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Membrane aerated biofilm reactor (MABR) process allows higher oxygen transfer efficiencies 

than conventionally aerated processes by employing a gas-permeable membrane for oxygen to 

diffuse directly into attached biofilm for pollutants oxidation.  However, unsolved problems, 

such as the difficulties in maintaining an optimum biofilm thickness and lack of scale up rules, 

have hampered its engineering.   

MABR process for tertiary nitrification holds promise partly because excessive biofilm growth 

might be avoided.  Previous studies have demonstrated effective nitrification in lab-scale reactors 

treating artificial wastewaters.  To address the effects of real secondary effluents, two identical 

pilot-scale MABRs treating ammonia-supplemented secondary effluent and tap water were 

examined under similar operational conditions and optimized at three Reynolds numbers.  

Microbial distribution in biofilms under the optimized conditions was then characterized by 

fluorescence in-site hybridization (FISH) and confocal laser scanning microscopy (CLSM).  

Lastly, a mechanistic oxygen transfer rate (OTR) model was developed and evaluated using a 

bench-scale MABR.  

Results from pilot studies demonstrated for the first time the feasibility of tertiary nitrification 

using MABR to treat secondary effluent.  Organic carbon in secondary effluent had facilitated a 

quick formation of biofilm.  In contrast, artificial wastewater lack of organic carbon required a 



 
 

 

 

reduced mixing to promote initial biomass retention.  Equivalent nitrification rates were 

eventually achieved under different mixing conditions, suggesting that wastewater sources affect 

the optimum operational conditions.  The nitrifying biofilms in both reactors were found to have 

enhanced the oxygen transfer rates as compared with those of clean membrane modules.     

The high ratios of nitrifiers to all bacteria in the biofilms confirmed the potential for high-rate 

nitrification in MABRs.  Moreover, it was found that four main genera of nitrifiers coexisted 

with spatial variations in both reactors.  The spatial variations were caused by the oxygen partial 

pressure gradient along the hollow fibres that had created variable microenvironments for the 

selective growth of nitrifiers.       

The proposed mechanistic OTR model accurately predicts OTRs with the measured total mass 

transfer coefficients (KT), but underestimates OTRs with the estimated KT.  The error in 

estimating membrane resistance was identified as the cause for the underestimated OTRs.  A 

“true” membrane resistance is therefore suggested for model calibration.  



 
 

 iv

Dedication 

 
This dissertation is dedicated to: 

 
 

My wife, Jinqiu Liu, for her endless love and support; 
 

    My kids, Xiaoxiao (Michael), Raymond and Rachel, for the joy  
and the happiness they bring 

 
 
 
 



 
 

 v

Acknowledgements 

 
I would first like to express my sincere gratitude to my advisor, Dr. Hongde Zhou, for guiding 

me through my PhD program with encouragement and patience.  His proficiency in water and 

wastewater treatment field and critical thinking skills are profound, and I am truly fortunate to 

have had the opportunity to learn from him.  

I would also like to thank my advisory and examination committee members, Drs. Hermann 

Eberl, Khosrow Farahbakhsh, Richard G. Zytner, Sheng Chang, and Steven N. Liss, for their 

guidance and support over the years. Their contributions to my intellectual growth are of great 

significance. 

Special thanks goes to Dr. Lori Lishman, Mr. Peter Seto and Mr. Scott Dunlop for their 

consistent support and help during and beyond my pilot study; Mr. Henry Behmann for his 

inspiring thoughts and hands-on involvement in making membrane modules; Drs. Holger Daims, 

Jack T. Trevors, Mahendran Basuvaraj and Michaela Strüder-Kypke for their valuable 

suggestions on carrying out FISH tests, image acquisition and analysis; and many other friends 

who have helped me along the way.  

Finally, I would like to thank Natural Sciences and Engineering Research Council of Canada and 

Wastewater Technology Centre, Environmental Canada (Burlington, Ontario) for providing the 

funding that made this research possible, and GE Water & Process Technologies (Oakville) and 

ATPwater® Inc. (California) for providing membrane materials and/or membrane modules. 



 
 

 vi

Table of Contents 

DEDICATION.............................................................................................................................. iv 

ACKNOWLEDGEMENTS ......................................................................................................... v 

TABLE OF CONTENTS ............................................................................................................ vi 

LIST OF TABLES ........................................................................................................................ x 

LIST OF FIGURES ..................................................................................................................... xi 

LIST OF ABBREVIATIONS ................................................................................................... xiii 

CHAPTER 1:  INTRODUCTION ............................................................................................... 1 

1.1 BACKGROUND ........................................................................................................................ 1 

1.2 OBJECTIVES ........................................................................................................................... 7 

1.3 OUTLINE ................................................................................................................................ 8 

REFERENCES .............................................................................................................................. 10 

CHAPTER 2:  LITERATURE REVIEW ................................................................................ 14 

2.1 MEMBRANE USED IN MABR STUDIES .................................................................................. 14 

2.1.1 Membrane material and configuration ........................................................................ 14 

2.1.3 Membrane operation mode .......................................................................................... 16 

2.2 MASS TRANSFER IN MABR .................................................................................................. 17 

2.2.1 Membrane gas transport mechanisms ......................................................................... 17 

2.2.2 Oxygen mass transfer of clean membrane ................................................................... 18 

2.2.3 Mass transfer in biofilm of MABR ............................................................................... 21 

2.3 NITROGEN REMOVAL USING MABR .................................................................................... 25 

2.3.1 Overview of nitrogen removal processes ..................................................................... 25 



 
 

 vii

2.3.2 Nitrification using MABR ............................................................................................ 30 

2.3.3 Simultaneous removal of organic carbon and Nitrogen in MABR .............................. 38 

2.3.4 Nitrogen removal through hybrid MABR .................................................................... 44 

2.4 BIOFILM CHARACTERIZATION .............................................................................................. 45 

2.4.1 Microsensors for Nutrients’ profiles ............................................................................ 45 

2.4.2 CLSM for biofilm structure study ................................................................................ 46 

2.4.3 FISH and CLSM combination for microbial community analysis ............................... 48 

2.4.4 AFM for biofilm morphology and in situ cohesiveness study ...................................... 49 

REFERENCES .............................................................................................................................. 49 

CHAPTER 3:  PILOT DEMONSTRATION OF MEMBRANE AERATED BIOFILM 

REACTORS TO ACHIEVE EQUIVALENT TERTIARY NITRIFICATION IN 

SECONDARY EFFLUENT AND ARTIFICIAL WASTEWATER ...................................... 58 

3.1 INTRODUCTION..................................................................................................................... 58 

3.2 MATERIALS AND METHODS .................................................................................................. 60 

3.2.1 Pilot Plant Set-Up and Operation................................................................................ 60 

3.2.3 Oxygen supply rate of clean membrane module .......................................................... 68 

3.2.4 Analytical Methods ...................................................................................................... 68 

3.2.5 Definition of Stable State ............................................................................................. 69 

3.3 RESULTS AND DISCUSSION ................................................................................................... 69 

3.3.2 Effects of wastewater sources on nitrification performance........................................ 73 

3.3.3 Effects of mixing ........................................................................................................... 75 

3.3.4 Oxygen utilization rate ................................................................................................. 77 

3.3. 5 TN balance and effects of DO in the bulk liquid ......................................................... 80 



 
 

 viii 

3.4 CONCLUSIONS ...................................................................................................................... 81 

REFERENCES .............................................................................................................................. 82 

CHAPTER 4:  MICROBIAL DIVERSITY IN NITRIFYING BIOFILMS OF 

MEMBRANE-AERATED BIOFILM REACTORS (MABR) USING FISH AND CLSM 

TECHNIQUES ............................................................................................................................ 87 

4.1 INTRODUCTION..................................................................................................................... 87 

4.2 MATERIALS AND METHODS ................................................................................................. 89 

4.2.1 Reactor operation and tests ......................................................................................... 89 

4.2.2 Sample collection ......................................................................................................... 90 

4.2.3 Sample preparation prior to hybridization .................................................................. 90 

4.2.4 Fluorescent in situ hybridization ................................................................................. 91 

4.2.5 Image acquisition by CLSM ......................................................................................... 92 

4.2.5 Image analysis ............................................................................................................. 95 

4.3 RESULTS AND DISCUSSION ................................................................................................... 96 

4.3.1 System performance and tests ...................................................................................... 96 

4.3.2 Validity of results obtained by FISH ............................................................................ 97 

4.3.3 Sample representativeness ......................................................................................... 101 

4.3.4 Microbial diversity of nitrifying bacteria and its importance for process stability ... 102 

3.5 Spatial distribution of nitrifying bacteria and affecting factors ................................... 105 

4.4 CONCLUSIONS .................................................................................................................... 109 

REFERENCES ............................................................................................................................ 110 

CHAPTER 5:  OXYGEN TRANSFER MODEL FOR FLOW-THROUGH HOLLOW 

FIBRE MEMBRANE MODULE ............................................................................................ 115 



 
 

 ix

5.1 INTRODUCTION................................................................................................................... 115 

5.2 MODEL FORMULATION ...................................................................................................... 119 

5.2.1 Resistance-in-series ................................................................................................... 119 

5.2.2 Oxygen transfer rate .................................................................................................. 122 

5.2 MATERIALS AND METHODS ................................................................................................ 124 

5.2.1 Experimental setup..................................................................................................... 124 

5.2.2 Hollow fibre dimension measurement ....................................................................... 126 

5.2.3 Tracer study ............................................................................................................... 127 

5.2.4 Clean water oxygen transfer tests .............................................................................. 127 

5.3 RESULTS AND DISCUSSION ................................................................................................. 129 

5.3. 1 Hydrodynamic conditions through trace study ......................................................... 129 

5.3.2 Comparison of experimental and model results ........................................................ 130 

5.3.3 Estimation of membrane resistance ........................................................................... 134 

5.4 CONCLUSIONS .................................................................................................................... 138 

REFERENCES ............................................................................................................................ 139 

CHAPTER 6: CONCLUSIONS .............................................................................................. 142 

APPENDICES ........................................................................................................................... 149 

APPENDIX I: PICTURES OF PILOT-SCALE AND BENCH-SCALE REACTORS ................................... 150 

APPENDIX II: FISH PROTOCOLS ............................................................................................... 151 

APPENDIX III: DATA OF TRACE STUDY ..................................................................................... 168 

APPENDIX IV: DATA FOR CLEAN MEMBRANE OXYGEN TRANSFER TESTS ................................. 171 

APPENDIX V: MATLAB PROGRAM FOR THE OTR MODEL ......................................................... 177 

APPENDIX VI: RAW DATA FOR CHAPTER 3 .............................................................................. 182 



 
 

 x

List of Tables 

Table 2.1Mass transfer correlations for ducts of various geometries (Basile and Gallucci, 2009)

 .............................................................................................................................................. 20 

Table 2.2Mass transfer correlations for shell side of hollow fibre modules ................................. 20 

Table 2.3 Performance of MABRs for nitrification ...................................................................... 31 

Table 2.4  Oxygen supply rates of clean membrane modules in literatures ................................. 34 

Table 3.1 Main specifications of MABR pilot plants ................................................................... 61 

Table 3.2 Summary of main characteristics of influents (mg/Lexcept NTU for turbidity) .......... 62 

Table 3.3 Main experimental conditions for MABR1 .................................................................. 65 

Table 3.4 Main experimental conditions for MABR2 .................................................................. 66 

Table 3.5 Summary of nitrification efficiency averaged at stable states from MABR1............... 72 

Table 3.6 Summary of nitrification efficiency averaged at stable states from MABR2............... 73 

Table 4.1 Oligonucleotide probes ................................................................................................. 93 

Table 4.2 Concentration of stock solution and working solution of oligonucleotide probes ....... 94 

Table 4.3  Average biovolume fraction with standard deviation in biofilm samples of MABR1 

treating secondary effluent .................................................................................................... 99 

Table 4.4  Average biovolume fraction with standard deviation in biofilm samples of MABR2 

treating artificial wastewater ................................................................................................. 99 

Table 5.1 Main specifications of bench-scale reactor ................................................................. 126 

Table 5.2 Comparison of KT, OTR and gas pressure drop obtained from tests and modeling ... 132 

Table 5.3 Membrane resistance estimated by various methods .................................................. 136 

 



 
 

 xi

List of Figures 

Figure 1.1 Schematic of MABR (A: schematic of a bench-scale MABR; b: cross-section of a 

single hollow fibre with biofilm) ............................................................................................ 2 

Figure 1.2 Transport and transfer processes of stratified microbial community in MABR (Z_1: 

endogenous zone; Z_2: nitrifying zone; Z-3: aerobic heterotrophic zone; Z_4: anoxic zone; 

Z_5: anaerobic zone) .............................................................................................................. 4 

Figure 2.1 Cross section of the composite hollow fiber membrane ............................................. 16 

Figure 2.2 Gas transport mechanisms through porous and nonporous membranes (Adapted from 

Basile and Gallucci, 2009) .................................................................................................... 18 

Figure 2.3 Different scenarios of oxygen and/or substrates limitation in MABR ........................ 23 

Figure 2.4 Biological processes for nitrogen removal .................................................................. 29 

Figure 2.5 Comparison of MABRs with conventional biofilm technologies with respect to 

specific surface area loading of ammonia ............................................................................. 36 

Figure 2.6 Measurement of oxygen concentration profiles in biofilms ........................................ 46 

Figure 3.1 Schematic of MABR pilot plant .................................................................................. 61 

Figure 3.2 Temporal variation in ammonia removal rates (a: MABR1; b: MBAR2) .................. 71 

Figure 3.3 Temporal variation in NOx accumulation (a: MABR1; b: MBAR2) .......................... 72 

Figure 3.4 Effects of mixing on NH4
+-N removals averaged at stable states ............................... 75 

Figure 3.5 Oxygen supply rates of clean membrane at different inlet air pressures ..................... 78 

Figure 3.6 Clean membrane oxygen utilization rates compared with oxygen supply rates ......... 79 

Figure 3.7 Total nitrogen balance at stable state ........................................................................... 81 

Figure 4.1 Biofilm sampling locations in two pilot-scale MABRs .............................................. 90 



 
 

 xii

Figure 4.2 Artifacts of extremely strong autofluorescence in sample without hybridization ....... 97 

Figure 4.3 Accumulative biovolume fraction as a function of the number of images .................. 98 

Figure 4.4 Typical CLSM images of the genera of nitrifiers in MABR biofilm samples .......... 100 

Figure 4.5 Biovolume fractions of AOB and NOB at different sampling locations................... 102 

Figure 4.6 Biovolume fractions of Nitrosospira spp. relative to AOB ....................................... 103 

Figure 4.7 Biovolume fractions of Nitrospira spp. relative to NOB ........................................... 103 

Figure 4.8 Spatial variations of AOB ......................................................................................... 107 

Figure 4.9 Spatial variations of NOB ......................................................................................... 108 

Figure 5.1 Resistance-in-series model for oxygen mass transfer in clean MABR ..................... 119 

Figure 5.2  Schematic of bench reactor ...................................................................................... 125 

Figure 5.3 CSTR-in-series model for the hydrodynamic conditions through trace studies ........ 129 

Figure 5.4 Determination of initial oxygen transfer rate through clean water oxygen transfer tests

 ............................................................................................................................................ 131 

Figure 5.5 OTR and pressure drop as a function of error in inner radius measurement ............. 134 

Figure 5.6 OTR and pressure drop as a function of KT .............................................................. 134 

Figure 5.7 membrane resistances as a function of error in inner radius measurement of hollow 

fibre ..................................................................................................................................... 138 

 



 
 

 xiii 

List of Abbreviations 

AFM: Atomic force microscopy 

ANOMMOX: anaerobic ammonia oxidation 

AOB: ammonia oxidizing bacteria 

BAS: biofilm airlift suspension 

BOD5: 5 days biochemical oxygen demand 

CANON: completely autotrophic nitrogen removal over nitrite 

CLSM: confocal laser scanning microscopy 

COD: chemical oxygen demand 

CSTR: completely stirred tank reactor 

DO: dissolved oxygen 

FISH: fluorescent in-situ hybridization 

HRT: hydraulic detention time 

ID: inner diameter 

MABR: membrane aerated biofilm reactor 

NOB: nitrite oxidizing bacteria 

OD: outer diameter 

ODE: ordinary differential equation 

OSR: oxygen supply rate 



 
 

 xiv

OTE: oxygen transfer efficiency 

OUE: oxygen utilization efficiency 

PID: proportion, integration and differentiation 

RBC: rotating biological contactor 

RTP: room temperature and pressure 

SEM: scanning electron microscopy 

SHRON: single reactor system for high ammonia removal over nitrite process 

SBR: sequential batch reactor 

SND: simultaneous nitrification and denitrification 

SOSR: specific oxygen supply rate 

SRT: solids detention time 

SS: suspended solids 

STP: standard temperature and pressure 

  



 
 

 1

Chapter 1:  Introduction 

1.1 Background 

Aeration consumes approximately 50 to 65% of the net power demand in a typical activated 

sludge wastewater treatment plant all over this world (USEPA, 1999).  Innovations in 

wastewater treatment technology that can increase the oxidation capacity and efficiency are 

desired to meet the need to reduce the capital and operating costs while satisfying the 

increasingly stringent regulations on the final effluents from wastewater plants.  Membrane 

aerated biofilm reactor (MABR) is such a technology that has demonstrated the potential for 

significant energy saving as compared with the conventional activated sludge process and some 

biofilm processes (Syron and Casey, 2008a; Semmens, 2005; Côté et al., 1988), and therefore, 

has become one of the most focused research of interests since the later 1980s.  

MABR process employs a gas permeable membrane for oxygen to diffuse into the attached 

biofilm and be utilized directly for biological oxidation of pollutants supplied by wastewater at 

the opposite side of the biofilm (Figure 1.1).  This unique but simple configuration (gas-

membrane-biofilm-wastewater) allows complete control over the local or specific oxygen 

transfer rate through varying the intra-membrane oxygen partial pressure.  Theoretically, oxygen 

can be supplied as needed, leading to approximately 100% oxygen transfer efficiency (OTE) 

(Ahmed and Semmens, 1992) and more than 80% oxygen utilization efficiency (OUE) (Terada 

et al., 2006).   This distinguishes MABR from any conventional aerated bioreactors, for which 

the maximum OTE at 4.5 m depth of water varies only from 25-35% (Metcalf & Eddy, 2003).   

Due to the high specific oxygen transfer rates (OTR) at elevated pressures, MABRs have been 

mostly exploited for organic carbon removal, especially for wastewater with high BOD5 
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concentrations (Pankhania et al., 1994; Casey et al., 1999; Syron and Casey, 2008b), and for 

nitrification (Brindle and Stephenson, 1996; Terada et al., 2006; Shanahan and Semmens, 2006; 

Hwang et al., 2009).  When operated at low oxygen partial pressure, MABR has demonstrated 

the capability of achieving partial nitrification, making it possible to attain completely 

autotrophic nitrogen removal over nitrite (CANON) in a single biofilm (Gong et al., 2008).  This 

application is also attributed to the counter-diffusion of oxygen and other substrates in MABR, 

another key feature that differentiates it from conventional biofilm based processes.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic of MABR (A: schematic of a bench-scale MABR; b: cross-section of a single 
hollow fibre with biofilm) 
 
The counter-diffusion of oxygen and other substrates in MABR might lead to stratified biofilm 

community with most populations functioning effectively (Figure 1.2).  In this highly 

heterogeneous microbial community, slow growing microorganisms, such as nitrifiers, are 
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preferably located adjacent to the membrane surface, being fed by plentiful oxygen and protected 

from shocking loads and bulk liquid inhibitors by outside layers of heterotrophs (Syron and 

Casey, 2008a,b), which would consume organic carbons with the use of oxygen and if available, 

nitrate/nitrite after oxygen is depleted.  The feature has permitted MABR to be potentially 

applied to xenobiotic contaminants removal (Wobus et al., 1995; Hage et al., 2004) and 

simultaneous nitrification, de-nitrification and organic carbon removal (Timberlake et al., 1988; 

Semmens et al., 2003; Hibiya et al., 2003; Terada et al., 2003).  Simultaneous nitrogen and 

organic carbon removal was found difficult in conventional biofilm processes, because nitrifiers 

can be easily outcompeted by the fast growing heterotrophs due to competition for space and the 

limited oxygen supply (Okabe et al., 1996).  Even if there was nitrification, denitrifiers in the 

deep biofilm free of oxygen would suffer from shortage of organic carbon, leading to poor 

denitrification efficiency.  

MABR is also distinguished by its bubble-less aeration, which makes it exceptional for the 

removal of volatile organic carbons (VOCs), which would otherwise cause smell and air 

pollution for a conventional aeration system (Syron and Casey, 2008a).  Additionally, MABR 

can also be combined with other processes (Shin et al., 2005; Downing and Nerenberg, 2007) to 

take the advantages of both processes while mitigating some difficulties in these processes when 

applied separately.  
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Figure 1.2 Transport and transfer processes of stratified microbial community in MABR (Z_1: 
endogenous zone; Z_2: nitrifying zone; Z-3: aerobic heterotrophic zone; Z_4: anoxic zone; Z_5: 
anaerobic zone) 
 

Despite the apparent advantages, the development of MABR process is still in a stage limited to 

lab scale studies and some pilot scale trials due to the unsolved problems as reviewed by Syron 

and Casey, (2008a).  The interest in research on MABR process is becoming less intensive as 

reflected by the downsizing publications in recently years.  This status is largely caused by two 

factors: (a) the lack of availability of commercial membrane modules and even of membrane 

materials specially designed or manufactured for MABR applications, and (b) the fact that the 

problems that have hampered the implementation of MABR, such as the difficulties in 

maintaining an optimum biofilm thickness, are hard to resolve (Semmens, 2005; Syron and 

Casey, 2008a).  These two factors are mutually affected.  On one hand, manufacturers would lose 

interest in making any membrane aeration modules if the major technical problems are not 

resolved; on the other hand, researchers cannot solve the problems if properly designed 

membrane modules are not available.  From a researcher’s perspective, there is need for more 
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research in this field, especially some breaking-through improvements, to cut off this ‘vicious 

cycle’.    

Among the potential applications using MABR, tertiary nitrification holds promise for several 

principal reasons.  Nitrification is a very oxygen-intensive process in that it involves the 

sequential microbiological oxidation of ammonia to nitrite and of nitrite to nitrate (Metcalf & 

Eddy, 2003).  Potential high OTR and OUE offered by MABR makes it possible to have high-

rate nitrification that is cost-effective.  In addition, nitrification rate in MABRs is greatly affected 

by the organic carbon loading (Downing and Nerenberg, 2008) because organic carbon promotes 

the growth of a heterotrophs-abundant outer layer in the biofilm that reduces the ammonia flux to 

the nitrifiers.  Low organic carbon content in influents for tertiary nitrification would likely 

affect the nitrification rate to a very low extent.  Moreover, the difficulties in controlling the 

excessive biofilm thickness might be avoided in MABR for tertiary nitrification. While excessive 

biofilm thickness due to the overgrowth of heterotrophs was troublesome in MABR treating 

wastewater of high organic carbon contents (Pankhania, 1994; Semmens, 2003), nitrifying 

biofilm was relatively thin because it could be more effectively balanced by the biological decay 

and physical detachment (Syron and Casey, 2008a) as a result of the slow growth rates and low 

yields of nitrifiers (Wiesmann, 1994).  

While previous studies have demonstrated effective tertiary nitrification in MABRs, these studies 

were carried out for particle free artificial wastewater (Brindle and Stephenson, 1996; Shin et al. 

2005; Downing and Nerenberg, 2008; Hwang et al. 2009).  Few studies have examined the 

effects of low organic carbons content on the nitrification performance and nitrifying community 

in the biofilms of MABRs (Downing and Nerenberg, 2008).  Real secondary effluents might 

affect the nitrification performance and nitrifying community in different ways because they 
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contain a matrix of organic compounds in colloidal and particulate forms and various competing 

organisms.  It is therefore needed to examine the feasibility of tertiary nitrification in MABRs for 

the treatment of real wastewater and to develop strategies for performance optimization.   

An understanding of nitrifying processes from fundamental microbiological perspectives is 

especially critical as nitrifying processes are often found to be unstable, resulting in frequent 

system failure in wastewater treatment plants worldwide (Graham et al., 2007; Nielsen et al., 

2009).  The instability of nitrifying processes might be a result of low biodiversity of nitrifiers 

(the dominance of one genus of AOB and of NOB in the biofilm) in these systems, which 

appeared stable under optimal operational conditions, but were vulnerable when confronted by 

unfavorable conditions (Daims et al., 2001).  The potential for higher biodiversity of nitrifying 

bacteria (the coexistence of more than one genus of AOB and of NOB in the biofilm), 

consequently higher nitrifying process stability, is worthy of extensive evaluations.  

Finally, further understanding of the oxygen transfer in an MABR process is also needed for the 

development of oxygen transfer models for MABRs with and/or without biofilm.  A mechanistic 

model is desired because it allows system optimization without actually constructing the reactor.  

Currently, there are few mechanistic models for the OTR prediction in an MABR (Gilmore et al., 

2009).  This is mainly attributed to the difficulties in determining the resistances separately, 

which include the membrane and liquid phase resistances for a clean MABR, and an additional 

resistance by the biofilm for an MABR with biofilm.  The mechanistic model by Gilmore et al. 

(2009) was able to predict the OTR for an MABR with an active biofilm present.  This model, 

however, is limited to oxygen limitation conditions in MABRs; otherwise the measurement of 

the actual membrane-biofilm interface DO concentration is required for model calibration.   
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1.2 Objectives 

The research study was conducted in three parts.  

Part I: Pilot Demonstration of Membrane Aerated Biofilm Reactors to Achieve Equivalent 

Tertiary Nitrification in Secondary Effluent and Artificial Wastewater  

The objectives of part I research were (a) to examine the feasibility of tertiary nitrification using 

MABR to treat real secondary effluent as compared with artificial wastewater; (b) to compare the 

effects of wastewater sources on nitrification performance under similar operational conditions; 

(c) to examine the effects of mixing conditions on biofilm formation and nitrification rates by 

varying recirculation flow rate; (d) to assess the long term performance of the membrane 

modules. 

With the use of two pilot-scale MABRs equipped with non-porous polymethylpentene (PMP) 

hollow fiber membrane modules kindly supplied by GE Water & Process Technologies, tertiary 

nitrification treating real secondary effluent and tap water, both supplemented with ammonia, 

was carried out at the Wastewater Technology Centre, Environmental Canada (Burlington, 

Ontario).  The two MABRs were operated for over 530 days, first to examine the effects of 

wastewater sources on the nitrification performance under similar operational conditions and 

then to optimize the nitrification performance under different mixing conditions.  

Part II: Microbial Diversity in Nitrifying Biofilms of Membrane-Aerated Biofilm Reactors 

(MABR) Using FISH and CLSM Techniques 

The objectives of part II mainly included (a) the characterization of the microbial distribution of 

nitrifiers at macro-scale in two pilot-scale MABRs, and (b) the discussion of the factors that 

affected the microbial distribution.  A wider objective in part II research was to explore the 

potential of achieving a highly diversified nitrifying community in MABR. 
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Lumped biofilm samples at six locations of the membrane module in each reactor were collected 

for the microbial distribution analysis after both MABRs were operated for about two months 

under the conditions that had resulted in equivalent maximum ammonia removal during part I 

research.  A combination of FISH and CLSM techniques was used for the identification and 

quantification of nitrifiers in the biofilm samples.  

Part III: Oxygen Transfer Model for Flow-Through Hollow Fibre Membrane Module 

The objectives of part III research were (a) to develop a mechanistic OTR model that is based on 

compressible gas phase; (b) to evaluate the mechanistic OTR model using a bench-scale MABR 

under strictly controlled conditions, with a focus on the determination of membrane resistance 

for the resistance-in-series model.    

A bench-scale MABR containing a self-made membrane module made of pure nonporous 

polypropylene hollow fibres (APTwater® Inc.) was constructed to verify the model and examine 

the membrane resistance in details.  Compressed pure oxygen was used to supply the oxygen in a 

flow-through mode.  The bulk liquid was recirculated in the reactor, flowing flow outside and 

parallel to the hollow fibres.     

1.3 Outline 

This dissertation is organized as follows.  

Chapter 1 provides a brief introduction to MABR process as a novel wastewater treatment 

technology and a description of research objectives based on research needs to promote 

application and improve fundamental understanding of tertiary nitrification. 

Chapter 2 includes a comprehensive literature review that covers a justification of the 

membrane used in MABR studies, an introduction to the oxygen mass transfer mechanisms, and 
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a critical review on the status of knowledge of nitrogen removal using MABR and of the main 

methods of biofilm characterization.  

Chapter 3 focuses on nitrification performance and system optimization using two pilot-scale 

MABRs to treat real secondary effluent and artificial wastewater, separately.  This part of 

research suggests that equivalent maximum nitrification rate can be achieved for real secondary 

effluent as compared with artificial wastewater, however, under different optimum operation 

conditions.  

Chapter 4 emphasizes the investigation of microbial diversity of nitrifiers in the two pilot-scale 

MABRs at equivalent nitrification rate.  Highly diversified nitrifying biofilm resulted from 

microbial competitions under highly variable growth conditions in the reactors might imply a 

more robust and reliable nitrifying process in the use of MABR.  

Chapter 5 is marked by a mechanistic OTR model for a most promising MABR membrane 

configuration with liquid flow parallel to hollow fibres.  Evaluation of the model using a bench-

scale MABR that contains a carefully designed, self-made hollow fibre membrane module 

highlights the importance of estimating membrane resistance. 

Chapter 6 serves as an overall conclusion that summarizes the major contributions made by this 

research.  Some recommendations are also provided for further research. 

References are organized by chapters and therefore, some of them are repeated in different 

chapters.  This organization is adopted for the convenience of publication, as Chapter 3, 4 and 5 

are prepared as manuscripts for publication in peer-reviewed scientific journals. Note that 

Chapter 3 has been published in WEFTEC 2011. 

Appendices are supplemental information that provides additional information and additional 

justification for the work presented in Chapter 3, 4 and 5.  Specifically, Appendix I includes 
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some pictures of the pilot-scale and bench-scale reactors; Appendix II describes the protocols for 

the FISH test; Appendix III and IV are the data for trace study and OTR tests in the bench-scale 

reactor; Appendix V is a program to solve the model in Matlab. Appendix VI is the raw data for 

Chapter 3.   

Compact disk: A CD is included to contain all the CLSM images for Chapter 5.   
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Chapter 2:  Literature Review 

2.1 Membrane used in MABR studies 

2.1.1 Membrane material and configuration 

Porous, nonporous and composite membrane in the form of hollow fibre membrane and flat 

sheet membrane have been tried in MABR studies.  

Porous membranes used in MABR studies are hydrophobic, generally with small pore size 

ranging from 0.02-0.05µm (Ahmed and Semmens, 1992a).  Membrane of larger pore size 

ranging from 0.1-0.3µm (Gong et al., 2008) was also used.  Oxygen diffuses across the 

membrane through membrane pores and forms a gas-liquid interface at the mouth of the pores 

due to surface tension.  Oxygen dissolves into the liquid phase at the gas-liquid interface and 

keeps moving into the void liquid of biofilm and possibly into bulk liquid through the so-called 

boundary layer if oxygen was not completely consumed in the biofilm matrix.  The operational 

pressure difference between the gas phase and the liquid phase is relatively low for porous 

membranes (<3 psi) (Fang et al., 2004) to avoid bubble formation and consequently, the OTR of 

porous membrane is limited.  Another drawback of porous membranes is the penetration of water 

into the pores and the lumens of membrane, which causes severe reduction in oxygen transfer 

rate (Krenlen et al., 1993).  

In contrast, nonporous membrane has much wider operational pressure range, resulting in greater 

flexibility of process control (Côté et al., 1989).  However, the resistance of a nonporous 

membrane cannot be neglected, as is the case for a porous membrane.  In a nonporous 

membrane, oxygen has to dissolve into the membrane and diffuse across the membrane, a 

process called solution-diffusion (Basile and Gallucci, 2009).  The membrane permeability, the 
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product of the solubility and the diffusion coefficient of oxygen, is therefore critical for the 

selection of nonporous membrane materials (Robb, 1965).  In addition, nonporous membranes 

were generally thick to endure high operational pressures.  As a result, the nonporous membrane 

resistance could be very high.  The polymethylpentene nonporous membrane of 50µm thick 

accounted for around 38% (about 500s/cm) of the total oxygen mass transfer resistance (Diao et 

al., 2008).  Very thin (about 10µm of wall thickness) nonporous polymethylpentene hollow fiber 

was also reported (Hwang et al., 2009).  This thin hollow fiber would have much lower 

membrane resistance to oxygen transfer, leading to higher OTR.  However, the physical strength 

of the hollow fibre might be an issue.   

Composite membrane contains a thin coat of nonporous gas permeable material that is embedded 

in or coated on porous membranes (Figure 2.1).  Composite membrane is a combination of 

porous and nonporous membrane, leading to the high operational flexibility as nonporous 

membrane while avoiding the difficulties associated with traditional porous membranes (Ahmed 

et al., 2004).  Composite membrane seems promising as it allows high membrane physical 

strength but low membrane resistance.   

With regard to the membrane configuration, hollow fiber membrane modules were more 

commonly due to their higher achievable specific surface area for microbial growth and 

consequently more compact reactor, resulting in lower cost. While high specific surface area 

might be beneficial for compact reactors, tightly packed hollow fiber might cause membrane 

clogging due to excessive microbial growth, preventing effective wastewater contact with entire 

biomass and resulting in deterioration of system performance (Semmens et al., 2003).  Therefore, 

regular cleaning of the membrane module might be required.  By contrast, flat sheet membrane 

modules generally have lower specific surface areas (Timberlake et al., 1988).  Flat sheet 
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membrane modules were frequently used to study the microbial community structure and the 

nutrients’ profiles in biofilm (Cole et al., 2004; Shanahan et al., 2005).   

 

 

 

 

 

 

 

 

Figure 2.1 Cross section of the composite hollow fiber membrane  

 
From engineering perspective, hollow fibre membranes are more promising than flat sheet 

membranes because of the potential for higher specific membrane surface areas.  Nonporous and 

composite membranes are the two typical membrane materials.  For nonporous membranes, 

materials of high permeability and thin membrane thickness are desired to minimize membrane 

resistance.  However, physical strength of thin nonporous membrane could be an issue.  

Composite membranes have very low membrane resistance.  The major issue is their high 

manufacturing costs due to the complexity of manufacturing processes.    

2.1.3 Membrane operation mode 

MABRs can be operated in dead-end mode and flow-through mode (Ahmadi Motlagh et al., 

2008; Hwang et al., 2009).  Dead-end mode was once favoured over flow-through mode mostly 

because of the potential high OTE approaching 100% (Ahmed et al., 2004).  However, lack of 

strategies to prevent water condensation in dead-end mode is limiting the application of this 
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mode, especially for hollow fibre membranes.  Water vapour would saturate the feed gas within 

a short fiber length due to its large mass transfer coefficient for most available membranes (Fang 

et al., 2004).  The water-saturated feed gas will become supersaturated as the feed gas volume 

becomes less due to the dissolution of other gases and/or a temperature drop, resulting in water 

condensation in hollow fibres.  Water condensation in membrane fibers could tremendously 

reduce the oxygen mass transfer rates (Cote, 1988 and 1989).  Although water condensation is a 

common issue for membranes running in both modes, water condensation tends to be more 

serious in dead-end mode, since water vapour could be swept away by the flowing gas in flow-

through mode (Fang et al., 2004).  Therefore, flow-through mode is commonly recommended.   

Measures to minimize water condensation and/or water condensate accumulation have been 

proposed. For flow-through mode, it was recommended, as an example, to operate hollow fiber 

membrane modules vertically with gas flowing from top to bottom to expel condensate (Fang et 

al., 2004).  Another approach, patented by Semmens (1991), was to have a region of hydrophilic 

microporous membrane at the end of the module, which would allow condensate to escape back 

to the external solution under higher gas pressure within the lumen.  

2.2 Mass transfer in MABR 

2.2.1 Membrane gas transport mechanisms 

Oxygen might permeate membrane through different mechanisms (Figure 2.2).  For porous 

membrane, convective flow (should be avoided in MABR), Knudsen diffusion, and gas phase 

and/or surface diffusion might dominate at various pore sizes.  For non-porous membrane, 

oxygen diffuses across the membrane by the solution-diffusion mechanism.   
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Figure 2.2 Gas transport mechanisms through porous and nonporous membranes (Adapted from Basile 
and Gallucci, 2009) 

2.2.2 Oxygen mass transfer of clean membrane 

The concept of resistance-in-series (Cussler, 2009) serves as the basis for the oxygen mass 

transfer models (Yang and Cussler, 1986; Cote et al., 1986, 1989; Ahmed and Semmens, 1992 a, 

b; Ahmed et al., 2004; Gilmore et al., 2009).  A composite membrane (Figure 2.1) is used to 

elucidate the resistance-in-series model for clean MABRs.  The resistance-in-series model for 

membrane of other configurations can be derived by simplifying the model for the composite 

membrane.   

For the composite membrane (Figure 2.1), the total resistance is the sum of individual resistances 

as presented in Equation 2-1 (Ahmed et al., 2004).  
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Here, 1/K denotes the total resistance; 1/KL, 1/HkPE, 1/HKDkPU, 1/HkPE and 1/HkG are the 

resistances of the liquid film, the outside gas-filled polyethylene membrane, the nonporous 

polyurethane membrane, the inner gas-filled polyethylene membrane and the gas film, 

respectively.  H is the Henry’s law constant for oxygen and KD is the distribution coefficient of 

oxygen between air and polyurethane.  
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The resistance in gas phase is commonly neglected because the diffusion in gas phase is 

normally two orders of magnitude higher than that in liquids and five orders of magnitude higher 

than that in solids.  For the same reason, the resistance(s) of the porous membrane layer(s) can 

also be neglected since the pores of these layer(s) are usually filled with gas because of the 

hydrophobic property of the materials they are made of.  Therefore, Equation 2-1 can be 

simplified as below 

PUDL kHKkK

111
+≈                                                                                                                )22( −  

In equation 2-2, the total resistance (1/K) can be determined through OTR tests according to the 

standard method (ASCE, 1993).   The membrane resistance has been estimated using a variety of 

methods, including but not limited to, (1) direct calculation as the ratio of the membrane 

permeability to the membrane effective thickness (Cote et al., 1989), (2) using the intercept of 

the plot of the measured total resistance as a function of the reciprocal of the mean liquid 

velocity (Ahmed et al., 2004), and (3) determination by measuring the oxygen concentration at 

the membrane surface using oxygen microsensor at steady state (Gilmore et al., 2009).   Once the 

membrane resistance is determined, the liquid phase resistance can be obtained by subtracting 

the membrane resistance from the measured total resistance.  Since the liquid phase resistance is 

related to the hydrodynamic conditions in a reactor, a correlation using some dimensionless 

numbers, such as Sherwood number (Sh), Reynolds number (Re) and Schmidt number (Sc), is 

often carried out so that the liquid mass transfer coefficient (KL) can be predicted under various 

hydrodynamic conditions for a given membrane configuration (Basile and Gallucci, 2009; Fang 

et al., 2002).   The typical correlations for the liquid film resistance are expressed in following 

equations. 

)(Re geometryfScaSh cb=                                                                                                     32 −  
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With a, b, c the correlation numbers, f(geometry) the correction coefficient for the geometry of 

membrane, l the characteristic length of the membrane module, D the diffusion coefficient of 

oxygen, u the average flow velocity, ν kinematic viscosity, ρ density of liquid, µ dynamic 

viscosity of liquid 

Various mass transfer correlations for hollow fiber or plate sheet membrane geometries have 

been reported for the lumen side (Table 2.1) or shell side mass transfer (Table 2.2). 

Table 2.1Mass transfer correlations for ducts of various geometries (Basile and Gallucci, 2009) 

Geometry Correlation Application 

Cylinder Sh=3.67 Laminar region; fully developed flow or Gz*<10 

Cylinder Sh=(3.673+1.623Gz)1/3 Laminar region: 10<Gz<20 

Cylinder Sh=1.62[(ud2)/(DL)]1/3 Laminar region: Gz>20 

Cylinder Sh=0.026Re0.8 Sc0.33 Turbulent region: Re>20000 

Parallel plate Sh=7.54 Laminar region; fully developed flow 

Parallel plate Sh=0.036Re-0.2 Sc-0.67 Turbulent region, Re>106 

*: Gz, Graetz number, which characterizes the laminar flow in a duct and can be expressed by the 

equation: Gz=(ul2/DL).  

 
Table 2.2Mass transfer correlations for shell side of hollow fibre modules 

Correlation Application 

(1)Sh=1.25(Rede/L)0.93 Sc0.33   0.5<Re<500, packing fraction 0.03, flow parallel to fibres 
(1)Sh=0.019Gz   Gz<60, closed packed fibres, flow parallel to fibres 
(1)Sh=0.61Re0.32 Sc0.33 0.6<Re<49, packing fraction 0.003, flow across fibres 
(2)Sh=0.824Re0.39 Sc0.33 0.0004<Re<0.6, flow across fibres 
(3)Sh=0.056P0.735 Re0.645P-0.22Sc0.33 2500<Re<5500, flow parallel to fibres 
(4)Sh=1.25(Rede/L)0.93Sc0.33 5<Re<3500, flow parallel to fibres 

(1) Basile and Gallucci, 2009;  de is defined below and L is the length of the fibre. 
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(2) Fang et al., 2002. 
(3) Ahmed et al., 2004.  P is the operational pressure in gas phase in psi.  
(4) Yang and Cussler, 1986. 

 
de in above correlations in Table 2.2 is the characteristic length for a bundle of fibres and is 

defined by Yang and Cussler (1986) and Ahmed and Semmens, 1992a. 

fp

fp

e
ndd

ndd

perimeterwetted

flowofareationcross
d

+

−
=

−
=

22
)sec(*4

                                                         72 −  

 
Here, dp is diameter of reactor, n the number of fibres, df the outer diameter of fibers 

It should be noted that the operational pressure in the gas phase is included in the correlation 

given by Ahmed et al. (2004).  However, the reason for the dependence on pressure in the 

correlation was unclear.   

Also as mentioned above, the packing fraction of hollow fibres might also affect the mass 

transfer in the shell side of hollow fiber membrane modules.  A characteristic penetration depth 

for a non-reactive solute, defined as the square root of the product of diffusion coefficient and 

contact time, might be used to assess the effect of packing fraction on the mass transfer. The 

minimum spacing of hollow fibres, which is equal to membrane diameter plus the characteristic 

penetration depth multiplying by two, should be larger than the characteristic penetration depth 

(Fang et al., 2002). 

2.2.3 Mass transfer in biofilm of MABR 

Oxygen and other substrates diffuse in opposite direction into biofilm of MABR where 

biological reactions take place to degrade the pollutants.   Since the biofilm is the desired 

destination of oxygen, oxygen does not necessarily have to diffuse across the liquid film to the 

bulk liquid in MABRs.  But, oxygen has to diffuse across the liquid film of high resistance to the 
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bulk liquid if the membrane is used for aeration (Brindle and Stephenson, 1996).  Therefore, the 

liquid film would affect the oxygen transfer to the bulk liquid in MABRs only if oxygen 

penetrates the biofilm.  Although oxygen does not have to diffuse across the liquid film to the 

bulk liquid in MABRs, the substrates in the bulk liquid do have to diffuse across the liquid film 

to the inside of biofilm. The resistance of liquid film might limit the mass transfer rates of those 

substrates, which might indirectly affect the mass transfer rate of oxygen in the biofilm.  

The biofilm itself could have a dual effect on the oxygen mass transfer inside biofilm: decreasing 

oxygen mass transfer as a physical barrier and increasing oxygen mass transfer by microbial 

consumption of oxygen. The effective diffusivity of different substrates within different types of 

biofilm might be correlated with the density of the biofilm by the following equation (Fan et al., 

1990):  

99.0

92.0
,

27.019.11

43.0
1

V

V

X

X

D

D

AW

fe

+
−=                                                                                                  )82( −  

 
Here, De,f denotes the effective diffusivity of oxygen in biofilm, DAW the diffusivity in water and 

XV the density of biofilm 

Equation (2-8) is sometimes used to estimate the effective diffusivity of substrates in biofilms.  It 

indicates that biofilm of higher density would resulted in lower diffusivity of substrates.  In 

addition, the effective diffusivity of substrates in biofilm would be always less than that in water.  

This is, however, not true.  Ratios of the effective diffusivity of oxygen in biofilms varied from 

0.04 to 1.37 (Fan et al., 1990), indicating that the biofilm might decrease or increase the oxygen 

mass transfer rate, depending on many factors such as biofilm structure, wastewater 

characteristics, liquid hydrodynamics et al.   

From experimental and modeling results in MABR treating synthetic wastewater containing 

acetate as the major substrate, Casey et al. (1999b) found that three scenarios might exist for the 
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bio-reaction rates in the biofilms: oxygen limitation, oxygen co-limitation and oxygen full 

penetration or other substrates limitation (Figure 2.3). A scenario of no limitation is added in the 

figure for the biofilms during start-up period.  During start-up period, the thickness of biofilm 

would increase continuously since there is no limitation of substrates.  The increased biofilm 

would increase the substrates fluxes into the biofilm, which would make the biofilm thicker and 

thicker.  The biofilm keeps growing until the system becomes oxygen limited (Semmen and 

Essila. 2001) or oxygen co-limited or other substrates limited.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Different scenarios of oxygen and/or substrates limitation in MABR 
(A: oxygen depleted layer; B: substrate starved layer) 
 
Scenario 1 in Figure 2.3 only occurs temporarily, for example during start-up.   
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As the biofilm continues to growth thicker, scenario 2 and 3 might occur.  When the substrates 

concentrations were very high or the oxygen partial pressure was very low, scenario 2 might 

occur with an oxygen-depleted zone (A) that made it possible for simultaneous oxidation of 

organic carbons, nitrification and denitrification in a single MABR biofilm (Timberlake et al., 

1988).  If the substrates concentrations were very low or the oxygen partial pressure was very 

high, scenario 3 might occur.  Oxygen fully penetrated the biofilm and a substrate-starved zone 

(B) might form on the membrane surface.  The thickness of the substrate starved layer was found 

to greatly influence the mass transport of oxygen into the active biomass layer (Casey et al., 

1999b).  

If the biofilm thickness continues to increase, both scenario 2 and 3 might develop into scenario 

4, which was found to be predominant in MABR biofilms for treating wastewater of moderate to 

high content of organic carbon (Casey E., 1999b).  For scenario 2, the oxygen depleted layer 

further increases with the increase of the biofilm thickness.  Once the resistance of oxygen 

depleted layer to the mass transfer of the substrates increased to a level that the substrates cannot 

fully penetrate to the base of the biofilm, the substrate starved layer starts to occur.  Scenario 3 

might evolve into scenario 4 similarly, but with the oxygen being unable to fully penetrate the 

whole biofilm when the resistance of substrate starved layer reached to a certain level.  

Generally, scenario 4 would occur when the biofilm was thick (Cole et al., 2004).     

Since the substrate starved layer and the oxygen depleted layer might significantly reduce the 

mass transfer of oxygen and substrates in scenario 4, Casey E, et al. (1999b) even questioned the 

need for the use of MABRs in wastewater treatment due to the similar rates of carbon substrate 

removal of MABRs and conventional biofilm technologies.  The modelling results by Semmens 

and Essila (2001) also showed that only “under conditions of low velocity, biofilm thicknesses of 
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approximately 100–500µm, and moderate to high bulk liquid substrate concentration, the biofilm 

model predicts greater fluxes of substrate into a membrane-supported biofilm than into a biofilm 

grown on a solid support”.  These studies indicate that the biofilm thickness control is critical for 

MABRs to treat wastewater of high organic carbons contents (Casey et al., 1999b).  

Unfortunately, the effective management of biofilm growth still remains as the key need for 

MABRs technologies (Robert Nerenberg, 2005).  Attempts to deal with excessive biofilm 

thickness by increasing oxygen partial pressures and creating higher shear conditions turned out 

to be ineffective (Pankhania et al., 1994).  By contrast, nitrification using MABR might hold 

promise due to the fact that nitrifying biofilm is relatively thin as a result of the slow growth 

rates and low yields of nitrifiers (Wiesmann, 1994) and therefore, the difficulties in controlling 

the excessive biofilm thickness might be avoided (Syron and Casey, 2008a). In addition, MABR 

is able to provide a high rate of oxygen supply for nitrification and a growing niche for the slow 

growing nitrifiers.   

2.3 Nitrogen removal using MABR 

2.3.1 Overview of nitrogen removal processes 

Microbial removal of nitrogen from wastewater has proved to be the most economical way in 

many cases. Conventional microbial nitrogen removal is based on aerobic autotrophic 

nitrification and anoxic heterotrophic denitrification, as shown in the following reactions 

(Metcalf & Eddy, 2003).  

Nitrification:  

OHHNOONH 2224 225.1 ++→+ +−+                                                                                  )1( −N
−− →+ 322 5.0 NOONO                                                                                                            )2( −N  
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Denitrification: 
 

OHOHNeHNO 223 4210102 ++→++ −−+−                                                                  )1( −deN

OHOHNeHNO 222 22662 ++→++ −−+−                                                                    )2( −deN  
 
Nitrification involves the sequential microbiological oxidation of ammonia to nitrite and of 

nitrite to nitrate, consuming oxygen and alkalinity.  Denitrification takes place under anoxic 

condition, requiring electron acceptors but releasing some alkalinity.  Since nitrifiers and 

denitrifiers grow under different conditions (aerobic for nitrifiers and anoxic for denitrifiers), 

experience shows that these two processes have to be separated in space or time to function 

effectively (Khin and Annachhatre, 2004).  In addition, ammonia oxidizing bacteria (AOB) and 

nitrite oxidizing bacteria (NOB) of nitrifiers always coexist and the major end product of 

nitrification is always nitrate (Hellinga et al., 1998).  As a result, nitrogen removal by 

conventional nitrification and denitrification is costly, characterized by high energy consumption 

for aeration and complex layout and process control (Metcalf & Eddy, 2003).   

The above reactions do indicate several approaches to achieve nitrogen removal with lower costs 

than conventional nitrification and denitrification approach: 

(1) Simultaneous nitrification and denitrification (SND) in a single reactor: the key is to 

construct spatial or temporal niches for nitrifiers and denitrifiers in a single reactor.  While 

temporal control for SND in a single reactor can be realized in sequencing batch reactors 

(SBR), the spatial control for SND in one reactor is implemented often in biofilm reactors 

(Metcalf & Eddy, 2003).  More discussion about SND in biofilm reactors will be carried out 

later.  SBR for SND is outside the scope of this research; 

(2) Nitrogen removal through partial nitrification:  The key to achieve partial nitrification is to 

promote the growth of AOB while NOB is either washed out or inhibited (Khin and 

Annachhatre, 2004).  The generated nitrite might be then removed by denitrification through 
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deN-2 step. This whole process is called SHARON (single reactor system for high ammonia 

removal over nitrite process) (Hellinga et al., 1998).  The SHARON process, which aimed at 

ammonia-laden wastewater, has been successfully applied.  The possible metabolic pathways 

for the SHARON process are shown in Figure 2.4.        

More promising nitrogen removal processes have been discovered.  Mulder et al. (1995) found 

that ammonia could be removed through anaerobic ammonia oxidation (ANAMMOX). The 

bacteria were discovered and identified as the new autotrophic members of the order of 

Planctomycete (Strous et al,. 1999), including two ANAMMOX bacteria tentatively names as 

“Brocadia anammoxidans” (Strous et al,. 1999) and “Kuenenia stuttgartiensis” (Schmid et al., 

2000). The ANAMMOX stoichiometry based on mass balance over ANAMMOX enrichment 

cultures was given by Strous et al. (1998). 
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The postulated metabolic pathways for ANAMMOX are also shown in Figure 2.4.  A question 

about ANAMMOX is how nitrite is obtained for this process.  The original idea was to add 

nitrite to ammonia-contained wastewater.  The coupling of the SHARON process with 

ANAMMOX process was found promising (Jetten et al., 1997).  The principal of combination of 

the SHARON process and ANAMMOX process is to apply the SHARON process to treat 

ammonia-laden wastewater to obtain wastewater of proper ratio of nitrite to ammonia that serves 

as the influent of ANAMMOX process.  From Equation SND-1, wastewater of ratios of NH4
+ to 

NO2
- ranging from 1 to 1.31 during the SHARON process might be required in order to achieve 

high nitrogen removal by the ANAMMOX process.  The combined process requires partial 

oxidation of ammonia into nitrite and no carbon source and has a very low sludge production 

(van Loosdrecht and Jetten, 1998).   
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Another similar process called “completely autotrophic nitrogen removal over nitrite (CANON)” 

was patented by Dijkman and Strous (1999).  The CANON process relies on a stable interaction 

between Nitrosomonas-like aerobic bacteria and Planctomycete-like anaerobic ammonium-

oxidizing bacteria under oxygen limited conditions (Third et al., 2001).   

Complete nitrification or partial nitrification is one of the key steps for all of above nitrogen 

removal processes except for ANAMMOX, in which nitrite might be added to the process.  

Complete nitrification is relatively easy to achieve due to the coexistence of AOB and NOB.  In 

contrast, partial nitrification is much more difficult and various engineering measures have to be 

taken to minimize the growth or the activity of NOB (Hellinga et al., 1998; Wong-Chong et al., 

1978; Picioreanu et al., 1997; Third et al., 2001).  
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Figure 2.4 Biological processes for nitrogen removal 
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2.3.2 Nitrification using MABR 

2.3.2.1 Overall performance of MABRs for nitrification 

The performance of MABRs for nitrification has been characterized in literatures by a 

combination of terms, including ammonia concentration in the effluent (mg/l), ammonia removal 

(%), volumetric ammonia removal rates (kgN/m3/d), and specific ammonia removal rate in terms 

of membrane surface area (kgN/m2/d).  These terms reflect nitrification performance from 

different perspectives.  The ammonia concentration in the effluent (mg/l) emphasizes the effluent 

quality that MABR process was able to achieve.  The ammonia removal (%) shows the 

difference between the influent and the effluent ammonia concentration.  The volumetric 

ammonia removal rates (kgN/m3/d) and the specific ammonia removal rate in terms of 

membrane surface area (kgN/m2/d) indicate the nitrification capacity of MABRs with respect to 

the reactor volume and the membrane surface area, respectively.  Table 2.3 presents the 

nitrification performance of literatures using the first two terms under different operational 

conditions.   

Table 2.3 shows that excellent nitrification performance in terms of effluent ammonia 

concentration and/or ammonia removal was achievable for a large range of ammonia loadings 

under various operational conditions (Brindle K., 1996; Brindle K., 1998; Shin, J., 2005).  The 

influent ammonia concentrations (from 30-200mg/l), temperature (21-30°C) and pH (from 6.9-

7.9 with 7.5 most frequently applied) did not show any direct effects on the system performance.  

The effects of some key operational conditions, including ammonia loading and/or HRT, 

membrane material and configuration, oxygen supply conditions or bulk liquid DO, and 

hydrodynamic conditions, are discussed separately in the following sub-sections. 
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Table 2.3 Performance of MABRs for nitrification 

Ref. membrane Hydrodynamic 

conditions 

Inf conc. 

(mg/l) 

Loading  

(kgN/m3/d) 

Loading 

(gN/m2/d) 

HRT 

(h) 

Bulk DO 

(mg/l) 

Period 

(day) 

T 

(°C) 

pH Eff conc. 

(mg/l) 

Removal 

(%) 

1 Microporous; 
hollow fibres;  
ID 280µm;  
185 m2/m3 

recirculation 
440.9ml/min 
or 10cm/s 

30-50 0.08 0.43 N/A2 >6 3--14 21 7.5 0.08-0.12 99.0 
30-50 0.12 0.65 N/A2 >6 15--22 0.09-0.93 99.0 
30-50 

0.20 1.10 
N/A2 

>6 23--51 0.45-1.49 99.0 
Start up: 100ml commercial nitrifiers; 48h 

2 Microporous; 
hollow fibres;  
ID 280 µm;  
185 m2/m3 

recirculation 
440.9ml/min 
or 10cm/s 

43-50 0.30 1.62 4.0 ≈100%3 63--138 30 7.6 0-0.1 99.0 

42-52 1.20 6.49 1.0 ≈136%3 139--172 0.2-1.1 98.0 
Start up: 100ml commercial nitrifiers; 48h 

3 Microporous; 
Hollow fibres;  
OD 1.4mm;  
1733 m2/m3 

Recirculation to 
achieve 
complete 
mixing  

50 0.20 0.12 6.0 0.5-2.5 0--54 23-25 N/A2 <3 98.0 
100 0.40 0.23 6.0 0.5-2.5 55--70 <3 98.0 
150 0.60 0.35 6.0 0.5-2.5 71--149 <3 98.0 
150 0.90 0.52 4.0 0.6-7.5 0--30 <6 98.0 
200 1.20 0.69 4.0 0.6-7.5 31--63 <6 98.0 
200 2.40 1.38 2.0 0.6-7.5 64--115 <6 98.0 

Start up: activated sludge from municipal wastewater treatment plant;  
4 290 m2/m3 recirculation 

2cm/s 
100 0.1-0.29 0.08-1.00  ≈0 0-150 25 7.5 f(loading)1 f(loading) 1 

660 m2/m3 100 0.1-0.35 0.08-1.21  ≈0 0-150 f(loading) 1 f(loading) 1 
1190 m2/m3 100 0.1-0.64 0.08-2.21  ≈0 0-150 f(loading) 1 f(loading) 1 
Microporous; hollow fibres; OD 1.0mm  
Start up: not provided 

5 Composite;  
Hollow fibres;  
OD 380µm;  
23 m2/m3 

Advective flow  
 

40-50 0.06-0.60 2.78-26.2 1.6-
4.3 

>1 to 3.5 165 23 6.7-
7.9 

f(loading) 1 f(loading) 1 
Start up: an enrichment culture of nitrifying bacteria 

6 Non-porous; 
Hollow fibre;  
OD 80µm;  
75.6 m2/m3 

Magnetic bar to 
achieve 
complete 
mixing 

32.6 0.21 2.76 2.9 0.3 1--42 21 N/A2 19.8 39.3 
31.7 0.20 2.67 2.9 0.5 43--84 7.9 75.1 
30.7 0.15 1.92 3.9 >7 85--104 6.0 80.5 
32.1 0.26 3.40 2.3 >7 105--126 9.9 69.2 
33.1 0.35 4.65 1.7 >7 127--147 14.7 55.6 
32 0.42 5.53 1.4 >7 148--169 16.9 47.2 

Start up: 200ml mixing liquor from a SBR; 30 days 
 
Data source: Ref. 1: Brindle K, Stephenson T, 1996; Ref. 2: Brindle K, Stephenson T, Semens M J, 1998; Ref. 3: Shin, J., Sang, B., Chung, Y., 
Choung, Y., 2005; Ref. 4: Terada A, Yamamoto T, Igarashi R, Tsuneda S, Hirata A, 2006a; Ref. 5: Ali R. Ahmadi Motlagh, Timothy M. LaPara, 
Michael J. Semmens, 2008; Ref. 6: Jong Hyuk Hwang, Nazim Cicek, Jan Oleszkiewicz, 2009; 
Note: 1 f(loading): function of loadings; 2 N/A: not available; 3 

≈100% and 136%: ratio of oxygen provided to oxygen demand. 
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2.3.2.2 Effects of ammonia loading and/or HRT 

Synthetic wastewater without addition of organic carbon was used in these studies (Table 2.3). 

The ammonia concentrations of these artificial wastewaters were either in the range of municipal 

sewage or in the range of 100-300mg/Lprobably for some industrial wastewater.  The ammonia 

loading tests were carried out either by varying HRT (Brindle et al., 1996 and 1998; Terada et 

al., 2006a; Ahmadi Motlagh et al., 2008; Hwang et al., 2009) and/or by increasing ammonia 

concentrations of the influent (Shin et al., 2005).  

Brindle et al. (1996 and 1998) and Terada et al., (2006) have demonstrated that approximately 

complete nitrification was achievable for the ammonia loading ranging from 0.12 to 6.49 

gN/m2/day (DO>0.5).  In contrast, a maximum specific nitrification rate of only 2.60gN/m2/day 

was obtained for the ammonia loading in the scope of 1.92-5.53gN/m2/day (Hwang et al., 2009).  

In this paper, the ammonia saturation-type reaction was suggested to explain the maximum 

specific nitrification rate that occurred when the ammonia loading was higher than 3.5gN/m2/day 

(DO>7).  These studies indicated that the nitrification rate was affect by the ammonia loading 

until the transport of ammonia from bulk liquid into the biofilm became the non-limitation 

condition.  When the ammonia loading is low, the ammonia limitation dominates, leading to 

complete nitrification with low ammonia concentration in the effluent.  As the ammonia loading 

increases, the ammonia limitation will diminish, resulting in the increase of the nitrification rate 

and the ammonia concentration in the effluent as well.  Once the ammonia loading reaches 

certain level at which the ammonia limitation completely disappears, the maximum nitrification 

rate occurs.    

Terada A, at el. (2006) used the relative loading rate (RLR), which was defined as the ratio of the 

experimentally measured ammonia loading rate (ALR) to the theoretical ammonia removal rate 
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(ARR) estimated by the oxygen supply rate (OSR) of clean membrane module, to indicate the 

limiting factor in MABRs.  When the RLR was less than one, ammonia limitation would 

dominate, leading to complete nitrification.  At the RLR higher than one, oxygen limitation 

would prevail, resulting in increased ammonia concentrations in the effluent.  Since the OSR of a 

given clean membrane module depends on operational conditions, such as the oxygen partial 

pressure in the module and the hydraulic conditions of the bulk liquid, the optimum ammonia 

loading would be system-specific.  By using an advective flow of  bulk liquid normal to the 

biofilm, rather than parallel flow in other studies, the nitrification rate of around 24gN/m2/day 

was reported at the ammonia loading of 26.2gN/m2/day (DO>1) (Ahmadi Motlagh et al., 2008).   

A modeling study by Lackner et al. (2008) even showed that heterotrophs would affect the TN 

removal efficiency when ammonia surface load was larger than 2.7gN/m2/d.  It should be noted 

that the heterotrophs were assumed to be solely fed by decay products of the nitrifying biomass 

in the model.  High ammonia loading might also result in thick biofilm which might prevent 

complete penetration of oxygen and/or other substrates.  As a result, excessive biomass might 

occur, which might cause clogging and deterioration of system performance.  Increasing 

membrane surface area might help in this case; however, it would not necessarily become a good 

strategy (Terada et al., 2006).  For an example, an up-flow of liquid might cause the capture of 

biomass detached from lower part of the module in the upper part of the module.  An increased 

packing density to increase the membrane surface area would easily result in thick biofilm at the 

upper part of the module.   

Ammonia loading plays a critical role in determining the ammonia concentration in the effluent 

and the overall capacity of a given MABR.  It affects the system performance through affecting 

the biofilm characteristics.  Since many other factors also have impacts on the system 
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performance and the biofilm characteristics, more research is needed to further understand the 

interrelationships between these factors and their combined effects so that an optimum ammonia 

loading can be determined.     

2.3.2.3 Effects of specific oxygen supply rate  

Specific oxygen supply rates (SOSR) or OSR for clean membrane modules have been measured 

in MABR studies to examine the oxygen utilization efficiency (OUE) of the biofilm in the 

reactors under similar hydraulic conditions (Terada et al., 2006; Brindle et al., 1996).  Table 2.4 

lists some SOSRs from literatures.   

Table 2.4  Oxygen supply rates of clean membrane modules in literatures 

Ref. Membrane info. Hydrodynamics 

(cm/s) 

PO2  

(kPa) 

KLa 

(1/h) 

SOSR  

(gO2/m
2/day) 

1 Microporous; 
hollow fibres; 
280 µm OD;  
185 m2/m3 

0.43-1.66m/min 
or 

0.72-2.77cm/s 

20.6 11.81-26.41  8.8-12.4 
(estimated) 

2 Microporous; 
hollow fibres; 
1.26mm OD; 
318 m2/m3 

2 5.25 1.2 0.81 
2 10.5 2.1 1.49 
2 15.75 2.7 1.76 
2 21 3.2 2.11 
2 26.25 3.4 2.16 

3 Microporous; 
hollow fibre; 
1.0mm OD;  
290, 660, 1190 
m2/m3 

2 4.83 n/a 1.1 
2 9.45 n/a 1.5 
2 14.7 n/a 1.7 
2 

21 
n/a 1.8 

Note Ref.1: Brindle and Stephenson, 1996 
Ref.2:  Terada et al., 2004.  
Ref.3: Terada et al., 2006. 

 
The relative loading rate (RLR), defined as the ratio of the experimental ammonia loading rate 

(ALR) to the maximum theoretical ammonia removal rate estimated (ARR), was used to 

characterize the OUE by Terada et al. (2006).  It was found that ammonia limitation occurred at 

RLR less than 1 and oxygen limitation prevailed at RLR higher than 1, with the OUE converged 

at around 85%.  In a study by Brindle et al. (1998),  approximately 100% of OUE was achieved 

by controlling OSR equal to the oxygen demand at ammonia loading rates of 0.3kgN/m3/d 
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(HRT=4h), but 100% of OUE was never achieved when the ammonia loading was 1.2kgN/m3/d 

(HRT=1h).  Excessive OSR (136% as the ratio of the oxygen utilized to form nitrite and nitrate 

to the OSR) had to be provided to obtain high nitrification rates at ammonia loading rate of 

1.2kgN/m3/d (HRT=1h).  Following conclusions might be drawn from these studies. 

(a) SOSR or OSR can be controlled by varying oxygen partial pressure; 

(b) High OUEs are achievable in MABRs by carefully controlling the ammonia loading and the 

OSR; 

(c) A balance between the OUE and the ammonia concentration in the effluent has to be made, 

especially when ammonia loading is high.  In general, the ammonia concentration in the 

effluent would be higher in order to achieve a higher OUE.    

2.3.2.4 Effects of specific membrane surface area and/or membrane packing density 

Membrane modules with the specific membrane surface area ranging from 7 to 1733m2/m3 were 

used in MABRs for nitrification in the literature.  Figure 2.5 shows the specific membrane 

surface loadings in the MABR studies and in the conventional biofilm technologies.  Because 

more than 90% to approximately 100% of nitrification was commonly achieved in these studies, 

Figure 2.5 also reflects the nitrification rates of these reactors.  
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Figure 2.5 Comparison of MABRs with conventional biofilm technologies with respect to specific surface 
area loading of ammonia 
Data source: A: Conventional biofilm technologies (Dempsey et al., 2007); B to F: MABRs (B: Brindle 
and Stephenson, 1996; C: Brindle et al., 1998; D: Shin et al., 2005; E: Cowman et al., 2005; F: Ahmadi 
Motlaghet al., 2008) 
 
It can be concluded that MABRs were able to achieve similar effluent quality at equivalent or 

much higher specific surface area ammonia loadings as compared with conventional biofilm 

technologies.  This is mainly due to the fact that MABR is able to achieve higher SOSR by 

applying increased oxygen partial pressure and even using pure oxygen in the membrane 

modules (See Table 2.4).  The capability of MABR to achieve higher SOSR and consequently 

higher specific surface area ammonia removal might indicate that MABR is able to achieve 

higher volumetric nitrification rate, which is the product of the reactor volume and the specific 

surface area ammonia removal.   

Terada A, at el. (2006) have demonstrated that the ammonia removal rate at steady state was 

dependent on specific membrane surface area (290-1190m2/m3), at rates nearly equivalent to that 

predicted by the OSR tests for clean membrane.  The OSR might be further increased by 

increasing the specific surface area through the addition of membrane modules and the 

application of higher oxygen partial pressure even pure oxygen.  Therefore, higher volumetric 
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nitrification rates in MABRs would be expected as compared with the conventional biofilm 

technologies.  However, higher specific membrane surface area or membrane packing density 

would influence the hydrodynamics.  More specifically, higher membrane packing density might 

negatively affect the mass transfer of substrates, especially from the bulk liquid to the biofilm. 

This might imply that an optimum membrane packing density might exist for a given membrane 

module.  More research on the effects of membrane packing density, especially high packing 

density, on nitrification performance is needed.     

2.3.2.5 Effects of hydraulic conditions 

Hydraulic conditions are found to be a major factor affecting the biofilm detachment, the 

substrates transport into and out of the biofilm and even the structure of biofilm (van Loosdrecht 

et al., 1995; Liu and Tay, 2002; Shanahan et al., 2006).    

The influence of nitrifying biofilm on local oxygen flux was studied using microporous flat-sheet 

membrane under different hydraulic conditions (Re at 253, 1302 and 2429) by Shanahan et al. 

(2006).  Comparing with the oxygen flux for clean membrane, the biofilm decreased the local 

oxygen flux in the upstream zones of the membrane and increased the local oxygen flux in 

downstream sections of the membrane.  This was explained by the effects of the biofilm on the 

oxygen flux: increasing the oxygen flux via bacterial respiration and decreasing the oxygen flux 

as a transport barrier.  In the upstream zones, where the entrance turbulence had caused a thin 

concentration boundary layer in the clean membrane case, the oxygen flux increased by bacterial 

respiration was apparently less than that reduced by the biofilm via decreased advection and/or 

turbulence.  In contrast in the downstream sections, where the concentration boundary layer was 

thicker as a result of laminar flow, the biofilm was able to increase the oxygen flux via bacterial 
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respiration.  It was therefore concluded that the ability of a biofilm to increase the oxygen flux is 

largely dependent on the concentration boundary layer with the clean membrane.   

It should be noted that diffusion was assumed to be the main pathway for substrates transport in 

the biofilm in most cases.  A novel membrane aerated biofilm reactor configuration in which 

substrate was delivered to the biofilm via advection and diffusion was tested by Ahmadi Motlagh 

et al. (2008).  Much higher ammonium removal rates (10–24 gN/m2/d) were achieved, but 

system performance drops significantly once the short circuiting developed.    

2.3.3 Simultaneous removal of organic carbon and Nitrogen in MABR 

Due to the counter diffusion of oxygen and other substrates, a unique microbial population 

profile might develop in MABR biofilms, which includes a mixed inner aerobic layer of nitrifiers 

and heterotrophs for nitrification and organic carbon removal, and an outer anaerobic/anoxic 

layer of denitrifiers for denitrification (Shanahan et al., 2004; Hu, et al., 2008; Syron and Casey, 

2008a).  This microbial population profile and the feasibility of achieving simultaneous organic 

carbon and nitrogen removal have been confirmed by modelling and experimental results.  

However, the overall performance with respect to the removals of organic carbon and nitrogen 

are highly variable and affected by many factors as described in the following.  

2.3.3.1 Biofilm thickness  

The biofilm thickness for simultaneous organic carbon and nitrogen removal is usually thick to 

allow the development of microbial multi-layers to achieve simultaneous organic carbon and 

nitrogen removal.  But, excessive growth of biomass might cause the performance deterioration 

(Pankhania et al., 1994; Semmens et al., 2003).   

 If the biofilm is too thick, an oxygen-depleted outer layer of denitrifiers and an endogenous 

layer adjacent to the surface of membrane might co-exist.  The denitrifying layer would decrease 
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the mass transfer of substrates from bulk liquid to biofilm and the endogenous layer would 

decrease the mass transfer of oxygen from membrane to biofilm (Timothy et al., 2006).  

Diffusion limitation would become significant at a biofilm thickness of greater than 450µm 

(Syron and Casey, 2008a).  The optimum biofilm thickness for simultaneous organic carbon and 

nitrogen removal using MABR was determined to be around 1600µm (Terada et al., 2003; Hu et 

al., 2008).  Without biofilm thickness control, biofilm thickness in MABR can easily exceed this 

optimum thickness.  

Different measures of controlling the excessive growth of biofilm have been investigated in 

literature, mainly including the air-scouring (Pankhania et al., 1994), the backwash using water 

(Terada, et al., 2003) and the empty cylinder sloughing (Suzuki et al., 2000).  The air-scouring 

was unsuccessful while the other two measures worked quite well.  Using water backwash of 

18cm/s for 1 min as needed, the biofilm thickness was controlled at around 1600 microns over 

350 days (Terada et al., 2003).  The empty cylinder sloughing also kept a stable biofilm for 

simultaneous COD and nitrogen removal for over 265 days (Suzuki et al., 2000). These 

measures, however, might not be effective for the removal of excessive biomass that was stuck 

in the module.  Measures for biofilm thickness control are still under development (Syron and 

Casey, 2008a)    

2.3.3.2 COD and ammonia loadings and ratio of COD/N 

The performance in MABR for simultaneous removal of organic carbon and nitrogen is 

dependent on the COD loading, the ammonia loadings and the ratio of COD/N.  For COD/N 

ratios ranging from 0 to 4, Walter et al. (2005) found that higher ammonia loading would cause 

lower nitrification rate, especially at the ammonia volumetric loading higher than 1.2kgN/m3/d.  

For COD/N ratio of around 4, over 90% of COD removal and 80% TN removal were achieved at 
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COD loading ranging from 1.40 to 5.09kgCOD/m3/d (Semmens et al., 2003).  For COD/N ratios 

varying from 4 to 6, no nitrification was observed for the treatment of synthetic sewage for about 

164 days at COD loading ranged from 4.49 to 8.94kgCOD/m3/d (Pankhania et al., 1994).  

Although a ratio of COD/N around 4 might be optimum in terms of the COD and nitrogen 

removals (LaPara et al., 2006), the COD and ammonia loadings are also critical for the 

successful simultaneous removal of organic carbon and nitrogen.  Other operational conditions, 

such as the intra-membrane oxygen partial pressure, might also have to be optimized to achieve 

optimum performance (Satoh et al., 2004).   

2.3.3.3 Oxygen partial pressure 

Oxygen partial pressure is a controllable operational condition in MABR.  Higher oxygen partial 

pressure would generally result in a deeper oxygen penetration in the biofilm because of the 

higher DO at the membrane and biofilm interface (Cole et al., 2004; LaPara et al., 2006).  At a 

liquid velocity of 2cm/s, DO at the membrane surface were measured by microsensor at 10.4 and 

34.1 mg/Lfor the air-fed and oxygen-fed biofilms, respectively (Cole et al., 2004).  As a result, 

intra-membrane oxygen pressure (ranging from 12.5 to 50kPa) was found to be the most 

important parameter affecting the MABR performance during the development of the biofilms 

(Casey et al., 2000a).   However, the intra-membrane pressure of 10kPa and 40kPa as well as 

COD loading had no effect on location of the nitrification and denitrification zones (Satoh et al., 

2004).   

Oxygen partial pressure might be linked to the production of polysaccharide in MABR biofilms.  

Ahimou et al. (2007) found polysaccharide concentration increased with the increase of DO 

along the depth of biofilm.  Since polysaccharide concentration was well correlated with biofilm 

cohesion, this might be another reason for thicker biofilm under higher oxygen partial pressure.  
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2.3.3.4 HRT 

HRT was changing in MABR due to the microbial accumulation.  This change might be 

significant, especially when the design HRT was small.  The real HRT was about 36 minutes as 

compared with the design HRT of 60 minutes (Pankhania et al., 1994).  In this case, changing 

HRT would change the loading for the same wastewater at constant flow rate.  Following 

discussion is based on the design HRT.    

Design HRT varied from 1 hour to 15 days in MABR studies, with several hours more frequently 

applied.  In most cases, HRT was not correlated with the system performance.  HRT less than 8 

hours was reported to result in rapid decrease in TN and ammonia removals (Hu et al., 2008). 

Very thick biofilm at the high COD loading (1.23kgCOD/m3/d) might be the reason.  Similarly, 

no nitrification was achieved at high COD loading from 4.49 to 8.94kgCOD/m3/d for an MABR 

of 1 hour design HRT.  In contrast, at HRT of 6-12 hour, very high COD and nitrogen removals 

were achieved at high COD loading from 1.40 to 5.09kgCOD/m3/d (Semmens et al., 2003).  At 

HRT of 15 days, 96% of TOC removal and 83% of TN removal for an artificial swine 

wastewater were achieved at TOC loading of 0.3 kgC/m3/d and TN loading of 0.27kgN/m3/d 

(Terada et al., 2003).  Longer HRT had resulted in better performance for MABR to achieve 

simultaneous removal of COD and nitrogen.  However, longer HRT requires larger volume for 

the reactor.  

HRT was found to be a key measure for the control of the location of heterotrophs in biofilm of a 

biofilm airlift suspension (BAS) reactor (van Benthum et al., 1997b).  At a HRT shorter than the 

reciprocal maximum specific growth rate, a heterotrophic layer developed on top of the nitrifying 

layer; at a HRT longer than the reciprocal maximum specific growth rate, the heterotrophic layer 
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disappeared in the biofilm.  This phenomenon was confirmed by BIOSIM biofilm model and 

experiments (Tijhuis et al., 1994a).   

Aerobic heterotrophic organisms usually have a high growth rate (approximately 0.3–0.5 h−1 at 

30°C), while aerobic autotrophic organisms, usually have a low growth rate (approximately 0.08 

h−1 at maximum at 30°C) (van Benthum et al, 1997b).  A simple calculation of maximum HRTs 

for successful biofilm formation would be 2-3.3h and 12.5h for aerobic heterotrophs and aerobic 

autotrophs, respectively. This concept might be able to explain why there was no nitrification at 

HRT of 1 hour in the experiment by Pankhania et al. (1994).  This short HRT would favor the 

attachment of both heterotrophs and nitrifiers.  However, nitrifiers might have been completely 

outcompeted by the heterotrophs during start-up period because of the high COD loading.  

This above concept might be useful for MABR studies, especially for wastewater of low ratio of 

COD/N.  For wastewater of high ratio of COD/N, the main issue would still be the excessive 

growth of biomass.  For wastewater of no carbon organic, there would be no excessive growth of 

biomass due to slow growth of nitrifiers.  For wastewater of low ratio of COD/N, excessive 

growth of biomass might still be a problem for long term operation.  Careful control of HRT 

might avoid the excessive growth of biomass by preventing the accumulation of heterotrophs on 

the membrane.  Aerobic condition in the bulk liquid would be needed, either by membrane or by 

extra aeration in the reactor.  

2.3.3.5 Hydrodynamic conditions 

By using recirculation, stir bars or gas diffusers, the bulk liquid was generally controlled at 

approximately completely mixing in most MABR studies.  The liquid velocity impacts the mass 

transfer in the diffusion boundary layer, the biomass detachment rates, and the maximum biofilm 

thickness attained (Casey et al., 2000b).  An earlier study by Debus et al. (1994) showed that 
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fluid velocity would affect biofilm density.  Experimental results further showed that the effects 

of Re were more significant with respect to the nitrogen removal rates at lower volumetric 

ammonia loadings (Walter, B., 2005).  It was explained that the increased concentrations at high 

loadings decreased the influence of the convective mass transport.  As a result, the profile of the 

biofilm was mainly determined by the kinetics of the biochemical reactions rather than the 

diffusion.  When biofilm is thick, the fluid velocity might indirectly affect the oxygen 

penetration inside the biofilm. The average depth of DO penetration was found to decrease with 

increasing fluid velocity by 60% for the air-fed biofilm and by 75% for the oxygen-fed biofilm 

(Cole et al., 2004). At higher fluid velocities, the substrates fluxes from bulk liquid into biofilm 

would increase; more oxygen was consumed, resulting in decreased DO penetration due to the 

oxygen depletion of the low DO area.  

The overall effect of hydrodynamic conditions on process performance in a biofilm reactor is 

complex and the interrelationships between hydrodynamic conditions and biofilm characteristics 

remains to be elucidated (Syron and Casey, 2008a).  

2.3.3.6 Membrane modules 

Not all available membrane modules were carefully designed for MABR applications (Syron and 

Casey, 2008a).  The membrane modules used in MABR studies might be of low OSRs due to 

thick membrane wall and pores wetting, and low specific surface area because of large sizes and 

low packing density.  This could be a big problem for scale-up studies.  An over 3 years of pilot 

studies was carried by Semmens et al. (2005).  Three sets of membrane modules provided by 

three different companies were specially made for the studies.  However, none of the test 

systems was proved successful for treating municipal wastewater.  Membrane modules that are 
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effective in supporting biofilm growth and supplying high rate of oxygen on a long term basis 

are critical, which was proved, unfortunately, by this long period of study.  

2.3.4 Nitrogen removal through hybrid MABR  

Probably because of the difficulties in simultaneous organic carbon and nitrogen removal, efforts 

were made to remove nitrogen using hybrid MABRs for wastewater without the use of organic 

carbon (Cowman et al., 2005; Zheng et al., 2007).  Membrane biofilm hollow fibre reactor 

(MBfR) using hydrogen as the electron acceptor for denitrification was proved effective. An 

MABR for nitrification coupled with an MBfR for denitrification could achieve nearly total 

nitrogen removal, with the effluent TN less than 2mg/L(Cowman, et al., 2005).  Oxygen pressure 

in MABR was critical for total nitrogen removal, since too low oxygen would cause poor 

nitrification while too high oxygen would inhibit denitrification in the following hydrogen-based 

MBfR.  Another similar experiment was carried out by Shin et al. (2005).  Total nitrogen 

removal of 98% was achieved under all experimental conditions for over 260 days.  

Total nitrogen removal via ANAMMOX process in a single MABR was also explored (Zheng et 

al., 2007).  To obtain proper ratio of NH4
+_N/NO2

-_N (approximately 1), AOB was selectively 

growing in an MABR by controlling air pressure. Other favourable conditions for AOB over 

NOB were also applied, such as high temperature (35°C) and high pH (7.9).  By decreasing the 

intra-membrane air pressure from 40kPa to 15kPa step by step, a stable partial nitrification 

biofilm was achieved.  The reactor was then inoculated with anaerobic ammonia oxidation 

biomass to develop ANAMMOX cells on the outer layer of non-woven carrier fabrics.  After 116 

d of operation, the maximal nitrogen removal of 0.77 kg N/ m3/d at a volumetric ammonium 

loading rate of 0.87 kg N/ m3/d was achieved. This study might be the first attempt to carry out 

partial nitrification using MABR.  Since DO at the membrane surface was generally very high 
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(Cole et al., 2004), DO in the biofilm close to the membrane might be still very high too, which 

is not helpful for the selective growth of AOB over NOB.  However, potential for partial 

nitrification in MABR at low intra-membrane air pressure is proved.    

2.4 Biofilm characterization  

2.4.1 Microsensors for Nutrients’ profiles 

Microsensors are powerful tools for studies on the in situ bacterial activity and 

microevironmental conditions with high spatial resolution (< 50µm) due to their small tip-

diameters (1–20µm) (Santegoeds et al., 1998).  Microsensors used in environmental studies can 

be classified into two groups: electrochemical microsensors (or microelectrode) and fiber-optical 

microsensors (Santegoeds et al., 1998; Lewandowski and Beyenal, 2007).  Microsensors have 

been developed for measuring many important metabolites, such as O2, NO3
-, NO2

-, NH4
+, H+, 

H2S, S2-, CO2, CH4 and H2 (Santegoeds et al., 1998).  Although the measuring principles of these 

microsensors might be different, the procedure of using them is similar. A general procedure of 

operating these microsensors is given below (Lewandowski and Beyenal, 2007).  

(1) Inspection and calibration of microsensors 

Visual inspection is useful for detecting obvious problems of microsensors. Calibration should 

be carried out according the manual of calibration provided by the manufacturers.  

(2) Determination of growth medium for testing 

The profiles of metabolites might be measured at regular time intervals under actual growth 

conditions. Sometimes, a known synthetic growth medium might be used to replace the actual 

growth medium (Satoh et al., 2004). In this case, the biofilm was acclimated for at least 2 hours 

to ensure that steady-state profiles were obtained.  
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(3) Positioning the microsensors 

While the sensitivity and size of the microsensors are critical for the measurement of various 

metabolites, the control of the movement of the microsensors is also very important. The set-up 

of microsensor for oxygen concentration profiles is shown in Figure 2.6 below (Wasche et al., 

2002).  

 

Figure 2.6 Measurement of oxygen concentration profiles in biofilms 

  

Before starting any measurements, it is important to locate the bottom of the biofilm. If the 

bottom of the biofilm is not precisely located, it is liked that the tip of the microsensors will be 

driven into the bottom and might be damaged.  Finding the bottom of the biofilm requires some 

practice. 

(4) Measuring the profiles  

Different locations above the bottom of biofilm are selected for the measurement of profiles.   

2.4.2 CLSM for biofilm structure study 

CLSM is a unique type of optical microscopy because it enables optical sectioning of thin 

biofilm (Lewandowski and Beyenal, 2007).  This function of CLSM is attributed to its 
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capabilities for controlling the depth of field and eliminating the out-of-focus image-degrading 

objects in the field of view.  Therefore, CLSM can take images of biomass distribution at various 

depths in a biofilm and a three-dimensional image of the biofilm can then be obtained by 

combining images from these layers.  CLSM is even more powerful when it is combined with 

other tools and techniques, such as microsensors and fluorescent probes.  

Combining CLSM with fluorescent dye specific for nucleic acids, Zhang et al. (2001) measured 

the total cell volume in a biofilm and further quantified the content of extracellular polymeric 

substances (EPS) in the biofilm by the difference of the volatile solids and total cell mass.  

Acridine Orange (Jahn et al., 1998) and SYTO-9 (Lawrence et al., 1998) are fluorescent dyes 

specific for nucleic acids for all cells and thus can be used for the determination of total biomass 

in a biofilm system.  This combined method could achieve a maximum error of 4% for low cell 

mass contents (11-24% of total volatile solids) using typical values of cell buoyant density, 

weight ratio between dry and wet cells, and the ratio between volatile solids and total solids in 

cells (Zhang et al., 2001).  

By staining EPS directly, CLSM could be used for identify and/or quantify certain specific 

groups of EPS.  These fluorescent probes might include Calcofluor White M2R for 

exopolysaccharide (Del Gallo et al., 1989), Congo red for polysaccharides (Allison and 

Sutherland, 1984), Nile Red for specific residues in biological materials (Wolfaardt, et al., 1994), 

and lectins for both specific and general biofilm polymers (Michael and Smith., 1995).  Due to a 

wide variety of EPS but limited available probes for EPS, most of EPS cannot be stained 

presently (Zhang et al., 2001).   

The combination of CLSM with FISH is discussed in next section. 
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2.4.3 FISH and CLSM combination for microbial community analysis  

FISH using rRNA-targeted oligonucleotide probes has become one of the most widely used 

approaches for studying microorganisms directly in complex systems without prior cultivation 

and isolation (Nielsen et al., 2009).  The principle of the FISH technique is based on hybridizing 

fluorescently labelled probes (usually 15-25 nucleotides in length) to rRNA in permeabilized 

whole microbial cells.  Since no probes will hybridize to those cells without target sequences, 

cells containing the target sequence will retain the hybridized probe and become fluorescently 

labelled due to the large number of rRNA within active cells.  The protocol for FISH can refer to 

Appendix II. 

FISH has been widely used in the study of biofilm for microbial diversity and distribution, 

qualitatively and quantitatively (Rothemund et al., 1994; Schramm et al., 2000; Cole et al., 

2004).  Quantitative analysis is best accomplished by combining CLSM to avoid blurred images 

(Nielsen, 2009).  

FISH analysis showed that autotrophic nitrifying biofilm with ammonia as the only energy 

source was composed of 50% nitrifying bacteria and 50% heterotrophic bacteria (Kindaichi et 

al., 2004).  A combination of FISH, CLSM and microsensors to investigate the distribution of 

nitrifying bacteria in an MABR was carried out by Schramm et al. (2000).  The profiles of 

various nutrients and the distribution of the nitrifying bacteria of the genera Nitrosomonas, 

Nitrosospira, Nitrobacter, and Nitrospira were provided, suggesting that Nitrosomonas and 

Nitrobacter might outcompete Nitrosospira and Nitrospira at high substrate and oxygen 

concentrations.  In another study by Cole et al. (2004), it was found that AOB existed at flow 

velocity of 14cm/s while below or near the detection limit at flow velocity of 2cm/s.  This study, 
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therefore, suggests that AOB and denitrifying bacteria can only coexist within an MABR under 

appropriate conditions.  

2.4.4 AFM for biofilm morphology and in situ cohesiveness study 

Atomic force microscopy (AFM) has been used to image film morphologies and probe surface 

properties, providing three-dimensional images of a surface ultrastructure with molecular or 

near-molecular resolution under physiological conditions (Ahimou et al., 2007).  To generate 

maps of surface topography, AFM uses a flexible cantilever scanning over the surface of a 

specimen.  The force between the cantilever and the surface, which is attributed to repulsion 

caused by overlapping electron clouds at the tip of the probe and at the surface, affects the 

position of the cantilever and is detected using optical detectors (Lewandowski and Beyenal, 

2007).   

AFM is especially useful for obtaining the initial stages of biofilm formation, providing images 

of microorganisms attached to the surfaces with amazing clarity and resolution, much better than 

those acquired using scanning electron microscopy (SEM) (Lewandowski and Beyenal, 2007).  

For surface morphology study, the force between the cantilever and the surface is relatively low 

to keep the surface unperturbed.  If the force is used to abrade the biofilm at an elevated load, 

AFM might be used to study the shear-induced detachment of biofilms (Ahimou et al., 2007).  

The protocol for sample preparation and operation of AFM for the test can be found in this 

paper.   
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CHAPTER 3:  Pilot Demonstration of Membrane Aerated Biofilm 

Reactors to Achieve Equivalent Tertiary Nitrification in Secondary 

Effluent and Artificial Wastewater  

3.1 Introduction 

Recently, many wastewater treatment plants have been facing increasingly stringent nutrient 

discharge limits (USEPA, 2010).  As a critical contributor to total nitrogen (TN), ammonia can 

stimulate eutrophication in a natural water body, exert a direct demand on dissolved oxygen 

(DO) and is toxic to aquatic life (Castens and Rozich, 1986).  Its removal is often achieved using 

activated sludge processes which are energy-intensive because of high process oxygen 

requirements and low oxygen transfer efficiency with the aeration equipment being used 

(Metcalf & Eddy, 2003). 

Membrane aerated biofilm reactor (MABR) process employs a selective gas permeable 

membrane for oxygen to diffuse into the attached biofilm and be utilized directly for biological 

reactions. It has been demonstrated to achieve high overall oxygen transfer efficiency (Terada et 

al. 2006).  Additionally, the counter-diffusion of oxygen against other substrates/nutrients 

provides a spatial stratification of microbial communities across the depth of biofilm, which in 

turn allows for the simultaneous removal of organics and nitrogenous compounds in a single 

biofilm (Cole et al. 2004).  If conditions allow denitrification to occur, the oxygen requirements 

for organic oxidation can be reduced further.  The third benefit of MABR is its compact footprint 

due to the large specific membrane surface area, especially with the use of hollow fibre bundles, 

offering the potential for high rate biotreatment (Terada et al. 2006).   
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Previous studies demonstrated effective tertiary nitrification in MABRs for particle free artificial 

wastewater, especially when organic carbon was not supplemented (Brindle and Stephenson, 

1996; Shin et al. 2005; Hwang et al. 2009).  Without organic carbon addition, nitrifying biofilm 

was relatively thin because it could be more effectively balanced by the biological decay and 

physical detachment (Syron and Casey, 2008) as nitrifiers have much slower growth rate and 

lower yield coefficient than heterotrophs (Wiesmann, 1994).  Indeed, excessive biomass growth 

has seldom been reported when the MABR process is used for tertiary nitrification (Cole et al. 

2004).  However, organic carbon could play a critical role in the spatial microbial distributions of 

the nitrifiers and heterotrophs due to the competition for space and their mutual substrate 

dissolved oxygen (Okabe et al. 1996).  Nitrifiers coexisted with heterotrophs at low C/N ratios 

while nitrifiers were outcompeted by heterotrophs at high C/N ratios.  An experimental and 

modelling study by Downing and Nerenberg (2008) also showed that bulk liquid BOD above 

3mg/Lwould significantly decrease nitrification rates in MABR as a result of thicker biofilm of 

increased abundance of heterotrophs.  However, the effects of a matrix of organic compounds in 

colloidal and particulate forms and the presence of various competing organisms in secondary 

effluents on process operation and microbial community in the biofilm have not been well 

documented.  Due to the inevitable existence of residual organic carbon and other components in 

real secondary effluents, the challenge still exists to maintain a biofilm thickness that is not 

excessive to hinder the substrate mass transfer for tertiary nitrification.  Unfortunately, the 

effective means to achieve optimum biofilm thickness in practical applications is to be developed 

(Semmens et al. 2003).  In addition, as MABR process is still under early development, little 

information is available on its scale-up for tertiary nitrification.   
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The objective of this study is to demonstrate the feasibility of MABR process to treat real 

secondary effluent by conducting large-scale pilot tests.  For comparison, additional parallel tests 

were conducted using ammonia supplemented tap water because of lower concentration of 

organic content and particulates.  Emphasis was placed on the effects of mixing condition on 

biofilm formation and nitrification performance by varying recirculating flow rate.  

 3.2 Materials and methods  

3.2.1 Pilot Plant Set-Up and Operation 

The pilot testing facility consists of two pilot scale MABRs that were equipped with the same 

ZeeLung hollow fibre membrane modules kindly provided by GE Water & Process 

Technologies.  Figure 1 shows the schematic of the reactors.  Table 1 lists the main 

specifications.    

3.2.1.1 Air supply and control system  

Pressurized air was supplied through a central downcomer downward and distributed at the 

bottom of the reactor to the lumens of hollow membrane fibres.  The inlet air flow rate was 

controlled using a dedicated PID control system to provide either a constant DO in the bulk 

liquid in the bioreactor or a constant flow rate.  Off-gas was exhausted from the outer part of the 

concentric tube at the top of the module.  The flow rates of inlet air, off-gas and headspace gas 

were measured and recorded at the interval of 20mins using Mass Flowmeters (Model Aalborg 

GFM 17, Cole Palmer) in the range of 0-2 LPM, 0-0.5 LPM and 0-0.2 LPM, respectively.   

3.2.1.2 Wastewater sources 

MABR1 was fed with the ammonia supplemented secondary effluent from an integrated fixed 

film activated sludge pilot plant treating a municipal wastewater while MABR2 was fed with the 
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ammonia supplemented tap water for comparison.  The test wastewaters were continuously 

pumped from a temperature controlled head tank to the bottom of the reactor, flowing upward 

and exiting near its top.  The wastewater flow rates were controlled constant during stages using 

a PID control system and measured at the interval of 20mins.      

 
Figure 3.1 Schematic of MABR pilot plant 
 
Table 3.1 Main specifications of MABR pilot plants 

Parameter value 

Reactor inner diameter (m) 0.38 

Reactor height (m) 1.31 

Total reactor volume (m3) 0.148 

Effective fiber length (m) 1.30 

OD/ID of hollow fibre (µm) 78/57 

Number of membrane fibres 1.57E+06 

Total membrane surface (m2) 500 

Specific membrane surface area (m2/m3) 3378 
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Table 3.2 summarizes the main characteristics of two influents.  Both influents were 

supplemented with ammonium bicarbonate.  The concentration of ammonia in MABR1 influent 

was varying in a large scope mainly because the supplemented ammonia was increased to 

maintain the ammonia loading after the supply of the secondary effluent was reduced.  The 

fluctuating performance of the upstream integrated fixed film activated sludge pilot plant also 

caused the variation.  In addition, the influent of MABR1 contained substantial content of 

organic matter, with the CBOD5 varying from 3mg/Lto 6mg/l.    

Table 3.2 Summary of main characteristics of influents (mg/Lexcept NTU for turbidity) 

Parameter Ammonia-supplemented 

secondary effluent  

Ammonia-supplemented 

Tap water 

NH4
+-N  36.8-82.9 28.0-32.1 

NO3
--N 8.4-12.0 0.8-1.2 

NO2
--N 0.21-0.60 0.02-0.04 

TN 51.5-89.8 28.5-33.1 

COD  16-27 Not analyzed 

CBOD5 3-6 Not analyzed 

TC 64.7-101.2 39.4-54.3 

NPOC 5.13-8.03 0.14-0.63 

DO 4.8-6.2 7.7-8.2  

Turbidity  1.15-6.79 0.15-0.61 

 

3.2.1.3 Mixing conditions 

External recirculation was used to mix the liquid in the bioreactor and to examine the effects of 

hydrodynamic conditions on biofilm formation and nitrification performance at different 

recirculation rates.  External recirculation was introduced in the following two modes. 

Mode I: intermittent mixing.  An air-powered diaphragm pump (Model ARO II 2GDX, Ingersoll 

Rand, Bryan, OH) was used to intermittently draw the wastewater from the bottom of the 
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bioreactor and recirculate back into the reactor through a mixing eductor (T00MP, BEX 

Engineering Ltd., Mississauga ON).  This mixing eductor was located at 117 cm above the 

bottom of the reactor and installed toward the reactor wall with a downward angle of 45°, 

providing a mixing ratio of 5 to further facilitate the uniform mixing.  The recirculation flow 

rates during mixing were controlled at 22.8L/min, 18.2L/min and 15.0L/min in the recirculation 

piping by controlling the operational air pressure of the pump at 345kPa, 241kPa and 172kPa, 

respectively.   The intermittent mixing cycle was automatically controlled at 6s of operation per 

minute except during a transient test in MABR1, where the mixing was doubled by changing the 

cycle into 3s per half minute. 

Mode II: continuous mixing.  The wastewater in the reactor was continuously recirculated by 

operating the pump at the operational air pressure of the pump at 345kPa, 241kPa and 172kPa, 

which corresponded to the recirculation flow rates of 34.2L/min, 26.6L/min and 22.3L/min in the 

recirculation piping, respectively.  Unlike mixing mode I, the recirculation flow was drawn from 

the upper part of the reactor (117cm above datum) and recirculated back to the bottom of the 

reactor without the use of the eductor.   

The mixing during recirculation might be characterized by the Reynolds number defined in the 

following equations based on two assumptions.  

(1)  The module was treated as one central tube since it was highly packed; 

(2)  The effect of the eductor was neglected because the jet caused by the eductor only caused 

local mixing.    
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Re: Reynolds number, dimensionless 

ρ: density, 998.2 kg/m3 for water at 20°C 

ν: mean velocity of flow defined by equation (2), m/s 

De: equivalent diameter defined by equation (3) (Yang and Cussler, 1986), m 

µ: dynamic viscosity, 0.001005 N.s/m2 for water at 20°C 

Q: flow rate, m3/s 

D0: inner diameter of reactor, m 

Dave: average diameter of the cylindrical space occupied by the module, m 

3.2.2 Operational conditions during stages 

Both MABR1 and MABR2 were operated over 530 days, which was divided into four stages (S0 

to S3).  Throughout these stages, the temperature and pH were controlled at 21±2ºC and 

7.35±0.2, respectively.  An exception was during initiation period in MABR2, during which 

higher temperature (22-33ºC), higher pH (7.5±0.2) and higher DO (8.0mg/L) were applied to 

enhance the microbial growth.  Other main operational conditions during stages were 

summarized in Tables 3.3 and 3.4 for MABR1 and MABR2, respectively.   

 

.
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Table 3.3 Main experimental conditions for MABR1 

Stage Duration HRT 

(h) 

NH3 

loading 

(gN/m3/d) 

Mixing conditions DO 

(mg/l) 

Gas 

flow  

(ml/min) 

Mode cycle 

(s/min) 

P2 

(kPa) 

Re2 

S0 1-64 2.55 434.4 I 6 345 580 0.373 variable 

S1 65-213 2.40 396.6 I 6 345 580 0.423 variable 

S2          

S2-1 

S2-2 

      S2-3 

214-234 2.37 358.1 I 6s/30s5 345 580 0.373 variable 

235-288 2.37 413.1 II continuous 172 608 <0.14 1084 

289-323 3.96 275.7 II continuous 172 608 <0.14 1004 

S3          

S3-1 

S3-2 

      S3-3 

324-359 4.05 426.8 II continuous 172 608 <0.14 1025 

360-445 4.29 367.4 II continuous 241 724 <0.14 988 

446-532 4.78 399.3 II continuous 345 925 <0.14 925 

 

  1P= the compressed air pressure to operate diaphragm recirculating pump; 2Re is calculated during mixing only for the intermittent 

mixing; 3DO controlled; 4air flow rate controlled; 5In S2-1 in MABR1, the mixing was doubled from 6s/min to 6s/30s, and changed back 

to 6s/min.  
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Table 3.4 Main experimental conditions for MABR2 

Stage Duration 

(day) 

HRT 

(h) 

NH3 

loading 

(gN/m3/d) 

Mixing conditions DO 

(mg/l) 

Gas flow  

(ml/min) Mode Cycle 

(s/min) 

P1 

(kPa) 

Re2 

 

S0 1-64 2.40 225.7 I 6 345 580 0.863 variable 

S1 65-197 2.40 267.9 I 6 345 580 0.403 Variable 

S2          

S2-1 

S2-2 

198-219 2.40 302.5 I 6 345 580 0.39-2.803 165-478 

220-241 4.01 180.8 I 6 345 580 0.393 165-478 

S3          

S3-1 

S3-2 

S3-3 

242-359 2.36 274.7 I 6 172 372 <0.24 937 

360-445 2.21 311.3 I 6 241 457 <0.24 914 

446-532 2.33 317.0 I 6 345 580 <0.24 828 

 

  1P= the compressed air pressure to operate diaphragm recirculating pump; 2Re is calculated during mixing only for the intermittent 

mixing; 3DO controlled. In S2-1 in MABR2, the DO was first  increased from 0.39 to 0.8, 1.6 and  2.80mg/L, and then decreased back to 

1.6, 0.8  and 0.39  ; 4air flow rate controlled.
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S0: initiation period 

Both reactors were inoculated with same amount of nitrifying sludge (2L) from an integrated 

fixed film activated sludge pilot plant.  During 64 days of initial stabilization stage (S0), the 

ammonia loadings were gradually increased to the loadings as shown in Tables 3.3 and 3.4.   

S1: Performance comparison between influent sources  

Stage 1 (S1) were used to compare the process performance between two influent sources under 

similar operational conditions except for the ammonia loadings.  The ammonia loading in 

MABR1 was higher because of the carry-over of ammonia in the secondary effluent.  Since the 

ammonia loadings were not the limitation conditions in both reactors as shown later in Section 

3.3.1.1, the ammonia loadings were not specially controlled the same.   

S2: Transient tests  

Stage 2 (S2) were aimed to further identify the possible causes for low ammonia removal 

observed during previous stages.  In MABR1, the mixing was doubled by increasing the mixing 

cycle from 6s/min to 6s/30s and then changed back to 6s/min (S2-1).  The membrane module 

was then pulled out and washed using pressurized tap water (S2-2).  The intermittent mixing 

(Mode I) was changed into continuous mixing (Mode II) to further increase the mixing intensity.  

The HRT was later increased because of the shortage of the secondary effluent supply (S2-3).  In 

contrast in MABR2, the oxygen supply was first increased by gradually increasing the DO in the 

bulk liquid from 0.4mg/L to 2.8mg/Land then decreased back to the DO of 0.4mg/L(S2-1), 

followed by the test of increased HRT (S2-2).   

S3: Mixing optimization 

The last stage (S3) was directed to examine the effects of mixing by varying the recirculation 

flow rate.  The mixing in MABR1 was increased from Re of 608 (S3-1) to 724 (S3-2) and then to 
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924 (S3-3).  In contrast, the mixing in MABR2 was decreased from Re of 580 to 372 (S3-1) and 

then gradually increased to 457 (S3-2) and 580 (S3-3).   

3.2.3 Oxygen supply rate of clean membrane module 

The OSR of the clean membrane module was determined by the method introduced by Terada et 

al. (2006).  The aeration tests were carried out at Re of 580 in the intermittent mixing mode at 

the inlet air pressures of 20.7, 41.4 and 82.7kPa, respectively.  The same recirculating flow 

conditions were applied for the experiment during S1.   

3.2.4 Analytical Methods  

For MABR1 influent and the effluents from both reactors, 24-hour composite samples were 

collected 2 to 3 times a week.  However, only grab samples were taken for the influent to 

MABR2 because of the stable water quality.  Since the turbidity of these samples was very low, 

all the analyses were carried out without pre-filtration.  NH4
+-N, NO3

--N and NO2
--N were 

analyzed using Hach Test ‘N TubeTM vials: Salicylate Method 10031 (high range, 0.4 to 50.0 

mg/L); Chromotropic Acid Method 10020 (high range, 0.2 to 30.0 mg/L) and Diazotization 

Method 10019 (low range, 0.003 to 0.500 mg/L), respectively.  TN, TC, and NPOC were 

analyzed by using a TOC/TNM-1 analyzer (Model VCSH, Shimadzu).  CBOD5 measurement 

was following the Standard Methods for the Examination of Water and Wastewater, Method 

5210B (Eaton et al., 2005). Turbidity was measured by using a turbidimeter (Micro 100, Fisher 

Scientific).  COD was measured using dichromate reactor digestion method (Hach low range, 0-

150mg/l).  The contents of O2 and N2 in inlet and offgas samples were analyzed using a Micro 

Gas Chromatograph (GC) (Model 3000A, Agilent Technologies).   
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Clean membrane modules were characterized by measuring oxygen supply rates (OSR) 

according to Terada et al. (2006).  During the measurements, the reactors were operated in 

Mixing Mode I (recirculating cycle of 6s/min and pump air pressure of 345kPa) and the 

pressures of inlet air to the membrane module of 20.7, 41.4 and 82.7kPa, respectively.  

3.2.5 Definition of Stable State 

Stable state, rather than steady state, was used to define the experimental period in a stage during 

which each of all effluent quality parameters was fluctuating around a constant value.  When a 

decreasing or increasing trend was observed during a stage, sample standard deviations of many 

sets of data points were calculated, starting from a set of data points that was most likely stable.  

This calculation was continued to include more data points approaching the trend(s). The 

experimental period of the data points with minimum sample standard deviation near the trend(s) 

was considered as stable state.  Otherwise, the whole stage was treated as stable state.  

 3.3 Results and Discussion 

3.3.1 Nitrification performance during stages 

Figure 3.2 and 3.3 show the temporal variation in nitrification performance from S1 to S3 

experiments.  Their nitrification efficiencies averaged during stable state, which are indicated by 

the ovals in Figure 3.2, are summarized in Tables 3.5 and 3.6, respectively.   

Under similar process conditions during S1, MABR1 was able to quickly achieve the stable state 

in terms of ammonia removal, nitrite and nitrate generation (see Figure 3.2a and Figure 3.3a).  

However, the performance was dropping at the end of S1 in MABR1.  It was hypothesized that 

the membrane clogging had caused the performance drop.  In contrast, it took three more months 

for MABR2 to approach its stable state in terms of ammonia removal, nitrite and nitrate 
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generation (see Figure 3.2b and Figure 3.3b).  This slowly approaching to stable state in MABR2 

was mainly caused by the changes in the temperature, DO and pH.  The higher ammonia 

removals before the stable state in MABR2 were resulted from the incomplete nitrification as 

indicated by the significant production of nitrite (Figure 3.3b).      

During S2-1 in MABR1 (Figure 3.2a), the ammonia removal increased during the doubled 

mixing period and decreased after the mixing was changed back to previous level.  This 

confirmed the hypothesis that the membrane clogging had caused the performance drop and 

indicated that increasing mixing was effective for alleviating the membrane clogging.  The 

increased mixing increased the ammonia removal by enhancing the contact between the liquid 

and the biofilm rather than washing out the biofilm because the membrane clogging still existed 

after the mixing was changed back.  In contrast, the membrane module clean by pressurized tap 

water was effective for the removal of excessive biomass.  After the membrane clean, the 

ammonia removal quickly recovered to similar level as before the membrane clogging (S2-2 in 

Figure 3.2a).  The increase of HRT in S2-3 did not affect the ammonia removal.  In MABR2, 

increasing the DO in the bulk liquid resulted in the increase in ammonia removal and the 

ammonia removal decreased to the previous level after the DO was changed back (S2-1 in Figure 

3.2b).  The increased HRT did not affect the ammonia removal, either (S2-2 in Figure 3.2b).  

Since the ammonia removals during these transient tests in MABR2 were still significantly lower 

than that in MABR1, it was hypothesized that insufficient biomass might be the cause for the 

low ammonia removal in MABR2 as a result of biomass washout by the relatively strong mixing. 

Increasing mixing during S3 in MABR1 slightly changed the ammonia removals (S3-1, S3-2 and 

S3-3 in Figure 3.2a).  However, the decreased mixing in MABR2 during S3-1 (Figure 3.2b) 

resulted in a four-fold increase in ammonia removal at stable state.  This confirmed the 
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hypothesis that the strong mixing had caused the biomass washout during previous stages.  

MABR2 approached a stable state at the constant ammonia loading during S3-1.  The drop in the 

ammonia removal at the end of S3-1 (Figure 3.2b) was resulted from the decreased mixing due 

to the eductor clogging.  After the replacement of eductor, the ammonia removal quickly 

achieved stable state at a higher mixing level (S3-2 in Figure 3.2b).  The ammonia removal 

remained high after further increasing the mixing level to the same mixing intensity as in S1, 

indicating the biofilm was stable once it formed.  

 
 

 

 
Figure 3.2 Temporal variation in ammonia removal rates (a: MABR1; b: MBAR2) 
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Figure 3.3 Temporal variation in NOx accumulation (a: MABR1; b: MBAR2) 

 
Table 3.5 Summary of nitrification efficiency averaged at stable states from MABR1.  

Stage No. of 

data 

NH4
+-N 

removal 

(mg/l) 

NH4
+-N 

removal 

(kgN/m3/d) 

NO2
--N 

generated 

(mg/l) 

NO3
--N 

generated 

(mg/l) 

TN  

removal 

(mg/l) 

S1 36 18.4(3.2) 0.178(0.022) 0(0.37) 18.3(3.7) -2.2(1.6) 

S3-1 9 42.7(2.8) 0.252(0.023) 0.82(0.25) 37.4(2.7) 2.9(2.6) 

S3-2 20 39.5(4.0) 0.222(0.032) 0.90(0.38) 36.6(5.5) 1.0(2.7) 

S3-3 22 41.9(4.1) 0.213(0.031) 1.38(0.37) 36.7(5.5) 2.7(3.5) 

Note: numbers in brackets were standard deviations.  
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Table 3.6 Summary of nitrification efficiency averaged at stable states from MABR2 

Stage No. of 

data 

NH4
+-N 

removal 

(mg/l) 

NH4
+-N 

removal 

(kgN/m3/d) 

NO2
--N 

generated 

(mg/l) 

NO3
--N 

generated 

(mg/l) 

TN  

removal 

(mg/l) 

S1 20 6.2(0.8) 0.059(0.005) 0.57(0.15) 4.5(0.7) 0.2(0.4) 

S3-1 12 22.5(2.4) 0.219(0.020) 4.21(0.61) 14.5(2.4) 3.7(0.9) 

S3-2 21 25.7(2.1) 0.262(0.024) 0.99(0.80) 18.6(1.7) 4.8(1.7) 

S3-3 23 26.1(1.6) 0.258(0.018) 0.36(0.07) 18.7(1.2) 4.9(1.8) 

Note: numbers in brackets were standard deviations.  

3.3.2 Effects of wastewater sources on nitrification performance  

The volumetric ammonia removals averaged at stable state during S1 (indicated by the solid 

ovals) were 0.178±0.022kgN/m3/d for MABR1 and 0.059±0.005kgN/m3/d for MABR2, 

respectively.  The difference in ammonia removal must be resulted from the difference in 

influent composition since other process conditions were similar in both reactors.  The influents 

to the two reactors were different mainly in ammonia loading and organic carbon loading.  

3.3.2.1 Difference in ammonia loading in the influents 

Although the ammonia loadings were different during S1 in MABR1 and MABR2 (Tables 3.3 

and 3.4), it can be shown that the ammonia loading was not the resultant factor that caused the 

difference in nitrification rates.  Terada A, at el. (2006) used the relative loading rate (RLR), 

which was defined as the ratio of the experimentally measured ammonia loading rate (ALR) to 

the theoretical ammonia removal rate (ARR) estimated by the OSR of clean membrane module, 

to indicate the limiting factor in MABRs.  When the RLR was less than one, ammonia limitation 

would dominate, leading to complete nitrification but lower oxygen utilization efficiencies 

(OUE).  At the RLR higher than one, oxygen limitation would prevail, resulting in higher OUE 
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(above 85%) but higher concentrations of ammonia in the effluent.  The calculated RLRs during 

S1 were 2.7 for MABR1 and 1.8 for MABR2, respectively, indicating that both reactors were 

under oxygen limitation conditions.  The low DO in the bulk liquid (controlled at 0.4mg/l) and 

high concentrations of ammonia nitrogen in the effluent (23.9±6.6mg/L for MABR1 and 

22.1±0.8mg/L for MABR2, respectively) also supported that the oxygen supply rather than the 

ammonia loading was limiting the nitrification rates.  In other words, the different ammonia 

removals between the two MABRs observed during S1 must be caused by the difference in other 

components in the wastewater sources. 

3.3.2.2 Difference in organic carbon loading in the influents 

In this study, the secondary effluent for MABR1 contained CBOD5 of 3 to 6mg/Land the 

biomass carried over from upstream secondary biological treatment.  CBOD5 in the bulk liquid 

of MABR1 was from 1 to 4mg/L during S0 and S1.  Organic carbon of low content in 

wastewater facilitated the formation and retention of stable nitrifying biofilms by enhancing the 

growth of heterotrophs (Okabe et al. 1996), as heterotrophs have much higher production rates of 

extracellular polymeric substances (EPSs) than nitrifiers (Tsuneda et al. 2001) and EPSs are 

believed to be highly involved in biofilm formation or granulation (Liu et al. 2004).  This 

explained why MABR1 quickly reached its stable state with a good nitrification rate.  However, 

the organic matters in the secondary effluent to MABR1 might be excessive to cause the module 

clogging by the over-growth of heterotrophs.  This is supported by the results obtained by 

Downing and Nerenberg (2008), which showed that bulk liquid BOD5 above 3mg/L would 

significantly decrease nitrification rates in MABR as a result of thicker biofilm of increased 

abundance of heterotrophs.  Another reason for the module clogging in MABR1 might be the 
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accumulation of colloidal and particulate matter from the secondary effluent.  The consequence 

of the module clogging made its appearance as the drop in ammonia removal at the end of S1 in 

MABR1 (See Figure 2a).  The drop in ammonia removal in MABR1 might be a net result of the 

increased mass transfer resistance from outside of hollow fibre bundle to inside and from the 

bulk liquor into the deep portions of biofilm where the nitrifiers dominate.  

In contrast, ammonia supplemented tap water fed to MABR2 contained no organic carbon, 

making it difficult for heterotrophs to accumulate in the biofilm.  Without sufficient heterotrophs 

to facilitate the biofilm formation, the biofilm would be coarse and fragile (Okabe et al. 1996).  

The mixing applied during S0 and S1 in MABR2 was strong enough to cause biofilm washout, 

resulting in the low ammonia removal (see Figure 2b) because of insufficient biomass in the 

reactor.     

3.3.3 Effects of mixing  

Figure 4 shows the relationship between the mixing levels and the ammonia removal averaged at 

stable state during S1 and the three experimental periods of S3 for both reactors.   

 
Figure 3.4 Effects of mixing on NH4

+-N removals averaged at stable states 
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The low averaged ammonia removal during S1 in MABR2, which was caused by excessive 

biomass washout, demonstrates that shear force caused by mixing is a major factor responsible 

for the detachment in biofilm-based processes (van Loosdrecht et al., 1995).  Decreasing mixing 

level was proved effective for the reduction of biomass washout.  A four-fold increase of 

ammonia removal occurred at the beginning of S3 in MABR2 (Figure 2b) after applying a lower 

mixing.  Furthermore, gradual increase of mixing to the previous level of S1 did not cause 

significant biomass washout.  As a result, high ammonia removal was retained regardless of the 

increase in mixing (S3-2 and S3-3 in Figure 2b).   Similar phenomenon was observed by Tijhuis 

et al. (1995) who stated that nitrifying biofilms become more robust and resistant to mixing once 

formed on the membrane surface.  A possible explanation is given as follows.  Low mixing 

reduced the biomass washout and consequently accelerated the accumulation of heterotrophs that 

solely rely on the decay products for wastewater lack of organic carbon.  Once the accumulation 

of heterotrophs in the nitrifying biofilm reached a certain level, a stable biofilm was formed.  

Adding a minimum of organic carbon (CBOD5) would directly result in an accumulation of 

heterotrophs and therefore a stable biofilm, as shown by the performance during S1 in MABR1.  

In essence, lowering the mixing or adding a minimum of organic carbon is to encourage the 

growth of heterotrophs to a proper level that is sufficient to facilitate the formation of a stable 

nitrifying biofilm but not so excessive to significantly decrease the nitrification capacity in 

reactors.    

In addition, the mixing-induced shear force was also reported to affect the structure of biofilm 

(Liu and Tay, 2002).  As shown, the maximum ammonia removals were achieved at the Re 

number of 608 during S3-1 in MABR1 and at the Re number of 457 during S3-2 in MABR2.   

Further increase in mixing level did not result in the increase of ammonia removal in both 
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reactors.  This phenomenon can be explained by the fact that the higher shear force reduces the 

thickness of biofilms but facilitates the formation of denser biofilm which has a lower effective 

diffusivity of substrates (Shanahan et al. 2005).   

The maximum ammonia removals were found approximately equal for the artificial wastewater 

and the secondary effluent.  This result is practically important because there is lack of studies in 

MABRs using real secondary effluent.  Since equivalent maximum ammonia removal is 

achievable for different wastewater sources, the performance of an MABR treating real 

wastewater might be predicted by the data obtained from similar artificial wastewater.  However, 

the operational conditions, such as mixing conditions, have to be optimized according to the 

wastewater sources in order to achieve the optimum nitrification performance.  

3.3.4 Oxygen utilization rate 

Oxygen utilization rate (OUR) is commonly defined as the rate of oxygen consumption for the 

conversion of ammonia into nitrite and nitrate in an MABR.  Once measured under similar 

operational conditions, the OUR can thus be used to compare with the OSR of clean membrane 

module to characterize the effects of biofilm on the oxygen mass transfer. 

Figure 3.5 shows a relationship between the OSR and inlet air pressure.  The specific oxygen 

supply rate (SOSR), which was normalized by the OSR divided by the membrane surface area, 

was also shown. The linear relationship between OSR/SOSR and the inlet air pressure indicates 

that the OSR/SOSR can be adjusted by varying the inlet air pressure.    
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Figure 3.5 Oxygen supply rates of clean membrane at different inlet air pressures 
 
 
Figure 3.6 summarizes the OURs averaged during stable state as a function of the mixing level.  

Note that all OUR data were collected at an inlet air pressure of 41.4kPa except for MABR2 

during S1.  For the comparison, the OSR of clean membrane module at 41.4kPa is also included.  

The OURs were increased to 116% to 136% of the OSR of the clean membrane module during 

all stages except for MABR2 during S1.  The relatively lower OUR for MABR2 during S1 

occurred because only a very low inlet air pressure was needed to maintain the DO at 0.4mg/Las 

a result of biomass washout.  The increased OURs emphasized the importance of nitrifying 

biofilms in changing the oxygen mass transfer in MABRs.  Biofilm in MABRs has a dual effect 

on the oxygen mass transfer: increase the flux of oxygen across the membrane and impede the 

oxygen diffusion across the biofilm and into the bulk liquid (Semmens and Essila. 2001).  More 

specifically, the biofilm will increase the oxygen mass transfer rate when the bacterial respiration 

is able to overcome any increased resistance imposed by the biofilm structure via an increase in 

the oxygen concentration gradient (Shanahan and Semmens, 2006).  This phenomenon often 

occurred when the biofilm was thin (Casey et al. 2000) or when the flow velocities were low 

(Shanahan and Semmens, 2006).  Both conditions were probably encountered in this study due to 
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the relatively low recirculating flow rates and the large specific membrane surface area 

(3378m2/m3).   

 
Figure 3.6 Clean membrane oxygen utilization rates compared with oxygen supply rates  

(Module inlet air pressure is 41.4kPa except for those indicated) 
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module have set the limit to the operational air pressure and therefore the driving force for the 

oxygen transfer.  Increasing the driving force by using pure oxygen was not tested.   

The average packing density, which is defined as the ratio of the total cross section area of 

hollow fibres to the average cross section area of the cylindrical space occupied by hollow fibres, 

is about 22%.  The packing density would be even higher after biofilm formed on the hollow 

fibre surface.  This high packing density might have caused the channelling through the closely 

packed fibres and consequently, the mass transfer might be controlled by the diffusion through 

nearly stagnant liquid among fibres (Yang and Cussler, 1986).  An optimum module would 

deliver maximum oxygen to the reactor by optimizing the packing density that provides as much 

surface area and exerts as low transfer resistance caused by the stagnant liquid due to the 

increased packing density.       

3.3. 5 TN balance and effects of DO in the bulk liquid 

Figure 3.7 shows the total nitrogen (TN) loss under various DO conditions in the bulk liquid at 

stable states.  At DO of 0.4mg/Lduring S1, TN loss was insignificant in both reactors.  DO as 

low as 0.6mg/Lin the bulk liquid was found to have little effects on the nitrification efficiency in 

an MABR (Shin et al. 2005).  Since oxygen is supplied from the base of biofilm and consumed 

directly by the biofilm in MABRs, high DO in the bulk liquid is not necessary in order to have 

sufficient DO inside the biofilm (Satoh et al. 2004).  When DO in the bulk liquid was further 

decreased to lower than 0.2mg/L, less than 5% of TN loss was measured for the secondary 

effluent in MABR1 while much higher TN loss, ranging from 12.7 to 16.0%, was monitored for 

ammonia supplemented tap water in MABR2.  High TN loss (around 13%) was reported for the 

treatment of artificial wastewater in a nitrifying MABR (Brindle et al., 1998).  TN loss can be 
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contributed to bacterial assimilation, denitrification and even other routes of ammoniacal-N 

removal, such as the Anammox process (van der Graaf et al., 1995).  The difference in TN loss 

in the two MABRs might be another effect resulted from the difference in wastewater sources.    

 
Figure 3.7 Total nitrogen balance at stable state 
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Two pilot-scale nitrifying membrane aerated biofilm reactors (MABRs) were operated over 530 
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of initiative mixing caused biomass washout and consequently low ammonia removal.  

Reduced mixing facilitated the formation of a stable nitrifying biofilm that became robust 

and resistant to higher mixing.   

2. Maximum nitrification rates were achieved at Re of 608 and 457 for the ammonia 

supplemented secondary effluent and tap water, respectively.   Further increase of the mixing 

intensity did not increase the nitrification performance.  An optimum mixing condition 

depends on the source of wastewater in order to balance the biofilm formation and substrate 

mass transfer.  The optimum mixing conditions were.  . 

3. Equivalent maximum nitrification rate was achieved for the ammonia supplemented 

secondary effluent and tap water, suggesting that nitrification performance of real wastewater 

might be predicted by artificial wastewater under optimum operation conditions.  

4. Tertiary nitrification biofilms increased the OURs during most stages in both reactors, 

ranging from 116% to 136% of the OSR of the clean membrane module.   

5. TN loss was insignificant at DO as low as 0.4mg/L for both wastewater sources.  When DO 

was decreased to less than 0.2mg/L, TN loss was ranging from 12.7% to 16.0% for the 

ammonia supplemented tap water while it remained below 5% for the secondary effluent. 
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Chapter 4:  Microbial Diversity in Nitrifying Biofilms of Membrane-

Aerated Biofilm Reactors (MABR) Using FISH and CLSM Techniques 

4.1 Introduction 

Nitrification, the sequential microbiological oxidation of ammonia to nitrite and of nitrite to 

nitrate, is a key process for nitrogen removal in most wastewater treatment plants (Metcalf & 

Eddy, 2003).  Despite its importance, processes for nitrification are often found unstable, as 

reflected by the frequent system failure in wastewater treatment plants worldwide (Graham et al., 

2007; Nielsen et al., 2009).  It appears that there is still lack of strategies for the process stability 

improvement, especially from fundamental microbiological understanding of nitrifying 

community (Daims et al., 2001b).     

New insights have been gained into nitrifying processes using direct information on microbial 

diversity and distribution, which can now be obtained with the combined use of molecular 

microbiological methods (Gray and Head, 2001) and other techniques, such as CLSM 

(Lawrence, 1998).  Unfortunately, only a limited number of phylogenetic lineages of nitrifiers, 

which mainly belong to ammonia-oxidizing bacteria (AOB) of the genera Nitrosomonas and 

Nitrosospira, and nitrite-oxidizing bacteria (NOB) of the genera Nitrobacter and Nitrospira, has 

been encountered in nitrifying reactors (Nielsen et al., 2009).  Furthermore, chances are that only 

a couple of dominant populations would be present in a particular reactor (Schramm et al., 1998; 

Okabe et al., 1999; Schramm et al., 2000; Juretschko et al., 2002).  Although effective 

nitrification was achieved in these reactors under optimal conditions, the process stability was 

still in question when confronted by unfavorable conditions.  Daims et al. (2001b) suggested that 
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nitrifying community of lower biodiversity might be more vulnerable than that of higher 

biodiversity.  This hypothesis is supported by studies on natural ecosystems, which state that “a 

large pool of species is probably needed to maintain stable ecosystem processes in changing 

environments” (Loreau et al., 2001; Nannipieri et al., 2003).  If this holds true, design of 

nitrifying processes should focus on increasing the biodiversity of nitrifiers.    

With the above concept being kept in mind, two pilot-scale nitrifying MABRs were operated 

over 530 days to examine the nitrification feasibility of treating real secondary effluent as 

compared with artificial wastewater in parallel, and to maximize the nitrification rates by 

optimizing mixing conditions through varying recirculation flow rates (Long et al., 2011).  One 

of key benefits of MABRs is that oxygen supply can be controlled through varying inlet air 

pressure and flow rate, as oxygen is separately supplied from one side of a gas-permeable 

membrane to the biofilm attached on the other side.  To keep bubbleless aeration in the reactors, 

relatively low inlet air pressure and flow rate were applied, which had resulted in significant 

oxygen gradient along the hollow fibres.  The oxygen gradient along the hollow fibres is of great 

interest because it created variable microenvironments, which might promote selective growth of 

nitrifiers and therefore, result in a diversified nitrifying community along a single hollow fibre.   

After the performance study, the two reactors were operated for a couple of months under 

optimum conditions, under which the equivalent maximum nitrification rate had been 

coincidently achieved.  After the equivalent nitrification rate was accomplished again, lumped 

biofilm samples were collected for microbial analysis from bottom, middle and top parts of 

outside and inside of hollow fibre bundles.  The objective of this study was to compare the 

microbial distribution of nitrifiers at macro-scale in the two pilot-scale MABRs that had 

coincided in ammonia removal while treating secondary effluent and artificial wastewater in 



 
 

89 

 

parallel.  Factors affecting the microbial distribution were discussed.  A wider objective of this 

study was to explore the potential of achieving diversified nitrifying community in MABR.    

4.2 Materials and Methods 

4.2.1 Reactor operation and tests 

Before sample collection, both MABRs were operated for about two months under the conditions 

that had resulted in equivalent maximum ammonia removal during the previous study (Long et 

al., 2011).  In brief, main operational conditions were similar except for hydraulic retention time 

(HRT) and mixing conditions.  The HRT of MABR1 treating secondary effluent (around 4.25h) 

was longer than that of MABR2 (around 2.20h) treating artificial wastewater due to the shortage 

of the secondary effluent.  However, similar volumetric ammonia loadings (327.6gN/m3/d vs. 

314.7gN/m3/d for MABR1 and MABR2, respectively) were controlled by varying the amount of 

the spiked ammonium bicarbonate.  Although different mixing modes (continuous and 

intermittent mixing) were applied in the reactors (Long et al., 2011), complete mixing in the bulk 

liquid was achieved.  The temperature and pH were controlled at 21±2ºC and 7.35±0.2.  The 

inlet air flow rates, measured by Mass Flowmeters (Model Aalborg GFM 17, Cole Palmer), were 

around 976ml/min and 937ml/min in MABR1 and MABR2, respectively.  At stable state, DO 

less than 0.2mg/l in the bulk liquid was maintained in both reactors.   

NH4
+-N, NO3

--N and NO2
--N in 24-hour composite samples were tested twice a week using 

Hach Test ‘N TubeTM vials: Salicylate Method 10031 (HR 0.4 to 50.0 mg/L); Chromotropic Acid 

Method 10020 (HR 0.2 to 30.0 mg/L) and Diazotization Method 10019 (LR 0.003 to 0.500 

mg/L).  CBOD5 was measured occasionally using the Standard Methods for the Examination of 

Water and Wastewater, Method 5210B (Eaton et al., 2005).  The contents of O2 and N2 in the 
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offgas were analyzed by a Micro Gas Chromatograph (GC) (Model 3000A, Agilent 

Technologies) before biofilm sampling.     

4.2.2 Sample collection  

Membrane modules were pulled out from the reactors by a forklift truck and let drain for about 

15 minutes before sample collection.  Lumped biofilm samples were collected at six different 

areas of the membrane module in each reactor (Figure 4.1).  More than 1.5ml sludge was 

collected by a 2ml flat top microcentrifuge tube (Fisher brand, RNase/Dnase free) scraping the 

membrane surface at up to 15 different locations in each sampling area.   

 

 

 

 

 

 

 

 

 

Figure 4.1 Biofilm sampling locations in two pilot-scale MABRs 

4.2.3 Sample preparation prior to hybridization 

Sample preparation prior to hybridization was carried out according to Nielson et al. (2009).  

Four main steps were included for the sample preparation prior to hybridization: sample fixation, 

immobilization, dehydration, and permeabilization.   
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1) Sample fixation: for each freshly collected sample, 0.5ml of homogenized sample 

(mixed by a Vertex mixer, Scientific Industries) was first transferred to a 2ml flat top 

microcentrifuge tube (Fisher brand, RNase/Dnase free), then mixed with 1.5ml of 4% 

PFA/PBS solution (freshly made) and fixed for three hours at 4°C.  

2) Sample immobilization: to make one sample, 10µl of the fixed sample was spreaded 

into one well of a glass slide and let dry for about 30 minutes in the fume hood.  This step 

was repeated three times to have thick layers of biomass for reliable microbial 

quantification.   

3) Dehydration: the immobilized samples were subsequently dehydrated to remove water 

in samples in order to increase the resolution during microscopy.  This was done by 

dipping the slides into 50% ethanol, 80% ethanol and 96% ethanol in sequence, 3 minutes 

in each solution.  

4) Permeabilization: at last, the dehydrated samples were treated by lysozyme (Fisher 

BioReagents, 24200units/mg) to increase the permeability of the cell wall.  10µl of fresh 

lysozyme solution (24200units/ml) was applied to each well of the sample slides. The 

slides were then placed in a 50ml polyethylene tube containing a tissue paper wetted by 

2ml distilled water and incubated for 8 minutes at 37°C in a water bath.  After carefully 

washed by distilled water for 3 times, the samples were dehydrated in absolute ethanol 

again.  The dry samples were stored at -20°C for hybridization. 

4.2.4 Fluorescent in situ hybridization 

Table 4.1 lists the major information on the oligonucleotide probes used in this study.  All 

hybridizations were performed as described by Nielsen et al. (2009).  8 µl of hybridization buffer 
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(formamide concentration as shown in Table1, 0.9M NaCl, 20mM Tris-HCl, and 0.01% SDS) 

was first added into each well of a slide, followed by adding 1 µl of probe working solution 

(Table 4.2).  Same amount of working solution for probes with same stringency was added one 

after another.  The slide was placed into a 50ml polyethylene tube with a piece of tissue wetted 

with 2ml of hybridization buffer and incubated for 2 hours at 46°C.  For multiple hybridizations 

with probes of different stringency, successive hybridizations were carried out, starting with the 

probe(s) of higher stringency.  Washing buffer corresponding to the formamide percentage in the 

hybridization buffer (NaCl concentration as shown in Table 4.1, 20mM Tris-HCl, 0.01% SDS 

and 5mM EDTA) was prepared during hybridization and preheated at 48°C.  The slide was 

gently rinsed by several millilitres of washing buffer and placed into the remaining washing 

buffer to incubate for 15min at 48°C.  The slide was dipped in cold dH2O for 5 minutes and air 

dried.  Slides were stored at -20°C for subsequent microscopy.  

4.2.5 Image acquisition by CLSM 

Slides were mounted with Citifluor II before microscopy.  Upright Leica DM RE microscopy 

was used to detect the signals of probes labelled by FITC, Cy3 and Cy5 at 488nm (Ar laser), 

543nm (Green He-Ne laser) and 633nm (Red He-Ne laser), respectively.  Lens of 40x (oil, Ph) 

was applied to take images for microbial quantification with the resolution of 512x512.  Lenses 

of 63x (oil, DIC) and 100x (oil, DIC) were used occasionally to take images of area of interest. 
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Table 4.1 Oligonucleotide probes  

Probe Specificity Sequence of probe (5´-3´) Target rRNA 

position 

FA1 

(%) 

NaCl2 

(mM) 

Reference Labelling 

EUB338 Most bacteria GCTGCCTCCCGTAGGAGT 16S, 338-355 35 80 Amann,  et al., 1990 FITC 

EUB338 II Planctomycetales GCAGCCACCCGTAGGTGT 16S, 338-355 35 80 Daims, et al., 1999 FITC 

EUB 338 III Verrucomicrobiales GCTGCCACCCGTAGGTGT 16S, 338-355 35 80 Daims, et al., 1999 FITC 

NONEUB Complementary to 

EUB338 

ACTCCTACGGGAGGCAGC none 35 80 Wallner, et al., 1993 Cy3 

Nso1225 Betaproteobacterial 

ammonia-oxidizing 

bacteria 

CGCCATTGTATTACGTGTGA  16S, 1224-1243 35 80 Mobarry, et al., 1996 Cy3 

Nso190 Betaproteobacterial 

ammonia-oxidizing 

bacteria 

CGATCCCCTGCTTTTCTCC 16S, 189-207 55 20 Mobarry, et al., 1996 Cy3 

Nsv443 Nitrosospira spp. CCGTGACCGTTTCGTTCCG 16S, 444-462 30 112 Mobarry, et al., 1996 Cy5 

Ntspa 662 Genus Nitrospira GGAATTCCGCGCTCCTCT 16S, 662-679 35 80 Daims, et al., 2001a Cy5 

Ntspa 662 

competitor 

- GGAATTCCGCTCTCCTCT - 35 80 Daims, et al., 2001a None 

NIT3 Nitrobacter spp. CCTGTGCTCCATGCTCCG 16S, 1035-1052 40 56 Wagner, et al., 1996 Cy3 

NIT3 

competitor 

- CCTGTGCTCCAGGCTCCG - 40 56 Wagner, et al., 1996 None 

1 Formamide percentage in the hybridization buffer; 2 NaCl concentration in the washing buffer 
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Table 4.2 Concentration of stock solution and working solution of oligonucleotide probes 

Probe Molecular 

weight1 

Probe quantity2 

(nmol) 

Probe quantity 

(µg) 

TE buffer3  

(µl) 

Stock solution4 

(ng/µl) 

working solution5 

(ng/µl) 

EUB338 6029 53.1 320.2 400 800.5 40.0 

EUB338 II 6038 77.1 465.3 500 930.6 46.5 

EUB 338 III 6029 25.3 152.4 200 762 38.1 

NONEUB 6017 71.2 428.3 500 856.6 42.8 

Nso1225 6630 68.6 454.8 500 909.6 45.5 

Nso190 6149 91.5 562.8 500 1125.6 45.0 

Nsv443 6280 8.4 52.6 60 876.7 43.8 

Ntspa 662 5960 9.6 57.1 60 951.7 47.6 

Ntspa 662 competitor 5401 121.7 657.3 700 939 47.0 

NIT3 5910 89.1 526.3 600 877.2 43.9 

NIT3 competitor 5427 101.3 550.1 600 916.8 45.8 
1 Available at probeBase (Loy et al., 2007) 
2 Specifications of products (Sigma-Aldrich Co. LLC, Oakville Ontario, Canada) 
3 0.01M tris-HCl/0.001M EDTA 
4 Prepared by adding TE buffer  
5 Prepared by diluting stock solution 1:20 in dH2O 
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For each sample (one well in a slide), the microscopy was carefully adjusted at each excitation 

wavelength that would be applied for a serial scanning.  The settings at each wavelength were 

saved and used for acquiring all images for this sample.  A series of images (2 or 3 images) were 

taken in sequence starting from the highest excitation wavelength at each field of view (FOV).  

A total of 20 to 30 FOVs were randomly chosen for each sample by moving the slide in the x/y 

dimensions and by adjusting the focal plane of the microscope in the z dimension.  Images were 

saved with numbered filenames in such way that the first part of the filenames tells the probe 

information and the second part indicates the number of FOVs.  All images of one sample were 

saved in a separate folder with a name to indicate the source of the sample.    

4.2.5 Image analysis  

Image analysis was carried out in DAIME (Daims et al., 2006).  This program has been 

developed especially for analyzing images obtained by FISH and other fluorescence labeling 

techniques (Nielsen et al., 2009).  In this study, four steps were included for the images analysis.  

(1) Visual examination of images:  images of too much artifacts were excluded. 

(2) Background removal: pixels with intensity below 30 were eliminated as background.  

Background was impossible to be avoided for the samples as shown by images for blank 

samples (samples without any labelled probes).  This threshold was chosen because the 

intensity distribution for blank samples was within 50 in general. 

(3) Image segmentation: automatic segmentation using the “Isodata Algorithm” was used to 

separate biomass from the background that was not completely removed in the previous 

step.  Isodata stands for Iterative Self-Organizing Data Analysis Technique, which allows 
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automatic splitting and lumping of clusters based on certain criteria and method (Ball and 

Hall, 1965).  Objects of less than 5 pixels were also neglected during segmentation. 

(4) Biovolume fraction (%):  biovolume fraction was estimated by calculating the area 

fraction of the specifically labelled target population relative to the total biomass stained 

by EUB mixers (Daims and Wagner, 2007).  By adjusting the artifact rejection tool, a 

final congruency of 90-91% was achieved for a set of images.  The biovolume fraction 

and its standard deviation were recorded.  The cumulative biovolume fraction graph was 

examined to assess the reliability of the results.    

4.3 Results and discussion 

4.3.1 System performance and tests 

There was no clear transition period after the operational conditions were changed.  Equivalent 

volumetric ammonia nitrogen removal was achieved, with averaged values of 0.254gN/m3/d and 

0.260gN/m3/d in MABR1 and MABR2, respectively.  Average concentration of NH4
+-N in the 

effluent of MABR1 (13.0±1.3mg/L) was higher than that of MABR2 (5.0±0.6mg/L) because 

MABR1 had higher influent NH4
+-N concentration.  More than 96% of the removed NH4

+-N was 

converted into nitrate, indicating a complete nitrification in both reactors.  CBOD5 varied from 

3mg/L to 6mg/L in the influent of MABR1.  No CBOD5 was assumed for the influent of 

MABR2 because tap water was used to make the artificial wastewater.  

Offgas analysis by GC showed that oxygen percentage (by volume) was decreasing along the 

hollow fibres, from 22.8% in the inlet air to 15.7% and 15.3% in the offgas of MABR1 and 

MABR2, respectively.  The oxygen mass balance showed that around 80% of the oxygen 
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reduction in the gas phase was used for the ammonia oxidation into nitrite and nitrate.  The other 

20% of oxygen loss was not accounted for and might be utilized by heterotrophs in the reactors.  

4.3.2 Validity of results obtained by FISH 

Following techniques were adopted to ensure the validity of results.  

1)  Samples were stained by NONEUB (Table 4.1) to check the nonspecific staining during 

hybridization (Wallner et al., 1993).  Level of nonspecific staining was acceptable at 

given hybridization conditions since the signals were dim, spreading in a narrow scope of 

intensity (within 50).   

2) Artifacts of strong autofluorescence existed occasionally in some samples (Figure 4.2).  

This was confirmed by taking images for samples without hybridization and at excitation 

wavelength at which samples were not stained by any probe.  To minimize the 

interference of artifacts, images of too much strong autofluorescence were excluded 

before image analysis.   

 
 

Figure 4.2 Artifacts of extremely strong autofluorescence in sample without hybridization 
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3) Artifacts in the images for quantification were removed using the object editor and the 

artifact rejection tool of the software.  Some artifacts were simply removed by deleting 

those objects in the object editor.  More artifacts were rejected by the artifact rejection 

tool, which assumes that every object in a target population image, which has no 

counterpart in the corresponding total biomass image, must be an artifact (Daims and 

Wagner, 2007).  The degree of overlap (%) was adjusted to achieve an average 

congruency of 90% (occasionally 91% because 90% could not be achieved).  Same 

congruency (90-91%) was controlled to provide a same baseline for comparison between 

samples.     

4) A final check of the accumulative biovolume fraction path indicated that the amount of 

images was enough to provide reliable results in this study, as the accumulative 

biovolume fraction curve quickly approaches the average value (Figure 4.3).    

Tables 4.3 and 4.4 present the average biovolume fractions at various sampling locations for 

MABR1 and MABR2, respectively.  Some typical images were shown in Figure 4.4.   

 
 
Figure 4.3 Accumulative biovolume fraction as a function of the number of images 
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Table 4.3  Average biovolume fraction with standard deviation in biofilm samples of MABR1 treating secondary effluent 

Bacterial and 

FISH probe 

Top outside vol. 

fraction (%) 

Middle outside 

vol. fraction (%) 

Bottom outside 

vol. fraction (%) 

Top inside vol. 

fraction (%) 

Middle inside vol. 

fraction (%) 

Bottom inside vol. 

fraction (%) 

Nitrosospira spp. 

by Nsv443 

1.9(1.7) 1.9(2.2) 2.9(2.3) 3.0(1.9) 2.8(0.9) 4.1(3.5) 

β-AOB 

by Nso1225 

4.5(2.9) 4.2(2.3) 4.3(2.6) 11.0(3.9) 10.0(2.8) 11.3(7.9) 

Nitrospira spp. by 

Ntspa662 

9.1(6.9) 11.1(6.3) 9.6(6.3) 21.9(7.4) 15.1(7.6) 13.1(9.9) 

Nitrobacter spp. 

By Nit3 

4.2(4.4) 4.0(2.2) 6.3(4.1) 4.3(2.9) 5.8(3.5) 7.8(3.5) 

 
Table 4.4  Average biovolume fraction with standard deviation in biofilm samples of MABR2 treating artificial wastewater  

Bacterial and 

FISH probe 

Top outside vol. 

fraction (%) 

Middle outside 

vol. fraction (%) 

Bottom outside 

vol. fraction (%) 

Top inside vol. 

fraction (%) 

Middle inside 

vol. fraction (%) 

Bottom inside 

vol. fraction (%) 

Nitrosospira spp. 

by Nsv443 

13(6.9) 8.2(7.5) 7.8(2.8) 8.5(4.9) 7.6(4.0) 8.5(2.6) 

β-AOB 

by Nso1225 

13.6(7.5) 12.1(8.6) 9.6(3.9) 9.7(7.1) 9.6(6.4) 13.8(4.7) 

Nitrospira spp. by 

Ntspa662 

16(6.9) 9.3(4.4) 9.1(5.1) 24.1(9.4) 11.5(4.5) 12.7(4.6) 

Nitrobacter spp. 

By Nit3 

4.3(3.1) 8.8(10.0) 10.6(8.0) 3.9(2.3) 11.9(7.1) 9.3(7.5) 
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Figure 4.4 Typical CLSM images of the genera of nitrifiers in MABR biofilm samples 

(A_1, A_2, A_3: the genera Nitrosospira and Nitrosomonas of AOB and all bacteria at same field of 

view; B_1, B_2, B_3: the genera Nitrospira and Nitrobacter of NOB and all bacteria at same field of 

view) 
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4.3.3 Sample representativeness 

Biofilm grew on the surface of more than one million of fine hollow fibres that were bundled to 

provide high specific membrane surface area in the reactors (Long et al., 2011).  Microscope 

observations showed that biofilm on individual hollow fibres were uneven and patchy (images 

not shown).  Because we doubt the representativeness of a few individual hollow fibres, lumped 

biofilm samples were collected (Section 4.2.2).  Lumped biofilm samples certainly minimized 

the test loading, as many individual hollow fibres should be sampled to make the results 

statistically meaningful.  However, the lumped biofilm samples could not provide information on 

local microbial distribution at micro-scale.  In addition, the lumped biofilm samples might not be 

able to represent the whole biofilm, because the inner part of biofilm might be missed.    

The biovolume fractions of AOB and NOB in the samples (Figure 4.5) seem to support the 

partial representativeness of the lumped samples.  Total fractions of nitrifiers relative to all 

bacteria (17.8% to 37.7%) were relatively low as compared with reported values, 50% in the 

nitrifying biofilms from a rotating disk bioreactor (RDR) (Kindaichi et al., 2004) and 63% in the 

nitrifying biofilms from a sequencing biofilm batch reactor (SBBR) (Daims et al., 2001b).   

Although the growth conditions were different in these reactors and our reactors, a reasonable 

explanation might be that the lumped samples missed the inner part of the biofilm that had high 

percentages of nitrifiers.  This might be true because an extremely dense layer of high numbers 

of AOB and NOB was found existing close to the membrane surface in an MABR (Schramm et 

al., 2000).   

The fact that the biovolume fractions of NOB were higher than those of AOB (Figure 4.5) might 

also support the partial representativeness of the lumped samples.  Since the cell size of NOB is 

generally smaller than that of AOB (Okabe et al., 1999; Daims et al., 2001b), biovolume fraction 
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of AOB is usually higher than that of NOB in nitrifying biofilms.  Higher biovolume fraction of 

NOB might occur if part of NOB was in an inactive state because of some reasons (Schramm et 

al., 1999) and/or if there is extra nitrite source for the growth of NOB.  If surplus nitrite was 

generated in the inner part of biofilm that was missed in the lumped samples, more NOB in the 

outer part of biofilm might be actually needed to oxidize the extra nitrite, resulting in the higher 

biovolume fractions of NOB in the lumped samples.    

From above analysis, it would be more reasonable to state that the results obtained from the 

lumped biofilm samples in this study reflected the average microbial distribution of the surface 

biofilm, rather than of the whole biofilm.   

 
Figure 4.5 Biovolume fractions of AOB and NOB at different sampling locations 

 

4.3.4 Microbial diversity of nitrifying bacteria and its importance for process stability 

The genera Nitrosospira and Nitrosomonas of AOB and the genera Nitrospira and Nitrobacter of 

NOB coexisted at all sampling locations in both reactors, with the genus Nitrosospira relative to 

0

10

20

30

40

50

TO MO BO TI MI BI TO MO BO TI MI BI

A
O

B
 a

nd
 N

O
B

 p
er

ce
nt

ag
e 

(%
)

Sample location

NOB

AOB 

MABR1 MABR2



 
 

103 

 

total AOB ranging from 27.3% to 95.6% (Figure 4.6) and the genus Nitrospira relative to total 

NOB ranging from 46.2% to 86.1% (Figure 4.7).    

 
Figure 4.6 Biovolume fractions of Nitrosospira spp. relative to AOB 

 

 

Figure 4.7 Biovolume fractions of Nitrospira spp. relative to NOB 
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robust and reliable than those of lower microbial diversity when confronted by unfavorable 

conditions.  Daims’ hypothesis can be considered as a specific application of the insurance 

hypothesis (Yachi and Loreau, 1999; Loreau et al., 2001).  According to the insurance 

hypothesis, microbial diversity, or more specifically, microbial redundancy, ensures the stability 

of ecosystems by providing a buffer against unfavorable conditions, since different microbes of 

same functioning (e.g. different genera of AOB) might respond differently to the changing 

conditions and some will maintain the functioning even if others fail.  Some microbes might be 

in dormant or inactive state under the growth conditions (Schramm et al., 1999; Daims et al., 

2001a).  However, these dormant bacteria might serve as seeds to counteract the adverse effects 

on those active biomass caused by the unfavorable conditions, resulting in a dynamic ecosystem 

that might not be able to be seen by the system performance.     

The coexistence of the four main genera of nitrifiers in our reactors might imply a more stable 

nitrifying process than those of less genera of nitrifiers according to above discussion.  Some 

transient tests, including lowering pH, increasing DO by increasing inlet air pressure and 

changing mixing intensity, showed that the reactors quickly responded to changing conditions 

and quickly returned to previous states after the conditions were changed back (Long et al., 

2011).  While more tests should be carried out to verify the nitrifying process stability in our 

reactors, our results confirmed the feasibility of achieving a diversified nitrifying biofilm in 

MABRs.    However, it should be pointed out that the oxygen gradient along the hollow fibres in 

this study had, in turn, limited the oxygen supply rates of the membrane modules.  The low 

oxygen supply rates, which were partly caused by the low inlet air pressure to avoid bubble 

formation, explained the low specific membrane surface ammonia nitrogen removals in the 

reactors as compared with the reported values (Long et al., 2011).   Because high oxygen supply 
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rates are desired to have high-rate nitrification in MABR, the low oxygen supply rates are not 

very practical even though it resulted in a diversified nitrifying community.   

3.5 Spatial distribution of nitrifying bacteria and affecting factors 

3.5.1 Microbial competition at presence of organic carbon 

Figure 4.5 shows that the total nitrifying bacteria fractions in the samples from outside of the 

membrane module in MABR1 were ranging from 17.8% to 20.2%, which were much lower than 

those in the samples from inside of the membrane module in MABR1 (ranging from 30.9% to 

37.2%) and those at all sampling locations in MABR2 (ranging from 29.3% to 37.7%).  The 

biofilm observations also showed the surface of the membrane module of MABR1 was covered 

by thick, grey slimy biomass, which was different from the thin and brownish biofilm inside the 

module and in the membrane module of MABR2 (pictures not shown).  We believe this is a 

result of competition between heterotrophs and nitrifiers in the highly packed membrane 

modules under the given operational conditions in the reactors.  

First, the lower biovolume fractions of nitrifiers in the samples outside of the membrane module 

in MABR1 were caused by the overgrowth of heterotrophs fed by the additional organic carbon 

in its influent (the secondary effluent).  This was expected because nitrifiers are in competitive 

disadvantage against heterotrophs as they have much slower growth rates and yields as compared 

with heterotrophs (Wagner et al., 2002).  Kindaichi et al. (2004) demonstrated that heterotrophs 

were able to proliferate in nitrifying biofilms (up to 50% in area) with biomass decay products as 

the sole carbon sources.  Additional organic carbon would only enhance the growth of 

heterotrophs, resulting in a stratified community with nitrifiers usually present in the deeper 

biofilm if they were not completely outcompeted (Zhang et al., 1995; Okabe et al., 1996).  In 
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addition, the sampling method in this study might have made the biovolume fractions of nitrifiers 

in the samples outside of the membrane module in MABR1 even lower. 

Secondly, the biovolume fractions of nitrifiers in the biofilm inside the module of MABR1 were 

not affected by the presence of organic carbon because of the overgrowth of heterotrophs on the 

hollow fibres in the outside part of the highly packed membrane module.  Although complete 

mixing of the bulk liquid can be achieved when the module was clean (Long et al., 2011), the 

bulk liquid might gradually become unevenly dispersed in the highly packed membrane module 

as the overgrowth of heterotrophs.  Eventually, the overgrowth of heterotrophs on the surface of 

the module formed a barrier to the transport of organic carbon to the inside of the module.  As a 

result, organic carbon must have been exhausted before it reached inside part of the module 

because of its low content (CBOD5 ranging from 3-6mg/L).  By contrast, the biofilm growth in 

MABR2 did not significantly affect the liquid dispersion in the membrane module due to the 

lack of organic carbon, leading to relatively evenly distributed nitrifiers.   

The existence of a minimum organic carbon in the secondary effluent had facilitated the 

formation and retention of a stable nitrifying biofilm in MABR1 (Long et al., 2011).  The 

organic carbon in the secondary effluent (CBOD5 ranging from 3-6mg/L) was low enough to 

only cause the overgrowth of heterotrophs on the surface of membrane module.  The overall 

capacity of NH4
+-N oxidation in the reactor was not significantly affected because of the 

relatively high NH4
+-N concentration in the bulk liquid and the high membrane surface area of 

the module.  However, the lower total nitrifying bacteria fractions in the samples from outside of 

the membrane module in MABR1 suggest that the membrane module should be less packed at 

the presence of organic carbon in the influent.       
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3.5.2 Competition among the genera of nitrifiers 

Within each reactor, the biovolume fractions of each genus of nitrifiers varied along the height of 

the module (Tables 4.3, 4.4 and Figures 4.8, 4.9).  With several exceptions, the biovolume 

fractions of the genus Nitrosomonas of AOB and the genus Nitrobacter of NOB increased along 

the modules from top to bottom while those of the genus Nitrosospira of AOB and the genus 

Nitrospira of NOB were decreasing.  This trend resulted in amplified biovolume fraction 

differences between the genera of AOB and between the genera of NOB, especially for the 

samples from the top of the modules (Figures 4.8 and 4.9).  This trend, however, was smoothed 

away for the samples from outside of the module of MABR1 by the presence of organic carbon.  

In addition, the trend of variations became more distinct for the genera of NOB than the genera 

of AOB, probably because NOB had higher biovolume fractions in the samples.   

 
 
Figure 4.8 Spatial variations of AOB 
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Figure 4.9 Spatial variations of NOB 
 

The spatial variations in the biovolume fractions of the genera of nitrifiers within each reactor 

indicated that there were spatial differences in growth conditions.  Temperature, pH, oxygen 

availability and substrate concentration are among the most significant environmental factors 

controlling the rates of nitrification (Princic et al., 1998).  Since temperature and pH were 

carefully controlled and the bulk liquid was approximately completely mixed in both reactors, 
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of reduced oxygen percentage in the gas phase.  Beyond the area dominated by these two genera, 

the genus Nitrosospira of AOB and the genus Nitrospira of NOB dominated as they were typical 

K strategists (Schramm et al., 1999, 2000).  Therefore, it is quite possible that the lumped 

samples from the bottom of the modules would have relatively higher fractions of the genus 

Nitrosomonas of AOB and the genus Nitrobacter of NOB but lower fractions of the other two 

genera comparing with the samples from the top of the modules.  This explanation is supported 

by the results from Schramm et al. (2000), who have demonstrated that the Nitrosomonas 

europaea-like bacteria and the genus Nitrobacter were dominant on the membrane surface where 

oxygen concentration was the highest within the biofilm in MABR.    

4.4 Conclusions 

In this study, the spatial distribution of nitrifying community was characterized in two pilot-scale 

MABRs treating secondary effluent and artificial wastewater with the combination of FISH and 

CLSM.  The main results are summarized as follows: 

(1) The biovolume fraction of total nitrifiers to all bacteria varied from 17.8% to 37.7% in the 

lumped biofilm samples in both reactors, which confirmed the capability of maintaining high 

ratios of nitrifiers to heterotrophs in MABR that leads to effective and high-rate nitrification.  

(2) The genera Nitrosospira and Nitrosomonas of AOB and the genera Nitrospira and 

Nitrobacter of NOB coexisted in both reactors, with the biovolume fraction of the genus 

Nitrospira to total AOB ranging from 27.3% to 95.6% and the genus Nitrosospira to total 

NOB from 46.2% to 86.1%.  The coexistence of the four main genera of nitrifiers might 

imply a highly stable nitrifying process in the reactors as a result of the microbial redundancy 

that would provide a buffer against unfavorable conditions.     
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(3) The organic carbon in the secondary effluent decreased the biovolume fractions of nitrifiers 

in the biofilm on the module surface.  In contrast, the organic carbon, which promoted the 

overgrowth of heterotrophs at the module surface, had minimum effect on the nitrifying 

community inside the module because it was exhausted due to the low concentration in the 

influent.  The occurrence of organic carbon gradient along the depth of the module suggests 

that substrates in the bulk liquid were not evenly distributed in the modules, which might 

result from the high packing density of the membrane module. 

(4) The coexistence of the genera Nitrosospira and Nitrosomonas of AOB and the genera 

Nitrospira and Nitrobacter of NOB was resulted from the oxygen partial pressure gradient 

along the hollow fibres that had created variable microenvironments for the microbial 

growth.   

References 

1. Amann, R.I., Binder, B.J., Olson, R.J., Chisholm, S.W., Devereux, R. and Stahl, D.A., 

1990. Combination of 16S rRNA-targeted oligonucleotide probes with flow cytometry 

for analyzing mixed microbial populations. Appl. Environ. Microbiol. 56: 1919-1925. 

2. Daims, H., Bruhl, A., Amann, R., Schleifer, K.H. and Wagner, M., 1999. The domain-

specific probe EUB338 is insufficient for the detection of all bacteria: development and 

evaluation of a more comprehensive probe set. Syst. Appl. Mcrobiol. 22: 434-444. 

3. Daims, H., Nielsen, J.L., Nielsen, P.H., Schleifer, K.H., and Wagner, M., 2001a. In situ 

characterization of nitrospira-like nitrite-oxidizing bacteria active in wastewater treatment 

plants. Appl. Environ. Microbiol. 67:5273-5284. 



 
 

111 

 

4. Daims, H., Purkhold, U., Bjerrum, L., Arnold, E., and Wagner, M., 2001b. Nitrification in 

sequencing biofilm batch reactors: lessons from molecular approaches.  Water Sci. 

Technol. 43(3): 9-18. 

5. Daims, H. and Wagner, M., 2007. Quantification of uncultured microorganisms by 

fluorescence microscopy and digital image analysis. Appl. Microbiol. Biotechnol. 

75:237-248. 

6. Daims H., Lücker S., Wagner M., 2006.  Daime, a novel image analysis program for 

microbial ecology and biofilm research. Environ. Microbiol. 8:200-213. 

7. Graham, D.W., Knapp, C.W., Van Vleck, E.S., Bloor, K., Lane, T.B., and Graham, C.E., 

2007. Experimental demonstration of chaotic instability in biological nitrification. ISME 

J 1: 385-393.  

8. Gray, N.D.  and Head I.M., 2001. Linking genetic identity and function in communities 

of uncultured bacteria. Environ. Microbiol. 3(8): 481-492. 

9. Juretschko, S., Loy, A., Lehner, A., Wagner, M., 2002. The microbial community 

compostition of a nitrifying-denitrifying activated sludge from an industrial sewage 

treatment plant analyzed by the full-cycle rRNA approach. System. Appl. Microbiol. 25: 

84-99.  

10. Kindaichi, T., Ito, T., Okabe, S., 2004. Ecophysiological interaction between nitrifying 

bacteria and heterotrophic bacteria in autotrophic nitrifying biofilms as determined by 

microautoradiography-fluorescence in situ hybridization. Appl. Environ. Microbiol. 70 

(3): 1641-1650. 



 
 

112 

 

11. Lawrence J.R., Neu T.R., Swerhone G.D.W., 1998. Application of multiple parameter 

imaging for the quantification of algae, bacterial and exopolymer components of 

microbial biofilms. J. Microbiol. Methods32: 253-261. 

12. Long, Z.B., Lishman, L., Zhou H.D., Seto, P., Liss N.S., 2011. Nitrification comparison 

between synthetic wastewater and secondary effluent using membrane aerated biofilm 

reactor (MABR) process. Weftec 2011, 4953-4966. 

13. Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J.P.,Hector, A. et al. 2001. 

Biodiversity and ecosystem functioning: current knowledge and future challenges. 

Science, 294, 804–808. 

14. Loy, A., Maixner, F., Wagner, M., Horn, M., 2007. ProbeBase - an online resource for 

rRNA-targeted oligonucleotide probes: new features 2007. Nucleic Acids Res. 35: D800-

D804. 

15. Metcalf & Eddy, Tchobanoglous, G.; Burton, F. L.; Stensel, H. D., 2003. Wastewater 

Engineering: Treatment and Reuse 4th edition; McGraw-Hill: Boston.  

16. Mobarry, B.K., Wagner, M., Urbain, V., Rittmann, B.E. and stahl, D.A., 1996. 

Phylogenetic probes for analyzing abundance and spatial organization of nitrifying 

bacteria. Appl. Environ. Microbiol. 62:2156-2162. 

17. Nannipieri, P., Ascher, J., Ceccherini, M.T., Landi, L., Pietramellara, G., Renella, G., 

2003. Microbial diversity and soil functions. European Journal of Soil Sciencen 54: 655-

670. 

18. Nielsen, P.H., Daims, H., Lemmer, H., 2009. FISH handbook for biological wastewater 

treatment –Identification and quantification of microorganisms in activated sludge and 

biofilms by FISH. IWA Publishing. 



 
 

113 

 

19. Okabe, S., K. Hirata, Y. Ozawa, and Y. Watanabe. 1996. Spatial microbial distributions 

of nitrifiers and heterotrophs in mixed population biofilms. Botechnol. Bioeng. 50:24-35. 

20. Okabe, S., Satoh, H., and Watanabe, Y., 1999. In situ analysis of nitrifying biofilms as 

determined by in situ hybridization and the use of microelectrodes. Appl. Environ. 

Microbiol. 65: 3182-3191. 

21. Princic, A., Mahne, I., Megusar, F., Paul, E.A., and Tiedje, J.M. (1998) Effects of pH and 

oxygen and ammonium concentrations on the community structure of nitrifying bacteria 

from wastewater. Appl. Environ. Microbiol. 64: 3584-3590. 

22. Schramm, A., de Beer, D., Wagner, M., and Amann, R., 1998. Identification and activity 

in situ of Nitrosospira and Nitrospira spp. as dominant populations in a nitrifying 

fluidized bed reactor. Appl. Environ. Microbiol. 64: 3480-3485. 

23. Schramm, A., de Beer, D., van den Heuvel, H., Ottengraf, S., Amann, R., 1999. 

Microscale distribution of populations and activities of Nitrosospira and Nitrospira spp. 

along a macro-scale gradient in a nitrifying bioreactor: quantification by in situ 

hybridization and the use of microsensors. Appl. Environ. Microbiol. 65: 3690-3696. 

24. Schramm, A.; De Beer, D.; Gieseke, A.; Amann, R., 2000.  Microenvironments and 

distribution of nitrifying bacteria in a membrane-bound biofilm. Environ. Microbiol. 

2000, 2 (6), 680–686. 

25. Wagner, M., Rath, G., Koops, H.P., Flood, J., and Amann, R., 1996. In situ analysis of 

nitrifying bacteria in sewage treatment plants. Wat. Sci. Techn. 34: 237-244. 

26. Wagner M, Loy A, Nogueira R, Purkhold U, Lee N, Daims H. (2002). Microbial 

community composition and function in wastewater treatment plants.  



 
 

114 

 

27. Wallner, G., Amann, R. and Beisker, W., 1993. Optimizing fluorescent in situ 

hybridization with rRNA-targeted oligonucleotide probes for flow cytometric 

identification of microorganisms. Cytometry. 14: 136-143. 

28. Yachi, S. and Loreau, M., 1999. Biodiversity and ecosystem productivity in a fluctuating 

environment: the insurance hypothesis. Proc. Natl. Acad. Sci. 96:1463-1468.  

29. Zhang, T.C., Fu Y.C., Bishop, P.L., 1995. Competition for substrate and space in 

biofilms. Water Environ. Res. 67(6): 992-1003. 

 

 

 

 

 

 

 

 

 

 



 
 

115 

 

Chapter 5:  Oxygen Transfer Model for Flow-Through Hollow Fibre 

Membrane Module 

5.1 Introduction  

Oxygen transfer limitations have set the limit on the oxidation capacity of biofilm-based 

processes for wastewater treatment in many cases (Tijhuis et al., 1994; Van Loosdrecht and 

Heijnen, 1993).  To fully exploit the advantages of biofilm-based processes, any measures to 

increase and/or control the oxygen mass transfer rates into biofilm, where the oxidation of 

pollutants occurs, are desired.  Membrane aerated biofilm reactor (MABR) process provides a 

novel way of increasing the driving force for oxygen diffusion by employing a gas permeable 

membrane that allows oxygen to be supplied from one side while keeping the attached biofilm 

and the wastewater at the other side.  This unique configuration of MABR gives researchers 

complete control over the oxygen transfer rate (OTR) through varying the intra-membrane 

oxygen partial pressure and the membrane surface area (Syron and Casey, 2008).  High OTRs in 

MABRs makes it possible to achieve high rates of biotreatment (Terada et al. 2006).  Other 

benefits of MABR, such as simultaneous removal of organics and nitrogenous compounds in a 

single biofilm (Cole et al. 2004), and less emission of volatile organic compounds (VOCs), are 

also claimed.  

Advantages of MABR have stimulated the model development to evaluate the ability of 

transferring oxygen for clean membrane module (Yang and Cussler, 1986; Cote et al., 1988, 

1989; Ahmed and Semmens, 1992 a, b; Ahmed et al., 2004; Gilmore et al., 2009).  All these 

models were based on the concept of resistance-in-series (Cussler, 1997).  In such a model, the 
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resistance in gas phase is commonly neglected because the diffusion in gas phase is normally 

two orders of magnitude higher than that in liquids and five orders of magnitude higher than that 

in solids.  For the same reason, the resistance(s) of the porous membrane layer(s) can also be 

neglected since the pores of these layer(s) are usually filled with gas because of the hydrophobic 

property of the materials they are made of.  Therefore, in case of porous membranes, the total 

resistance can be represented solely by the liquid resistance as it dominates (Ahmed and 

Semmens, 1992).  However, low bubble point and the wetting of pores place a limit on the 

application of porous membrane (Cote, 1989).  When dense membrane is involved in case of 

dense membrane or composite membrane, the total resistance can be simplified as a sum of the 

dense membrane resistance and the liquid resistance (Ahmed et al., 2004).  Unfortunately, it is 

not trivial to determine a priori these two resistances separately, although the total mass transfer 

coefficient might be able to be obtained according to the standard method (ASCE, 1997).   

Several techniques have been used to determine the membrane resistance and the liquid 

resistance.  The membrane resistance might be calculated as the ratio of the membrane 

permeability to the membrane effective thickness (Cote et al., 1989).  This might be the case for 

slightly soluble gases (such as N2, O2) in rubbery polymers since the membrane permeability is 

approximately independent of the pressure (Naito et al., 1991).  Ahmed et al. (2004) provided a 

novel method to determine the membrane resistance as the intercept of the plot of the measured 

total resistance as a function of the reciprocal of the mean liquid velocity.  Indeed, the liquid 

resistance approaches zero as the liquid velocity becomes infinitely high (Cussler, 2009).  This 

method requires the measurement of the total resistance under various hydrodynamic conditions.  

The membrane resistance might also be determined by measuring the oxygen concentration at 

the membrane surface using oxygen microsensor at steady state (Gilmore et al., 2009).  This 
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method is, however, limited by the size of the oxygen microsensor in case of very thin hollow 

fibres.  Once the membrane resistance is determined, the liquid phase resistance can be obtained 

by subtracting the membrane resistance from the measured total resistance.  Since the liquid 

phase resistance is related to the hydrodynamic conditions in a reactor, a correlation using some 

dimensionless numbers, such as Sherwood number (Sh), Reynolds number (Re) and Schmidt 

number (Sc), is often carried out so that the liquid mass transfer coefficient (KL) can be predicted 

under certain hydrodynamic conditions for the given membrane configuration.  If the correlation 

holds true, the membrane resistance can also be determined by subtracting the liquid resistance 

from the measured total resistance.  However, the correlation varied a lot due to the difference in 

hydrodynamic conditions and the membrane configuration (Yang and Cussler, 1986; Ahmed and 

Semmens, 1992 a, b; Ahmed et al., 2004).  In some cases, the total or the liquid mass transfer 

coefficient was found to be dependant of the gas pressure for unknown reasons (Ahmed et al., 

2004).  In summary, because of the difficulties in determining the membrane and liquid 

resistances separately, any mechanistic model would have to encounter the errors from 

estimating the membrane and the liquid phase resistances.  As a result, the OTR model for clean 

MABR is mostly based on the measurement of the total mass transfer coefficient and few 

mechanistic OTR model was available in literatures.  The mechanistic model by Gilmore et al. 

(2009) was able to predict the OTR for an MABR with an active biofilm present.  This model, 

however, is limited to oxygen limitation conditions in MABRs; otherwise the measurement of 

the actual membrane-biofilm interface DO concentration is required for model calibration.  Due 

to the inevitable errors in determining the membrane and the liquid phase resistances, it is 

therefore critical to compare and quantify the errors caused by the methods that are chosen to 

determine the membrane and the liquid phase resistances.     
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Once the total mass transfer coefficient is determined, the OTR for clean MABR can be 

calculated according to the definition of the mass transfer coefficient (Cussler, 2009).  The 

driving force is the oxygen concentration difference between in the gas phase and in the bulk 

liquid.  While the oxygen concentration in the bulk liquid might be constant at a time for a 

completely mixing reactor, the oxygen partial pressure decreases over the length of the hollow 

fibre due to the headloss and the mass transfer to the liquid (Cote et al., 1989).  For a flow-

through MABR, the pressure drop in the lumen is large because of the small inner diameter of 

the hollow fibres.  Although the flow in the lumen is usually laminar for a large scope of gas 

flow rates, the pressure drop can be more than 20% of the inlet pressure in many cases.  

Therefore, the flow should be considered compressible so that the driving force can be more 

accurately predicted (Shelekhin et al., 1992).   

The major objective of this paper is to develop and evaluate a mechanistic OTR model that is 

based on compressible gas phase.  A bench scale MABR with membrane module made of pure 

nonporous polypropylene hollow fibres was constructed for this purpose.  Since the nonporous 

polypropylene hollow fibre, kindly provided by APTwater® Inc., has a very low oxygen 

permeability and relatively large membrane wall thickness, the membrane resistance dominates 

in the overall resistance.  This made it possible that the membrane resistance was examined by 

the clean membrane aeration tests.  The errors in estimating the membrane resistance were 

analyzed and compared between methods.  Although very low, the liquid phase resistance was 

considered for consistency and estimated by the correlations for similar module configuration 

under similar hydrodynamic conditions from literatures.     
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5.2 Model Formulation  

5.2.1 Resistance-in-series  

With reference to Figure 5.1, the local oxygen mass flux (J) per unit length relative to outer 

membrane surface at steady state can be given by definition. 

)(*)**2( LoT C
H

PrKJ −∗= π                                                                                          )15( −  

Here 1/KT is the local overall mass transfer resistance, r0 the outer radius of the hollow fibre, P 

the local oxygen pressure, H the Henry’s constant, CL the oxygen concentration in the bulk 

liquid. 

 

 

 

 

 

 

 

 

 

Figure 5.1 Resistance-in-series model for oxygen mass transfer in clean MABR 

 
 In the resistance-in-series model, the local oxygen mass flux per unit length across the gas film 

(JG), the membrane (JM) and the liquid film (JL) is equal, and can be expressed using the 
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individual resistance: the gas film resistance (1/KG), the membrane resistance (1/KM) and the 

liquid film resistance (1/KL).   

)(*)**2( 1
H

P
H

PrKJJ oGG −∗== π                                                                             )25( −

)(*)**2( 1
1

LoMM C
H

P
rKJJ −∗== π                                                                             )35( −

)(*)**2( 1 LLoLL CCrKJJ −∗== π                                                                                   )45( −  

P1 denotes the oxygen pressure in the gas film at the interface between the gas phase and the 

membrane and CL1 is the oxygen pressure in the liquid film at the interface between the liquid 

phase and the membrane.  From equation (5-1) to (5-4),  

LMGT KKKK

1111
++=                                                                                                           )55( −  

Neglecting the gas resistance, Equation (5-5) can be simplified as 

LMT KKK

111
+≈                                                                                                                      )65( −  

The oxygen diffuses sequentially across the membrane and the liquid film.  By assuming 

constant diffusion coefficient in the membrane (DM) and in the liquid film (DL), the oxygen mass 

transfer across the membrane and the liquid film at steady state can be described by the 

following equation according to Fick’s laws.  

0)*( =
∂r

dC
r
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d
                                                                                                                      )75( −  

The boundary conditions for the membrane and for the liquid film are, 

oiLMroMri rrrforCSHCCSPCC <<==== 121 ***     )85( −
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The solution for the membrane is, 
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Similar solution can be obtained for the liquid film.  
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The local oxygen mass flux per unit length across the membrane can also be obtained by Fick’s 

law.  Using Equations (5-10), 
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Comparing with Equation (5-3), in which P1 is replaced by P, 
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PM (=DM*S) is defined as the permeability of the dense membrane.  Equation (5-13) can be used 

to estimate the membrane resistance.  

Similarly, the local oxygen mass flux per unit length of the hollow fibre can also be obtained 

using Equation (5-11).  Comparing with Equation (5-4), 
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Theoretically, Equation (5-14) can be used to determine the liquid phase resistance (1/KL) if the 

liquid film thickness (rL-r0) can be estimated, which is not the case in most cases.  Instead, 

Equation (5-14) might be used to determine the liquid film thickness if KL is available.  KL might 

be estimated by the correlations from literatures for similar module configuration under similar 

hydrodynamic conditions.  Following correlation (Yang and Cussler, 1986) is used in this study.   



 
 

122 

 

33.093.0 *)(Re**25.1 Sc
L

d
Sh e=                                                                                              

)155( −  

Here, Sh is the Sherwood number (
L

eL

D

dK
Sh

*
= ), Re the Reynolds number (

L

eL dV

ν

*
Re = ), Sc 

the Schmidts number (
L

L

D
Sc

ν
= ), de the equivalent diameter (

LR

LR

e

rnr

rnr
d

*

)*(
*2

22

+

−
= ), L the 

total length of a single hollow fibre, VL the liquid flow velocity, νL the kinematic viscosity, rR the 

inner radius of the reactor, n the total number of hollow fibres.  

This correlation might be used for water flow outside and parallel to the hollow fibres for 

membrane modules of very low packing density.  Because of very high Reynolds number 

dependence in the correlation, a relatively high KL would be predicted comparing with those 

correlations of lower Reynolds number dependence.  

5.2.2 Oxygen transfer rate  

The local overall driving force for the mass transfer )( LCHP ∗− in Equation (5-1) decreases 

along the hollow fibre as P decreases due to the mass transfer and frictional headloss (Cote, 

1989).  The mass and momentum balances for the gas phase lead to the following two equations 

for the mass flow gradient and pressure gradient in the gas phase according to Shelekhin at el. 

(1992) and Federspiel et al. (1996).  
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Here, m and P are the oxygen mass flow rate and oxygen pressure in the gas phase, ri the inner 

radius of hollow fibre, J the oxygen mass flux per unit length of hollow fibre, βv the velocity 

correction coefficient for momentum when average velocity is used (βv =4/3 for laminar flow), 

µG is the oxygen viscosity, M the molecular weight of oxygen, R the ideal gas constant, T the 

temperature.   

J in Equation (5-16) and (5-17) might be determined according to Equation (1), with KT 

calculated by equation (5-6) or measured through OTR tests.  Once KT is available, Equation (5-

16) and (5-17) can be solved in Matlab (Appendix 1) using following boundary conditions.  

inLz PP == 0                                                                                                                           )185( −

nTR

MPQ
m inin

Lz *0
∗

∗∗
==                                                                                                           )195( −  

Or, 

nTR

MPQ
m outout

Lz Z *∗

∗∗
==                                                                                                        )205( −  

Pin and Pout, Qin and Qout are the oxygen pressure and flow rate at the inlet and outlet, which are 

under control and readily available from the pressure controller or gauges and the mass flow 

meters in this study. 0Lzm = and 
ZLzm =  are the inlet and outlet oxygen mass flow rates, which can 

be determined by ideal gas law.   

The OTR of a single hollow fibre can be obtained by the difference of mass flow rates at the inlet 

and outlet of the hollow fibre according to Equation (5-16).  The OTR for the reactor is then 

determined by the product of single hollow fibre OTR and the total number of hollow fibres 

averaged for the total volume of the reactor.   
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5.2 Materials and methods  

5.2.1 Experimental setup 

Figure 5.2 shows the system schematic and Table 5.1 lists its main specifications of the reactor.  

A self-made hollow fibre membrane module was housed in a clear PVC pipe reactor (Schedule 

80, 7.73cm ID).   The influent was pumped by a displacement pump (Micropump®, R-07002-35) 

and evenly distributed into the reactor at the bottom through eight small holes on the central 

pipe.  The liquid in the reactor was mixed by an external recirculation system that included a 

centrifugal pump (Pond-Mag 3), a diaphragm valve (Marsh Bellofram®, WZ-68825-40) and a 

flow meter (Cole-Parmer®, RK-32460-48).  To minimize the entrance effects of the recirculation, 

the recirculation liquid was pumped out of the reactor from the top through four ports and was 

evenly distributed back into the reactor through four other ports.  A DO probe (Thermo Scientific 

Orion 5-Star™), which was installed in one of the outlet branches of the recirculation system, 

was used to measure the DO in the reactor during the clean water aeration tests.  The 

recirculation flow rate was adjusted by the diaphragm valve so that different liquid velocities 

were obtained in the reactor.    

Pressurized oxygen was supplied through the central stainless steel pipe downward to the bottom 

of the module where oxygen started to flow upward through the lumen of hollow fibres while 

diffusing across hollow fibre walls into the liquid at the same time.  Off-gas was exhausted at the 

top of the module.  The inlet gas was controlled at constant pressures by a PID pressure 

controller (Cole-Parmer®, Model 00180ML) and at constant flow rates by a back pressure needle 

value (Swagelok®, SS-4MG-MH).  Two mass flow meters (Cole Palmer®, Model Aalborg GFM 

17) in the range of 0-0.5 LPM and 0-0.2 LPM, were used to measure the inlet and the outlet gas 
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flow rates, respectively.  Two pressure gauges were also installed to indicate the inlet and outlet 

pressures.  

 

 
 
Figure 5.2  Schematic of bench reactor 

(1) influent tank; (2) influent pump; (3) influent flowmeter; (4) check valve; (5) clear PVC reactor vessel; 

(6) membrane module; (7) on-line DO probe; (8) recirculation pump; (9) diaphragm valve; (10) 

recirculation flowmeter; (11) effluent tank; (12) gas source; (13) pressure reducing regulator; (14) 

pressure controller; (15) pressure gauge; (16) gas flowmeter; (17) back pressure regulator; (18) sample 

ports  
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Table 5.1 Main specifications of bench-scale reactor 

 

 

5.2.2 Hollow fibre dimension measurement 

The outer/inner diameter and wall thickness were measured using GE-5 Digital Microscope 

(View Solution Inc.).  More than 15 Hollow fibers were randomly selected and fixed on the 

working stage using tape for the measurement at optical magnification of 180x.  The outer 

diameter and wall thickness were 264.5±3.8µm and 70.0±6.0µm, respectively.  The inner 

diameter can be calculated to be 124.5 µm.  The wall thickness had a larger sample standard 

deviation because of the deformation of the cross section of hollow fibres after cutting.  The 

outer diameter of hollow fibres was also measured when the membrane module was pressurized.  

No significant difference in outer diameter was found at pressure up to 15 psi.  

 

Parameter value 

I. Reactor 

Inner diameter (cm) 7.73 

Flange to flange Height (m) 0.74 

Water level from bottom (m) 0.71 

Total volume of reactor, including the 

recirculation part (L) 

4.50 

Water displacement by module (L) 0.47 

Effective volume of reactor (L) 4.03 

II. Membrane module 

Effective length (m) 0.64 

OD/ID of hollow fibre (µm) 264.5/124.5 

Number of hollow fibres 210 

Total membrane surface (cm2) 1116.4 

Specific membrane surface area (m2/m3) 27.70 
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5.2.3 Tracer study 

During tracer study, the module was placed into the reactor, which was filled with tap water and 

sealed by the top flanges.  The recirculation pump was then started.  The recirculation flow rate 

(Qr) was set at 13.5, 8.0 and 4.0L/min for three sets of tracer study by adjusting the diaphragm 

valve.  At each recirculation flow rate, a step input tracer study was carried out according 

USEPA (1991).   The tracer study was carried out at HRT of around 2.5h using sodium chloride 

as the tracer.  A conductivity meter (Fisher Scientific Accumet® Basic AB30), which was 

calibrated by two standard sodium chloride solutions, was used to measure the conductivity (Ct) 

in the effluent versus time (t).  A plot of normalized effluent conductivity ((Ct-Cb)/(C0-Cb)) 

versus time (t/HRT) was compared with plots obtained theoretically from CSTR-in-series model 

and the best fit was used to characterize hydraulics of the reactor under the test conditions.  Cb 

and C0 are the conductivities of the tap water and the sodium chloride solution (the influent).  

The dye test was also carried out to observe the flow in the reactor at different recirculation flow 

rates.  A syringe with the needle extending into the reactor through the bottom sample port was 

used to provide certain amount of dye into the reactor at a very slow velocity.  The movement of 

the dye in the reactor was recorded using a digital camera.     

5.2.4 Clean water oxygen transfer tests 

The clean water oxygen transfer test was carried out according to the standard method (ASCE. 

1997).  Using the measured DO in the bulk liquid, an amount of sodium sulfite solution equal to 

125% of the stoichiometric requirement for the depletion of oxygen was added to the bulk liquid.  

Cobalt chloride is also added to produce a concentration of approximately 0.2mg/Las 

CoCl2·6H2O.  The tests were carried out at two inlet gas pressures (Pin=3.00psi and 6psi) under 
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three recirculation rates (Qr=13.5L/min, 8.0L/min and 4.0L/min), respectively, while the inlet 

gas flow rate (Qm) was kept at 69.0ml/min for all tests.  During each test, reading of DO (the 

oxygen concentration, C) versus time (t) was recorded every two minutes for 300 minutes when 

DO in the bulk liquid started to increase.  Each test was repeated twice to minimize the 

experimental errors.    

A non-linear regression of the following equation (Stenstrom et al., 2006) is commonly used to 

correlate the data to obtain the total mass transfer coefficient (KT) . 
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C∞ is the equilibrium oxygen concentration; C0 is the initial oxygen concentration at t=0 and α is 

the specific membrane surface area.  Due to the error in KT caused by the estimation of the 

equilibrium oxygen concentration, an alternative method was used to determine KT in this study.  

First, the OTR is determined at low liquid oxygen concentrations, which are so low that they can 

be neglected comparing with the equilibrium oxygen concentration.  During this period, the 

increase of the liquid oxygen concentration is linear.  Therefore, a plot of oxygen concentration 

vs. time during this period gives the OTR as the slope of the line.  KT can be determined using 

following equations, where ∆C is the driving force defined as a logarithmic average of inlet and 

outlet pressures of the hollow fibre with the liquid oxygen concentration neglected (Cote et al., 

1989).   
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5.3 Results and discussion 

5.3. 1 Hydrodynamic conditions through trace study 

When the local total mass transfer coefficient per unit length in Equation (5-1) was obtained by 

the average total mass transfer coefficient over the length of hollow fibre, it is assumed that the 

local hydrodynamic conditions were the same everywhere around each and every hollow fibre.  

Trace study at recirculation flow rates of 4.0L/min, 8.0L/min and 13.5L/min was carried out to 

justify this assumption.  Figure 5.3 presents the results of the trace study as compared with the 

CSTR-in-series model.  

 
Figure 5.3 CSTR-in-series model for the hydrodynamic conditions through trace studies 
 
Figure 5.3 showed that the liquid phase in the reactor can be best modeled by one CSTR at all 

recirculation flow rates.  The completely mixing in the reactor indicated that the liquid phase was 

homogeneous.  However, this does not necessarily mean that the hydrodynamic conditions was 
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also homogeneous in the reactor.  This doubt came from the relatively low Reynolds numbers (

ν

deU *
Re = , U is the average liquid velocity, ν  is the kinematic viscosity of water at 20°C) in 

terms of the effective diameter of the reactor (de as defined by Ahmed et al., 2004).  The 

Reynolds numbers were calculated to be 1165, 2329 and 3939 at the recirculation flow rates of 

4.0L/min, 8.0L/min and 13.5L/min respectively, indicating the flow in the reactor might vary 

from laminar to turbulent flow.  A dye test was then carried out to observe the flow in the 

reactor.  Strong radial dispersion was observed in the reactor even at the lowest recirculation 

flow rate during dye tests (pictures not shown), indicating a dominant turbulent flow rather than 

a laminar flow even at the lowest recirculation flow rate.  Therefore, the hydrodynamic 

conditions were homogeneous at all experimental recirculation flow rates.  

5.3.2 Comparison of experimental and model results  

Using the method introduced in Section 5.2.4, the OTR and KT were determined at inlet gas 

pressure of 3psi and 6pis under various hydrodynamic conditions.  Figure 5.4 shows a sample of 

the plot of DO vs. time to determine the initial OTR of the module.  The experimental results 

were compared with those from the model, which was run with the KT determined from the tests 

and from the resistance-in-series model, respectively (Table 5.2).  The average oxygen 

permeability in polypropylene (Taraiya et al., 1993) was used to calculate the KM using Equation 

(5-13) to estimate the KT.   
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Figure 5.4 Determination of initial oxygen transfer rate through clean water oxygen transfer tests 

(Pin=3.00psi, Qr=13.5L/min at Qm=69.0ml/min)  
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Table 5.2 Comparison of KT, OTR and gas pressure drop obtained from tests and modeling  

 

Note: a the inlet gas flow rate was controlled for all tests at 69.0ml/min under standard conditions; b standard deviation less than 0.005mg/L.min; c 

standard error less than 0.39×10-7 m/s for all averaged (KT)s; d varying from 1.81×10-7 m/s at the lowest permeability to 3.91×10-7 m/s at the lowest 

permeability (Taraiya et al., 1993)

Conditionsa Experimental results Model results with KT 

determined by tests 

Model results with KT determined by resistance-in-series 

Pin 

(psi) 

Re KT
c 

(m/s)×107 

OTRb 

(mg/L.min) 

∆P 

(psi) 

OTR 

(mg/L.min) 

∆P 

(psi) 

KM 

(m/s)×107 

KL 

(m/s)×105 

KT 

(m/s)×107 

OTR 

(mg/L.min) 

∆P 

(psi) 

3.00 3939 6.07 0.051  

1.70 

0.051 1.48  

 

 

2.87d 

7.95 2.86 0.023 1.48 

3.00 2329 5.67 0.047 0.047 1.48 4.89 2.85 0.023 1.48 

3.00 1165 5.70 0.048 0.047 1.48 2.57 2.84 0.023 1.48 

6.00 3939 5.64 0.056  

1.70 

0.055 1.25 7.95 2.86 0.028 1.25 

6.00 2329 5.29 0.052 0.052 1.25 4.89 2.85 0.028 1.25 

6.00 1165 4.99 0.049 0.049 1.25 2.57 2.84 0.028 1.25 
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The results in Table 5.2 indicate that the model with the measured KT predicted the similar OTRs 

to those obtained from the tests despite the difference in pressure drop while the model with the 

calculated KT underestimated the OTRs by around 50%.  It can be shown that the lower OTRs 

predicted by the calculated KT is mainly caused by the underestimation of KT rather than by the 

small difference in the pressure drop.  Figure 5.5 shows that a small error (several microns) in 

the inner diameter of the hollow fibres would cause a large difference in pressure drop.  

Conversely, pressure drop is most sensitive to the inner diameter of the hollow fibres, as the 

pressure drop over the hollow fibres is mainly caused by the viscous force that is inversely 

proportional to the square of the inner diameter for laminar flow.  Fortunately, this change of the 

pressure drop only has a minor impact on the OTR, as indicated by the small changes of OTR in 

the figure.  By contrast, the OTR increases rapidly with the increase of KT (Figure 5.6).  The 

increase of KT, however, has negligible effect on the pressure drop in the gas phase, which 

explained why the same pressure drop was obtained for the model when different KT values were 

used (Table 5.2).  This also justifies that the headloss caused by the gas diffusion across the 

membrane can be neglected in case of high mass flow rate along the fibre, resulting in the 

compressible Poiseuille flow in the gas phase (Federspiel et al., 1996).  In brief, the model can be 

used for prediction of the OTR of a MABR similar to the one used this study, but its accuracy 

mainly depends on the accuracy of the available KT.     
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Figure 5.5 OTR and pressure drop as a function of error in inner radius measurement  
 

 
Figure 5.6 OTR and pressure drop as a function of KT 
 

5.3.3 Estimation of membrane resistance  

Given the importance of KT to the accuracy of the OTR prediction by the model, both KM and KL 

have to be carefully determined when measured KT is not available, for example, in case of 

experimental design before the reactor has been set up.  Here, we focus on the estimation of the 
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membrane resistance.  The determination of membrane resistance is also critical for liquid 

boundary layer studies, for which the liquid resistance was commonly estimated by the 

difference between the experimentally measured total resistance and the membrane resistance. 

Among the techniques for membrane resistance estimation introduced in Section 5.1 

(Introduction), calculating the membrane resistance using the membrane material properties 

according to Equation (5-13) is the easiest and most preferable method, because it allows the 

membrane resistance known a priori.  Although the calculated membrane resistance using 

Equation (5-13) varies with the variation of the reported membrane permeability and the error 

caused by the membrane dimension measurement, it is still widely used whenever the measured 

resistance is not available or in a mechanistic model.  To minimize the error of the calculated 

membrane resistance, the membrane dimensions (eg. OD and ID) have to be carefully measured 

and the membrane permeability of same membrane composition and similar manufacturing 

process (if available) should be used.  Whenever possible, the membrane resistance should be 

measured for the specific membrane module used in an experiment.  A comparison of the 

membrane resistances estimated by various techniques is presented in Table 5.3.  Comparing 

with the measured membrane resistances, the calculated membrane resistance using membrane 

properties was about 2 times higher in this study and 4 times higher in the study by Gilmore et al. 

(2009), and 20 times lower in the study by Ahmed et al. (2004).  The measured membrane 

resistance by Ahmed et al. could be a lumped membrane resistance that included the resistance 

of micro-porous layers of the membrane, especially of the outer layer which might had been 

partly wetted.  Therefore, their measured membrane resistance was not the “true” resistance of 

the dense membrane layer.  By contrast, the measured membrane resistance by Gilmore et al. 

(2009) and in this study can be regarded as the “true” membrane resistance.  Generally, a gas-
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membrane-gas experiment is considered as the most appropriate method to obtain the “true” 

membrane permeability and resistance (Yasuda, 1967), where the resistance of the gas phase at 

both sides of membrane can be neglected.  While the influence of the liquid phase resistance was 

eliminated by measuring the oxygen concentration at the membrane surface using oxygen 

microsensor in the study by Gilmore et al. (2009), the liquid resistance (1/KL) can be neglected 

in this study since it was of about two magnitudes lower than the membrane resistance (1/KM) 

(Table 5.2).  In both cases, a similar scenario as in a gas-membrane-gas experiment can be 

assumed.   

Table 5.3 Membrane resistance estimated by various methods  

 This study Ahmed et al., 2004 Gilmore et al., 2009 

Membrane material PP, 

dense 

PU, composite a PDMS, 

dense 

Permeability 

 (×1010 cm3.cm/cm2.s.cmHg) 

1.14 b 40.60 c 53.04 d 

OD/ID (µm/ µm) 264.5/124.5 115.2/114.2 e 3180/1980 

KM (×10-5m/s)  0.0565 5 1.5 

1/KM (×105s/m)  17.8 0.20 0.67 

Calculated 1/KM (×105s/m) f  35.0 0.01 2.49 
a 1µm PU dense membrane layer laminated in the center of micro-porous polyethylene hollow fibre 

membrane of 39.01µm wall thickness; b Taraiya et al., 1993, average value for membranes made by 

various drawing processes; c Hsieh et al., 1990, average value for PU of various compositions; d Lu et al., 

2001, calculated by unit conversion for permeability of PDMS of zero silica; e calculated by the 

information given; f calculated using membrane properties 

 
In our case, the reciprocal of the measured KT would represent the “true” membrane resistance.  

The averaged value of it for all OTR tests was 1.78×106±0.12×106s/m, with an extra error of less 

than 1.1% when the liquid resistance using the correlation of Yang and Cussler (1986) was 

considered.   This value is lower than the calculated membrane resistance even when the lowest 
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permeability given by Taraiya et al. (1993) was used (2.56×106s/m).  A lower measured 

membrane resistance was expected since even an undetectable leakage of the module would 

increase the oxygen transfer rate, resulting in a decreased overall membrane resistance.  When 

the highest permeability was used, the calculated membrane resistance was around 5.54×106s/m, 

3 times higher than the measured membrane resistance. The error in the membrane dimension 

measurement would also affect the calculated membrane resistance, but at smaller scale (Figure 

5.7).  Overall, the calculated membrane resistance might overestimate the “true” membrane 

resistance by 1.5 to 4 times.  This should be kept in mind when the mechanistic model is used for 

an experiment design if the membrane resistance has to be determined using the membrane 

properties.    

In addition, our method of measuring the membrane resistance cannot be applied if the liquid 

phase resistance is significantly high comparing with the membrane resistance. A modified 

method that uses excessive sulfite catalyzed by Co2+ to eliminate the influence of the liquid 

boundary layer might be used.  The oxidation rate of sulfite would be so high that the reaction 

might be located exclusively at the membrane surface.  Therefore, the membrane resistance can 

be regarded as the sole resistance for the oxygen mass transfer.  If the oxygen transfer rate can be 

determined by analyzing the oxygen reduction rate in the gas phase or the sulfite reduction rate 

in the bulk liquid, the membrane resistance can be calculated.  Unfortunately, this modified 

method was not verified in this study.     
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Figure 5.7 membrane resistances as a function of error in inner radius measurement of hollow fibre 

5.4 Conclusions 

The proposed model based on compressible gas phase predicts the OTR of clean hollow fibre 

membrane reactor with parallel flow, with the accuracy mainly depending on the accuracy of the 

total mass transfer coefficient (KT) or the mass transfer resistance (1/KT).   

When the measured KT is used, the predicted OTR is close to the measured OTR.  Although the 

driving force or specifically the pressure drop predicted by the model was a little bit lower than 

the actual pressure drop, the difference in pressure drop did not greatly affect the predicted OTR.  

Further studies show that the pressure drop was independent of the change of KT in most cases, 

but most sensitive to the error in the measurement of the inner diameter of hollow fibres.     

When KT was estimated by the liquid mass transfer coefficient (KL) and the membrane mass 

transfer coefficient (KM), the model underestimated the OTR due to the overestimation of the 

membrane resistance (1/KM).  A measured “true” membrane resistance was therefore 

recommended because the calculated membrane resistance might be overestimated even if the 
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membrane permeability was carefully chosen and the hollow fibre diameters were carefully 

measured.    
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Chapter 6: Conclusions 

This research was set out to explore the feasibility of using membrane aerated biofilm reactor 

(MABR) for tertiary nitrification of real secondary effluent.  Previous studies have demonstrated 

that the relative thin nitrifying biofilm existed in nitrifying MABRs for artificial wastewater 

without organic carbon addition at lab-scale reactors, allowing high-rate nitrification without 

operational problems, such as membrane clogging, as is the case for treating COD-laden 

wastewaters (Chapter 2: Literature Review).  To examine the potential application of MABR for 

tertiary nitrification so as to fully exploit its potential for high energy saving for aeration, two 

pilot-scale MABRs were operated in parallel over 530 days to:  

(1) compare and optimize the nitrification performance for treating real secondary effluent and 

artificial wastewater, respectively, in Chapter 3: Pilot Demonstration of Membrane Aerated 

Biofilm Reactors to Achieve Equivalent Tertiary Nitrification in Secondary Effluent and 

Artificial Wastewater; 

(2) and characterize the spatial distribution of nitrifying community in the biofilms so that the 

nitrification performance in the reactors can be assessed from fundamental understanding in 

Chapter 4: Microbial Diversity in Nitrifying Biofilms of Membrane-Aerated Biofilm 

Reactors (MABR) Using FISH and CLSM Techniques.    

This research has also sought to develop and evaluate a mechanistic oxygen transfer rate (OTR) 

model that is based on compressible gas phase (Chapter 5: Oxygen Transfer Model for Flow-

Through Hollow Fibre Membrane Module).  Most OTR models in MABR were based on 

experimental measurement of the inputs for the model, such as the total oxygen mass transfer 
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coefficient and/or the driving force (pressure drop).  A mechanistic OTR model estimates these 

inputs and therefore allows OTR to be optimized prior to any reactor setup. 

In Chapter 3, the research was focusing on the effects of the two different wastewater sources 

and the mixing conditions on the nitrification biofilm formation and performance at stable states.   

(1) Under similar operational conditions with high initial mixing intensity, the stable-state 

volumetric nitrification rate of the MABR treating real secondary effluent (MABR1) was 

about 3 times higher than that of the MABR treating artificial wastewater (MABR2).  The 

higher nitrification rate in MABR1 indicated that secondary effluent facilitated the formation 

of a stable nitrifying biofilm due to the carry-over of organic carbon.  The lower nitrification 

rate in MABR2 was resulted from the biomass washout at the relatively high shear force 

caused by the mixing.    

(2) The reactors were then operated at reduced mixing intensities and gradually increased to the 

previous mixing level to examine the effects of mixing intensities.  The nitrification rate in 

MABR2 increased to the similar level of MABR1 and did not decrease when the mixing 

intensity was increased, indicating that a stable nitrifying biofilm could form at reduced 

mixing intensity for artificial wastewater and it became robust and resistant to higher mixing.  

Equivalent nitrification rate was achieved at different mixing conditions, emphasizing the 

importance of the mixing conditions that had to be optimized to balance the biofilm 

formation and substrates mass transfer according to the wastewater sources.   

(3) Further analysis of the oxygen transfer rates for the membrane modules with and without 

biofilms showed that the biofilms had enhanced the oxygen transfer under similar hydraulic 

conditions.   This phenomena was also observed in previous studies when the biofilm was 

thin (Casey et al. 2000) or when the flow velocities were low (Shanahan and Semmens, 
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2006).  Both conditions were probably met in our study due to the relatively low recirculating 

flow rates and the large specific membrane surface area (3378m2/m3).  The bacterial 

respiration in the relatively thin biofilm must have overcome the increased resistance 

imposed by the biofilm, a dual effect of biofilm as is called, leading to the increased oxygen 

transfer rates at the presence of biofilm.  

(4) In addition, the membrane modules were durable for a period of over 530 days.    

At the end of this part of research, both reactors were switched to their optimum operational 

conditions and operated to achieve stable state for biofilm characterization. 

 In Chapter 4,   quantification of nitrifiers was performed for the lumped biofilm samples 

collected from six different locations in both reactors at equivalent nitrification rates at stable 

state.  Specially designed commercial 16S rRNA-targeted oligonucleotide probes with carefully 

chosen fluorescent labellings were used to differentiate the genera Nitrosomonas and Nitrospira 

of AOB, the genera Nitrosospira and Nitrobacter of NOB and all bacteria.  Sample preparation 

and FISH test were carried out according to the proven methodology.  Following image 

acquisition by CLSM, the biovolume fraction of each genus of nitrifiers relative to all bacteria 

was obtained in DAIME, a software free but especially developed for the FISH image analysis 

(Daims et al., 2006).  The main conclusions from this part of research are summarized in the 

following.     

(5) High ratio of nitrifiers to all bacteria was achievable in nitrifying biofilms in MABRs for the 

treatment of both artificial wastewater and real secondary effluent.  The biovolume fractions 

of total nitrifiers to all bacteria, ranging from 17.8% to 37.7%, were relatively low as 

compared with some reported values, such as around 50% in nitrifying biofilms from a 

rotating disk bioreactor (RDR) (Kindaichi et al., 2004) and 63% in nitrifying biofilms from a 
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sequencing biofilm batch reactor (SBBR) (Daims et al., 2001b).  This might be caused by the 

difference in operational conditions.  In addition, our lumped samples might have missed the 

inner part of the biofilm that had a high percentage of nitrifiers (Schramm et al., 2000). 

(6) The biovolume fraction of the genus Nitrospira to total AOB was found ranging from 27.3% 

to 95.6% and the genus Nitrosospira to total NOB from 46.2% to 86.1%, indicating highly 

diversified nitrifying community in both reactors.  The oxygen partial pressure gradient along 

the hollow fibres was identified as the major reason for the highly diversified nitrifying 

community because it was the only factor that was able to create variable microenvironments 

for the selective growth of different genera of nitrifiers.      

(7) It was also found that the nitrifying bacteria fractions in the samples from outside of the 

membrane module in MABR treating secondary effluent (17.8% to 20.2%) were significantly 

lower than those from inside of the membrane module (30.9% to 37.2%) and those in all 

samples of MABR treating artificial wastewater (29.3% to 37.7%).  This can be explained by 

the presence of organic carbon in the secondary effluent.  The organic carbon in the 

secondary effluent must have promoted the overgrowth of heterotrophs in the biofilm at the 

module surface, resulting in the reduced biovolume fractions of nitrifiers, but have been 

exhausted before it reached inside of the module, leading to similar biovolume fractions of 

nitrifiers to those in MABR treating artificial wastewater lack of organic carbon.  

In Chapter 5,   a mechanistic oxygen transfer model for clean membrane modules in MABR 

was developed based on resistance-in-series concept, with the membrane resistance estimated by 

membrane properties and liquid film resistance estimated by correlations in literatures.  

Compressible gas phase was considered for a wider application of the model.  The model can run 

in different modes to predict OTR and many other operational parameters, such as the pressure 
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drop, depending on the available inputs for the model.  The model was evaluated by an MABR 

containing a self-made hollow fibre membrane module made of dense polypropylene.  The 

reactor was operated under complete mixing conditions with dominant flow parallel to the 

hollow fibres.  Industrial pure oxygen was used for the oxygenation in a flow-through mode 

under controlled inlet oxygen pressures and flow-rates.  Because of the high membrane 

resistance of the available membrane material, a focus on the estimation of membrane resistance 

was made in this part of research.   

(8) The proposed model predicted OTRs close to the measured OTRs, but lower pressure drops 

than the actual pressure drops when the measured KT was used.  The predicted pressure drop 

was found most sensitive to the error in the measurement of the inner diameter of hollow 

fibres as expected and independent of the change of KT in most cases.  The difference in 

pressure drop, however, did not greatly affect the predicted OTR.   

(9) The model underestimated the OTRs due to the overestimation of the membrane resistance 

(1/KM) when KT was estimated by the liquid mass transfer coefficient (KL) and the membrane 

mass transfer coefficient (KM) in our study. The “true” membrane resistance turned out to be 

lower than the calculated membrane resistance even if the membrane permeability was 

carefully chosen and the hollow fibre diameters were carefully measured.  Since any minor 

leakages or defects of the membrane material or module might result in a decrease in the 

“true” membrane resistance, a measured “true” membrane resistance was therefore 

recommended for the model calibration.  

In this research, feasibility of tertiary nitrification treating real secondary effluent in MABR was 

demonstrated for the first time.  The parallel comparison for the treatment of artificial 

wastewater and real secondary effluent in two pilot-scale MABRs provided close links with the 
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knowledge obtained from previous studies, showing that equivalent nitrification rates are 

achievable via optimizing operational conditions.  The apparently good nitrification performance 

was supported by information on the nitrifying community in the biofilms.  The capability of 

MABR to maintain high ratio of total nitrifiers to all bacteria was confirmed.  More importantly, 

the potential for a highly diversified nitrifying biofilm was demonstrated as a result of oxygen 

partial pressure variation along the hollow fibres.  Given the importance of oxygen mass transfer 

in MABR, a mechanistic OTR model was developed and evaluated in a bench-scale MABR that 

made it possible to examine the membrane resistance in details.   This model is a useful tool for 

predicting the OTR of clean MABRs, especially if an accurate total mass transfer coefficient 

(KT) can be obtained. 

This research encountered a number of limitations that was resulted from different reasons.   

(1)  Highly packed membrane modules were used in pilot study, which, however, had very low 

oxygen transfer rates.  High pressure drop, which might be resulted from small inner 

diameter of the hollow fibres, only allowed low operational pressures to avoid bubble 

formation, leading to low oxygen transfer rates and consequently low nitrification rates.  The 

relatively low nitrification rates might have significant impacts on the biofilm distribution in 

the reactors.  The effects of the secondary effluent on the nitrification performance could be 

different for membrane modules of high oxygen transfer rates at various packing densities.   

(2) The highly diversified nitrifying community was mainly caused by the oxygen gradient along 

the hollow fibres, which had, in turn, limited the oxygen supply rates of the membrane 

module, making this strategy not very practical because high oxygen supply rates are desired 

to achieve high-rate nitrification.  Other measures to obtain diversified nitrifying community 
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should be explored.  In addition, the process stability of a diversified nitrifying community 

also needs further assessment.    

(3) Due to the very fine hollow fibres used in the pilot studies, microbial distribution at micro-

scale was unable to be carried out.  The biofilm samples for the microbial quantification in 

this study might have missed the biofilm closely attached to the hollow fibres.  Real in-situ 

FISH (sampling preparation without removing biofilm from the hollow fibres) might provide 

more insights into the biofilm structure.  

(4) There were more variables in the pilot studies as a result of difficulties in controlling them or 

due to the natural attributes of some parameters.  Some results from pilot studies might be 

subject to some errors.  

(5) The OTR model is limited to the OTR prediction of clean MABR.  There is need for an OTR 

model for MABR with biofilm, especially one that is based on nitrification performance and 

microbial distribution from pilot-scale studies.   

(6) Additionally, the high membrane resistance of the bench-scale MABR allowed examination 

of the membrane resistance, but limited the study on the liquid film resistance.   

In spite of the limitations and the need for more future research, this research demonstrated the 

feasibility and potential advantages of using MABR for tertiary nitrification.  The mechanistic 

OTR model, which highlighted the importance of the membrane resistance in the estimation of 

total mass transfer resistance, would be a useful tool for the optimization of OTR prior to reactor 

setup.  
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Appendix I: Pictures of pilot-scale and bench-scale reactors  

 
 

 
 
 

 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
A: Pilot-scale reactors; B: Pilot-scale membrane module; C: Close view of pilot-scale membrane 
module; D: Bench-scale reactor (top); E: Bench-scale reactor (bottom); F: Bench-scale 
membrane module; G: Bench-scale membrane module (top) 
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Appendix II: FISH protocols 

 
II-1 Equipment and Supplies  
 
Equipment and supplies used for FISH test are listed in Table II-1.  

Table II-1 Equipment and supplies for FISH 

No. Name Manufacture Model Cat No. 

1 pH meter Fisher Scientific Accumet® excel 

XL15 pH meter 

 

2 Millipore Biolab Equipment, 

Canada LTD. 

  

3 centrifuge Labnet 

international, Inc 

Spectrafuge 16M 

120V~, 50-60Hz 

16000xg (Max) 

mandel.ca 

4 Autoclave Steris® 

Amsco Century 

SG-120: scientific 

gravity sterilizer 

 

5 Fume hood Labconco Purifier Class II 

Total Exhaust 

 

6 Vortex mixer Scientific Industries 

 

Vortex-Genie®-2 scientificindust

ries.com 

7 Freezer (-20ºC) Fisher Scientific Isotemp  

8 Flat top 

microcentrifuge 

Tubes (2.0ml) 

Fisher brand 

(RNase/Dnase. 

Human DNA free) 

  05-408-138 

9 Eppendorf cap 

(1.5ml) 

Fisher brand  05-408-129 

10 Pippette Eppendorf   

11 Pippette tips Eppendorf   

12 Six-well slide    

13 Micron filter    

14 Balance    
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II-2 Chemicals and Solution preparation 

Chemicals used for FISH test are listed in Table II-2, followed by the preparation of solutions. 

Table II-2 List of Chemicals for FISH 

No. Name Manufacture Grade Cat No. 

1 NaCl Fisher chemical Biological, certified 

crystalline 

7647-14-5 

2 Paraformaldehye 

(PFA) 

Fisher chemical Laboratory grade 30525-89-4 

3 Mili-Q Millipore   

4 KCl Fisher chemical Certified A.C.S 7447-40-7 

5 Na2HPO4 Fisher chemical Enzyme grade 7558-79-4 

6 NaH2PO4 Fisher chemical  7558-80-7 

7 NaOH (1N) ACROS  1310-73-2 

8 Tris-HCl or  

Tris-

Hydrochloride 

Promega 

Corporation 

Electrophoresis 

grade 

H5121 

9 Tris-HCl or  

Tris-

Hydrochloride 

Fisher Scientific Electrophoresis 

grade 

1185-53-1 

10 Formamide Fisher Scientific Mol Bio grade Bp227-100 

(100ml) 

Bp227-500 

(500ml) 

11 SDS Fisher Scientific  151-21-3 

12 EDTA Fisher Scientific   

13 Lysozyme Fisher BioReagents 24200units/mg BP535-1 

14 Citufluor    

 
 

1) 3xPBS and 1xPBS solution 
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Using 1000ml as an example 

(1) Weigh NaCl, KCl, Na2HPO4 and NaH2PO4 according to the table I-3; 

(2) Add 800ml dH2O to dissolve the chemicals; 

(3) Add 200ml dH2O to make the volume of 1000ml; 

(4) Sterilize by autoclave (liquid, 20minutes); 

(5) Store at room temperature. 

Table II-3 3xPBS and 1xPBS solution  

No. Compositions 3xPBS 1xPBS 

1 NaCl 24 g 8 g 

2 KCl 0.6 g 0.2 g 

3 Na2HPO4 4.32 g 1.44 g 

4 NaH2PO4 0.6 g 0.2 g 

5 dH2O 1000 ml 1000 ml 

The actual weights of the chemicals were shown in the table below  

Table II-4 Actual composition of 3xPBS and 1xPBS solution 

No. Compositions 3xPBS 1xPBS 

1 NaCl 24.0068 g 8.0026 g 

2 KCl 0.60 60 g 0.2045 g 

3 Na2HPO4 4.3197 g 1.4427 g 

4 NaH2PO4 0.6005 g 0.2015 g 

5 dH2O 1000 ml 1000 ml 

pH  7.33 7.55 

There is no need for pH adjustment. 
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2) 4% PFA/PBS solution 

Using 100ml as an example 

(1) Add 66ml dH2O into a 200ml beaker and heat the water to 60ºC on a magnetic mixer 

with heater in a fume hood; the temperature is measured by a thermometer; 

(2) Add 4g PFA and solve the PFA; 

(3) Remove the beaker from the heating surface and add  a few drops of 1N NaOH until the 

solution becomes totally clear; 

(4) Add 34ml of 3XPBS solution and let the solution cool off; 

(5) Measure the pH of the solution using the pH meter and adjust pH to 7.0-7.4 with HCl 

(0.48N or concentrated); 

(6) Sterile filtration of the solution using the 0.2micron filter; 

(7) The filter sterilized solution should be used fresh or stored in aliquots at -20ºC for up to 

7days. Do not freeze thawed solution.  

To avoid background fluorescence, fresh PFA/PBS solution is recommended.  

The actual weight of PFA was 4.0171g.  PFA is a little bit hard to dissolve in water.  The 

dissolution could take more than 10 minutes.  After adding 9 drops of 1N NaOH, pH was 9.69. 

(4-6 drops of 1N NaOH should be better).  By adding 1.5-5 drops of concentrated HCl, pH was 

7.21, which is in the required pH range.   

3) 0.5M EDTA solution: 

Using EDTA, disodium Salt, dehydrate, (C10H14N2Na2O3.2H2O, F.W. 371.24), 100ml of 0.5M 

EDTA solution is made as follows: 

(1) Weigh 18.6019g EDTA; 
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(2) Dissolve in 80ml Milli-Q with 2.09g NaOH: pH was lower than 8.0 and solution is not 

clear because of the undissolved EDTA; 

(3) Add 1N NaOH to adjust pH around 8.0. Totally 186 drops of NaOH (1N), or around 

3.6ml was added to make pH at 8.06; 

(4) Add more milli-Q to make it 100ml; pH increased to 8.18;  

(5) Adjust pH to 8.04 by washing the wall of the beaker. Probably there was trace amount of 

EDTA on the inner wall of the beaker, which was washed into the solution to drop the 

pH;  

(6) Using 0.2micron filter to sterilize the solution; 

(7) Store the solution at 4ºC.  

Note: EDTA magnesium salt is very hard to dissolve; so, EDTA sodium salt should be used to 

make high EDTA solution, such as 0.5M. 

4) 10% SDS solution: 

SDS is easily to dissolve in water, therefore, heating is not needed.  

Using 100ml as an example 

(1) Weigh 5.0013g SDS; 

(2) Dissolve in 80ml milli-Q: the solution is clear after a few minutes. However, there was 

foam formed; 

(3) Adjust pH to 7.27 with concentrated HCl and 1N NaOH. The pH adjustment was hard to 

do due to the foaming.  

(4) Fill to 100ml; 

(5) No sterilization required. Store at room temperature. 
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5) 0.1M tris-HCl/0.05M EDTA buffer for preparing lysozyme solution:  

Using 50ml as an example 

(1) Weigh 0.8g Tris-HCl; 

(2) Add 5ml 0.5M EDTA; 

(3) Add 45ml dH2O; 

(4) Mix until dissolved; 

(5) Adjust pH to 8.0; 

(6) Sterilize by filtration and store at 4ºC; 

Tris-HCl is easy to dissolve in water.  The actual weight of tris-HCl was 0.8048g.  The pH of the 

solution before pH adjustment was 7.46.  After adding around 35-40 drops of 1N NaOH, pH 

changed to 8.02.  

6) 0.01M tris-HCl/0.001M EDTA buffer for FISH probes resuspension:  

Using 500ml as an example 

(1) Weigh 0.8g Tris-HCl;  

(2) Add 1ml 0.5M EDTA; (1*0.5/500=0.001M) 

(3) Add 499ml dH2O; 

(4) Mix until dissolved; 

(5) Adjust pH to 8.0;  

(6) Sterilize by filtration and store at 4ºC; 

The actual weight of tris-HCl was 0.8086g. The pH of the solution before pH adjustment was 

6.91. After adding around 50 drops of 1N NaOH, pH changed to 8.03.  
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7) 1M Tris-HCl pH8.0 

Using 500ml as an example 

(1) Weigh 80g Tris-HCl;  

(2) Add 500ml dH2O; 

(3) Mix until dissolved;  

(4) Adjust pH to 8.0;  

(5) Sterilize by filtration and store at room temperature; 

The actual weight of tris-HCl was 80.037g.  The pH of the solution before pH adjustment was 

4.37.  After adding around 7.101 g NaOH pellets, pH changed to 8.02.  Tris-HCl is easy to 

dissolve in water, but pH adjustment is a little bit hard and could be time- consuming. 

 8) Lysozyme solution (10mg/ml or 242000U/ml) 

Use 2ml solution as an example 

(1) 20mg of Lysozyme (24200units/mg) is weighed and transferred into a 2ml Eppendorf cap 

(free of DNase, etc);  

(2) Add 2ml 0.1M Tris-HCl/0.05M EDTA solution;  

(3) Mix the solution using Vortex.   

(4) Keep on ice for immediately usage. 

Two 2ml solutions were prepared for a total of 216 samples. The weights of Lysozyme were 

0.0223g and 0.0234g, respectively. Lysozyme is easy to dissolve but some bubbles were 

generated during vortex.  

The lysozyme solutions were made fresh and kept on ice until use.  
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II-3 FISH protocols:  

 
Step 1: Sample collection and fixation 

A. Sample Fixation 

1. Collect sample: collect 0.5ml biofilm sample in a 2ml Eppendorf cap; 

2. Add three volumes of 4% PFA/PBS to one sample volume under the fume hood: add 

1.5ml PFA/PBS into the 2ml Eppendorf cap with 0.5ml sample; 

3. Mix the sample: using vertex mixer to completely mix the sample; 

4. Incubate the sample: incubate the sample for 3h at 4ºC; 

B. Sample Washing 

1. Mix the fixed sample using Vertex mixer;  

2. Centrifuge (full speed, ca 10000-14000xg, 5min) the fixed samples; 

3. Remove supernatant by using pipette with sterile tip; 

4. Washing step1: add 1ml 1XPBS to pellet, resuspend it with a Vortex mixer (since the 

pellet is hard and sticks together), centrifuge (full speed, ca 10000-14000xg, 2min), 

remove supernatant; 

5. Washing step2: repeat washing step 1; 

C: storage 

1. Depending on pellet size, add 500µl of 1XPBS; 

2. Resuspend the pellet with Vortex mixer; 

3. Add the same volume of 100% ethanol (500µl); 

4. Mix well using vertex mixer; 

5. Store at -20ºC. 
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Step 2: Immobilization and dehydration of the fixed sample 

A. Immobilization procedure 

1. Completely mix the sample using vertex mixer; 

2. Spread 10 µl of the fixed sample in each well. There are 6 wells in each slide.  

3. Let sit for approximately 1minute and then re-spread sample using a pipette tip; 

4. Let slides air dry (30-60mins); 

5. Repeat step 1-4 three times;  

B. Dehydration 

1. Dehydrate the slides by successive immersions in 50%, 80% and 96-100% ethanol 

(3mins each).  

2. Let the slides air-dry before continuing with the permeabilization step.  

3. Store the slides at -20ºC.  

The samples were immobilized on the slides in two patterns.  In pattern A (Figure II-1), six 

samples on each slide are same.  Pattern A is used for duplicate FISH test.  Pattern B (Figure II-

2) is made to have six different samples on each slide.  Therefore, a set of FISH probes can be 

tested in series in pattern B with minimum interference due to the different hybridization 

stringencies of the probes.  The samples on the slides are named as follows:  
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Figure II-1 Sample immobilization Pattern A 

 
 
 

 
 
 
 
 

Figure II-2 Sample immobilization Pattern B 
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Step 3: Lysozyme permeabilization 

1. Prepare and store lysozyme solution as described in “Materials and solutions”; 

2. Apply 10µl (10-15µl) cold lysozyme solution in each well; 

3. Place the slide in a horizontal position in a 50ml polyethylene tube which contains a 

tissue paper wetted with 2ml dH2O; 

4. Incubate the slide for 8 mins (7-9mins) at 37ºC in a water bath; 

5. Wash the slide three times in dH2O, then once in absolute ethanol; 

6. Let the slide air dry for about 30mins; 

7. Store the slide at -20ºC. 

Step 4: Preparation of Probes 

A. Brief introduction to probe preparation 

Commercially acquired probes typically arrive lyophilized and must be re-suspended in TE 

buffer to make stock solutions, which are diluted with dH2O to make working solutions at a 

concentration of around 50ng/µL.  

Since the actual quantity of each commercial probe varies a lot, it is suggested that the stock 

solution at a high concentration of around 1000ng/µL should be made by varying the amount of 

TE buffer.  The working solution at a concentration of around 50ng/µL can then be obtained by 

diluting the stock solution 20 times.  Both stock solutions and working solutions should be used 

fresh or stored in small portions at -20ºC for future use. Because stock solutions and working 

solutions might become unstable during freeze and thaw cycles, repeated freeze and thaw cycles 

should be avoided.   
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B. Protocols for probe preparation 

1. Prepare and store TE buffer (0.01M tris-HCl/0.001M EDTA buffer) for FISH probes re-

suspension as described in “Materials and solutions”; 

2. Determine the amount of TE buffer for each probe according to the actual quantity of 

each probe product. The amount of TE buffer is determined to make the stock solution at 

a concentration of around 1000ng/µL; 

3. Quick spin each vial of probe prior to opening in a centrifuge to avoid loss of the pellet, 

particularly as electrostatic attraction is present if the user is wearing latex gloves; 

4. Pipette the proper amount of TE buffer to the vial and close the vial; 

5. Completely mix the probe with vortex; 

6. Transfer the stock solution into several nuclease-free vials for storage; 

7. Transfer certain amount of stock solution (eg. 10µL) to a nuclease-free vial and add 20 

times of dH2O (eg. 190µL) to make the working solution at a concentration of around 

50ng/µL. The amount of working solution is determined by the number of samples; 

8. Completely mix the working solutions with vortex. If they are not used fresh, temporarily 

store the working solutions at 4ºC or -20ºC for a longer period (a couple of weeks). 

C. The stock solutions and working solutions  

The stock solutions and working solutions of the probes are listed in the following table. 
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Table II-5 Concentration of stock solution and working solution of oligonucleotide probes 

Probe Stock 

solution 

(ng/µl) 

Molecular 

weight 

Probe 

quantity 

(nmol) 

Probe 

quantity 

(µg) 

TE buffer 

(µl) 

working 

solution 

(ng/µl) 

EUB338 800.5 6029 53.1 320.2 400 40.0 

EUB338 II 930.6 6038 77.1 465.3 500 46.5 

EUB 338 III 762 6029 25.3 152.4 200 38.1 

NONEUB 856.6 6017 71.2 428.3 500 42.8 

Nso1225 909.6 6630 68.6 454.8 500 45.5 

Nso190 1125.6 6149 91.5 562.8 500 45.0 

Nsv443 876.7 6280 8.4 52.6 60 43.8 

Ntspa 662 951.7 5960 9.6 57.1 60 47.6 

Ntspa 662 

competitor 

939 5401 121.7 657.3 700 47.0 

NIT3 877.2 5910 89.1 526.3 600 43.9 

NIT3 competitor 916.8 5427 101.3 550.1 600 45.8 

 

Step 5: Hybridization 

1. Prepare 2ml of hybridization buffer of the percentage of formamide according to the 

empirically optimized conditions for the applied gene probes.  For details on many 

published probes visit probeBase (http://www.probeBase.net).  Table II-6 lists the rRNA-

targeted oligonucleotide probes used in this study.  The composition of hybridization 

buffer corresponding to various percentage of formamide is shown in Table II-7.  

 



 
 

164 

 

Table II-6 rRNA-targeted oligonucleotide probes 
Probe name Target Sequence (5’-3’) Formamide 

(%) 
Competitor 

oligonucleotide* 
reference 

EUB338 Most bacteria 5’-GCT GCC TCC CGT 
AGG AGT-3’ 
Labelled on 5’ by FITC 

0-50 none Amman, et al., 
1990; Daims et al., 

1999 
EUB338 II Planctomycetales 5’-GCA GCC ACC CGT 

AGG TGT-3’ 
Same label as EUB338 

0-50 none Daims et al., 1999 

EUB 338 III Verrucomicrobiales 5’-GCT GCC ACC CGT 
AGG TGT-3’ 
Same label as EUB338 

0-50 none Daims et al., 1999 

NONEUB Control probe 
complementary to 
EUB338 

5’-ACT CCT ACG GGA 
GGC AGC-3’ 
Labelled on 5’ by Cy3 

Not determined none Wallner et al., 
1993 

Nso1225 Betaproteobacterial 
ammonia-oxidizing 

bacteria 

5’-CGC CAT TGT ATT 
ACG TGT GA-3’  
Labelled on 5’ by Cy3 

35 none Mobarry et al., 
1996 

Nso190 Betaproteobacterial 
ammonia-oxidizing 

bacteria 

5’-CGA TCC CCT GCT 
TTT CTC C-3’ 
Labelled on 5’ by Cy3 

55 none Mobarry et al., 
1996 

Nsv443 Nitrosospira spp. 5’-CCG TGA CCG TTT 
CGT TCC G-3’ 
Labelled on 5’ by Cy5 

30 none Mobarry et al., 
1996 

Ntspa 662 Genus Nitrospira 5’-GGA ATT CCG CGC 
TCC TCT-3’ 
Labelled on 5’ by Cy5 

35 GGA ATT CCG CTC 
TCC TCT  

No labelling 

Daims et al., 2001 

NIT3 Genus nitrobacter 5’-CCT GTG CTC CAT 
GCT CCG-3’ 
Labelled on 5’ by Cy3 

40 CCT GTG CTC CAG 
GCT CCT 

No labelling 

Wagner et al., 
1996 
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Table II-7  Composition of the hybridization buffer at various percentages of formamide  

FA 

(%) 

FA 

(µl) 

Milli-Q 

(µl) 

5M NaCl  

(µl) 

1M Tris/HCl 

(µl) 

10% SDS 

(µl) 

0 0 1600 360 40 2 

5 100 1500 360 40 2 

10 200 1400 360 40 2 

15 300 1300 360 40 2 

20 400 1200 360 40 2 

25 500 1100 360 40 2 

30 600 1000 360 40 2 

35 700 900 360 40 2 

40 800 800 360 40 2 

45 900 700 360 40 2 

50 1000 600 360 40 2 

55 1100 500 360 40 2 

 

2. Transfer 8µl of hybridization buffer onto the slide within a small area or into each cell on 

a Teflon-coated slide.  Prepare one slide at a time to avoid evaporation of hybridization 

buffer and thus changed stringency.  

3. Add 1µl of each gene probe (working solution 50ng/µl) and mix carefully (avoid contact 

with the sample) with the hybridization buffer (sterile pipette tips must be used for all 

work with gene probes).  If more gene probes are added to the same well the order is in 

the exact same manner-1µl of each of the probes is added to the well.   Equal molar 

concentration of each competitor probe is added if needed.  

4. Place the slide horizontally into a 50ml polyethylene tube with a piece of tissue wetted 

with 1-2ml of hybridization buffer.  
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5. Place the tube in the hybridization over (46ºC) for at least 1 and ½ hours (increased 

hybridization to less accessible regions of the ribosome has been shown to occur upon 

hybridization for up to 72 hours).  2 hours in this study. 

6. Probes with different Td (requiring different formamide concentrations) cannot be 

applied together, but must be applied in a double hybridization with two subsequent 

hybridizations starting with the highest formamide concentration. 

7. During hybridization prepare the washing buffer in a 50ml polyethylene tube (add the 

solutions according to Table II-8 corresponding to the FA concentrations for 

hybridization and fill up to 50ml using dH2O). Preheat the washing buffer in a 48ºC water 

bath.  

8. Gently rinse the slide by pouring a few milliliters of the preheated washing buffer over 

the sample (must be carried out in the fume hood to avoid toxic formamide fumes). 

9. Transfer the slide to the 50ml polyethylene tube with the remaining preheated washing 

buffer, and incubate for 15min at 48ºC (water bath). 

10. Remove the slides from the washing buffer and dip in cold dH2O.  

11. Let the slide air-dry. 
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Table II-8 Composition of the washing buffer corresponding to the formamide concentrations applied 

during the hybridization 

FA 

(%) 

1M Tris/HCl pH8.0 

(µl) 

10% SDS 

(µl) 

5M NaCl  

(µl) 

0.5M EDTA  

(µl) 

0 1000 50 9000 0 

5 1000 50 6300 0 

10 1000 50 4500 0 

15 1000 50 3180 0 

20 1000 50 2150 500 

25 1000 50 1490 500 

30 1000 50 1020 500 

35 1000 50 700 500 

40 1000 50 460 500 

45 1000 50 300 500 

50 1000 50 180 500 

55 1000 50 100 500 
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Appendix III: Data of trace study  

 
Experimental conditions 

Qr (L/min) 13.0 Qr (L/min) 8.0 Qr (L/min) 4.0 

C0(µmS) 5884 C0(µmS) 4631 C0(µmS) 5181 

HRT(min) 143 HRT(min) 158 HRT(min) 138 
T  

(min) 

Conductivity 

(µmS) 

T  
(min) 

Conductivity 

(µmS) 

T  

(min) 

Conductivity 

(µmS) 

0 858.5 0 810.3 0 856.5 

2 860.9 2 928 2 885.6 

4 872.8 4 932.2 4 892.7 

6 882.9 6 953.8 6 922.5 

8 940.2 8 1002 8 976.6 

10 1005 10 1053 10 1050 

12 1061 12 1106 12 1097 

14 1125 14 1161 14 1170 

16 1200 16 1212 16 1225 

18 1267 18 1266 18 1290 

20 1332 20 1314 20 1355 

22 1403 22 1366 22 1414 

24 1468 24 1413 24 1472 

26 1538 26 1463 26 1530 

28 1594 28 1515 28 1591 

30 1656 30 1557 30 1653 

32 1713 32 1600 32 1703 

34 1774 34 1651 34 1756 
36 1844 36 1696 36 1814 
38 1907 38 1738 38 1866 
40 1965 40 1784 40 1921 
42 2007 42 1826 42 1970 
44 2095 44 1871 44 2045 
46 2146 46 1903 46 2085 
48 2207 48 1949 48 2133 
50 2269 50 1986 50 2180 
52 2324 52 2041 52 2231 
54 2374 54 2075 54 2288 
56 2415 56 2121 56 2323 
58 2478 58 2158 58 2370 
60 2529 60 2194 60 2420 
62 2571 62 2222 62 2458 
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T  

(min) 

Conductivity 

(µmS) 

T  
(min) 

Conductivity 

(µmS) 

T  

(min) 

Conductivity 

(µmS) 

64 2621 64 2254 64 2506 
66 2675 66 2296 66 2544 
68 2714 68 2335 68 2587 
70 2750 70 2358 70 2615 
72 2817 72 2395 72 2652 
74 2863 74 2433 74 2692 
76 2904 76 2458 76 2737 
78 2955 78 2497 78 2773 
80 2998 80 2522 80 2804 
82 3050 82 2562 82 2839 
84 3140 84 2588 84 2876 
86 3141 86 2620 86 2912 
88 3159 88 2659 88 2942 
90 3218 90 2674 90 2977 
92 3244 92 2703 92 3009 
94 3293 94 2723 94 3055 
96 3336 96 2758 96 3089 
98 3368 98 2795 98 3123 

100 3406 100 2816 100 3136 
102 3450 102 2836 102 3183 
104 3478 104 2868 104 3205 
106 3519 106 2894 106 3242 
108 3555 108 2918 108 3260 
110 3594 110 2943 110 3294 
112 3628 112 2973 112 3323 
114 3677 114 2991 114 3348 
116 3715 116 3022 116 3379 
118 3756 118 3035 118 3412 
120 3790 120 3041 120 3459 
122 3825 128 3134 128 3558 
124 3870 130 3166 130 3572 
126 3897 138 3250 138 3671 
128 3928 140 3286 140 3705 
130 3963 148 3366 148 3767 
132 3996 150 3378 150 3799 
134 4023 168 3554 162 3928 
136 4046 170 3564 164 3953 
148 4250 188 3705 176 4047 
160 4409 190 3715 178 4076 
172 4569 208 3859 190 4180 
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T  

(min) 

Conductivity 

(µmS) 

T  
(min) 

Conductivity 

(µmS) 

T  

(min) 

Conductivity 

(µmS) 

184 4698 210 3865 192 4201 
216 4984 238 4003 204 4273 
218 5026 240 4015 206 4305 
250 5254 268 4155 238 4500 
252 5266 270 4160 240 4537 
284 5429 298 4277 272 4663 
286 5467 300 4283 274 4709 
318 5605 328 4383 306 4820 
320 5639 330 4384 308 4841 
362 5755 358 4463 340 4938 
364 5789 360 4480 342 4957 

  388 4557 374 5021 
  390 4559 376 5033 
  418 4577 408 5078 
  420 4582 410 5100 
  448 4647 442 5130 
  450 4647 444 5154 
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Appendix IV: Data for clean membrane oxygen transfer tests  

 
Time  

(min) Data1_1 Data1_2 Data1_3 Data2_1 Data2_2 Data3_1 Data3_2 Data4_1 Data4_2 Data5_1 Data5_2 Data6_1 

0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0.07 0.1 0.04 0.06 0.1 0.05 0.06 0.11 0.14 0.02 0.05 0.01 
4 0.17 0.2 0.15 0.15 0.19 0.15 0.16 0.23 0.26 0.13 0.13 0.1 
6 0.27 0.31 0.26 0.25 0.29 0.27 0.26 0.33 0.39 0.26 0.24 0.21 
8 0.38 0.42 0.36 0.34 0.38 0.37 0.36 0.44 0.49 0.37 0.33 0.29 
10 0.5 0.54 0.45 0.45 0.48 0.49 0.46 0.57 0.6 0.48 0.43 0.4 
12 0.61 0.65 0.54 0.53 0.57 0.6 0.57 0.69 0.72 0.61 0.54 0.5 
14 0.72 0.74 0.63 0.62 0.67 0.7 0.66 0.8 0.83 0.71 0.63 0.6 
16 0.83 0.85 0.72 0.72 0.77 0.8 0.77 0.92 0.93 0.82 0.72 0.68 
18 0.93 0.95 0.83 0.81 0.86 0.9 0.87 1.03 1.06 0.95 0.82 0.79 
20 1.03 1.04 0.93 0.9 0.96 0.99 0.96 1.15 1.15 1.04 0.92 0.88 
22 1.13 1.16 1.04 1 1.05 1.1 1.05 1.26 1.28 1.15 1.03 0.98 
24 1.24 1.25 1.16 1.09 1.15 1.2 1.14 1.37 1.37 1.27 1.12 1.08 

26 1.33 1.35 1.28 1.18 1.25 1.3 1.25 1.49 1.47 1.37 1.21 1.16 

28 1.42 1.43 1.39 1.28 1.34 1.39 1.33 1.6 1.58 1.49 1.33 1.28 
30 1.6 1.53 1.48 1.37 1.44 1.48 1.42 1.72 1.69 1.58 1.43 1.37 

32 1.69 1.62 1.57 1.47 1.53 1.57 1.51 1.83 1.8 1.7 1.52 1.48 
34 1.77 1.71 1.66 1.56 1.62 1.66 1.58 1.95 1.9 1.79 1.63 1.58 
36 1.86 1.8 1.77 1.65 1.72 1.76 1.66 2.06 2.01 1.9 1.72 1.68 
38 1.94 1.88 1.88 1.75 1.82 1.84 1.73 2.17 2.11 2.01 1.83 1.78 
40 2.01 1.95 1.98 1.85 1.92 1.91 1.82 2.27 2.21 2.09 1.92 1.88 
42 2.08 2.03 2.05 1.91 2 1.98 1.91 2.35 2.31 2.19 2 1.97 
44 2.15 2.11 2.12 1.97 2.07 2.06 1.99 2.47 2.43 2.31 2.12 2.08 
46 2.25 2.18 2.22 2.04 2.14 2.14 2.1 2.55 2.52 2.4 2.2 2.16 

     48 
 

2.31 2.28 2.28 2.11 2.24 2.23 2.18 2.64 2.62 2.5 2.3 2.26 
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Time  

(min) Data1_1 Data1_2 Data1_3 Data2_1 Data2_2 Data3_1 Data3_2 Data4_1 Data4_2 Data5_1 Data5_2 Data6_1 

50 2.36 2.33 2.33 2.17 2.3 2.28 2.28 2.74 2.72 2.6 2.38 2.34 
52 2.45 2.4 2.42 2.26 2.35 2.35 2.36 2.83 2.81 2.69 2.5 2.46 
54 2.52 2.48 2.49 2.32 2.44 2.43 2.48 2.93 2.9 2.78 2.58 2.54 
56 2.62 2.54 2.59 2.36 2.51 2.49 2.56 3.01 2.99 2.87 2.67 2.63 

58 2.68 2.6 2.65 2.44 2.61 2.55 2.65 3.09 3.08 2.96 2.77 2.73 
60 2.73 2.67 2.7 2.51 2.67 2.62 2.75 3.18 3.17 3.05 2.86 2.82 

62 2.79 2.72 2.76 2.57 2.72 2.67 2.84 3.26 3.27 3.15 2.96 2.92 
64 2.85 2.78 2.82 2.64 2.78 2.73 2.94 3.35 3.34 3.22 3.04 3 
66 2.93 2.85 2.9 2.7 2.84 2.8 3.02 3.43 3.44 3.32 3.13 3.09 
68 2.98 2.9 2.95 2.75 2.92 2.85 3.11 3.53 3.52 3.4 3.22 3.18 
70 3.03 2.95 3 2.81 2.97 2.9 3.2 3.61 3.6 3.48 3.3 3.26 
72 3.11 3.02 3.08 2.86 3.02 2.97 3.28 3.7 3.69 3.57 3.39 3.35 
74 3.15 3.07 3.12 2.91 3.1 3.02 3.37 3.78 3.77 3.65 3.47 3.43 
76 3.19 3.13 3.16 2.95 3.14 3.08 3.45 3.86 3.85 3.73 3.57 3.53 
78 3.3 3.2 3.27 3 3.18 3.16 3.55 3.95 3.94 3.82 3.65 3.61 

     80 3.35 3.25 3.32 3.04 3.29 3.21 
 

3.63 4.04 4.03 3.91 3.73 3.69 
82 3.39 3.32 3.36 3.06 3.34 3.27 3.7 4.11 4.1 3.98 3.82 3.78 
84 3.43 3.38 3.4 3.16 3.38 3.33 3.77 4.2 4.19 4.07 3.88 3.84 
86 3.49 3.42 3.46 3.2 3.42 3.37 3.85 4.26 4.25 4.13 3.99 3.95 
88 3.55 3.45 3.52 3.24 3.48 3.4 3.88 4.34 4.33 4.21 4.07 4.03 
90 3.62 3.51 3.59 3.28 3.54 3.46 3.94 4.42 4.41 4.29 4.15 4.11 
92 3.65 3.59 3.62 3.32 3.61 3.54 4.02 4.49 4.48 4.36 4.23 4.19 

94 3.73 3.62 3.7 3.36 3.64 3.57 4.05 4.57 4.56 4.44 4.31 4.27 
96 3.77 3.65 3.74 3.4 3.72 3.6 4.08 4.66 4.65 4.53 4.41 4.37 
98 3.8 3.7 3.77 3.45 3.76 3.65 4.13 4.72 4.71 4.59 4.5 4.46 
100 3.84 3.74 3.81 3.48 3.79 3.69 4.17 4.8 4.79 4.67 4.58 4.54 
102 3.88 3.81 3.85 3.52 3.83 3.76 4.24 4.89 4.88 4.76 4.66 4.62 
104 3.96 3.86 3.93 3.52 3.87 3.81 4.29 4.98 4.97 4.85 4.73 4.69 
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Time  

(min) Data1_1 Data1_2 Data1_3 Data2_1 Data2_2 Data3_1 Data3_2 Data4_1 Data4_2 Data5_1 Data5_2 Data6_1 

106 3.96 3.91 3.93 3.56 3.95 3.86 4.34 5.02 5.01 4.89 4.82 4.78 
108 4 3.99 3.97 3.59 3.95 3.94 4.42 5.11 5.1 4.98 4.9 4.86 
110 4.03 4.02 4 3.72 3.99 3.97 4.45 5.19 5.18 5.06 4.98 4.94 
112 4.08 4.06 4.05 3.73 4.02 4.02 4.49 5.27 5.26 5.14 5.07 5.03 
114 4.16 4.11 4.13 3.76 4.07 4.07 4.54 5.32 5.31 5.19 5.13 5.09 
116 4.17 4.17 4.14 3.82 4.15 4.11 4.6 5.4 5.39 5.27 5.24 5.2 
118 4.25 4.21 4.22 3.84 4.16 4.15 4.64 5.49 5.48 5.36 5.28 5.24 
120 4.3 4.26 4.27 3.89 4.24 4.21 4.69 5.56 5.55 5.43 5.38 5.34 
122 4.33 4.3 4.3 3.9 4.29 4.26 4.73 5.62 5.61 5.49 5.45 5.41 

124 4.37 4.34 4.34 4.07 4.32 4.29 4.77 5.7 5.69 5.57 5.53 5.49 
126 4.38 4.38 4.35 4.09 4.36 4.33 4.81 5.78 5.77 5.65 5.6 5.56 
128 4.44 4.42 4.41 4.15 4.37 4.38 4.85 5.84 5.83 5.71 5.66 5.62 
130 4.48 4.46 4.45 4.17 4.43 4.42 4.89 5.91 5.9 5.78 5.77 5.73 
132 4.53 4.52 4.5 4.19 4.47 4.47 4.95 5.98 5.97 5.85 5.84 5.8 
134 4.55 4.56 4.52 4.21 4.52 4.5 4.99 6.06 6.05 5.93 5.9 5.86 
136 4.59 4.59 4.56 4.27 4.54 4.54 5.02 6.16 6.15 6.03 5.99 5.95 
138 4.63 4.63 4.6 4.31 4.58 4.59 5.06 6.21 6.2 6.08 6.06 6.02 
140 4.67 4.69 4.64 4.34 4.62 4.64 5.12 6.29 6.28 6.16 6.12 6.08 
142 4.71 4.71 4.68 4.39 4.66 4.67 5.14 6.36 6.35 6.23 6.21 6.17 
144 4.75 4.76 4.72 4.44 4.7 4.71 5.19 6.43 6.42 6.3 6.29 6.25 
146 4.85 4.8 4.82 4.44 4.74 4.75 5.23 6.49 6.48 6.36 6.35 6.31 
148 4.89 4.84 4.86 4.46 4.84 4.8 5.27 6.55 6.54 6.42 6.41 6.37 
150 4.92 4.86 4.89 4.52 4.88 4.83 5.29 6.63 6.62 6.5 6.48 6.44 
152 4.94 4.92 4.91 4.54 4.91 4.87 5.35 6.7 6.69 6.57 6.56 6.52 
154 4.98 4.91 4.95 4.55 4.93 4.9 5.34 6.76 6.75 6.63 6.64 6.6 
156 5.02 5.01 4.99 4.58 4.97 4.95 5.44 6.81 6.8 6.68 6.69 6.65 
158 5.09 5.03 5.06 4.69 5.01 4.98 5.46 6.87 6.86 6.74 6.77 6.73 
160 5.12 5.08 5.09 4.71 5.08 5.02 5.51 6.97 6.96 6.84 6.85 6.81 
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Time  

(min) Data1_1 Data1_2 Data1_3 Data2_1 Data2_2 Data3_1 Data3_2 Data4_1 Data4_2 Data5_1 Data5_2 Data6_1 

162 5.12 5.08 5.09 4.73 5.11 5.03 5.51 7.04 7.03 6.91 6.91 6.87 
164 5.14 5.08 5.11 4.69 5.11 5.05 5.51 7.07 7.06 6.94 6.99 6.96 
166 5.16 5.12 5.13 4.71 5.13 5.07 5.55 7.14 7.13 7.01 7.06 7.03 
168 5.18 5.16 5.15 4.71 5.15 5.11 5.59 7.22 7.21 7.09 7.13 7.08 
170 5.22 5.28 5.19 4.73 5.17 5.23 5.71 7.28 7.27 7.15 7.2 7.16 
172 5.26 5.32 5.23 4.92 5.21 5.27 5.75 7.36 7.35 7.23 7.27 7.23 
174 5.31 5.34 5.28 4.94 5.25 5.29 5.77 7.4 7.39 7.27 7.34 7.3 
176 5.29 5.37 5.26 4.98 5.3 5.32 5.8 7.47 7.46 7.34 7.41 7.37 
178 5.33 5.38 5.3 5.01 5.28 5.35 5.81 7.53 7.52 7.4 7.48 7.44 
180 5.47 5.41 5.44 5.05 5.32 5.36 5.84 7.61 7.6 7.48 7.53 7.48 
182 5.49 5.45 5.46 5.11 5.46 5.4 5.88 7.65 7.64 7.52 7.62 7.58 
184 5.53 5.51 5.5 5.15 5.48 5.43 5.94 7.71 7.7 7.58 7.68 7.63 
186 5.58 5.55 5.55 5.14 5.52 5.47 5.98 7.78 7.77 7.65 7.73 7.69 
188 5.57 5.57 5.54 5.18 5.57 5.52 6 7.85 7.84 7.72 7.81 7.77 
190 5.52 5.61 5.49 5.23 5.56 5.56 6.04 7.89 7.88 7.76 7.85 7.82 
192 5.53 5.63 5.5 5.29 5.51 5.58 6.06 7.96 7.95 7.83 7.93 7.89 
194 5.64 5.69 5.61 5.31 5.52 5.64 6.12 8.03 8.02 7.9 7.97 7.93 
196 5.71 5.71 5.68 5.35 5.63 5.66 6.14 8.07 8.06 7.94 8.05 8.01 
198 5.83 5.74 5.8 5.36 5.7 5.71 6.17 8.11 8.1 7.98 8.11 8.06 
200 5.71 5.8 5.68 5.38 5.82 5.75 6.23 8.19 8.18 8.06 8.17 8.13 
202 5.76 5.84 5.73 5.41 5.7 5.79 6.27 8.25 8.24 8.12 8.24 8.2 
204 5.77 5.86 5.74 5.43 5.75 5.81 6.29 8.31 8.3 8.18 8.3 8.27 
206 5.78 5.88 5.75 5.46 5.76 5.83 6.31 8.4 8.39 8.27 8.35 8.31 
208 5.78 5.93 5.75 5.46 5.77 5.87 6.36 8.48 8.47 8.35 8.42 8.37 
210 5.8 5.97 5.77 5.49 5.77 5.92 6.4 8.52 8.51 8.39 8.47 8.43 
212 5.79 5.98 5.76 5.5 5.79 5.93 6.41 8.56 8.55 8.43 8.53 8.48 
214 5.85 6.03 5.82 5.49 5.78 5.98 6.46 8.65 8.64 8.52 8.61 8.55 
216 5.82 6.06 5.79 5.54 5.84 6.01 6.49 8.71 8.7 8.58 8.63 8.59 
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Time  

(min) Data1_1 Data1_2 Data1_3 Data2_1 Data2_2 Data3_1 Data3_2 Data4_1 Data4_2 Data5_1 Data5_2 Data6_1 

218 5.8 6.09 5.77 5.54 5.81 6.04 6.52 8.75 8.74 8.62 8.71 8.67 
220 6 6.12 5.97 5.68 5.79 6.07 6.55 8.8 8.79 8.67 8.75 8.71 
222 6.05 6.13 6.02 5.69 5.99 6.08 6.56 8.85 8.84 8.72 8.81 8.77 
224 6.06 6.13 6.03 5.71 6.04 6.11 6.56 8.93 8.92 8.8 8.88 8.84 
226 6.07 6.2 6.04 5.73 6.05 6.15 6.63 9 8.99 8.87 8.96 8.92 
228 6.07 6.21 6.04 5.75 6.06 6.17 6.64 9.02 9.01 8.89 9.04 9.01 
230 6.06 6.21 6.03 5.75 6.06 6.17 6.64 9.09 9.08 8.96 9.12 9.08 
232 6.08 6.21 6.05 5.86 6.05 6.19 6.64 9.15 9.14 9.02 9.18 9.14 
234 6.18 6.28 6.15 5.85 6.07 6.23 6.71 9.22 9.21 9.09 9.22 9.18 
236 6.18 6.3 6.15 5.85 6.17 6.25 6.73 9.27 9.26 9.14 9.26 9.22 
238 6.19 6.31 6.16 5.86 6.17 6.26 6.74 9.31 9.3 9.18 9.35 9.31 
240 6.17 6.35 6.14 6.02 6.18 6.3 6.78 9.37 9.36 9.24 9.39 9.35 
242 6.24 6.38 6.21 6.03 6.16 6.33 6.81 9.44 9.43 9.31 9.47 9.43 
244 6.32 6.41 6.29 6.07 6.23 6.36 6.84 9.48 9.47 9.35 9.47 9.43 
246 6.34 6.41 6.31 6.06 6.31 6.37 6.84 9.56 9.55 9.43 9.57 9.53 
248 6.4 6.41 6.37 6.07 6.33 6.43 6.84 9.6 9.59 9.47 9.58 9.54 
250 6.43 6.51 6.4 6.07 6.39 6.46 6.94 9.65 9.64 9.52 9.66 9.62 
252 6.44 6.51 6.41 6.11 6.42 6.45 6.94 9.71 9.7 9.58 9.68 9.64 
254 6.47 6.55 6.44 6.15 6.43 6.5 6.98 9.77 9.76 9.64 9.74 9.7 
256 6.53 6.57 6.5 6.19 6.46 6.52 7 9.81 9.8 9.68 9.79 9.75 
258 6.56 6.57 6.53 6.19 6.52 6.54 7 9.88 9.87 9.75 9.86 9.82 
260 6.59 6.58 6.56 6.21 6.55 6.53 7.01 9.95 9.94 9.82 9.91 9.87 
262 6.6 6.63 6.57 6.22 6.58 6.58 7.06 10 9.99 9.87 9.96 9.92 
264 6.59 6.61 6.56 6.2 6.59 6.56 7.04 10.02 10.01 9.89 10.01 9.97 
266 6.64 6.63 6.61 6.18 6.58 6.58 7.06 10.04 10.07 9.95 10.06 10.02 
268 6.66 6.68 6.63 6.27 6.63 6.62 7.11 10.04 10.12 10 10.11 10.1 
270 6.67 6.68 6.64 6.32 6.65 6.63 7.11 10.03 10.19 10.07 10.17 10.13 
272 6.68 6.66 6.65 6.33 6.68 6.61 7.09 10.04 10.22 10.1 10.21 10.18 
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Time  

(min) Data1_1 Data1_2 Data1_3 Data2_1 Data2_2 Data3_1 Data3_2 Data4_1 Data4_2 Data5_1 Data5_2 Data6_1 

274 6.71 6.65 6.68 6.36 6.67 6.6 7.08 10.05 10.29 10.17 10.24 10.2 
276 6.72 6.75 6.7 6.39 6.7 6.7 7.18 10.07 10.36 10.24 10.29 10.26 
278 6.72 6.77 6.73 6.41 6.71 6.73 7.2 10.09 10.4 10.28 10.34 10.3 
280 6.73 6.77 6.72 6.4 6.71 6.72 7.2 10.11 10.43 10.31 10.39 10.35 
282 6.73 6.76 6.7 6.39 6.72 6.71 7.19 10.18 10.47 10.35 10.42 10.37 
284 6.74 6.78 6.74 6.44 6.72 6.73 7.21 10.19 10.52 10.4 10.47 10.37 
286 6.79 6.82 6.76 6.43 6.73 6.76 7.25 10.22 10.57 10.45 10.55 10.39 
288 6.93 6.84 6.9 6.4 6.78 6.79 7.27 10.25 10.63 10.51 10.55 10.41 
290 6.83 6.9 6.8 6.38 6.92 6.77 7.33 10.27 10.68 10.56 10.65 10.48 
292 6.87 6.87 6.85 6.41 6.82 6.8 7.3 10.28 10.71 10.59 10.68 10.49 
294 6.87 6.88 6.84 6.45 6.86 6.81 7.31 10.26 10.78 10.66 10.73 10.52 
296 6.91 6.88 6.88 6.55 6.86 6.84 7.31 10.28 10.82 10.7 10.77 10.55 
298 6.89 6.91 6.86 6.56 6.9 6.86 7.42 10.31 10.9 10.78 10.82 10.57 
300 6.83 6.92 6.87 6.57 6.88 6.87 7.42 10.35 10.94 10.82 10.87 10.58 
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Appendix V: Matlab program for the OTR model  

 
% MABR_model (August,2012) 

% The follow codes are to model oxygen transfer rate in a membrane aerated 

% reactor. The codes are divided into several functions as follows: 

% function 1 (MABR_model): the solver and oupputs 

% function 2 (MABR_ODES): ordinary equations 

% function 3-5 (DLTT, MuwaterTT,MuO2TT, HO2TT): calculations for the diffusion 

% coefficient of oxygen in water, the viscosity of water, the viscosity of  

% pure oxygen,and Henry's constant of oxygen at given temperature, respectively 

  

%************************************************************************* 

function MABR_model_final 

    clear %Removes all variables from the workspace, releasing them from system 

     %memory 

    clc   %clears all input and output from the Command Window display, giving  

     %you a "clean screen." 

    clf   %deletes from the current figure all graphic objects whose handles  

     %are not hidden 

  

    z0=0.01; %Integration from 0.01m, which is the beginning of the hollow fiber 

    zend=0.64;%Integration until 0.64m, which is the end of the hollow fiber 

    Patm=14.6959;% conversion from atm to psi or psi to atm 

    min=69;% UNIT,ml/min, mass flow rate reading at stardard conditions 

    Pin=3.0;% UNIT, psi, pressure reading of the inlet pressure  

    Pin0=(Patm+Pin)*6894.75729; % this is the absolute pressure at the pressure gauge in Pa 

    min0=min/10^6/60*(1.01e+5)/8.314/298.15*32/1000/210; 

    % mass flow rate in a single hollow fibre in kg/s 

    Zspan=[z0,zend];    %Integration scope 

    Yin=[min0,Pin0]; %Initial conditions for the solver 

     

    [Z,Y] = ode45(@MABR_ODES,Zspan,Yin);  

    % @DYDZ is the ODEs to model the system;  
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    % Zspan is the integration scope for the variable (Z) in ODEs;  

    % Yint consists of the initial values of dependents (m and P in this case). 

    % [Z,Y] is the output of solver. Z is the varialbe, which will be the x axis 

    % in the figures; Y includes the values of the dependents corresponding to 

    % Z, which might be the y axis values. 

     

    AAA=(Pin0-Y(end,2))/6894.75729 %Calculate the total pressure drop 

    plot(Z,Y(:,2),'-') 

    hold on; 

    T=298.15; 

    MuO2=MuO2TT(T); %Calculate the viscosity of pure oxygen at given temperature 

    rint=6.226e-5;  %Inner radius of hollow fiber in m 

    Y1=(Pin0^2-16*MuO2/3.14/rint^4*8.314*298.15/0.032*min0*Z).^0.5; 

    AAA1=-(Y1(end)-Y1(1))/6894.75729 % Calculate the total pressure drop 

    plot(Z,Y1,'o') 

    OTR=210*(Y(1,1)-Y(end,1))*10^6*60/4.03 % in mg/L_min 

end 

  

function dydz = MABR_ODES(z,y) 

    % Following parameters are inputs (operational conditions) of the system 

    % Please use the indicated units for each inputs  

     

    Tinput=22.9;  % Experimental temperature, degree  

    CL1=0;    % DO in bulk liquid, mg/L 

 

    % Following parameters are given for the system 

  

    rint=6.226e-5;  %Inner radius of hollow fiber in m 

    rout=1.3227e-4; %Outer radius of hollow fiber in m 

    TK=273.15;    %Conversion from K to C or C to K; 

    T=TK+Tinput;  %This is the experimental temperature in K   

    CL=CL1/1000;  %DO of the bulk liquid in kg/m^3 or g/L 

    H=HO2TT(T);%Calculate the Henry's constant of oxygen at given temperature 
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    MuO2=MuO2TT(T); %Calculate the viscosity of pure oxygen at given temperature 

  

    %Following two rows for direct input of KT. Add '%' in front of the 

    %function KT below and removal '%' in front of the following 

    %two rows as needed 

    Fn=1; %Define a constant to change the total mass transfer coefficient 

    KT=Fn*3.88/10^7; %Direct input of measured KT   

     

    %Follow function is used to calculate KT. Add '%' in front of above two rows 

    %and remove '%' in front of the function KT as needed 

    %KT=KTT(T);%Total mass transfer coefficient in m/s  

    

    B=2*3.14*rout; % Coefficient for J=B*KT*(P/H-CL)  

    beta1=4/3;     %The velocity correction coefficient for momentum  

                          %balance in gas phase. For laminar flow, it is about 4/3 

    Const2=8*3.14*MuO2; %Input for the ODEs 

    f2=(3.14*rint^2)^2*0.032/8.314/T; %Another input for the ODEs 

     

    % The differential equations are shown as follows    

    dydz = [-B*(KT)*(y(2)*0.032/H-CL)  

    (2*beta1*B*(KT)*(y(2)*0.032/H-CL)+Const2)/(beta1*y(1)/y(2)-(f2)*y(2)/y(1))]; 

     

end 

  

function KT=KTT(T) 

  % This function is used to calcualate KT 

  

  VLa1=4.81;   %AVERAGE FLOW VELOCITY OF LIQUID PHASE, UNIT, CM/S 

  VLa=VLa1/100;   %Avarage flow velocity of liquid in the reactor in m/s 

  de=7.67/100; %equivalent diameter in m to calculate KL using Sh=KL*de/DLO2; 

  rhoL=997.5;  %Density of water in kg/m^3 at 22.9 degree 

  L=0.64;  %length of hollow fibre 

  [DLO2,Muwater]=DLTT(T); %Calculate the diffusion coefficient of oxygen in water 
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                           % and viscosity of water at input temperature 

  Re=VLa*de*rhoL/Muwater; %Reynolds number  

  Sc=Muwater/rhoL/DLO2; %Schmidt number 

  Sh=1.25*(Re*de/L)^0.93*Sc^0.33; %Sherwood number using correlation  

                                                             %given by Yang and Cussler (1986) 

  KL=Sh*DLO2/de; %mass transfer coefficient of liquid phase in m/s 

   

  rint=6.226e-5;  %inner radius of hollow fiber in m 

  rout=1.3227e-4; %outer radius of hollow fiber in m 

  Pmb=1.14e-10;  % permeability of O2 in polypropylene in cm^3.cm/(cm.s.cmHg) 

  Fc=3.36e-6; %Coversion factor from cm^3.cm/(cm.s.cmHg)into mol/(m.s.pa) 

  H=HO2TT(T); %Calculate the Henry's constant of oxygen at given temperature 

  KM=(Pmb*H*Fc)/(rout*log(rout/rint)); %mass transfer coefficient of membrane in m/s 

     

  KT=1/(1/KL+1/KM); %Total mass transfer coefficient in m/s 

   

end 

function MuO2T=MuO2TT(T) 

    %This function is to calcualte the viscosity of oxygen at input temperature 

    Mu0=20.18; 

    T0=292.25; 

    C=127; 

    MuO2T=Mu0*(T0+C)/(T+C)*(T/T0)^(3/2)/10^6;  

    %This is the output of function MuO2, which is the viscosity of oxygen 

    %at input temperature in N.s/m^2 

end 

  

function [DLT,Muwater]=DLTT(T) 

    %This function is to calculate the diffusion coefficent of oxygen in  

    %water at input temperature  

    Awater=2.26; % The association parameter of water (Reid et al., 1997) 

    Mwater=18; % Molecular weight of water in g/mole 

    MVo2=25.6; % Molecular volume of oxygen at 25 in cm^3/g-mol (Welty etal.,1984) 
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    Muwater=MuwaterTT(T); %Viscosity of water at input temperature in Pa.s or N.s/m^2 

     

    function MuwaterT=MuwaterTT(T) 

    % This function is nested in function DLTT to calculate the viscosity  

    % of water at input temperature 

    A1=2.414e-5; 

    B1=247.8; 

    C1=140; 

    MuwaterT=A1*10^(B1/(T-C1));  

    %This is the output of function MuwaterTT, which is the viscosity of 

    %water at input temperature in Pa.s or N.s/m^2 

    end 

     

    DLT=7.4e-8*T*(Awater*Mwater)^0.5/(Muwater*1000*MVo2^0.6)/10^4; 

    % This is the output of function DLTT, which is the diffusion 

    % coefficient of oxygen in water at input temperature in m^2/s 

end 

function HO2T=HO2TT(T) 

    %This function is used to calculate the Henry's constant for oxygen 

    H00=769.23; % UNIT, L.atm/mol at 298.13K 

    H0=H00*(1.01e+5)/1000; % UNIT, m^3.Pa/mol at 298.13K 

    C2=1700;  %Constant for oxygen  

    HO2T=H0*exp(-C2*(1/T-1/298.15)); 

    % This is the output of function HO2TT, which is the Henry's constant 

    % between oxygen gas and water at input temperature in kg/m^3.Pa 

end 
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Appendix VI: Raw data for Chapter 3  
Table VI-1 Raw data of MABR1 treating ammonia-supplemented secondary effluent 

Stage Date 
Inf  

NH4
+_N  

Eff 
NH4

+_N  
Inf  

NO2
-_N  

Eff  
NO2

-_N  
Inf  

NO3
-_N 

Eff 
NO3

-_N 
Inf  
TN 

Eff  
TN 

Inf  
inorganic N 

Eff  
inorganic N 

S0 07/15/09 72.8 27.7 24.6 65.6 97.4 93.3 
07/20/09 57.0 21.7 30.1 59.2 82.7 78.8 87.1 80.9 
07/24/09 55.8 11.3 21.7 57.8 70.4 69.1 77.5 69.1 
07/31/09 50.0 4.8 22.1 66.6 65.3 67.1 72.1 71.4 
08/4/09 46.0 6.3 22.3 60.0 54.6 64.1 68.3 66.3 
08/6/09 51.0 6.1 25.7 58.8 65.9 69.9 76.7 64.9 
08/7/09 38.8 5.9 21.9 58.8 60.7 64.7 
08/10/09 44.4 7.8 19.5 60.0 64.4 68.5 63.9 67.8 
08/13/09  41.2 8.9 20.4 58.8 58.9 62.0 61.6 67.7 
08/14/09  41.5 9.3 20.3 54.0 
08/17/09  43.0 9.5 19.5 55.6 54.2 60.5 62.5 65.1 
08/19/09  44.8 12.0 21.1 64.0 57.4 65.2 65.9 76.0 
08/24/09  59.9 23.0 5.0 41.8 64.8 65.7 64.9 64.8 
08/26/09  43.8 10.9 22.3 59.4 68.2 68.8 66.1 70.3 
08/28/09  49.0 12.5 21.7 58.2 70.1 70.9 70.7 70.7 
08/31/09  62.5 27.1 2.7 33.6 59.8 60.1 65.2 60.7 
09/2/09 41.7 8.6 12.2 47.8 53.5 53.5 53.9 56.4 
09/4/09 59.5 26.2 7.7 42.8 64.9 67.5 67.2 69.0 
09/9/09 44.2 11.9 26.3 57.2 74.1 73.9 70.5 69.1 
09/11/09 43.7 13.6 25.1 55.6 70.6 72.0 68.8 69.2 

S1 09/30/09 58.2 41.8 0.326 0.56 3.8 20.8 66.2 67.0 62.3 63.2 
10/2/09 58.8 41.3 0.401 0.205 4.3 26.0 64.8 67.7 63.5 67.5 
10/5/09 53.6 29.9 0.271 0.105 4.4 33.5 60.8 63.3 58.3 63.5 
10/9/09 55.8 39.2 0.316 0.533 5.1 26.0 63.2 66.2 61.2 65.7 
10/14/09 37.4 20.8 0.316 0.07 5.3 23.0 45.8 47.8 43.0 43.9 
10/16/09 41.4 23.5 0.386 0.555 3.9 23.5 47.4 50.8 45.7 47.6 
10/21/09 39.8 21.1 0.329 0.215 5.7 25.5 49.2 49.9 45.8 46.8 
10/26/09 40.4 17.8 0.286 0.42 3 28.0 46.2 47.8 43.7 46.2 
10/28/09 41.7 25.4 0.49 0.315 7.4 25.0 50.4 51.7 49.6 50.7 
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Stage Date 
Inf  

NH4
+_N  

Eff 
NH4

+_N  
Inf  

NO2
-_N  

Eff  
NO2

-_N  
Inf  

NO3
-_N 

Eff 
NO3

-_N 
Inf  
TN 

Eff  
TN 

Inf  
inorganic N 

Eff  
inorganic N 

10/30/09 35.7 19.7 0.968 0.47 17.2 36.5 57.1 59.3 53.9 56.7 
11/2/09 35.1 15.5 0.98 0.595 11.3 38.0 50.5 54.4 47.4 54.1 
11/4/09 38 25 1.52 0.645 15.8 38.5 54.9 58.8 55.3 64.1 
11/6/09 44.7 25.5 0.775 0.65 6.8 29.5 51.6 55.5 52.3 55.7 
11/9/09 48 32.6 0.61 0.8 6.3 30.5 54.1 55.1 54.9 63.9 
11/13/09 49.9 27 0.485 1.17 6.7 31.5 54.8 58.6 57.1 59.7 
11/16/09 46.5 28.6 0.39 1.1 6.7 24.0 51.4 52.0 53.6 53.7 
11/18/09 40.5 18.7 0.365 1.045 6.9 32.5 50.6 51.9 47.8 52.2 
11/20/09 42 20.4 0.305 0.895 5.9 31.5 50.5 52.5 48.2 52.8 
11/23/09 39.2 26 0.335 0.58 6.7 22.0 47.6 47.2 46.2 48.6 
11/25/09 40.9 17.9 0.335 0.525 6.9 34.5 50.6 53.2 48.1 52.9 
11/27/09 40.7 18.5 0.365 0.505 7.3 32.5 49.6 52.3 48.4 51.5 
11/30/09 35 19.1 0.508 0.36 8.2 26.0 45.0 49.2 43.7 45.5 
12/2/09 34.9 18.9 0.498 0.37 9.2 30.0 45.4 50.4 44.6 49.3 
12/4/09 31.2 18.2 0.556 0.34 10.6 30.5 43.5 46.3 42.4 49.0 
12/11/09 36.1 19.5 0.566 0.36 12.4 31.5 48.2 49.4 49.1 51.4 
12/14/09 38.9 25 0.838 0.47 15 30.5 52.4 55.8 54.7 56.0 
12/16/09 40.9 22.5 0.68 0.5 15.1 34.5 53.3 57.5 56.7 57.5 
12/21/09 43.6 24.7 0.874 0.335 16.4 38.5 57.4 61.9 60.9 63.5 
12/27/09 37 18.5 0.88 0.34 16.3 38.5 50.4 52.5 54.2 57.3 
12/30/09 42.9 26.8 0.876 0.37 16.5 33.0 56.6 60.5 60.3 60.2 
01/13/10 38.2 21.5 0.749 0.655 20 41.5 59.8 59.1 58.9 63.7 
01/15/10 41.9 23.2 0.983 0.57 19.2 37.0 61.3 62.0 62.1 60.8 
01/18/10 42.6 20 0.93 0.67 16.9 40.0 59.1 61.0 60.4 60.7 
01/20/10 40.8 16.7 0.89 0.575 18.3 45.5 59.2 58.1 60.0 62.8 
01/22/10 33.5 16.3 0.635 0.455 20.1 36.0 55.0 54.7 54.2 52.8 
01/25/10 38.4 15.6 0.435 0.605 21.4 43.5 61.2 62.9 60.2 59.7 
02/5/10 37.7 26.6 0.31 0.29 23.5 34.5 63.8 62.5 61.5 61.4 
02/8/10 36.3 21.5 0.383 0.48 22.3 38.0 63.5 62.3 59.0 60.0 
02/12/10 40.3 31.5 0.418 0.285 23.7 34.0 66.0 67.5 64.4 65.8 
02/15/10 41.6 26.8 0.436 0.56 23.9 36.5 70.0 65.8 65.9 63.9 
02/17/10 41.2 33.4 0.639 0.485 22.2 29.5 65.8 64.6 64.0 63.4 
02/24/10 36.3 28.3 0.54 1.086 16.3 32.5 54.3 59.9 53.1 61.9 
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Stage Date 
Inf  

NH4
+_N  

Eff 
NH4

+_N  
Inf  

NO2
-_N  

Eff  
NO2

-_N  
Inf  

NO3
-_N 

Eff 
NO3

-_N 
Inf  
TN 

Eff  
TN 

Inf  
inorganic N 

Eff  
inorganic N 

S2-1 02/26/10 36.5 16.8 0.631 0.905 22.2 39.5 61.5 56.9 59.3 57.2 
03/5/10 40.5 12 0.065 0.505 6.3 34.0 51.1 47.4 46.9 46.5 
03/12/10 44 11.1 0.065 0.51 2.1 37.0 51.7 49.3 46.2 48.6 
03/15/10 32 6 0.215 0.32 2 24.0 34.0 29.4 34.2 30.3 
03/19/10 30.5 5.1 0.051 0.415 3.6 30.0 36.2 33.9 34.2 35.5 

S2-2 03/22/10 31.5 13.8 0.275 0.515 4.8 25.5 39.6 38.9 36.6 39.8 
03/24/10 47.5 31.1 0.235 0.665 3.4 22.5 54.4 54.7 51.1 54.3 
03/26/10 45.9 27 0.276 0.555 4.7 22.0 50.2 50.7 50.9 49.6 
03/31/10 43.2 29.2 0.265 0.14 8.4 25.5 52.9 52.9 51.9 54.8 
04/3/10 43.3 24.5 0.245 0.12 11.5 30.5 54.6 54.5 55.0 55.1 
04/9/10 41.5 25.7 0.29 1.1 9.5 25.5 51.5 50.1 51.3 52.3 
04/12/10 39.4 22.5 0.273 1.05 9.5 27.1 48.9 48.7 49.2 50.7 
04/14/10 44.5 26.7 0.47 1.28 8.7 26.5 51.3 51.5 53.7 54.5 
04/26/10 42.6 24.8 0.468 1.51 9.8 28.5 53.1 54.8 52.9 54.8 
04/28/10 42.9 21.9 0.497 1.5 9.9 30.5 53.3 51.6 53.3 53.9 
04/30/10 42.5 22.1 0.533 1.485 10.2 33.0 56.1 54.4 53.2 56.6 
05/3/10 43 21.4 0.529 1.53 10.1 32.4 54.4 54.4 53.6 55.3 
05/5/10 42.1 20.8 0.457 1.224 11.1 33.3 55.3 54.6 53.7 55.3 
05/7/10 44.1 23.3 0.476 1.476 10.7 32.4 55.1 53.6 55.3 57.2 
05/10/10 41.7 27.4 0.362 1.24 10.5 23.0 50.2 49.4 52.6 51.6 

S2-3 05/12/10 44.4 22.4 0.492 1.45 8.5 27.6 50.8 51.1 53.4 51.5 
05/14/10 42.3 12 0.427 1.255 8.2 33.5 49.8 46.2 50.9 46.8 
05/22/10 45.8 14.5 0.549 1.665 8.5 34.5 55.4 49.0 54.8 50.7 
05/25/10 40.7 13.1 0.604 1.54 10.5 34.0 53.6 47.1 51.8 48.6 
05/28/10 41.7 12.3 0.466 1.56 8.9 33.0 54.6 48.8 51.1 46.9 
05/31/10 39 13.3 0.328 1.385 12.4 34.0 53.4 47.5 51.7 48.7 
06/2/10 28.1 13.3 0.426 1.21 11.5 25.0 41.5 38.9 40.0 39.5 
06/7/10 67 30 0.308 1.935 9.1 43.5 77.1 72.1 76.4 75.4 
06/11/10 42.4 13.2 0.441 1.095 9.9 34.0 52.0 46.4 52.7 48.3 
06/14/10 47.6 17.5 0.356 0.71 3.6 29.0 52.0 49.7 51.6 47.2 

S3-1 06/16/10 85 46.4 0.319 1.48 3.3 40.5 89.6 88.0 88.6 88.4 
06/18/10 92 51 0.276 1.525 1 37.0 94.3 90.5 103.3 89.5 
06/21/10 84 43 0.473 1.105 8.6 46.0 90.9 89.1 93.1 90.1 
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Stage Date 
Inf  

NH4
+_N  

Eff 
NH4

+_N  
Inf  

NO2
-_N  

Eff  
NO2

-_N  
Inf  

NO3
-_N 

Eff 
NO3

-_N 
Inf  
TN 

Eff  
TN 

Inf  
inorganic N 

Eff  
inorganic N 

06/25/10 78.5 38.5 0.478 1.37 8.1 44.5 89.2 84.1 87.1 84.4 
06/28/10 81.5 34.5 0.63 1.365 11.7 48.5 94.4 87.8 93.8 84.4 
07/02/10 77.5 34 0.463 1.365 10.4 46.0 90.3 85.9 88.4 81.4 
07/05/10 80 40.6 0.45 0.855 6.2 40.5 90.2 87.7 86.7 82.0 
07/09/10 73 28.5 0.455 1.24 14.6 54.5 87.1 87.8 88.1 84.2 
07/19/10 74 28.5 0.606 1.565 11.8 54.5 82.1 82.5 86.4 84.6 

S3-2 07/22/10 78.5 38.5 0.511 2.13 10.9 51 92.3 92.6 89.9 91.6 
07/26/10 71 27 0.401 1.02 9.2 44.5 80.3 74.9 80.6 72.5 
07/30/10 68.5 25 0.388 1.385 9.9 49 78.2 75.8 78.8 75.4 
08/03/10 63.5 26 0.486 1.29 10 44.0 72.1 71.9 74.0 71.3 
08/06/10 64 26 0.522 1.075 10.9 45.5 74.5 74.8 75.4 72.6 
08/13/10 65.5 28 0.492 0.905 11.9 47.5 75.5 74.3 77.9 76.4 
08/16/10 90 40 0.8 2.09 19.7 73.5 122.0 120.0 110.5 115.6 
08/20/10 83.5 32.5 0.544 1.32 11.2 52.5 90.1 85.8 95.2 86.3 
08/23/10 69 30 0.465 1.27 9.5 42.0 76.4 74.8 79.0 73.3 
08/27/10 68.5 33 0.656 1.335 12 45.5 78.3 76.8 81.2 79.8 
09/10/10 50 23.5 0.559 0.68 13.1 41.0 60.9 59.7 63.7 65.2 
09/13/10 63.5 27.5 0.669 0.9 16.8 45.0 76.1 74.5 81.0 73.4 
09/20/10 64 24.5 0.021 1.19 16.4 54.0 83.1 79.7 80.4 79.7 

09/23/10 79 40.5 0.128 1.305 13.2 50.5 86.5 92.1 92.3 92.3 

09/27/10 78 48 0.122 1.4 9.5 41.0 87.2 84.9 87.6 90.4 

10/01/10 83 46 0.204 1.36 9 46.0 83.9 86.5 92.2 93.4 

10/04/10 87.5 46 0.091 1.11 10.5 45.5 89.4 88.4 98.1 92.6 

10/08/10 86 40.5 0.135 1.235 15.3 54.0 93.7 94.5 101.4 95.7 

10/12/10 84 50 0.11 1.205 9.6 50.0 92.1 94.9 93.7 101.2 

S3-3  10/15/10 84.5 39 0.133 1.19 10.9 50.0 93.7 88.7 95.5 90.2 

10/22/10 89 53 0.102 1.275 16.6 49.0 100.3 99.9 105.7 103.3 

10/25/10 69.5 31.5 0.144 1.32 16.4 48.5 81.3 79.4 86.0 81.3 

10/28/10 76 31 0.148 1.51 7.5 41.5 82.8 69.3 83.6 74.0 

11/01/10 68.5 32 0.184 1.7 9 41.5 73.7 70.8 77.7 75.2 
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Stage Date 
Inf  

NH4
+_N  

Eff 
NH4

+_N  
Inf  

NO2
-_N  

Eff  
NO2

-_N  
Inf  

NO3
-_N 

Eff 
NO3

-_N 
Inf  
TN 

Eff  
TN 

Inf  
inorganic N 

Eff  
inorganic N 

11/05/10 73 33 0.21 1.66 8.3 41.0 79.7 73.8 81.5 75.7 
11/08/10 67.5 29 0.201 1.935 6.6 37.5 70.4 68.1 74.3 68.4 
11/12/10 74.5 32 0.235 1.885 9.1 50.0 76.5 77.3 83.8 83.9 
11/15/10 84 36 0.21 1.39 10.9 57.5 88.6 88.7 95.1 94.9 
11/19/10 84 32.5 0.202 1.94 9.2 54.5 86.4 86.2 93.4 88.9 
11/22/10 65 27.5 0.161 1.535 6.7 40.0 66.5 65.8 71.9 69.0 
11/26/10 64 22 0.182 1.735 8.9 45.5 68.5 67.9 73.1 69.2 
11/29/10 75.5 28 0.87 1.585 6.9 45.0 80.9 72.8 83.3 74.6 
12/03/10 60 24 0.174 1.355 4 38.0 64.1 63.8 64.2 63.4 
12/06/10 83.5 34.5 0.137 1.55 5.6 51.0 87.3 86.4 89.2 87.1 
12/10/10 81.5 45 0.149 1.205 3.3 36.0 80.9 80.7 84.9 82.2 
12/13/10 62.5 30.5 0.202 1.115 8.7 39.0 72.1 70.9 71.4 70.6 
12/17/10 91.5 37.5 0.21 1.295 6.6 53.0 93.6 89.1 98.3 91.8 
12/20/10 93 44.5 0.207 2.48 7.9 42.0 96.5 93.4 101.1 89.0 
12/24/10 87.5 46 0.201 2.37 6.6 44.0 90.8 88.2 94.3 92.4 
12/31/10 82.5 35 0.135 1.275 4.8 47.5 88.8 82.0 87.4 83.8 
01/04/11 64 25.5 0.196 1.425 9.5 39.5 72.0 67.0 73.7 66.4 
01/10/11 80.5 45 0.124 1.46 10.9 49.5 89.9 91.1 91.5 96.0 
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Table VI-2 Raw data of MABR2 treating ammonia-supplemented tap water 

Stage Date 
Inf  

NH4
+_N  

Eff 
NH4

+_N  
Inf  

NO2
-_N  

Eff  
NO2

-_N  
Inf  

NO3
-_N 

Eff 
NO3

-_N 
Inf  
TN 

Eff  
TN 

Inf  
inorganic N 

Eff  
inorganic N 

S0 07/15/09 25.1 10.9 0.000 0.0 7.5 25.1 18.4 
07/20/09 25.2 9.7 0.000 0.4 7.1 25.6 16.8 
07/22/09 22.5 10.3 0.002 0.5 8.4 23.0 18.7 
07/24/09 26.8 12.2 0.000 0.4 8.8 27.2 21.0 
07/31/09 28.0 12.7 0.009 6.420 0.1 7.5 33.2 26.6 28.1 26.6 
08/4/09 22.5 9.8 0.010 4.340 0.8 8.4 29.9 22.5 23.3 22.5 
08/6/09 24.6 13.5 0.011 3.670 0.7 7.4 29.1 24.6 25.3 24.6 
08/10/09 21.4 8.7 0.004 7.890 0.8 7.3 28.8 23.9 22.2 23.9 
08/13/09  21.6 8.8 0.009 1.780 0.4 6.9 22.1 17.5 22.0 17.5 
08/17/09  20.2 6.3 0.005 6.800 0.0 5.9 21.9 19.0 20.2 19.0 
08/19/09  22.9 5.8 0.010 5.070 0.9 7 22.1 17.9 23.8 17.9 
08/24/09  21.9 5.9 0.006 5.540 0.6 7.9 23.3 19.3 22.5 19.3 
08/26/09  21.1 6.8 0.006 7.170 1.4 7.7 23.9 21.7 22.5 21.7 
08/31/09  21.8 8.1 0.012 5.600 0 7 23.5 20.7 21.8 20.7 
09/2/09 21.4 4.2 0.008 0.550 0.6 9.8 22.0 14.6 22.0 14.6 
09/9/09 26.1 17.2 0.016 4.420 0.5 8 29.5 29.6 26.6 29.6 
09/11/09 29.0 15 0.012 5.860 0.5 7.7 30.0 28.6 29.5 28.6 

S1 09/30/09 31.4 13.6 0.042 12.000 0.4 5.7 34.9 33.1 31.8 31.3 
10/2/09 25.3 11.4 0.027 9.184 0.8 4.7 28.2 27.3 26.1 25.3 
10/5/09 19.3 14.2 0.014 4.875 0.4 4 28.6 25.3 19.7 23.1 
10/7/09 27.5 16 0.016 6.970 0.4 3.3 30.0 28.4 27.9 26.3 
10/9/09 28 16.5 0.011 6.847 0.5 3.4 29.3 28.2 28.5 26.7 
10/14/09 34.6 18 0.017 6.519 0.2 3.1 31.2 29.2 34.8 27.6 
10/16/09 27.8 17.8 0.014 6.806 0.5 3.8 31.9 29.9 28.3 28.4 
10/19/09 28.6 18.7 0.024 6.027 0.3 3.6 29.9 28.3 28.9 28.3 
10/21/09 26.7 19.6 0.031 4.551 0.4 2.7 30.9 29.0 27.1 26.9 
10/26/09 26.7 18.4 0.049 5.043 0.5 3.3 30.4 28.9 27.2 26.7 
10/28/09 28.1 18.4 0.05 4.995 0.8 3.5 30.0 28.2 29.0 26.9 
10/30/09 28.7 18.5 0.052 5.143 0.4 3.2 30.0 28.4 29.2 26.8 
11/2/09 26.2 17.6 0.049 4.756 0.7 3.4 29.6 27.6 26.9 25.8 
11/4/09 27.2 18.2 0.046 5.002 0.8 2.9 29.0 27.4 28.0 26.1 
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Eff  
TN 

Inf  
inorganic N 

Eff  
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11/6/09 26.5 18.3 0.039 4.305 0.6 3.4 29.2 28.0 27.1 26.0 
11/9/09 26.5 17.8 0.034 3.959 0.9 3.8 29.0 28.0 27.4 25.6 
11/13/09 28 17.3 0.042 4.292 0.8 4 28.2 27.6 28.8 25.6 
11/16/09 29 18.6 0.041 3.626 0.7 3.8 29.2 28.5 29.7 26.0 
11/18/09 26.8 18.8 0.038 3.589 0.9 3.8 29.0 28.1 27.7 26.2 
11/20/09 28 19.8 0.04 3.996 0.7 3.7 29.5 28.4 28.7 27.5 
11/23/09 27.9 20.5 0.036 3.145 0.7 3.9 29.5 28.0 28.6 27.5 
11/25/09 28.1 20.2 0.036 3.071 0.7 3.9 29.5 28.5 28.8 27.2 
11/27/09 27.6 20.1 0.037 2.590 0.7 3.9 28.7 28.7 28.3 26.6 
11/30/09 28.1 20.8 0.035 2.183 0.6 3.4 27.9 27.6 28.7 26.4 
12/2/09 27.3 20.8 0.032 2.294 0.7 4 28.6 28.2 28.0 27.1 
12/4/09 28.3 22 0.031 2.257 0.6 4.1 28.3 28.2 28.9 28.4 
12/7/09 27.3 22.4 0.03 1.628 0.7 4 28.1 28.3 28.0 28.0 
12/9/09 28.2 19 0.029 1.702 0.8 6.6 30.1 29.6 29.0 27.3 
12/11/09 28.8 22.2 0.031 1.776 0.7 3.8 27.4 27.6 29.5 27.8 
12/14/09 28.5 21.5 0.029 1.628 0.8 4.1 28.9 28.0 29.3 27.2 
12/16/09 28.3 21.3 0.028 1.665 0.6 4.4 28.0 28.0 28.9 27.4 
12/21/09 28.5 21.4 0.026 1.369 0.7 4.2 27.6 28.0 29.2 27.0 
12/24/09 27.3 21.2 0.025 1.221 0.6 4.5 27.7 27.1 27.9 26.9 
12/27/09 28.7 22.8 0.029 0.944 0.7 5.5 26.8 26.7 29.4 29.2 
12/30/09 27.6 21.2 0.023 1.055 0.9 5.5 27.3 27.1 28.5 27.8 
01/2/10 29.6 23.6 0.023 0.79 1 5.8 30.6 30.2 
01/4/10 27.3 22.1 0.022 0.77 1 5.8 
01/6/10 26.6 21.6 0.021 0.78 1 6.1 28.6 28.0 27.6 28.5 
01/11/10 28.2 22.3 0.025 0.495 1 5.7 27.6 27.3 29.2 28.5 
01/13/10 27.1 23 0.023 0.6 1.6 6.1 28.6 28.5 28.7 29.7 
01/15/10 27.2 21.5 0.023 0.62 1.7 6 28.1 28.1 28.9 28.1 
01/18/10 28.3 23 0.024 0.61 0.8 5.2 28.2 28.8 29.1 28.8 
01/20/10 28.7 21.6 0.021 0.615 0.8 5.7 29.2 29.3 29.5 27.9 
01/22/10 28.9 22.2 0.022 0.6 0.7 5.6 28.4 28.9 29.6 28.4 
01/25/10 27.2 20.8 0.021 0.51 0.7 6 29.8 29.4 27.9 27.3 
02/1/10 28 22.4 0.16 0.345 0.4 4.9 
02/3/10 28.7 21.7 0.015 0.525 0.6 5.9 31.5 30.8 29.3 28.1 



 
 

189 

 

Stage Date 
Inf  

NH4
+_N  

Eff 
NH4

+_N  
Inf  

NO2
-_N  

Eff  
NO2

-_N  
Inf  

NO3
-_N 

Eff 
NO3

-_N 
Inf  
TN 

Eff  
TN 

Inf  
inorganic N 

Eff  
inorganic N 

02/5/10 28.7 21.8 0.017 0.515 0.8 6 31.2 30.5 29.5 28.3 
02/8/10 28.4 24 0.016 0.32 0.3 4.9 31.1 30.7 28.7 29.2 

S2-1 02/10/10 29.2 21.9 0.019 0.655 0.5 5.8 31.4 31.2 29.7 28.4 
02/12/10 29.2 20.9 0.017 1.005 0.7 7.2 32.2 30.9 29.9 29.1 
02/15/10 29.9 19.9 0.027 0.925 0.8 7.6 31.8 31.2 30.7 28.4 
02/17/10 31.9 19.9 0.02 3.01 0.9 8.7 34.5 33.2 32.8 31.6 
02/19/10 30.3 19.4 0.019 2.67 0.8 9 32.6 32.6 31.1 31.1 
02/22/10 31.4 19.3 0.02 1.5 0.7 9.9 34.0 32.6 32.1 30.7 
02/24/10 32.3 19.1 0.019 1.48 1 11.4 33.6 33.0 33.3 32.0 
02/26/10 31.2 22.3 0.021 0.98 0.8 9 33.2 33.9 32.0 32.3 
03/1/10 31.1 26.4 0.022 0.405 0.3 4.5 32.8 32.4 31.4 31.3 
03/3/10 30.4 24.1 0.02 0.41 0.6 6.1 32.4 31.9 31.0 30.6 

S2-2 03/5/10 30.4 24.1 0.021 0.405 0.6 6.1 32.5 32.3 31.0 30.6 
03/8/10 37.5 28.5 0.021 0.27 1 9.7 39.3 38.8 38.5 38.5 
03/12/10 34.7 22 0.123 0.345 1.2 12.5 36.1 35.7 36.0 34.8 
03/19/10 31.8 27.5 0.036 0.195 1 4.3 32.5 32.2 32.8 32.0 
03/22/10 30.6 23.6 0.028 0.275 0.9 6.7 32.3 32.1 31.5 30.6 
03/24/10 30.7 24.6 0.026 0.17 0.8 6 32.0 31.6 31.5 30.8 

S3-1 03/26/10 30.4 24.4 0.026 0.205 0.9 6.5 32.9 31.6 31.3 31.1 
04/9/10 22.6 12.4 0.024 4.03 0.7 4.2 23.6 20.7 23.3 20.6 
04/12/10 34.4 6.7 0.025 10.7 0.8 11.6 34.6 31.1 35.2 29.0 
04/14/10 33.8 5.1 0.026 11.7 0.8 13.4 32.7 29.5 34.6 30.2 
04/19/10 26.2 1.7 0.024 3.28 0.8 17.4 25.7 21.8 27.0 22.4 
04/21/10 22.1 2.2 0.026 2.44 0.7 18.7 23.7 22.6 22.8 23.3 
04/26/10 34.7 6.3 0.023 3.96 0.7 19 36.1 30.3 35.4 29.3 
04/28/10 34.1 8.2 0.025 4.095 0.8 18.7 34.6 30.0 34.9 31.0 
04/30/10 31.9 7.2 0.026 4.018 0.7 18.7 33.4 30.5 32.6 29.9 
05/3/10 31.2 5.6 0.029 3.69 0.9 18.9 32.9 28.5 32.1 28.2 
05/5/10 31.2 5.9 0.025 3.726 0.8 18 33.2 28.6 32.0 27.6 
05/7/10 31.4 6.6 0.026 4.077 0.7 17 31.9 28.1 32.1 27.7 
05/10/10 32.2 7.8 0.026 4.923 0.8 15.7 32.6 28.4 33.0 28.4 
05/12/10 22.7 3.5 0.027 3.114 0.8 14.5 23.2 20.8 23.5 21.1 
05/14/10 28.2 5 0.024 4.194 0.7 14.8 28.6 23.4 28.9 24.0 
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05/17/10 26.8 5.7 0.026 5.148 0.8 14.5 27.7 25.4 27.6 25.3 
05/20/10 25.3 5.3 0.025 4.851 0.8 13.1 27.4 23.6 26.1 23.3 
05/22/10 25.9 5.3 0.024 4.842 0.7 12.7 26.8 23.3 26.6 22.8 
05/25/10 24.6 4 0.026 4.689 0.8 12.8 25.7 22.2 25.4 21.5 
05/28/10 24.7 4.4 0.025 4.182 0.7 12.5 26.6 22.3 25.4 21.1 
05/31/10 24.4 4.8 0.026 4.756 0.7 12.1 26.3 22.3 25.1 21.7 
06/2/10 22.9 5.2 0.025 4.592 0.8 12.1 26.2 22.6 23.7 21.9 
06/7/10 25.3 6.6 0.023 4.305 0.7 12.1 26.9 23.4 26.0 23.0 
06/11/10 26.4 7.5 0.023 3.854 0.8 12.9 25.9 23.5 27.2 24.3 
06/14/10 24.7 7.3 0.027 3.813 0.8 11.7 26.0 23.0 25.5 22.8 
06/16/10 25.7 8.6 0.027 2.829 0.9 11.9 26.6 23.7 26.6 23.3 
06/18/10 25.4 12.1 0.026 1.927 0.7 9.5 26.3 24.2 26.1 23.5 
06/21/10 24.9 15.2 0.024 1.066 0.7 7.9 25.9 24.8 25.6 24.2 
06/25/10 24.9 14.6 0.023 0.902 0.7 7.9 25.1 24.8 25.6 23.4 
07/05/10 26.7 15 0.024 0.943 0.7 7.3 28.4 24.4 27.4 23.2 
07/09/10 24.2 13.5 0.026 0.861 0.8 8.8 26.1 24.8 25.0 23.2 
07/12/10 24.7 2.8 0.024 2.009 0.7 17.8 26.7 23.4 25.4 22.6 

S3-2 07/22/10 29.8 3.8 0.024 1.189 0.7 21.6 31.2 26.9 30.5 26.6 
07/26/10 30.2 3.3 0.024 0.656 0.8 24.5 30.6 28.7 31.0 28.5 
07/30/10 28.6 4.2 0.023 0.74 0.8 23.7 29.8 28.5 29.4 28.6 
08/03/10 27 3 0.024 1.04 0.7 20.5 27.9 24.7 27.7 24.5 
08/06/10 32.6 3.3 0.027 1.49 0.7 19.8 33.4 25.0 33.3 24.6 
08/13/10 30.6 4.2 0.024 2.505 0.7 18 30.0 24.8 31.3 24.7 
08/16/10 27.1 3.8 0.027 1.71 0.8 18 28.5 24.5 27.9 23.5 
08/20/10 27.1 2.8 0.024 0.935 0.9 19.5 28.1 23.3 28.0 23.2 
08/23/10 26.1 2.9 0.026 0.825 0.7 19.7 26.9 23.3 26.8 23.4 
08/27/10 28 3.3 0.027 0.86 0.8 19.3 28.3 23.8 28.8 23.5 
08/30/10 30.6 2.7 0.024 0.74 0.7 19.8 28.5 23.6 31.3 23.2 
09/03/10 29.5 3.2 0.024 3.74 0.8 18.9 30.5 26.5 30.3 25.8 
09/07/10 33.8 5.4 0.026 0.775 0.7 20.8 31.7 26.7 34.5 27.0 
09/10/10 30.4 3.3 0.024 0.59 0.8 19.3 30.9 24.9 31.2 23.2 
09/13/10 30 5.9 0.024 0.575 0.8 18.6 30.5 25.2 30.8 25.1 
09/17/10 29.3 4.9 0.024 0.58 0.7 17.8 30.4 24.1 30.0 23.3 
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09/20/10 29.8 4.8 0.024 0.545 0.8 18.4 29.2 23.9 30.6 23.7 
09/23/10 32.9 11.1 0.027 0.64 0.8 16.2 32.5 23.4 33.7 27.9 
09/27/10 33.5 5.7 0.023 0.425 0.8 19 31.8 24.6 34.3 25.1 
10/01/10 30.9 3.7 0.044 0.845 0.7 19.4 31.2 25.3 31.6 23.9 
10/08/10 30.9 5.3 0.027 0.78 0.8 23.3 30.8 29.6 31.7 29.4 
10/12/10 30 8.1 0.024 0.445 0.8 18.2 27.2 24.0 30.8 26.7 

S3-3  10/15/10 29.8 4.8 0.024 0.455 0.7 18.3 31.4 24.1 30.5 23.6 
10/19/10 31.3 4.5 0.024 0.445 0.8 19.5 30.9 24.6 32.1 24.4 

10/22/10 33.7 6.8 0.027 0.52 0.8 23.2 29.8 29.1 34.5 30.5 

10/25/10 30.6 4.5 0.024 0.42 0.8 19.2 29.6 25.1 31.4 24.1 

10/28/10 28.8 4.9 0.024 0.39 0.8 18.5 28.2 23.1 29.6 23.8 

11/01/10 30.7 4.6 0.027 0.345 0.8 19.3 28.4 24.0 31.5 24.2 

11/05/10 30.9 5.1 0.024 0.4 0.7 19.4 30.0 25.3 31.6 24.9 
11/08/10 31.9 4.5 0.024 0.365 0.7 18.7 28.4 24.8 32.6 23.6 
11/12/10 30.4 4.6 0.024 0.35 0.8 21 30.1 26.0 31.2 26.0 
11/15/10 30.3 5.2 0.024 0.38 0.7 19.7 29.2 26.2 31.0 25.3 
11/19/10 32.8 6.6 0.026 0.31 0.8 19.2 30.7 25.7 33.6 26.1 
11/22/10 32.6 5.4 0.024 0.35 0.8 19.1 31.0 26.1 33.4 24.9 
11/26/10 34.8 4.8 0.024 0.375 0.8 19.8 33.9 24.4 35.6 25.0 
11/29/10 33.9 6.1 0.023 0.31 0.8 19 32.8 24.9 34.7 25.4 
12/03/10 32.9 5.6 0.027 0.35 0.7 18.9 32.8 25.1 33.6 24.9 
12/06/10 31.8 7.8 0.024 0.35 0.9 18.6 31.8 26.9 32.7 26.8 
12/10/10 34.7 12.7 0.024 0.195 0.8 19.1 32.1 30.1 35.5 32.0 
12/13/10 32.5 9.3 0.026 0.335 0.8 17.3 31.8 27.1 33.3 26.9 
12/17/10 33.3 9.1 0.024 0.425 0.7 17.5 32.0 26.2 34.0 27.0 
12/20/10 33.7 9.9 0.026 0.39 0.9 18.6 33.4 29.1 34.6 28.9 
12/24/10 32.3 7.1 0.023 0.48 0.7 19.7 32.7 27.8 33.0 27.3 
21/31/10 32.8 5.4 0.023 0.52 0.7 20.2 31.4 25.9 33.5 26.1 
01/04/11 30.6 5.6 0.024 0.48 0.9 20.2 29.8 25.5 31.5 26.3 
01/10/11 31.8 6.1 0.027 0.375 0.8 20.7 33.8 28.6 32.6 27.2 

 


