, while 36% and 78% decreases were 

observed in MBBR and H-UASB, respectively. In phase V, 70% and 26% decreases in the 

average effluent NO2
- concentrations were observed in the MBBR and GLR, respectively, 

while a 443% increase was observed in the H-UASB during this period (figures 3.7 a-c). In 

MBBR and H-UASB, 182% and 117% increases in the average effluent NO2
- concentrations 

were observed between phases V and VI, followed by approximately 62% and 33% 

decreases between phases VI and VII, respectively (figures 3.7a and 3.7c). In the GLR, the 

average NO2
- concentrations in the effluent decreased by ca. 24% between phases V and VI, 

before further decreasing by 46% between phases VI and VII (figure 3.7b). When the pH 

controller malfunctioned in phase VIII in H-UASB, an increase in the concentration of NO2
- 

by 169% was observed in the effluent. An increase in the concentration of NO2
- in the 

effluent was also observed in the MBBR by 229% during this phase, while a decrease by 

75% was observed in the GLR (figures 3.7 a-c). In the final phase, the average effluent NO2
- 

concentrations in the H-UASB decreased by approximately 66% (figure 3.7a), while in the 

MBBR and GLR, 77% and 75% decreases were observed (figures 3.7b and 3.7c). 
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The average  effluent NO3
- concentrations in phase I were approximately 23 mg-N/L, 14 

mg-N/L and 23 mg-N/L in MBBR, H-UASB and GLR, respectively (figures 3.7 a-c). In 

phase II, approximately 41% and 36% increases in the effluent NO3
- concentrations were 

observed in the MBBR and H-UASB, respectively, while only 8% increase was observed in 

GLR during this phase. However, in phase III, approximately 53%, 28% and 43% decreases 

in the average effluent NO3
- concentrations were observed in MBBR, H-UASB and GLR, 

respectively (figures 3.7 a-c). The average effluent NO3
- concentrations increased by 

approximately 14% in the MBBR in phase IV, and remained close to this concentration until 

the end of phase VI. Between phases VI and VII, the average effluent NO3
- concentrations 

decreased by 37%, and remained close to this concentration until the end of the study. In the 

H-UASB, the average effluent NO3
- concentrations decreased by approximately 31% in 

phase IV, followed by 69% increase between this phase and phase VII (figure 3.7a). In phase 

VIII, when the pH controller malfunctioned, the average effluent NO3
- concentrations 

decreased by 69%, which then increased by 68% in the final phase (figure 3.7a). In the GLR, 

the average effluent NO3
- concentrations increased by approximately 19% in phase IV, and 

remained close to this concentration until phase VII (figure 3.7b). In phase VIII, a 37% 

decrease in the effluent NO3
- concentrations were recorded in the GLR, followed by a further 

39% decrease in the final phase (figure 3.7b).  



64 

 

 

Figure 3. 7. Influent and effluent nitrogen concentrations in H-UASB (a), GLR (b) and 

MBBR (c). 

3.3.5 Nitrogen loading and removal rates 

The nitrogen loading rates (NLRs) in MBBR and H-UASB were gradually increased from 

0.0192 kg-N/m3-day in phase I to 1.056 kg-N/m3-day in phase VI, while the NLRs in GLR 

were gradually increased from 0.0146 kg-N/m3-day in phase I to 1.056 kg-N/m3-day in phase 

VIII (figure 3.8). Beyond phase VI, the NLRs varied between 0.928 kg-N/m3-day and 0.464 

kg-N/m3-day in all the reactors. The HRT in H-UASB ranged between 0.2 days and 4.4 days, 

while the HRT in MBBR and GLR ranged between 0.28 - 4.4 days and 0.28 - 5.8 days, 

respectively, during the study (figure 3.8).  

Low NRRs (<0.04 kg-N/m3-day) were observed in all the reactors in phases I and II (figure 

3.9). However, between phases III and V, gradual increases in NRRs were observed in all 

the reactors from 0.056±0.023 kg-N/m3-day, 0.073±0.043 kg-N/m3-day and 0.030±0.025 

kg-N/m3-day to 0.468±0.230 kg-N/m3-day, 0.427±0.191 kg-N/m3-day and 0.382±0.263 kg-

N/m3-day  in MBBR, H-UASB, and GLR, respectively (figure 3.9). The highest NRRs 

during the study of 0.992±0.031 kg-N/m3-day, 0.750±0.065 kg-N/m3-day and 0.907±0.171 

kg-N/m3-day were observed in phase VI in MBBR, H-UASB, and GLR, respectively. In 
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phase VII, the NRR decreased synchronously with NLR, reaching 0.900±0.028 kg-N/m3-

day, 0.722±0.127 and 0.848±0.105 kg-N/m3-day in MBBR, H-UASB and GLR, respectively 

(figures 3.8 and 3.9). When the pH controller malfunctioned in H-UASB in phase VIII, the 

NRR decreased to an average of 0.097±0.049 kg-N/m3-day, while in MBBR and GLR, 

decreases were observed in synchrony with NLR, reaching 0.764±0.065 kg-N/m3-day and 

0.805 kg-N/m3-day, respectively (figures 3.8 and 3.9).  In phase IX, the NRR initially 

decreased from approximately 0.751 kg-N/m3-day and 0.808 kg-N/m3-day on day 425 to 

approximately 0.458 kg-N/m3-day and 0.441 kg-N/m3-day on day 474, and then it gradually 

increased to reach 0.882 kg-N/m3-day and 0.912 kg-N/m3-day on the last day of study in 

MBBR and GLR, respectively, (figures 3.8 and 3.9).  In H-UASB, following the 

malfunctioning of the pH controller, an approximate NRR of 0.05 kg-N/m3-day was 

recorded on day 425, which then gradually increased to reach 0.911 kg-N/m3-day on the last 

day of study, in synchrony with the gradual increase of NLR during the same period ((figures 

3.8 and 3.9)). Overall, MBBR showed the highest average NRR (0.405±0.379 kg-N/m3-day) 

during the entire study period, while the lowest average NRR was observed in H-UASB 

(0.358±0.320 kg-N/m3-day) (figure 3.9). In comparison, the average NRR in GLR during 

the entire study period was 0.367±0.383 kg-N/m3-day (figure 3.9).  
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Figure 3. 8. The NLRs and the HRTs in the reactors during the study period. 

 



67 

 

 

Figure 3. 9. The NRRs in the reactors during the study. 

3.3.6 Nitrogen removal efficiencies in the reactors 

NREs were low (<30%) in all the reactors in the first two phases (figure 3.10). During this 

period, instances of negative NREs were observed in the reactors when the nitrogen 

concentrations were higher in the effluent than in the influent (figures 3.7 and 3.10). Between 

phases III and IV, increases in average NREs were observed in all the reactors from 42%, 

50% and 23% to 59%, 83% and 25% in MBBR, H-UASB and GLR (figure 3.10). In both 

phases III and IV, the highest average NRE was observed in H-UASB, while the lowest was 

observed in GLR. Conversely, from phase V onwards, the highest NREs were observed in 

the MBBR, except in the last two phases (during which the highest average NREs were 

observed in GLR). During this period (phases V-IX), the NREs in the H-UASB were the 

lowest (figure 3.10).  Overall, significant variation in NREs was observed in the reactors 

during the study period (ANOVA, p<0.005), and the average NRE in the MBBR during the 

entire study period was the highest at 67±36%, while the average NRE in the GLR was the 

lowest (54±39%). 
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Figure 3. 10. Total nitrogen removal efficiencies in the reactors during the study. 

3.3.7 Free ammonia and free nitrous acid 

The average FA and FNA concentrations in the reactors in phase I ranged from 50 mg-N/L 

and 0.0021 mg-N/L to 61.5 mg-N/L and 0.0024 mg-N/L, respectively (figures 3.11a and 

3.11b).  The average FA concentrations in phase II in MBBR and H-UASB were estimated 

to have decreased by 68% and 7% from approximately 58 mg-N/L and 61 mg-N/L, 

respectively (figure 3.11a), while an increase from 51 mg-N/L by approximately 2% was 

estimated in GLR. On the contrary, the average FNA concentrations in MBBR and H-UASB 

were estimated to be 1.03-fold and 1.05-fold higher in phase II compared to phase I, while 

in the GLR, it was estimated to be only 0.8 times its concentration (figure 3.11b).  

In phase III, the average FA was estimated to have increased 1.92-fold in MBBR, while its 

average concentrations in H-UASB and GLR were estimated to have remained close to those 

in phase II (figures 3.11a). The average FNA in phase III, on the other hand, was 0.65-fold, 

1.03-fold and 1.31-fold its concentration in MBBR, H-UASB and GLR in phase III, 
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respectively, (figure 3.11b). A 3% increase in the average FA concentration was estimated 

in phase IV in MBBR, while 11% and 22% decreases were estimated in H-UASB and GLR, 

respectively (figures 3.11a).  Conversely, the average FNA decreased by 36% in MBBR, 

while in H-UASB and GLR, it increased by 6% and 68%, respectively (figure 3.11b).   

From phase V onwards, the average FA was estimated to be the lowest in MBBR (figure 

3.11a), while the FNA was estimated to be the lowest in the MBBR in all but the last phase, 

in which the FNA in GLR was estimated to be the lowest (figure 3.11b). During this period, 

the FA and FNA were estimated to be the highest in H-UASB. The average FA and FNA 

were estimated to be 19.30±22.85 mg-N/L and 0.0010±0.0011 mg-N/L, respectively, in the 

MBBR for the entire study period, while their concentrations in H-UASB were estimated to 

be 91.51±41.74 mg-N/L and 0.0059±0.0037 mg-N/L, respectively. In comparison, the 

average FA and FNA in GLR during the entire study period were estimated to be 

28.71±29.64 mg-N/L and 0.0020±0.0020 mg-N/L, respectively (figures 3.11a and 3.11b).   

 

Figure 3. 11 Free ammonia (a) and free nitrous acid (b) concentrations in the reactors during 

the study. 
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3.4 Discussion 

3.4.1 Residence time distribution 

RTD analysis indicated that the MBBR either contained some “dead water” in the system 

whereby a good portion of the water in the system get trapped in the eddies and thus spend 

more time than the mean length of time in the system as was demonstrated by Danckwerts 

(1953), or there was bypassing within the reactor (Scott 2016). The long tail observed on the 

curve could indicate the presence of dead zones within which the food colouring slowly 

diffused in the MBBR (figure 3.5 a) (Scott 2016). On the other hand, the curve observed in 

the H-UASB was similar to figure 2b in a previous report by Danckwerts (1953) which was 

reported to belong to a plug-flow system with some longitudinal mixing. Indeed, visual 

inspection of H-UASB revealed longitudinal mixing in H-UASB as some green colour was 

seen extending from the base of the reactor up to just above the middle section of the reactor 

(figure 3.5e), which preceded some dark green “plug” which was observed after 150 minutes 

(figure 3.5g). In the GLR, the decaying of the colouring followed the same trend as the 

MBBR during the first 180 minutes of the experiment when gas was circulated in the reactor, 

which indicated that this reactor also either contained some “dead water” similar to MBBR 

(Danckwerts 1953), or there was bypassing within the reactor during this period (Scott 

2016). After the circulation of gas in the reactor was stopped, the decaying of the food 

colouring followed similar trend as the H-UASB in which a spike preceded gradual decrease 

of the effluent’s absorbance (figure 3.4b), an indication that this system displayed plug-flow 

characteristics with some longitudinal mixing from the 180th minute onwards (Danckwerts 

1953). Indeed, the presence of plug-flow conditions could be determined from the captured 

photographic images of the GLR as a light green “plug” could be observed hanging on the 

upper liquid level on the 720th minute (figure 3.5l), similar to that observed in the H-UASB 

during the same period (figure 3.5h). On the contrary, a uniform variation in the intensity of 

the green colour was observed in the course of the experiment within the MBBR, an 

indication of better mixing (homogeneous colouring distribution) within this reactor (figures 

3.5 a-d). 

3.4.2 Process performance 

A significant variation in process performance with reactor configuration was observed 

during the study (ANOVA, p<0.005). Changes in the NREs, NRRs and the effluent 

concentrations of NO2
-, NH4

+ and NO3
- as well as the ∆NO2

-/∆NH4
+ and ∆NO3

-/∆NH4
+ ratios 

were observed in the course of study in all the reactors (figures 3.6 -3.10) 
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In the initial phase (phase I), there was low nitrogen removal in all the reactors (figures 3.7-

3.10). This could have been because the ANAMMOX bacteria were still adapting to the 

operating conditions in the reactors (Zhao et al. 2018). However, during this period, 

heterotrophic bacteria could have been actively breaking down cellular organic material such 

as the cells of dead bacteria, leading to the release of NH4
+ (Tang et al. 2009). Consequently, 

this could have resulted in the accumulation of NH4
+ in the reactors, hence the observed 

presence of higher concentrations of NH4
+ in the effluent than in the influent. Additionally, 

heterotrophic bacteria may have also competed for NO2
- with ANAMMOX bacteria, further 

limiting ANAMMOX bacterial activities, and consequently, affecting the removal of 

nitrogen in the reactors (Li et al. 2018). This could have then led to the observed fluctuation 

of the ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios from <-10 to >10 (figures 3.6 a-c). The 

negative ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios, in particular, were due to the presence of 

NH4
+ at higher concentrations in the effluent than in the influent (figures 3.6-3.7). 

Conversely, the ∆NO2
-/∆NH4

+ ratios higher than the stoichiometric 1.32 ratio (expected of 

ANAMMOX process) could have been because of high consumption rates of NO2
- than the 

consumption of NH4
+ in the reactors, possibly by the heterotrophic bacteria and/or NOB 

(Laureni et al. 2015). On the other hand, the ∆NO3
-/∆NH4

+ ratios higher than 0.26 (expected 

of ANAMMOX process) may be as a result of higher activities of NOB in the reactors, 

leading to NO3
- accumulation (Christensson et al. 2013). Similar trends in ∆NO2

-/∆NH4
+ and 

∆NO3
-/∆NH4

+ ratios were previously reported during the start-up of lab-scale ANAMMOX-

mediated reactors (Tang et al. 2009; Jin et al. 2013), and full-scale ANAMMOX-mediated 

system (van der Star et al. 2007).    

In phase II, the ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios fluctuated over a smaller range than 

in phase I (figure 3.6). An improvement in nitrogen removal was also observed in all the 

reactors during this period (figures 3.7 and 3.10), possibly because of acclimatization of the 

bacterial communities to the operating conditions in the reactors. However, the average 

∆NO2
-/∆NH4

+ ratios were still negative in this phase in the MBBR and the H-UASB as the 

effluent NO2
- concentrations were higher than in the influent. It is thus possible that the 

activities of the AOB were enhanced during this phase since the DO concentration in the 

influent was not regulated and was approximately 8.5±0.3 mg-O2/L (table 3.2). On the 

contrary, in the GLR, both the average ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios were positive, 

probably because the circulation of argon/CO2 mixture removed oxygen from the bulk 

liquid, limiting the AOB activities. However, despite the observed accumulation of NO2
- in 
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the MBBR and H-UASB, nitrogen removal in all the reactors was higher in phase II 

compared to phase I (figures 3.7 a-c and 3.10). Zhao et al. (2018) reported similar NRRs 

within the first 77 days (lag phase) of reactor operation in their study, an indication that 

phases I and II in this study represented the lag phase.  

In phase III, when the DO concentration in the influent was maintained below 0.5 mg-O2/L 

(table 3.2), the ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios in the MBBR approached the 

stoichiometric ratios expected of ANAMMOX process. However, the ∆NO2
-/∆NH4

+ and 

∆NO3
-/∆NH4

+ ratios were still fluctuating in both GLR and H-UASB during this period 

(figures 3.10 a-c), an indication that the bacterial communities had not stabilised in these 

reactors during this period (Jin et al. 2013). This could suggest that the maintenance of low 

DO concentration in the influent favoured ANAMMOX bacterial activities, leading to the 

observed improvement in nitrogen removal as well as less fluctuations in the ratios of 

∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ (figures 3.6, 3.9 and 3.10). The gradual increases in the 

NLRs in the reactors could have also stimulated the activities of ANAMMOX bacteria, 

leading to the improvements in the process performance (figures 3.8, 3.9 and 3.10) (Sun et 

al. 2018).  

The ∆NO2
-/∆NH4

+ and the ∆NO3
-/∆NH4

+ ratios close to the stoichiometric ratios expected 

of ANAMMOX process were observed in both GLR and H-UASB in phase IV, when the 

influent NO2
- and NH4

+ concentrations averaged 81 mg-N/L and 75 mg-N/L (table 3.2). 

However, in the MBBR, ∆NO2
-/∆NH4

+ ratios higher than 1.32 (expected of ANAMMOX 

process) was observed, probably because of competition for NO2
- between ANAMMOX 

bacteria, heterotrophic bacteria and NOB (Laureni et al. 2015). Therefore, to recover 

ANAMMOX bacterial activities, the biomass attaching on the walls of MBBR were 

scrubbed with a brush every week as previously suggested by Laureni et al. (2015) (Chapter 

5). Following these interventions, ANAMMOX bacterial activities were recovered as 

evidenced by the ∆NO2
-/∆NH4

+ ratios re-aligning once again with the stoichiometric ratios 

expected of ANAMMOX process. Despite the fluctuation of ∆NO2
-/∆NH4

+ ratios in the 

MBBR, an improvement in the nitrogen removal (NRR and NRE) was observed in the 

MBBR during this period compared to phase III. However, the NRRs and the NREs in the 

MBBR were still lower than those in the H-UASB (figures 3.9a, 3.9c and 3.10), probably 

because plug-flow in the H-UASB favoured ANAMMOX bacterial growth than complete 

mixing in the MBBR (Chapter 4). Similarly, the average NRRs and the NREs in the GLR 

were also lower than in the H-UASB, possibly because plug-flow in the H-UASB favoured 
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ANAMMOX bacterial growth better than the sequential circulation of argon/CO2 gas 

mixture (in the GLR) (Chapter 4). This was a new finding and has not been reported in any 

previous study. 

With further increases in the NLRs, improvements in the NRRs and the NREs were 

observed in all the reactors in phase V (figures 3.9 and 3.10). However, in this phase, higher 

average NRRs and NREs were observed in the MBBR compared to the H-UASB for the 

first time during the study. Less fluctuation in nitrogen removal was also observed in the 

MBBR than in the H-UASB and GLR during this period (figures 3.9 and 3.10), possibly 

because of lower concentrations of both FA and FNA in the MBBR compared to GLR and 

H-UASB (figures 3.11a and 3.11b) (Fernández et al. 2012; Jaroszynski et al. 2012). It is 

thus possible that continuous mixing in the MBBR improved mass transfer, leading to 

higher nitrogen removal compared to plug-flow in H-UASB and internal gas circulation in 

GLR (figures 3.9 and 3.10). It is also possible that the heterotrophic bacteria were more 

active in the MBBR than they were in both GLR and H-UASB as the ∆NO3
-/∆NH4

+ were 

lower than the stoichiometric ratios during this phase (Kindaichi et al. 2007). Several 

researchers including Kindaichi et al. (2007), Dapena-Mora et al. (2004d), Liu et al. (2016) 

and Zhang et al. (2016b) have indicated that heterotrophic bacteria can grow on the NO3
- 

(produced through ANAMMOX activities) and the organic carbon in form of EPS, dead 

bacterial biomass and EDTA (present in the synthetic feed). The consumption of NO3
- by 

these bacteria could have thus led to the observed lower ∆NO3
-/∆NH4

+ ratios than the 

stoichiometric ratio of 0.26 expected of ANAMMOX process. Based on the ∆NO3
-/∆NH4

+ 

ratios, it is therefore likely that the MBBR had higher heterotrophic bacterial activities than 

the H-UASB and GLR during this period. This, in turn, could have enhanced nitrogen 

removal (Gu et al. 2018), leading to higher NRRs and NREs in MBBR compared to H-

UASB and GLR during this phase (figures 3.9 and 3.10). 

In phase VI, the influent ∆NO2
-/∆NH4

+ ratio was kept at 1.4 in the feed (figures 3.7 a-c), 

which was higher than the ideal ratio for the ANAMMOX process. This was done in order 

to limit the growth of NOB while favouring the enrichment of ANAMMOX bacteria as 

previously suggested by Gasa et al. (2019). With these changes, the NRRs increased to 0.99 

± 0.03, 0.75 ± 0.06 and 0.91 ± 0.17 kg-N/m3-day in MBBR, H-UASB and GLR, 

respectively, which were within the range of ANAMMOX-mediated full-scale systems 

reported by (Lackner et al. 2014; Shi, Wells and Morgenroth 2016). However, in this phase, 

it was observed that the nitrogen removal in H-UASB and GLR was still fluctuating (figures 
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3.9 and 3.10), possibly because of FA and FNA inhibition of ANAMMOX activities 

(Fernández et al. 2012; Jaroszynski et al. 2012). In comparison, the estimated concentration 

of FA in the MBBR in phase VI was non-inhibitory as it was less than the inhibitory 

concentration of 2 mg/L reported by Jaroszynski et al. (2012), while its concentration in the 

H-UASB and GLR was estimated to be above this inhibitory threshold (figure 3.11a). 

Similarly, the concentration of FNA was estimated to be close to the non-inhibitory 

concentrations of 0.5 μg-N/L in the MBBR, while that in both GLR and H-UASB were 

estimated to be considerably higher (figures 3.11b) (Fernández et al. 2012). Therefore, as a 

result of the observed fluctuations in the nitrogen removal in the GLR and H-UASB, the 

NLRs were decreased from an average of 1.05 kg-N/m3-day to 0.93 kg-N/m3-day in phase 

VII in all the reactors (figures 3.8).  The ∆NO2
-/∆NH4

+ ratio was also reduced to 1.32 in the 

influent (figures 3.7 a-c). Since the average NRRs and NREs increased further in both H-

UASB and GLR when these interventions were effected (figures 3.9 and 3.10), it indicates 

that the FA and FNA were inhibiting bacterial activities in the H-UASB and GLR in phases 

V and VI (figures 3.11a and 3.11b). Similar to phase V, the ∆NO3
-/∆NH4

+ ratios in the 

MBBR were lower compared to H-UASB and GLR between phases VI and VII, an 

indication of higher heterotrophic activities in this reactor (Kindaichi et al. 2007). It is 

possible that stirring in the MBBR stimulated higher EPS generation compared to GLR and 

H-UASB that were not subjected to continuous shear forces (Wu et al. 2009). The 

heterotrophic bacteria could have then used the secreted EPS as a source of carbon and 

energy, in addition to EDTA (in the feed) and the dead bacterial cells, to reduce the NO3
- 

produced by ANAMMOX bacteria (Liu et al. 2016; Zhang et al. 2016b). 

When the pH controller malfunctioned on the 425th day (phase VIII) leading to a decrease 

in the pH to below 3 in H-UASB, a drop in the NRE and NRR to about 5 % and 0.05 kg-

N/m3-day, respectively, was observed, indicating possible deactivation of bacteria (figures 

3.9 and 3.10) (Egli et al. 2001). Similarly, the ∆NO2
-/∆NH4

+ ratios were lower than the 

stoichiometric ratio of 1.32 expected of ANAMMOX bacteria during this phase, an 

indication of a drop in the consumption of NO2
- compared to that of NH4

+, possibly also 

due to the deactivation of the ANAMMOX bacteria. On the contrary, the ∆NO2
-/∆NH4

+ 

ratios were close to the stoichiometric ratios in the GLR and MBBR, which suggest that 

both the NO2
- and the NH4

+ were mainly removed through the ANAMMOX pathway. 

However, the ∆NO3
-/∆NH4

+ ratios in both GLR and MBBR were still lower than the 
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stoichiometric ratios expected of ANAMMOX process (figure 3.6), which indicate that the 

heterotrophic bacteria were actively removing NO3
-, similar to phases VI-IX.  

In the final phase (phase IX), the H-UASB reactor recovered, leading to an improvement 

in nitrogen removal (Figures 3.9 and 3.10), possibly because the microbial communities 

had re-established after a possible de-activation in phase VIII. However, the ∆NO3
-/∆NH4

+ 

ratio in the H-UASB was much lower than the stoichiometric ratio during the final phase 

(figure 3.6b), possibly because of the malfunctioning of the pH led to mass bacterial death, 

leading to accumulation of dead bacterial cells in the reactor.  Heterotrophic bacterial 

communities, in turn, could have consumed the NO3
- produced by the ANAMMOX 

bacteria, leading to a decrease in ∆NO3
-/∆NH4

+ ratio. The NREs, NRRs and the ∆NO3
-

/∆NH4
+ ratios in both MBBR and GLR were comparable during this phase. However, the 

∆NO3
-/∆NH4

+ ratios in both reactors were also still lower than the stoichiometric ratio, also 

an indication of the presence of active heterotrophic bacterial communities (Agrawal et al. 

2017; Zhao et al. 2018). During this phase, the GLR also displayed stable performance, 

similar to MBBR, which coincided with low concentrations of FA and FNA (figures 3.11a 

and 3.11b), in agreement with the findings from previous phases indicating that high 

concentrations of these compounds led to fluctuation in process performance in the reactors.     

 

3.5 Conclusion 

Gradual increases in NRRs and NREs were observed in all the reactors during the study, 

which corroborated the gradual increments of NLRs. MBBR displayed higher and more 

stable NRRs and NREs than both GLR and H-UASB during the study, while the GLR had 

the lowest average NREs, and the H-UASB had the lowest average NRRs during the study. 

The highest average FA and FNA concentrations were estimated in H-UASB, while their 

lowest average concentrations were observed in the MBBR during the study. Based on the 

∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios, start-up of ANAMMOX process in the MBBR was 

faster than in the H-UASB and GLR, while the start-up of H-UASB was faster than GLR. 

The drop in the pH in phase X led to bacterial de-activation in the H-UASB, which affected 

nitrogen removal.  Overall, the nitrogen removal in the reactors is comparable to the 

performance of full-scale systems reported in previous studies.  
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CHAPTER 4 

4 DYNAMICS OF NITRIFYING AND ANAMMOX BACTERIAL 

COMMUNITIES IN THE ANAMMOX-MEDIATED SYSTEMS 

4.1 Introduction 

To date, the complete characterization of ANAMMOX bacteria has not been achieved due 

to the difficulty in isolating them in pure culture (Kartal et al. 2013).  All the ANAMMOX 

bacterial species, therefore, have the taxonomical status ‘Candidatus’ (Kartal et al. 2013). 

Besides ANAMMOX bacteria, it has been reported that AOB, NOB, and heterotrophic 

bacteria are core community members of ANAMMOX-mediated systems (Agrawal et al. 

2017; Zhao et al. 2018). Apart from this, other microbial groups such as viruses, archaea and 

protozoans have also been reported in ANAMMOX-mediated systems (Suarez, Persson and 

Hermansson 2015; Li et al. 2017b). The activities of AOB and AOA (ammonia oxidising 

archaea) could benefit the ANAMMOX process as both groups could generate NO2
-, while 

the activities of heterotrophic bacteria and NOB could be detrimental to ANAMMOX 

process as they present  competition to ANAMMOX bacteria for NO2
-, which acts as an 

electron acceptor (Agrawal et al. 2017; Li et al. 2017b). On the other hand, some of the 

protozoans present in ANAMMOX-mediated systems could graze on autotrophic bacteria, 

consequently influencing nitrogen removal (Suarez, Persson and Hermansson 2015).  

Characterisation of bacterial communities in biological systems could thus be an important 

step in the description of process performance in ANAMMOX-mediated systems. To date, 

several techniques have been employed for characterising microbial communities from 

ANAMMOX-mediated reactors, including polymerase chain reaction (PCR), quantitative 

polymerase chain reaction (qPCR), 16S rRNA sequencing and fluorescence in situ 

hybridization (FISH) (Vlaeminck et al. 2010; Bhattacharjee et al. 2017; Park, Park and 

Chandran 2017; Zhang et al. 2017c). 

Microbial analyses that were done in previous studies provide crucial information relating 

to the impact of growth morphology and inoculum on microbial community richness, 

structures and diversities in ANAMMOX-mediated systems (Date et al. 2009; Park et al. 

2010a). However, more studies under baseline conditions are still necessary to understand 
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the impact of reactor configuration on the prevailing microbial communities and their impact 

on nitrogen removal performance.   

In this Chapter, changes in bacterial community structures within the reactors during the 

study period are presented. Bacterial communities in the biomass samples collected from the 

inoculum and from the reactors in the different phases were characterised through high-

throughput sequencing using Illumina MiSeq platform.  

4.2 Methodology 

4.2.1 DNA extraction 

Genomic DNA (gDNA) was extracted from the inoculum and the suspended biomass from 

each reactor in phases III (day 125), phase IV (day 192), phase V (days 260 and 309) and 

phase IX (day 535). Approximately 50 ml of mixed liquors were collected from each reactor 

and centrifuged at 4⁰C to obtain pellets. Additionally, in phase IX (day 535), the biomass 

from five carrier materials which were randomly collected from each reactor was scrubbed 

off using sterile pipette tips into sterile Eppendorf tubes. Genomic DNA (gDNA) was then 

extracted  from the biomass samples using the Qiagen extraction kit (Qiagen, Denmark) as 

per the manufacturer’s instructions. The quality of DNA was ascertained with Implen 

NanoPhotometer® and stored at -20⁰C until further analysis. The samples were subsequently 

labelled with reactor name followed by the date of collection. For instance, MBBR125 

indicates that the sample was collected on the day 125 (phase III) from MBBR.  

4.2.2 Illumina sequencing and phylogenetic characterization of bacterial 

communities 

Multiplexed paired-end (2×300 bp) libraries were prepared using the Nextera XT DNA 

sample preparation kit (Illumina, San Diego, CA, USA). The gDNA was sequenced on an 

Illumina MiSeq platform at the Sequencing Core Facility, National Institute for 

Communicable Diseases (Johannesburg, South Africa). The obtained paired-end reads  

were analysed using sequence-based ultra-rapid pathogen identification (SURPI) pipeline, 

a computational pipeline for rapid classification of next-generation sequencing reads 

according to their origin (Naccache et al. 2014).  The raw sequencing data were further 

analysed using CLC microbial genomics module (Qiagen, Germany) to uncover and 

compare the taxonomic and functional composition of microbial communities in each 
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sample. Sequencing reads produced during this study have been deposited in the NCBI 

Short-Read Archive under SRA accession: PRJNA526389.  

4.2.3 Statistical analyses 

Bacterial diversity, evenness and richness were assessed using R Package Vegan version 

2.5-2  for each reactor sample (Oksanen et al. 2015), including; rarefaction curves at cut-off 

levels 3%, Shannon–Weiner diversity index, Pielou’s evenness index, observed species, and 

Simpson diversity index, abundance-based coverage estimators (ACE) and Chao1 estimates 

of alpha diversity (number of bacterial operational taxonomic units (OTUs)).  

4.3 Results 

4.3.1 Bacterial diversity, richness, and evenness 

The metagenomic analysis of the biomass samples was carried out to profile the microbial 

community of the different reactors. The rarefaction curves of the sequences at 3% genetic 

distance suggested that the sequencing depths for the samples were sufficient and therefore, 

the actual taxonomic diversity was fully covered (figures A.4.3 a-s, appendix B). About 

123,033 - 1,325,481 effective reads were generated from the inoculum and from the reactor 

samples after filtering the low-quality reads and trimming using CLC microbial genomics 

module (Qiagen, Germany). The Chao 1 and ACE at a cut-off level of 3 % are shown in 

table 4.1. The Shannon and Simpson diversity indices ranged from 2.089 (H-UASB260) to 

6.261 (H-UASB535BIOFILM) and 0.453 (H-UASB260) to 0.990 (H-

UASB535BIOFILM), respectively. The Pielou’s Evenness varied from 0.057 (H-

UASB260) to 0.124 (H-UASB535BIOFILM) (table 4.1). Comparison of the rarefaction 

analyses with the number of OTUs determined by Chao1 and ACE richness estimators 

revealed that an average of 70% of the estimated taxonomic richness was covered by the 

surveying effort (table 4.1 and figures A.4.3 a-s), hence a significant fraction of the bacterial 

diversity within the bioreactor samples was assessed at species and genus level. 

The comparison of Chao1 estimates for the suspended biomass samples from the reactors 

indicated a high level variation in species richness at different phases of the reactors. The 

lowest species richness of the suspended biomass in the MBBR and GLR was observed in 

phase V (day 309), while the lowest richness in the H-UASB was observed in phase IX 

(day 535). On the other hand, the highest species richness of the suspended biomass was 

observed in the H-UASB in phase III (day 125), whilst the highest in the MBBR and GLR 

was observed in phases IV (day 192) and III (days 125), respectively (table 4.1). Similar 
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trends in the ACE richness estimator compared to that of Chao 1 was also observed in the 

reactors (table 4.1).  

The Shannon index of diversity (H’), Simpson index and the Pielou’s Evenness (J) were 

also determined for the suspended biomass samples (table 4.1). The Shannon indices of the 

suspended biomass ranged from 4.208 to 5.446 in the MBBR, while for the suspended 

biomass in the H-UASB and GLR, it ranged from 2.086 to 4.789, and from 3.741 to 5.240, 

respectively. The estimated Simpson index for the suspended biomass in the MBB, H-

UASB and GLR were within 0.864 - 0.971, 0.453 - 0.907 and 0.755 - 0.960 ranges, 

respectively (table 4.1). The estimated Pielou’s Evenness (J) for the suspended biomass in 

the MBBR, H-UASB and the GLR were estimated to range from 0.108, 0.057 and 0.094, 

to 0.121, 0.113 and 0.120, respectively (table 4.1).   

Following the development of the biofilms on the carrier materials towards the end of the 

study (Chapter 5), microbial analyses of the biomass in the biofilms was done on the last 

day of reactor operation (day 535). It was found that the biofilms in the H-UASB supported 

the most diverse (H’=6.261 and Simpson index=0.990) and even bacterial communities 

(J=0.124), while GLR supported the least diverse (H’=4.209 and Simpson index=0.829) and 

even communities (J=0.105) (table 4.1). In comparison, the H’ index, Simpson index and 

the J index of the biomass growing in the biofilms in the MBBR were estimated to be 4.806, 

0.914 and 0.115, respectively (table 4.1). The bacterial communities growing in the 

biofilms in the MBBR were estimated to have the highest Chao 1 richness (3668.000) and 

ACE (3619.646) richness, while the communities in the biofilms in GLR were estimated to 

have the least ACE (3426.022) and Chao 1 richness (3560.059) (table 4.1).   
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Table 4.1. Diversity, richness and evenness of bacterial communities in the inoculum and 

the different reactor samples. 

 
S.chao1 S.ACE Shannon 

index (H’) 

Simpson 

index 

Pielou’s 

Evenness (J) 

 Biomass samples collected from the suspended biomass 

INOCULUM 4649.150 4666.748 3.952 0.808 0.0990 

MBBR125 (phase III) 4075.780 4039.519 4.208 0.864 0.108 

H-UASB125 (phase III) 4928.696 4870.179 4.506 0.907 0.111 

GLR125 (phase III) 4379.860 4267.266 4.379 0.949 0.117 

MBBR192 (phase IV) 4597.166 4644.319 4.763 0.925 0.114 

H-UASB192 (phase IV) 4551.230 4537.018 4.151 0.884 0.109 

GLR192 (phase IV) 4012.627 4054.199 5.240 0.960 0.120 

MBBR260 (phase V) 4091.571 4055.756 5.078 0.965 0.121 

H-UASB260 (phase V) 3876.061 3705.665 2.089 0.453 0.0570 

GLR260 (phase V) 3673.500 3602.112 4.931 0.940 0.119 

MBBR309 (phase V) 3481.626 3344.757 4.991 0.946 0.120 

H-UASB309 (phase V) 4176.555 4106.805 2.660 0.566 0.0710 

GLR309 (phase V) 3641.539 3453.884 4.741 0.924 0.117 

MBBR535SUSPENSION (phase 

IX) 

3845.278 3764.317 5.446 0.971 0.121 

H-UASB535SUSPENSION 

(phase IX) 

3188.179 3148.390 4.789 0.885 0.113 

GLR535SUSPENSION (phase 

IX) 

3778.003 3682.642 3.741 0.755 0.094 

Biomass samples collected from the biofilms 

MBBR535BIOFILM (phase IX) 3668.000 3619.646 4.806 0.914 0.115 

H-UASB535BIOFILM (phase 

IX) 

3566.021 3561.002 6.261 0.990 0.124 

GLR535BIOFILM (phase IX) 3560.059 3426.022 4.209 0.829 0.105 

 

4.3.2 Microbial community structure of seed inoculum 

At the phylum level, Planctomycetes accounted for 45.13% relative abundance, whilst 

Proteobacteria, the second most abundant phylum, was present at 38.85% relative abundance 

(figure 4.1). The relative abundance of Bacteroidetes Chloroflexi, Actinobacteria and 

Nitrospirae in the inoculum was 1.49%, 1.52%, 2.28% and 7.32%, respectively (figure 4.1). 
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The relative abundance of the other bacterial phyla (Acidobacteria, Aquificae, 

Armatimonadetes, Berkelbacteria, Chlamydiae, Chlorobi, Chrysiogenetes, Cyanobacteria, 

Deferribacteres, Deinococcus-Thermus, Elusimicrobia, Fibrobacteres, Firmicutes, 

Gemmatimonadetes, Ignavibacteriae, Kiritimatiellaeota, Spirochaetes, Synergistetes, 

Tenericutes, Thermotogae, Verrucomicrobia) and the unclassified Bacteria was ≤0.93%. 

Among the Planctomycetes, ANAMMOX bacteria dominated at 99.99% (figures 4.2), with 

Candidatus Kuenenia stuttgartiensis dominating at 99.99 % of the total ANAMMOX 

bacterial population. Candidatus Kuenenia sp. enrichment culture clone hzsB K and 

Candidatus Brocadia sp. 40 were both present at 0.00024% relative abundance, while the 

relative abundance of ANAMMOX-like bacteria was 0.004% in the inoculum (figures 4.2). 

Nitrosomonas europaea and Nitrospira moscoviensis were the most dominant species within 

the AOB and NOB communities, respectively. Nitrolancea, Nitrosococcus, Ca. 

Nitrosoglobus, Nitrosospira, Nitrosovibrio were all present in trace concentrations 

(<0.093%) (figures 4.3 and 4.4). The only COMAMMOX bacterial species detected were 

Candidatus Nitrospira inopinata, which were present at 0.9% relative abundance.  
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Figure 4. 1. Heatmap of the most abundant bacterial phyla in the different reactor samples 

and the inoculum. Hierarchical clustering was done on log-transformed abundances using 

Euclidean distances. The relative values of the bacterial phyla are depicted by colour 

intensity from yellow (lowest concentration) to green (highest concentration).  

4.3.3 Microbial community structures of the suspended biomass in the reactors 

4.3.3.1 Population dynamics of ANAMMOX bacteria in the reactors 

The relative abundance of ANAMMOX bacteria remained consistently higher in H-UASB 

throughout the study period compared to MBBR and GLR (figure 4.2). On day 125 (phase 

III), the relative abundance of ANAMMOX bacteria in H-UASB had dropped from ca. 

45% in the inoculum to approximately 5%, before gradually increasing to ca. 74% by day 

260 (phase V). On the contrary, the relative abundance of ANAMMOX bacteria in MBBR 

and GLR was below 1% in the first 192 days (first four phases), but by day 260 (phase V), 

their relative abundance had increased to approximately 14% and 23%, respectively 

(figure 4.2). However, between days 260 and 309 (phase V), there was approximately 
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11%, 50% and 3% decrease in the relative abundance of ANAMMOX bacteria in H-

UASB, MBBR and GLR, respectively (figure 4.2).  On the last day of study (day 535), the 

relative abundance of ANAMMOX bacteria in the suspended biomass was approximately 

11%, 33% and 4% in MBBR, H-UASB and GLR, respectively (figure 4.2).   

Candidatus Kuenenia stuttgartiensis dominated over all the other ANAMMOX bacterial 

species throughout the study period in all the reactors, while Candidatus Scalindua spp. 

were not detected in GLR during the study (figure 4.2). In the MBBR, Candidatus 

Scalindua spp. were only detected on days 260 and 535 at 0.00043% and 0.002%, 

respectively, while in the H-UASB, their relative abundance was approximately 0.002% 

(figure 4.2). On the other hand, Candidatus Brocadia spp. were only detected in the H-

UASB from day 192 onwards, while in the MBBR and GLR, they were only detected from 

day 260 onwards (figure 4.2). The presence of Candidatus Jettenia spp. was detected from 

day 260 onwards in all the reactors (figure 4.2). However, the relative abundance of 

Candidatus Brocadia spp. and Candidatus Jettenia spp. remained below 0.4% in all the 

reactors during the study.  

Candidatus Kuenenia stuttgartiensis were the only species detected in all the reactors on 

day 125 (phase III). However, on day 192 (phase IV), both uncultured Ca. Brocadia spp. 

and Candidatus Kuenenia stuttgartiensis were detectable in H-UASB, while in the MBBR 

and GLR, only Candidatus Kuenenia stuttgartiensis was detectable during this period 

(table A.4.1). On day 260 (phase V), a total of eight, seven and four species belonging to 

either Candidatus Kuenenia, Candidatus Brocadia or Candidatus Jettenia genera were 

detected in the MBBR, H-UASB and GLR, respectively. Nine species affiliated to 

ANAMMOX bacteria were present in both MBBR and H-UASB on day 309 (phase V), 

while eight species were present in GLR during this period (table A.4.1). On the last day 

of study (day 535), the number of species affiliated to ANAMMOX bacteria had increased 
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to nine in GLR, similar to MBBR, while in the H-UASB, the number of species had 

increased to eleven (table A.4.1).  

The presence of ANAMMOX-like bacteria was also detected in all the reactors throughout 

the study period (figure 4.2). However, their relative abundance in the reactors was ≤0.76% 

(figure 4.2). In all the reactors, their relative abundance was consistently higher than that 

of Candidatus Brocadia spp. and Candidatus Jettenia spp. (figure 4.2). 

 

Figure 4. 2. The relative abundance of ANAMMOX bacteria and ANAMMOX-like bacteria 

in the suspended biomass in the reactors on days 125, 192, 260, 309 and 535. 

4.3.3.2 Population dynamics of AOB in the suspended biomass 

Between the inoculum and day 125 (phase III), the relative abundance of Nitrosomonas spp. 

increased 8 and 7 times in the MBBR and H-UASB, respectively, while a 0.08-times 
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decrease in their relative abundance was observed in the GLR (figure 4.3). However, on day 

192 (phase IV), approximately 27% and 30% decreases in the relative abundance of 

Nitrosomonas spp. was observed in the MBBR and H-UASB, while a 5000% increase in 

their abundance was observed in the GLR (figure 4.3). A further decrease in the relative 

abundance of Nitrosomonas spp. in both MBBR and H-UASB was observed between days 

192 - 260 to <1%, and remained in this range until the end of the study (figure 4.3). 

Conversely, in the GLR, the relative abundance of Nitrosomonas spp. decreased between 

days 192 -260 by approximately 1500%, before increasing by approximately 1200% 

between days 260- 309 (phase V). However, their relative abundance had decreased to below 

1% on day 535, similar to both MBBR and H-UASB (figure 4.3).  

The relative abundance of Nitrosospira spp. remained below 1% in all the reactors during 

the first 125 days, but then increased between days 125 - 192 to reach ca. 2.5%, ca. 2.4% 

and 2% in MBBR, H-UASB and GLR, respectively (figure 4.3). In the MBBR and H-UASB, 

Nitrosospira spp. dominated over all the other AOB-affiliated bacteria between days 260 - 

535. In the GLR, Nitrosospira spp. were dominant on day 260, after which Nitrosomonas 

spp. emerged as the dominant AOB-affiliated bacteria once again on day 309, but then 

Nitrosospira spp. re-emerged once again as the dominant species on the last day of study 

(day 535) (figure 4.3).  

At species level, Nitrosomonas europaea dominated over all the other AOB-affiliated 

bacterial species during first 192 days (four phases) (table A.4.2). However, from day 260 

onwards, the dominance of Nitrosospira multiformis was observed in both MBBR and H-

UASB, while their dominance in GLR was observed on day 260, before the re-emergence 

of Nitrosomonas europaea as the dominant species on day 309. On the last day of study, 

Nitrosospira multiformis were once again the dominant AOB-affiliated species in the GLR, 

similar to H-UASB and MBBR (table A.4.2). The relative abundance of Ca. Nitrosoglobus 

spp., Nitrosococcus spp. and Nitrosovibrio spp. remained below 0.035% throughout the 

study in all the reactors (figure 4.3). 
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Figure 4. 3. The relative abundance of AOB in the suspended biomass in the reactors on days 

125, 192, 260, 309 and 535. 

4.3.3.3 Population dynamics of NOB in the suspended biomass 

Nitrospira spp. remained the most dominant NOB-affiliated genera in H-UASB and 

MBBR during the study, while Nitrospira spp. only dominated in the first 192 days (four 

phases)  in the GLR before Nitrobacter spp. emerged as the dominant NOB between days 

260 - 309 (phase V) (figure 6). However, Nitrospira-affiliated NOB remained below 10% 

throughout the study period in H-UASB, while their relative abundance increased to 30.7% 

between the inoculum and day 309 in MBBR (figure 4.4), before decreasing to ca. 4.5% 

between days 309 - 535. In contrast, the relative abundance of NOB in GLR remained 

below 3% in suspended biomass during the study (figure 4.4). The highest relative 

abundance of Nitrobacter-affiliated NOB in the MBBR was observed on day 260 at ca. 
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8.6%, while their highest relative abundance in the H-UASB was observed on day 192 at 

ca. 1.4% (figure 4.4). in the GLR, the highest relative abundance of Nitrobacter-affiliated 

NOB was observed on day 260 at ca. 1.3% (figure 4.4). 

At species level, Nitrospira defluvii were the dominant species throughout the study in H-

UASB and MBBR, while Nitrospira defluvii only dominated in the first three phases in 

the GLR before Nitrobacter hamburgensis emerged as the dominant species between days 

260 -309 (phase V) (table A.4.2, Appendix B). On the last day of study (day 535), 

Nitrospira moscoviensis were the dominant NOB-affiliated species in GLR (table A.4.2, 

Appendix B). The relative abundance of NOB affiliated to Nitrolancea hollandica was 

≤0.02% in all the reactors during the study (figure 4.4).     
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Figure 4. 4. The relative abundance of NOB in the suspended biomass in the reactors on days 

125, 192, 260, 309 and 535.  

4.3.3.4 Population dynamics of COMAMMOX bacteria in the suspended biomass 

The relative abundance of COMAMMOX bacteria was consistently higher in suspended 

biomass throughout the study in the MBBR compared to H-UASB and GLR (figure 7), 

similar to Nitrospira spp. (figure 4.5). However, their relative abundance remained below 

5% in the MBBR during the study, while their abundance in the suspended biomass in 

both H-UASB and GLR remained ≤0.11% (figure 4.5). The highest relative abundance of 

COMAMMOX bacteria was observed on day 309 in both GLR and MBBR at ca. 4.5% 

and 0.11%, while their highest abundance was observed in the H-UASB on day 125 at 

0.15% (figure 4.5). In all the reactors, Candidatus Nitrospira inopinata were the only 
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species within the COMAMMOX bacterial community detected during the study in the 

reactors (table A.4.3, Appendix B).  

 

Figure 4. 5. The relative abundance of COMAMMOX bacteria in the suspended biomass in 

the reactors on days 125, 192, 260, 309 and 535. 

4.3.4 Microbial community structures of the biofilms  

4.3.4.1 Abundance of ANAMMOX bacteria in the biofilms 

On day 535 (final day of study), the relative abundance of ANAMMOX bacteria in the 

biofilms was approximately 4.5%, 5.7% and 4.4% in the MBBR, H-UASB and GLR, 

respectively (figure 4.6). This represented approximately 0.4, 0.2 and 1.1 times their relative 

abundance in the suspended biomass in the MBBR, H-UASB and GLR, respectively (figure 

4.6). At species level, Candidatus Kuenenia spp. were the most dominant species affiliated 

to the ANAMMOX bacteria in all the reactors in the biofilms, similar to the suspended 

biomass (figure 4.6). Candidatus Scalindua spp. were not detected in the biofilms in the 

GLR and H-UASB, while their relative abundance in the MBBR was approximately 



90 

 

0.0007%. The relative abundance of Candidatus Jettenia spp. and Candidatus Brocadia spp. 

in the biofilms and the suspended biomass was ≤0.41% (figure 4.6).  ANAMMOX-like 

bacteria were also detected in the biofilms in all the reactors, similar to the suspended 

biomass (figure 4.6). However, their relative abundance was ≤0.46% in the biofilms in all 

the reactors (figure 4.6).  

 

Figure 4. 6. The relative abundance of ANAMMOX bacteria and ANAMMOX-like bacteria 

in the biofilms and suspended biomass on day 535. 

4.3.4.2 Abundance of AOB in the biofilms  

The relative abundance of AOB was below 1% in the biofilms in all the reactors on day 535 

(figure 4.7). On the contrary, the relative abundance of AOB was approximately 2.0% and 

1.2% in the suspended biomass in the GLR and MBBR, respectively, while their abundance 

in the H-UASB was <1% in the suspended biomass (figure 4.7). At species level, 

Nitrosospira spp. were the most dominant AOB-affiliated bacteria in the biofilms in the 

MBBR and H-UASB (similar to the suspended biomass), while Nitrosomonas spp. were the 

most dominant in the biofilms in the GLR (unlike the suspended biomass that was dominated 
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by the Nitrosospira spp.) (figure 4.7). Nitrosovibrio spp. and Candidatus Nitrosoglobus spp. 

were not detected in the biofilms in the MBBR, while their relative abundance in the GLR 

was approximately 0.0008% (figure 4.7). In the H-UASB, the presence of Nitrosovibrio spp. 

was also not detected in the biofilms (similar to MBBR), while the relative abundance of 

Candidatus Nitrosoglobus spp. was approximately 0.003% (figure 4.7). Although 

Nitrosococcus spp. were detected at approximately 0.01% in the suspended biomass in all 

the reactors, their relative abundance was 0.02% in the biofilms in both GLR and H-UASB, 

and their abundance was 0.01% in the biofilms in MBBR (similar to suspended biomass) 

(figure 4.7). 

 

Figure 4. 7. The relative abundance of AOB in the biofilms and suspended biomass on day 

535. 

4.3.4.3 Abundance of NOB in the biofilms 

The relative abundance of NOB in the biofilms in GLR and H-UASB was approximately 

7.3% and 7.8%, respectively, which was approximately 10 times and 7 times their abundance 

in the suspended biomass (figure 4.8). On the contrary, the relative abundance of NOB in 

the suspended biomass in the MBBR was only 1.1 times its abundance in the biofilms (figure 
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4.8). In all the reactors, the relative abundance of Nitrolancea spp. was ≤0.02% in the 

suspended biomass and the biofilms (figure 4.8). Nitrospira spp. were the most dominant 

NOB-affiliated bacteria in the biofilms in all the reactors, similar to the suspended biomass 

(figure 4.8). On the other hand, the relative abundance of Nitrobacter spp. was ≤0.36% in 

the biofilms in all the reactors, while their abundance in the suspended biomass was ≤0.34% 

in all the reactors (figure 4.8).  

 

Figure 4. 8. The relative abundance of NOB in the biofilms and suspended biomass on day 

535. 

4.3.4.4 Abundance of COMAMMOX bacteria in the biofilms 

The relative abundance of COMAMMOX bacteria in the biofilms on day 535 in all the 

reactors was ≤0.71%, with Candidatus Nitrospira inopinata being the only species affiliated 

to COMAMMOX bacteria that were detected (figure 4.9). However, their relative abundance 

in the biofilms in both GLR and H-UASB was ≥8 times their relative abundance in the 

suspended biomass, while their abundance in the suspended biomass in the MBBR was 

approximately 1.3 times their abundance in the biofilms (figure 4.9).  



93 

 

 

 

Figure 4. 9. The relative abundance of COMAMMOX bacteria in the biofilms and 

suspended biomass on day 535. 

4.4 Discussion 

Proteobacteria represents the largest and the most diverse phylogenetic lineage within the 

bacterial domain (Kersters et al. 2006), and are also frequently reported among the most 

abundant phyla in ANAMMOX-mediated systems (Liang et al. 2014; Gu et al. 2018). Many 

bacterial groups including all the known AOB and NOB (Nitrobacter spp. and Nitrococcus 

spp.) as well as many classes affiliated to heterotrophic bacteria belong to this phylum 

(Kersters et al. 2006; Peng and Zhu 2006). In this study, bacteria belonging to Proteobacteria 

were the most dominant throughout the study in the suspended biomass in MBBR and GLR, 

while their dominance in the H-UASB was only observed in phases III, IV and IX when the 

relative abundance of ANAMMOX bacteria was below 50% (figure 4.1). On the other hand, 

the relative abundance of bacteria belonging to Planctomycetes phylum fluctuated 
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synchronously in the suspended biomass with the relative abundance of ANAMMOX 

bacteria in the reactors (figures 4.1 and 4.2). This could be because ANAMMOX bacteria 

were the most dominant planctomycetes detected within these reactors throughout the study 

period (figures 4.1 and 4.2). The heterotrophic nitrate-reducing denitrifying bacteria (such 

as bacteria belonging to Acidobacteria, Firmicutes, Bacteroidetes, Actinobacteria and 

Gemmatimonadetes) could have been responsible for NO3
- reduction in the reactors, while 

COMAMMOX bacteria and Nitrospira-afffiliated NOB, both of which belong to the 

Nitrospirae phylum, could have contributed in the production of the NO3
- (Prosser 2007; 

Daims et al. 2015; Speth et al. 2016). Nitrolancea hollandica, which belongs to Chloroflexi 

phylum, has previously been reported to be able to oxidise NO2
- to NO3

-, while other 

members of this phylum are known to be heterotrophic in nature (Sorokin et al. 2014; 

Awolusi et al. 2015; Zhao et al. 2018). The presence of bacteria belonging to all these phyla 

in the reactors throughout the study was thus in the line with literature (Kartal et al. 2013; 

Lawson et al. 2017; Zhao et al. 2018). This is because cross-feeding and sharing of substrate 

amongst the ANAMMOX bacteria, nitrifying and heterotrophic bacteria make it difficult to 

culture ANAMMOX bacteria in pure cultures (Zhao et al. 2018).  

Between the inoculum and phase III, there was a decrease in the relative abundance of 

ANAMMOX bacteria in the suspended biomass, possibly because the ANAMMOX bacteria 

had not acclimatised to the operating conditions in the reactors (Tang et al. 2009; Jin et al. 

2013).  During this period, heterotrophic nitrite- or nitrate-reducing denitrifying bacteria 

could have degraded organic carbon from dead bacterial cells using NO2
- or NO3

-
 as the 

electron acceptor (Kindaichi et al. 2007; Tang et al. 2009). The consumption of NO2
- by the 

heterotrophic nitrite-reducing denitrifying bacteria, in turn, could have limited ANAMMOX 

bacterial growth, leading to a decrease in their relative abundance as well as a decrease in 

the nitrogen removal in the reactors (Chapter 3). The high DO in the influent in phase II 

(table 3.2) may have limited the growth of ANAMMOX bacteria as it could have favoured 

the growth of AOB and NOB, leading to competition for NH4
+ and NO2

-, respectively, or 

could have inhibited their activities as previously demonstrated by Carvajal-Arroyo et al. 

(2013) and (Strous et al. 1997a).  The sequencing results also revealed the presence AOB 

and NOB in phase III (day 125) at a relative abundance >5% in both H-UASB and MBBR 

(figures 4.2 and 4.3). In the GLR, continuous circulation of argon/CO2 gas mixture during 

the first 121 days may have limited the growth of AOB and NOB in the reactor due to 

maintenance of anaerobic conditions. However, gas circulation did not favour the growth of 
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ANAMMOX bacteria either in the GLR as their relative abundance was low (<1%) during 

this phase (figure 4.2). It is thus possible that internal gas circulation in the GLR made it 

impossible for ANAMMOX bacterial communities to establish in the reactor due to frequent 

fluctuations in the pH within the reactor that led to activation of the pH controller on regular 

basis. Amongst the three reactors, the abundance of ANAMMOX bacteria was the highest 

in the H-UASB during phase III at ca. 5%, and remained the highest throughout the study 

(figure 4.2), possibly because plug-flow in the H-UASB favoured ANAMMOX bacterial 

growth better than mixed conditions in the MBBR, and sequential plug-flow-internal gas 

circulation in the GLR. This is a new finding and has not been reported previously. 

Between phases III and IV, an increase in the relative abundance of ANAMMOX bacteria 

was observed in both H-UASB (5% to 32%) and GLR (0.0004% to 0.9%) in the suspended 

biomass, while a decrease from 0.7% to 0.3% was observed in the MBBR (figure 4.2). It is 

possible that the presence of substrate gradients in the H-UASB (due to plug-flow) and the 

alternation of gas circulation with plug-flow conditions in the GLR favoured ANAMMOX 

bacterial growth compared to better-mixing in the MBBR. Since most of the biomass in the 

H-UASB was observed to settle in the lower sections (conical base) of the reactor that was 

receiving fresh feed (figure 3.1), the substrate gradient existing in this reactor could have 

favoured ANAMMOX bacterial growth in the lower section, possibly because of better 

access to NO2
- and NH4

+. On the contrary, better-mixing in the MBBR could have lowered 

the spatial substrate gradient within this reactor, favouring organisms with low Ks (affinity 

for substrate) values such as Nitrospira spp. at the detriment of organisms with high Ks 

values. Since plug-flow conditions prevailed for 21 hours a day from 121st day onwards in 

the GLR (compared to gas circulation which was only done for 3 hours a day), bacterial 

growth patterns similar to those in the H-UASB was possible. In addition, stirring and gas 

circulation could have also led to the growth of biofilms on the reactor walls (figure 5.2, 

Chapter 5), which may have supported the growth of heterotrophic bacteria within the 

MBBR and the GLR (Laureni et al. 2015), which could have, in turn, competed with 

ANAMMOX bacteria for NO2
-. Since fluctuations in the ∆NO2

-/∆NH4
+ ratios and the 

attachment of biomass on the reactor wall were observed during this phase in the MBBR, it 

indicates that the mixing in the MBBR favoured the growth of heterotrophic nitrite-reducing 

denitrifying bacteria, leading to competition for NO2
- with ANAMMOX bacteria (Chapter 

3). However, when the biomass growing on the reactor wall was scrubbed every week using 

a brush, the ∆NO2
-/∆NH4

+ re-aligned with the stoichiometric ratios expected of 



96 

 

ANAMMOX bacteria (Chapter 3), an indication of a possible re-establishment of 

ANAMMOX bacterial populations in the reactors. Moreover, it is also possible that the 

concentration of FA and FNA in the reactors influenced the growth of the ANAMMOX 

bacteria in the reactors (Chapter 3). Since the concentration of FA and FNA was estimated 

to be the highest in the H-UASB during the study, it could indicate that these compounds 

favoured the growth of ANAMMOX bacteria (Gasa et al. 2019). This could be because other 

bacteria that compete for the substrate with ANAMMOX bacteria could be more sensitive 

to FA and FNA concentrations than the ANAMMOX bacteria. Indeed, a higher inhibitory 

concentration of FA for ANAMMOX bacteria (2 mg-N/L) compared to that of NOB (0.1–

1.0 mg/L) were reported by Jaroszynski et al. (2012) and Fernández et al. (2012), 

respectively. However, the inhibitory concentration of FNA of ANAMMOX bacteria 

(0.0005 mg-N/L) reported by Fernández et al. (2012) is lower than the inhibitory 

concentration of NOB (0.026–0.22 mg/L) and AOB (0.42–1.72 mg/L) reported by Soliman 

and Eldyasti (2016). Therefore, it is possible that the presence of NO2
- and NH4

+ in the feed 

limited the effect of FNA on ANAMMOX bacteria, in agreement with Lotti et al. (2012b).  

At the early stages of phase V (day 260), the highest relative abundance of ANAMMOX 

bacteria was observed in all the reactors, possibly because this stage represented propagation 

phase as the NRRs increased sharply with the NLRs (figures 3.6 and 3.7, Chapter 3) (Zhao 

et al. 2018). However, towards the end of this phase (day 309), synchronous decrease in the 

relative abundance of ANAMMOX bacteria was observed in all the reactors, probably 

because further increments of the NLRs led to the inhibition of ANAMMOX bacterial 

activities by FA and FNA (Zhao et al. 2018) (Chapter, 3).  Another possibility is that the 

indefinite retention of biomass in the reactors could have led to the accumulation of none-

ANAMMOX bacteria and none-active (dead) cells in the reactors as previously suggested 

by Hoekstra et al. (2018). Indeed, further decreases in the relative abundance of 

ANAMMOX bacteria in the suspended biomass were observed in the H-UASB and GLR 

between phases V and IX, while an increase was observed in the MBBR (figure 4.2).  

Molecular analyses of the biomass in the biofilms was only performed at the end of the study 

due to the slow biofilm development on carrier materials (Chapter 5). The lower relative 

abundance of ANAMMOX bacteria in the biofilms than in the suspended biomass in the H-

UASB was in contrast to Park et al. (2015), who reported better ANAMMOX bacterial 

enrichment in the biofilms compared to the suspended biomass of MBBR system. This is 

probably because the biomass growing in the biofilms had limited access to the substrate (as 
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they were floating) compared to the suspended biomass that was receiving fresh feed (figure 

A.4.1, appendix B). It is noteworthy here that the feed was introduced at the bottom of each 

reactor and was withdrawn at the top, which means that the biomass settling within the 

conical base was receiving fresh feed (highest substrate concentrations), while the biomass 

floating on the surface (biofilms) was receiving lower concentrations of substrate (figure 

3.2). These findings corroborated the modelling results in table A.6.1 in Appendix D, which 

indicated faster growth of ANAMMOX bacteria in the lowest section of H-UASB compared 

to the highest section. On the contrary, comparable abundance of ANAMMOX bacteria was 

observed in the biofilms and suspended biomass in the GLR (figures 4.2 and 4.7), possibly 

because the alternation of gas circulation with plug-flow conditions led to similar growth 

patterns of ANAMMOX bacteria within the biofilms and the suspended biomass. However, 

in the MBBR, better accessibility to substrate in the suspended biomass compared to the 

biofilms could have led to better enrichment of ANAMMOX bacteria in the suspended 

biomass than in the biofilms.  

The dominance of Candidatus Kuenenia stuttgartiensis over other ANAMMOX bacterial 

species in all the reactors could have been influenced by the operating conditions, including 

substrate concentrations and loading rates (van der Star et al. 2008; Park et al. 2015). It is 

possible that Candidatus Kuenenia spp. can adapt well to a wider range of operating 

conditions than the other ANAMMOX bacterial species as has been reported in previous 

studies (Lin et al. 2018; Yang et al. 2018; Lu et al. 2019). On the contrary, Candidatus 

Brocadia spp. have been reported to dominate in systems with high substrate concentrations 

(Park et al. 2015), which is in agreement with this study as they were only detected in phase 

V when the NLRs were ≥0.38 kg-N/m3-day. The factors driving the growth of Candidatus 

Jettenia spp. are not as well articulated in scientific literature as those of Candidatus 

Kuenenia spp. and Candidatus Brocadia spp. A review of reports by Bae et al. (2017), Ma 

et al. (2017) and Li et al. (2017b) in which the dominance of Candidatus Jettenia spp. was 

reported, indicated that these bacteria could dominate in systems fed with low-strength 

wastewaters. However, in this study, they were detected from the beginning of phase V 

onwards, when the influent NO2
- and NH4

+ concentrations were each >100 mg-N/L (figures 

4.2). The suggestion by Zhang et al. (2017a) that Candidatus Jettenia spp. are sensitive to 

oxygen is thus in agreement with the findings in this study as they were first detected towards 

the end of phase V when the anaerobic conditions had been maintained for over 5 months in 

the reactor.  
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Candidatus Scalindua spp. were detected in the MBBR between phase V (260th day) and IX 

(535th day) (both in suspended biomass and in the biofilms) at low relative abundance 

≤0.002%, while in the H-UASB, they were detected in the suspended biomass on the last 

day of study, and none at all in the GLR.   Since these species are well adapted to marine 

conditions, the limited growth observed in the reactors could thus indicate that the operating 

conditions did not favour their growth (van de Vossenberg et al. 2013). The operation of 

reactors at 36±1⁰C could have also limited their growth as their optimal growth has been 

reported at lower temperatures (<30⁰C) (Awata et al. 2012). 

Although the relative abundance of ANAMMOX-like bacteria was low (≤0.76) during the 

entire study period in all the reactors (figure 4.2), an over 10-fold increase in their 

concentrations was observed between phases III and IX, probably a response to the 

increasing NLRs.  These bacteria were closely related to those previously reported by Park 

et al. (2017a). Since Park et al. (2017a) reported the presence of ANAMMOX-like bacteria 

as well as the dominance of Candidatus Kuenenia stuttgartiensis in their systems, these two 

bacterial groups may have similar growth patterns. However, this is hypothetical and could 

only be ascertained through rigorous experimentation in future studies.    

There was a better selection of COMAMMOX bacteria in the suspended biomass in MBBR 

compared to GLR and H-UASB during the study (figure 4.9), probably because better-

mixed conditions and the presence of flocculent biomass (Chapter 5) favoured their growth. 

The presence of flocculent biomass in the MBBR, in particular, could have also enabled 

COMAMMOX bacteria to easily access any residual oxygen in the bulk liquid, unlike in 

the GLR and H-UASB which contained granular suspended biomass (Chapter 5). In 

addition, lower spatial gradients and lower substrate concentrations due to better-mixed 

conditions in the MBBR could have enabled the fast growth of COMAMMOX bacteria due 

to their high affinity for NH4
+. Conversely, since the relative abundance of COMAMMOX 

bacteria in the biofilms in GLR and H-UASB was over 8-fold their abundance in suspended 

biomass (figures 4.5 and 4.9), it suggests that the substrate gradient in the H-UASB and 

GLR led to selection of different bacterial groups at different sections with the reactors. It 

is also possible that the growth of these bacteria in the biofilms was favoured to their growth 

in the suspended biomass, because they have a high affinity for NH4
+ (and could thus grow 

at low substrate concentrations), as previously demonstrated by Kits et al. (2017). It could 

also be possible that their growth in the biofilms was favoured compared to their growth in 
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suspended biomass because they are sensitive to the SRT, in line with Annavajhala et al. 

(2018) and Cotto et al. (2020).   

Better selection of Nitrospira spp. in the suspended biomass in MBBR compared to the 

suspended biomass in GLR and H-UASB was also observed during the study (figure 4.8). 

However, the relative abundance of Nitrospira spp. was approximately six times lower on 

the last day of study in the MBBR than on the 309th day (phase V). In addition, while the 

abundance of Nitrospira spp. in the suspended biomass in MBBR was comparable to that 

in the biofilms on the last day of study, their abundance in the biofilms in the H-UASB and 

GLR was approximately 10-fold their abundance in the suspended biomass. This is 

probably because better-mixed conditions in the MBBR led to lower spatial substrate 

distribution and lower substrate concentrations favoured their growth as K-strategists 

compared to H-UASB and GLR in which plug-flow conditions and a mix of plug-flow 

conditions/mixed conditions prevailed, respectively. Indeed, there was better selection of 

Nitrospira spp. in the biofilms than in the suspended biomass in both GLR and H-UASB, 

an indication that the substrate distribution influenced their growth. Additionally, their 

growth in the biofilms could have also been favoured due to the confluence of other factors 

including sensitivity to FA and FNA (Blackburne et al. 2007), since in the biofilms they 

were better protected from inhibition (Trojanowicz, Plaza and Trela 2016).  

Within the NOB community, better selection of Nitrospira spp. than Nitrobacter spp. in 

both the MBBR and H-UASB throughout the study could have been because Nitrospira 

spp. have higher affinities for oxygen and substrate than Nitrobacter spp. (Park, Park and 

Chandran 2017). Park et al. (2015) previously demonstrated that under micro-aerobic 

conditions (DO<1 mg-O2/L) and NO2
- concentrations below 10 mg-N/L, the Nitrospira-

affiliated NOB could be selected over Nitrobacter-affiliated NOB. However, in phase V in 

GLR, Nitrobacter spp. were the dominant NOB in the suspended biomass, which differed 

from MBBR and H-UASB (figure 4.4 and table A.4.2, Appendix B).  This could have been 

due to the increased NLRs (figure 3.6, Chapter 3), which could have favoured their growth 

as r-strategists (Blackburne et al. 2007). However, on the last day of study (535th day), 

Nitrospira spp. dominated over Nitrobacter spp. in all the reactors, possibly because of the 

decrease in the NLRs in the reactors (between phases VI and the beginning of phase IX 

(figure 3.6, Chapter 3)), which might have favoured the Nitrospira spp. as K-strategists 

(Park, Park and Chandran 2017).  
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The population dynamics observed within the AOB communities during the study may have 

also been influenced by the DO concentration in the influent and the NLRs. Although 

Nitrosomonas spp. have been reported to be able to adapt to diverse environments with 

complex substrates (Park et al. 2010a), including adaptation to oxygen-limiting conditions 

(Cabezas et al. 2006; Rodriguez-Sanchez et al. 2016), in this study, fluctuation in their 

concentrations was observed in all the reactors. Their dominance in all the reactors in the 

first four phases may have been driven by the high DO concentration in the influent in phase 

II (Chapter 3), in agreement with Awolusi, Kumari and Bux (2015). On the other hand, the 

dominance of Nitrosospira spp. observed from the early stages of phase V (day 260) in both 

MBBR and H-UASB, could indicate that they have better adaptabilities to oxygen-limiting 

conditions than other species within the AOB community, as previously suggested by 

Awolusi, Kumari and Bux (2015). However, in the GLR, Nitrosomonas spp. re-emerged as 

the dominant AOB bacteria towards the end of phase V (day 309), at a time when 

Nitrobacter spp. were also dominating over Nitrospira spp, an indication that the NLR 

favoured their growth in GLR as r-strategists (Awolusi, Kumari and Bux 2015; Park, Park 

and Chandran 2017). Indeed, during this phase, the effluent NH4
+ concentrations in GLR 

(16±23 mg-N/L) were higher than in the MBBR (7±11 mg-N/L) and H-UASB (15±19 mg-

N/L).  Conversely, the low abundance of Nitrosococcus, Nitrosovibrio and Candidatus 

Nitrosoglobus in all the reactors during the study could be as a result of their inability to 

adapt to extreme conditions maintained in the reactors and/or low growth rates (Gu, Yang 

and Liu 2018; Pichel et al. 2019).    

Overall, MBBR supported the most diverse bacterial communities in suspended biomass in 

phases V and IX, while H-UASB and GLR supported the most diverse bacterial 

communities in phases III and IV, respectively (table 4.1). According to Fernández et al. 

(1999) and Hashsham et al. (2000), diverse microbial communities have higher abilities to 

absorb perturbations resulting from fluctuations in operating conditions in biological 

systems. This is because, in diverse microbial communities, parallel substrate utilization is 

possible, unlike in less diverse systems where serial processing of substrate could be 

expected to occur (Hashsham et al. 2000). As a result of high bacterial diversities, better 

functional stability during periods of transient perturbations could be expected of diverse 

communities than of less diverse communities. The molecular studies in this work were 

based on microbial structure and inferred functionality.  The impact of potential and extant 
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functionality could also be beneficial toward the same objective in future studies, as shown 

recently by Brotto, Annavajhala and Chandran (2018).   

4.5 Conclusion 

Plug-flow conditions in the H-UASB and the alternation of plug-flow conditions with gas 

circulation in the GLR led to better selection of ANAMMOX bacteria compared to better-

mixed conditions in the MBBR. However, the better-mixed conditions in the MBBR 

favoured the growth of COMAMMOX bacteria and Nitrospira spp. compared to the plug-

flow conditions in the H-UASB and the alternation of plug-flow conditions with gas 

circulation in the GLR. In addition, plug-flow conditions in the H-UASB and the alternation 

of plug-flow conditions with gas circulation in the GLR favoured the growth of Nitrospira 

spp. in the biofilms compared to the suspended biomass, while better-mixed conditions in 

the MBBR led to comparable abundance of these bacteria in the biofilms and the suspended 

biomass. Furthermore, there was a better adaptation of Nitrosospira spp. to limited oxygen 

conditions compared to Nitrosomonas spp. in all the reactors. MBBR supported the most 

diverse bacterial communities during the study.  
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CHAPTER 5 

5 PHYSICAL PROPERTIES OF THE BIOMASS IN THE ANAMMOX-

MEDIATED SYSTEMS 

5.1 Introduction 

Physical properties of biomass are of paramount importance in ANAMMOX-mediated 

systems as they influence not only the process performance but also biomass retention in the 

reactors (Winkler et al. 2013; Zhao et al. 2013). Biofilm thickness and aggregate sizes have 

both been associated with process performance (Terada et al. 2007), while biomass densities 

and shapes have been associated with biomass settleability (Wang and Zheng 2017).  

In ANAMMOX-mediated systems, poor biomass settleability leading to washout is a matter 

of concern as it could seriously affect process performance (Dapena-Mora et al. 2004a). 

Among the factors affecting biomass settleability are mineral content of the biomass, shapes 

of biomass aggregates, their compactness and sizes (Green et al. 1994; Dapena-Mora et al. 

2004a; Winkler et al. 2013; Wang and Zheng 2017). Granulation of biomass within the 

ANAMMOX-mediated systems would be desirable as granules have better settleabilities 

than the flocculent biomass (Schmidt and Ahring 1996). However, granule overgrowth could 

be undesirable as granules bigger than the critical sizes could experience mass transfer 

limitations (Dapena-Mora et al. 2004a; Ni et al. 2019).  

Although mixing within the reactors would be desirable to enhance mass transfer of substrate 

to the bacteria, mixing forces could shear off biomass from the granule and biofilm surfaces 

or lead to granule and biofilm disintegration (Strous et al. 1998; Arrojo et al. 2006). 

Moderate mixing forces could lead to the continuous exchange of bacteria on the surfaces 

with the suspension. However, since the ANAMMOX bacteria grow in the inner anoxic 

layers of granules and biofilms, they benefit from the protection of the outer layers against 

the detachment by external forces (Strous et al. 1998). The shearing of the biomass from the 

granule or biofilm surfaces followed by re-growth would be particularly important in NOB 

control as they grow close to the AOB within the outer layers, while the protection of 

ANAMMOX bacteria from these forces is important as they have slow growth rates (Strous 

et al. 1998; Kartal et al. 2013). 
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In this chapter, the morphologies, sizes and elemental composition of biomass obtained from 

the three reactors are presented. The impact of these physical properties on the overall 

process performance are also discussed.   

5.2 Methodology 

5.2.1 Determination of biomass aggregate sizes  

Approximately 0.5 L suspended biomass samples were collected from all the reactors for 

aggregate size analysis in phase V (day 256). The aggregate sizes of the suspended biomass 

in the MBBR were analysed using Mastersizer (Malvern Instruments, UK), while the sizes 

of biomass aggregates in H-UASB and GLR could only be analysed through stereo 

microscopy (Nikon AZ100) owing to their large sizes.  

5.2.2 Determination of biomass concentration on the bio-carriers and suspension 

The concentration of biomass in the biofilms formed on the carrier particles was by 

scrubbing the biomass from 5 carrier particles from each reactor using pipette tips and 

washing the biomass off the carrier particles with de-ionised water. Approximately 50 ml of 

mixed liquors were also collected from each reactor. The biomass scrubbed from the carrier 

materials and the mixed liquors were then dried at 105⁰C overnight in an oven on pre-

weighed crucibles as described in APHA (1998). After drying, the crucibles were cooled to 

room temperature in a desiccator before their masses were determined. The concentration of 

the biomass in suspension and the carrier materials were determined as the difference 

between the masses of the crucibles containing the biomass and the masses of the empty 

crucibles (APHA 1998).   

5.2.3 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) 

Mixed liquor samples from each reactor were collected for analysis through scanning 

electron microscopy – energy dispersive X-ray (SEM-EDX). The preparation of samples for 

SEM-EDX (washing, dehydration and seasoning) was done as previously described with 

modification (Sondi and Salopek-Sondi 2004; Gao et al. 2014). The mixed liquors were 

centrifuged and the supernatant discarded, followed by washing with distilled water three 

times before air-drying. Air-dried samples were then dehydrated by soaking in 30%, 50% 

and 75% for 5 minutes each, followed by 10 minutes in 100% ethanol. The pre-treated 

samples were thereafter gold sputter-coated in a Quorum Q150RES and viewed with Carl 

Zeiss Ultra Plus Field Emission Scanning Electron Microscope (FEGSEM). Different 

portions of the images obtained were subjected to energy dispersive X-ray (EDX) with 
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Oxford EDX detector (UK) coupled to Aztec software (UK) for identity and quantification 

of elements. 

5.2.4 Microwave plasma – atomic emission spectroscopy 

Approximately 200 ml of suspended biomass from MBBR, H-UASB and GLR reactor were 

collected, centrifuged and the supernatant discarded.  The biomass from 20 bio-carriers from 

each reactor was also collected by scrubbing with pipette tips into Falcon tubes and the 

remaining biomass on the bio-carriers was washed off into the Falcon tubes using deionised 

water. The suspended biomass and the biomass collected from the bio-carriers from each 

reactor was then separately dried at 105⁰C in an oven. Dried biomass was further ground into 

fine powder in a mortar using a pestle. 

The powdered biomass samples were then digested in 6 ml of 65% nitric acid (HNO3) and 

4 ml of 30% hydrogen peroxide (H2O2) in Milestone Start D labstation (Milestone S.R.L., 

Italy, output power 1200 W). The digestion protocol involved 20 minutes of ramping to 

180⁰C, digestion at 180⁰C for 15 minutes at 500 W, followed by cooling to room temperature 

(Ramsundar et al. 2017). The digested samples were then filtered through glass fibre filters 

with 1.2 µm-pore sizes before quantification of Fe, Zn, Co, Cu, Mn, Mo, Ni and Mg through 

Microwave plasma – atomic emission spectroscopy (MP-AES) (Agilent 4200, USA). 

5.3 Results  

5.3.1 Physical appearance and the aggregate sizes of suspended biomass in the 

reactors 

The seed sludge used for the inoculation of the reactors was brown in colour (figure 5.1). 

However, after inoculating the reactors, the biomass in all the reactors turned creamy within 

the first phase (figure 5.2 a, f & k), and remained creamy during the second phase. In phase 

III (day 125), the biomass in the MBBR had turned brown in colour, while the biomass in 

H-UASB and GLR was tawny and dark-tawny, respectively (figures 5.1 and 5.2 b, g & l). 

In phase IV (day 192), the suspended biomass in MBBR had turned dark-brown in colour, 

while the suspended biomass in H-UASB and GLR had turned brown and tawny, 

respectively (figures 5.1 and 5.2 c, h & m). Towards the end of phase V (day 309), the 

biomass in MBBR had turned red, and the biomass in H-UASB and GLR contained red 

dense sphere-like aggregates and brown-tawny film-shaped aggregates (figure 5.1). From 

this phase onwards, there was no noticeable change in the colour of the biomass in MBBR 

and GLR (figures 5.2 and 5.5). However, in the H-UASB, when the pH controller 
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malfunctioned on the 425th day, the colour of the biomass changed from red to creamy, 

before gradually turning red (figure 5.2j, 5.5f and A.4.2, appendix B).  

 

Figure 5. 1. The photographic images of the inoculum and suspended biomass collected from 

the MBBR (a), H-UASB (b) and GLR (c) in phases III (day 125), IV (day 192) and V (day 

309).  

 

Figure 5. 2. Photographic images of the reactors in phases I (a, f&k), III (b, g&i), IV (c, 

h&m), VII (d, i&n) and IX (e, j&o): a-e (MBBR); f-j (H-UASB); and k-o (GLR). 
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The biomass aggregates in MBBR were ≤310 µm in diameter, with all the particles falling 

within 1.45 - 310 µm-diameter range (figure 5.3). The suspended biomass in MBBR formed 

a homogeneous layer on the petri dish upon settling (figures 5.4a and 5.5a-c). The largest 

portion of the biomass aggregates in the MBBR was approximately 144 µm big, and 

constituted approximately 9.39 % of the total biomass volume (figure 5.3). The volume 

densities of suspended biomass in both GLR and H-UASB could not be determined as the 

particle size analyser could measure up to 350 µm only. Therefore, the biomass aggregates 

in these reactors were approximated through stereo microscopy, as well as using a ruler 

placed on petri-dishes containing biomass (figures 5.4 and 5.5).  

 

Figure 5. 3. Distribution of aggregate sizes of suspended biomass in MBBR as determined 

in a particle size analyser in phase V (day 256). 

Between phases I and III, there were no noticeable changes in the biomass aggregate sizes 

in all the reactors. However, in phase IV, the biomass aggregates in H-UASB and GLR were 

noticed to have increased in sizes, while there were no noticeable changes in the sizes of 

biomass aggregates in MBBR during the study (figures 5.4 and 5.5). During this period 

(phase IV), the biomass aggregates in H-UASB contained sphere-like red biomass 

aggregates, with the largest aggregates measuring about 5 mm in diameter (figure 5.5d). 

However, towards the end of phase V, bigger red biomass aggregates compared to phase IV 

were observed in H-UASB, with the biggest aggregates measuring about 8 mm in length 

(figure 5.5e).  In the final phase, dense red sphere-like biomass aggregates were present in 

the H-UASB, with the largest aggregates measuring approximately 10 mm in diameter 

(figure 5.5f). The largest brown film-like aggregates observed in the H-UASB were even 

bigger than the sphere-like aggregates, measuring about 15 mm in length. Contrary to H-

UASB, most of the biomass aggregates in GLR were film-shaped (figures 5.5 g-i). However, 

some sparsely distributed dense sphere-like red biomass aggregates were observed in GLR 

during the study. In phase IV, the biomass aggregates in GLR were almost similar to those 
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in MBBR as the boundaries of the individual aggregates was hard to determine since the 

aggregates formed macroscopic layers upon settling (figure 5.5g). However, towards the end 

of phase V, large brown film-shaped aggregates were observed in the GLR, with the largest 

aggregates measuring about 25 mm in length, while red smaller (ca. 5mm in diameter) 

aggregates were sparsely distributed within the biomass (figure 5.5h). In the final phase, 

larger (ca. 10 mm in diameter) red dense sphere-like aggregates were sparsely distributed 

within the film-shaped brown biomass aggregates in GLR (figure 5.5i).  

Through stereomicroscopy, the MBBR biomass was also observed to form macroscopic 

layers on petri dishes (figure 5.4 a & d), corroborating the observations made on the images 

captured on the normal camera (Samsung J3) in figures 5.5 a-c. Similarly, the presence of 

film-shaped aggregates and dense red aggregates in H-UASB and GLR was also confirmed 

through stereomicroscopy (figures 5.4 b-c&e-f).  

 

Figure 5. 4. Stereo microscopy images of suspended biomass in MBBR (a&d), H-UASB 

(b&e) and GLR (c&f) in phase V (day 256 - a-c) and phase IX (day 519 - d-f). Scale bars: 

500 µm. 
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Figure 5. 5. Photographic images of the suspended biomass in phases IV (a, d & g), V (b, e 

& h) and IX (c, f & i) in MBBR (a-c), H-UASB (d-f) and GLR (g-i). Images in phase IV, V 

and IX were taken on days 246, 309 and 513, respectively. 

 

5.3.2  Biofilm development 

Slow development of biofilms on carrier particles was observed in all the reactors during the 

study, which begun in phase V (days 250-327), at a time when the biomass concentration in 

suspension ranged between 1.3 g/L and 2.1 g/L in the reactors. During the biofilm 

development process, thin biofilms were first observed to cover the surfaces of the sections 

within the carrier materials before gradually developing to cover most of the surface of the 

carrier materials by seventh phase (figures 5.6 a, d & g). The biofilms were observed to form 
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both on the outer surfaces and the inner surfaces of the carrier materials in H-UASB (figure 

5.6 f), while in the MBBR and GLR, the biofilms only formed in the inner protected sections 

(figure 5.5 c & j).  

The colour of the biomass in the biofilms during the early stages (phase V) of development 

was brown in H-UASB and MBBR, and tawny in GLR (figures 5.6 a, d & g). In phase VII, 

the colour of the biomass in the biofilms was red (figures 5.6 c, f & i), similar to the 

suspended biomass (figure 5.2). However, following the malfunctioning of the pH controller 

in phase X, the colour of the biomass in H-UASB changed from bright red to tawny, similar 

to the suspended biomass (figure A.4.2, Appendix B), while the biomass in both MBBR and 

GLR remained reddish until the end of the study. In the final phase (phase IX), the average 

biomass concentration on the bio-carriers in the MBBR, H-UASB and GLR was 11.59 

mg/carrier, 7.8 mg/carrier and 9.5 mg/carrier, while the approximate concentration of the 

suspended biomass during this period was 2.0 mg/L, 2.5 mg/L and 2.3 mg/L (figure A.5.1, 

appendix C). 

 

Figure 5. 6. Photographic images of the biofilms on carrier materials in MBBR (a - c), H-

UASB (d - f) and GLR (g - j) in phases V (a, d & g), VI (b, e & h) and VII (c, f, i & j). 

5.3.3 Morphologies of biomass aggregates 

Stereomicroscopic images revealed the presence of irregularly shaped film-like aggregates 

in GLR and H-UASB (figures 5.4 b-c and e-f). Because the suspended MBBR biomass 

flocculated on the petri dishes (forming homogeneous macroscopic layer) upon collection 
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(figures 5.4 a & d, and 5.5 a-c), its morphology was not assessable through 

stereomicroscopy, unlike the biomass from H-UASB and GLR (figures 5.4 b-c & e-f, and 

5.5 d-i). However, SEM revealed the presence of cauliflower-shaped aggregates on which 

spherical particles dominated on the MBBR biomass, similar to the H-UASB and GLR 

biomass (figure 5.7). The spherical particles had varying diameters, ranging from below 1 

µm to above 1 µm.  

 

Figure 5. 7. SEM images of suspended biomass from MBBR, H-UASB and GLR in phase 

V. Scale bars: 3 µm (MBBR), 200 nm (H-UASB) and 5 µm (GLR). 

5.3.4 Elemental composition  

The elemental analysis was done in phase V and the final phase (IX) through SEM-EDX and 

MP-AES, respectively. The concentrations of Iron (Fe), magnesium (Mg), phosphorus (P), 

calcium (Ca), nickel (Ni), cobalt (Co), manganese (Mn), molybdenum (Mo), sodium (Na) 

and copper (Cu) in biomass samples are presented in table 5.1. Other elements detected in 

the biomass samples through SEM-EDX are presented on figures 5.8-5.10. It was determined 

through SEM-EDX that MBBR suspended biomass had the highest concentration of Fe at 

MBBR UASB

GLR
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approximately 5.92±9.54 wt% Fe (table 5.1 and figure 5.8), while the suspended biomass in 

H-UASB and GLR contained lower Fe concentrations (2.75±5.37 wt% and 2.05±1.89 wt%, 

respectively) compared to MBBR biomass (table 5.1 and figures 5.9 and 5.10).  The 

suspended biomass from MBBR, H-UASB and GLR contained 0.45 ± 0.42 wt% P, 1.10 ± 

1.52 wt% P and 2.12±0.71 wt% P, and 0.65 ± 0.67 wt% Ca, 1.63 ± 1.01 wt% Ca and 

1.92±0.63 wt% Ca, respectively. Cu, Co and Ni were detected through SEM-EDX  in all the 

suspended biomass samples, albeit in low concentrations (≤0.11 wt%). Mo was not detected 

in all the biomass samples through SEM-EDX. Furthermore, Na and Mg in H-UASB 

suspended biomass were determined through SEM-EDX to be present at higher 

concentrations (0.57 ± 0.24 wt% and 2.83 ± 1.06 wt%, respectively) than in MBBR biomass 

(0.06 ± 0.05 wt% and 0.13 ± 0.11 wt%, respectively) and GLR biomass (0.336±0.16 wt% 

and 0.7±0.18 wt%, respectively). The concentrations of Mn in all the biomass samples were 

also found to be low (≤1 wt%) (figures 5.8-5.10).    

Mg, Fe, Co, Cu, Mn and Ni were also detected in the biomass samples through MP-AES in 

the final phase (table 5.1). Since the biofilms had developed on the carrier materials had 

developed in all the reactors during this period, the elemental composition was determined 

for both suspended biomass and the biomass growing in the biofilms.  The highest 

concentration of Mn, Fe and Co was found in MBBR biofilms at 0.43 mg/g-dry-weight, 

122.95 mg/g-dry-weight and 0.62 mg/g-dry-weight, whilst the highest concentration of Mg 

was found in GLR suspended biomass at 13.22 mg/g-dry-weight biomass. The highest 

concentration of Cu and Ni were found in MBBR suspended biomass and in the GLR 

biofilms at 0.29 mg/g-dry weight and 0.28 mg/g-dry weight, respectively (table 5.1). Mo 

was not detected in all the biomass samples through MP-AES, similar to SEM-EDX.   
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Figure 5. 8. EDX spectra of MBBR suspended biomass in phase V. Scale bars: 50 µm. 
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Figure 5. 9. EDX spectra of H-UASB suspended biomass in phase V. Scale bars: 1 µm. 
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Figure 5. 10. EDX spectra of GLR suspended biomass in phase V. Scale bars: 2.5 µm (a) 

and 10 µm (b). 
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Table 5. 1. Concentration of phosphorus and metallic elements in the biomass: SEM – EDX (wt%), MP – AES (mg/g-dry weight). 

SEM-EDX 

ELEMENT P Ca Mg Fe Na Ni Mn Co Cu Mo 

H-UASB 1.10 ± 

1.52 

1.63 ± 

1.01 

2.83 ± 

1.06 

2.75 ± 

5.37 

0.57 ± 

0.24 

0.020 ± 

0.030 

0.020 ± 

0.010 

0.020 ± 

0.030 

0.040 ± 

0.020 

0.000 

± 

0.000 

MBBR  0.45 ± 

0.42 

0.65 ± 

0.67 

0.13 ± 

0.11  

5.92 ± 

9.54 

0.060 ± 

0.050 

0.020 ± 

0.040 

0.040 ± 

0.060 

0.050 ± 

0.090 

0.020 ± 

0.020 

0.000± 

0.000 

GLR  2.12±0.71 1.92±0.63 0.70±0.18 2.05±1.89 0.34±0.16 0.030±0.040 0.020±0.030 0.020±0.040 0.070±0.040 0.000± 

0.000 

MP-AES 

MBBR 

Suspension 

N/A N/A 9.37 74.47 N/A 0.10 0.40 0.37 0.29 N/D 

MBBR 

Biofilm 

N/A N/A 11.11 122.95 N/A 0.10 0.43 0.62 0.27 N/D 

H-UASB 

Suspension 

N/A N/A 11.73 12.39 N/A 0.07 0.28 0.040 0.21 N/D 

H-UASB 

Biofilm 

N/A N/A 11.67 21.01 N/A 0.10 0.49 0.040 0.22 N/D 

GLR 

Suspension 

N/A N/A 13.22 14.97 N/A 0.04 0.23 0.030 0.21 N/D 

GLR 

Biofilm 

N/A N/A 9.28 16.70 N/A 0.28 0.28 0.000 0.37 N/D 

N/A – not applicable, N/D – not detected 
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5.4 Discussion 

Biofilm development, aggregate sizes and morphologies as well as the elemental 

composition of the biomass were assessed during the study. The physical properties of the 

biomass were based on the stereomicroscopy, particle size analysis, SEM-EDX, MP-AES as 

well as visual inspection of the photographic images captured during the study. However, 

biomass could not be collected from the reactors in all the phases as this could have 

destabilised the reactors.  Therefore, analyses of the physical properties using the 

aforementioned techniques were alternated in the different phases. 

The aggregation of biomass in ANAMMOX-mediated systems are of huge significance 

since granules have good settling properties and are not easily washed out of the reactors 

like the flocculent biomass (Wang and Zheng 2017). Similarly, when the biomass grow on 

the carrier materials or any other support materials within the reactors, they are not easily 

washed out of the reactors (Ødegaard 2006), which would be desirable in systems mediated 

by the ANAMMOX processes because of the slow growth rates of ANAMMOX bacteria. 

However, the settleability of granules could be compromised if their mineral contents are 

low, contain gas pockets or have irregular shapes (Green et al. 1994; Dapena-Mora et al. 

2004a; Winkler et al. 2013; Wang and Zheng 2017). Therefore, the properties of biomass in 

the reactors were analysed in order to understand the impact of reactor configuration on 

them.   

According to Lemaire, Webb and Yuan (2008) and Schmidt and Ahring (1996), the dense 

and compact microbial aggregates with spherical external appearance are granules, while the 

aggregates with loose structures that form homogeneous macroscopic layer upon settling are 

flocs. Based on these definitions, the suspended biomass in GLR and H-UASB were 

granular, while the biomass in the MBBR was flocculent (figures 5.4-5.5). This indicates 

that the shear forces due to mixing within the MBBR prevented the biomass from granulating 

as the stirrer blades could have sheared any granulating biomass. On the contrary, lower 

shear forces in both the H-UASB and the GLR compared to the MBBR could have favoured 

biomass granulation. Besides the shear forces, it is also possible that the gradual increase in 

the NLRs in the reactors could have stimulated EPS secretion by bacteria leading to biomass 

granulation, as previously suggested by Kwok et al. (1998). According to van Loosdrecht et 

al. (1995) and Van Loosdrecht and Heijnen (1993), bacteria can naturally granulate if the 

dilution rates are higher than the doubling rate of the bacteria (as a way of protecting 

themselves from wash-out).  
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However, biofilm development on the carrier materials was faster in the MBBR compared 

to H-UASB and UASB, possibly because the carrier materials and the biomass were 

constantly in contact due to stirring (Fernández et al. 2008). In comparison, the carrier 

materials in the H-UASB was floating on the surface throughout the study, while most of 

the suspended biomass was located in the lower sections (figure 5.2h), which could have 

limited the attachment on the carrier materials. In the GLR, although gas circulation could 

bring the biomass and the carrier materials in contact, the biofilm development on the carrier 

materials could have been limited by the high shear forces due to the violent mixing regime 

during gas circulation. In spite of the variation in the mixing conditions in the reactors, 

biofilm development was observed in all the reactors, from the beginning of phase V (figure 

5.6). After thin films formed on the surfaces of the carrier materials, fast growth of the 

biofilms was witnessed in the reactors, with the biofilms in the MBBR growing faster 

compared to H-UASB and GLR (figure 5.5), possibly because the stirring enhanced the 

transfer of biomass from the suspension to the carrier materials (Fernández et al. 2008). It is 

also possible that the stirring stimulated higher EPS secretion in the MBBR compared to the 

H-UASB and GLR Kwok et al. (1998), leading to faster development of the biofilms in the 

MBBR as well as the presence of higher biomass concentration per unit carrier. Literature 

survey revealed that Kowalski, Devlin and Oleszkiewicz (2018) also reported slow biofilm 

development on carrier materials, starting with a thin film of biomass on the carrier materials 

before gradually increasing in thickness to fill up the available spaces after approximately 

320 days, which was within the range observed in this study (figure 5.6). However, the 

concentration of biomass on the carrier materials in all the reactors were lower than the 

19 ± 1 mg-total suspended solids per carrier reported by Kowalski et al. (2019), possibly 

because of variation in the available surface for biomass attachment since the carrier 

materials were manufactured by different companies.   

SEM revealed the presence of cauliflower - shaped biomass aggregates in all the reactors 

(figure 5.7), which is typical of biomass from ANAMMOX-mediated systems (Ni et al. 

2015; Han et al. 2018). All the biomass aggregates were covered with spherical particles on 

the captured SEM images (figures 5.7), which were presumed to be the cells of bacteria, 

possibly the cells of ANAMMOX bacteria, AOB or NOB since they have been reported to 

have similar shapes (Prosser 2007; Erdim et al. 2018). The interspaces observed on the 

biomass aggregates could be beneficial to the bacteria as it could be used in nutrient transport 
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into inner lying layers as well as in the escape of products of bacterial activities (Han et al. 

2012).   

During the study, the relative abundance of ANAMMOX bacteria, AOB and NOB fluctuated 

in all the reactors (Chapter 4), which coincided with the change of colour of the biomass 

(figures 5.4 and A.4.2, appendix).  According to Alleman and Preston (1991) and Li and 

Sung (2015), reddish-brown colour could be an indication of either the presence of nitrifying 

bacteria or ANAMMOX bacteria. Therefore, the brown colour observed in MBBR biomass 

in phase III (day 125) at a time when the ANAMMOX bacterial abundance was below 1% 

could have been due to AOB and NOB as their relative abundance during this period was 

≥10% (Chapter 4). On the contrary, the biomass in both H-UASB and GLR was tawny, 

coinciding with lower relative abundance of AOB and NOB compared to MBBR. However, 

after this period, the relative abundance of ANAMMOX bacteria increased in all the reactors, 

coinciding with the change in colour from tawny to red in H-UASB and GLR, and from 

brown to red in MBBR, in agreement with Li and Sung (2015) and Podmirseg et al. (2015).  

The growth of different bacterial groups in the reactors was also expected to influence the 

elemental composition of the biomass, in line with Winkler et al. (2013) and Lin et al. 

(2013). Indeed, SEM-EDX and MP-AES analyses revealed variation in the elemental 

composition with the reactor configuration in phases V and IX, respectively (table 5.1). The 

biomass extracted from the MBBR had the highest Fe concentrations of all the biomass 

samples (table 5.1). However, the Fe concentrations in the MBBR biomass were higher than 

the values reported from other studies, while those of H-UASB and GLR biomass samples 

were comparable to those reported previously (tables 5.1 and 5.2). It is thus possible that Fe-

containing minerals accumulated in the MBBR, probably due to oxidation of Fe2+ to Fe3+, 

leading to precipitation of ferric hydroxide, as previously suggested by Oshiki et al. (2013) 

and Kappler, Schink and Newman (2005). Therefore, it is possible that the small particles 

(<120 nm) captured through SEM (figures  5.7-5.9), were mineral precipitates as these 

particles might be smaller than ANAMMOX bacterial cells (Erdim et al. 2018), and cells of 

many other microorganisms (Lebedeva et al. 2008; Sauder et al. 2017). This finding could 

thus be investigated in future studies.  

The accumulation of Ca-, P- and Mg-containing minerals has been reported in many 

previous studies to influence biomass settleabilities and granulation (Lin et al. 2013; Winkler 

et al. 2013; Johansson, Ruscalleda and Colprim 2017). Apatite (Ca-P mineral), in particular, 
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has been suggested to precipitate due to the variation in conditions as a result of microbial 

activities which, in turn, lead to the variation of pH (Lin et al. 2013; Johansson, Ruscalleda 

and Colprim 2017; Ma et al. 2018). This mineral is known to have a theoretical Ca/P ratio 

of 1.67, and is also known to contain Na, Fe and Mg in different concentrations (Johansson, 

Ruscalleda and Colprim 2017). Since ANAMMOX bacteria are known to raise the pH 

through the consumption of acidity, while the AOB are known to reduce the pH through the 

consumption of alkalinity (Daigger et al. 2011), the variation in pH as a result of bacterial 

activities could have led to the precipitation of Ca- and P-containing apatite (Winkler et al. 

2013). Indeed, the Ca/P ratios of H-UASB biomass (1.48) and MBBR biomass (1.44) were 

close to the theoretical Ca/P ratio of 1.67 in apatite, while that of GLR biomass was much 

lower (0.91), possibly because of variations in operational conditions or the microbial 

community structures within the reactors.  

The presence of Na bearing minerals in the biomass could have been due to its presence in 

the feed as NaNO2, NaCl and NaHCO3 (Chapter 3). The addition of NaCl in the feed follows 

from Fernández et al. (2008) who asserted that its addition increases salinity, in turn inducing 

granulation of bacterial biomass in the reactors as the precipitates of low solubility salts such 

as Ca3(PO4)2 provide nuclei on which granules form. It is thus possible that the observed 

granulation in the reactors could have been influenced by the NaCl salt added in the feed 

(Fernández et al. 2008). Ma et al. (2018) also reported concentrations of Na within the range 

of those observed in the reactors.  

  



120 

 

Table 5. 2. Documented concentrations of phosphorus and metallic elements in 

ANAMMOX-mediated systems. 

Source of 

biomass 

Elemental composition, wt (%) Analytical 

technique 

Reference 

 Fe Ca Mg P Na K Ni   

Granular 

plug-flow 

AMXa 

reactor 

0.

57 

28.9 0.51 13.4 0.36 0.19 - ICP-OESb (Ma et al. 

2018) 

Centrate 

fed PNAc 

SBR 

87

8d 

33.5

±1.9

4 

0.24±

0.00 

15.8±

0.99 

- 0.12±0.

004 

8.5E-6 ICP-OESb (Johansson, 

Ruscalleda 

and Colprim 

2017) 

Anaerobic 

AMX 

landfill 

bioreactor 

1.

33 

2.44 0.74 0.49 0.23 0.48 - SEM-EDX (Sri Shalini 

and Joseph 

2013) 

Anaerobic 

MBBR 

2.

01 

- 0.020 0.14 3.30 - - SEM-EDX (Gao et al. 

2014) 

aANAMMOX;bInductively coupled plasma optical emission spectroscopy; cpartial 

nitrification/ANAMMOX; dmg/kg-dry wt 

 

5.5 Conclusions 

Variation in physical properties of the biomass with reactor configuration was observed 

during the study. Plug flow conditions in H-UASB and the sequencing of gas circulation in 

the GLR favoured biomass granulation, while continuous mixing in the MBBR limited 

biomass granulation, leading to the formation of flocculent biomass. However, continuous 

mixing led to faster biofilm development in the MBBR compared to H-UASB and GLR.  
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The colour of the biomass changed during the study because of the change in the bacterial 

composition of the biomass. The change in the colour of biomass from brown to creamy in 

phase I represented a decrease in the relative abundance of the ANAMMOX bacteria, while 

the gradual change in colour  from creamy, then to brown, and finally to red signified the 

presence of ANAMMOX bacteria in high concentrations.  

The accumulation of metallic elements and P in the reactors was influenced by the bacterial 

activities in the reactors. The high concentration of Fe in the MBBR biomass was due to the 

precipitation of iron-containing minerals in the reactors, while the high Ca/P ratios in H-

UASB and MBBR was due to the precipitation of apatite.  

  



122 

 

CHAPTER SIX 

6 MODEL-BASED DESCRIPTION OF PROCESS PERFORMANCE IN THE 

ANAMMOX-MEDIATED SYSTEMS 

6.1 Introduction 

The importance of mathematical modelling in undertaking studies relating to complex 

processes such as biological nitrogen removal processes that are carried out by several 

competing microorganisms has been demonstrated previously (Ni, Joss and Yuan 2014; Liu 

et al. 2016; Trojanowicz, Plaza and Trela 2017). These processes are determined not only 

by the concentration profiles of electron donors and acceptors, but also by other factors such 

as bacterial population shifts (Nielsen et al. 2005; Kindaichi et al. 2007). Concentration 

profiles, in turn, could be influenced by several interlinked factors such as diffusion 

coefficients, biomass spatial distribution and the physical properties of biomass (Terada et 

al. 2007; Ni, Ruscalleda and Smets 2012). Therefore, model-based description of process 

performance could provide useful insights pertaining the bacterial communities and NRRs 

in the ANAMMOX-mediated systems.   

In this chapter, extended ASM 1 (activated sludge model number 1) has been applied to 

describe the performance of the reactors. The ASM 1 described in Henze et al. (1987) was 

modified with the inclusion of ANAMMOX and COMAMMOX bacterial activities. In 

addition, the NOB were split into two groups (Nitrobacter and Nitrospira) in the modified 

ASM 1 model. It is noteworthy here that this is a novel approach in the modelling of 

ANAMMOX-mediated systems, as this has not been done in any other study previously. 

This has been necessitated by the fact that the three groups have recently been reported to 

have distinct kinetic properties (Kits et al. 2017; Park, Park and Chandran 2017), requiring 

their separation in kinetic models. 

The modified model was calibrated with the experimental data from the H-UASB, and 

validated with experimental data from MBBR and GLR. The modelling period covered the 

entire study period (535 days of study). Following from the process performance observed 

in Chapter 3 and the bacterial population dynamics observed in Chapter 4, the concentration 

of oxygen at the gas-liquid interface as well as the concentration of biodegradable substrate 

in the reactors were adjusted after model calibration.  
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6.2 Methodology 

6.2.1 Model description 

ASM 1 described in Henze et al. (1987) was modified with the inclusion of Nitrobacter spp., 

Nitrospira spp., ANAMMOX bacteria and COMAMMOX bacteria (tables 6.1 and 6.2). The 

modified model incorporates a switching function to account for oxygen inhibition of both 

ANAMMOX bacterial and anaerobic heterotrophic bacterial activities as described in Henze 

et al. (1987) (equation 6.1). In addition, in the modified model, anoxic reduction factor η in 

ASM 1 was retained to account for the possible reduction in activities under anaerobic 

conditions (Henze et al. 1987). The reduction factor η for NO3
- and NO2

- were assumed to 

be the same (Hao, Heijnen and Van Loosdrecht 2002).  

All the expected processes of nitrification, denitrification and carbon oxidation as well as 

the stoichiometric coefficients are presented in a matrix format in table 6.1. The 

corresponding conversion rate expressions are listed on table 6.2. The process within the 

blank cells have no impact on the corresponding component. To account for the conversion 

of a component i, the product of process rates ρj (gm-3day-1) in table 6.2 and the 

stoichiometric coefficients νij in table 6.1 are summed up according to equation 6.2. 

𝐶𝑂2

𝐾𝑂+𝐶𝑂2

           (6.1) 

Where 𝐶𝑂2
 is the oxygen concentration in the bulk liquid and 𝐾𝑂 is the oxygen inhibition 

coefficient. 

 𝑟𝑖 =  ∑ 𝑣𝑖𝑗𝜌𝑗𝑗           (6.2) 

 

Where  𝜌𝑗 is the rate of process and  𝑣𝑖𝑗 is the stoichiometric coefficient.
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Table 6. 1. Model stoichiometry (continued in the next page) 

Component (j) →  1 2 3 4 5 6 7 8 9 10 12 13 

Process (i) ↓ XAOB XNb XNsp XCMX XAMX XH XS SNO2 SNO3 SNH4 SO2 SS 

1. AOB growth 1       1

𝑌𝐴𝑂𝐵
 

 
−𝑖𝑁𝑋𝐵 −

1

𝑌𝐴𝑂𝐵
 −

3.43 − 𝑌𝐴𝑂𝐵

𝑌𝐴𝑂𝐵
 

 

2. Nitrobacter growth  1      
−

1

𝑌𝑛𝑠𝑝/𝑛𝑏
 

1

𝑌𝑛𝑠𝑝/𝑛𝑏
 

−𝑖𝑁𝑋𝐵 
−

1.14 − 𝑌𝑛𝑠𝑝/𝑛𝑏

𝑌𝑛𝑠𝑝/𝑛𝑏
 

 

3. Nitrospira growth   1     
−

1

𝑌𝑛𝑠𝑝
 

1

𝑌𝑛𝑠𝑝
 

−𝑖𝑁𝑋𝐵 
−

1.14 − 𝑌𝑛𝑠𝑝

𝑌𝑛𝑠𝑝
 

 

4. CMX bacterial growth    1    
−

1

𝑌𝐶𝑀𝑋
 

1

𝑌𝐶𝑀𝑋
 −𝑖𝑁𝑋𝐵 −

1

𝑌𝐶𝑀𝑋
 −

4.57 − 𝑌𝐶𝑀𝑋

𝑌𝐶𝑀𝑋
 

 

5. AMX bacterial growth  1    1   
−

1

1.14
−

1

𝑌𝐴𝑀𝑋
 

1

1.14
 −𝑖𝑁𝑋𝐵 −

1

𝑌𝐴𝑀𝑋
 

   

6. Anaerobic growth of 

heterotrophic bacteria on 

nitrite 

     1  
−

1 − 𝑌𝐴𝑁𝐴,𝐻

1.71𝑌𝐴𝑁𝐴,𝐻
 

 −𝑖𝑁𝑋𝐵  
−

1

𝑌𝐴𝑁𝐴,𝐻
 

7. Anaerobic growth of 

heterotrophic bacteria on 

nitrate 

     1   
−

1 − 𝑌𝐴𝑁𝐴,𝐻

2.86𝑌𝐴𝑁𝐴,𝐻
 

−𝑖𝑁𝑋𝐵  
−

1

𝑌𝐴𝑁𝐴,𝐻
 

8.  aerobic growth of 

heterotrophic bacteria 

     1    −𝑖𝑁𝑋𝐵 
−

1 − 𝑌𝐴𝐸𝑅.𝐻

𝑌𝐴𝐸𝑅,𝐻
 −

1

𝑌𝐴𝐸𝑅,𝐻
 

9. Aerobic endogenous 

respiration of AOB 

-1         iNBM-fIiNXI -(1- fI)  

10.  Aerobic endogenous 

respiration of Nitrobacter 

 -1        iNBM-fIiNXI -(1- fI)  

11.  Aerobic endogenous 

respiration of Nitrospira 

  -1       iNBM-fIiNXI -(1- fI)  
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Process (i) ↓ XAOB XNb XNsp XCMX XAMX XH XS SNO2 SNO3 SNH4 SO2 SS 

12.  Aerobic endogenous 

respiration  of CMX 

   -1      iNBM-fIiNXI -(1- fI)  

13.   Aerobic endogenous 

respiration  of AMX 

    -1     iNBM-fIiNXI -(1- fI)  

14.  Aerobic endogenous 

respiration of heterotrophic 

bacteria 

     -1    iNBM-fIiNXI -(1- fI)  

15.  Anoxic endogenous 

respiration of XAOB 

        -(1- fI)/2.86 iNBM-fIiNXI   

16.  Anoxic endogenous 

respiration of Xnb 

        -(1- fI)/2.86 iNBM-fIiNXI   

17.  Anoxic endogenous 

respiration of Xnsp 

        -(1- fI)/2.86 iNBM-fIiNXI   

18.  Anoxic endogenous 

respiration of XCMX 

        -(1- fI)/2.86 iNBM-fIiNXI   

19.  Anoxic endogenous 

respiration of XAMX 

        -(1- fI)/2.86 iNBM-fIiNXI   

20.  Anoxic endogenous 

respiration of XH 

        -(1- fI)/2.86 iNBM-fIiNXI   

21. Hydrolysis       -1     1 
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Table 6. 2. Process rate equations (continued in the next page) 

Process Rate 

1. Growth of AOB 
𝜇𝐴𝑂𝐵

𝑀𝐴𝑋(
𝑆𝑂2

𝐾𝑂2,𝐴𝑂𝐵 + 𝑆𝑂2
)(

𝑆𝑁𝐻

𝐾𝑁𝐻,𝐴𝑂𝐵 + 𝑆𝑁𝐻
)𝜂𝐴𝑂𝐵𝑋𝐴𝑂𝐵 

2. Growth of Nitrospira 
𝜇𝑁𝑏

𝑀𝐴𝑋(
𝑆𝑂2

𝐾𝑂2,𝑁𝑂𝐵 + 𝑆𝑂2
)(

𝑆𝑁𝑂2

𝐾𝑁𝑂2,𝑁𝑏 + 𝑆𝑁𝑂2
)𝜂𝑁𝑏𝑋𝑁𝑏 

3. Growth of Nitrobacter 
𝜇𝑁𝑠𝑝

𝑀𝐴𝑋(
𝑆𝑂2

𝐾𝑂2,𝑁𝑠𝑝 + 𝑆𝑂2
)(

𝑆𝑁𝑂2

𝐾𝑁𝑂2,𝑁𝑠𝑝 + 𝑆𝑁𝑂2
)𝜂𝑁𝑠𝑝𝑋𝑁𝑠𝑝 

4. Growth of CMX 
𝜇𝐶𝑀𝑋

𝑀𝐴𝑋[(
𝑆𝑂2

𝐾𝑂2,𝐶𝑀𝑋 +  𝑆𝑂2
)(

𝑆𝑁𝑂2

𝐾𝑁𝑂2,𝐶𝑀𝑋 + 𝑆𝑁𝑂2
)+(

𝑆𝑂2

𝐾𝑂2,𝐶𝑀𝑋 + 𝑆𝑂2
)(

𝑆𝑁𝐻

𝐾𝑁𝐻,𝐶𝑀𝑋 + 𝑆𝑁𝐻
)]𝜂𝐶𝑀𝑋𝑋𝐶𝑀𝑋 

5. Growth of AMX 
𝜇𝐴𝑀𝑋

𝑀𝐴𝑋(
𝐾𝑂2,𝐴𝑀𝑋

𝐾𝑂2,𝐴𝑀𝑋 + 𝑆𝑂2
)(

𝑆𝑁𝑂2

𝐾𝑁𝑂2,𝐴𝑁 + 𝑆𝑁𝑂2
)(

𝑆𝑁𝐻

𝐾𝑁𝐻,𝐴𝑂𝐵 + 𝑆𝑁𝐻
)𝑋𝐴𝑀𝑋 

6. Growth of anaerobic heterotrophic bacteria on nitrite 
𝜇 𝐻

𝑀𝐴𝑋𝜂𝐻[(
𝐾𝑂2,𝐻

𝐾𝑂2,𝐻 + 𝑆𝑂
) (

𝑆𝑁𝑂2

𝐾𝑁𝑂3𝐻 + 𝑆𝑁𝑂2
) (

𝑆𝑆

𝐾𝑆 𝐻 + 𝑆𝑆
)]𝑋𝐻 

7. Growth of anaerobic heterotrophic bacteria on nitrate 
𝜇 𝐻

𝑀𝐴𝑋𝜂𝐴𝑁𝐴.𝐻(
𝐾𝑂2,𝐻

𝐾𝑂2,𝐻 +  𝑆𝑂
)(

𝑆𝑁𝑂3

𝐾𝑁𝑂3,𝐻 + 𝑆𝑁𝑂3
)(

𝑆𝑆

𝐾𝑆,𝐻 + 𝑆𝑆
)𝑋 𝐻 

8. Growth of aerobic heterotrophic bacteria 
𝜇𝐻

𝑀𝐴𝑋(
𝑆𝑂2

𝐾𝑂2,𝐻 + 𝑆𝑂2
)(

𝑆𝑆

𝐾𝑆,𝐻 + 𝑆𝑆
)𝜂𝐻𝑋𝐻 

9.  Aerobic endogenous respiration of AOB 
𝑏𝐴𝑂𝐵

𝑆𝑂2

𝐾𝑂2

𝐴𝑂𝐵 + 𝑆𝑂2

𝑋𝐴𝑂𝐵 

10. Aerobic endogenous respiration of Nitrobacter 
𝑏𝑛𝑏

𝑆𝑂2

𝐾𝑂2

𝑛𝑏 + 𝑆𝑂2

𝑋𝑛𝑏  

11. Aerobic endogenous respiration of Nitrospira 
𝑏𝑛𝑠𝑝

𝑆𝑂2

𝐾𝑂2

𝑛𝑠𝑝
+ 𝑆𝑂2

𝑋𝑛𝑠𝑝 

12. Aerobic endogenous respiration of CMX 
𝑏𝐶𝑀𝑋

𝑆𝑂2

𝐾𝑂2

𝐶𝑀𝑋 + 𝑆𝑂2

𝑋𝐶𝑀𝑋 
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Process Rate 

13. Aerobic endogenous respiration of AMX 
𝑏𝐴𝑀𝑋

𝑆𝑂2

𝐾𝑂2

𝐴𝑀𝑋 + 𝑆𝑂2

𝑋𝐴𝑀𝑋 

14. Aerobic endogenous respiration of heterotrophic bacteria 
𝑏𝐻

𝑆𝑂2

𝐾𝑂2

𝐻 + 𝑆𝑂2

𝑋𝐻 

15.  Anoxic endogenous respiration of XAOB 
𝑏𝐴𝑂𝐵𝜂𝐴𝑂𝐵

𝐾𝑂2

𝐴𝑂𝐵

𝐾𝑂2

𝐴𝑂𝐵 + 𝑆𝑂2

𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝐾𝑂2

𝐴𝑂𝐵 + 𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝑋𝐴𝑂𝐵 

16. Anoxic endogenous respiration of Xnb   

𝑏𝑛𝑏𝜂𝑛𝑏

𝐾𝑂2

𝑛𝑏

𝐾𝑂2

𝑛𝑏 + 𝑆𝑂2

𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝐾𝑂2

𝑛𝑏 + 𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝑋𝑛𝑏 

17. Anoxic endogenous respiration of Xnsp 
𝑏𝑛𝑠𝑝𝜂𝑛𝑠𝑝

𝐾𝑂2

𝑛𝑠𝑝

𝐾𝑂2

𝑛𝑠𝑝
+ 𝑆𝑂2

𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝐾𝑂2

𝑛𝑠𝑝
+ 𝑆𝑁𝑂2

+ 𝑆𝑁𝑂3

𝑋𝑛𝑠𝑝 

18. Anoxic endogenous respiration of XCMX 
𝑏𝐶𝑀𝑋𝜂𝐶𝑀𝑋

𝐾𝑂2

𝐶𝑀𝑋

𝐾𝑂2

𝐶𝑀𝑋 + 𝑆𝑂2

𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝐾𝑂2

𝐶𝑀𝑋 + 𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝑋𝐶𝑀𝑋 

19. Anoxic endogenous respiration of XAMX 
𝑏𝐴𝑀𝑋𝜂𝐴𝑀𝑋

𝐾𝑂2

𝐴𝑀𝑋

𝐾𝑂2

𝐴𝑀𝑋 + 𝑆𝑂2

𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝐾𝑂2

𝐴𝑀𝑋 + 𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝑋𝐴𝑀𝑋 

20. Anoxic endogenous respiration of XH 
𝑏𝐻𝜂𝐻

𝐾𝑂2

,𝐻

𝐾𝑂2

𝐻 + 𝑆𝑂2

𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝐾𝑂2

𝐻 + 𝑆𝑁𝑂2
+ 𝑆𝑁𝑂3

𝑋𝐻 

21. Hydrolysis 

𝐾𝐻

𝑋𝑆
(𝑋𝐻 + 𝑋𝐻)⁄

𝐾𝑋 +
𝑋𝑆

(𝑋𝐻 + 𝑋𝐻)⁄
(𝑋𝐻) 
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6.2.2 Definition and specification of model kinetic and stoichiometric parameters 

The literature-obtained maximum specific growth rates (µmax) of AOB, Nitrobacter, 

Nitrospira, COMAMMOX bacteria, ANAMMOX bacteria, anaerobic heterotrophic bacteria 

and aerobic heterotrophic bacteria as well as the biomass yields of each of these bacterial 

groups, their decay coefficients (b) and affinities for electron donors and acceptors are 

presented in table 6.4.  Since the b, µmax and KH (hydrolysis saturation constant) are 

temperature-dependent, their values at the operational temperature of approximately 36⁰C 

were estimated using Arrhenius-type equation (Cema et al. 2012) (equation 6.3): 

𝑘(𝑇) = 𝑘(𝑇𝑟)𝑒𝜃(𝑇−𝑇𝑟)         (6.3) 

Where k(T) and k(Tr) are the parameters (b, KH and µmax) at 36⁰C (temperature within the 

reactors) and 20⁰C (reference temperature), respectively. The Arrhenius constant θ for AOB, 

Nitrobacter, Nitrospira, COMAMMOX bacteria, ANAMMOX bacteria and heterotrophic 

bacteria was calculated according to equation 6.4 (Wyffels et al. 2004): 

𝜃 = 𝐸𝑎𝑐𝑡/(𝑅 ∗ 293(𝑇 + 273))        (6.4) 

Where R is the universal gas constant (8.31 J/mol-K) and Eact is the activation energy 

(AOB=68, NOB (Nitrobacter, Nitrospira) = 44 kJ/mol, ANAMMOX bacteria=71 kJ/mol). 

The activation energy of COMAMMOX bacteria was assumed to be equal to that of 

Nitrospira. The heterotrophs’ θ values for b and µmax were assumed to be 0.11 and 0.069 

(Wyffels et al. 2004; Reino et al. 2018). The oxygen transfer coefficient (KLa) was estimated 

according to equation 6.5 at 36⁰C, which was the operational temperature of the reactors 

(Wyffels et al. 2004): 

𝐾𝐿𝑎(𝑇) = 𝐾𝐿𝑎(𝑇𝑟)𝜑(𝑇−𝑇𝑟)         (6.5)  

Where 𝜑(=1.04) is the temperature correction factor (Wyffels et al. 2004). 
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Table 6. 3. Definition of model kinetic and stoichiometric parameters and terms 

 Symbol Definition  Units 

1 𝑋𝑖,𝑖𝑛, 𝑋𝑖,𝑜𝑢𝑡   Concentration of bacterial group i in the influent and in the effluent gCOD/m3 

2 𝜇𝑖  Maximum growth rate of bacterial group i    day-1 

3 𝑆𝑖,𝑖𝑛, 𝑆𝑖,𝑜𝑢𝑡  Concentration of component j in the influent and effluent streams gN/m3 (𝑁𝑂3
−, 𝑁𝑂2

−, 𝑁𝐻4
+), gCOD/m3 (organic substrate) or gO2/m3 

4 𝐾𝑗,𝑖  Half-saturation coefficient of component j for bacterial group i gN/ m3 or gCOD/ m3  

5 𝐾𝑆𝑂2
𝑖   Oxygen inhibiting coefficient for bacterial group i gO2/ m3  

6 𝑌𝑖  Yield coefficient for bacterial group i gCOD/gN or gCOD/gCOD 

7 𝑄𝑊, 𝑄𝑖𝑛, 𝑄𝑜𝑢𝑡  Biomass washout rate, influent and effluent flow rates, respectively m3/day 

8 𝐾𝐿𝑎𝑂2  Oxygen mass transfer coefficient day-1 

9 𝑆𝑂2
𝐺   Concentration of oxygen in air g/m3 

10 𝑚𝑂2  Partition coefficient for component i mol/mol 

11 H   Heterotrophic bacteria - 

13 AMX   ANAMMOX bacteria - 

14 XI, XS  Inert (non-biodegradable organics), slowly biodegradable substrate gCOD/m3 

15 fI  Fraction of XI in decaying biomass gCOD/gCOD  

16 iNBM Concentration of nitrogen in biomass gN/gCOD 

17 iNXI  Nitrogen content of non-biodegradable organics gN/gCOD  

18 𝜂   Anoxic reduction factor - 

19 KX, KH  Hydrolysis saturation constant and hydrolysis rate constant  day-1 and gCOD/gCOD, respectively 
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Table 6. 4. Average stoichiometric and kinetic parameters of AOB, NOB, ANAMMOX and heterotrophic bacteria at 20⁰C. 

Bacterial group µmax (day-

1) 

Y b (day-1) e- donor  KS
* (gN/ m3 or 

gCOD/ m3) 
e- acceptor  KO/N

** (gN/ m3 

or gCOD/ m3) 
References 

1. AOB  1.443 0.150  0.130 NH4
+ 2.400 O2 0.594 (Hellinga, van Loosdrecht and Heijnen 1999; Ahn, 

Yu and Chandran 2008; Wett et al. 2013; Ni, Joss 

and Yuan 2014) 

2. Nitrobacter 0.480 0.130 0.069 NO2
- 1.375 O2 0.430 (Blackburne et al. 2007; Ni, Joss and Yuan 2014; 

Park, Park and Chandran 2017) 3. Nitrospira 0.690 0.140 0.060 NO2
- 0.760 O2 0.435 

4. COMAMMOX 

bacteria 

0.720 0.470 0.060 NH4
+ 0.0118 O2 0.430# (Kits et al. 2017) 

0.140# 0.060 NO2
- 6.290 O2  0.430# 

3. ANAMMOX 

bacteria 

0.066 0.159 0.00312 NH4
+  0.185 NO2

- 0.175 (Dapena-Mora et al. 2004c; Ni, Joss and Yuan 

2014) 

4. Heterotrophic 

bacteria 

 

7.20 0.490 0.192 Organic 

substrate 

2.000 NO2
-  0.500 (Hellinga, van Loosdrecht and Heijnen 1999; Ni, 

Joss and Yuan 2014) 

0.79 0 Organic 

substrate 

NO3
- 0.320        (Hellinga, van Loosdrecht and Heijnen 1999; Ni, 

Joss and Yuan 2014) 

0.370 Organic 

substrate 

O2 0.200 (Henze et al. 1987; Hellinga, van Loosdrecht and 

Heijnen 1999; Ni, Joss and Yuan 2014) 

Other model parameters 

𝐾𝐿𝑎𝑂2-222 day-1, 𝑖𝑁𝐵𝑀-0.0583 gN/gCOD, fI-0.080, iNXI-0.02, 𝐾𝑂2
𝐴𝑀𝑋 -0.010 gO2/m3, 𝐾𝑂2

𝐻,𝐴𝑁
-0.200 gO2/m3,  

η~0.600 (Heterotrophic bacteria), η ~0.500 (ANAMMOX bacteria), 𝐾𝑁𝑂3
𝐴𝑀𝑋=0.500, KX=0.030, KH=3.000 (Hellinga, van Loosdrecht and Heijnen 1999; Wyffels 

et al. 2004; Ni, Joss and Yuan 2014) 

KS
*-affinity for electron donor, KO/N

**-affinity for electron acceptor, #estimated based on reported values for Nitrospira.a and banoxic reduction factors 
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6.2.3 Simulation of process performance and bacterial population dynamics in the 

reactors 

Process performance and bacterial population dynamics in the reactors were simulated in 

MATLAB 2019b using ode15s solver (figure A.6.4, Appendix D).  The simulations were done 

for 535 days, thus covering the entire study period. The following assumptions were made 

during the simulation:  

1. Organic carbon concentration in the influent was approximately 2 mg/L 

throughout the study (Dapena-Mora et al. 2004c) 

2. No other inhibition other than the inhibition of ANAMMOX and anoxic 

heterotrophic bacterial activities by oxygen 

3. Anoxic heterotrophic bacteria used both nitrite and nitrate 

4. The MBBR was homogeneously mixed  

5. The GLR was homogeneously mixed during gas circulation 

6. The solids retention time (SRT) in all the reactors was constant at 250 days 

7. Ammonium oxidation by AOB, and the reduction of both nitrate and nitrite by 

anoxic heterotrophic bacteria, were complete 

8. The chemical oxygen demand (COD)-equivalent of 1 g of suspended solids (SS) 

was 1.20g.  

The following were the initial conditions: 

1. NH4
+, NO3

- and NO2
- concentrations were 50 mg-N/L, 0.005 mg-N/L and 55 mg-

N/L, respectively. 

2. DO and organic substrate concentrations were 0.5 mg-O2/L and 2 mg-COD/L, 

respectively. 

3. The mixed liquor suspended solids (MLSS) concentrations in the reactors was 200 

mg/L. Of these, the concentration of AOB, Nitrobacter spp., Nitrospira spp., 

COMAMMOX bacteria, ANAMMOX bacteria and heterotrophic bacteria were 

taken to be 4.54%, 0.13%, 6.14%, 0.9%, 45.15% and 44.87%, respectively (based on 

the shotgun sequencing). 

The modelling equations for NH4
+, NO2

-, NO3
- and COD in the MBBR followed  equation 

6.6, while the modelling equations for oxygen followed equation 6.7 (Hellinga, van 

Loosdrecht and Heijnen 1999; Batstone et al. 2002; Scott 2016): 
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(
𝑑𝐶

𝑑𝑡
) 𝑉 = 𝑄𝑖𝑛𝐶𝑖𝑛 − 𝑄𝑜𝑢𝑡𝐶𝑜𝑢𝑡 + 𝑟𝑖𝑉         (6.6) 

(
𝑑𝐶

𝑑𝑡
) 𝑉 = 𝑄𝑖𝑛𝐶𝑖𝑛 − 𝑄𝑜𝑢𝑡𝐶𝑜𝑢𝑡 + 𝐾𝐿𝑎(𝐶𝑆 − 𝐶𝑂2

) + 𝑟𝑖𝑉     (6.7) 

Where 𝑟𝑖 was determined according to equation 6.2, Qin and Qout were the influent and 

effluent concentrations, Cin and Cout were the component concentrations in the influent and 

effluent streams, 𝐶𝑂2
  were the oxygen concentration in the bulk liquid and CS was the gas-

liquid interface oxygen concentration.  

The H-UASB was divided into 5 continuously stirred tank reactors (CSTRs) of equal 

volumes, in which the effluent from the first (lower) CSTR was feeding the second CSTR 

right above it, and the effluent from the second CSTR fed the third CSTR, etc. (figure 6.1) 

as previously described by Rodríguez-Gómez et al. (2014). The volume of each CSTR was 

assumed to be a fifth of the total working volume. 

Two approaches were employed in the modelling of the GLR. During the first 121 days 

when the argon/CO2 mixture was continuously recycled in the reactor, the reactor was 

assumed to be completely mixed and was thus modelled as a CSTR. From the 122nd day 

onwards when gas circulation was sequenced, the GLR was modelled similar to H-UASB, 

by dividing the reactor into five CSTRs (figure 6.1).  

 

Figure 6. 1. Schematic diagram of H-UASB depicted as a series of 5 CSTRs. 
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6.2.4 Calibration and validation of the model 

Model calibration was undertaken in two steps: simulation with default (literature-obtained) 

parameters, and parameter adjustments based on H-UASB performance. The values of 

specific growth rates, yield and affinities for the electron donors and acceptors of AOB, 

Nitrobacter, Nitrospira, COMAMMOX bacteria, ANAMMOX bacteria and heterotrophic 

bacteria were adjusted during model calibration. The selection of these parameters was based 

on the sensitivity of the model to their adjustments, one at a time as previously suggested 

(Cema et al. 2012). The parameter estimations were done through the minimization of the 

sum of squares of the deviations of the model predictions from the experimental data from 

H-UASB (equation 6.8) (Trojanowicz, Plaza and Trela 2017).  

𝑅𝑜𝑜𝑡 𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑒𝑟𝑟𝑜𝑟 = √(
1

𝑛
∑ (𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒)2)𝑛

𝑖=1   (6.8) 

The calibrated model was then validated with long-term experimental data of effluent NH4
+, 

NO3
- and NO2

- concentrations from the MBBR and GLR.  

6.2.5 Model testing at baseline conditions 

The calibrated model was tested in all the reactors at baseline conditions (similar conditions 

across all the reactors). Since the influent and effluent flow rates as well as the feed 

composition were similar in all the reactors during the study (Chapter 3), the working 

volumes in MBBR and GLR during model testing were kept similar to that in H-UASB in 

order for the NLRs to be similar in all the reactors. In addition, the gas-liquid interface 

concentration of oxygen (Cs) was fixed at 0.1 mg-O2/L in the reactors. 

6.2.6 Verification of model accuracy 

The accuracy of the coding in MATLAB was checked by simulating the process performance 

in Simulink under similar conditions (as in MATLAB) (figures A.6.4 - A.6.5 and A.6.8 - A.6.9,  

Appendix D). Based on the output of both Simulink and MATLAB, the accuracy of coding in 

MATLAB was determined.   

6.3 Results 

6.3.1 Model Calibration 

The model was calibrated using the relative abundance of AOB, Nitrospira spp., Nitrobacter 

spp., COMAMMOX bacteria and ANAMMOX bacteria as well as the effluent 

concentrations of NH4
+, NO2

- and NO3
- in the H-UASB. During calibration, the model 
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parameters were adjusted through the reduction of RMSE. The final kinetic parameters 

obtained after model calibration are presented on table 6.5.  

Table 6. 5. Calibrated kinetic and stoichiometric parameters 

Bacterial group µmax (day-

1) 

Y 

(gCOD/gN 

or 

gCOD/gCO

D) 

b (day-1) e- donor  KS (gN/ m3 or 

gCOD/ m3) 
e- acceptor  KO/N (gN/ m3, 

gCOD/ m3 or g 

O2/m3 ) 

1. AOB  1.443 0.450 0.130 NH4
+ 1.32 O2 0.505 

2. Nitrobacter 0.864 0.143 0.069 NO2
- 0.825 O2 0.426 

3. Nitrospira 0.690 0.140 0.060 NO2
- 0.760 O2 0.413 

4. COMAMMOX 

bacteria 

0.360 0.047 0.060 NH4
+ 0.770 O2 0.421 

0.094 0.060 NO2
- 0.944 O2  0.421 

3. ANAMMOX 

bacteria 

0.0797 0.151 0.00312 NH4
+  0.370 NO2

- 0.210 

4. Heterotrophic 

bacteria 

 

7.200 0.882 0.192 Organic 

substrate 

2.000 NO2
-  0.500 

0.790 Organic 

substrate 

NO3
- 0.320        

0.666 Organic 

substrate 

O2 0.200 

6.3.2 Model simulation of effluent concentrations of NO2
-, NO3

- and NH4
+ 

6.3.2.1 H-UASB 

The model predicted the trends in the effluent concentrations of NO2
-, NO3

- and NH4
+ in the 

reactor during the study period (figures 6.2 a-c). However, the model was limited in the 

prediction of fluctuations in the effluent concentrations of NO2
-, NO3

- and NH4
+. During the 

first 90 days, the effluent NO3
- concentrations predicted by the model were higher than the 

measured concentrations (figure 6.2a), while the effluent NH4
+ concentrations were lower 

than the measured concentrations. From day 492 onwards, the effluent NO3
- and NO2

- 

concentrations predicted by the model were higher than the measured values (figures 6.2a 

and 6.2b).    
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Figure 6. 2. Measured and model-predicted effluent concentrations of NO3
- (a), NO2

- (b) and 

NH4
+ (c) in H-UASB during the study period. 

6.3.2.2 MBBR 

At baseline conditions with H-UASB, the effluent concentrations of NO2
-, NO3

- and NH4
+ 

in MBBR were comparable to those in H-UASB and GLR (figure A.6.1, Appendix D). 

However, when the working volumes were adjusted in line with the actual working volumes 

used, there were variations in the predicted process performance between the reactors 

(figures 6.2 and 6.3). With the actual working volume in the MBBR, the model was able to 

predict the trends in the effluent concentrations of NO2
- and NH4

+ (figures 6.3c and 6.3d). 

However, the model-predicted effluent concentrations of NO3
- were consistently higher than 

the measured concentrations (figure 6.3 a). Adjustment of the concentration of 

biodegradable substrate by a value equivalent to 36% of the total biomass in the reactor led 

to a decrease in the effluent NO3
- concentrations predicted by the model, approaching the 

measured concentrations (figure 6.3 b). The model predicted an increase in the effluent 

concentrations of NH4
+ and NO2

- around the 250th day in line with the predicted increase in 

the abundance of AOB around this time (figures 6.3c and 6.3d).  
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Figure 6. 3. Measured and model-predicted effluent concentrations of NH4
+, NO2

- and NO3
- 

in MBBR: a, c & d-effluent concentrations at biodegradable substrate described on table 6.1, 

b - effluent NO3
- concentrations on adjustment of the biodegradable substrate in the model 

equations by 36% of the total biomass. 

6.3.2.3 GLR 

Similar to both H-UASB and MBBR, the model was able to predict the trends in the effluent 

concentrations of NO2
-, NO3

- and NH4
+ (figures 6.4 a-c). However, the effluent 

concentrations of NO3
- predicted by the model were higher than the measured concentrations 

during most of the study period (figure 6.4c). Adjustment of the concentration of 

biodegradable substrate by a value equivalent 20% of the total biomass in the reactor led to 

a decrease in the predicted effluent concentrations of NO3
-, approaching the measured 

concentrations (figure 6.4 d). The model was limited in predicting the fluctuations in the 

effluent concentrations of NO2
-, NO3

- and NH4
+ (figures 6.4 a-c).  
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Figure 6. 4. Measured and model-predicted effluent concentrations of NH4
+, NO2

- and NO3
- 

in GLR: a, b & c-effluent concentrations at biodegradable substrate described on table 6.1, 

d - effluent NO3
- concentrations on increasing the biodegradable substrate by 20% of the 

total biomass in the model equations. 

6.3.3 Model simulation of nitrifying and ANAMMOX bacterial populations in the 

reactors 

6.3.3.1 H-UASB 

In H-UASB, since the reactor was modelled with five CSTRs connected in series (figure 

6.1), the average concentrations obtained in the five CSTRs were used to calibrate the model. 

The model predicted the highest concentration of ANAMMOX bacteria in the lowest 

compartment (first CSTR) throughout the study period, while its abundance was predictably 

the lowest on days 125 and 192 in the fourth and third CSTRs, respectively, and in the second 

CSTR on days 260, 309 and 535  (table A.6.1, Appendix D). On the contrary, the abundance 

of Nitrobacter spp. were predicted to increase with the reactor height during the study, while 

the abundance of AOB, COMAMMOX bacteria and Nitrospira spp. fluctuated along the 

reactor height during the study (table A.6.1, Appendix D).   
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The correlation coefficients of the predicted relative abundance of all the bacterial species 

were positive figures 6.5 a-e. The correlations coefficients (R2) of the predicted verses the 

actual relative abundance ranged between 2% and 88.5% (figures 6.5 a-e). The highest 

correlation coefficient was found between the predicted and the actual relative abundance of 

COMAMMOX bacteria, while the lowest was between the predicted and the actual relative 

abundance of Nitrobacter spp. (figure 6.5).  

 

Figure 6. 5. Correlation of the model-predicted relative abundance of AOB (a), Nitrobacter 

spp. (b), Nitrospira spp. (c), COMAMMOX bacteria (d) and ANAMMOX bacteria (e) with 

the measured relative abundance in H-UASB. 

6.3.3.2 MBBR 

After the model was calibrated in H-UASB, it was validated with the experimental data in 

MBBR. When the gas-liquid interface oxygen concentration (Cs) was kept at 0.1 mg-O2/L, 

the model predicted the dominance of ANAMMOX bacteria throughout the study (table 

A.6.3, Appendix D). In addition, under these conditions, the model predicted constant 

decrease in the abundance of nitrifying bacteria (table A.6.3, Appendix D). Furthermore, the 
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correlation of the predicted relative abundance of Nitrospira spp., Nitrobacter spp., 

COMAMMOX bacteria and ANAMMOX bacteria to their actual relative abundance was 

negative, while the predicted relative abundance of AOB positively correlated with the actual 

relative abundance (figure A.6.2, Appendix D).  On the contrary, when the gas-liquid 

interface oxygen concentration was increased to 1 mg-O2/L between days 87-535 (phase III 

onwards), there was a positive correlation of the model predicted relative abundance of 

nitrifying and ANAMMOX bacteria with the actual relative abundance (figures 6.6 a-e). The 

correlation coefficient (R2) of Nitrobacter spp., Nitrospira spp., COMAMMOX bacteria, 

ANAMMOX bacteria and AOB was 2.02%, 00.01%, 0.058%, 7.47% and 69.51% 

respectively (figures 6.6 a-e).    

 

Figure 6. 6. Correlation of the model-predicted relative abundance of AOB (a) Nitrobacter 

spp. (b), Nitrospira spp. (c), COMAMMOX bacteria (d) and ANAMMOX bacteria (e) with 

the measured relative abundance in MBBR during the study. 
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6.3.3.3 GLR 

At 0.1 mg-O2/L gas-liquid interface concentration in all the phases, the correlation of model-

predicted relative abundance of Nitrospira spp., Nitrobacter spp., COMAMMOX bacteria 

and ANAMMOX bacteria with the actual relative abundance was negative, while the 

correlation of only AOB was positive (figure A.6.3). Under these conditions, the model 

predicted the dominance of ANAMMOX bacteria during most of the study period, while the 

relative abundance of COMAMMOX bacteria was predicted to constantly decrease 

throughout the study period (table A.6.4, Appendix D). On the contrary, the relative 

abundance of AOB, Nitrobacter spp. and Nitrospira spp. was predicted to fluctuate during 

the study period under similar conditions (table A.6.4, Appendix D). However, when the gas-

liquid interface concentration was increased to 1 mg-O2/L between days 87-535 (phase III 

onwards), the model prediction of the relative abundance of nitrifying and ANAMMOX 

bacteria improved, leading to positive correlation with the actual relative abundance (figures 

6.7 a-e). The highest correlation coefficient (R2) was found between the predicted relative 

abundance of COMAMMOX bacteria and the actual relative abundance (at 95.30%) (figure 

6.7d), while the lowest correlation coefficient was observed between the predicted and the 

actual relative abundance of Nitrospira spp. (at ca. 0.53%, figure 6.7c) . The correlation 

coefficients of the predicted relative abundance of AOB, Nitrobacter spp. and ANAMMOX 

bacteria to the actual relative abundance were 50.00%, 26.57% and 6.87%, respectively 

(figures 6.7a, 6.7b and 6.7e). 
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Figure 6. 7. Correlation of the model-predicted relative abundance of AOB (a), Nitrobacter 

spp. (b), Nitrospira spp. (c), COMAMMOX bacteria (d) and ANAMMOX bacteria (e) with 

the measured relative abundance in GLR. 

6.4 Discussion  

The model predicted the trends of the effluent concentrations of NO2
-, NO3

- and NH4
+ in all 

the reactors as well as the trends in the relative abundance of AOB, Nitrospira spp., 

Nitrobacter spp., COMAMMOX bacteria and ANAMMOX bacteria (figures 6.2-6.7). Since 

the hydrodynamics of each reactor varied (section 6.2.3) as well as the working volumes 

between days 1 and 289 (Chapter 3, figure 3.6), there were variations in the model-output 

among the reactors (figures 6.2-6.7). However, when the model was tested at baseline 

conditions, comparable effluent concentrations of NO2
-, NO3

- and NH4
+ in all the reactors 

was observed (figure A.6.1, Appendix D). Despite this observation at baseline conditions, 

there were variations in the relative abundance of nitrifying and ANAMMOX bacteria, with 

better selection of ANAMMOX bacteria being predicted in MBBR, while the lowest relative 

abundance was predicted in H-UASB in the course of the study (table A.6.2, Appendix D).  

On the contrary, when the working volumes of the reactors were adjusted in line with the 
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actual working volumes used, variations in process performance and bacterial community 

structure among the reactors were observed (figures 6.2-6.7), an indication that the NLR had 

an influence on the bacterial community structures, in line with Park et al. (2015).  

The model-predicted effluent concentrations of NO3
- in both GLR and MBBR were higher 

than the measured values (figures 6.3a and 6.4c), possibly because the actual concentrations 

of biodegradable substrate (COD) in these reactors were higher than the values used in the 

model, which could have led to higher heterotrophic bacterial activities in the reactors. 

Indeed, on increasing the concentration of biodegradable substrate during simulation by 36% 

and 20% of the total biomass in the MBBR and GLR, respectively, a drop in the effluent 

NO3
- concentrations was observed, coming close to the measured values (figures 6.3b and 

6.4d). This finding thus indicate that the concentrations of biodegradable substrate in the 

reactors were higher than the values indicated on table 6.1. It is possibly that shear stress 

due to stirring  and gas circulation in MBBR and GLR, respectively, stimulated the secretion 

of EPS (extracellular polymeric substances) by bacteria as previously demonstrated by Wu 

et al. (2009), which in turn provided organic carbon for heterotrophic bacterial growth (Ni 

et al. 2011a; Liu et al. 2016). According to Wu et al. (2009),  the rate of EPS secretion was 

directly correlated to the amount of shear force. Therefore, since mixing was not 

implemented in H-UASB, lower EPS secretion compared to MBBR and GLR could have 

occurred (Wu et al. 2009), in turn leading to lower activities of heterotrophic bacteria, and 

consequently, lower rate of NO3
- reduction compared to MBBR and GLR. In addition, 

stirring in MBBR and gas circulation in GLR could have led to biofilm development on the 

walls of these reactors (figure A.4.1, appendix B), which could have also promoted the 

heterotrophic bacterial growth (Laureni et al. 2015), subsequently leading to higher rate of 

NO3
- removal than it was accounted for in the model.  The addition of 36% and 20% 

biodegradable substrate in the models for MBBR and GLR, respectively, was necessary to 

account for the activities of heterotrophic bacteria. These values were based on Liu et al. 

(2016) who previously reported that EPS in the biofilms within ANAMMOX-mediated 

systems could be as high as 50% of the total bacterial biomass. 

The model predicted faster growth of ANAMMOX bacteria in the lower compartment (first 

CSTR) in HUASB than in the other compartments (table A.6.1, Appendix D). This is because 

this compartment received fresh feed, which enabled prediction of fast growth of 

ANAMMOX bacteria in the lower compartment. On the contrary, their relative abundance 

in the upper compartments (second CSTR through the fifth) received lower substrate 
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concentrations leading to lower growth rates of ANAMMOX bacteria compared to the first 

CSTR (table A.6.1, Appendix D). The variation in the growth of AOB, COMAMMOX 

bacteria, Nitrospira spp. and Nitrobacter spp. with the height of H-UASB during the study 

could have been influenced by the variation in the substrate concentrations. However, since 

fluidisation in H-UASB could have occurred due to liquid flow and nitrogen gas generation, 

mixing of biomass within the different compartments could have taken place (Cao et al. 

2016; Chen et al. 2016). Therefore, since the actual relative abundance of the nitrifying and 

ANAMMOX bacteria used in this study represented the average abundance in the reactors 

(Chapter 4), the average relative abundance of the model-predicted abundance in the CSTRs 

within the H-UASB and GLR were also used.  

At baseline conditions (keeping NLR and liquid-gas interface oxygen concentration similar 

in all the reactors), the model predicted the fastest growth of ANAMMOX bacteria in 

MBBR, while their growth in H-UASB and GLR was predicted to gradually increase  

between days 1 and 260, thereafter decreasing gradually until the end of the study (table 

A.6.2, Appendix D). However, the actual NLRs were not similar throughout the study 

(Chapter 3, figure 3.6), and were adjusted in MBBR and H-UASB by keeping the working 

volume at either 3.8L or 5L between days 1 and 289 based on the NREs, while the working 

volume of GLR was kept constant at 5L throughout the study. From day 289 onwards, the 

working volumes and consequently the NLRs of all the reactors were kept similar (Chapter 

3, figure 3.6). When the reactor volumes were adjusted in line with the actual volumes used, 

the model predicted variations in the relative abundance of ANAMMOX bacteria with the 

reactor configuration, an indication that the NLR influenced bacterial structures and 

abundance, as previously demonstrated by Park et al. (2015). In addition to the adjustment 

of the working volumes, the adjustment of Cs in GLR and MBBR between days 87-535 led 

to positive correlation of the model-predicted relative abundance of nitrifying and 

ANAMMOX bacteria in these reactors (figures 6.5-6.7). This finding thus indicate that 

oxygen could have leaked into the MBBR and GLR in the course of study, in turn limiting 

ANAMMOX bacterial growth while promoting the growth of NOB and AOB. It is possible 

that the bearings used in MBBR could have allowed oxygen to leak into the reactors, while 

in GLR, oxygen could have leaked through the joints connecting different pieces of 

equipment used in the circulation of gas. Therefore, the Cs in MBBR and GLR was increased 

to 1 mg-O2/L between days 87 and 535, leading to positive correlations of the relative 

abundance of nitrifying and ANAMMOX bacteria (figures 6.6 and 6.7).  
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Although some of the R2 values were low, all the correlation coefficients between the 

predicted relative abundance and the actual relative abundance were positive. Since the 

relative abundance of nitrifying and ANAMMOX bacteria was based on the genomic DNA 

(gDNA), it is possible that a portion of these population was not active (redundant), as 

metagenomics analyses based on gDNA cannot differentiate between life and dead cells, 

unlike RNA based analyses (Habtewold et al. 2015). It is noteworthy that it was possible to 

improve R2 values in the reactors through further parameter calibration, but it was observed 

that these further modifications were causing huge deviations between the predicted effluent 

concentrations and the actual measured concentrations. Therefore, model calibration based 

on the reduction of RMSE between the predicted and the actual effluent concentrations of 

NO2
-, NO3

- and NH4
+ was favoured to high R2 values. Future model calibration based on 

RNA could thus be important if high R2 values were to be achieved. This is because RNA-

based analyses would indicate the fraction of active biomass as well as bacterial affiliations 

and nitrogen, carbon or energy pathways (Habtewold et al. 2015).  

6.5 Conclusion 

The modified model was able to predict the trends in effluent concentrations of NO2
-, NO3

- 

and NH4
+ as well as the population dynamics of AOB, NOB, COMAMMOX bacteria and 

ANAMMOX bacteria in the reactors.  At baseline conditions, it was evident that the reactor 

configuration had minimal influence on the effluent concentrations of NO2
-, NO3

- and NH4
+. 

However, it was determined through mathematical modelling that constant adjustments of 

NLR through the alterations of the working volumes had an impact on process performance 

and bacterial growth. In addition, the model predicted oxygen consumption in GLR and 

MBBR compared to H-UASB. The model also predicted higher heterotrophic bacterial 

activities in GLR and MBBR compared to H-UASB, which was attributed to higher EPS 

secretion in these reactors as a result of stimulation by the shear forces (stirring and gas 

circulation).  
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7 GENERAL CONCLUSIONS  

Different reactor configurations have been applied in full-scale installations of 

ANAMMOX-mediated systems. However, system operation and stability are still affected 

by sensitivity of ANAMMOX bacteria to operational and environmental parameters. In 

addition, performance of ANAMMOX-mediated systems is influenced by; (I) the growth of 

different microorganisms competing for substrate with ANAMMOX bacteria, (II) reactor 

hydrodynamics which affect substrate distribution and biomass retention in the reactors. 

This study evaluated the impact of mixing conditions on nitrogen removal, physical 

properties of biomass and microbial community structures in MBBR, H-UASB and GLR 

over 535 days. The growth of nitrifying and ANAMMOX bacteria in the reactors was also 

simulated using a calibrated mechanistic model for the duration of the study period. Based 

on the observations, the following conclusions have been drawn from this study. 

Higher substrate utilisation was observed in the MBBR during the study compared to the H-

UASB and GLR. This could have been due to better mixing in the MBBR compared to plug 

flow conditions in H-UASB, and the alternation of internal circulation with plug-flow 

conditions in the GLR. Based on the ∆NO2
-/∆NH4

+ and ∆NO3
-/∆NH4

+ ratios, the start-up 

period of ANAMMOX process in MBBR was shorter than in the GLR and H-UASB.  Lower 

concentrations of FA and FNA in the MBBR led to more stable process performance 

compared to GLR and H-UASB, while higher FA and FNA concentrations in the H-UASB 

and GLR compared to MBBR led to fluctuations in nitrogen removal.    

Plug-flow conditions in H-UASB and the alternation of internal circulation with plug-flow 

conditions in GLR favoured granulation of biomass, while the shear forces due to mixing in 

the MBBR led to the formation of flocculent biomass as expected. The colour of the biomass 

in all the reactors changed in the course of the study, corroborating with the nitrogen removal 

performance and the shifts in the bacterial community structures in the reactors. Better-

mixed conditions in the MBBR led to faster development of the biofilms on the carrier 

materials compared to the H-UASB and GLR. Better-mixed conditions in MBBR also led 

to comparable abundance of nitrifying and ANAMMOX bacteria in the biofilms and 

suspended biomass, while plug-flow conditions in the H-UASB favoured the growth of 

ANAMMOX bacteria in the suspended biomass (lower section), and nitrifying bacteria in 

the upper section (biofilms). The alternation of plug-flow conditions with internal gas 

circulation in the GLR also led to comparable abundance of ANAMMOX bacteria between 
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the suspended biomass and the biofilms similar to MBBR, while the growth of nitrifying 

bacteria in the GLR was favoured in the biofilms compared to the suspended biomass. In 

combination, the microbial ecology and performance profiles show that nitrogen removal in 

H-UASB was likely dominated by ANAMMOX process, while nitrogen removal in MBBR 

and GLR was as a result of combined ANAMMOX and sequential nitrification-

denitrification processes.  

ASM 1, which was modified by separating the activities of Nitrospira spp. and Nitrobacter 

spp. as well as by adding ANAMMOX and COMAMMOX bacterial activities, was used to 

describe process performance in the reactors. Modelling results revealed that constant 

adjustments of NLR through the alterations of the working volumes had an impact on 

process performance and bacterial growth in the reactors. Modelling also predicted higher 

oxygen consumption in GLR and MBBR compared to H-UASB, as well as higher 

heterotrophic bacterial activities in GLR and MBBR compared to H-UASB, corroborating 

the experimental results. However, the model was limited in predicting process performance 

during the start-up period of the reactors when nitrogen removal was low.  
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8 RECOMMENDATIONS 

 It is recommended that the modelling-predicted variation in bacterial communities 

with the reactor height in H-UASB be determined experimentally in future studies.  

 It is also recommended that the impact of potential and extant functionality be further 

explored in future studies.  

 The impact of mixing conditions on the growth of ANAMMOX and nitrifying 

bacteria in aerated systems could also be further explored.  

 Future applications of the presented model in full-scale systems is recommended for 

better understanding of the model’s versatility in predicting process performance in 

systems with complex substrates. 
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10 APPENDIX A 

 

Figure A. 3. 1. Schematic diagram of MBBR. Units: mm. 
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Figure A. 3. 2. Schematic diagram of H-UASB. Units: mm. 
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Figure A. 3. 3. Schematic diagram of GLR. Units: mm. 

 

 

Figure A. 3. 4. Photographic image of DR 6000 
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Figure A. 3. 5. Photographic image of Labquest 2 device. 

 

 

Figure A. 3. 6. Photographic image of the automated water bath 



178 

 

 

Figure A. 3. 7. Photographic image of the pH controller. 

 

Figure A. 3. 8. Photographic image of the food colouring used during the analysis of RTD.  
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Figure A. 3. 9. Isometric drawing of K1-type carrier materials used in the reactors. Units: 

mm. 
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11 APPENDIX B 

Table A. 4. 1. Affiliations of ANAMMOX bacteria in MBBR, H-UASB and GLR (%). 

Sam

ple MBBR H-UASB GLR 

1 

Candidatus Kuenenia Stuttgartiensis (43.15), Candidatus Kuenenia spp. enrichment culture clone hzsB K (0.00024), Candidatus Brocadia spp. 40 (0.00024) 

125 Ca. Kuenenia Stutt. (0.76) Ca. Kuenenia Stutt. (5.13) Ca. Kuenenia Stutt. (0.0044) 

192 Ca. Kuenenia Stutt. (0.32) 

Ca. Kuenenia Stutt. (32.03), uncultured Ca. Brocadia spp. 

(0.0011) Ca. Kuenenia Stutt. (0.90) 

260 

Ca. Kuenenia Stutt. (14.41), Ca. Brocadia spp. 40 (0.00043), 

Ca. Bro. anammoxidans (0.093), Ca. Brocadia fulgida (0.017), 

Ca. Bro. sinica (0.021),Ca. Bro. spp. enrichment culture clone 

hzsB B.a (0.0069), Ca. Jettenia asiatica (0.0052), Ca. Jettenia 

caeni (0.033) 

Ca. Kuenenia Stutt. (73.90), Ca. Bro. anammoxidans (0.036), 

Ca. Brocadia fulgida (0.0040), Ca. Bro. sinica (0.0088),Ca. Bro. 

spp. enrichment culture clone hzsB B.a (0.0015), Ca. Jettenia 

asiatica (0.0016), Ca. Jettenia caeni (0.011) Ca. Kuenenia Stutt. (22.74), Ca. Bro. anammoxidans (0.0013), 

Ca. Bro. sinica (0.00044),Ca. Jettenia caeni (0.00044) 

309 

Ca. Kuenenia Stutt. (7.46), Ca. Bro. anammoxidans (0.26), Ca. 

Brocadia fulgida (0.039), Ca. Bro. sinica (0.074),Ca. Bro. spp. 

enrichment culture clone hzsB B.a (0.013), Ca. Jettenia asiatica 

(0.0081), Ca. Jettenia caeni (0.080), Ca. Bro. spp. enrichment 

culture clone HZO4 (0.00081), uncultured Scalindua spp. 

(0.00043) 

Ca. Kuenenia Stutt. (65.81), uncultured Ca. Brocadia spp. 40 

(0.00016), Ca. Bro. anammoxidans (0.084), Ca. Brocadia 

fulgida (0.017), Ca. Bro. sinica (0.029),Ca. Bro. spp. 

enrichment culture clone hzsB B.a (0.0023), Ca. Jettenia 

asiatica (0.0033), Ca. Jettenia caeni (0.029), Ca. Bro. spp. 

enrichment culture clone HZO4 (0.00016) 

Ca. Kuenenia Stutt. (22.12), Ca. Brocadia spp. 40 (0.00059), Ca. 

Bro. anammoxidans (0.14), Ca. Brocadia fulgida (0.024), Ca. Bro. 

sinica (0.042),Ca. Bro. spp. enrichment culture clone hzsB B.a 

(0.0059), Ca. Jettenia asiatica (0.0089), Ca. Jettenia caeni (0.034) 

 SUSPENDED BIOFILM SUSPENDED BIOFILM SUSPENDED BIOFILM 

535 

Ca. Kuenenia Stutt. (11.18), 

Ca. Bro. anammoxidans 

(0.16), Ca. Brocadia fulgida 

(0.03), Ca. Bro. sinica 

(0.08),Ca. Bro. spp. 

enrichment culture clone 

hzsB B.a (0.005), Ca. 

Jettenia asiatica (0.008), Ca. 

Jettenia caeni (0.07), 

uncultured Brocadia spp. 

(0.002), uncultured 

Scalindua spp. (0.002) 

Ca. Kuenenia Stutt. (4.19), 

Ca. Bro. anammoxidans 

(0.14), Ca. Brocadia fulgida 

(0.03), Ca. Bro. sinica 

(0.06),Ca. Bro. spp. 

enrichment culture clone 

hzsB B.a (0.005), Ca. 

Jettenia asiatica (0.007), Ca. 

Jettenia caeni (0.07), 

uncultured Brocadia spp. 

(0.002), uncultured 

Scalindua spp. (0.0007) 

Ca. Kuenenia Stutt. (33.28), Ca. Bro. 

anammoxidans (0.05), Ca. Brocadia 

fulgida (0.017), Ca. Bro. sinica (0.11), 

Ca. Bro. spp. enrichment culture clone 

hzsB B.a (0.01), Ca. Jettenia asiatica 

(0.03), Ca. Jettenia caeni (0.13), Ca. 

Bro. spp. enrichment culture clone 

HZO4 (0.002), uncultured Ca. 

Brocadia spp. (0.005), uncultured 

Scalindua spp. (0.002)  

Ca. Kuenenia 

Stutt. (5.48), Ca. 

Bro. 

anammoxidans 

(0.08), Ca. 

Brocadia fulgida 

(0.01), Ca. Bro. 

sinica (0.05), Ca. 

Bro. spp. 

enrichment culture 

clone hzsB B.a 

(0.006), Ca. 

Jettenia caeni 

(0.07) 

Ca. Kuenenia Stutt. (3.81), Ca. 

Bro. anammoxidans (0.13), Ca. 

Brocadia fulgida (0.02), Ca. Bro. 

sinica (0.05), Ca. Bro. spp. 40 

(0.0005), Ca. Bro. spp. enrichment 

culture clone hzsB B.a (0.005), Ca. 

Jettenia asiatica (0.005), Ca. 

Jettenia caeni (0.06), uncultured 

Brocadia spp. (0.001). 

Ca. Kuenenia Stutt. 

(4.04), Ca. Bro. 

anammoxidans (0.16), 

Ca. Brocadia fulgida 

(0.03), Ca. Bro. sinica 

(0.07), Ca. Bro. spp. 

enrichment culture clone 

hzsB B.a (0.004), Ca. 

Jettenia asiatica (0.01), 

Ca. Jettenia caeni (0.07), 

uncultured Brocadia spp. 

(0.004). 
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*MBBR SUSPENDED, **H-UASB SUSPENDED, ***GLR SUSPENDED, *#MBBR BIOFILM, **#H-UASB BIOFILM, ***#GLR BIOFLM, SUS – SUSPENDED, BIOF – BIOFILM 

 

Table A. 4. 2. The relative abundance and affiliations of the dominant AOB and NOB in MBBR, H-UASB and GLR (%). 

  AOB NOB 

Phase  
MBBR UASB GLR MBBR UASB GLR 

I 

(Inoculum) Nitrosomonas europaea (4.38) 

Nitrospira moscoviensis (3.32) 

 

IV (day 

125) Nitrosomonas europaea (29.13*, 35.83**, 0.32***) Nitrospira defluvii (5.38) 

Nitrobacter hamburgensis 

(0.92)  

Nitrospira defluvii  

(0.13)  

VI (day 

192) Nitrosomonas europaea (26.03*, 8.63**, 18.13***) Nitrospira defluvii (5.03*,4.38**,0.84***) 

VII (day 

260) Nitrosospira multiformis (3.57*,0.44**,3.44***) Nitrospira moscoviensis (6.46) Nitrospira defluvii (0.4)  

Nitrobacter hamburgensis 

(0.85) 

VII (day 

309) Nitrosospira multiformis (0.46*,0.78**) 

Nitrosomonas 

europaea (15.7) Nitrospira moscoviensis (19.60) Nitrospira defluvii (0.66) 

Nitrobacter hamburgensis 

(0.78) 

 MBBR UASB GLR MBBR UASB GLR 

 SUS BIOF SUS BIOF SUS BIOF SUS BIOF SUS BIOF SUS BIOF 

XII (day 

535) Nitrosospira multiformis (1.03*, 0.1*#, 0.8**, 0.33**#, 1.86***, 0.04***# 

Nitrospira 

moscoviensis 

(2.13) 

Nitrospira 

defluvii 

(1.75) 

Nitrospira defluvii (0.4**, 

4.23**#) 

Nitrospira moscoviensis 

(0.21***, 3.25***#) 

 *MBBR SUSPENDED, **UASB SUSPENDED, ***GLR SUSPENDED, *#MBBR BIOFILM, **#UASB BIOFILM, ***#GLR BIOFLM, SUS – SUSPENDED, BIOF – BIOFILM 
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Table A. 4. 3. The relative abundance of nitrifying bacteria, ANAMMOX bacteria and ANAMMOX-like bacteria at genus level (continued in the 

next page). 

Samples NOB AOB 

  

AMX AMX-

like 

CMX 

 
Nitrosp

ira 

Nitroba

cter 

Nitrolan

cea 

Nitrosoco

ccus 

Nitrosomo

nas 

Nitrosos

pira 

Nitrosovi

brio 

Candidatus_Nitroso

globus 

Candida

tus 

Scalind

ua 

Candida

tus 

Brocadi

a 

Candida

tus 

Jettenia 

Candida

tus 

Kueneni

a 

anamm

ox-like 

bacteria 

Candida

tus 

Nitrospi

ra 

inopinat

a 

INOCUL

UM 

6.41 0.13 0.00047 0.021 4.54 0.092 0.00071 0.0035 0 0.00024 0 43.15 0.004 0.9 

MBBR12

5 

10.3 0.22 0.0013 0.0048 37.65 0.26 0 0.0035 0 0 0 0.76 0.0043 0.46 

H-

UASB12

5 

3.49 1.43 0.00091 0.0036 30.24 0.3 0.0003 0.0029 0 0 0 5.13 0.011 0.15 

GLR125 0.23 0.036 0 0.0082 0.37 0.017 0.00038 0.00022 0 0 0 0.00044 0.0000

75 

0.018 

MBBR19

2 

9.93 0.65 0.0027 0.0075 26.97 2.45 0.0015 0.003 0 0 0 0.32 0.0005 0.46 

H-

UASB19

2 

8.85 0.53 0.00047 0.0075 8.94 2.41 0.00016 0.0011 0 0.0011 0 32.03 0.098 0.35 

GLR192 1.65 0.94 0.0012 0.00769 18.82 1.98 0 0.0036 0 0 0 0.9 0.0043 0.08 

MBBR26

0 

11.84 8.57 0.0022 0.011 0.48 3.66 0.00086 0.0022 0.00043 0.14 0.038 14.41 0.33 1.19 

H-

UASB26

0 

0.8 0.11 0.00015 0.0047 0.3 0.46 0.00015 0.00015 0 0.052 0.012 73.9 0.42 0.042 

GLR260 1.16 1.3 0.0018 0.0058 1.2 3.52 0.00044 0 0 0.0018 0.00044 22.74 0.1 0.088 

MBBR30

9 

30.66 0.31 0 0.0321 0.17 0.48 0 0 0 0.39 0.088 7.46 0.76 4.48 

H-

UASB30

9 

1.24 0.23 0.00049 0.0052 0.72 0.79 0.00066 0.00016 0 0.13 0.032 65.81 0.5 0.079 
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GLR309 1.21 1.27 0.00059 0.0048 15.99 1.87 0 0.0083 0 0.21 0.034 22.12 0.5 0.11 

MBBR 

SUSP535 

4.51 0.15 0 0.01 0.09 1.06 0 0.002 0.002 0.28 0.08 11.19 0.43 0.64 

MBBR 

BIOF535 

3.99 0.08 0.001 0.01 0.05 0.11 0 0 0.0007 0.24 0.08 4.19 0.39 0.51 

H-UASB 

SUSP535 

0.75 0.33 0.007 0.01 0.14 0.83 0.002 0 0.002 0.41 0.16 33.28 0.65 0.07 

H-UASB 

BIOF535 

7.44 0.36 0.02 0.02 0.33 0.34 0 0.003 0 0.16 0.07 5.48 0.27 0.56 

GLR 

SUSP535 

0.42 0.34 0.002 0.01 0.08 1.91 0.0005 0 0 0.21 0.07 3.81 0.31 0.07 

GLR 

BIOF535 

7.18 0.1 0.0008 0.02 0.1 0.05 0.0008 0.0008 0 0.27 0.08 4.04 0.46 0.71 

AMX - ANAMMOX bacteria, CMX - comammox bacteria, SUSP - suspension, BIOF - biofilm 
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Figure A. 4. 1. Photographic images of the reactors during the study. 

 

Figure A. 4. 2. Suspended and biofilm-extracted biomass from the reactors on day 519. 

 



185 

 

 

Figure A. 4. 3. Rarefaction curves: a - inoculum; b, e , h, k & n - MBBR suspended biomass; 

q - MBBR biofilms; c, f, i, l & o - H-UASB suspended biomass; r - H-UASB biofilms; d, g, 

j, m & p - GLR suspended biomass; s - GLR biofilms. 
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12 APPENDIX C 

 

 

Figure A. 5. 1. Concentration of suspended biomass in the MBBR, H-UASB and GLR in 

phases II, III, VI and IX. 
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13 APPENDIX D 

Table A. 6. 1. Model-predicted relative abundance of AOB, Nitrospira spp. Nitrobacter spp. 

ANAMMOX bacteria and COMAMMOX bacteria in the 5 CSTRs in H-UASB. 

 
AOB Nitrobacter spp. Nitrospira 

spp. 

COMAMMOX bacteria ANAMMOX bacteria 

CSTR 1 

125 
0.259714494 0.00355 0.094797 0.002937 99.01105 

192 
0.000113575 3.06E-08 3.21E-06 7.29E-07 99.69419 

260 
2.97157E-14 6.15E-14 2.81E-11 7.06E-12 99.79346 

309 
1.35239E-21 9.33E-18 1.22E-14 2.54E-15 99.79528 

535 
5.13864E-55 1.86E-35 3.85E-30 5.41E-31 99.79738 

CSTR 2 

125 12.87467925 0.103683 0.056352 0.006223 84.34201 

192 13.6861913 1.54E-08 3.44E-06 9.72E-06 81.69583 

260 1.4789E-06 3.19E-08 3.79E-06 1.47E-07 83.8494 

309 2.29728E-14 4.68E-05 0.000966 4.34E-08 62.0832 

535 8.78593E-53 33.19173 4.918061 2.99E-15 0.172337 

CSTR 3 

125 17.27985015 0.047369459 0.119815277 0.011285931 80.621504 

192 15.97607768 7.0663E-08 7.2017E-06 1.61245E-05 81.53451943 

260 1.16229E-06 4.14091E-07 1.90709E-05 3.51187E-07 93.67216312 

309 1.7022E-14 0.002856497 0.017702569 2.07806E-07 84.62913658 

535 2.06221E-52 75.35499674 6.184879456 4.94561E-15 0.21427276 

CSTR 4 

125 17.89881319 0.177759 0.043542 0.006779 80.13878 

192 16.02179234 2.69E-08 2.64E-06 9.62E-06 82.15489 

260 9.47848E-07 1.86E-07 8.08E-06 2.17E-07 96.47195 

309 1.34393E-14 0.00163 0.009202 1.43E-07 91.46678 

535 1.72588E-52 85.20478 5.582841 4.59E-15 0.249652 

CSTR 5 

125 17.57335971 0.853775 0.021245 0.00504596 80.52991 

192 15.8546138 1.31E-08 1.3E-06 7.29263E-06 82.41771 

260 8.40117E-07 9.51E-08 4.19E-06 1.66983E-07 97.63311 

309 1.15424E-14 0.000899 0.005093 1.13633E-07 94.31263 

535 1.51059E-52 88.72663 5.155944 4.73553E-15 0.272711 
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Table A. 6. 2. The model-predicted relative abundance of nitrifying and ANAMMOX 

bacteria in the reactors at baseline conditions. 

 
MBBR 

Samples AOB Nitrobacter 

spp. 

Nitrospira 

spp. 

COMAMMOX 

bacteria 

ANAMMOX 

bacteria 

1 4.54 0.13 6.41 0.9 43.15 

125 0.259714 0.00355 0.094797 0.002937 99.01105 

193 6.57E-05 1.82E-08 2.03E-06 4.92E-07 99.69963 

260 2.97E-14 6.15E-14 2.81E-11 7.06E-12 99.79346 

309 1.35E-21 9.33E-18 1.22E-14 2.54E-15 99.79528 

535 4.89E-55 1.86E-35 3.85E-30 5.41E-31 99.79738  
H-UASB  

AOB Nitrobacter 

spp. 

Nitrospira 

spp. 

COMAMMOX 

bacteria 

ANAMMOX 

bacteria 

1 4.54 0.13 6.41 0.9 43.15 

125 13.17728 0.237227 0.06715 0.006454 84.92865 

192 12.30776 3.13E-08 3.56E-06 8.7E-06 85.49943 

260 8.86E-07 1.45E-07 7.03E-06 1.77E-07 94.28402 

309 1.3E-14 0.001086 0.006593 1.02E-07 86.45741 

535 1.24E-52 56.49563 4.368345 3.45E-15 20.14127  
GLR  

AOB Nitrobacter 

spp. 

Nitrospira 

spp. 

COMAMMOX 

bacteria 

ANAMMOX 

bacteria 

1 4.54 0.13 6.41 0.9 43.15 

125 0.257072 0.003788 0.101094 0.003117 99.30717 

192 1.473416 4.56E-08 5.69E-06 7.92E-06 98.07233 

260 1.03E-07 1.89E-07 1.19E-05 1.78E-07 98.72212 

309 1.46E-15 0.001128 0.009811 9.46E-08 96.42208 

535 2.14E-52 52.50424 7.400219 9.78E-15 21.31365 
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Figure A. 6. 1. Model-predicted effluent concentrations of NH4
+, NO2

- and NO3
- in MBBR 

(a), H-UASB (b) and GLR (c) at baseline conditions (similar NLRs and Cs in all the 

reactors). 

Table A. 6. 3. Model-predicted relative abundance of nitrifying and ANAMMOX bacteria 

in MBBR at oxygen concentration of 0.1 mg-O2/L between days 1-79 and between days 87-

535. 

Sample AOB Nitrobacter spp. Nitrospira spp. COMAMMOX bacteria ANAMMOX bacteria 

1 4.54 0.13 6.41 0.9 43.15 

125 2.24 4.75E-04 0.018 0.0029 96.77 

193 0.90 4.25E-09 6.52E-07 2.07E-06 98.49 

260 9.90E-04 1.2E-10 1.64E-08 2.13E-08 99.73 

309 3.33E-10 3.09E-11 3.1E-09 2.69E-10 99.77 

535 1.05E-43 2.42E-25 8.08E-22 1.57E-24 99.79 
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Figure A. 6. 2. The correlation of the model-predicted relative abundance of  nitrifying and 

ANAMMOX bacteria in MBBR at 0.1 mg-O2/L oxygen saturation concentration between 

days 1-79 and between days 87-535. 

 

Table A. 6. 4. Model-predicted relative abundance of nitrifying and ANAMMOX bacteria 

in GLR at 0.1 mg-O2/L oxygen saturation concentration between days 1-79 and between 

days 87-535.  

Sample AOB Nitrobacter spp. Nitrospira spp. COMAMMOX bacteria ANAMMOX bacteria 

1 4.54 0.13 6.41 0.9 43.15 

125 2.08 1.66E-04 0.01 0.002 97.36 

192 2.33 3.07E-09 8.42E-07 5.42E-06 97.16 

260 2.04E-04 1.55E-08 1.96E-06 3.07E-07 99.47 

309 5.18E-11 1.40E-04 0.002301 2.09E-07 98.65 

535 1.43E-44 63.47 9.53 7.21E-14 22.11 

 



191 

 

 

Figure A. 6. 3. Correlation of  the model-predicted relative abundance of nitrifying and 

ANAMMOX bacteria in GLR on maintenance of 0.1 mg-O2/L oxygen saturation 

concentration between days 1-79 and between days 87-535. 
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Figure A. 6. 4. Snapshot of the modelling script for MBBR. 

 

 

Figure A. 6. 5. Snapshot of Simulink encoder for MBBR. 
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Figure A. 6. 6. Simulation of bacterial population dynamics in MBBR using Simulink. 
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Figure A. 6. 7. Simulation of bacterial population dynamics in MBBR using Matlab 2019b. 

 

 

Figure A. 6. 8. Snapshot of the modelling script for H-UASB. 
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Figure A. 6. 9. Snapshot of Simulink encoder for H-UASB. 

 

 

Figure A. 6. 10. Snapshot of the modelling script for GLR. 

 

 




