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ABSTRACT 

Recently, an autotrophic single-stage ammonia removal (ASSAR) 

process based on the anaerobic ammonium oxidation (ANAMMOX) reaction 

has been proven as economical ammonia treatment. However, the slow 

growth rate and the sensitivity to oxygen inhibition of ANAMMOX bacteria 

cause the long acclimation period and the process instability. In this study, 

a two-step entrapment of ANAMMOX bacteria and AOB in a double-

layered gel beads was proposed to solve these problems. 

The rapid enrichment of ANAMMOX bacteria, as a platform 

technology for the ANAMMOX-based processes, was established using 

PVA/alginate gel beads. The enrichment of ANAMMOX bacteria from 

conventional activated sludge entrapped in PVA/alginate gel beads was 

shown to be feasible to achieve a total nitrogen removal rate of 0.81 kg-

N/m3-d within 43 days, which is the best efficiency among previous 

results. 

A novel immobilization method to fabricate the double-layered gel 

bead was developed. The interfacial cross-linking of PVA led to the 

formation of the outer layer on the core ANAMMOX bead. The applicability 

of the double-layered gel bead for ASSAR was verified in aerobic batch 

and continuous bioreactors with a synthetic ammonia wastewater. In the 

batch mode, the ammonia-oxidation by the outer layer facilitated the 

ASSAR from 27.2% to 55.5% compared to the core ANAMMOX bead. Total 

nitrogen removal efficiency of 71.6% for a continuous reactor was shown 

at a total nitrogen loading rate of 0.59 kg-N/m3-d. 

The optimum PVA concentration for the best mechanical strength of 

the outer layer was 12.5%, which resulted in the insignificant effects on the 
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oxygen diffusion limitation through the outer layer. The oxygen penetration 

depths ranging from 83.3 to 1,250 μm with DO concentrations of 0.6 to 8 

mg/L imply that the outer layer with 2.5 to 3 mm in thickness can 

effectively protect ANAMMOX bacteria from oxygen inhibition. The 

double-layered gel bead is expected to be applicable to high strength 

ammonia wastewaters because no significant inhibition effect of free 

ammonia on the oxygen penetration depths was identified. The acclimation 

of ammonia-oxidation activity at a DO concentration of 2.0 mg/L in the 

bulk phase exhibited a significant volumetric reaction rate of 0.65 kg-

N/m3-d to support ASSAR. The live AOB was dominantly distributed in the 

depth of 95 μm. The biofilm model simulation using the AQUASIM software 

revealed that thick outer layer exhibits little differences of the total 

nitrogen removal efficiencies. It was expected that excessive addition of 

AOB and NOB results in unnecessarily high nitrification rates and the 

optimal condition of AOB and NOB for a 10% ANAMMOX bacterial density 

was 1 to 10%. 

 

Keywords: Autotrophic Single-Stage Ammonia Removal, Ammonia- 

           Oxidation, Anaerobic Ammonium Oxidation, Double-Layered 

           Gel Bead, Artificial Biofilm 

 

Student Number: 2010-30264  
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Nomenclature 

 
Nitrification Oxidation of NH4

+ to NO3
- via NO2

- as a intermediate 

Nitritation Oxidation of NH4
+ to NO2
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Partial 

Nitritation (PN) 

Oxidation of a half of NH4
+ to NO2

- 

 

Denitrification Heterotrophic respiration of NO2
- and NO3

- producing 

N2 gas as a final product with organic carbon sources 

as electron donors 

Simultaneous 

Nitritation and 

Denitrification 

(SND) 

Short-cut pathway of the denitrification via NO2
-, 

which is produced by nitritation, in a single reactor 

Anaerobic 

Ammonium 

Oxidation 

(ANAMMOX) 

Autotrophic oxidation of NH4
+ using NO2

- as a electron 

acceptor to produce N2 gas 

Autotrophic 

Single-Stage 

Ammonia 

Removal 

(ASSAR) 

Simultaneous ammonia-oxidation and ANAMMOX 

reaction in completely autotrophic conditions 

 

Double-

Layered Gel 

Bead 

Physically separated two layers of aerobic and 

anaerobic conditions to integrate ammonia-oxidation 

and ANAMMOX reactions in a gel bead 
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INTRODUCTION 
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1.1 Backgrounds 

      Due to the rapid industrial development and the wide use of chemical 

compounds including fertilizers in agriculture, a large amount of ammonia 

has been discharged into water environments. As a result, the water quality 

management on ammonia has attracted public attention. Ammonia is one of 

the major nutrients controlling phytoplankton growth and causing 

eutrophication of the receiving waters [Welch, 2003; Wetzel, 1983]. In 

addition, ammonia alleviates problems of water toxicity and high oxygen 

demand in aquatic environments [Alonso and Camargo, 2004].  

      Environmental protection policy has led to the implementation of 

enhanced discharge standards of nitrogen in the wastewater discharge in 

order to achieve better effluent quality [Henze et al., 2008]. Nitrogen 

sources can be removed from wastewater by biological processes which 

have been widely adapted due to its effectiveness and cost efficiency in 

favor of the physicochemical processes [US EPA, 1993]. As a biological 

nitrogen removal process, traditional methods of nitrification and 

denitrification have been adapted [Dincer and Kargi, 2000]. Nitrification is 

the autotrophic aerobic oxidation of ammonia to nitrite (NO2
-) and nitrate 

(NO3
-) [Surmacz-Gorska et al., 1995]. Denitrification involves anaerobic 

respiration using nitrate, nitrite, nitric oxide (NO) and nitrous oxide (N2O) 

as terminal electron acceptors using organic carbon as an electron donor to 

produce gaseous dinitrogen (N2) [Zumft, 1997]. The conventional nitrogen 

removal processes are cost-intensive because intensive aeration and 

supply of organic carbon sources are required. Recently, simultaneous 

nitritation and denitrification (SND) in a single reactor has been 

investigated which provides reduced reactor volume and energy costs 
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[Muench et al., 1996]. The major benefits arise from the shorten pathway 

of the nitrogen removal over nitrite, which is produced by the nitritation 

reaction, i.e., conversion of ammonia to nitrite, instead of nitrate. The SND 

process reduces aeration energy, reaction time and costs to supply 

external organic carbon for the denitrification [Albeling and Seyfried, 1992; 

Ruiz et al., 2003]. However, an external organic carbon for heterotrophic 

denitrifiers and an effective aeration system are still necessary for SND.  

      The novel biological process of completely autotrophic nitrogen 

removal over nitrite (CANON) as an autotrophic single-stage ammonia 

removal (ASSAR) is more economical than SND. In the ASSAR process, 

anaerobic ammonium oxidation (ANAMMOX) is combined with ammonia-

oxidation in a single reactor. ANAMMOX bacteria perform the anaerobic 

ammonia-oxidation under an autotrophic condition to produce gaseous 

dinitrogen (N2) using nitrite (NO2
-) as an electron acceptor, thus no 

external organic carbon is required [Strous et al., 1998]. In addition, the 

ammonia-oxidation converts a half of ammonia to nitrite in the CANON 

process and additional economic benefit can be obtained by consuming only 

50% of oxygen compared with nitritation [Fux et al., 2002]. 

      The reasons for the limited industrialization of ASSAR are the slow 

growth rate of ANAMMOX bacteria and the severe inhibition of ANAMMOX 

bacteria by oxygen [Strous et al., 1998]. Therefore, the critical designing 

factors for ASSAR are to accelerate the growth of ANAMMOX bacteria in 

the start-up period and to prevent the inhibition of ANAMMOX bacteria by 

dissolved oxygen (DO) in an aerobic condition. The oxygen penetration is 

practically prevented via using a floc (i.e., aggregation of activated sludge, 

0.5 ~ 1 mm in diameter). DO is rapidly depleted by aerobic ammonia-
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oxidizing bacteria (AOB) in the peripheral region of a floc [Sliekers et al., 

2002]. However, the oxygen-limited condition is preferred for a floc 

because DO penetration is effective through the floc structure. 

      Alternatively, the physical separation of aerobic and anaerobic zones 

using immobilization techniques may offer more favorable conditions for 

the rapid acclimation of ANAMMOX bacteria and the protection of 

ANAMMOX bacteria from the oxygen inhibition even with high DO 

concentrations. For example, the entrapment of activated sludge results in 

the effective exponential growth comparing to the other cultivation 

strategies of sequencing batch reactor (SBR), biofilm-attached 

fixed/moving beds and bio-granules. In addition, AOB perform ammonia-

oxidation in an extended outer layer in the outer layer, which is fabricated 

by a novel method in this study, while ANAMMOX bacteria are active in an 

inner zone. The entrapment technology using poly(vinyl alcohol) (PVA) to 

fabricate the double-layered gel bead fulfill requirements for the ASSAR 

including physical separation of the two populations in different depths, 

structural stability, long residence time of bacteria in a reactor, rapid 

implementation and simplicity of the immobilization. 
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1.2 Research Objectives 

      The present research is aimed to integrate the two populations of 

AOB and ANAMMOX bacteria in the double-layered gel bead for ASSAR. 

Although a number of research on the immobilization of AOB and 

ANAMMOX bacteria have been reported [Cho et al., 2011; Volcke et al., 

2010], the entrapment of AOB and ANAMMOX bacteria in shell and core 

structures, respectively, has not been investigated. In this study, a novel 

immobilization strategy via two-step entrapment of AOB and ANAMMOX 

bacteria in a double-layered gel bead was introduced. First, the enrichment 

process of ANAMMOX bacteria using conventional activated sludge 

entrapped in core gel beads was performed. Second, the outer layer of the 

double-layered gel bead was fabricated and the feasibility of ASSAR using 

the double-layered gel beads was tested in an aerobic condition. Finally, 

the operational stability of ASSAR was enhanced in terms of structural 

stability, oxygen penetration and the balance between ammonia-oxidation 

and ANAMMOX reactions. At the end of this research, the optimal 

operational strategy for ASSAR was suggested by the model simulation 

using AQUASIM.  

 

      The objectives of this study are as follows, 

 

· To enrich ANAMMOX bacteria from conventional activated sludge 

 (Chapter 3) 

· To develop the fabrication method of the double-layered gel bead 
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 (Chapter 4) 

· To enhance the operational stability of ASSAR involving the  

  double-layered gel beads (Chapter 5) 

 

      The overall scheme and subjects of this research are depicted in 

Figure 1.1. 
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Figure 1.1 The overall scheme of this research. 
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      This chapter gives overviews of  

 

·  Section 2.1: Cost effectiveness of ASSAR 

·  Section 2.2: Characteristics of AOB and ANAMMOX bacteria  

               as critical factors for the operation of the ASSAR 

               process 

·  Section 2.3: Fundamental immobilized-cell technologies to 

               fabricate the double-layered gel beads 

·  Section 2.4: Critical features of multiple gel layers as an  

               artificial biofilm for advanced ASSAR technology 
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2.1 Economic Evaluation of Biological Nitrogen Removal Processes 

      The costs of the biological nitrogen removal process depend mainly 

on the intensity of aeration for the nitrification and the dosage of external 

organic carbon sources for the denitrification. The paradigm shift of 

biological nitrogen removal led by the application of ANAMMOX reaction 

brought significant reduction in the operational costs (Table 2.1). 
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Table 2.1 The economical benefits of biological nitrogen removal processes 

Ammonia Removal Process 

Costs 

Aeration Organic Carbon Addition 

Conventional Nitrification 

and Denitrification 

100% 100% 

Simultaneous Nitritation 

and Denitrification 

74%
a
 63%

b
 

Partial Nitritation 

and ANAMMOX 

42%
c
 0%

b
 

a
 Calculated based on Equations 2.1 and 2.2 (adapted from Grady et al., 1999) 

b
 Calculated based on Equation 2.3 (adapted from MaCarty et al. 1969) 

c
 Calculated based on Equations 2.1 and 2.5(adapted from Grady et al., 1999)
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2.1.1 Conventional Nitrification and Denitrification 

      Ammonia retains in wastewaters as a final product of the nitrogenous 

compounds. The biodegradable nitrogenous compounds are classified into 

particulate organic nitrogen, soluble organic nitrogen and ammonia. 

Particulate organic nitrogen is degraded to soluble organic nitrogen and, 

finally converted to ammonia by microbial activities. The conventional 

biological nitrogen treatment requires a two-step process including 

nitrification and denitrifi-cation, as shown in Figure 2.1. Ammonia is 

oxidized in the first step of the nitrification and nitrogen is emitted to the 

atmosphere in the form of dinitrogen gas (N2) through the reductive 

reaction, i.e., denitrification.  
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Figure 2.1 Nitrogen cycle in the conventional nitrogen removal. 
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      In nitrification processes, two successive processes where AOB and 

nitrite-oxidizing bacteria (NOB) are respectively responsible for the 

conversion of ammonia (NH3) into nitrite (NO2
-) and then nitrite (NO2

-) 

into nitrate (NO3
-) (Figure 2.1). AOB and NOB are autotrophic bacteria 

which utilize oxygen as an electron acceptor and bicarbonate (HCO3
-) as a 

carbon source. Following Equations 2.1-2 (adapted from Grady et al., 

1999), 1.87 moles are required to oxidize one mole of ammonia (NH3) to 

nitrate (NO3
-).  

      The nitrification performance is secured by the intensive aeration 

and the addition of alkalinity sources such as carbonate, bicarbonate and 

hydroxide ion. The performance and operational characteristics of 

nitrification depend largely on the AOB commu-nity structure given that 

different AOB populations are responsible for different microbial reaction 

kinetic parameters and sensitivity to environmental factors. For example, 

salt requirement, urease activity, substrate affinity, preferred habitat, 

kinetic isotope effect for ammonia-oxidation and tolerance to high 

concentration of ammonia are different according to AOB species in α-, 

β- and γ-proteobacteria [Tourna et al., 2010; Casciotti et al., 2003; 

Koops and Pommerening-Roser, 2001].  

  

      for ammonia-oxidation 

55 NH4
+ + 76 O2 + 109 HCO3

-    →C5H7NO2 + 54 NO2
- + 57 H2O + 

104 H2CO3                                            (2.1) 
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      for nitrite-oxidation 

400 NO2
- + 195 O2 + 4 H2CO3 + HCO3

-    →C5H7NO2 + 3 H2O + 400 

NO3
-                                                    (2.2) 

 

      As the second step, denitrification is conducted by anaerobic 

heterotrophic bacteria. The reduction of nitrate (NO3
-) to ammonia (NH3) 

as an essential component to synthesize protein is called assimilatory 

nitrate reduction. In contrast, denitrification, the reduction of nitrate (NO3
-) 

to gaseous nitrogen (N2), is the dissimilatory nitrate reduction or nitrate 

respiration. Denitrifiers are common among the Gram-negative α- and 

β-proteobacteira [Zumft, 1997]. The effective reduction of nitrite (NO2
-) 

and nitrate (NO3
-) can be achieved by supplying organic matters as 

electron donors for a carbon and energy source. The denitrification is 

accomplished by the addition of variety of electron donors such as 

methanol, acetate, glucose, ethanol and alternative organic wastewaters. 

Following Equation 2.3 (adapted from MaCarty et al. 1969), the reduction 

of one mole of nitrate (NO3
-) requires 5.5 mole of methanol. 

 

      methanol requirement for denitrification 

MeOHInf  = 3.3 NO2
--N + 5.2 NO3

--N                      (2.3) 
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2.1.2 Simultaneous Nitritation and Denitrification 

      The cost effective and stable nitrogen removal can be achieved by a 

short-cut process of SND. Intensive research and field work have been 

done in the last decades to design, build and operate high-rate and 

efficient processes for SND with minimal operational costs while meeting 

the sharpened limit-values for total nitrogen. 

      The intermediate of nitrite (NO2
-) during the nitrification reaction is 

commonly involved in denitrification. A short-cut pathway through nitrite 

(NO2
-) termed SND and is conducted by controlling the extent of 

nitrification to nitrite (NO2
-) instead of nitrate (NO3

-) (Figure 2.2). 

Because oxygen is required only for ammonia-oxidation (Equation 2.1), 

1.38 moles of oxygen is consumed for the nitirifcation (26% reduction 

compared with the conventional nitrification and denitrification). The 

reduction of nitrite (NO2
-) to dinitrogen gas (N2) requires less amount of 

methanol than that for NO3
- following Equation 2.3 (37% reduction). The 

SND process can practically save around 25% of oxygen supply and 40% of 

external carbon source [Abeling and Seyfried, 1992; Surmacz-Gorska et 

al., 1997]. Due to the shorten pathway, the denitrification rates over nitrite 

(NO2
-) are 1.5-2 times faster than those of the denitrification over nitrate 

(NO3
-) [Peng and Zhu, 2006; Aslan and Dahab, 2008; Kornaros et al., 

2008]. 
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Figure 2.2 Simultaneous nitritation and denitrification (SND) process. 
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2.1.3 Partial Nitritation and ANAMMOX Process 

      Recently, shortcut biological nitrogen removal processes based on 

the ANAMMOX reaction have been developed to achieve a significant 

reduction in operational costs (Figure 2.3). ANAMMOX bacteria, which 

belong to the Planctomycetes phylum, have the unique metabolic pathway 

to remove nitrogen by oxidizing ammonia (NH3) with nitrite (NO2
-) as an 

electron acceptor to produce dinitrogen gas (N2) and a small amount of 

nitrate (NO3
-) is produced under autotrophic and anaerobic conditions 

(Equation 2.4) [Strous et al., 1998]. Because ANAMMOX bacteria are 

completely autotrophic, 100% of costs for the carbon source addition is 

trimmed off. The ASSAR process is the combination of partial nitritation 

(PN) and ANAMMOX reactions in a single and aerated reactor [Third et al., 

2001] (Figure 2.4). This process has been tested extensively to verify its 

applicability with a reactor configuration of sequencing batch reactor (SBR) 

[Third et al., 2005; Sliekers et al., 2002; Ahn and Choi, 2006]. 

      About a half of ammonium in wastewaters must be pre-oxidized to 

nitrite, instead of nitrate, before feeding into ANAMMOX process. 

Therefore, the ANAMMOX process should be combined with PN for the 

conversion of a half of ammonia to nitrite, in series (Equation 2.5). By the 

PN reaction, 58% of the aeration cost is reduced compared with the 

nitrification of Equations 2.1-2.  
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      for anaerobic ammonium oxidation 

NH4
+ + 1.32 NO2

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

- + 

0.066 CH2O0.5N0.15 + 2.03 H2O                        (2.4) 

 

      for partial nitritation 

NH4
+  +  0.57 O2   → 0.43 NH4

+ + 0.57 NO2
-             (2.5) 

 

      In practical aspects, the two-step process of combined PN and 

ANAMMOX reaction offers superior economic benefits by saving up to 90% 

of operation costs in comparison with the traditional method of ammonia 

removal [Jetten et al., 2001].  
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Figure 2.3 The combined PN and ANAMMOX process. 
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Figure 2.4 The ASSAR reaction in a biofilm structure. 
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2.1.4 Various Single-Stage Nitrogen Removal Processes 

      Various names are used to describe the single-reactor systems for 

nitrogen removal based on the ANAMMOX reaction: CANON process 

[Third et al., 2001], aerobic/anoxic deammonification or DEMON process 

[Hippen et al., 1997; Wett, 2007] and single-stage nitrogen removal using 

ANAMMOX and partial nitritation (SNAP) process [Furukawa et al., 2006]. 

In all processes, there are same reaction mechanisms that nitrifiers and 

ANAMMOX bacteria perform the simultaneous nitrogen removal under 

microaerobic conditions and minor features for the operational strategy are 

suggested to acquire patent rights. Most one-reactor ANAMMOX systems 

reported in the literature were operated with nitrogen removal rates 

ranging from 0.1 to 1.8 kg N/m3-d [Pynaert et al., 2004; Zhang et al., 

2012]. 
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2.2 Characteristics of AOB and ANAMMOX Bacteria 

2.2.1 Ammonia-Oxidizing Bacteria 

2.2.1.1 Microbiology 

      Diverse AOB belonging to Nitrosomonas europaea, Nitrosomonas 

communis and Nitrosospria lineages are frequently found in wastewater 

treatment systems [Bae et al., 2011; Limpiyakorn et al., 2005; Siripong and 

Rittmann, 2007]. The AOB in the Nitrosomonas oligotropha lineage are the 

majority of strains in oligotrophic freshwater and wastewater treatment 

systems receiving low-ammonia influents [Dionisi et al., 2002; Gieseke et 

al., 2001; Harms et al., 2003]. They are not tolerant to concentrations of 

NH4Cl higher than 50 mM [Koops et al., 1991]. N. oligotropha is also 

sensitive to salt and the maximum tolerance is only 150 mM, while N. 

europaea is halotolerant up to 400 mM NaCl [Koops et al., 2006]. N. 

europaea has been frequently identified in high-rate ammonia-oxidation 

processes. N. europaea-Nitrosococcus mobilis cluster is tolerant to high 

concentrations of ammonia with Ks > 30 μM for free ammonia (FA), 

compared to a value of 1.9-4.2 μM for N. oligotropha [Koops and 

Pommerening-Roser, 2001].  

      Following stoichiometric coefficients of Equation 2.1, biological 

ammonia-oxidation requires a large amount of oxygen, produces a small 

amount of biomass and leads to destruction of alkalinity through the 

production of hydrogen ion. AOB require approximately two moles of 

HCO3
- per mole of NH4

+ while NOB requires a lower amount of alkalinity 

(Equations. 2.1-2). Thus, AOB respond more sensitively to the 

concentration of HCO3
-.  
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      Inorganic carbon (IC) has two functions for AOB which are the 

carbon source for AOB biomass and the acidification buffer for the 

hydrogen ion. Only approximately 10% IC is assimilated into biomass and 

the majority of the HCO3
- is utilized to neutralize hydrogen ion. In this 

sense, IC could be supplied to the level as low as possible and NaOH can 

buffer the acidification. However, studies that focused on actual situations 

reported that the response of nitrifiers to the concentration of the IC is not 

simple and IC limitations may be the main cause of the reduction of growth 

and activity of nitrifying bacteria [Biesterfeld et al., 2003; Whang et al., 

2009]. A sufficient supply of IC enables efficient growth of nitrifiers. In 

addition, IC offers a favorable environment for AOB to out-compete NOB, 

as verified by a kinetic study in the nitrifying biofilm of a fluidized bed 

reactor [Tokutomi et al., 2010]. Thus, the sufficient IC is preferred to 

maintain successful PN by blocking the nitrite-oxidation in the ASSAR 

process. 

      FA and free nitric acid (FNA) are the critical factors controlling the 

activity of AOB. The non-ionized forms of the NH4
+-N and NO2

--N as FA 

and FNA can be calculated based on Equations 2.6-7 and Equations 2.8-9, 

describing the equilibrium of NH3/NH4
+ and HNO2/NO2

-, respectively. 

 

 

          NH4
+ + OH- ↔ NH3+ H2O                         (2.6) 

         [NH3-N]free = [TAN][10pH]/[Ka/Kw] + 10pH         (2.7) 

 

TNA = Total ammonia nitrogen 
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Ionization constant for ammonium per water [Ka/Kw] = e6,334/(273 + t) 

Ka = Ionization constant for ammonia 

Kw = Ionization constant for water 

t = temperature in oC 

 

 

          H+ + NO2
- ↔ HNO2                               (2.8) 

         [NO2
--N]free = [NO2

--N]/Kn[10pH]                 (2.9) 

 

Ionization constant for nitrous acid, Kn = exp-2,300/(273 + t) 

 

      The response of AOB activity to NH4
+-N is generally fitted to the 

Haldane model (Equations 2.10-11) describing the substrate inhibition due 

to the toxicity of FA. The optimal substrate concentration, [S]m, for NH4
+-

N is around 100 mg/L [Tora et al., 2010]. In contrast, the response to 

HCO3
--C is fitted to the Monod model (Equation 2.12) describing simple 

saturation of the AOB activity according to the increasing concentrations of 

HCO3
--C. The Ks value for HCO3

--C of 10-20.0 mg/L which is much 

smaller than [S]m for NH4
+-N [Guisasola et al. 2007]. Thus, the 

physiological response of AOB to NH4
+-N is more sensitive than to HCO3

-

-C. This implies FA may have remarkable effects on the overall 

operational stability of the ASSAR process because ammonia-oxidation is 

the rate-limiting step and the protection mechanism of the ANAMMOX 
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bacteria from the oxygen by consuming DO before the intrusion into the 

inner region for the ANAMMOX reaction.  

      The first step of ASSAR reaction stably produces nitrite (NO2
-) by 

retarding the NOB activity. Nitrite accumulation is difficult to achieve 

because NOB generally have higher substrate-utilization rates than AOB 

[Kim et al., 2008]. However, it is technically feasible to acclimate 

relatively high contents of AOB than NOB by inhibiting and/or removing 

NOB based on the different physiological characteristics and responses to 

environmental factors [Galif et al., 2006]. Among controlling factors such 

as pH, DO, temperature and FNA concentration, FA is the most important 

parameter in achieving partial nitritation [Sinha and Annachhatre, 2007]. 

 

Haldane 

                                         (2.10)

 

 

                                              (2.11)
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Monod 

                                             (2.12)

 

 

Where 

SOUR = specific oxygen uptake rate (NH4
+-N mg /VSS mg-hr) 

S = substrate concentration (mg/L) 

Ks = half saturation coefficient (mg/L) 

Ksi = substrate inhibition coefficient (mg/L) 

SOURm = maximum specific oxygen uptake rate (hr-1) 

[S]m = optimal substrate concentration (mg/L) 
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2.2.1.2 Biochemistry 

      The ammonia (NH3) is initially oxidized to hydroxylamine (NH2OH) 

in an endothermic reaction by ammonia monooxygenase (AMO). Then, the 

hydroxylamine is further converted to nitrite (NO2
-) in an energy 

generating reaction using oxygen from water as terminal electron acceptor 

by hydroxylamine oxidoreductase (HAO) (Figure 2.5). The resulting 

pathway is given as follows: 

 

 

 NH3 + O2 + 2 H+ + 2 e- → NH2OH + H2O                  (2.13) 

 NH2OH + H2O → NO2 + 5H+ + 4 e-                        (2.14) 

 0.5 O2 + 2 H+ + 2 e- → H2O                                (2.15) 

 NH3 + 1.5 O2 → NO2
- + H+ + H2O (△G = -275 kJ mol-1 N)(2.16) 
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Figure  2.5 The sequential oxidations of ammonia  and hydroxyl-amine 

conducted by AOB [Arp and Stein, 2003]. 
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2.2.2 ANAMMOX Bacteria 

2.2.2.1 Microbiology 

      ANAMMOX bacteria are classified as Planctomycetes phylum and a 

deeply branching member [Strous et al., 1999a]. Four genera of 

ANAMMOX bacteria have been found: Candidatus Brocadia [Kuenen and 

Jetten, 2001; Kartal et al., 2008], Candidatus Kuenenia [Schmid et al., 

2000], Candidatus Scalindua [Kuypers et al., 2003] and Candidatus 

Anammoxoglobus [Kartal et al., 2007]. They are an interesting group of 

bacteria in Planctomycetales with many rare or unique properties. The 

ANAMMOX reaction occurs in an organelle-like compartment called the 

anammoxosome, an intracytoplasmic compartment, in which ammonia is 

oxidized via hydrazine (N2H4) and hydroxylamine intermediates [Schalk et 

al., 1998]. The membrane of the anammoxosome consists of unique 

ladderane lipids which reduces the permeability of the lipid membrane to 

fluorophres and other small molecules [Damste et al., 2002].  

One of the critical features of ANAMMOX bacteria is their extremely 

slow growth rate, with doubling time of approximately 11 days [Strous et 

al., 1998]. Recently, application of real-time quantitative PCR (RTQ-PCR) 

with specific primer and probe sets based on 16S rRNA gene sequences 

has enabled the quantification of ANAMMOX bacteria in the ANAMMOX 

process without isolation and cultivation. Doubling times measured by 

RTQ-PCR in previous research were 3.6 to 5.4 days in an enrichment 

batch culture [Tsushima et al., 2007a] and 9.5 to 17.3 days during the 

initial phase of the start-up of a full-scale plant [Van der Star et al., 2007].  
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2.2.2.2 Biochemistry 

Known bacteria in the Plactomycetes phylum lack peptidoglycan and 

contain a compartmentalized cytoplasm [Fuerst, 1995]. For Pirellula and 

Isosphaera in the Planctomycetes phylum, the intracytoplasmic membrane 

encapsulates a single interior cell compartment of the riboplasm which 

holds the DNA and ribosomes [Lindsay et al., 2001] (Figure 2.6). In 

Isosphaera, the intracyto-plasmic membrane exhibits a unique shape of the 

large pocket into the riboplasm. In Gemmata, this compartment contains the 

cell DNA and is surrounded by a double membrane. In ANAMMOX bacteria, 

the compartment is bounded by a single bilayer membrane and has been 

named anammoxosome. Several enzymes with iron-containing haem 

groups for the electron transfer, involved in the ANAMMOX reaction, are 

located on the anammoxosome membrane and inside the anammosome [van 

Niftrik et al., 2004]. The anammoxosome membrane would be dedicated to 

generation of a proton motive force which is used to synthesis ATP. 
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Figure 2.6 Cell plan of Plactomycetes including ANAMMOX bacteria 

[Lindsay et al., 2001]. 
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  NH4
+ + 1.32 NO2

- + 0.066 HCO3
- + 0.13 H+ →  

  1.02 N2 + 0.26 NO3
- + 0.066 CH2O0.5N0.15 + 2.03 H2O     (2.17) 

 

      Generally, two possible reaction mechanisms were addressed for the 

ANAMMOX reaction of Equation 2.17 [Strous et al., 1998]. As shown in 

Figure 2.7 (A), a membrane-bound enzyme complex converts ammonia 

(NH3) and hydroxylamine (NH2OH) to the unique intermediate of hydrazine 

(N2H4) first, followed by the oxidation of hydrazine (N2H4) to dinitrogen 

gas (N2) in the periplasm. The production of hydrazine (N2H4) as a 

intermediate in bacterial metabolism for the nitrogen cycle is rare [Schalk 

et al., 1998]. Then, with an internal electron transport of 4 e- produced 

from the hydrazine-oxidation, nitrite (NO2
-) is reduced to hydroxylamine 

(NH2OH) at the same enzyme complex responsible for hydrazine oxidation. 

Another possible mechanism with nitrite-reducing and hydrazine-oxidizing 

enzymes is as follow (Figure 2.7 (B)): conversion of ammonia (NH3) and 

hydroxylamine (NH2OH) to hydrazine (N2H4) by a membrane-bound 

enzyme complex, oxidation of hydrazine (N2H4) in the periplasm to 

dinitrogen gas (N2), and the transportation of electrons via an electron 

transport chain to nitrite reducing enzyme in the cytoplasm.  
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Figure 2.7 Possible biochemical pathway and cellular localization of the 

enzyme system involved in ANAMMOX reaction [Ni and Zhang, 2013]. 
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2.2.2.3 From Discovery of ANAMMOX Bacteria to Practical Applications 

      Broda predicted that ANAMMOX reaction was feasible on the basis 

of thermodynamic calculations [Broda, 1977]. After that, Mulder et al. 

(1995) observed reliable biological nitrogen losses in denitrifying fluidized 

bed reactors which could be attributed to ANAMMOX reaction. ANAMMOX 

reaction by microorganism was confirmed by van de Graaf et al. (1995) via 

showing that ANAMMOX is a microbially mediated process and not a 

chemical reaction through the inhibition assay. Because it was realized that 

the ANAMMOX process had great potential for nitrogen removal and 

significant reduction in operational costs was expected, Arnold Mulder and 

colleagues [Mulder, 1992; Mulder, 1993] patented the process immediately, 

even without full understanding of ANAMMOX reaction. 

      The core pathway of ANAMMOX reaction was revealed in the 15N 

labelling experiments: nitrite was the preferred electron acceptor instead 

of nitrate [van de Graaf et al., 1997]. The fact that hydroxylamine and 

hydrazine were identified as important intermediates deepen the insight for 

the ANAMMOX reaction [Jetten et al., 1999].  

      After the cultivation method of the ANAMMOX bacteria was 

established [Strous et al., 1997], the Paques Company (Balk, The 

Netherlands) contributed to the scale-up of the ANAMMOX process. The 

initial process of ANAMMOX was combined with the SHARON process. 

The SHARON process turned out to be ideally suited to produce the 50:50 

mixture of nitrite and ammonium that is required in the ANAMMOX process 

under the conditions for the NOB inhibition.  

      Based on this successful laboratory scale experiment, the first full-
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scale 70 m3 reactor was directly scaled up 7000-fold from 10 L lab-scale 

experiment [Van der Star et al., 2007]. The reactor was initially inoculated 

with nitrifying sludge and a total amount of 9.6 m3. Settled biomass from an 

ANAMMOX enrichment reactor was occasionally added from day 622 to 

1033. Even with the addition of ANAMMOX sludge, the start-up took 3.5 

years, which is 1.5 years longer than designed. Nowadays, the 

implementation of the ANAMMOX process for the high strength 

nitrogeneous wastewater has been rapidly increased. The description of 

full-scale ANAMMOX plants was summarized in Table 2.2 [Ni and Zhang, 

2013]. 
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Table 2.2 The brief description of full-scale ANAMMOX plants 

Place Influent 

Reactor 

volume 

(m
3
) 

Load 

(kg-

N/d) 

Year Reference 

Rotterdam, NL Reject Water 72 490 2002 
Van der Star 

et al., 2007 

Lichtenvoorde, NL Tannery 100 325 2004 
Fijters et al., 

2007 

Olburgen, NL 
Potato 

processing 
600 1200 2006 

Abma et al., 

2010 

Mie prefecture, JP Semiconductor 50 220 2006 
Abma et al., 

2010 

Niederglatt, 

Switzerland 
Reject water 180 60 2008 

Joss et al., 

2011 

Tongliao, China 
Monosoidum 

glutamate (MSG) 
6600 11000 2008 

Hu et al., 

2013 

Yichang, China Yeast production 500 1000 2009 
Ni and 

Zhang, 2013
a
 

Tai'an, China 
Corn starch and 

MSG 
4300 6090 2011 

Ni and 

Zhang, 2013
a
 

Poland Distillery 900 1460 2010 
Ni and 

Zhang, 2013
a
 

Wuxi, China Sweetener 1600 2180 2011 
Ni and 

Zhang, 2013
a
 

Wujiaqu, China MSG 5400 10710 2011 
Ni and 

Zhang, 2013
a
 

Coventry, UK Reject water 1760 4000 2011 
Ni and 

Zhang, 2013
a
 

Shaoxing, China Distillery 560 900 2011 
Ni and 

Zhang, 2013
a
 

a
The operational conditions were obtained from Paques Inc. by the personal communication of Ni and Zhang (2013). 
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      The single-stage nitrogen removal using AOB and ANAMMOX 

bacteria has advantages with respect to the two stage process of PN–

ANAMMOX configuration. Although operating the ANAMMOX process in a 

separated reactor allows higher rates during the anaerobic step, the one-

reactor system allow considerable simplification of the configuration. 

Because no additional reactor volume for ammonia-oxidation is required, 

single-stage processes generally have higher volumetric nitrogen removal 

rate and lower capital costs than two-stage systems [Wyffels et al., 2004]. 

In addition, nitrite (NO2
-) has significant inhibitory effects on the 

ANAMMOX reaction in the PN-ANAMMOX system [Strous et al., 1999b]. 

Given that the concurrent consumption of nitrite with the nitrite production 

by AOB at about the same rate, the nitrite inhibition effect is not of 

significance. No significant negative effect of nitrite was observed by 

Vazquez-Padin et al. (2009) during the 100 days of operation with a mean 

nitrite concentration of 25 mg-N/L. 

      A full-scale oxygen-limited reactor that functions on the principle of 

the single-stage nitrogen removal process has been also in operation, 

comparable to the two-stage system. The first deliberated full-scale 

application of single-stage nitrogen removal was started up in Germany 

[Rosenwinkel and Cornelius, 2005]. This facility also treats digester 

supernatant of sewage sludge from a wastewater treatment plant. The 

system consists of three moving bed reactors filled with KALDNES 

carriers. Sequencing batch reactors for combined nitritation/ANAMMOX 

with continuous feeding and intermittent aeration were first realized with a 

pH-control (pH-controlled deammonification system, DEMON) 

implemented on two full-scale plants in Strass (Austria, since 2004) and 
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Glarnerland (Switzerland, since 2007), currently operating reliably at a 

rate of 0.5 kg-N/m3 d [Wett, 2007]. The characteristics of the single-

stage nitrogen removal processes in Switzerland are summarized in Table 

2.3 [Joss et al., 2009]. 
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Table 2.3 Characteristics of single-stage ammonia removal processes 

[Joss et al., 2009a] 

Place Influent 
Reactor 

volume (m
3
) 

Load 

(kg-N/d) 

Year 

EAWAG, 400L Reject water 0.4 0.22 2006 

EAWAG, 8 m
3
 Reject water 8 4.1 2007 

Zurich 1 Reject water 1400 625 2007 

Zurich 2 Reject water 1400 625 2008 

St. Gallen 1 Reject water 300 108 2007 

St. Gallen 2 Reject water 300 108 2008 

Niederglatt Reject water 160 56 2008 

a
All single-stage ANAMMOX plants have not been independently published. 
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2.3 Immobilized-Cell Technology 

      Immobilized microbial enzymes, organelles and cells have been used 

in a variety of scientific and industrial applications. Also, immobilization has 

been widely used in biological wastewater treatment processes to achieve 

a long solid retention time (SRT). The immobilization is a general term that 

describes many different forms of cell attachment or entrapment: the 

attached growth system (passive immobilization) and physical entrapment 

within porous matrices (active immobilization) [Shuler and Kargi, 2002]. 

 

2.3.1 Passive Immobilization: Biofilm Formation 

      Most of the carriers for the passive immobilization are porous with a 

wide range of pore sizes to suit immobilization of various bacterial, yeast, 

fungal and plant cells. The cell mobility of microorganisms, which are fixed 

on the surface of the pre-formed carriers, is restricted by aggregating the 

cells or by confining them or by attaching them on a solid support. 

Depending on the cell and the carrier types, the immobilization efficiency 

can be enhanced by the combination with filtration, adsorption, growth and 

colonization processes at an early stage. Furthermore, the physiochemical 

properties can be modified by various pre-treatments to enhance 

immobilization efficiency. 

      The earliest porous carriers of the passive immobilization were the 

reticulated polyurethane and the steel knitted mesh spheres [Atkinson et 

al., 1979]. For example, CAPTOR [Cooper et al., 1986, Golla et al., 1994] 

and LINPOR processes were developed in the mid-1970s and 

commercially introduced during the early 1980s. Biological wastewater 
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treatment is the largest scale application of the passive immobilization 

technology. The most conventional biofilm carrier of KALDNES has been 

adapted in various biological wastewater treatments as the pre-formed 

carriers for activated sludge microbial consortia [Rusten et al., 2006]. 

These passive immobilization processes rely on the ease, robustness and 

cost-effectiveness of cell immobilization materials and methods. 

      The main factors that determine the mechanisms of passive cell 

immobilization are as below: 

 

• Biological characteristics of the cell and its surface  

  including extracellular polymeric substances (EPS) 

• Biocompatibility and cytotoxicity of the carrier 

• Pore size, distribution and porosity of the carrier 

• Cell, floc, aggregate size and distribution 

• Surface chemistry of the carrier  

(e.g., hydrophobicity, charge and ligand-complexes) 

• Hydrodynamic/shear forces 

• Specific gravity of the carrier 

• Carrier size and shape 

• Mechanical strength and flexibility of the carrier 

• Biodegradability of the carrier 
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2.3.2 Active Immobilization: Entrapment 

      The main advantage of the entrapment is the high cell loadings in the 

gel matrix. Entrapment is based on the inclusion of microbial cells within a 

rigid network to prevent the cells from diffusing into a surrounding 

wastewater. Entrapment of microorganisms can be applied in the biological 

wastewater treatment by using low porosity matrices such as hydrogels, 

which provide cell retainment while allowing the diffusion of substrates and 

products. The gel materials, which have been commonly used for cell 

entrapment, are collagen, alginate, chitosan, poly(ethylene glycol) (PEG) 

and poly(vinyl alcohol) (PVA).  
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2.3.3 Materials for Active Immobilization 

2.3.3.1 Collagen 

      Collagen has a important role in forming structural network in 

mammalian connective tissue. It has been widely used in cell immobilization 

due to its biocompatibility, biodegradability and abundance in nature. It is 

easy to obtain raw materials for the purification of collagen because 

collagen is found in high concentrations in tendon, skin, bone, cartilage and 

ligament. Collagen is gelled utilizing changes in pH and it allows cell 

entrapment with a minimal adverse effect to the cell viability. However, 

high cost for the purification and the degradation by hydrolysis enzymes 

(collagen hydrolase) are the challenges for the utilization of collagen as a 

entrapment matrix in wastewater treatment applications [Moreira et al., 

2004].  

 

2.3.3.2 Alginate 

      Alginate is a polysaccharide extracted from seaweed. It has been 

widely adapted in the various wastewater treatment processes including 

biological and physiochemical mechanisms due to its simple gelation with 

divalent cations (e.g. calcium ion). Alginate consists of the two sugars: D-

mannuronate (M) and L-guluronate (G). The M to G ratio in alginate and 

their distribution determine the mechanical property. The cross-linking of 

alginate can be constructed by the chemical reaction with bi-functional 



45 

 

molecules such as adipic dihydrazide, methyl ester L-lysine and PEG. In 

the wastewater treatment, the use of alginate as a entrapment matrix is 

limited because unpredictable dissolution is caused by the loss of divalent 

ions into surrounding wastewater [Almeida and Almeida, 2004].  

 

2.3.3.3 Chitosan 

      Chitosan is a partially deacetylated derivative of chitin, which is the 

major structural polymer in crustacean shells, fungi, insects and molluscs. 

Chitosan is obtained by N-acetylation to a varying extent that is 

characterized by the degree of deacetylation. Chitosan forms hydrogels via 

electrostatic forces and chemical cross-linking. The mechanical property 

of chitosan is often reinforced by the combination with other materials to 

achieve more desirable mechanical properties [Matsuda et al., 2004]. The 

applications of chitin and chitosan to the wastewater treatment are limited 

because variety of enzymes, including chitinase, chitosanase and chtin 

deacetylases, are involved in the biodegradation and in the biological 

modification of the structural and chemical properties [Hoell et al., 2010]. 

 

2.3.3.4 Poly (Ethylene Glycol) 

      PEG has been utilized as a material for cell immobilization in 

biomedical applications due to its protein-repellent surface characteristics, 

which may decrease the amount of non-specific protein adsorption to the 
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surface and possibly prevent biofouling of the implant. In the wastewater 

treatment processes, PEG is also attractive for the bacterial immobilization 

due to its high stability, good mechanical strength and physical properties 

[Hashimoto and Sumino, 1998]. PEG pre-polymer can be cross-linked by 

UV [Xiangli et al., 2010] and by the polymerization with a promoter 

(N,N,N',N'-tetramethylene-diamine) and an initiator (potassium persulfate) 

[Isaka et al., 2007]. The environment for the PEG cross-linking potentially 

cause the inhibition of the cell viability due to the DNA damage by UV and 

the destruction of cell components by highly reactive radical species 

derived by the initiator. 

 

2.3.3.5 Poly (Vinyl Alcohol) 

      PVA is a repeating chain or polymer of the vinyl alcohol unit. The 

vinyl alcohol units link together and form chains of about 2,000 units in the 

water solution. PVA forms the gel structure in an aqueous solution on-

their-own when stored in the freezing condition and the mechanical 

strength is enhanced by the iterative freezing and thawing [Ariga et al., 

1987]. By the boric acid, the networking between the PVA is facilitated as 

shown in Figure 2.8. Boron bonds with four molecules of PVA and produced 

a monodiol type PVA-boric acid viscoelastic gel [Hashimoto and Furukawa, 

1987]. The PVA-boric acid method is considered as a gentle procedure 

which prevents the inhibition of microbial activity. Thus, the PVA has been 

widely adapted to the carbon and nitrogen removal processes [Zhang et al., 
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2007; Hsia et al., 2008]. 
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Figure 2.8 The cross-linking between PVA by boric acid. 

  

H H H H H H H H H H

H H H H HOH OH OH OH OH

Structure of PVA

CH2

C

H

O

H

CH2

C

H

O

H

OH

B ̄

O

O

CH2

C

C
H

H

OH

OH

H

H

OH

CH2

C

O

H

CH2

C

H

O

B

O

O

CH2

C

C
H

H
+4 H2O



49 

 

2.3.4 Immobilization for Ammonia-Oxidation 

      In the nitrification process, the ammonia-oxidation using suspended 

or flocculation biomass (activated-sludge) in reactors proceeds slowly due 

to the slow growth rate of AOB and their low yields involved. As a result, 

the long retention time is required for effective ammonia-oxidation. AOB 

are highly sensitive to changes in environmental factors and operational 

parameters including pH, temperature, toxic chemicals and retention time 

[Egli et al., 2003; Park and Noguera, 2004; Wagner et al., 1995]. Moreover, 

AOB are susceptible to washout, particularly if they are inhibited, due to 

the low growth rate of about 2 d−1, which is equivalent to a doubling time of 

8 h [Prosser, 1989; Siripong et al., 2007]. 

      Therefore, a long SRT is required to operate a stable and effective 

ammonia-oxidation process. With regards to a long SRT, moving beds such 

as gel beads have been proved to be suitable for nitrification purposes for 

several reasons. First, it has been operated without recycling biomass due 

to the high SRT. Second, the high concentration of biomass can make 

nitrifiers be more resistant to inhibitory substances and to the variations of 

operational conditions [Bassin et al., 2011]. Third, it simplifies the 

management of wastewater treatment by solving operational problems of 

fixed bed biofilm processes including clogging, channeling, reduced mass 

transfer and high head loss [Bassin et al., 2011; Rouse et al., 2004]. Finally, 

a long SRT favors the development of a selectively adapted microbial 

community structure for nitrification [Rusten et al., 2006]. 
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2.3.5 Immobilization for ANAMMOX Reaction 

      The slow growth rate of ANAMMOX bacteria makes it difficult to 

stabilize the ANAMMOX process in the start-up stage. Thus, the first 

criterion which should be considered for the ANAMMOX process is the 

availability of ANAMMOX inoculum. In other words, it is important for the 

ANAMMOX process to be enriched with enough ANAMMOX biomass 

exhibiting significant ANAMMOX activity in the early stage of start-up. 

The immobilization system prevents the wash-out of ANAMMOX bacteria 

and enhances the enrichment efficiency. 

 

2.3.6 Immobilization Systems for the ASSAR Process 

      Immobilization systems have been applied for the ASSAR process in 

order to provide an anaerobic zone, which favors the growth of ANAMMOX 

bacteria: bio-granules [Sliekers et al., 2003; Volcke et al., 2010; Ahn and 

Choi, 2006] and biofilm [Pynaert et al., 2003; Cho et al., 2011].  

      This subsection introduces the recent progress in the types of 

biomass which successfully incorporate AOB and ANAMMOX bacteria in a 

single reactor. The biofilm and the biogranule are the simplest types of the 

co-cultivation (Figure 2.9). The alternative regime for the co-cultivation, 

such as a "synthetic granule", provides enhanced structural stability of the 

biomass by ensuring the stress resilience. 
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Figure 2.9 Types of biomass for single-stage ammonia removal.  
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2.3.6.1 Activated Sludge (Floc) 

      The suspended growth system in the form of activated sludge or a 

floc allows the best efficiency of transports of substrates and products. 

However, the biomass retention is most delicate for suspended growth 

system and depends on the settleability of the biomass. Especially in the 

nitrogen removal processes, the floatation of the biomass is caused by the 

dinitrogen gas attaching on the flocs. Better settleabiltiy is generally 

obtained by the occasional addition of flocculants. For a long SRT of the 

suspended growth system, the SBRs and membrane bioreactors (MBRs) 

have been utilized [Dosta et al., 2007; Zhang et al., 2013]. The settling 

phase of SBRs prevents the wash-out of the biomass, but the settling 

efficiency varies depending on the operational conditions. Thus, the 

screening mechanism of MBRs using microfiltration (< 0.1 μm) is more 

preferred than the settling mechanism.  

 

2.3.6.2 Biofilm 

      AOB and ANAMMOX bacteria extensively produce EPS which offers 

the adhesive surface characteristics for them to adhere on the solid 

substratum [Chen et al., 2013]. In the co-immobilization system based on 

the biofilm, AOB are active in the outer layers of the biomass structure, 

producing an appropriate amount of nitrite for ANAMMOX bacteria that are 

active in the inner layers [Cho et al., 2011]. Fixed bed reactors, moving 

bed reactors and membrane-aerated biofilm reactors adapted the biofilm-

based immobilization systems. It is important to control DO in a bulk phase 
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not only for the optimal conditions to oxidize about a half of ammonia to 

nitrite but also for the prevention of the inhibition of ANAMMOX bacteria 

caused by the oxygen. Introducing the biofilm carrier to a semi-continuous 

reactor such as sequencing batch biofilm reactor (SBBR) is another option 

for a stable and long SRT [Zhang et al., 2010]. 

      The simulation of the biofilm model revealed that the DO 

concentration for the maximum nitrogen removal efficiency is related to a 

certain ammonia surface load on the biofilm [Hao et al., 2002]. For the 

easy control of the bacterial activity, the counter diffusion biofilm, where 

the directions of the fluxes of oxygen and ammonia are opposite, was 

developed [Terada et al., 2006]. With biofilm carriers, a high volumetric 

reaction rate can be achieved for ASSAR [Tsushima et al., 2007b]. 

 

2.3.6.3 Bio-Granule 

      Bio-granules are preferable for biofilm applications because they are 

natural bioresource for the immobilization. This means the process is 

independent on the durability of the biofilm carriers. Bio-granules are 

defined as compact and dense aggregates, which exhibit faster settling 

speed than that of flocs, with an approximately spherical external 

appearance that do not coagulate under decreased hydrodynamic shear 

conditions [Lemaire et al., 2008]. The operational conditions including 

mechanical shear stress have a significant role in forming the bio-granule 

and consequent start-up period of ASSAR [Gao et al., 2012]. The 

aggregate size and architecture is the critical factor which determine the 
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bacterial community structure and the nitrogen removal efficiency 

[Vlaeminck et al., 2010]. Usually, the extended operational periods of 

SBRs naturally produce the larger sizes of flocs and finally exhibit the 

aggregates of the bio-granules [Vazquez-Padin et al., 2009]. 

      For an anaerobic up-flow sludge bed (AUSB) reactor, biomass 

retention is of utmost importance because the nitrogen removal rate 

depends on the continued presence of settled bio-granules in the reactors 

[Abma et al., 2010; Zhang et al., 2010]. Recently, ANAMMOX bacteria was 

integrated into the aerobic bio-granule [Winkler et al., 2012]. Aerobic 

bio-granules are the novel aggregates consisting of aerobic heterotrophs 

and nitrifiers, while anaerobic bio-granules have been conventionally 

applied to the anaerobic and methanogenic treatment of high-organic 

contents. The aerobic bio-granules containing ANAMMOX bacteria 

resulted in the multi-reactions of simultaneous carbon and ammonia 

removal.  

 

2.3.6.4 Entrapment: Homogeneous Distribution of Heterogeneous 

Populations 

      The entrapment in natural and synthetic matrices enables the 

production of synthetic bio-granules, which are distinguishable to the 

natural bio-granules with the artificial lattice for bacterial adhesion and 

resilience.  

      Co-immobilizations of nitrifiers and heterotrophic denitrifiers in 

alginate and PVA matrices have been proven to be successful for nitrogen 
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removal by fabricating spherical beads having even distribution of the two 

populations [Hill and Khan, 2008; Morita et al., 2008]. The tubular shape of 

the synthetic polymeric gel is advantageous because electron donors for 

heterotrophic dentrifiers is directly supplied from the inside [Uemoto and 

Saiki, 2000]. However, the co-immobilization based on the entrapment has 

never been applied to ASSAR by incorporating AOB and ANAMMOX 

bacteria.  

 

2.3.6.5 Core-Shell Structure: Heterogeneous Distribution of Heterogeneous 

Populations 

      The core-shell structure which entraps aerobic and anaerobic 

bacteria in the separate layers was developed for nitrifiers and denitrifiers 

using the alginate gel matrix by dos Santos and colleagues (1996a). The 

double-layered gel bead consists of well-defined aerobic and anaerobic 

zones within the cell supports. The distinguishable feature from the co-

immobilization with even distribution of the two populations (Section 

2.3.6.4) is that the double-layered gel bead allows the design of depths of 

two layers. The parameters for substrate diffusion into the gel matrix and 

bacterial growth would help to design the depths of aerobic and anaerobic 

zones for the best performance [dos Santos et al., 1996b]. However, the 

critical disadvantage of the alginate gel beads designed by dos Santos et al. 

(1996a and 1996b) is a low durability of the natural gel matrix which 

significantly limit the application in the full-scale nitrogen treatment plants. 

The mechanical strength of the double-layered gel beads can be enhanced 
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by developing the fabrication method for synthetic gel matrix, such as PVA 

rather than the weak alginate or k-carrageenan-based gel matrices.  
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2.4 Critical Features of Multiple Gel Layers as an Artificial Biofilm for 

Advanced ASSAR Technology  

2.4.1 Rapid Enrichment of ANAMMOX Bacteria 

      Due to the critical feature of ANAMMOX bacteria of slow growth rate, 

10-fold scale-up of the ANAMMOX process requires intensive operational 

costs. One of the main purposes for the 10-fold scale-up is to obtain 

enough amount of ANAMMOX seed sludge for a lager ANAMMOX plant. 

Instead of the scale-up steps in series, the large amount of the ANAMMOX 

seed sludge could be obtained by the enrichment cultivation using 

conventional activated sludge [Toh et al., 2002; Chamchoi and Nitisoravut, 

2007; Tsushima et al., 2007b; Sanchez-Melsio et al., 2009; Wang et al., 

2009]. 

      The operational costs for the ANAMMOX enrichment can be 

minimized by selecting an appropriate configuration of the reactor, 

appropriate operational conditions and a proper immobilization system. 

Suspended growth has the advantage of the maximum diffusion efficiency 

of substrates over immobilization systems. However, in practical 

applications of ANAMMOX processes, immobilization systems are 

preferred due to the stability of the process and an effective retention of 

the biomass. Immobilization systems including anaerobic granules [Tang et 

al., 2009], moving beds [Zeker et al., 2012], fixed beds [Tsushima et al., 

2007b] and an entrapping gel matrix [Quan et al., 2011] have been 

frequently utilized for the ANAMMOX enrichment. 

      Bagchi et al. (2010) reported the significantly extended start-up 
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period of 300 days for the enrichment of ANAMMOX reaction from non-

acclimated sludge in completely stirred tank reactor (CSTR). Instead of the 

suspended growth system, the gel-entrapped immobilization technology 

may offer the shorter start-up period in a CSTR because stringent 

conditions for the substrate addition and low HRT are available with high 

contents of the seeding sludge and efficient retainment of biomass. 

Comparing to the biofilm system, the stabilization period for the biofilm 

formation is not required because the gel matrix plays a role in the 

synthetic bio-granule. In this study, the enrichment efficiencies of the 

suggested enrichment strategy using non-acclimated activated sludge 

entrapped in polymeric gel matrix will be compared to previous research 

by using normalized ANAMMOX activity with regard to the start-up period. 

 

2.4.2 Immobilization System with High Mechanical Strength 

      A main disadvantage of the autotrophic nitrogen removal using AOB 

and ANAMMOX bacteria is their low growth rates. The performance of 

ASSAR depends on the density of corresponding populations in the 

reactors. Thus, the volumetric removal rate can be enhanced by applying 

high bacterial contents fixed on the biofilm carriers or self-aggregation in 

granules [Vazquez-Padin et al., 2009]. 

      The retention of the biofilm on a solid substratum or on the natural 

bio-granules, which is supported by the binding forces between 

microorganisms and a support material and by interaction among cells, is 

affected by many factors. For example, the formation of biofilm is regulated 
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by the pH, the ionic strength of the wastewater, the amount of EPS and the 

physicochemical characteristics of the surface material [Janjaroen et al., 

2013; Oliveira et al., 1994]. In comparison, active immobilization offers a 

rather simple methodology by physically locating microorganisms in a 

polymeric gel matrix. In addition, the supporting matrix for biofilm is stable 

even with the inhibition of the bacteria and the toxic environment inducing 

the destruction of the biofilm structures. However, the application of the 

elastic and stable synthetic gel matrix for the ASSAR has not been 

reported. The enhancement of the mechanical strength of the gel matrix as 

a synthetic biofilm, which will be performed in this study, may enhances 

practical applicability of the double-layered gel bead for ASSAR. 

 

2.4.3 Efficient Start-Up Strategy of Single-Stage Ammonia Removal 

      Two strategies are possible to start-up a single-reactor autotrophic 

nitrogen removal system. The first method is the inoculation of nitrifying 

biomass into a well performing ANAMMOX reactor and supplying air into 

the reactor to maintain microaerobic conditions. Otherwise, a PN reactor 

can be operated under oxygen limited conditions obtaining an 

ammonium:nitrite ratio of 1:1 before ANAMMOX biomass is inoculated into 

the reactor [Pynaert et al., 2004; Gong et al., 2007]. The second strategy 

seems to be more appropriated since an important decrease of ANAMMOX 

activity will be observed when the first method is applied [Sliekers et al., 

2003; Sliekers et al., 2002; Liu et al., 2008]. This high nitrifying activity 

can protect the ANAMMOX bacteria from oxygen and provides them 
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enough nitrite. The inoculation of ANAMMOX enriched biomass in a PN 

reactor accelerates the start-up and allows to increase the ASSAR 

reaction rate after 1 or 2 months instead of the several months or even 

years without inoculation [Vazquez-Padin et al., 2009]. 

      However, the second strategy still requires significant start-up 

period for the acclimation of the ANAMMOX reaction and the well 

organized biofilm structure for the protection of ANAMMOX bacteria from 

the oxygen. The fabrication of outer layer on the core ANAMMOX beads, 

suggested in this study, will deliver the efficient protection mechanism with 

the minimal adaptation period for significant activities of AOB and 

ANAMMOX bacteria. One critical condition is that the initial concentration 

of AOB, to be entrapped in the outer layer, should be high enough to 

effectively consume DO in the initial phase. 

 

2.4.4 Easy Oxygen Control in the Single-Stage Nitrogen Removal 

      Hao et al. (2001) and Nielsen et al. (2005) reported difficulties in 

dissolved oxygen regulation and incomplete nitrogen removal treating high 

loaded wastewaters. In a single-reactor system, a co-culture of aerobic 

and anaerobic ammonium-oxidizing bacteria is established under 

"microaerobic" conditions to avoid inhibition of ANAMMOX bacteria by 

oxygen and to achieve appropriated conditions to obtain partial nitritation 

[Strous et al., 1997]. Over aeration may result in the ANAMMOX inhibition 

due to high DO and nitrite concentrations, leading to a decrease in the 

overall nitrogen removal rate and finally to system failure [Jaroszynski et 
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al., 2012]. 

      Hence, DO control is a critical factor in ASSAR especially for the 

ANAMMOX activity. In this regard, oxygen can be intermittently provided 

or supplied with a mild intensity. The complexity of ASSAR process caused 

by the high sensitivity of ANAMMOX bacteria to DO increases the 

operational costs and limits the applicability in full-scale treatment plants. 

The thick outer layer may lead to the break-through technology to 

increase the stability of the ASSAR disregarding to DO concentrations. The 

thick outer layer of the double-layered gel beads results in the significant 

polarization of the DO concentration between a bulk phase and an inner 

layer containing ANAMMOX bacteria. Thus, the ANAMMOX reaction can be 

sustainably maintained even in the occasional high concentrations of DO in 

the bulk phase. 

 

2.4.5 Reduced Toxic Effect in Single-Stage Nitrogen Removal 

      Inhibition of AOB by FA and the consequent reduction in the overall 

nitrogen removal rate have been reported for the single-stage nitrogen 

removal [Li et al., 2012]. The FA inhibition for AOB than that for 

ANAMMOX bacteria results in the severe problem because the destruction 

of AOB activity is related to the increase in the DO penetration depth 

through the outer and inner layers. Intrusion of DO into the inner layer may 

lead to the significant inhibition of ANAMMOX bacteria. 

      Fortunately, immobilization system has the protection mechanism for 

AOB from FA. The reason for the protection is not clear at present. It is 
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only speculated that the diffusion limitation of the FA minimizes the 

negative effects on the bacteria inside the immobilization matrix. Also, 

dense bacteria in the immobilization matrix reduce the FA concentration 

through the ammonia-oxidation activity.  

 

2.4.6 Effects of Diffusion Limitation on the Overall Reaction Rate 

      When biofilms and granular systems are used to perform ASSAR, 

mass transfer resistance is the rate-limiting factor. As long as ammonium 

concentration outside the biofilm is much higher than the oxygen or nitrite 

concentration, ammonium diffusion into the biofilm will not limit the process 

rate. If the nitrite produced in the outer layer is mainly consumed in the 

inner layer, oxygen is the main limiting factor controlling the overall rate. 

Sliekers et al. (2003) and Szatkowska et al. (2007) reported that oxygen 

transfer was indicated as the limiting factor for a lab scale air-lift and a 

pilot-scale moving bed reactor, respectively. This oxygen limitation can be 

attributed to the slow diffusion into the biofilm/granule or from a not-

efficient gas–liquid transfer. 

      Model simulations indicated that the maximum nitrogen removal rate 

was achieved only when the dissolved oxygen concentration kept pace with 

the ammonium surface load [Hao et al., 2001]. For fluctuating ammonium 

loading rates in actual cases, dissolved oxygen can be regulated through 

online feed-back control [Nielsen et al., 2005]. With a simulation study, 

Hao et al. (2001) showed that the optimal bulk oxygen concentration for a 

CANON biofilm reactor is about 1 mg-O2/L. However, this optimum DO 



63 

 

concentration depends on the biofilm thickness and density, boundary layer 

thickness, the COD content of the influent and the temperature. Therefore, 

for the double-layered gel beads in this study, the intensive simulation of 

the performance according to the thickness of the outer layer should be 

investigated in order to evaluate the negative effects of the diffusion 

limitation of substrates including ammonium, nitrite and oxygen. 
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CHAPTER 3. 

ENRICHMENT OF ANAMMOX REACTION FROM 

ACTIVATED SLUDGE ENTRAPPED IN 

PVA/ALGINATE GEL BEADS  
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3.1 Introduction 

      The rapid enrichment strategy of ANAMMOX bacteria is required to 

obtain a large amount of inoculum for the fabrication of core ANAMMOX 

gel beads. For this purpose, a settled biomass of ANAMMOX bacteria from 

the enrichment reactor can be added. However, it is difficult to obtain the 

proper amounts of ANAMMOX biomass sufficient to inoculate the core 

PVA/alginate gel beads in places where large-scale ANAMMOX plants 

have never been operated, for example, in Republic of Korea. In such a 

case, an alternative method to obtain ANAMMOX bacteria is to enrich them 

from activated sludge because they are widely distributed in conventional 

activate sludge processes [Bae et al., 2010a]. The entrapment of activated 

sludge in the PVA/alginate gel beads is the effective immobilization method 

to maintain the long SRT in a bioreactor. In addition, after the enrichment, 

the PVA/alginate gel beads themselves can be utilized as the core 

PVA/alginate gel beads to fabricate double-layered gel beads for ASSAR. 

      The core gel beads were fabricated to entrap ANAMMOX bacteria 

inside the double-layered gel beads. The conventional natural polymer 

used in the entrapment of microorganisms for the wastewater treatment 

process is alginate, which forms Ca-alginate gel when sodium alginate is 

mixed with a CaCl2 solution [Benyahia and Polomarkaki, 2005]. However, 

alginate gel is susceptible to mechanical destruction and biodegradation 

[Leenen et al., 1996; Cruz et al., 2013]. Therefore, environmental 

processes have adapted synthetic polymeric gels such as PVA [Levstek 

and Plazl, 2009; Kimura et al., 2013]. PVA is a promising type of synthetic 

polymer for the entrapment of microorganisms because it is cheap and 

nontoxic to microorganisms. 
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      One drawback of the immobilized system is the internal mass 

transfer limitation of certain substrates. A critical factor related to the 

internal mass transfer limitation is the dimension of a PVA/alginate gel 

bead, as this determines surface area and distance of diffusion from the 

surface to the center of the gel bead. Although insignificant effects of 

internal diffusion in PVA/alginate gel have been reported [Cao et al., 2002], 

the internal diffusion limitation can be a possible major limiting factor 

considering the dense internal structure caused by the high concentration 

of conventional activated sludge in the gel. Thus, the effects of the 

dimensions of the PVA/alginate beads on the start-up period are 

characterized in this study. To confirm the growth of ANAMMOX bacteria, 

the bacterial community structure was analyzed by the culture-

independent technologies of sequencing and real-time quantitative PCR 

based on the 16S rRNA gene. 
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3.2 Materials and Methods 

3.2.1 Fabrication of PVA/Alginate Gel Beads 

      Figure 3.1 shows a schematic flow of the fabrication process for the 

preparation of the PVA/alginate gel beads with the best mechanical 

strength [Bea et al., adapted from unpublished data]. 250 ml/L of solution 

containing 15.0% PVA (w/v) (with a polymerization degree of 2000, Wako, 

Japan) and 2.0% of sodium alginate (w/v) (Showa, Japan) was autoclaved 

at 121 oC for 30 min. After cooling to 40 oC, one portion of concentrated 

inoculum was slowly added. The resulting mixture was added to a solution 

of saturated B(OH)3 and 1% of CaCl2 (w/v) (pH 3.3 in 25 oC) to form 

spherical beads. The beads were kept in the B(OH)3-CaCl2 solution for at 

3.5 hr. Then, the beads were transferred to a 0.5 M orthophosphate 

solution (KH2PO4) (pH 4.2 in 25 oC) and immersed for 5.6 hr. Finally, the 

fabricated PVA/alginate gel beads were washed with a large amount of 

distilled water and stored at 4 oC before use.  
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Figure 3.1 Fabrication of PVA/alginate gel beads for the entrapment of 

ANAMOX bacteria. 

 

Step 1: 250 mLof PVA/alginate solution
15.0% (w/v) PVA

2.0% (w/v) sodium alginate

Step 2: Autoclave at 121 oC for 30 min

Step 3: Cool to 40 oC

Step 4: Mix with 250 mL of distilled water

Step 5: Drop into saturated B(OH)3 and 1% 
CaCl2 (3.5 hr)

Step 6: Harden in 0.5 M KH2PO4 (5.6 hr)

Step 7: Rinse with distilled water

PVA/alginate-immobilization beads 
(3~4 mm in diameter )
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3.2.2 Enrichment of ANAMMOX Bacteria 

      The enrichment culture of ANAMMOX bacteria was started with 

returning activated sludge from a domestic wastewater treatment plant that 

utilizes an anaerobic-anoxic-oxic (A2O) process, receiving 776.484 

m3/day of sewage from a metropolitan city. The A2O process was selected 

due to its long SRT of 16.7 days, which enables slow-growing ANAMMOX 

bacteria to exist in the anaerobic zone of the reactors with various nitrogen 

compounds of ammonium and nitrite. The total nitrogen removal rate in the 

domestic wastewater treatment plant was around 80% and the 

concentration of the volatile suspended solids was 3,480 mg/L. The 

activated sludge was sieved using a mesh of 1.5 mm pores to remove 

coarse particles before the entrapment process. 

      The PVA/alginate gel beads were prepared following the best 

fabrication procedures for the maximum mechanical strength in Section 

3.3.1. The activated sludge which was concentrated in a beaker to 25.3 g-

TSS/L (20.0 g-VSS/L; VSS/TSS = 0.79; VSS = volatile suspended solids; 

TSS = total suspended solids) by gravity settling for 1 hr. The beads had a 

diameter of 3.54±0.38 mm. The PVA/alginate beads were stored in distilled 

water for 3 days at 4 oC before the enrichment process. 

      The pelletized conventional sludge biomass created by entrapment in 

PVA/alginate gel was utilized in a CSTR. A bottle with a working volume of 

2 L was incubated in a dark chamber at 35 oC with a magnetic stirrer 

(1,000 rpm) for 114 days (Figure 3.2). Intensive stirring was essential to 

remove the nitrogen gas from inside the gel matrix. The reactor contained 

PVA/alginate gel beads at a packing ratio of 30%. A feed line of influent 
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liquid was placed at the bottom of the reactor and the outlet port was 

covered with a plastic net (1 mm pore size). The synthetic medium was 

open to ambient air, but the reactor was completely sealed with a rubber 

stopper to maintain an anaerobic condition. 

      The basal medium consisted of 96 mg-C/L of NaHCO3, 6 mg-P/L of 

KH2PO4, 12 mg-Mg/L of MgSO4·7H2O, 48 mg-Ca/L of CaCl2·2H2O, 1 

ml/L of trace element solution I and 1 ml/L of trace element solution II. 

Trace element solution I was composed of 5 g/L EDTA and 5 g/L 

FeSO4·7H2O. Trace element solution II was composed of 5 g/L EDTA, 

0.43 g/L ZnSO4·7H2O, 0.24 g/L CoCl2·6H2O, 0.99 g/L MnCl2·4H2O, 0.25 

g/L CuSO4·5H2O, 0.22 g/L Na2MoO4·2H2O, 0.19 g/L NiCl2·6H2O, 0.21 

g/L Na2SeO4·10H2O and 0.014 g/L H3BO3. Ammonia and nitrite were 

added to the basal medium in the required amounts in the form of 

(NH4)2SO4 and NaNO2. The total nitrogen loading rate was increased 

gradually according to the activity of the ANAMMOX bacteria in Phases I, 

II and III (Table 3.1). The pH levels were not controlled.  
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Figure 3.2 The schematic diagram of the enrichment bioreactor for 

ANAMMOX bacteria. 
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Table 3.1 Conditions of three phases for the ANAMMOX enrichment process. 

Phase 
Period 

(day) 

NH4
+-N 

(mg-N/L) 

NO2
--N 

(mg-N/L) 
pH 

HRT 

(hr) 

Total nitrogen loading 

rate 

(kg-N/m3-day) 

I 0-43 54.5±6.9 55.9±7.2 7.58±0.14 8.3  0.32±0.04 

II 44-80 78.4±2.1 83.9±2.9  8.21±0.21 4.2  0.93±0.02  

III 81-114 103.1±3.8 114.8±8.5  8.36±0.20 4.2  1.26±0.04  
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3.2.3 Effects of Dimensions of PVA/Alginate Gel Beads on Start-Up Period 

      Three different end point sizes of dropping tubes, 3, 6 and 8 mm in 

diameter, were utilized to fabricate gel carriers with diameters of 

5.06±0.22, 5.96±0.17 and 6.50±0.28, respectively. The concentration of the 

conventional activated sludge was 28.9 g-TSS/L (25.5 g-VSS/L; 

VSS/TSS = 0.88) after gravity settlement for 1 hr. Three types of gel 

carriers were inoculated in reactors with a working volume of 1 L. The 

reactor configuration and the operational conditions were identical to those 

described in Section 3.2.2, except for the conditions of NH4
+-N, NO2

--N 

and HRT of 54.5±3.2 mg/L, 53.5±4.5 and 3.19 hr, respectively. The total 

nitrogen loading rate was 0.81±0.03 kg-N/m3-day for 64 days of operation. 

 

3.2.4 Sampling and Analysis 

      Samples were prepared by filtering through a 0.45 μm syringe filter. 

The NH4
+-N concentration was measured by a Kjeldahl nitrogen analysis 

(Kjeltec 1035, Sweden). The NO2
--N and NO3

--N concentrations were 

analyzed by ion chromatography (Dionex 120, USA) and the colorimetric 

method was also utilized to verify the NO2
--N concentration.  

 

3.2.5 Clone Library and Phylogenetic Tree 

      For the identification of the bacterial community structure, the 16S 

rRNA gene sequences were isolated and analyzed. Before the extraction of 

genomic DNA, three beads were separately cut into pieces smaller than 2 

mm with sterilized scissors. The pieces of PVA/alginate beads (three sets) 
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were transferred to the tubes of a Power SoilTM DNA kit (Mo Bio 

Laboratories, US). Genomic DNA was isolated following the manufacturer's 

protocol. The DNA was eluted from the column membrane with 50 μL of 

deionized water. Three eluents containing genomic DNA from one condition 

were combined into a tube. The 16S rRNA gene of bacteria was amplified 

with primer pairs of 27F (5'-AGAGTTTGATC(A/C)TGGCTCAG-3') and 

1492R (5'-GGTTACCTTGTTACGACTT-3'). For the nested PCR for the 

Planctomycetes phylum, Pla46F (5'-GGATTAGGCATGCAAGTC-3') and 

1392R (5'-ACGGGCGGTGTGTAC-3') were utilize to amplify the 16S 

rRNA gene. 

      The PCR mixture, a total amount of 20 μL, consisted of 13 μL of 

Taq polymerase PCR premix (Solgent, Korea), 1 μL of forward primer 

(10 μM), 1 μL of reverse primer (10 μM) and 5 μL of template DNA. 

The PCR cycles consisted of the following parameters: 1 cycle of 5 min at 

94 oC; 30 cycles of 60 s at 94 oC, 45 s at 58 oC and 90 s at 72 oC; and then 

1 cycle of 10 min at 72 oC to extend the reaction using a MyCyclerTM 

Thermal Cycler (Bio-Rad, USA). 

      The library of the 16S rRNA gene was constructed by PCR 

amplification of the target genes followed by cloning into a pGEM®-T Easy 

Vector System (Promega, USA). The ligation mixture was transformed into 

HITTM competent cells (Real Biotech Corp., Taiwan). Plasmids containing 

the 16S rRNA gene inserts were sequenced using a DYEnamic ET 

Terminator Sequencing Kit (GE Health Care, USA) and run on a 

MegaBACE 1000 DNA sequencer (GE Health Care, USA). For the 

sequences of 27F and 1492R, the sizes of 47 sequences obtained in this 

study ranged from 1,417 to 1,516 bp. The DNA sequences were deposited 
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in the NCBI database under accession numbers, JX875867-JX875913. For 

the sequences of Pla46F and 1392R, two sequences of 1409 bp were 

registered under accession numbers of KF261352 and KF261353. 

      The aligning of 16S rRNA gene sequences, clustering with a 3% cut-

off, and the selecting of operational taxonomic units (OTUs) for each group 

were conducted using the MOTHUR suite of programs, version 1.7.2. The 

closest relatives of the OTUs were identified using the EzTaxon server 

(http://www.eztaxon.org). The taxonomic information of the OTUs was 

determined based on the relative with the highest degree of similarity. 

Phylogenetic trees were constructed using the neighbor-joining method 

(NJ) for OTUs. NJ searches were conducted using the computer program 

MEGA 3.1. 

 

3.2.6 Real-Time Quantitative PCR 

      PCRs contained a forward primer (PLA46F, 5'-GGATTAGGCAT 

GCAAGTC-3'), a reverse primer (667R, 5'-ACCAGAAGTTCCACTCT C-

3'), and a probe (381F, 5'-AAGGGTGACGAAGCGACGCC-3') that utilized 

6-carboxyfluorescein (FAM) as a reporter fluorophore on the 5’ end, with 

N,N,N',N'-tetramethyl-6-carboxyrhodamine (TAMRA) as a quencher on 

the 3' end. The reverse primer and the probe were initially used by Van 

der Star et al. (2007) to quantify ANAMMOX bacteria. A real-time qPCR 

two fold concentrated master mix (Applied Biosystems, USA), a probe, and 

each primer were combined in sterile deionized water prior to the addition 

of any DNA template. The vial containing the master mix was vortexed to 

assure a homogeneous solution and was briefly spun down in a 
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microcentrifuge. Aliquots (19.5 μL) of the reaction mix were dispensed to 

each ABI optical tube, all of which were held on ice. All manipulations were 

performed in a dimly lit room to prevent light-activated degradation of the 

fluorescently labeled oligonucleotide probes. Template DNA (0.5 μL) was 

added to each tube, and the tubes were sealed with an 8-tube optical cap 

strip. The final primer-probe concentrations were 250 nM. DNA 

concentrations used for standard curve preparation were in the range of 

4.3×108 to 4.3×101 copies per tube. All tubes were maintained on ice and in 

the dark during transport to the spectrofluorimetric thermal cycler (ABI 

Prism 7300 sequence detection system, Applied Biosystems, USA). The 

PCR cycles consisted of the following parameters: 1 cycle of 2 min at 50 oC; 

1 cycle of 10 min at 95 oC; and then 50 cycles of 15 s at 95 oC and 60 s at 

60 oC. All PCR runs included control reactions without template DNA to 

test for possible instance of non-specific amplification. All samples were 

run in duplicate and the amplification efficiency was 1.98. 
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3.3 Results and Discussion 

3.3.1 Enrichment Performance of ANAMMOX Bacteria 

      The total nitrogen removal rate and nitrogen compositions of influent 

and effluent are shown in Figure 3.3. During the 20 day-adaptation period 

in Phase I, where 54.5±6.9 mg/L of NH4
+-N and 55.9±7.2 mg/L of NO2

--N 

were applied with an HRT of 8.3 hr (i.e., a total nitrogen loading rate of 

0.32±0.04 kg-N/m3-day), an insignificant total nitrogen removal rate of 

less than 0.10 kg-N/m3-day was observed (Figure 3.3 (A)). During this 

period, reduction in the NO2
--N concentration contributed to the total 

nitrogen removal rate (Figure 3.3 (B)). It was expected that heterotrophic 

denitrifiers convert NO2
--N to N2 gas with residual organic carbon sources 

in the PVA/alginate gel beads produced from the highly concentrated 

activate sludge. However, an exponential increase in the total nitrogen 

removal rate due to the ANAMMOX activity was observed between the 

20th to 43rd day of operation, and the specific growth rate of Phase I was 

0.058 d-1 (Figure 3.4). The final total nitrogen removal rate was 0.23 kg-

N/m3-day on the 43rd day of operation with a total nitrogen removal 

efficiency of 73.5%. 
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Figure 3.3 (A) Total nitrogen loading and removal rates during the 

enrichment of ANAMMOX bacteria entrapped in PVA gel beads. 
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Figure 3.3 (B) Nitrogen compositions during the enrichment of ANAMMOX 

bacteria entrapped in PVA gel beads. 
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Figure 3.4  The exponential growth of the total nitrogen removal rate in 

Phase I. 
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      In phase II, the total nitrogen loading rate of 0.93±0.02 kg-N/m3-

day with 78.4±2.1 mg/L of NH4
+-N, 83.9±2.9 mg/L of NO2

--N and an HRT 

of 4.2 hr resulted in a sharp increase of ANAMMOX activity to 0.91 kg-

N/m3-day. The average total nitrogen removal rate and the total nitrogen 

removal efficiency rate were 0.84±0.09 kg-N/m3-day and 87.1±6.4%, 

respectively. In phase III, an increase of in the total nitrogen loading rate 

with 103.1±3.8 mg/L of NH4
+-N and 114.8±8.5 of NO2

--N exhibited the an 

average total nitrogen removal rate of 1.09 kg-N/m3-day. 

      PVA and PEG were utilized as synthetic polymeric materials for the 

entrapment of ANAMMOX bacteria in previous research (Table 3.2). The 

entrapment of ANAMMOX bacteria following enrichment in continuous 

reactors without the recirculation of biomass was conducted at temperature 

exceeding 30 oC with synthetic wastewater. The enrichment of ANAMMOX 

bacteria entrapped in PVA cryogel showed a start-up period of 60 days for 

a total nitrogen removal rate of 0.54 kg-N/m3-day [Magri et al., 2012]. It 

was found that the entrapment in PVA/alginate and PEG exhibited the 

start-up periods ranging from 22 to 41 days for a high total nitrogen 

removal rate of 1.0 kg-N/m3-day [Isaka et al., 2007; Quan et al., 2011]. 

The inoculation of pre-cultured ANAMMOX biomass in previous research 

resulted in a shorter start-up period than that that of this study. The 

additional start-up period in this study was influenced by the acclimation 

of ANAMMOX bacteria in the conventional activated sludge and the 

degradation of bacteria which were not able to adapt to the anaerobic 

autotrophic environment. Despite the longer start-up period of 114 days in 

this study, the acclimation of ANAMMOX bacteria in PVA/alginate gel 

beads and a subsequent application to actual wastewater are prospective 
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options against the inoculation of pre-cultured ANAMMOX biomass for 

pilot- and full-scale ANAMMOX processes in places where large amounts 

of ANAMMOX biomass are not available. The direct application of 

PVA/alginate to actual wastewater is expected to be feasible because Isaka 

et al. (2007) showed that application of whole cell entrapment containing 

ANAMMOX bacteria in a modified form of reject water after start-up 

exhibited a quick response of 85% total nitrogen removal within 20 days. 
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Table 3.2 Operational conditions and start-up periods for the stabilization of the ANAMMOX process with 

synthetic wastewater. 

No. 
Immo-

bilization 

Initial  

biomass 

(g-TS  

/L-gel) 

Packing 

ratio 

(%) 

Start-up 

period  

(d) 

TN loading 

(kg-N 

/m
3
-day) 

TN removal 

(kg-N 

/m
3
-day) 

Temp- 

erature 

(
o
C) 

Reference 

1 PVA cryogel 7.80 (PAB*) 20 60 1.3 0.54 33 
Magrí et al., 

2012 

2 
PVA 

/alginate 
16.7 (PAB) 30 22 1.2 1.0 33 

Quan et al., 

2011 

3 PEG 2.4 (PAB) 30 41 appox. 1.4 appox. 1.1 36 
Isaka et al., 

2007 

4 
PVA 

/alginate 
12.6 (CAS**) 30 114 1.26 1.09 35 In this study 

*: PAB, Pre-cultured ANAMMOX biomass 

**: CAS, Conventional activated sludge 
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      The stoichiometric molar ratio of NH4
+-N:NO2

--N:NO3
--N = 

1:1.32:0.26 in Equation 2.17 was not observed in Phases I, II or III during 

the enrichment process (Figure 3.5). Less consumption of NO2
--N, i.e., 

NH4
+-N:NO2

--N = 1:0.89±0.55 was observed in phase I as compared to 

the theoretical value, and the consumption of NO2
--N versus NH4

+-N 

reached 1.24±0.16 in Phase III, which is much closer to the theoretical 

value of 1.32. In contrast, the production of NO3
--N continuously 

decreased; i.e., NH4
+-N:NO3

--N = 1:0.33, 1:0.05 and 1:0.03 for Phase I, 

II and Phase III, respectively. The residual NO3
--N, as low as 4.5±2.65 

mg/L for the entire period, contributed to the lower ratio of NO3
--

N/NH4
+-N, while the capacity of nitrogen removal by the ANAMMOX 

reaction continued to increase. The activity of heterotrophic denitrifiers 

entrapped in PVA/alginate beads may lead to a loss of NO3
--N. Despite the 

relatively low activity of denitrification compared to the ANAMMOX 

reaction and the low HRT of 4.2 hr, the denitrifiers are not washed out due 

to the entrapping effectiveness of the PVA/alginate gel matrix. 
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Figure 3.5 Stoichiometric balances between the consumption of NH4
+-N 

and NO2
--N and the production of NO3

--N in Phases I, II and III. 
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3.3.2 Bacterial Community Structure 

      To evaluate the growth of ANAMMOX bacteria, the concentration of 

ANAMMOX bacteria per PVA/alginate bead was quantified based on the 

16S rRNA gene in phases I and II (Figure 3.6). During the start-up, when 

the ANAMMOX activity was insignificant, ANAMMOX was not detected. A 

sharp increase in the amount of ANAMMOX bacteria was identified when 

the total nitrogen removal rate exceeded 0.2 kg-N/m3-day on the 43rd 

day of operation. Then, the growth pattern of ANAMMOX bacteria turned 

from the exponential phase to the sigmoid phase between the 43rd and 

59th day of operation as the total nitrogen removal rate became saturated. 
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Figure 3.6 The growth of ANAMMOX bacteria in Phase I as measured by 

real-time qPCR analysis based on the 16S rRNA gene. 
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      At the end of the enrichment process, the bacterial community 

structure was identified by the construction of a clone library based on the 

bacterial universal primers of 27F and 1492R (Table 3.3). The bacterial 

community structure consisted of diverse phyla of Actinobacteria; 

Chloroflexi; Firmicutes; Gemmatimonadetes; Ignavibacteriae; 

Planctomycetes; and α-, β- and γ-Proteobacteria. No ANAMMOX 

bacterium in the Planctomycetes phylum was identified, most likely due to 

its low abundance level compared to the dominant bacteria. 

      Steroidobacter denitrificans (EF605262) in γ-Proteobacteria was 

the predominant species in terms of heterotrophic denitrification, with a 

relative abundance of 23.4%. S. denitrificans has the ability to utilize 

oestradiol or testosterone as the sole source of carbon for denitrification 

[Fahrbach et al., 2008]. Relatives of S. denitrificans play a role in 

pollutant-degradation actions and denitrification in leachate sediment [Liu 

et al., 2011]. Details of the roles of S. denitrificans during ANAMMOX 

enrichment are not clear at present because only a narrow range of organic 

substrates, including several fatty acids and glutamate, as an electron 

acceptor are feasible for use with S. denitrificans [Fahrbach et al., 2008]. 
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Table 3.3 The taxonomic information of bacteria entrapped in the PVA/alginate gel matrix during the ANAMMOX 

enrichment process. 

No. Clone Name Hit Accession No. 
Similarity 

(%) 

Relative 

abundance 

Order level 

(relative 

abundance) 

Phylum level  

(relative abundance) 

1 PAE-47 
Mycobacterium 

aubagnense  
AY859683 98.4  2.1% 

Actinomy-

cetales 

(8.5%) 

Actinobacteria 

(8.5%) 

2 PAE-23 
Mycobacterium 

phocaicum  
AY859682 98.1  2.1% 

3 PAE-49 
Mycobacterium 

mageritense  
AY457076 98.6  2.1% 

4 PAE-41 Mycobacterium crocinum  DQ534008 98.9  2.1% 

5 PAE-42 Bellilinea caldifistulae AB243672 84.8  2.1% Anaerolin-

eales 

(4.3%) 

Chloroflexi 

(8.5%) 

6 PAE-40 Levilinea saccharolytica  AB109439 89.5  2.1% 
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Table 3.3 The taxonomic information of bacteria entrapped in the PVA/alginate gel matrix during the ANAMMOX 

enrichment process. (continued) 

No. Clone Name Hit Accession No. 
Similarity 

(%) 

Relative 

abundance 

Order level 

(relative 

abundance) 

Phylum level  

(relative abundance) 

8 PAE-27 Paenibacillus jamilae  AJ271157 74.9  2.1% 
Bacillales 

(2.1%) 

Firmicutes 

(6.4%) 
9 PAE-30 Clostridium celatum  X77844 98.2  2.1% 

Clostridiales 

(4.3%) 
10 PAE-45 Clostridium oceanicum  FR749923 79.2  2.1% 

11 PAE-01,03,55 Gemmatimonas aurantiaca  AP009153 
90.6-

91.0 
6.4% 

Gemmatimo-

nadales 

(6.4%) 

Gemmatimonadetes 

(6.4%) 

12 PAE-51 Ignavibacterium album  AB478415 99.3  2.1% 

Ignavibacter-

iales 

(2.1%) 

Ignavibacteriae 

(2.1%) 

13 PAE-34 Phycisphaera mikurensis  AB447464 84.6  2.1% 
Phycisphaer-

ales 

(4.3%) 

Planctomycetes 

(4.3%) 

14 PAE-29 Blastopirellula marina  
AANZ 

01000021 
80.5  2.1% 
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Table 3.3 The taxonomic information of bacteria entrapped in the PVA/alginate gel matrix during the ANAMMOX 

enrichment process. (continued) 

No. Clone Name Hit Accession No. 
Similarity 

(%) 

Relative 

abundance 

Order level 

(relative 

abundance) 

Phylum level  

(relative abundance) 

15 PAE-13 
Beijerinckia indica subsp. 

 Lacticogenes 
AJ563931 96.6  2.1% 

Rhizobiales 

(14.9%) Proteobacteria 

(α-proteobacteria) 

(17.0%) 

16 PAE-16,28 
Oligotropha 

carboxidovorans 
CP002826 

97.4-

97.7 
4.3% 

17 PAE-46 Hyphomicrobium aestuarii Y14304 96.3  2.1% 

18 PAE-22,37 Rhodoplanes roseus D25313 
94.0-

94.1 
4.3% 

19 PAE-07 Mesorhizobium amorphae AF041442 98.3  2.1% 

20 PAE-21 Oceanibaculum indicum EU656113 92.7  2.1% 

Rhodospirill-

ales 

(2.1%) 
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Table 3.3 The taxonomic information of bacteria entrapped in the PVA/alginate gel matrix during the ANAMMOX 

enrichment process. (continued) 

No. Clone Name Hit Accession No. 
Similarity 

(%) 

Relative 

abundance 

Order level 

(relative 

abundance) 

Phylum level  

(relative abundance) 

21 PAE-25 Aquincola tertiaricarbonis  DQ656489 97.4  2.1% 

Burkholderi-

ales 

(17.0%) 

Proteobacteria 

(β-proteobacteria) 

(23.4%) 

22 PAE-43 
Burkholderia 
zhejiangensis  

HM802212 91.7  2.1% 

23 PAE-52 Limnobacter thiooxidans  AJ289885 93.3  2.1% 

24 PAE-10 Acidovorax caeni AM084006 95.4  2.1% 

25 PAE-48 Comamonas granuli AB187586  99.4  2.1% 

26 PAE-04,20 Curvibacter lanceolatus  AB021390 
97.3-

97.6 
4.3% 

27 PAE-09 
Pseudacidovorax 

intermedius  
EF469609 97.6  2.1% 

28 PAE-06 Thiobacillus thiophilus  EU685841 91.4  2.1% 

Hydrogeno-

philales 

(2.1%) 

29 PAE-11,33 
Denitratisoma 
oestradiolicum  

AY879297 
94.0-

94.0 
4.3% 

Rhodocycl-

ales 

(4.3%) 

30 

PAE-

02,05,08,12,24

,26,31,32,38,5

3,54 

Steroidobacter 
denitrificans  

EF605262 
96.5-

96.7 
23.4% 

Xanthomon-

adales 

(23.4%) 

 Proteobacteria 

(γ-proteobacteria) 

(23.4%) 
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      The similar function of denitrification on oestradiol was found for 

Denitratisoma oestradiolicum (AY879297) in β-Proteobacteria, with a 

relative abundance of 4.3% [Fahrbach et al., 2006]. Denitratisoma sp. has 

been isolated from the community of oligotrophic denitrifiers [Ishii et al., 

2010]. The ability of Denitratisoma sp. to grow in a condition in which 

organic carbon sources are limited may contribute to its survival in the 

ANAMMOX enrichment reactor containing no organic carbon source in the 

influent. 

      A second round PCR with primers of Pla46F and 1392R was 

conducted to identify the taxonomic assignment of the ANAMMOX bacteria 

enriched in this study (Figure 3.7). Two sequences were affiliated with 

Candidatus Brocadia sinica (AB565477). PAE-EN23-1_2 and PAE-

EN23-1_14 have high degree of similarity of 99.9% and 99.8% with Cand. 

B. sinica, respectively. The distribution in ANAMMOX reactors and the 

physiological characteristics of Cand. B. sinica were recently reported. The 

genus of Candidatus Brocadia, which can adapt to environments containing 

organic contents, was found in an upflow anaerobic sludge blanket (UASB) 

reactor receiving synthetic wastewater containing 50-700 mg/L of COD 

[Hu et al., 2010]. However, Cand. Borcadia was also found in UASB and 

expanded-bed reactors without organic contents in the influent, and it was 

concluded that the niche differentiation of ANAMMOX bacteria including 

Cand. Brocadia sp. and Cand. Kuenenia sp. is difficult to determine with 

several physical and chemical parameters [Hu et al., 2010]. Rather than 

the organic contents, it can be hypothesized that the high growth rate of 

Cand. Brocadia sp. is the determining factor for the niche differentiation. It 

is important to note that Cand. Brocadia spp. types are classified as the r-
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strategists with low affinity for substrates and a high growth rate [Oshiki 

et al., 2011; Puyol et al., 2013] such that they can out-compete the K-

strategist of Cand. Kuenenia, which survives at low substrate 

concentrations by optimizing the substrate affinities [Van der Star et al., 

2008].
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Figure 3.7 The phylogenetic tree based on the 16S rRNA gene sequences showing the phylogenetic affiliation of 

the ANAMMOX bacteria obtained in this study. The numbers at the nodes are percentages indicating the levels of 

bootstrap support based on a neighbor-joining analysis of 2,000 re-sampled data set. One unit of the scale bar 

represents 1% nucleotide. 
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3.3.3 Effects of the Bead Size on the Start-Up Period 

      The size of the gel beads is the key factor determining the substrate 

diffusion rate of NH4
+ and NO2

-. The effectiveness factor of the overall 

diffusion limitation is calculated by  

 

      η
 

=  
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    ∗
 	                                       .(3.1) 
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Here, the following definitions apply: 

  vmax: the maximum reaction rate of ANAMMOX bacteria 

  v0: observed reaction rate of ANAMMOX bacteria in a bioreactor 

  Km: substrate affinity for substrates 

  Ss: substrate concentration on the surface of gel bead 

  S*: substrate concentration of bulk phase (Ss =S* with high turbulence) 

  De: diffusion coefficient 

  ηe: effectiveness factor of external diffusion 

  ηi: effectiveness factor of internal diffusion 

  Ab: surface area of a gel bead 

  Vb: volume of a gel bead 

  R: radius of a gel bead 
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      The overall diffusifon limitation depends on the dimension of a gel 

bead, i.e., Ab/Vb, with a constant diffusion coefficient and substrate 

concentration in the bulk phase. It was assumed that a gel bead is a perfect 

sphere and that the difference in the initial concentrations of the 

ANAMMOX bacteria in different sizes of gel beads is negligible. Because 

the growth rate of ANAMMOX bacteria is directly related to the available 

substrates, which diffuse from the bulk phase into the gel matrix, it was 

hypothesized that the overall diffusion efficiency of substrates as a function 

of Ab/Vb affects the ANAMMOX enrichment lag period. 

      To verify the relationship between the lag period and Ab/Vb, different 

sizes of PVA/alginate gel beads were fabricated using various inner tube 

diameters for dropping (Figure 3.8). The average diameters of the 

PVA/alginate beads were 5.06±0.22, 5.96±0.17 and 6.50±0.28 mm and the 

corresponding Ab/Vb values were 3.72ⅹ10-5, 1.92ⅹ10-5 and 1.36ⅹ10-5 

mm-1. 

      The enrichment process was performed at a stable total nitrogen 

loading rate of 0.81±0.03 kg-N/m3-day for 64 days (Figure 3.9). For 

beads with 5.06±0.22 mm in diameter, an exponential increase of 

ANAMMOX activity was observed on the 30th day of operation. As 

expected, the lag period for beads 5.96±0.17 mm in size was much longer 

than that for beads of 5.06±0.22 mm in diameter, around the 50th day of 

operation. The total nitrogen removal rate for the largest beads of 

6.50±0.28 mm started to increase at the end of the experiment. 
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(A) 

 

(B) 

 

(C) 

 

Figure 3.8 The size of core gel beads fabricated with different size of tubes 

of 3, 6 and 8 mm in diameter. 
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Figure 3.9 Effects of the bead size on the start-up period during 

ANAMMOX enrichment process. 
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      The exponential increase of the total nitrogen removal rate was 

simulated as a function of time (Figure 3.10). Coefficients of the 

exponential growth function and quality of regression are shown in Table 

3.4. Lag periods pertaining to 0.2 kg-N/m3-day for three sizes of gel 

beads were predicted based on equations obtained from the simulation. The 

lag periods were 30.5, 53.6 and 57.1 days for 5.06±0.22, 5.96±0.17 and 

6.50±0.28 mm in diameter, respectively. A linear relationship was found 

between Ab/Vb and the lag period, as shown in Figure 3.11.  
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Figure 3.10 The exponential growth of the total nitrogen removal rate 

during ANAMMOX enrichment for different sizes of PVA/alginate gel beads. 
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Table 3.4 The regression of the exponential growth of the ANAMMOX reaction rate for different sizes of gel beads 

(TN removal rate = a ⅹe b ∙ t (d)). 

No. Size of gel beads a b R
2
 For 0.2 kg-N/m

3
-day 

1 5.06±0.22 0.0064 0.1127 0.9791 30.5 days 

2 5.96±0.17 0.0003 0.1213 0.8640 53.7 days 

3 6.50±0.28 0.0036 0.0703 0.7814 57.1 days 
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Figure 3.11 The linear relationship between Ab/Vb and the lag period for 

the enrichment of ANAMMOX bacteria using PVA/alginate gel beads. 
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3.3.4 Comparison of the Enrichment Efficiency 

      The enrichment of the PVA/alginate gel bead of 5.06±0.22 mm in 

diameter was extended under the increased nitrogen loading rates for the 

comparison of enrichment efficiencies with previous research (Figure 

3.12). Within 43 days of operation, a higher total nitrogen removal rate of 

0.81 kg-N/m3-day was achieved compared to the initial enrichment 

experiment in this study (Figure 3.6). The maximum nitrogen removal rate 

was also increased upto 1.64 kg-N/m3-day. This may be attributed to the 

increased exponential growth rate of 0.11 d-1 caused by the higher 

nitrogen loading rate of 0.81 kg-N/m3-day while 0.058 d-1 was shown for 

the previous ANAMMOX enrichment with a nitrogen loading rate of 0.32 

kg-N/m3-day. 

      The conventional ANAMMOX enrichment from non-acclimated 

sludge showed activities ranging 0.22 to 1.23 kg-N/m3-day during start-

up periods of 22 to 250 days [Bagchi et al., 2010; Ni et al., 2010; Wang et 

al., 2011; Yu et al., 2012; Tao et al., 2013] (Figure 3.13). The best 

enrichment result of the maximum ANAMMOX activity of 1.23 kg-N/m3-

day was achieved by Yu et al. (2012), but the start-up period was the 

longest of 250 days. The normalized ANAMMOX enrichment efficiencies by 

the start-up period, conducted in this study, was the best (0.019 kg-

N/m3-day-day) because an ANAMMOX activity of 0.81 kg-N/m3-day 

was the second tier among the results while the shortest start-up period 

of 43 days was required. Although the enrichment efficiency of this study 

is 2.4 fold lower than that of Quan et al. (2011)(0.045 kg-N/m3-day-day) 

which was conducted with an acclimated ANAMMOX seed sludge, it is 

concluded that the enrichment regime using PVA/alginate gel bead 
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supported by a high nitrogen loading rate is the best option for the rapid 

enrichment strategy starting from the non-acclimated sludge. 
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Figure 3.12 The extended enrichment of ANAMMOX activity for the beads 

of 5.06±0.22 mm in diameter. 
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Figure 3.13 Comparison of the ANAMMOX enrichment efficiencies with 

normalized ANAMMOX activity with regard to the start-up period. 
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3.4 Conclusions 

      The enrichment of ANAMMOX bacteria from conventional activated 

sludge entrapped in PVA/alginate gel beads was shown to be feasible to 

achieve the maximum nitrogen removal rate upto 1.64 kg-N/m3-day. 

ANAMMOX enrichment from conventional activate sludge is a prospective 

option for start-up of pilot- and full-scale ANAMMOX processes without 

large amounts of ANAMMOX bacteria, while an additional period is required 

compared to an previous enrichment process with pre-cultured 

ANAMMOX biomass.  

      The predominant bacterial type was Steroidobacter denitrificans, 

which is capable of heterotrophic denitrification. Nested PCR with a 

Planctomycetes-specific primer revealed the selection of Candidatus 

Brocadia sinica during the ANAMMOX enrichment process. The 

concentration of the 16S rRNA gene of ANAMMOX bacteria consistently 

increased according to the total nitrogen removal rate. The area-to-

volume ratio for PVA/alginate beads, which is the critical parameter limiting 

internal diffusion, has a significant effect on the start-up period and 

exhibits a clear linear relationship. 

      The comparison of the enrichment efficiency of this study to the best 

results of previous research, which was started from the pre-cultured 

ANAMMOX seed sludge, showed that the ANAMMOX enrichment efficiency 

was 2.4 fold lower, but the entrapment in PVA/alginate gel bead with a high 

nitrogen loading rate is the best enrichment regime for ANAMMOX bacteria 

starting from the non-acclimated sludge.  
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CHAPTER 4. 

AUTOTROPHIC SINGLE-STAGE AMMONIA 

REMOVAL USING DOUBLE-LAYERED 

PVA/ALGINATE GEL BEADS  
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4.1 Introduction 

      ASSAR can be achieved by cultivating AOB and ANAMMOX bacteria 

in the a single reactor. The reactor configuration of ASSAR is the critical 

factor determining nitrogen removal rate and process stability. The main 

processes for ASSAR are the SBR using floc-type activated sludge and the 

AUSB containing biomass carriers for bacterial immobilization. 

      The SBR contains the floc-type activated sludge which is sub-mm 

in diameter. The SBR for ASSAR performs a series of inlet, agitation and 

aeration, settlement and decant stages. By the enhanced settlement of 

activated sludge, the loss of AOB and ANAMMOX bacteria through the 

decant stage can be prevented, and high concentration of the activated 

sludge is maintained. Due to the high contents of biomass in the SBR, high-

rate ammonia removal performance can be achieved. However, floc-type 

activated sludge is susceptible to the structural damage because EPS 

provides only weak binding forces between cells. In addition, the thin 

nitrifying biofilm allows DO penetration into the inner structure of the floc. 

      On the other hand, various ASSAR processes have adapted the 

immobilization system using sponge carriers or granular activated sludge to 

fix AOB and ANAMMOX bacteria at the different depths of biofilm. The 

biofilm offers advantages over floc-type biomass: the dense AOB toward 

the bulk phase protects ANAMMOX bacteria by consuming DO with NH4
+ 

for ammonia-oxidation; the biofilm attached to the fixed or moving bioflm 

carriers provides stronger structural stability; no decant phase is required. 

However, the natural biofilm is still susceptible to the high shear forces and 

toxic components in the wastewater. 
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      The active immobilization of AOB and ANAMMOX bacteria in the 

form of artificial biofilm would offer superior mechanical stability to the 

natural biofilm. The co-immobilization system having different functional 

microorganisms in an entrapping matrix is the effective method to integrate 

multiple reactions of ammonia-oxidation and ANAMMOX reaction. The co-

immobilization has been applied to removal processes of toxic chemicals 

[Gardin et al., 2001] and ammonia [Hill and Khan, 2008] which require 

multiple reactions, typically conducted by aerobic and anaerobic bacteria. 

The conventional incorporation of aerobic ammonia oxidizers and 

heterotrophic denitirifiers results in uniform microbial distribution within 

the gel polymers, such as alginate [Kotlar et al., 1996; Uemoto and Saiki, 

2000] and PVA [Morita et al., 2008, Cao et al., 2004], without the border 

between the aerobic and anaerobic zones. However, the novel 

immobilization in double-layered gel beads exhibits well-defined aerobic 

and anaerobic zones for AOB and denitrifiers. The double-layered gel bead 

for SND has been developed [dos Santos et al., 1996a] and characterized 

regarding to substrate diffusion and distributions of nitrogen compounds 

[dos Santos et al., 1996b]. 

      However, the application of double-layered gel beads was restrained 

to the natural gelling material of alginate [dos Santos et al., 1996a; 1996b] 

even though PVA was proven as the suitable polymeric compound to entrap 

microorganisms for better durability [Leenen et al., 1996]. In this study, 

the double-layered PVA/alginate gel beads were fabricated to co-culture 

AOB and ANAMMOX bacteria within well-defined aerobic and anaerobic 

zones, respectively. To the best knowledge, this is the first report on the 

immobilization of AOB and ANAMMOX bacteria in the core-shell structure. 
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To evaluate the ASSAR performance using double-layered PVA/alginate 

gel beads, the gel beads co-immobilizing AOB and ANAMMOX bacteria 

were applied to aerobic bioreactors in batch and continuous modes.  
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4.2 Materials and Methods 

4.2.1 Preparation of ANAMMOX Core Beads 

      To prepare the core PVA/alginate beads, one portion of pre-cultured 

ANAMMOX biomass of 800 mg-VSS/L was mixed with 15% PVA and 2% 

alginate bead. The fabrication procedures were the same as in Section 

3.2.1. The CSTR with a working volume of 500 ml was utilized to enrich 

the ANAMMOX activity for 70 days with a 30% packing ratio. The 

temperature was maintained at 35 oC in a dark condition.  

 

4.2.2 Selective Enrichment of AOB 

      To inoculate the outer layer with a high concentration of AOB, 

selective cultivation of AOB was conducted. Sludge from the aeration tank 

of the Jung-Rang sewage treatment plant (STP) in Seoul, Korea was used 

for the enrichment culture of AOB. The STP consisted of the conventional 

activated sludge process exhibiting 98.3% of BOD removal and 98.5% 

conversion of NH4
+ to NO2

- or NO3
- at 10.9 days of SRT. The initial 

concentration of VSS and fixed suspended solids (FSS) in the moving bed 

biofilm reactor (MBBR) were 106.7±30.6 mg/L and 26.4±27.3 mg/L, 

respectively, and the biomass in the effluent was recycled every two or 

three days during the start-up for 30 days. 

      NH4
+ and HCO3

- were added to a basal medium in the required 

amounts in the form of (NH4)2SO4 and NaHCO3, respectively. The molar 

ratio of HCO3
--C/NH4

+-N was around 1:2 according to the mass balance 

of ammonia-oxidation. The basal medium was the same in Section 3.2.2. 

The concentrations of NH4
+ and HCO3

- were gradually increased according 
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to the ammonia-oxidizing activity.  

      An automated fermentation system with a working volume of 2.5 L 

and a head space of 0.5 L was operated at the conditions of 200 rpm and 

35 oC (Figure 4.1). DO was maintained below 0.5 mg/L and the pH was 

adjusted to be 8 with a real-time pH controlling system supplying 1N 

NaOH acidification buffer. The synthetic wastewater was continuously 

pumped from a influent tank with a peristaltic pump into the nitrification 

reactor. The influent flow rate was 2.88 L/day (HRT = 0.87 days). The 

concentration of NH4
+-N was gradually increased until nitrite build-up 

was observed. 

      It was hypothesized that the maximum ammonia conversion rate of is 

determined by the size and the packing volume of PVA sponge-cubes. 

Experiments were carried in parallel to investigate the effect of the size 

and packing ratio of PVA sponge on the maximum ammonia conversion rate 

of ammonia-oxidation. The ammonium-oxidation process was operated 

with various sizes and volumes of the biomass carriers: 16% of 7×7×7 mm3 

size, 16% of 5×5×5 mm3 size and 32% of 5×5×5 mm3 size with a short HRT 

of 0.15 days. DO was maintained below 0.5 mg/L. Reactor configuration and 

the operational conditions were the same as those of Figure 4.1 except for 

a working volume of 500 ml. The identical initial inoculation concentrations, 

1,244.0±13.1 mg/L of VSS and 272.0±23.6 mg/L of FSS, were applied to 

three reactors. For the start-up, virgin sponge cubes were incubated in the 

continuous reactors with recycling units maintaining high concentration of 

VSS for 7 days. The concentration of NH4
+-N in the influent were varied 

from 200 to 1,000 mg/L in the start-up period. The maximum ammonia 

conversion rate was tested without the recycling unit for NH4
+-N of 200, 
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400, 600, 700, 800, 900 and 1,000 mg/L. 
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Figure 4.1 Schematic representation of the lab-scale fermentation system 

for the selective enrichment of AOB using PVA sponge cubes. 
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4.2.3 Method Development for the Fabrication of Double-Layered Gel Beads 

      Figure 4.2 shows a schematic flow of the fabrication process for the 

double-layered PVA/alginate gel beads. The PVA/alginate gel bead 

containing pre-cultured ANAMMOX bacteria was prepared (Step 1-1). 

The cross-linking agents of B(OH)3 and CaCl2 were diffused into 100 core 

ANAMMOX beads in a 250 ml solution of saturated B(OH)3 and 1% CaCl2 

(w/v) for 5 min (Step 1-2). 250 ml/L of solution containing 15 % PVA 

(w/v) (with a polymerization degree of 2000, Wako, Japan) and 2.0% of 

sodium alginate (w/v) (Showa, Japan) was autoclaved at 121 oC for 30 min. 

The AOB biomass, which was produced by the selective cultivation in 

Section 4.3.2, was concentrated by gravity settling for 1 hr. After cooling 

to 40 oC, one portion of AOB biomass was slowly added into the 

PVA/alginate solution (Steps 2-1 to 2-4). The ANAMMOX core beads 

containing the cross-linking agents was immersed in the mixture of Step 

2-4. By the diffusion of the cross-linking agents towards the bulk phase, 

the interfacial cross-linking of the outer layer occurs as shown in Figure 

4.3 during Step 3 in Figure 4.2. The beads were kept in the B(OH)3-CaCl2 

solution for 1 hr for hardening (Step 4). Then, the beads were transferred 

to a 0.5 M orthophosphate solution (KH2PO4) and immersed for 1 hr (Step 

5). Finally, the fabricated double-layered PVA/alginate gel beads were 

washed with a large amount of distilled water.  
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Figure 4.2 The fabrication procedures for the core-shell structure of 

PVA-alginate matrix. 
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Figure 4.3 Principle of the fabrication of the outer layer of PVA/alginate gel 

matrix. 
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4.2.4 Scanning Electron Microscopy 

      The individual PVA sponge-cubes with attached biofilm and PVA 

cross-liking structure were analyzed without any preparation using 

environmental scanning electron microscope XL-30 ESEM-FEG (FEI 

Company, Eindhoven, The Netherlands). The PVA sponge-cubes and PVA 

gel matrix were placed into the vapor chamber of the ESEM in their natural 

(i.e. moist) state and surface images of the sample were recorded. 
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4.2.5 ASSAR in a Batch Mode 

      The batch reactor of 500 ml for ASSAR was packed with 100 ml of 

double-layered PVA/alginate gel beads, i.e., 20% packing ratio (Figure 

4.4). For a batch mode, the peristaltic pump was turned off. The core 

ANAMMOX beads had a diameter of 3.72±0.41 mm. The fabrication 

conditions for the outer layer containing AOB were the same as those in 

Figure 4.2 except for various concentrations of AOB of Step 2-4 and the 

brief washing step between Steps 3 and 4. The final AOB concentration in 

the outer layer were 522, 1,104, 2,208 and 4,416 mg-VSS/L. To verify 

the effect of the outer layer, the control experiment with the core 

ANAMMOX bead without the outer layer was included. The average outer 

layer of AOB was 3.45±0.6 mm in thickness. The reactor was operated in 

the dark condition at a high agitation rate of 500 rpm with a magnetic bar to 

prevent the possible accumulation of dinitrogen gas inside the core gel 

beads. The ASSAR was conducted for 24 hr. The temperature was 

maintained at 35 oC with a water jacket. The DO concentration was 

maintain at 2.0 mg/L.  
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Figure 4.4 The schematic diagram for the single-stage removal of ammonia 

using the core-shell structure of the PVA/alginate gel matrix. 
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4.2.6 ASSAR in a Continuous Mode 

      The continuous reactor of 500 ml for ASSAR was packed with 40 ml 

of double-layered PVA/alginate gel beads, i.e., 8% packing ratio (Figure 

4.4). The core ANAMMOX beads had a diameter of 3.72±0.41 mm. The 

fabrication conditions for the outer layer containing AOB were the same as 

those in Figure 4.2 except for 6,350 mg-VSS/L of AOB of Step 2-4 and 

the brief washing step between Steps 3 and 4. The outer layer of AOB was 

3.2±0.4 mm in thickness. The final AOB concentration in the outer layer 

was 3,175 mg-VSS/L. The reactor was operated in the dark condition at a 

high agitation rate of 500 rpm with a magnetic bar to prevent the possible 

accumulation of dinitrogen gas inside the core gel beads. The temperature 

was maintained at 35 oC with a water jacket. The DO concentration was 

maintained at 0.5 mg/L. Operational conditions of NH4
+-N and HRT was 

summarized in Table 4.1. The composition of basal medium was the same 

as that given in Section 3.2.2. 
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Table 4.1 Experimental conditions for the single-stage removal of ammonia. 

Phase 
Period 

(day) 

NH4
+
-N 

(mg-N/L) 
pH 

HRT 

(hr) 

Total nitrogen loading rate 

(kg-N/m
3
-day) 

I 0-22 51.7±0.85 8.05±0.24 0.17  0.30±0.01 

II 23-33 78.7±0.86 7.95±0.04 0.17  0.47±0.03 

III 34-55 102±2.26 8.24±0.09 0.17 0.59±0.01 
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4.3 Results and Discussion 

4.3.1 Preparation of the Core ANAMMOX Beads 

      The nitrogen loading and conversion rates for the preparation of the 

core ANAMMOX beads were shown in Figure 4.5. In the initial stage of the 

activation, mild conditions of 40.7±3.2 mg/L of NH4
+-N, 43.2±2.5 mg /L of 

NO2
--N and 3.68 days of HRT were applied. The flow rate of influent was 

increased according to the activity of ANAMMOX bacteria to increase the 

total nitrogen loading rate. At the end of the operation, the core ANAMMOX 

beads exhibiting the maximum nitrogen removal rate of 0.95 kg-N/m3-day 

were taken for the fabrication of the double-layered PVA/alginate gel bead.  

 

 

 



126 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 The enrichment of ANAMMOX activity in core gel beads. 
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4.3.2 Selective Enrichment of AOB on the PVA Sponge Cubes 

      Nitrogen compositions in the influent and the effluent of the lab-

scale bioreactor for the selective enrichment of AOB were shown in Figure 

4.6. Full nitrification during the start-up for 30 days resulted in the 

production of nitrate without nitrite build-up at a NH4
+-N concentration of 

100 mg/L, while FA concentrations of 0.0-3.3 mg/L in this period are close 

to the threshold concentration (0.1-1.0 mg/L < FA < 10-150 mg/L) to 

selectively inhibit the NOB activity [Sinha and Annachhatre, 2007]. An 

increase in nitrogen loading rate at a NH4
+-N concentration of 200 mg/L 

has no effect on the production of nitrite. However, a sharp increase of 

nitrite was observed at a NH4
+-N concentration of 400 mg/L. The 

operational regime altering the NH4
+-N concentration in the influent, i.e. 

applying higher nitrogen loading rates, at a low DO level led to varying 

degrees of the NOB inhibition rather than FA. Stable ammonia-oxidation 

was achieved within the range from 600 to 1,000 mg-N/L of NH4
+-N, 

which is equivalent to the range from 0.58 to 1.03 kg-N/m3-day of 

nitrogen loading rates, respectively. The residual NH4
+-N was caused by 

the limited activity of AOB at a NH4
+-N concentration of 800 mg/L in the 

influent with a 78.4% NH4
+ removal rate. At this stage, the FA 

concentrations of 21.0-23.5 mg/L estimated from the residual 

concentrations of NH4
+-N were in the inhibitory range to the AOB activity. 

However, in terms of the ammonia conversion rate, the AOB activity was 

increased from 0.52 to 0.61 kg-N/m3-day between Day 79-83 and the 

inhibition effect by FA was not seriously harmful to the growth of AOB. At 

a high concentration of 1,036 mg NH4
+-N/L in the influent, AOB recovered 

from FA inhibition and the ammonia conversion efficiency reached over 98% 
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again. It was expected that growth of AOB could eliminate the residual 

NH4
+-N and recover the FA inhibition at the end. The minimum nitrogen 

loading rate for the further high-rate AOB cultivation was set to more than 

1 kg-N/m3-day to inhibit the activity of NOB. 
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Figure 4.6 Nitrogen compositions in the influent and the effluent for the 

enrichment of AOB. 
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The maximum capacity of ammonia-oxidation process was examined 

using MBBRs filled with 80 ml of 7×7×7 mm3 sponge-cubes (16%), 80 ml 

of 5×5×5 mm3 sponge-cubes (16%) and 160 ml of 5×5×5 mm3 sponge-

cubes (32%). After the start-up period, the nitrogen concentration of 

NH4
+-N was gradually increased from 200 to 1,000 mg/L. In the entire 

period for ammonia-oxidation, NO3
--N concentrations of less than 10 

mg/L in the effluent of three reactors indicated that the inhibition of NOB 

was successfully achieved with nitrogen loading rates more than 1.39 kg-

N/m3-day. The ammonia conversion rates are summarized in Figure 4.7. 
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Figure 4.7 Summary of ammonia conversion rates for three reactors with 

different sizes and volume of PVA sponge cubes. 
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      For the 7×7×7 mm3 sponge-cubes with a packing ratio of 16%, the 

maximum ammonia conversion rate was 2.01±0.02 kg-N/m3-day at 800 

mg-NH4
+-N/L (5.46 kg-N/m3-day). To verify the effect of the total 

surface area on the ammonia conversion rate, a smaller size of 5×5×5 mm3 

sponge media with the same volume of 16% was applied. Theoretically, the 

sum of area of 6 faces of a 5×5×5 mm3 cube increases to 140% due to the 

increased number of media with a identical volume. If the ammonia 

conversion rate is dependent entirely on the concentration of AOB on the 

faces of PVA sponge-cubes due to the diffusion limitation of substrates of 

NH4
+-N, HCO3

--N and O2 to the internal space in the media, the reaction 

rate would increase by 140% according to the increased total area in this 

experiment. However, only 11.8% increase in the ammonia conversion 

rates at a nitrogen loading rate of 5.46 kg-N/m3-day indicates there is the 

insignificant barrier for the diffusion of substrates and the reaction rate 

depends on the volume of PVA sponge-cubes. In most cases, the high 

porosity is an advantage, allowing for high diffusion rates of substrates and 

products. The PVA sponge media have a pore size in order of 100 μm 

which was observed as shown in Figure 4.8, which is classified to the 

macro-porous carrier. 

      The effect of the total volume of PVA sponge-cubes was verified 

with 32% packing ratio of 5×5×5 mm3 PVA sponge-cubes. The maximum 

ammonia conversion rate was increased to 3.13 kg-N/m3-day resisting 

1,000 mg-N/L of ammonia in the influent. The reaction rate was increased 

to 144% compared to the result for the 16% packing ratio.  
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Figure 4.8 (A) ESEM images focused on the pore sizes of the surface of 

the 5×5×5 mm3 size PVA sponge-cube. 
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Figure 4.8 (B) ESEM images focused on the pore sizes of the center of the 

5×5×5 mm3 size PVA sponge-cube. 
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      Macro-porous carriers, such as active carbon, polyurethane (PE) 

foam and sintered glass, reduce the problem associated with substrate 

diffusion by enhancing a three-phase mixing of air, wastewater and 

carriers [Bai et al., 2010; Zhao et al., 2006]. Figure 4.9 shows a partial 

evidence of the reduced diffusion limitation through the macro-pores that 

similar abundances of the biofilm in both parts of the surface and the center 

of 5×5×5 mm3 PVA sponge-cubes were observed. Biomass generally 

retains on sponge in two ways: the one is the formation of thick-and-

dense biofilm developed onto the sponge-cube surfaces and the other is 

the deposition or entrapment in the interior void space of the sponge cubes 

[Araki et al., 1999]. In this study, ESEM photos showed that sponge acted 

as an ideal support material for the acclimation of AOB in the form of 

attached biofilm growth, instead of the deposition or entrapment. Numerous 

bacterial aggregates consisting of bacteria and EPS were observed and 

EPS could assist the irreversible attachment of AOB and the stable 

ammonia-oxidation. In summary, it was considered that internal diffusion 

is not the rate-limiting step on the overall ammonia conversion rate due to 

the macro-pores of PVA sponge-cubes. In addition, the external diffusion 

would not be the rate-limiting factor due to the intensive agitation of 200 

rpm applied in this experiment. Because the relationship between the 

internal diffusion limitation of substrate and the pore size of PVA sponge 

cubes for ammonia-oxidation is still unclear, the pore size associated with 

substrate diffusion and the distribution of nitrifiers should be investigated 

in detail. 
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Figure 4.9 (A) ESEM images focused on the abundance of biofilm. 1000× 

images of the surface of the 5×5×5 mm3 size PVA sponge-cube with 

biofilm  
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Figure 4.9 (B) ESEM images focused on the abundance of biofilm. 1000× 

images of the center of the 5×5×5 mm3 size PVA sponge-cube with biofilm. 
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4.3.3 Fabrication of the Outer Layer Covering the Core Beads 

      The pre-incubation of the core beads in saturate B(OH)3 and 1% 

CaCl2 of Step 1-2 in Figure 4.2 was designated to facilitate the interfacial 

reaction of the cross-linking of PVA on the surface of the core beads by 

the diffusion of the gelling agents towards the bulk solution of 7.5% PVA 

(w/v) and 1% sodium alginate (w/v) in Step 3. The concentration of AOB in 

the bulk solution was 2,565 mg-VSS/L. The core beads, 5.25±0.51 mm in 

diameter, contained no ANAMMOX bacteria to identify the clear interface 

between the core bead and the outer layer by color for the easy 

measurement of the thickness (Figure 4.10 (A)).  

      As a control experiment, the Step 1-2 for the pre-incubation was 

excluded. The core beads were incubated in the bulk solution for 30 min in 

Step 3. As a result, extremely thin layer was fabricated and the irregular 

shape of the double-layered PVA/alginate gel bead was observed (Figure 

4.10 (B)). It was expected that the sticky property of the 7.5% PVA (w/v) 

and 1% sodium alginate (w/v) enables them to adhere on the surface of the 

core bead and form the gel layer in the hardening step of Step 4.  

      In contrast, the Step 1-2 to immerse the core beads in saturated 

B(OH)3 and 1% CaCl2 for 5 min exhibited the thick and regular layer of 

2.74±0.44 mm as shown in Figure 4.10 (C). The tails of the outer layer 

were formed probably due to the residual PVA and alginate adhering on the 

surface of the outer layer. Thus, the brief washing step in distilled water 

was applied and the tail was eliminated as shown in Figure 4.10 (D). The 

broader pore size of the outer layer compared to that of the core 

ANAMMOX bead, as shown in Figures 4.11 (B) and (A), respectively, 

implies that the interfacial cross-linking results in the less intensive PVA 
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network. The less intensive cross-linking is attributed to the diffusion 

limitation of the cross-linking agent, i.e., boric acid, from the core 

ANAMMOX beads during the interfacial cross-linking reaction. 
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(D) 

 

Figure 4.10 The fabrication of the outer layer covering the core beads (A). 

Effects of the absence (B) and the presence (C) of Step 1-2 in Figure 4.3. 

The tailing problem was fixed with the addition of the washing step 

between Steps 3 and 4 (D). 
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Figure 4.11 (A) ESEM images focused on the pore sizes of the core 

ANAMMOX bead (400×). 
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Figure 4.11 (B) ESEM images focused on the pore sizes of the outer layer 

of the double-layered gel bead (200×). 
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4.3.4 ASSAR using Double-Layered Gel Beads in a Batch Mode 

      The feasibility of ASSAR was tested using the double-layered gel 

beads entrapping different concentrations of AOB in the outer layer. The 

control experiment without the outer layer showed unexpected total 

nitrogen removal rate of 27.2% for 24 hr (Figure 4.12). The total nitrogen 

removal rate without any support biofilm for ammonia-oxidation is 

attributed to the possibly readily active ammonia-oxidizing community in 

the core ANAMMOX beads. The co-existence of various ammonia-

oxidizing bacteria and archaea was reported in previous research [Bae et 

al., 2010b]. Cho et al., (2011) also reported the start-up of the ASSAR 

using ANAMMOX biofilm without any addition of nitrifying biomass for the 

acclimation of ammonia-oxidizing activity.  

      The fabrication of the blank outer layer without the addition of AOB 

biomass has insignificant effects on the total nitrogen removal efficiency 

compared with the control experiment. However, addition of AOB at 

concentrations of 552 and 1,104 mg-VSS/L increased the total nitrogen 

removal efficiency to 51.0% and 55.5%, respectively, by facilitating the 

ammonia-oxidizing activity. For these conditions, the residual NO2
--N and 

NO3
--N concentrations were less than 5.0 mg/L. Therefore, it was proven 

that the fabrication of the outer layer possessing AOB facilitate the ASSAR 

reaction by integrating ammonia-oxidation and ANAMMOX reactions. 

Higher AOB concentrations of 2,208 and 4,416 mg-VSS/L resulted in the 

additional total nitrogen removal with 60.0% and 64.1%, respectively. 

However, the significant increase in the NO2
--N concentration was 

observed as 16 and 24 mg/L for 2,208 and 4,416 mg-VSS/L, respectively. 

It was expected that the lower ANAMMOX activity in the core bead, caused 
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by the inhibition of the cell activity during the fabrication procedures, was 

lower than the NO2
--N production rate in the outer layer. The saturated 

boric acid may has adverse effects on the bioactivity possibly due to the 

acidic environments of the solution. The saturated B(OH)3 and 1% CaCl2 

(w/v) for the Step 1-2 in Figure 4.2 showed low pH of 3.3 at 25 oC. 

Leenen et al. (1996) also demonstrated the complete inhibition of AOB by 

B(OH)3 and reactivation of them in appropriate growth media. However, the 

reason is not clear for the more intensive inhibition of ANAMMOX bacteria 

than AOB in this study. 
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Figure 4.12 Single-stage ammonia removal by the entrapment of AOB with 

different concentrations in the outer layer. The nitrogen compositions were 

indicated in the area plot. (Sample ANA: core ANAMMOX bead only). 
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4.3.5 ASSAR using Double-Layered Gel Beads in a Continuous Mode 

      During the start-up of ASSAR, the nitrification activity was dominant 

over the ANAMMOX reaction by exhibiting residual concentrations of NO2
- 

and NO3
- (Figure 4.13). The ANAMMOX activity was heavily inhibited 

within 12 days while AOB and NOB are active. Thus, the nitrogen removal 

rate was lower than 0.1 kg-N/m3-day for 12 days (Figure 4.14).  

      The total nitrogen removal rate was gradually increased from Day 13 

during Phase I. The ANAMMOX activity was recovered from the inhibition 

and the nitrogen removal rate reached to 80.0~88.5% at the end of Phase I. 

Note that the theoretical value of the total nitrogen removal efficiency is 87% 

because ANAMMOX bacteria produce the by-product of nitrate through 

the anaerobic ammonium removal pathway [Chen et al., 2009]. Thus, it was 

concluded that the nitrogen removal efficiency was reached to the 

maximum at the end of Phase I. The maximum nitrogen removal rate of 

0.24 to 0.26 kg-N/m3-day was observed at the end of Phase I.  

      The total nitrogen removal performance was stable in Phases II and 

III with NH4
+-N concentrations from 79.6 to 105.2 mg/L by exhibiting 

insignificant concentrations of residual NH4
+, NO2

- and NO3
- (Figure 4.13). 

In phases II, the total nitrogen removal rate responded immediately to the 

increase in the total nitrogen loading rate of 0.47±0.03 kg-N/m3-day, and 

a total nitrogen removal rate of 0.38 kg-N/m3-day was achieved. With the 

increased total nitrogen loading rate of 0.59±0.01 kg-N/m3-day, the 

performance of ASSAR was increased to 0.43 kg-N/m3-day in Phase III. 

The ANAMMOX activity was still active by exhibiting NO2
--N 

concentrations of lower than 4.8 mg/L. However, the reactivation of NOB, 

which is responsible for the steady increase in NO3
--N, resulted in the 
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lower total nitrogen removal efficiency of 71.6±7.9% in Phase III than that 

in Phase II. 

      The more effective nitrogen removal in an ASSAR process can be 

achieved by the inhibition of NOB. PN process also requires delicate 

operational conditions to retard NOB while the activity of AOB is retained 

[Sinha and Annachhatre, 2007]. For this reason, the quantities of AOB and 

NOB have been compared in the previous studies. In the wastewater 

treatment plant, the community of AOB and NOB in the suspended culture 

is quantitatively balanced and comparable quantities of AOB and NOB of 

1.2±0.9ⅹ1010 and 3.7±3.2ⅹ1010 cells/L, respectively, were found [Harm 

et al., 2003]. In a biofilm reactor, the amount of Nitrosomonas (AOB) 

biovolume was estimated as 82±9% and the Nitrobacter (NOB) biovolume 

was just 10±2% in the bottom of the nitrifying packed bed reactor 

[Montras et al., 2008]. This ratio of Nitrosomonas and Nitrobacter changes 

with the elevation of the sampling position and the Nitrobacter abundance 

was as high as 70.1±1.3% in one of the middle sampling point in the 

relationship of the available NO2
- concentration. Consequently, the 

available NO2
- concentration for NOB is the major factor to control the 

NOB activity. 

      In this study, the activity of NOB was significant at the start-up even 

with the low DO concentration (less than 0.5 mg/L), because the NO2
- was 

available for NOB due to the low activity of ANAMMOX bacteria. However, 

the NOB activity was immediately decreased when ANAMMOX bacteria 

became active. Note that the substrate affinity of ANAMMOX bacteria for 

NO2
- is superior to that of NOB at a low DO condition [Jetten et al., 1999]. 
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However, the reason for the gradual production of the NO3
- with the active 

ANAMMOX reaction at the end of the continuous experiment is not clear. 

Thus, the inter-correlated reactions between AOB, NOB and 

ANAMMOX should be thoroughly simulated in dynamic conditions of NH4
+, 

NO2
- and NO3

- in an ASSAR reactor. In addition, the optimal operational 

conditions for the inhibition of NOB should be suggested for the long-term 

stability of ASSAR. 
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Figure 4.13 The nitrogen compositions during the operation of the single-

stage ammonia removal process using double-layered PVA/alginate gel 

beads. 
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Figure 4.14 Nitrogen loading and removal rates during the operation of the 

single-stage ammonia removal process using double-layered PVA/alginate 

gel beads.  
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      At the end of the operation, the agitation rate of 500 rpm with a 

magnetic bar resulted in the significant damage of the mechanical structure 

of the outer layer, as shown in Figure 4.15. The damages were classified 

into complete destruction (12%), partial destruction (23%) and reduction in 

thickness (24%). The survival ratio of the outer layer with the thickness of 

more 2.91 mm, which is equivalent to the reduction in the thickness less 

than 10 % comparing with the original thickness of 3.72±0.41 mm, was 41%. 

These results suggest that the mechanical strength of the outer layer 

should be optimized. 
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Figure 4.15 The damage of outer layers of the double-layered gel beads 

during the operation of single-stage ammonia removal: Group I for the 

complete destruction, Group II for the partial destruction, Group III for the 

reduction in thickness and Group IV for the survival of the outer layer. 
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4.4 Conclusions 

      The double-layered PVA/alginate gel bead was fabricated based on 

the interfacial cross-linking of PVA on the surface of the core ANAMMOX 

bead. The interfacial cross-linking of PVA led to the formation of the outer 

layer with following conditions: diffusion of saturated B(OH)3 and 1% CaCl2 

(w/v) into the core bead for 5 min; diffusion of the gelling agents towards 

the solution of 7.5% PVA (w/v), 1% sodium alginate (w/v) and 2,565 mg-

VSS/L of AOB for 30 min; brief washing in distilled water; hardening in 

saturated B(OH)3 and 1% CaCl2 (w/v) for 1 hr; hardening in 0.5 M KH2PO4 

for 1 hr. The brief washing just after the interfacial reaction eliminated the 

tails of the double-layered gel beads. To supply high concentration of AOB 

in the outer layer, the selective cultivation of AOB was conducted. 

      During the enrichment of nitrifying biofilm on PVA sponge-cubes, 

the complete inhibition of NOB was achieved with nitrogen loading rates 

more than 0.58 kg-N/m3-day with a low DO concentration of 0.5 mg/L. 

With help of enhanced diffusion of substrates, the biofilm was successfully 

developed on the inside of the carriers. For this reason, the maximum 

ammonia conversion rate was dependent significantly on the packing ratio, 

not the size of PVA sponge-cubes.  

      The ammonia-oxidation and ANAMMOX reactions were integrated in 

the double-layered gel bead. The control experiment without the outer 

layer showed unexpected total nitrogen removal rate of 27.2% for 24 hr in 

a batch mode with a DO concentration of 2.0 mg/L in the bulk phase. The 

total nitrogen removal efficiency was increased to 55.5% with the AOB 

concentration of 1,104 mg-VSS/L. However, higher AOB concentrations of 
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2,208 and 4,416 mg-VSS/L resulted the excessive NO2
--N concentration 

up to 24 mg/L.  

      In a continuous operation of ASSAR, the interactions between AOB, 

NOB and ANAMMOX bacteria led to interesting dynamic behaviors. During 

the start-up of the ASSAR process, the nitrification activity was dominant 

over the ANAMMOX reaction possibly due to the inhibition of ANAMMOX 

activity during the fabrication procedures. However, ASSAR showed stable 

nitrogen removal performance of 80.3 and 71.6% at nitrogen loading rates 

of 0.47 and 0.59 kg-N/m3-day, respectively. The lowered nitrogen 

removal rate at the end of the operation was caused by the production of 

NO3
- by NOB. In this study, it is suggested that the inter-correlated 

reactions between AOB, NOB and ANAMMOX should be thoroughly 

simulated in dynamic conditions of NH4
+, NO2

- and NO3
- to inhibit the NOB 

activity in the ASSAR reactor. Because the significant damage of the outer 

layer was observed at the end of the operation, the optimization of the 

mechanical strength is highly required to enhance the applicability of the 

double-layered PVA/alginate gel bead for ASSAR. 
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CHAPTER 5. 

ENHANCEMENT OF THE OPERATIONAL 

STABILITY OF AUTOTROPHIC SINGLE-STAGE 

AMMONIA REMOVAL USING DOUBLE-LAYERED 

GEL BEADS 
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5.1 Introduction 

      The functional stability of ammonia-oxidation is a serious design 

challenge for ASSAR because ammonia-oxidation is correlated to the 

production of NO2
--N for ANAMMOX reaction and the protection of 

ANAMMOX bacteria from the oxygen inhibition. The fabrication method of 

double-layered gel beads was developed in Chapter 4, but the significant 

problem of the mechanical strength was identified. The destruction of the 

outer layer eventually results in the loss of AOB biomass in the ASSAR 

process. Thus, the optimization of the mechanical strength of the outer 

layer was conducted in this study. Independent variables for the 

enhancement of the mechanical strength during the fabrication of the outer 

layer were the concentration of PVA, reaction time of interfacial cross-

linking and AOB concentration (refer Figure 4.2). These factors may lead 

to the different compactness of the network of the gel matrix. Because the 

aerobic ammonia-oxidation efficiency is the critical factor for the start-up 

of ASSAR, the initial AOB activity was also measured according to the 

fabrication conditions. 

      Besides the mechanical strength, the special concerns should be 

taken to the oxygen penetration for the operational stability of ASSAR. DO 

is the main design factor for biological wastewater treatment processes 

because of the low solubility of oxygen and the high cost for the aeration. 

High concentration of DO is the driving force for the oxygen penetration 

into a activated sludge floc or an immobilization system. As a result, the DO 

concentration in a bulk phase determines the vertical distribution of oxygen. 
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      Intensified aeration can enhance the ammonia-oxidation reaction, 

which is the rate-limiting step of ASSAR, but the deep penetration of 

oxygen through the core beads will lead to the inhibition of ANAMMOX 

activity. Thus, the oxygen penetration depth controls both activities of AOB 

and ANAMMOX bacteria. In this study, it was hypothesized that the 

variation of independent variables for the mechanical strength also has 

effects on the efficiency of oxygen diffusion into the outer layer. The 

characterization of the DO penetration depending on the environmental 

conditions provides the fundamental information to optimize the operational 

conditions for ASSAR using the double-layered PVA/alginate gel beads. In 

addition, to evaluate the efficacy of ammonia-oxidation in the outer layer 

to support the ANAMMOX reaction even in a low DO concentration in the 

bulk phase, the volumetric reaction rate, the oxygen penetration depth and 

the live cell density were measured after the acclimation of ammonia-

oxidation activity in a continuous cultivation. 

      Diffusion of DO through the outer layer is terminated when the DO is 

entirely depleted by the ammonia-oxidation activity. Thus, the penetration 

depth is significantly related to the activity of AOB. In this sense, inhibitory 

factors for AOB, such as FA, FNA and toxic chemicals increase the vertical 

range of oxygen through the outer layer [Kim et al., 2008]. Especially, 

ammonia-oxidation are strongly influenced by excessively high FA in the 

range of 10-150 mg/L [Anthonisen et al., 1976; Neufeld et al., 1980], and 

FA inhibition eventually reduces the nitrogen removal rate of ASSAR. 

ANAMMOX bacteria are also vulnerable to even low FA concentration of 

2.0 mg/L [Jaroszynski et al., 2012]. Consequently, the ASSAR was 

completely destroyed when FA concentration reached 30 to 32.5 mg/L [Li 
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et al., 2012]. However, little information is available for the effects of FA 

on the oxygen diffusion phenomena through the biofilm structure. In the 

present study, using a microelectrode probe system, the investigation on 

the effect of FA on the DO penetration depth enables a clearer 

understanding of newly developed double-layered gel beads.  

     It is highly evident that double-layered gel beads is a promising 

alternative to the natural biofilm for ASSAR because of the rapid start-up, 

high mechanical strength of PVA/alginate structure and efficient protection 

of ANAMMOX bacteria from oxygen. However, the thick outer layer can 

result in the severe mass transport limitation and consequent lowered 

bacterial activity. Therefore, the effects of thickness of the outer layer on 

the overall reaction rate were tested in the biofilm model. In addition, the 

sensitivity of bacterial activities including AOB, NOB and ANAMMOX 

bacteria were tested with various DO concentrations in the model 

simulation. 

      The balance of the three population will significantly affect on the 

nitrogen removal rate because an excessive NOB activity will lose the 

electron acceptor of nitrite for ANAMMOX bacteria. Also, excessive AOB 

activity will lose the electron donor of ammonium for ANAMMOX bacteria. 

In addition, less amount of ANAMMOX bacteria will reduce the overall 

nitrogen removal rate. Thus, the effects of the balance between biomass 

concentrations of AOB, NOB and ANAMMOX bacteria through the biofilm 

model simulation. 
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5.2 Materials and Methods 

5.2.1 Enhancement of the Mechanical Strength of the Outer Layer 

      The outer layer of the double-layered PVA/alginate beads was 

fabricated following the method in Figure 4.2. The experimental conditions 

are summarized in Table 5.1. The first experiment was conducted with 

various PVA concentrations of 7.5, 10 and 12.5% (No. 1 in Table 5.1). At 

PVA concentrations more than 12.5%, the core beads were not able to be 

immersed in the PVA/alginate solution due to its high viscosity. In the next 

step, the effects of the interfacial reaction time on the mechanical strength 

were verified by immersing the core beads in the solution of PVA, sodium 

alginate and AOB for 10, 30, 50 and 70 min at a PVA concentration of 7.5 

and 12.5% (Nos. II and III in Table 5.1, respectively). The AOB 

concentration, which is the major factor for the initial ammonia-oxidation 

activity, was changed from 765±9 to 4,219±34 mg-VSS/L (No. IV in Table 

5.1). The fabricated double-layered PVA/alginate gel beads were washed 

with large amount of distilled water and stored at 4 oC before use. The 

beads were stored at -70 oC for 30 min and cut into two pieces at the 

center to measure the thickness of the outer layer according to the 

fabrication conditions. 

 

5.2.2 Measurement of the Mechanical Strength of the Outer Layer 

      The mechanical strength of the outer layer was measured using a 

high speed agitation unit with four blades (4 cm in length and 2 cm in width) 

(Figure 5.1). The internal diameter of the cylinder was 14 cm. The 

intensive agitation speed of 1,000 rpm was applied. The number of beads, 
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which survived the various agitation speed, were counted to compare the 

mechanical strength of the outer layer among 25 beads. The test was 

triplicated for 25 beads at a time. Before the test, distilled water was filled 

up to 10 cm from the bottom.
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Table 5.1 The experimental conditions for the enhancement of the mechanical strength of the outer layer (refer 

Figure 4.2) 

No. Step 2-1 Step 2-4 Step 3 
Independent 

variable 

I 7.5, 10 and 12.5% 30 min 2,321±193 mg-VSS/L  
PVA 

concentration 

II 7.5% 10, 30, 50 and 70 min 1,572±10 mg-VSS/L 
Reaction in 

PVA+alginate 

III 12.5% 10, 30, 50 and 70 min 2,314±200 mg-VSS/L 
Reaction in 

PVA+alginate 

IV 12.5% 30 min 

765±9 mg-VSS/L 

1,514±16 mg-VSS/L 

2,888±16 mg-VSS/L 

4,219±34 mg-VSS/L 

AOB 

concentration 
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Figure 5.1 The test unit of the mechanical strength of the outer layer. 
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5.2.3 Initial AOB Activity 

      The initial activity of AOB was measured by the oxygen uptake rate 

(OUR) using a DO probe (YSI Model-58, USA). The culture medium for 

AOB was composed of 100 mg/L of NH4
+-N and 171 mg/L of HCO3

--C. 

The basal medium was the same in Section 3.2.2. The solution for AOB 

was purged with ambient air to saturate DO for 30 min. Then, the 100 

beads were added to the culture medium in a BOD bottle. The slope of 

decrease in DO concentration was calculated as an indicator of the initial 

AOB activity. 

 

5.2.4 Distribution of DO in the Outer Layer 

        The oxygen microsensor (USOX-50, Unisense, Denmark) was 

loaded to the micromanipulator (USMC-232, Unisense, Denmark) to 

measure the DO concentration in the outer layer with a step size of 50 μm 

(Figure 5.2). The holding unit to fix the bead at a certain position in the 

culture medium of Section 5.2.3 was designed as shown in Figure 5.3. 

Before the measurement, various DO concentrations of the culture medium 

were adjusted by balancing aeration and Ar purging intensities. The DO 

concentrations at every 50 μm were recorded for three beads by the 

logging software (SensorTrace PRO, version 3.1.3, Unisense, Denmark). 

The DO penetration depth was determined by the distance between surface 

and the position exhibiting DO of less than 0.2 mg/L, which is the detection 

limit of the microelectrode system. 
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Figure 5.2 The experimental set-up of the microelectrode system for the 

measurement of DO in the outer layer. 
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Figure 5.3 The holding unit of PVA/alginate gel bead for the measurement 

of DO concentration through the outer layer. 
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5.2.5 FA Effects on the DO Penetration Depth 

      The basal medium for AOB was same in Section 3.2.2. The FA 

concentrations were calculated according to the equations 2.6 and 2.7 

(Figure 5.4). 3,524±241 mg-VSS/L of AOB was entrapped in the outer 

layer. For a high FA concentrations, pH 9.0 and 9.83 were applied at 

different NH4
+-N concentrations of 400 and 462 mg/L, i.e., 176 and 455.1 

mg-FA/L, respectively, at 25 oC and 8 mg/L of DO in the bulk phase. The 

possible effects of reduced pH on the oxygen penetration were 

investigated given that the majority of alkalinity was consumed by the 

ammonia-oxidation activity. As a comparison, the standard condition for 

AOB was set with a low FA concentration of 1.7 mg-FA/L as shown in 

Figure 5.4. For a prolonged effect of the FA inhibition, three double-

layered gel beads were incubated in the same conditions for 7 days and 

oxygen concentrations through the outer layer were measured. 
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Figure 5.4 Free ammonia concentrations tested in the oxygen penetration 

depth through the outer layer. 
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5.2.6 The Acclimation of Ammonia-Oxidizing Activity in the Outer Layer  

      The outer layer performing ammonia-oxidation was fabricated on 

blank core gel bead with 3,437 mg-VSS/L of AOB. The average thickness 

of the outer layer was 2.26±0.28 mm. 50 ml of the double-layered gel 

beads were added to a continuous reactor of 0.3 L (17% packing ratio). 

HRT was 3 hr and the concentrations of NH4
+-N was from 52.4 to 101.1 

mg/L in the influent. The basal medium for AOB was the same in Section 

3.2.2. The cultivation was conducted in a dark condition at 35 oC. DO was 

maintained at 2.0 mg/L. 

      After the acclimation of the ammonia-oxidizing activity in the outer 

layer, the cell density was measured by a live/dead bacterial viability 

staining kit (Molecular Probes, US) and a confocal laser scanning 

microscope (CLSM) (LSM 5 exciter, Carl-Zeiss, Germany). A double-

layered gel bead was stained in a 0.3% (v/v) diluted solution of staining 

agents with a 50 ml total volume for 30 min. The stained gel bead was 

thoroughly washed in a 50 ml washing solution of 0.85% NaCl three times 

before measurement. For live and dead cells, 530 nm for green signal and 

620 nm for red signal were applied, respectively. To evaluate the relative 

cell density between live and dead cells, the fluorescence intensities of 

green and red signals through the y-axis were summed up at the center of 

x-axis according to the depth. 
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5.2.7 Systematic Evaluation of ASSAR for Engineering Practice using the 

Simulation Model of AQUSIM 

      AQUASIM is a simulation program used to describe a 1D 

multispecies and multisubstrate biofilm system [Wanner, 2004]. The 

program is based on the extended mixed culture biofilm (MCB) biofilm 

considering mass balance equations of particulate and dissolved 

components that includes biofilm growth and other processes such as 

attachment and detachment [Wanner, 1995; Wanner and Gujer, 1986; 

Wanner, 2004; Wanner, 1996]. Mathematical models can be used to 

estimate parameters if they cannot be observed directly in an experiment. 

For example, distributions of NH4
+, NO2

- and NO3
- though the outer layer 

can be observed only with a microelectrode system. However, 

microelectrodes have not been commercialized for nitrogenous anions.  

      The present investigation using AQUASIM serves to conduct a 

sensitivity analysis with the aim of operational parameters to describe 

ASSAR using double-layered gel beads. The model parameters for the 

ASSAR biofilm are listed in Table 5.2. The stoichiometric and kinetic 

matrix for ASSAR is described in Table 5.3. The model description for the 

hierarchy of the double-layers used in the AQUASIM software is 

summarized in Table 5.4. 
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Table 5.2 The parameters to simulate ASSAR using double-layered gel 

beads 

Symbol Unit Description Value Reference 

DNH4 m
2
/d Diffusivity of NH4

+ 
in water 1.5ⅹ10

-4
 Williamson 

and McCarty, 

1976 

DNO2 m
2
/d Diffusivity of NO2

- 
in water 1.4ⅹ10

-4
 Williamson 

and McCarty, 

1976 

DNO3 m
2
/d Diffusivity of NO3

- 
in water 1.4ⅹ10

-4
 Williamson 

and McCarty, 

1976 

DN2 m
2
/d Diffusivity of N2 in water 2.2ⅹ10

-4
 Williamson 

and McCarty, 

1976 

DO2 m
2
/d Diffusivity of O2 in water 2.2ⅹ10

-4
 Williamson 

and McCarty, 

1976 

SNH4 mgN/L Soluble ammonium nitrogen concentration   

SNH4_ini mgN/L Initial ammonium nitrogen concentration in 

the influent 

500  

SNO2 mgN/L Soluble nitrite nitrogen concentration   

SNO3 mgN/L Soluble nitrate nitrogen concentration   

SO2 mgN/L Dissolved oxygen concentration 

concentration 

  

SN2 mgN/L Dinitrogen gas concentration    

XAOB mgCOD/L AOB concentration   

XNOB mgCOD/L NOB concentration   

XAN mgCOD/L ANAMMOX bacteria concentration   
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Table 5.2 The parameters to simulate ASSAR using double-layered gel 

beads (continued) 

Symbol Unit Description Value Reference 

μAOB 1/d Maximum specific growth rate of 

XAOB 

2.05 Hao et al., 2002 

YAOB mgCOD/N Growth yield of XAOB 0.15 Wiesmann, 1994 

KNH4,AOB mgNH4
+
-N/m

3
 Half saturation constant of NH4

+
-N 

for XAOB 

2.4 Terada et al., 2006 

KO,AOB mgCOD/m
3
 Half saturation constant of O2 for 

XAOB 

0.6 Terada et al., 2006 

bAOB 1/d Decay rate of XAOB 0.13 Koch et al., 2000 

μNOB  Maximum specific growth rate of 

XNOB 

1.45 Hao et al., 2002 

YNOB  Growth yield of XNOB 0.041 Wiesmann, 1994 

KNO2,NOB  Half saturation constant of NO2
-
-N 

for XNOB 

2.2 Wiesmann, 1994 

KO,NOB  Half saturation constant of O2 for 

XNOB 

5.5 Koch et al., 2000 

bNOB  Decay rate of XNOB 0.06 Koch et al., 2000 

μAN  Maximum specific growth rate of 

XAN 

0.08 Koch et al., 2000 

YAN  Growth yield of XAN 0.159 Strous et al., 1998 

KNH4,AN  Half saturation constant of NH4
+
-N 

for XAN 

0.07 Terada et al., 2006 

KNO2,AN  Half saturation constant of NO2
-
-N 

for XAN 

0.05 Hao et al., 2002 

KO,AN  Inhibition constant of O2 for XAN 0.01 Terada et al., 2006 

bAN  Decay rate of XAN 0.003 Hao et al., 2002 
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Table 5.3 Stoichiometric and kinetic matrix for ASSAR 

Reaction SNH4 SNO2 SNO3 SN2 SO2 XAOB XNOB XAN Rate Equation 

AOB Growth -1/YAOB 1/YNOB   
-(3.43-

YAOB)/YAOB 
1   

μAOB∙XAOB∙SO2/(SO2+KO,AOB) 

∙SNH4/(SNH4+KNH4,AOB) 

NOB Growth  -1/YNOB 1/YAOB  
-(1.14-

YNOB)/YNOB 
 1  

μNOB∙XNOB∙SO2/(SO2+KO,NOB) 

∙SNO2/(SNO2+KNO2,NOB) 

ANAMMOX 

Growth 
-1/YAN -1/YAN-1.14 1/1.14 1/YAN    1 

μAN∙XAN∙KO,AN/(SO2+KO,AN) 

∙SNH4/(SNH4+KNH4,AN)∙SNO2/(SNO2+KNO2,AN

) 

Endogenous 

respiration of 

AOB 

     -1   

bAOB∙XAOB 

∙SO2/(SO2+KO,AOB) 

Endogenous 

respiration of 

NOB 

      -1  

bNOB∙XNOB 

∙SO2/(SO2+KO,NOB) 

Endogenous 

respiration of 

ANAMMOX 

       -1 

bAN∙XAN 

∙SO2/(SO2+KO,AN) 
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Table 5.4 The modeled biofilm structure for the double-layered gel beads 

Component Reactions Bulk Volume 

Demension 

of biofilm 

Biofilm 

density 

Relative 

density 

Exchange 

coefficient 

Aerator for 

DO control 

Increase in DO 

(Imaginary tank containing 

target DO) 

8,000 L - - - - 

Link 1 O2 diffusion - - - - 1:1 for SO2 

Outer layer 
Growth and decay of AOB 

and NOB 
0.5 L 

0.16 m
2
 ⅹ 2.5 mm 

in a flat biofilm 

structure 

50,000 

mgCOD/L 

[Capuno, 2007] 

0.1% AOB 

0.01% NOB 

[Capuno, 

2007] 

 

Link 2 
Diffusion of NH4

+
-N, NO2

-
-

N, NO3
-
-N, N2 and O2 

- - - - 

1:1 for SNH4, 

SNO2, SNO3, SN2 

and SO2, 

Inner layer 
Growth and decay of 

ANAMMOX bacteria 

10
-9

 L 

(Close to 0) 

0.05 m
2
 ⅹ 3.5 mm 

in a flat biofilm 

structure 

50,000 

mgCOD/L 

[Capuno, 2007] 

10% 

ANAMMOX 

bacteria 

- 
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5.3 Results and Discussion 

5.3.1 Enhancement of Mechanical Strength of the Outer Layer 

      The effects of PVA concentrations on the mechanical strength were 

tested (Figure 5.5). The thickness of the outer layer was proportional to 

the PVA concentration. The additional reaction time for the interfacial 

cross-linking reaction also resulted in the increase in the thickness of the 

outer layer at a PVA concentration of 7.5%, but the thickness of the outer 

layer was less sensitive to the interfacial cross-linking reaction time at a 

PVA concentration of 12.5%. It was expected that the high concentration of 

PVA contributed to the rapid termination of the cross-linking and the 

additional reaction has no significant effect on the increase in the thickness. 

The reason for the positive effect of AOB concentration on the thickness is 

not clear, but it was speculated that the steric hindrance caused by high 

concentration of AOB contributes to the increase in the thickness of the 

outer layer. The factors in this test can be used to extend the anaerobic 

zone of the double-layered gel beads by increasing the thickness of the 

outer layer. 
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Figure 5.5 The thickness of the outer layer according to the PVA %, 

interfacial cross-linking reaction time and AOB concentration. 
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      The mechanical strength of the outer layer depends only on the PVA 

concentration and the reaction time. At a 7.5% PVA concentration, all 

double-layered beads were broken at an agitation speed of 1,000 rpm, but 

12.3±1.4 and 62.1±3.2% of double-layered gel beads were survived at 

PVA concentrations of 10 and 12.5%, respectively (Figure 5.6). As a result, 

a PVA concentration of 12.5% was selected as the optimal concentration 

for the best mechanical strength of the outer layer. The concurrent 

increases in thickness of the outer layer from 3.68±0.29 to 4.28±0.29 mm 

and in the mechanical strength of the outer layer was observed in this test. 

Therefore, it was hypothesized that the mechanical strength is proportional 

to the thickness of the PVA. However, even though the thickness of the 

outer layer was increased with high concentration of AOB, the mechanical 

strength showed no difference (Figure 5.7). Thus, it is concluded that the 

thicker outer layer has an insignificant role in enhancing the mechanical 

stability.  

Unfortunately, comparison of the mechanical strength of the outer 

layer with regards to the interfacial cross-linking reaction period was not 

possible because all beads were broken or exhibited no difference at 7.5% 

and 12.5% PVA concentrations, respectively (data not shown). 
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Figure 5.6 Effects of PVA concentration on the survival ratio of the outer 

layer at the intensive agitation of 1,000 rpm. (*Thickness of the outer layer 

was indicated.). 
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Figure 5.7 Effects of AOB concentration on the survival ratio of the outer 

layer at the intensive agitation of 1,000 rpm. (*Thickness of the outer layer 

was indicated.) 
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5.3.2 Initial AOB Activity 

      The initial AOB activity represented by OUR has a positive 

relationship with the PVA concentration (Figure 5.8). A PVA concentration 

of 12.5% exhibited the maximum OUR of 2.81 mg-DO/L·hr. It was 

expected that a thick outer layer can load a higher amount of AOB and may 

lead to increase in the initial AOB activity. More significant effect of the 

AOB concentration on the initial AOB activity was observed than that of the 

PVA concentration by resulting in the steep increase of OUR with even 

higher OUR of 10.5 mg-DO/L·hr (Figure 5.9). However, at a high AOB 

concentration of 4,219 mg-VSS/L, the retarded slope of the initial AOB 

activity was found as the AOB content increases. 

      As shown in Figure 5.10, the linearity between AOB contents and 

OUR was maintained within the range of 0.02 to 0.13 mg-VSS per bead in 

two tests for PVA and AOB concentrations. However, the maximum AOB 

content of 0.23 mg-VSS per bead exhibited less steep slope than those for 

lower AOB contents. These results imply that the oxygen diffusion is 

limited due to the active oxygen consumption by the high AOB content and 

an inert zone for aerobic ammonia-oxidation is present inside the outer 

layer. A increased PVA concentration at 12.5% resulted in somewhat lower 

initial AOB activity, but it was negligible compared with the dominant effect 

of the AOB content. Thus, it was concluded that the AOB concentration in 

the outer layer is the dominant factor for the oxygen consumption by AOB 

and the protection of ANAMMOX bacteria from the oxygen inhibition. 
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Figure 5.8 The effects of PVA concentration on the initial AOB activity. 
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Figure 5.9 The effects of AOB concentration on the initial AOB activity. 
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Figure 5.10 The effects of AOB content on the initial AOB activity. 
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5.3.3 The Oxygen Penetration Depth Affected by Dissolved Oxygen of the 

Bulk Phase 

      The DO in the bulk phase is the main factor to determine the oxygen 

penetration depth and the activity of aerobic ammonia-oxidation. The 

effective oxygen penetration depth was measured according the DO 

concentrations of 0.6, 2, 5 and 8 mg/L in the bulk phase for two cases of 

8.0 and 12.5% of PVA concentrations with 2,441±238 mg-VSS/L of AOB 

(Figure 5.11). The oxygen penetration depth increases with high 

concentration of DO in the bulk phase. For a 12.5% PVA concentration, the 

maximum oxygen penetration depth at 8.0 mg-DO/L was 1,000±132.3 μm 

while an extended oxygen penetration depth of 1,250±141.4 μm for 8.0% 

PVA concentration was observed. However, no difference of oxygen 

penetration patterns for 8 and 12.5% PVA concentrations was observed at 

DO concentrations of 0.6, 2 and 5 mg/L. To verify the effects of PVA 

concentration on the oxygen diffusion, various PVA concentrations of 8.0, 

9.5, 11.0 and 12.5% was applied to measure the effective oxygen 

penetration depth at a DO concentration of 8.0 mg/L (Figure 5.12). The 8.0% 

PVA concentration enhances the oxygen diffusion through the outer layer, 

but the other PVA concentrations exhibited the same oxygen penetration 

depth. Considering that the DO concentration in a bulk phase is normally 

maintained at 2-5 mg/L instead of saturated DO concentration due to 

intensive aeration costs, the PVA concentration has an insignificant effects 

on the oxygen penetration depth in general. 
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Figure 5.11 The effects of DO and PVA concentrations in the bulk phase on 

the effective oxygen penetration depth. 
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Figure 5.12 The effects of PVA concentrations on the effective oxygen 

penetration depth. 
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      In this study, outer layers of more than 2,000 μm were fabricated 

with various conditions of PVA concentration, interfacial cross-linking 

period and AOB concentration. Considering the oxygen penetration depth 

ranging from 83.3 to 1,250 μm observed in this study, it was expected 

that the outer layer can effectively protect ANAMMOX bacteria from the 

oxygen even with saturated concentration of DO in the bulk phase. 

However, the accidental inhibition of AOB caused by FA, high loading rate 

of ammonia, lowered temperature and toxic chemicals, which have been 

identified from previous ammonia-removal research, may result in the 

extended oxygen diffusion depth due to the lowered AOB activity. Thus, 

further investigation on the oxygen penetration depth of the outer layer is 

required focusing on the various operational conditions simulating actual 

ammonia removal from sewage and industrial wastewaters. 
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5.3.4 Effects of FA on the Oxygen Penetration 

      The vertical distributions of oxygen through the outer layer 

according to various FA concentrations were shown in Figure 5.13. The 

oxygen penetration depth at a standard condition of 1.7 mg-FA/L was 

1,000 μm. Due to the stable activity of AOB, the oxygen penetration was 

not increased, and no significant difference was observed with 950 μm at 

FA concentrations of 176.0 and 455.1 mg/L.  

      These results contradict with the fact that the AOB activity was 

significantly inhibited by low FA concentrations of more than 13 mg/L in 

the suspended growth phase (Figure 5.14). It was expected that the 

protective effects of the immobilization in the PVA gel layer resulted in the 

favorable environments for AOB even with the high FA concentrations. Yan 

et al. (2009) demonstrated that the immobilized AOB cells are less 

sensitive to the FA stress (30%). However, the protection of AOB from the 

FA inhibition was not explained in detail. It was only speculated that the 

lowered FA concentrations through the outer layer due to the internal 

diffusion limitation contributed to the protection.  

      Therefore, lowered inhibitory effects of FA through the PVA gel 

matrix should be investigated with advanced detection technologies 

including microelectrodes for NH4
+, NO2

- and NO3
- in order to directly 

measure the vertical distributions of nitrogen compounds. To confirm the 

protection effects of the immobilization system, the double-layered gel 

beads was incubated in the same conditions of FA for 7 days (Figure 5.15). 

The retarded oxygen penetration was attributed to the activation of AOB 
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during the incubation period. The shift in the vertical distribution of oxygen 

for 455.1 mg-FA/L was more significant than that for 1.7 mg-FA/L. 
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Figure 5.13 The vertical distribution of oxygen through the outer layer at 

various FA concentrations. 
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Figure 5.14 The inhibitory effects on the AOB activity measured by oxygen 

uptake rate. 
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Figure 5.15 The shift in the vertical distribution of oxygen through the 

outer layer after 7-day incubation. 
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5.3.5 The Acclimation of Ammonia-Oxidizing Activity in the Outer Layer  

      Because the aeration costs is directly correlated to the overall 

operational cost, the excessive DO concentration is not preferred.  

However, the significant limitation of the oxygen penetration depth at a low 

DO concentration in the bulk phase, as shown in Section 5.3.3, may limit 

the ammonia-oxidizing reaction. Therefore, the efficacy of the ammonia-

oxidation at a low DO concentration should be evaluated to confirm whether 

the outer layer can support ANAMMOX reaction.  

      For this matter, DO was maintained at 2.0 mg/L during the 

continuous acclimation of the ammonia-oxidation activity in a continuous 

reactor (Figure 5.16). The reaction efficiency was linearly increased for 

17 days. The fact that the average selectivity for NO2
- over NO3

- was 

97.4±2.5% implies the NOB activity was not significant during the 

acclimation. The maximum NH4
+-N conversion rate was 0.65 kg-N/m3-

day, which is enough to theoretically support an ANAMMOX activity of 1.3 

kg-N/m3-day. The activity test in batch experiments for different DO 

concentrations showed the reaction rate could be enhanced to more than 4 

fold at a DO concentration of 8.0 mg/L (Figure 5.17). However, a low DO 

concentration of 0.5 mg/L resulted in lower ammonia-oxidation rate of 

41.2%. At a low DO concentration of 0.5 mg/L, a longer acclimation period 

may be required.  
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Figure 5.16 Acclimation of the AOB in a continuous reactor at a DO 

concentration of 2 mg/L in bulk phase. 
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Figure 5.17 The activity of ammonia-oxidation affected by the DO 

concentration in bulk phase. 
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      To evaluate the oxygen penetration depth, oxygen concentrations 

were measured according to the depth before and after the acclimation of 

ammonia-oxidation activity (Figure 5.18). The oxygen penetration depth 

was 966.7 to 66.7 μm before the acclimation. However, the acclimation of 

ammonia-oxidation activity resulted in the reduction of the oxygen 

penetration depth from 333.3 to 75 μm. The acclimation has no 

insignificant differences of oxygen penetration depth for DO concentrations 

of 2.0 and 0.5 mg/L.  

      It was hypothesized that the AOB in the range of oxygen penetration 

depth, 175 μm at 2.0 mg-O2/L in Figure 5.18, are responsible for the 

active conversion of NH4
+-N to NO2

--N. The live and dead cell staining 

and CLSM monitoring showed high resolution distinguishing green and red 

signals for live and dead cells, respectively, according to the depth (Figure 

5.19). The cross-section of the outer layer revealed that the live cells are 

dominant within a 95 μm depth (Figure 5.20).  

      As shown in Figure 5.21, the density of the dead cell is consistent at 

the level of 105. The entrapment efficiency for a high SRT would contribute 

to the high concentration of the dead cells by preventing the wash-out of 

the dead cells. In comparison, the concentration of the live cells was 

gradually reduced probably due to the limitation of the oxygen 

concentration along with the depth. 
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Figure 5.18 DO penetration depths before and after the acclimation of 

ammonia-oxidation activity. 

  

DO in bulk phase (mg/L)

0 2 4 6 8 10

D
O

 p
e

n
e

tr
a

ti
o

n
 (

u
m

)

0

200

400

600

800

1000

1200

Before acclimation
After acclimation



197 

 

 

 

 

 

Figure 5.19 Cell density of the nitrifying populations in the outer layer 

according to the depth. 
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Figure 5.20 The cross-section view of the live and dead cell distribution of 

nitrifying bacteria in the outer layer. 
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Figure 5.21 The live and dead cell density according to the depth of the 

outer layer. 
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5.3.6 Model Simulation: Effects of the Thickness, Bulk DO and Biomass 

Balance 

      The model simulation with the AQUASIM software for the outer 

layer with a thickness of 2.5 mm resulted in a 84.7% of total nitrogen 

removal efficiency at a 0.5 mg/L of DO concentration (Figure 5.22). A 0.5 

mm of the thickness increases the TN removal efficiency of 88.1%. The 

increase of the thickness to 3.5 mm resulted in the 81.1% of TN removal, 

i.e., only 4.3% reduction in the performance. Therefore, the thick layer, 

which provides the high mechanical strength, would be preferred to ensure 

the stability of ammonia-oxidation rather than the thin layer. 

      The difference of TN removal efficiencies was caused by the 

polarization of the substrate concentrations through the outer layer (Figure 

5.23). For example, for the 0.5 mm in thickness, NH4
+-N and NO2

--N in 

the bulk phase were expected to be 14.4 and 28.1 mg/L, respectively. On 

the surface of the core bead, the concentrations were decreased to 11.5 

and 24.9 mg/L, respectively. The ANAMMOX bacteria receiving lowered 

substrate concentrations (2.9 and 3.2 mg-N/L for NH4
+ and NO2

-, 

respectively) exhibits lowered nitrogen removal rate according to the 

Monod-type activity for the limited substrate. The polarization for 3.5 mm 

in thickness results the larger differences of 19.0 and 20.8 mg-N/L for 

NH4
+ and NO2

-, respectively. However, because the half saturation values 

for NH4
+-N and NO2

--N are extremely low as 0.07 and 0.05 mg/L in the 

model [Hao et al., 2002; Terada et al., 2006], the reduction in the 
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substrate concentrations within the order of 101 may result in insignificant 

differences of the ANAMMOX activity. 

 

 

 

  



202 

 

 

 

 

 

 

 

Figure 5.22 The effects on the thickness of the outer layer on the TN 

removal efficiency and relative activity. 
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Figure 5.23 The polarization of the nitrogen compounds through the outer 

layer. 
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      The effects of the DO concentrations in the bulk phase were 

investigated using the AQUASIM model. At the steady state, the optimal 

concentration of DO was 0.5 mg/L disregarding to the NH4
+-N 

concentration (Figure 5.24). The main reason for the lowered TN removal 

efficiency at a high DO concentration more than 0.5 mg/L was the 

excessive NO2
- production (Figure 5.25). Following the result of Figure 

4.13, which showed the steady production of NO3
- even at a low DO 

concentration of 0.5 mg/L, it was expected that a high DO concentration 

increase the NOB activity producing NO3
-. However, high DO 

concentrations has insignificant effects on the NOB activity in the model. 

Due to the disagreement for the NOB activity, the competition for DO 

between AOB and NOB in the outer layer need to be evaluated with actual 

experimental data. 
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Figure 5.24 Total nitrogen removal rates of ASSAR according to DO 

concentrations in the bulk phase. 
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Figure 5.25 Nitrogen compositions in the effluent according to the DO 

concentrations in the bulk phase for NH4
+-N of 500 mg/L in the influent. 
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      The responses of the biofilm model to the densities of AOB and NOB 

were examined using the AQUASIM software (Figures 5.26 (A) and (B)). 

The low concentrations of AOB and NOB ranging from 0.1 to 10% of the 

biofilm were balanced for the ANAMMOX activity with a 10% biofilm 

density via stable TN removal efficiencies from 82 to 84%. However, high 

concentrations of AOB and NOB resulted in the steep decrease in the TN 

removal rate due to the excessive NO2
- and NO3

-. 

      The balance of the densities between AOB and ANAMMOX bacteria 

is also the important factor to control the TN removal efficiency (Figures 

5.27 (A) and (B)). The preliminary factor for the optimal TN removal 

efficiency was the high concentration of ANAMMOX bacteria, i.e., more 

than 10%. At a 10% of ANAMMOX bacterial density, the optimal AOB 

concentration was between 1 to 10 % of biofilm density. For AOB, low 

concentrations less than 1% result in the significant residual NH4
+-N and 

high concentrations more than 10% cause excessive NO2
--N in the 

effluent. 
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Figure 5.26 (A) Effects of the AOB and NOB concentrations on the total 

nitrogen removal rate in a 3-D plot. 
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Figure 5.26 (B) Effects of the AOB and NOB concentrations on the total 

nitrogen removal rate in a 2-D plot. 
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Figure 5.27 (A) Effects of the ANAMMOX bacteria and AOB concentrations 

on the total nitrogen removal rate in a 3-D plot. 
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Figure 5.27 (B) Effects of the ANAMMOX bacteria and AOB concentrations 

on the total nitrogen removal rate in a 2-D plot. 
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5.4 Conclusions 

      The successful characterization of structural stability and oxygen 

penetration depth of the outer layer of double-layered gel beads was 

conducted in this study. The mechanical strength of the outer layer 

depends dominantly on the PVA concentration and a 12.5% was preferred 

to enhance the durability of the double-layered gel bead. Due to the high 

viscosity of PVA/alginate solution, a 12.5% PVA concentration was the 

highest concentration allowing the fabrication of the outer layer. The 

positive relationship between the initial ammonia-oxidation activity and the 

AOB biomass content in the outer layer was observed. Thus, it was 

recommended to entrap high concentration of AOB in the outer layer for 

the rapid stabilization of ASSAR. Because the highest oxygen penetration 

depth of 1,250 μm was observed, the outer layer can effectively protect 

ANAMMOX bacteria in the core beads from the oxygen inhibition. 

      The vertical distributions of oxygen through the outer layer 

according to various FA concentrations revealed that the effect of FA on 

the operational stability of ASSAR is not significant. The oxygen 

penetration depth at a standard condition of 1.7 mg-FA/L was 1,000 μm 

and the oxygen penetration was not significantly increased with 950 μm at 

FA concentrations of 176.0 and 455.1 mg/L. The protection of AOB from 

the FA inhibition was not explained in detail and it was only speculated that 

the lowered FA concentrations through the outer layer due to the internal 

diffusion limitation contributed to the protection.  

      The sufficient volumetric reaction rate of the ammonia-oxidation, 

0.65 kg-N/m3-d, in the outer layer at a low DO concentration of 2.0 mg/L 

in the bulk phase was achieved for 17 days. The NOB activity was not 
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significant during the acclimation. After the acclimation, the oxygen 

penetration depth according to DO concentrations in the bulk phase became 

less sensitive possibly due to the denser AOB biomass. The oxygen 

penetration depth of 966.7 to 66.7 μm before the acclimation reduces to 

333.3 to 75 μm after the acclimation. The live and dead cell staining and 

CLSM monitoring revealed that the live cells are dominant within a 95 μm 

depth. 

      The biofilm model simulation using an AQUASIM software was 

conducted for ASSAR to suggest the optimal operating strategy. Thickness 

has insignificant effects on the total nitrogen removal rate and the thick 

outer layer is preferred to ensure the high mechanical strength. The 

optimal DO concentration in the bulk phase is 0.5 mg/L and higher DO 

concentrations result in the excessive NO2
- in the effluent. The low 

densities of AOB and NOB ranging from 0.1 to 10% of the biofilm were 

balanced for the ANAMMOX activity with a 10% biofilm density via stable 

TN removal efficiencies from 82 to 84%. The preliminary factor for the 

optimal TN removal efficiency was the high concentration of ANAMMOX 

bacteria, i.e., more than 10% in the model. At a 10% of ANAMMOX 

bacterial density, the optimal AOB concentration was between 1 to 10 % of 

biofilm density.  
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      So far, many researchers have reported the ASSAR processes using 

passive immobilization systems such as fixed and moving biofilm carriers. 

However, these reports scarcely guarantee the mechanical strength and 

stability of the biofilm. In addition, the design of the aerobic and anaerobic 

zones including depth control of the two zones was not possible. In this 

study, a PVA/alginate gel matrix was utilized to fabricate the core-shell 

structure to entrap AOB and ANAMMOX bacteria in different depths. The 

AOB towards a bulk phase containing DO effectively protect ANAMMOX 

bacteria from the oxygen inhibition and provide nitrite to ANAMMOX 

bacteria as an electron acceptor to produce dinitrogen gas with ammonia. 

      In the first part of this study, the high concentration of ANAMMOX 

bacteria was entrapped in the core beads. The rapid ANAMMOX 

enrichment technology, as a platform technology for the ANAMMOX-based 

processes, is highly required to implement cost efficient ammonia removal 

processes. ANAMMOX enrichment from conventional activate sludge is a 

prospective option for the start-up of pilot- and full-scale ANAMMOX 

processes without large amounts of pre-cultured ANAMMOX bacteria, 

while an additional period is required compared to earlier enrichment 

processes with pre-cultured ANAMMOX biomass. The conventional 

ANAMMOX enrichment from non-acclimated sludge showed activities 

ranging 0.22 to 1.23 kg-N/m3-day during start-up periods of 22 to 250 

days. The normalized ANAMMOX enrichment efficiencies by the start-up 

period of this study was the best (0.019 kg-N/m3-day-day) by achieving 

an ANAMMOX activity of 0.81 kg-N/m3-day within 43 days.  

For the application of the gel entrapment technology in the 

ANAMMOX enrichment process, the diameter of the gel beads is one of the 
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designing factor of the process. The small sizes cause lower durability and 

wash-out of the gel beads through the coarse screen with pore sizes in 

terms of mm. On the other hand, the large diameter of the core beads leads 

to the diffusion limitation of substrates for ANAMMOX bacteria. Thus, the 

area-to-volume ratio for PVA/alginate beads, which is the critical 

parameter limiting internal diffusion, has to result in a significant effect on 

the start-up period.  

The overall diffusion limitation depends on the dimension of a gel bead, 

i.e., Ab/Vb, surface area divided by volume, with a constant diffusion 

coefficient and substrate concentration in the bulk phase. Because the 

growth rate of ANAMMOX bacteria is directly related to the available 

substrate, which diffuses from the bulk phase into the gel matrix, Ab/Vb 

affected the ANAMMOX enrichment lag period. Lag periods pertaining to 

0.2 kg-N/m3-day for three sizes of gel beads were 30.5, 53.6 and 57.1 

days for 5.06±0.22, 5.96±0.17 and 6.50±0.28 mm, respectively. A linear 

relationship was found between Ab/Vb and the lag period. In sum, a small 

diameter of a gel bead offers economic benefits by reducing operation and 

management costs during the short ANAMMOX enrichment period. 

However, the diameter of the gel bead also affects the optimization of 

reactor configurations and operational conditions, such as the sieve size 

when screening gel beads out of the effluent, the design of the mixing 

propeller, the moderate agitation intensity to prevent damages to the gel 

matrix and the resultant durability of the gel beads. 

In the second part of present investigation, a novel immobilization 

method for the double-layered gel bead was developed. The interfacial 

cross-linking of PVA led to the formation of the outer layer. The 
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applicability of the double-layered gel bead for ASSAR was verified in 

aerobic batch and continuous bioreactors with a synthetic ammonia 

wastewater. Ammonia-oxidation and ANAMMOX reactions were 

successfully integrated in the double-layered gel beads. The AOB 

concentration of 1,104 mg-VSS/L in the outer layer facilitates the ASSAR 

reaction with 55.5% which higher than 27.2% for the core ANAMMOX gel 

bead in the batch experiment for 24 hr. During the start-up of the ASSAR 

in a continuous reactor, the nitrification activity was dominant over the 

ANAMMOX reaction, but the total nitrogen removal rate was gradually 

increased as soon as the ANAMMOX activity was recovered from the 

inhibition. The total nitrogen removal performance was stable with 

ammonia concentrations from 79.6 to 105.2 mg/L. However the 

reactivation of NOB caused steady increase in NO3
- and the lower total 

nitrogen removal rate at the end of the operation. 

      The successful nitrogen removal in the ASSAR process can be 

achieved by more effective inhibition of NOB. The available NO2
- 

concentration for NOB is the major factor to control the NOB activity. 

Although the substrate affinity of ANAMMOX bacteria for NO2
- is superior 

to that of NOB at a low DO condition, the inhibition of NOB was failed in 

this study. Thus, the inter-correlated reactions between AOB, NOB and 

ANAMMOX should be thoroughly simulated in dynamic conditions of NH4
+, 

NO2
- and NO3

- in the ASSAR reactor to investigate the effective inhibition 

conditions for NOB.  

      For the exact observation of the activities of AOB, NOB and 

ANAMMOX bacteria, the molecular techniques based on the functional 

genes, such as real-time quantitative PCR and fluorescence in-situ 



218 

 

hybridization (FISH), are highly recommendable. Especially, the FISH 

technique will provide the critical information on the distributions of AOB, 

NOB and ANAMMOX bacteria in the double-layered gel beads. After the 

long-term operation of ASSAR, distribution of AOB and ANAMMOX might 

be different from the initial positions due to the possible migration. The 

mRNA level real-time PCR observation on the functional genes for the 

three populations also offers the in-situ activities according to the 

variation of operating conditions. By doing these, the rigid operational 

strategy for the ASSAR would be obtained based on in-situ microbial 

activity, instead of the black box model. 

      In the third part of this study, important characteristics of the outer 

layer were characterized and enhanced to secure the operational stability 

of ASSAR using the double-layered gel beads. The mechanical strength of 

the outer layer was enhanced to prevent the destruction of AOB activity 

during the ASSAR with the best PVA concentration of 12.5%. The optimal 

initial activity of AOB can be obtained with high AOB contents, more than 

0.13 mg-VSS per bead.  

      DO in the bulk phase is the main factor to determine the oxygen 

penetration depth to control both activities of AOB and ANAMMOX bacteria. 

Because outer layers of more than 2,000 μm were fabricated, the oxygen 

penetration depth ranging from 83.3 to 1,250 μm, observed in this study, 

can effectively protect ANAMMOX bacteria from the oxygen inhibition 

even with saturated concentration of DO in the bulk phase. On the other 

hand, the limited oxygen penetration may result in the lowered ammonia-

oxidation rate. However, the sufficient efficacy of ammonia-oxidation, 0.65 

kg-N/m3-day, was achieved during the acclimation of ammonia-oxidation 
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activity during 17 days at a DO concentration of 2.0 mg/L in the bulk phase. 

After the acclimation of ammonia-oxidation resulted in the limited oxygen 

penetration depth of 175 μm at a DO concentration of 2.0 mg/L in the bulk 

phase. The active biomass of AOB was dominant within the depth of 95 

μm.  

      These results indicate that only small portion of the outer layer 

contributes to the ammonia-oxidation and the other portion play a role to 

maintain the artificial biofilm structure. One drawback of the thick outer 

layer is the long distance for the substrate transportation. The possible 

negative effect of the excessively thick outer layer was verified through 

the model simulation using an AQUASIM software. Fortunately, the 

simulation suggested thickness has insignificant effects on the total 

nitrogen removal rate and the thick outer layer is preferred to ensure the 

high mechanical strength. All these factors can be utilized as a operational 

parameters for the stable ASSAR process.  
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국  초  

최근 용경 인 암모니아  질소 거  아나목스  

이용한 동시 질산 -탈질 공 이 상용 었 나, 아나목스 미생  

장속도가 느리고 산소에 민감하  에 실규모 공  시동 간 단축  

안  등  가 꾸 히 어 다. 이러한 를 해결하  하여 본 

논 에 는 2  구조  겔 드를 이용한 고   시하 다. 

느린 아나목스 미생  장속도를 극복하  하여, PVA/alginate 겔에 

미생  포  고 하여 높  아나목스  단 간에 획득하는  

개 하 다. 양에 앞 , 앙합 계획법과 면분 법  이용하여 겔 

드  최  계  강도를 보하 다. 일  슬러지를 종한 겔 드를 

연속 에 여하여 양한 결과, 43 일간 0.81 kg-N/m3-day  아나목스 

 달 하 다. 이는  슬러지를 이용한 아나목스 농후 양 는 

최  효 에 해당한다. 

이  같이 조  겔 드  면에  2 차 겔   도하여 

암모니아 산  미생  포  고  한 외  하 다. 2  구조 드 

내/외 에 한 동시 질산 -탈질  암모니아  질소 거 공 에 용한 

결과, 회분식 양에 는 외 이 없는 아나목스 드  거 이 27.2%에  

55.5%  향상 었다. 연속식 에 는 0.59 kg-N/m3-day  질소 

입속도에  71.6%  안 인 암모니아  질소 거 효  보 다. 

인공 생 막  외  계  강도를 강 하  하여 PVA 농도를 

최  12.5%  증가시 며, 이는 외부 겔  산소 질 달에 해를 

주지 않았다. 0.6~8 mg/L 용존산소 농도에  83.3~1,250 μm 범  산소침  

이가 나타나 2.5~3 mm 범  께를 가지는 외 에 해 아나목스 

미생 이 산소 해 부  효과  보  알  있었다. Free Ammonia 

독  인자 존재 하에 도 산소 침  이  장이 찰 지 않아, 고농도 
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암모니아  질소 거를 한 실규모 용이  었다. 2.0 mg/L  낮  

용존산소 조건에 도 17 일간 암모니아 산  이 0.65 kg-N/m3-d  

증가하여, 외  암모니아 산  효 이 실용  한 지 보  

알  있었고, 생존하는 암모니아 산 균  주  95 μm 이에 분포하는 것  

 미경 찰  통해 다. AQUASIM 시뮬 이  통해 꺼운 외 에 

한 질 달 효  하가 총 질소 거 에 한 향  주지 않는 것  

계산 었다. 또한 과다한 AOB  NOB  미생  농도는 외  질산  효  

필요 이상  증 하여 총질소 거 효  낮추는 것  나타났 며,  

암모늄 산  미생  농도 10%를 가 하   AOB  NOB 미생  

0.1~10%가 할 것  상 었다. 

 

주 어: 1 단식 암모니아  질소 거, 암모니아 산 ,  암모늄 산 , 

       2  구조 겔 드, 인공 생 막 
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