. HOKKAIDO UNIVERSITY

Title Impact of Anodic Respiration on Membrane Fouling in Electrode-assisted Membrane Bioreactor
Author(s) ,
Degree Grantor
Degree Name ( )
Dissertation Number 12768
Issue Date 2017-03-23
Dol https://doi.org/10.14943/doctoral .k12768
Doc URL https://hdl.handle.net/2115/77185
Type doctoral thesis
File Information Ishizaki_So.pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




DOCTOR DISSERTATION

Impact of Anodic Respiration on Membrane Fouling in

Electrode-assisted Membrane Bioreactor

by

So ISHIZAKI

GRADUATE SCHOOL OF ENGINEERING
HOKKAIDO UNIVERSITY



DOCTOR DISSERTATION

Impact of Anodic Respiration on Membrane Fouling in

Electrode-assisted Membrane Bioreactor

by

So ISHIZAKI

GRADUATE SCHOOL OF ENGINEERING
HOKKAIDO UNIVERSITY



DOCTOR DISSERTATION

Impact of Anodic Respiration on Membrane Fouling in

Electrode-assisted Membrane Bioreactor

by

So ISHIZAKI

GRADUATE SCHOOL OF ENGINEERING
HOKKAIDO UNIVERSITY



TABLE of CONTENTS

CHAPTER 1 I OTUCTION. ...t eeeeeeeneeeenenenee

1.1. Background
1.2. Research Objective

1.3. Structure of this thesis

CHAPTER 2 LIt ATUTE FBVIBW. ...t eenenenenennnne

2.1. Microbial fuel cell (MFC)
2.1.1. Advantages for wastewater treatment
2.1.2. Reactor configuration

1) Reactor

2) Electrode

3) Separator
2.1.3. Development of MFC-integrated system
2.2. Operational condition of MFC
2.2.1. External resistance

1) Electrical power generation

2) Energy efficiency

3) Biomass and microbial community
2.2.2. Temperature

1) Electrical power generation

2) Energy efficiency

3) Biomass and microbial community
2.3. Exoelectrogenic bacteria
2.3.1. Gained energy through anodic respiration

2.3.2. Transport of electron from exoelectrogenic bacteria to anodic electrode



2.3.3. Development of anodic biofilm
1) Microbial community
2) Anodic biofilm composition
2.4. Membrane fouling and foulants
2.4.1. Brief introduction of membrane bioreactor (MBR)
2.4.2. Membrane fouling
2.4.3. Contribution of bacterial secretion on membrane fouling
1) Soluble microbial product
2) Biopolymer
2.4.4. Effect of operational conditions on membrane fouling
1) Temperature
2) Solid retention time
2.5. Identification of the role of bacteria on membrane fouling
2.5.1. Elucidation of mechanism of membrane fouling with actual MBR
1) Techniques for microbial community analysis
2) ldentification of key bacteria responsible for membrane fouling
2.5.2. Elucidation of mechanism of membrane fouling with pure culture
1) Elucidation of mechanism of membrane fouling with model bacteria
2) Elucidation of mechanism of membrane fouling with isolated bacteria
2.6. Integration system of MFC and MBR
2.6.1. Reactor configuration
2.6.2. Energy balance
2.6.3. Membrane fouling
1) Membrane cathode

2) Bacterial secretion



CHAPTER 3 Impact of anodic respiration on biopolymer production and

consequent membrane fouling in electrode-associated membrane bioreactor

3.1. Background and Objectives

3.2. Materials and Methods

3.2.1. MFC configuration and operation

3.2.2. Membrane-fouling potential

3.2.3. Extraction of SMP and EPS

3.2.4. Chemical analysis

3.2.5. Microbial community analysis

3.2.6. Geobacter sullferreducens strain PCA

3.3. Results and Discussion

3.3.1. Performance of MFCs

3.3.2. Impact of anodic respiration on membrane-fouling potential
3.3.3. Characterization of SMP

3.3.4. Microbial community analysis

3.3.5. Biopolymer production by Geobacter sullferreducens strain PCA

3.4. Conclusion

CHAPTER 4 Membrane fouling potentials and cellular properties of
bacteria isolated from fouled membranes in a MBR treating municipal
WASTEWALET ...ttt ettt e bbb e bb e e ebb e e s bb e e s be e e enr e e nnnes 61
4.1. Background and Objectives

4.2. Materials and Methods

4.2.1. Isolation of bacterial strains

4.2.2. Microbial community analysis

4.2.3. Membrane fouling potential

4.2.4. Cellular characterization



4.2.5. Colony water content

4.2.6. Extraction of SMP and EPS
4.2.7. Chemical analysis

4.2.8. Dead-end filtration

4.3. Results

4.3.1. Microbial community analysis
4.3.2. Membrane fouling potential
4.3.3. Cellular properties

4.3.4. Colony characteristics

4.4. Discussion

4.5. Conclusion

CHAPTER 5 Membrane fouling induced by AHL-mediated soluble microbial
product (SMP) formation by fouling-causing bacteria co-cultured with
fouling-enhanCing DACTEIIA. .......cc.ciuiiieiiie e 89
5.1. Background and Objectives
5.2. Materials and Methods
5.2.1. Bacterial strains
5.2.2. Measurement of membrane fouling potential
5.2.3. Effect of supernatant and AHL on fouling potential
5.2.4. Thin-layer chromatograph (TLC) assay for AHL
5.2.5. Characterization of SMP
5.3. Results
5.3.1. Fouling potentials of isolated strains as single-culture
5.3.2. Effect of co-cultivation on fouling potentials of isolated strains
1) Fouling potentials of isolated strains as co-culture
2) Effect of fouling-enhancing bacteria (FCB) on fouling potential of FCB
3) Detection of C8-HSL in FCB and FEB and its role on fouling potential



5.3.3. Characterization of SMP
1) Measurements of carbohydrate and protein contents in SMP
2) PCA analysis on the basis of FTIR

5.4. Discussion

5.5. Conclusion

CHAPTER 6 Effect of anodic respiration on fouling potential of
FOUlING-CaUSING DACTEIIA. .......eiiiiie i e 105
6.1. Background and Objectives

6.2. Materials and Methods

6.2.1. Bacterial strains, reactor configuration and operational conditions

6.2.2. Measurement of membrane fouling potential

6.2.3. Extraction of SMP and EPS

6.2.4. Bacterial growth

6.2.5. Chemical analysis

6.3. Results

6.3.1. Fouling potentials with various electron acceptors

6.3.2. Bacterial growth

6.3.3. Characterization in SMP

6.4. Discussion

6.5. Conclusion

CHAPTER 7 CoNnCluSION remMarkKs.........cooveiieiiiie e 119
7.1. Impact of anodic respiration on biopolymer production and consequent
membrane fouling in electrode-associated membrane bioreactor (e-MBR)

7.2. Membrane fouling potentials and cellular properties of bacteria isolated from
fouled membranes in a MBR treating municipal wastewater

7.3. Membrane fouling induced by AHL-mediated soluble microbial product

Vi



(SMP) formation by fouling-causing bacteria co-cultured with fouling-enhancing
bacteria
7.4. Effect of anodic respiration on fouling potential of fouling-causing bacteria

7.5. Future outlooks

(R (=] =] (o= T T 123

VIl



CHAPTER 1

Introduction

1.1. Background

It is essential to fulfill various water demands with lower operational energy for future
wastewater treatment system. An integrated system of microbial fuel cell (MFC) and
membrane bioreactor (MBR) has been introduced as a promising energy-efficient
approach for wastewater treatment (Wang et al., 2011b;Yuan and He, 2015). Since
MFC could achieve poor effluent quality, installation of post-treatment system is
necessary to fulfill water quality standards for wastewater treatment (Wang et al.,
2011b). In while, MBR is capable of achieving high effluent quality, but its operation
requires enormous energy for such as aeration (Gil et al., 2010;Kraume and Drews,
2010). Thus far, a variety type of the integrated system has been proposed (Yuan and
He, 2015), and it is likely that the system in which membrane modules were installed in
or equipped simultaneously to anode chamber is available for a net energy generation
(Katuri et al., 2014;L.i et al., 2016;Ren et al., 2014).

A reduction of membrane fouling is important for an increase in the net
energy generation. Membrane fouling is recognized to be main obstacle for widespread
utilization on MBR since it requires exceed operational energy and cost for
air-scrubbing, membrane exchange, and/or frequent membrane cleaning (Judd,
2008;Meng et al., 2009b). It should be of greater concern for the integrated system to
maximize the net energy generation due to no aeration for air-scrubbing and biological
oxidation (Malaeb et al., 2013a). However, the effect of anodic respiration on
membrane fouling has not been yet investigated.

Besides, identification and characterization of the bacteria causing severe

membrane fouling (fouling-causing bacteria (FCB)) is essential for better understanding



of membrane fouling (Malaeb et al., 2013b). Although extensive studies were addressed
to reveal FCB by using pure culture and/or actual MBR, FCB has not been identified on
the basis of direct measurement of their fouling potential. The identification and
characterization of FCB should be also helpful for the evaluation of membrane-fouling

mitigation and elucidation of its detail mechanism.

1.2. Research objective
On the basis of this background, the main objective of this research was to reveal the
effect of anodic respiration on fouling potential of bacteria responsible for membrane

fouling. In order to achieve it, various specific objectives were established as follows:

1. To investigate the effect of anodic respiration on membrane fouling with MFC
established by mixed population.

2. To evaluate fouling potential of bacteria isolated from MBR treating municipal
wastewater and identify FCB and characterize their cellular property.

3. To evaluate the influence microbial interaction on fouling potential of FCB.

4. To investigate the effect of electron acceptor involving anodic respiration on fouling

potential of FCB.

1.3. Structure of this thesis

This thesis comprises seven chapters as shown in Figure 1. Background information,
research objective, and the structure of this thesis were described in Chapter 1. Chapter
2 provides basic information regarding this thesis as literature reviews.

In Chapter 3, the effect of anodic respiration on membrane fouling was
investigated. Four MFC reactors with different value of external resistance to regulate
the degree of anodic respiration were constructed, and subjected to measurements of
fouling potential, bacterial secretion, and microbial community in the reactors.

Chapter 4 and 5 focused on the bacteria responsible for membrane fouling. In



Chapter 4, Forty-one bacterial strains were isolated from MBR treating municipal
wastewater, and subjected to measurements of fouling potential with cross-flow
membrane filtration system (CFMFS) and cellular properties to characterize FCB. In
Chapter 5, the fouling potential of the bacterial strains as single-culture and co-culture
to evaluate the influence microbial interaction on fouling potential of FCB.

In Chapter 6, the effect of electron acceptor on fouling potential of FCB was
investigated. FCB was cultured with electrode, oxygen, nitrate as sole electron acceptor,
and subjected to measurements of fouling potential and the secretion in the reactors.

Conclusion remarks and recommendation topics for future were shown in Chapter 7.
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CHAPTER 2

Literature review

2.1. Microbial fuel cell (MFC)

2.1.1. Advantages for wastewater treatment

MFC is the device that is able to convert chemical energy to electrical energy through
exoelectrogenic bacteria (Davis and Higson, 2007;Logan et al., 2006). As compared
with conventional activated sludge (CAS) and the other energy recovery systems from
wastewater (i.e. methane fermentation), MFC has several advantages for wastewater
treatment as following: Higher energy efficiency (vs. methane fermentation) (Pham et
al., 2006), no need for aeration(Rozendal et al., 2008), lower sludge production (Liu et
al., 2005;Rabaey and Verstraete, 2005;Wang et al., 2012b).

Methane fermentation requires storage and combustion process for generating
electricity, suggesting that energy loss and extra cost occur during electricity generation.
In while, MFC allow to generate electricity directly by exoelectrogenic bacteria. In
addition, as mentioned below, MFC does not required to be heated as like methane
fermentation. This should help to increase net energy recovery (Pham et al., 2006).

Exoelectrogenic bacteria can oxidize organic compounds by reducing
electrode instead of oxygen. This suggests that aeration does not required in MFC.
Besides, MFC is known to produce lower volume of sludge as compared with CAS
(Brown et al., 2015;Rabaey and Verstraete, 2005;Zhang et al., 2013). Since aeration and
sludge treatment required enormous cost and energy (25-65% of cost and 45-75% of
energy for operation of CAS were occupied by sludge treatment and aeration,
respectively (Brown et al., 2015)), these advantages also work for energy-saving

wastewater treatment.



2.1.2. Reactor configuration

1) Reactor

MFC comprises mainly three parts: Reactor, anode electrode, and cathode electrode.
Separator is also important part, but its pattern and role is dependent on the
configuration of reactor. Reactor configuration of MFC can be classified into three
types; Separated, non-separated, and packed and fluidized bed reactor (Krieg et al.,
2014). In terms of topological view, it can be categorized into single-chamber and
double-chamber reactor (Single-chamber type reactor contains non-separated, and
packed and fluidized bed reactor).

Single-chamber type reactor is available for higher generation of electricity
and feasibility. As one of the configurations of this type reactor, cassette-electrode MFC
has been well investigated (Miyahara et al., 2013;Shimoyama et al., 2008). This is
available configuration for the practical utilization, because it is able to generate high
cell voltage by connecting some modules and the modification of the configuration of
CAS can be minimize to install.

In while, double-chamber type reactor is available for sustainable construction
and operation, because bio-cathode has been recently developed (Jafary et al.,
2015;Zhang et al., 2014a). As mentioned below, cathode electrode is known to main
cause for expensive capital cost of MFC (Rozendal et al., 2008). In bio-cathode, instead
of chemical catalyst for cathode electrode, bacteria which is capable of reducing
cathode electrode was used as the catalyst (Jafary et al., 2015). Several papers
succeeded long-term operation of MFC equipped with bio-cathode involving the

integrated system (Liu et al., 2014;Wang et al., 2011b).

2) Electrode
Carbon-based material was mainly used as anode and cathode electrode (Krieg et al.,
2014). As anode electrode, a variety of carbon-based electrode was developed; Carbon

felt, cloth, brush, foam, nanotube, and fabric. As cathode electrode, aside from



carbon-based material, stainless steel mesh was frequently used as cathode electrode
(Liu etal., 2014;Wang et al., 2011b).

For higher production of electricity, cathode-reaction limitation is crucial
problem for enhancement of the production of electricity (Rismani-Yazdi et al.,
2008;You et al., 2009). Cathode-reaction limitation can be classified into three parts;
Activation loss, ohmic loss, and mass transport loss (Rismani-Yazdi et al., 2008).
Ohmic loss is derived from ion transport through separator. Occurrence of mass
transport loss is due to lower electric conductivity (Fan et al., 2007;Rozendal et al.,
2008).

Proton shortage on cathode electrode is relevant to both ohmic resistance and
mass transport loss. Proton shortage leads high cathodic pH, which results in a shift in
the reaction mechanism of cathode reactions (Popat and Torres, 2016). As mentioned

below, this problem is well related to the separator of MFC.

3) Separator
For separators, cation-exchange membrane (CEM), anion-exchange membrane (AEM),
bipolar membrane were used as ion exchange membrane. In MFC, cation species
consists mainly of sodium, potassium, ammonium, and proton. In while, anion species
consists mainly of organic compounds (i.e. acetate and propionate), carbonate, and
phosphate ion. As compared with CEM, AEM s superior to reduce pH value on
cathode electrode and generate higher electricity (Sleutels et al., 2009). Since cation and
anion species can pass through the bipolar membrane, MFC equipped with it achieved
to generate higher electricity than that equipped with CEM or AEM (Harnisch et al.,
2008).

Moreover, since wastewater contains much amount of cation species other
than proton (i.e. sodium and potassium ions) as compared with proton, it is difficult to
increase electrical conductivity and proton concentration simultaneously (Harnisch et al.,

2009;Rozendal et al., 2006). As one way of increasing electrical conductivity and



proton concentration simultaneously, the external supply of carbon dioxide (Fornero et
al., 2010;lIshizaki et al., 2014;Torres et al., 2008b) and water (Ishizaki et al., 2014) to
cathode electrode (chamber) were proposed. External water supply is expected to
enhance water ionization and carbonate dissolution on the cathode electrode (Harnisch

and Schroder, 2009;Ishizaki et al., 2014).

2.1.3. Development of MFC-integrated system

The characteristics of MFC such as electrical driving force can deliver other benefit as
mentioned below. Microbial desalination cell (MDC) is able to generate electricity and
desalinate simultaneously (Cao et al., 2009b). Seawater will flow between anode and
cathode chamber and cation and anion species will be transferred to each chamber
through CEM and AEM by electrical potential between the electrodes (Cao et al.,
2009b). Valuable resources recovery and production (i.e. Phosphorus and caustic) also
utilized the electrical driving force in previous studies (Ichihashi and Hirooka,
2012;Rabaey et al., 2010). In addition, carbon dioxide produced by exoelectrogenic
during the process of electricity generation by was also utilized as algae cultivation and
methane production (Cheng et al., 2009b;Ruiz-Martinez et al., 2012).

Improvement of effluent water quality is also the motivation for integrating
the other technology to MFC. It seems that MFC required further treatment technology
for practical utilization to treat wastewater (Wang et al., 2011b). In particular, the
integration with MBR has been highlighted to achieve high effluent water quality. The

integration system was reviewed in CHAPTER 2.9.

2.2. Operational condition of MFC

The performance of MFC varies with the operational condition, such as external
resistance, operational temperature, SRT and HRT (Li et al., 2013b;Penteado et al.,
2016). In particular, the researches regarding the relation to external resistance and

operational temperature were markedly focused, because these parameters also



influence on MBR and the integration system of MFC and MBR.

2.2.1. External resistance

1) Electrical power generation

The value of external resistance determines the degree of electrical current and cell
potential on the basis of Ohm’s low. There is an optimum value of external resistance to
maximize the performance of MFC in terms of power density, suggesting that MFC
could not generate higher power density when equipped too lower or higher value of
external resistance.

Theoretically, MFC could accomplish maximum power density when
equipped the external resistance whose value is equal to the value of internal resistance,
which is the loss due to the ionic transport between anode and cathode compartment.
Pinto et al. demonstrated that MFC whose external resistance value changed
automatically to similar value to the internal resistance could achieve higher power
density and CE than the other reactor equipped with lower value of external resistance
(Pinto et al., 2011). However, it was also mentioned that the performance of MFC was
independent of the influence of the history: Only small difference was observed in the

polarization-curves (Lyon et al., 2010).

2) Energy efficiency

The value of external resistance also influence on anodic potential, implying that the
energy gained by exoelectrogenic bacteria was dependent on the value of external
resistance (See equation 3). According to the equation, the energy gained by
exoelectrogenic bacteria increased as the value of external resistance decrease, resulted
in enrichment of exoelectrogenic bacteria. This indicates that the microbial community
in anodic biofilm is susceptible to the value of external resistance decrease. In fact,
suppression of methane emission was also observed with lower value of external

resistance (Jung and Regan, 2011) and higher CE could accomplish as the value of



external resistance is small (Pinto et al., 2011;Ren et al., 2011b;Rismani-Yazdi et al.,

2011).

3) Biomass and microbial community

Microbial community in anodic biofilm varied with the value of external resistance,
probably due to anodic potential (Jung and Regan, 2011;Katuri et al., 2011;Lyon et al.,
2010;Ren et al., 2011b;Rismani-Yazdi et al., 2011). Katuri et al. observed that the
microbial community structure differed from the sludge inoculated in MFC and the
degree of their diversity became smaller as the value of external resistance was lower
(Katuri et al., 2011). This is agreement with the MFC whose anode potential was
regulated using potentiostat (Torres et al., 2009). The microbial community was
affected by the change in the value of external resistance, it was affected by the
influence of the history of the change (Lyon et al., 2010). In order to compare the
structure matured at different external resistance, Lyon et al. switched the external
resistance equipped on two MFC reactors operated for 18 days each other (10,000 to
470 ohm and 470 to 10,000 ohm, respectively), continued to operate again for 10 days,
and thereafter analyzed the structure (Lyon et al., 2010). As the results, the structures
generated after the exchange was not similar to each other before the exchange,
suggesting that the structure was not independent of the value of external resistance and
was affected by the influence of the history of the exchange. Using too lower value of
external resistance might induce acidification inside the anodic biofilm, because
exoelectrogenic bacteria produce the same amount of proton with the electron (Torres et
al., 2008a). In order to inhibit the acidification, several techniques were provided as
following: Addition of cathodic solution into the anode chamber and alternation of the
role as anode and cathode electrode by the control of their potential (Cheng et al.,
2009a;Pinto et al., 2011;Qu et al., 2012). According to the direct observation of anodic
biofilm using SEM, anodic biofilm in MFC equipped lower value of external resistance

has pores to encourage diffusion inside the biofilm (Zhang et al., 2011).
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2.2.2. Temperature

1) Electrical power generation

MFC generally produces lower electrical power generation at lower temperature (Cheng
et al., 2011;Li et al., 2013a;Min et al., 2008;Patil et al., 2010;Zhang et al., 2014b).
Moreover, it generally takes more time to develop anode biofilm for electrical
generation (Cheng et al., 2011;Michie et al., 2011b;Patil et al., 2010). Cheng et al.
reported that MFC operated at 15  required 210 hours to attain a stable power
generation while one at 30  could achieve maximum power generation within 50
hours (Cheng et al., 2011). In particular, it seems like that further longer incubation time
was required to established MFC at 10  or lower. Several reports mentioned that
MFCs operated at 10  or lower could generate no electricity although they were
incubated over 500 hours, but a stable power generation was achieved about one year
after the beginning of the incubation (Cheng et al., 2011;Ma et al., 2015;Michie et al.,
2011b).

2) Energy efficiency

In while, many studies observed higher CE at lower temperature (Cheng et al.,
2011;Jadhav and Ghangrekar, 2009;Michie et al., 2011a). Cheng et al. confirmed that
there was a high correlation between CE and temperature (R? > 0.99) (Cheng et al.,
2011). This would be attributable to inhabitation of the activities of non-exoelectrogenic
bacteria including methanogenesis. This causes a decrease in chemical oxygen demand,
and subsequently CE also decrease (Michie et al., 2011a). Michie et al. show that the
MFCs developed at 20 and 30  produced methane at flow rates of 1.03 and 0.006
mmol/d (Michie et al., 2011a). In particular, no methane was detected from MFC

operated at 10

3) Biomass and microbial community

Several papers mentioned that the anodic biofilm developed at lower temperature was

11



superior to generating more electricity at lower temperature as compared with one at
higher temperature (Liu et al., 2012;Michie et al., 2011a;b). Michie et al. developed
MFCs at 10 and 30 for 47 weeks and switched the operational temperature to
verify their performance at different temperature (Michie et al., 2011a). Surprisingly,
the MFCs developed at 10 and 30 achieved greater electrical generation when
operated at 10  and 30 , respectively. In particular, significant drop was observed in
cell voltage of MFC developed at 30  when the operational temperature turned 10
(Michie et al.,, 2011a). Several papers also show similar outcome (Liu et al.,
2012;Michie et al., 2011b).

Exoelectrogenic bacteria seems to become more active than the other bacteria
including with methanogenesis. It was observed the diversity and growth of
non-exoelectrogenic bacteria including methanogenesis became smaller at lower
temperature became lower (Michie et al.,, 2011a;b). On the other hand, relative
abundance of Geobacteraceae, which is a famous exoelectrogenic family, was
confirmed in MFC operated at lower temperature (Liu et al., 2012;Zhang et al., 2014b).
Geobacter was well known to tolerant at low temperature as lower as 4  (Sharma and
Kundu, 2010), in particular, Geobacter psychrophilus was found in MFC at lower
temperature as relative predominant species (Liu et al., 2012).

Unlike the value of external resistance, anodic biofilm might be affected
irreversibly by operational temperature. Irreversible change was observed in the level of
electrical generation when the operational temperature was changed (Liu et al.,
2012;Michie et al., 2011a;b;Patil et al., 2010). This might be due to which the anodic
biofilm developed at low temperature is superior to generating electricity such as
exopolymer matrix composition, and/or the activity of individual exoelectrogenesis,
and/or microbial community (Patil et al., 2010). Lower level of internal resistance was
observed in MFC developed at lower temperature (Michie et al., 2011b). Liu et al.
revealed that operational temperature variation influenced on anodic resistance rather

than cathodic resistance on the basis of electrochemical impedance spectrometry

12



analysis although it should increase with a decrease in temperature, because the
resistance originated from substrate utilization, which is expected as major resistance,
increases with a decrease in temperature (Liu et al., 2012). They suggested that this was
resulted from the significant decrease in the resistance originated from extracellular
electron transfer provided by conductive polymer (i.e. nanowire). These mean that the
understanding of the composition and the mechanism to transfer electron in anodic
biofilm is essential to gain much electricity from MFC. These previous studies suggest
that MFC demonstrates greater performance at the temperature at which it was
developed and is capable of tolerating lower temperature as compared with higher

temperature.

2.3. Exoelectrogenic bacteria

2.3.1. Gained energy through anodic respiration

Heterotrophic bacteria generally gain energy from the free energy of substrate oxidation.
The free energy was determined by the amount of electrons transferred and the
difference in the redox potential between electron donor (substrate) and electron

acceptor as following equation:

!Go = nF(EodOHOF - ancceptor) equation 1

Where, 1G° is the free energy; n represents the amount of electron delivered to anode
electrode; F is Faraday’s constant; E°qonor IS the potential required to degrade the
substrate, and E°acceptor 1S the anodic potential (Schroder, 2007). In the case of MFC
employing air-cathode and fed with glucose as carbon source, the electron donor and
acceptor are glucose and oxygen, respectively (Logan et al., 2006). 'G° could be

described as below:

1G° =1G®jo +1 G . ...£QuatION 2
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Where, TG°;o denotes the free energy for their survival and reproduction involving
biofilm maintenance; YG°qec. represents the energy which we can collect as electrical

power. Furthermore, ¥ G°io and 1 G°ec. can be calculated as below:

¥ G°biol = NF(E substrate — E°anode) ...€quation 3

!Goe|ecl = nF(annode - ancceptor) equation 4

These equations indicate that the substrate with more negative potential provides more
energy to exoelectrogenic bacteria and higher electrical power generation can be
achieved when the oxidant having more positive potential is utilized for the cathode

reaction (Schroder, 2007;Torres et al., 2009).

2.3.2. Transport of electron from exoelectrogenic bacteria to anodic electrode

The mechanism of the electron transport by exoelectrogenic bacteria can be categorized
as direct electron transfer (DET) and mediated electron transfer (MET) (Schrdder,
2007). In the case of DET, exoelectrogenic bacteria transfer electron to the anodic
electrode via outer membrane redox protein and/or through extracellular biofilm matrix
(Torres et al., 2010). Outer membrane redox protein and conductive pili are used to
transfer electron from bacterial cell to electrode. In particular, the pili plays important
role to deliver electron when the bacteria presents away from the electrode. Several
species (Geobacter sulfurreducens and Shewanella oneidensis) are found to transfer
electron with the pili (Malvankar and Lovley, 2014). In while, in the case of MET,
exoelectrogenic bacteria transfer electron with mediators (e.g. pyocyanine), which
comes and goes between bacterial cells and solid oxidant involving anodic electrode
(Schroder, 2007). As compared with DET, MET has lower redox potential than DET
(While most of the DET possess around 0 V (vs. SHE), pyocyanine has -0.03 V (vs.
SHE)), suggesting that electron transfer via MET provides much electrical power than

DET. However, MET might not be suitable way to transfer electron to anodic electrode,
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because slowly diffusion flux was well observed and the continuous production of the
shuttle required expensive energy (Torres et al., 2010). Furthermore, discarding electron
via the outer membrane protein directly to the electrode also seems inefficient way,
because limit numbers of cells can attach on the electrode (Torres et al., 2010). Thus,
establishment of anodic biofilm matrix involving conductive pili is likely primary way

to achieve higher electrical generation.

2.3.3. Development of anodic biofilm

1) Microbial community

Anodic biofilm was developed by attaching anodic microorganisms, such as Geobacter
sulfurreducens and Shewanella Oneidensis, on the anode electrode surface and form
thick biofilm (Logan, 2009;Lovley, 2012). Although exoelectrogenic bacteria was
found in diverse phyla, such as Alpha-, Beta-, Gamma-, and Delta-Proteobacteria,
Firmicutes, Acidobacteria (Logan, 2009), high electrical generation was achieved at
high abundance of Deltaproteobacteria, especially in Geobacter sulfurreducens (Ishii et
al., 2013;Torres et al., 2009). Most of these bacteria could consume simple fermentation
products (e.g. Acetate and hydrogen) (Torres et al.,, 2010). Although the other
high-molecular carbon source was consumed by the exoelectrogenic bacteria which was
capable of generating high electricity, further higher coulomb efficiency was achieved
at which acetate was used as substrate (Chae et al., 2009;Pant et al., 2010).

Anodic biofilm tends to generate much electrical current as they develop.
Geobacter sulfurreducens was known to establish their biofilm on anode electrode and
the degree of electrical current was proportional to its thickness (Reguera et al., 2006).
The anode biofilm was also known to generate much electrical current as they matured
in terms of per biomass (Ishii et al., 2012). Ishii et al. revealed that the performance of
anodic biofilm at 105 days after starting the operation was greater than that at 28 days
after starting the operation (1002 vs. 374 pmol-electron/g-protein/min) (Ishii et al.,

2012). This increase was due to the abundance of Geobacter sulfurreducens (32% to
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70%). In addition, it might takes time that anodic biofilm could function as anode
electrode, because the occurrence of lag phase in current variation was observed and
regulation of gene encoding specific protein related to electrical generation was

suggestive as the cause of the lag phase (McLean et al., 2010).

2) Anodic biofilm composition

Viability of anodic biofilm is also important factor to generate much electrical current.
As well as general biofilm, the viability of anodic biofilm also gradually declines
(Reguera et al., 2006;Ren et al., 2011a;Sun et al., 2016). Sun et al. observed the growth
of anodic biofilm using CLSM and characterized it using electrochemical impedance
spectrometry (EIS) related to the variation of electrical current (Sun et al., 2015). They
observed the anodic biofilm was clearly divided into 2 parts; live outer-layer and dead
inner-layer. They revealed the thickness of live outer-layer increased and reached at
stable thick ness (<15 pum) while the thickness of dead inner-layer increased gradually
during the operation. The variation of electrical current was consistent with the increase
in the thickness of live outer-layer, suggesting that only viable bacteria are relevant to
increase electrical current. Dead inner-layer acted as the path of electron generated in
live outer-layer in this study (Sun et al., 2015). Sun et al. also displayed that the
maximum electrical current was observed when the thickness of the anodic biofilm
reached 25 um, and the electrical current decline with the increase in electrical current
thereafter (Sun et al., 2016). This result also shows clearly that only viable bacteria are
relevant to increase electrical current.

The spatial composition in the viability might be dependent on the microbial
community in anodic biofilm. In contrast to Sun et al. (Sun et al., 2015;Sun et al., 2016),
Yang et al. observed the outer layer of anodic biofilm established by only Shewanella
decolorationis comprised mainly dead cells (Yang et al., 2014). This conflict was in
agreement with the previous reports regarding the characteristics of anodic biofilm

developed by Geobacter sulfurreducens and Shewanella oneidensis. While Geobacter
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sulfurreducens develop the anodic biofilm over several hundred micrometers, the
thickness of the anodic biofilm of Shewanella oneidensis was less than ten meters
(Dolch et al., 2014;Malvankar et al., 2011). The reason why Geobacter sulfurreducens
has the ability to increase the thickness of anodic biofilm is that they are able to
conductive pili, called nanowire. In addition, in mixed-culture MFC, occurrence of
filamentous bacteria was confirmed as anodic biofilm developed (Ren et al., 2011a). It
is known that filamentous bacteria are able to transport electrons over centimeters
(Pfeffer et al., 2012). Consequently, it is likely that there is a limitation to the thickness
of anodic biofilm and pili (nanowire) and filament were key factors to determine the
height of the biofilm, because they function as the network of conductor between the

surface of solid electrode and living cells (Liu and Bond, 2012;Snider et al., 2012).

2.4. Membrane fouling and bacterial secretion

2.4.1. Brief introduction of membrane bioreactor (MBR)

MBR is a technology which provides biological treatment with membrane separation
and increasingly used to fulfill various water demand such as water reuse (Judd,
2008;Malaeb et al., 2013b;Meng et al., 2009b). Owing to membrane separation, MBR
does not require to discriminate primary sedimentation and subsequent biological
treatment parts unlike CAS (Judd, 2008). MBR has several advantages for wastewater
treatment as following: Excellent effluent water quality (Judd, 2008;Meng et al., 2009a),
independent control of SRT and HRT (Judd, 2008), operation at higher mixed liquor
suspended solids (MLSS) concentration (Judd, 2008;Kraume and Drews, 2010), and
smaller footprint (Le-Clech et al., 2006). Longer HRT is required for the operation of
MBR, because a growth of floc is essential for the removal by sedimentation (Judd,
2008). CAS is not also operated at exceed high MLSS concentration due to the same
reason. In while, for the operation of MBR, membrane filtration prevents an outflow of
smaller particles than pore size of the membrane. It is thus that MBR has been

developed for household wastewater treatment and enhanced nutrient removal
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(Abegglen et al., 2008;Kraume and Drews, 2010), allow to treat wastewater in rural
areas and prevent from eutrophication (Abegglen et al., 2008;Zuthi et al., 2013).

It is widely accepted that membrane fouling is a main obstacle for its wider
application. Occurrence of sever membrane fouling cause several problems; Increase in
filtration pressure, frequent membrane exchange, and additional process to mitigate the
fouling. These consequently cause increases in energy and cost, and complexity of its
operation (Guo et al., 2012;Judd, 2008;Le-Clech et al., 2006). MBR operation requires
two to four fold much energy as compared with CAS (Gil et al., 2010). In particular,
aeration is a major energy consuming process, often exceeding 50% of total energy
consumption (Gil et al., 2010;Kraume and Drews, 2010).

As described below, although extensive studies have been conducted to
understand the detailed mechanisms of membrane fouling in MBRs and to develop its
effective mitigation strategies (Huang and Lee, 2015;Lin et al., 2014;Malaeb et al.,
2013b), improvement of fouling control and management is still remarkably slow in

practice.

2.4.2. Membrane fouling

Membrane fouling is the undesirable deposition and accumulation of microorganisms,
colloids, solutes, and cell debris within/on membranes in MBR (Meng et al., 2009b). On
the basis of the degree of hard-to-remove, membrane fouling is classified into three
parts; Removable, irremovable, and irreversible fouling (Meng et al., 2009b). The
foulants causing removable fouling can be washed by physically cleaning such as
backwash. While removable fouling is a main contributor for membrane fouling (Cake
resistance accounted for 80% of filtration resistance (Lee et al., 2001)), it can be
eliminated easily as compared with the other fouling (Meng et al., 2009b;Miyoshi et al.,
2012). Irremovable fouling requires chemical cleaning to be removed and the foulants
which are not eliminated by both physical and chemical cleaning cause irreversible

fouling (Meng et al., 2009b). It is considered that chemical cleaning should not be
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frequently treated, because it delivers damages to membrane and the chemical agents
causes environmental problem (YYamamura et al., 2007). This suggests that reduction of
irremovable and irreversible fouling is crucial for continuous operation of MBR. Thus,
membrane fouling is also defined in terms of whether it can be removed physically or
not, and irreversible fouling, which involves both irremovable and irreversible fouling,
has intensively studied (Kimura et al., 2009;Miyoshi et al., 2012).

In addition, membrane fouling can be divided into three parts on the basis of
the characteristics of foulants; Biofouling, organic fouling, and inorganic fouling (Guo
et al., 2012;Meng et al., 2009b). Biofouling is caused by particles including with
bacterial cells, and organic fouling is caused by soluble microbial products and colloids
(Guo et al., 2012). These are primary cause of sever membrane fouling of
microfiltration (MF) and loosely ultrafiltration (UF) membranes (Meng et al., 2009Db).
In while, the effect of inorganic fouling (precipitation and crystallization of inorganic
matter) on membrane fouling of these membrane is smaller, but it is known that organic
matter matter cross-linked by inorganic matter may cause severe membrane fouling due

to change in the characterization (Al-Halbouni et al., 2008).

2.4.3. Contribution of bacterial secretion on membrane fouling
1) Soluble microbial product
It is well accepted that soluble microbial product (SMP) and extracellular polymeric
substances (EPS) are main contributor for membrane fouling occurring in MBR
equipped with MF and UF membrane (Guo et al., 2012;Rosenberger et al., 2005). In
particular, it is likely that SMP primarily contributes membrane fouling (Meng et al.,
2009b;Tang et al., 2010).

SMP are soluble organic compounds that are released during normal biomass
metabolism and decay, and can be classified as utilization-associated products (UAP)
and bio- mass-associated products (BAP) on the basis of the production processes (Ni et

al., 2011). UAP and BAP are SMP produced directly as part of electron-donor oxidation
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and produced from the hydrolysis of biomass, in particular from EPS (Ni et al., 2011).
In the other words, UAP and BAP are originated from unfinished substrate and debris
of cell or EPS. The SMP related to membrane fouling was likely produced in and
originated from EPS of bacteria in MBR (Meng et al., 2009c). The effect of UAP and
BAP on membrane fouling is described as following.

Much many researches quantified the amount of SMP in TOC, carbohydrate,
and protein concentrations. Although they concluded membrane fouling became severe
with increases with carbohydrate and/or protein (Guo et al., 2015;Sweity et al.,
2011;Tang et al., 2010;Tian et al., 2011b), some studies also concluded there is no
correlation between the degree of membrane fouling and the quantity of SMP (Drews,
2010;Kimura et al., 2009;Ma et al., 2015). The reason for the discrepancies in the
relationships between membrane fouling and SMP is that its composition is important
factor to determine its fouling potential (Drews, 2010). In addition, the surrounding
physico-chemical environment also affects the fouling potential of SMP (Drews, 2010).
Taken together, not only quantitative information such as carbohydrate and protein
concentrations but also qualitative information is essential for finding the fouling
potential.

In previous reports, fourier transform infrared (FTIR) spectroscopy and
excitation-emission matrix (EEM) fluorescence spectroscopy were well utilized to gain
qualitative information of SMP (Drews, 2010;Tran et al., 2015). FTIR spectrum
provides information on functional groups involved in SMP and EEM can vyield a
fingerprint of SMP contained in the sample, respectively (Chen et al., 2003;Drews,
2010;Kimura et al., 2009;Miyoshi et al., 2009). lo order to identify the specific
polysaccharides and protein, further examination has been conducting by using
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry analysis
(Kimura et al., 2012;Kimura et al., 2015) and metaproteomic analysis (Zhou et al.,
2015b). In addition, particle size distribution, hydrophobicity and molecular weight are

also well investigated for the characterization of SMP: However, particle size

20



distribution and hydrophobicity seems not to be relevant to fouling potential (Tran et al.,
2015). Hydrophilic and neutral SMP likely to cause severe membrane fouling potential
as compared with hydrophobic SMP (Ishizaki et al., 2016a;Tang et al., 2010;Tran et al.,
2015), some studies also mentioned that hydrophobic SMP also cause severe membrane
fouling by adsorption on membrane and/or hydrophobic interaction (Tran et al., 2015).
In while, molecular weight is likely relevant in fouling potential of SMP. As mentioned
below, biopolymer, which has >10 kDa of molecular weight, can be a promising

indicator for the fouling potential.

2) Biopolymer

Biopolymer is the hydrophilic organic compounds having high molecular weight (>10
kDa) detected by liquid chromatography — organic carbon detection (LC-OCD) (Huber
et al., 2011;Tran et al., 2015). Biopolymer is contains not only polysaccharides but also
nitrogen-containing material such as protein or amino sugars (Huber et al., 2011;Tran et
al., 2015). Importance of biopolymers for membrane fouling in MBRs and biopolymers
accumulation on membranes have been reported by some researchers recently (Jiang et
al., 2010a;Meng et al., 2009c;Tian et al., 2013). Rosenberger et al. revealed that
biopolymer fraction was trapped by membrane and cause severe membrane fouling
(Rosenberger et al., 2006). Moreover, the concentration of biopolymer was strongly
correlated with the degree of membrane fouling by surface water (Kimura et al.,
2014;Yamamura et al., 2014) and wastewater (Tian et al., 2013), respectively. Ishizaki
et al. also exhibited the correlation between the concentration of biopolymer in ML and
fouling potential(Ishizaki et al., 2016a).

Much biopolymer seems to be produced during decline phase rather than
exponential growth phase, because BAP contained much biopolymer than UAP (Jiang
et al., 2010a). In while, biopolymer contained in UAP likely have greater fouling
potential than that in BAP in terms of the proportion of biopolymer trapped (Jiang et al.,
2010a).
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2.4.4. Effect of operational conditions on membrane fouling

Fouling potential was influenced on the operational condition such as hydraulic
retention time (HRT), solid retention time (SRT), food to microorganism ratio (F/M),
temperature, and dissolved oxygen (DO) concentration. Particularly, it can be seen that
SRT and temperature are important parameters when MBR is integrated with MFC.
Therefore, the effect of solid retention time (SRT) and temperature on the fouling

potential was introduced as below.

1) Temperature

Almost all the papers which investigate the effect of temperature on fouling potential
mentioned that membrane fouling aggravates at low temperature (Drews et al.,
2007;Gao et al., 2013b;Ma et al., 2013b;Miyoshi et al., 2009;Rosenberger et al.,
2006;Sun et al., 2014b;van den Brink et al., 2011;Wang et al., 2010). Several papers has
addressed to operate MBR through the year and significant membrane fouling was
observed in winter season (Miyoshi et al., 2009;Rosenberger et al., 2006;Sun et al.,
2014b). van den Brink et al. introduces the detail mechanism as hypothesis why the
fouling potential increased with a decrease in the temperature as follows (van den Brink
et al., 2011): (i) Increased mixed liquor viscosity, reducing the stress generated by
coarse bubbles; (ii) More severe deflocculation, reduction biomass floc-size and
releasing EPS into the mixed liquor; (iii) Brownian diffusion was less affected; (iv)
Reduced biodegradation of COD. Hypothesis ii suggests that the quantity of SMP
increases in MBR at low temperature, in agreement with several studies (Gao et al.,
2013b;Ma et al., 2013b;Miyoshi et al., 2009;Rosenberger et al., 2006;Sun et al., 2014b).
In addition, hypothesis iv suggests that much foulant remains to be retained in MBR.
Miyoshi et al. could not find any seasonal change in fouling potential of MBR operated
at longer SRT, probably due to which retained foulant was biodegraded (Miyoshi et al.,
2009).

According to the papers, the quantity of microbial secretions generated in the
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MBRs tended to increase with the fouling potential (Gao et al.,, 2013b;Ma et al.,
2013b;Miyoshi et al., 2009;Rosenberger et al., 2006;Sun et al., 2014b). In particular, an
increase in protein content was observed in response to an increase in fouling potential
at low temperature (Gao et al., 2013b;Sun et al., 2014b). Drew et al. monitored the
percentage of carbohydrate and protein contents by membrane through the year, and
confirmed the increase in the percent of protein content along with a decrease in the
operational temperature (Drews et al., 2007). In contrast to these papers, several papers
observed an increase in carbohydrate contents in response to the increase in fouling
potential (Miyoshi et al., 2009;Rosenberger et al., 2006).

As well as the effect of SRT on fouling potential, the characteristics of
bacteria and the microbial community structure in MBRs plays important roles on a
generation of microbial secretion (Gao et al., 2013b;2014b). In addition, Gao et al.
analyzed microbial community related to the variation in fouling potential of and the
quantity of microbial secretion in the MBRs operated at 10, 20, and 30  (Gao et al.,
2013b). While the membrane fouling was significant in order of 10, 20, and 30 , the
quantity of SMP maximized at 30 and minimized at 20 . Although the
carbohydrate contents increased along with the temperature, significant increase in
protein content was observed at 10  (Gao et al., 2013b). The microbial community
structures were different in the MBRs and beta-Proteobacteria was abundant in the
mixed liquor and biocake in MBR operated at 10 (Gao et al., 2013b). They
concluded that the conflict on the composition of microbial secretion was affected to the
variation in the microbial community, in particularly the pioneer-bacteria attaching
initially on the membrane. Ma et al. observed relative abundance in
alpha-Proteobacteria and Firamentous in mixed liquor (Ma et al., 2013b). These studies
also mentioned absence of the bacteria reducing fouling potential at lower temperature,
such as Zoogloea and Saprospiraceae (Gao et al., 2013b;Ma et al., 2013b). The
absences of Zoogloea and Saprospiraceae were considered to inhibit the generation of

fine-partical flocs and degradation of protein contents in MBRs. Moreover. bacteria is
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known to likely generate microbial secretion in response to environmental stress
(Barker and Stuckey, 1999;Rosenberger et al., 2006), in agreement with the
observations in previously studies (Gao et al., 2013b;Ma et al., 2013b;Miyoshi et al.,
2009;Rosenberger et al., 2006;Sun et al., 2014b). The proportion of carbohydrate or

protein contents in the secretion might also influence on the characteristics of bacteria.

2) Solid retention time

Unlike in the case of the effect of temperature on membrane fouling, the effect of SRT
is not agreed with each other in previous papers. It seems that membrane fouling
aggravates when SRT excessively shortened and prolonged, suggesting the existence of
optimum SRT to minimum the degree of fouling potential. Meng et al. suggested that
membrane fouling seemed to be mitigated when MBR was operated at the range of 20
to 50 d of SRT (Meng et al., 2009b). Several papers mentioned that the quantity of
microbial secretion (SMP) increased when membrane fouling aggravated regardless of
SRT (Duan et al., 2014;Lee et al., 2003;Yu et al., 2016). Moreover, the ratio of protein
contents to carbohydrate contents in microbial secretion (SMP) was prone to increased
with SRT (Lee et al., 2003;Ng et al., 2006). An increase in the ratio was observed in
MBR operated as batch-mode (Zhou et al., 2012). That in extracellular polymeric
substances (EPS) was also likely to increased with SRT (Duan et al., 2009;Malamis and
Andreadakis, 2009;Sweity et al., 2011).

These phenomena were considered to related to the mechanisms of the
generation of microbial secretion at different SRTs. When SRT is shortened, the
quantity of microbial secretion likely tends to increase since the majority of the
secretion did not be degraded in MBR. As introduced above, the secretion at shorter
SRT comprised mainly carbohydrate contents, which is known to be more
biodegradable substances than protein contents (Zhang and Bishop, 2003). Sweity et al.
examined the percentage of carbohydrate in microbial secretion and its viscosity using

QCM-D related to fouling potential (Sweity et al., 2011). In addition, UAP was known

24



to have greater fouling potential as compared with BAP (Jiang et al., 2010b). The
microbial secretion at shorter SRT was composed of higher proportion of UAP than that
at longer SRT. They revealed that the viscosity increased with the percentage of
carbohydrate, and consequently the fouling potential increased as SRT shortened. In
contrast, when SRT is prolonged, endogenous decay and cell lysis seems to increase the
quantity of microbial secretion (Jarusutthirak and Amy, 2006;Pribyl et al., 1997). The
secretion originated from endogenous decay and cell lysis was considered to consist of
BAP and be high molecular weight (Jarusutthirak and Amy, 2006;Jiang et al., 2010b).
The quantity of BAP was further larger than UAP so that the membrane fouling caused
by BAP was more significant than that by UAP (Jiang et al., 2010b). Zhou et al.
operated lab-scale MBR operated as batch-mode to examine the microbial secretion
generated during exponential growth phase, stationary growth phase, and deceleration
growth phase (Zhou et al., 2012). Higher fouling potential was observed during
exponential and stationary growth phase, and a generation of secretion having high
molecular weight occurred during stationary growth phase. In addition, Kimura et al.
observed the increase in humic substances in microbial secretion as SRT prolonged
(Kimura et al., 2009). This also suggests the progression of endogenous decay and cell
lysis because a generation of humic substances was derived from endogenous decay of
bacteria (Tian et al., 2011a).

Besides the characteristics of bacteria, microbial community also plays
important roles to lead membrane fouling. It has been found that the microbial
community structure can vary with DO concentration and ratio food to microorganisms,
which likely depends on SRT (Wu et al., 2011). Recently, it was reported that the
activities of quorum sensing (QS) and quorum quenching (QQ) bacteria was also

dependent on SRT (Yu et al., 2016).

2.5. Identification of the role of bacteria on membrane fouling

2.5.1. Elucidation of mechanism of membrane fouling with actual MBR
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1) Techniques for microbial community analysis

One of research approaches is to identify key players (microbial strains) of membrane
fouling and subsequently to control and inhibit their activity by any means (Calderdn et
al., 2011;Ma et al., 2013b;Miura et al., 2007c). As mentioned above, since the organic
matters causing sever membrane fouling was produced by bacteria living in MBR, the
microbial community structure should contain valuable information for better
understanding of membrane fouling. Much many researched have addressed to analyze
the microbial community in mixed liquor and biocake in MBR and some of the
researches revealed that change in the microbial community influences on the
composition of bacterial secretion, which affects the degree of membrane fouling (Gao
et al., 2014b;Guo et al.,, 2015;Silva et al., 2016). In the other words, microbial
community is a leading factor to determine the fouling potential.

Although extensive studies have been conducted to reveal microbial
communities in pilot-scale MBRs treating real municipal wastewater using several
molecular biological techniques, our understanding is still largely limited to identify key
bacteria responsible for membrane fouling (Kim et al., 2013;Lim et al., 2012;Miura et
al., 2007c;Pang and Liu, 2007;Wu et al., 2011;Xia et al., 2010).

Microbial community is known to be sensitively influenced on the operational
parameters and membrane; Shear force including with aeration intensity (Ma et al.,
2013a;Rickard et al., 2004), DO concentration(Gao et al., 2011a), temperature(Gao et
al., 2013b;2014b;Ma et al., 2013b), SRT(Farias et al., 2014;Silva et al., 2016), influent
water(Miura et al., 2007a), salinity (Guo et al., 2015), and membrane material (Gao et
al., 2011b). In addition, microbial community differs by whether in mixed liquor or in
biocake (Gao et al., 2013a;Gao et al., 2014a;Huang et al., 2008;Wu et al., 2011). The
similarity of the microbial community was dependent on the permeate flux (Huang et al.,
2008) and shear force (Wu et al., 2011) due to the driving force from mixed liquor to

the membrane surface (Thomas et al., 2000; Wang et al., 2005).
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2) Identification of key bacteria responsible for membrane fouling

Identification of key players for membrane fouling is mainly focused on the basis of
predominant species; Dominant species in mixed liquor (Yu et al., 2016) and biocake
(Calderén et al., 2011;Pang and Liu, 2007), and the species increasing gradually in
response to membrane fouling (Lee et al., 2014;Lim et al., 2012;Miura et al., 2007c).
Moreover, pioneer bacteria, which initially attached on membrane surface, is also
considered to play important role on membrane fouling (Vanysacker et al., 2014a;Zhang
et al., 2006). The pioneer bacteria is assumed to colonize easily and condition the
membrane surface to facilitate subsequent bacterial attachment (Vanysacker et al.,
2014a;Xiong and Liu, 2010). Gao et al. assumed the process for the membrane fouling
evolution with the pioneer-bacteria as three stages on the basis of empirical data; i)
Pioneer bacteria adhere on the membrane surface and produce secretion, ii) Other
bacterial subsequently attach on the conditioned membrane, colonize, and form biocake,
and iii) bacterial cells and secretion produced in mixed liquor and/or biocake
accumulate on the membrane (Gao et al., 2013a). Furthermore, conditioning film likely
plays important role for the initial adhering of the pioneer bacteria (Lorite et al.,
2011;Vanysacker et al., 2014a;Zaky et al., 2012).

Proteobacteria well appeared in both mixed liquor and biocake in MBR and
considered as the bacteria responsible for membrane fouling (Miura et al.,
2007c;Vanysacker et al., 2014a;Xia et al., 2010). In particular, alpha-Proteobacteria
(Calderon et al., 2011;Gao et al., 2013b;Ma et al., 2013b), beta-Proteobacteria (Miura
et al., 2007c), and gamma-Proteobacteria (Lim et al., 2012) were well reported as
dominant species. In addition, Actinobacteria (Ma et al., 2013b;Xia et al., 2010) and
Firmicutes (Calderdn et al., 2011;Lim et al., 2012;Xia et al., 2010) were reported to be
relatively abundance in MBR. Ma et al. observed that the decrease in relative
abundance of beta- and gamma-Proteobacteria was correlated to the reduction of

fouling potential (Ma et al., 2013a).

27



Table 2.1 Advantages and problems in pure culture-based and actual MBR-based

studies

Actual MBR

Model bacteria Isolated bacteria (Mixed population)

Available for purchase Possible to test for many
Genetic information is bacteria
available Possible to fill the gap to High certainty (More
Advantages Easily genetic modification use model bacteria appicative information can
1 Repeatable be gained)
1 Ease to experiment involving setup
I Available for genetic information

Complexity of phenomena

Low repeatability and
reliability

Difficult to compare with
the other papers

Lower certainty (Gap
between actual MBR) 1 Need to fill the Gap
Unknown whether key between actual MBR
bacteria

Problems

2.5.2. Elucidation of mechanism of membrane fouling with pure culture

As another approach to identify key players of membrane fouling and to understand the
role of bacteria on membrane fouling, the researches of membrane fouling with
pure-culture have been conducted. The study with pure-culture have several advantages
as compared with that with actual MBR (Table 2.1). It is certain that the study with
actual MBR delivers more certain and applicative knowledge which is easily reflected
for the effective operation of MBR. The size of reactor (Lab- or full-scale) and influent
water (Synthetic or real wastewater) also seems to influence on the outcome (Shen et al.,
2012;Villain et al., 2014). However, unanticipated events involving a temporal change
of influent water quality likely influence on the outcome in the study with actual MBR.
Moreover, the study with actual MBR is also difficult to be carried out many times
simultaneously and repeated, suggesting that repeatability and reliability of the results
are lower. These suggest that it is difficult to evaluate the effect of what you are
focusing on membrane fouling in actual MBR. Furthermore, it is also difficult to
compare the gained result with the other papers, because each MBR must started to be
operated with different sludge and influent, that is, different microbial population
(Drews, 2010).

As compared the study with actual MBR, that with pure culture have high
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repeatability, can be performed easily, and utilize genetic information. Although there is
still gap between the study between with actual MBR and with pure culture, the study
with pure culture is recognized to be important for understanding of key bacteria
responsible for membrane fouling (Drews, 2010;Lade et al., 2014a;Malaeb et al.,
2013b). In particular, it is necessary for understanding bacterial specific role on severe

membrane fouling such as quorum-sensing (Lade et al., 2014a).

1) Elucidation of mechanism of membrane fouling with model bacteria

Model bacteria is a powerful tool for evaluating the specific role on membrane fouling,
because accurate genetic information can be available and the genome information can
be easily modified. It is also the advantage to be available for purchase, because it is
easy to compare the result with the other studies. Escherichia coli and Pseudomonas
aeruginosa were well used as model bacteria (Chao and Zhang, 2011;Vanysacker et al.,
2014b;Yoshida et al., 2015). Vanysacker et al. used P. aeruginosa labeled by green
fluorescent protein to observe the spatial location in biocake (Vanysacker et al., 2014b).
This study reveals that P. aeruginosa distributed on the bottom of the biocake and acted
as pioneer-bacteria to develop the biocake (Vanysacker et al., 2014b). Yoshida et al.
used E. coli modified to produce much/less amount of specific extracellular
polysaccharides, and examined for the effect of the polysaccharides on membrane
fouling (Yoshida et al. 2015). In addition, the effect of biofilm formation (Pang et al.
2005) and the growth behavior in mixed liquor and on membrane (Chao et al. 2011) on
membrane fouling were investigated with the model bacteria. However, there is
enormous gap between using model bacteria and actual MBR, because it is unknown
whether these bacteria were key bacteria for membrane bacteria or have similar
characteristics to the key bacteria. Actually, E. coli K-12, which was used in previous
study (Yoshida et al. 2015), shows smaller fouling potential as compared with strain
S05, the fouling-causing bacteria isolated in my previous study (Ishizaki et al., 2016a)

(Fig. 2.1).
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Fig. 2.1 Time variation of trans-membrane pressure (TMP) of E. coli K-12 and strain
S05. Open and closed circles represent SO5 and K-12, respectively. S05 is one of
fouling-causing bacteria (FCB) identified in my previous study and their fouling
potentials were measured with bench-scale cross-flow membrane filtration system

(CFMFS) (see CHAPTER 4).

2) Elucidation of mechanism of membrane fouling with isolated bacteria

Use of environmental isolates is effective to fill the gap mentioned above. Several
papers have addressed to reveal membrane surface colonization (Choi et al. 2006),
biocake formation (Feng et al., 2009;Juang et al., 2010b;Pang et al., 2005b), detail
mechanism of membrane fouling (Juang et al., 2008a;b). In addition, the identification
of bacteria responsible for membrane fouling has been also carried out by several papers
(Choi et al., 2006) (Juang et al., 2010b;Pang et al., 2005b). However, to date, only a few
environmental isolates were subjected for the measurement of the fouling potential with
a unified method (Choi et al., 2006;Feng et al., 2009;Juang et al., 2008b). Moreover,
there is still gap between using isolated bacteria and using actual MBR regarding the
influence on microbial interaction. Although several papers pointed out the effect of the
interaction on membrane fouling (i.e. quorum-sensing), limited information can be
available on the microbial interaction (Lade et al., 2014a;Shrout and Nerenberg,

2012;Yeon et al., 2008).
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2.6. Integration system of MFC and MBR

Recently, the integration system of MFC and MBR has been well studied and developed
(Table 2.2). Since MFC could achieve poor effluent quality, post-treatment was
necessary to fulfill water quality standards for wastewater treatment (Wang et al.,
2011b). In while, as mentioned above, MBR is capable of achieving high effluent
quality, but its operation requires enormous energy for such as aeration (Gil et al.,
2010;Kraume and Drews, 2010). The integration of MFC and MBR was thus expected

to be able to compliment their bottlenecks each other.

2.6.1. Reactor configuration

The reactor configuration could be categorized roughly into five types: The reactor
integrated membrane module inside anode chamber (inside-Anode) and cathode
chamber (inside-Cathode), included both anode and cathode electrode and membrane
module in a reactor (One-chamber), the reactor equipped membrane module in parallel
(Parallel) or as subsequent reactor (Post-treatment). The performance of the integration
system varied with the configuration in terms of COD removal, power density, and
coulomb efficiency (Fig. 2.2 and Table 2.2). Briefly, inside-Anode shows the ability of
much lower COD removal as compared with the other systems, but it facilitates to
increase the generation of electricity and CE (Fig. 2.2). In while, inside-Cathode shows
higher COD removal and lower maximum power density and CE (Fig. 2.2).
One-chamber seems to have similar characteristics to inside-Cathode (Fig. 2.2).
Post-treatment achieves the greatest COD removal and maximum power density,
because all the reactor configurations of MFC as former part were air-cathode MFC,
which is known better configuration to generate high electricity (Du et al., 2007). Since
the performance of Parallel and Post-treatment have dependent on the configuration of
MFC (Table 2.2 and Fig. 2.2), the degrees of COD removal, power density, and
coulomb efficiency were categorized again on the configuration basis and then

compared (Fig. 2.3). Similar to the result shown in Fig. 2.2, Anode shows lower COD
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removal and higher power generation and CE as compared with Cathode. Cathode has
advantage on the ability to nitrogen removal, which is one of the topics paid attention to
(Gajaraj and Hu, 2014;Sun et al., 2014a;Zhang et al., 2014a;Zhou et al., 2015a), it may
be however required much energy to operate due to pumping wastewater from anode
chamber to cathode chamber as mentioned below. On the other hand, One-chamber
achieves the greatest COD removal and CE (Fig. 2.3). The reason why the CE of
One-chamber is further higher is that some One-chamber were applied for voltage, and
consequently higher electrical current were generated (Wang et al., 2013) (Katuri et al.,
2014) (Werner et al., 2016). Although external power supply was required to operate it,
net energy generation was positive since biogas (e.g. methane and hydrogen) can be
produced as mentioned below (Katuri et al., 2014).

As membrane module, stainless steel mesh (SS) and PVDF membrane were
well used in the system. In addition, the mixture of polyether sulfone and
polyvinylpyrrolidone (Katuri et al., 2014;Werner et al., 2016), polytetrafluoroethylene,
(Ishizaki et al., 2016a), polyester (Malaeb et al., 2013a;Xu et al., 2015),
pyrrole-modified polyester (Liu et al., 2013), nylon (Wang et al., 2012a), carbon
nanotube (Zuo et al., 2016), and carbon felt (Zhang et al., 2014a). The average pore size
of SS and PVDF used in previous studies ranged from 13-48 um and 15 kDa-0.1 pm,
respectively (Table 2.2). Whereas only a hollow-fiber membrane was equipped in
inside-Anode, both hollow-fiber and flat membranes were used for inside-Cathode.
Many of inside-Cathode used flat membrane as membrane cathode. The ability of COD
removal was independent of membrane material, because SS was installed only in
cathode chamber, indicating that further organic matters were treated as compared with
inside-Anode. In while, PVDF membrane was used not only in cathode chamber, but
also anode chamber and One-chamber. The degree of COD removal by SS was roughly
correlated with pore size (R? = -0.84), while that by PVDF was independent of the size
(R?=0.23).
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Table 2.2 Summary of the performance of integration system of MFC and MBR

Effective . Maximum .
aReactor bMembrane  How to install Membrane - " Aerobic/Anaerobic dCOD removal Permeate flux Temperature Fouling
Reference configuration type membrane material flltr?s;;)area Pore size (um) Anode electrode Cathode electrode in cathode (VBR) cVolume (1) ) gezg\rr;‘eirm (Lim2ih) eCE (%) fHRT (d) SRT (d) ) mitigation
inside- SS mesh+non Graphite rod and R 18.6(18.6- ~ 3 ~ ~
Wang et al. (2011) Cathode Tubular Submerge woven cloth 494 40 granular graphite SS mesh Aerobic 2.3(4.2) 91.4-93.9 4.35 W/m3 931) 8.2(0.51-8.2) 2.5h(0.5-2.5h) 251
inside- Self-fabricated . 4 4
I. (2012 Fl Nyl h 1, 74 . N fel A 2 . Wi 23 1. .6 h - - -
‘Wang et al. (2012) Cathode at Submerge lylon mesi ,000 activated carbon fiber Carbon felt erobic (20) 89.6 6 W/m3 3.3 5 86
PVDF ic (Air- 453 (45.3-57 -38 W/ . 4(29.8-36.4 19-27h - -
Ge etal. (2013) inside-Anode  Hollow-fib 110 0.02 Carbon brush Carbon cloth loaded pt  AM2€TODIC (Air 0gp 153053578 3638 Wim3 8 36.4(208-36.4) 9 2
PVDF cathode) 86.9(86.9-90.2)  3-25 W/m3 33.8 17.1(10.8-17.1) 26h - 20 -
: inside- " PVDF . 90.45.9 39.0+2.0 W/m3 <71 31.2+16 6,10 - -
Lietal. (2013) Cathode Hollow-fiber  Submerge PVDE 51 150 kDa Carbon clot Carbon cloth loaded Pt Aerobic - 91.9£0.0 64.0£0.0 W/m3 <29 11540.0 18,24 _ 22 _
Pyrrole-modified Pyrrole-modified
Liu et al. (2013) One-chamber  Flat (MC) Submerge polyester filter 800 50 Iron plate V! " Aerobic 14.6(18.2) <100 2.6 mW/m2 15 - 0.5 - 1842 Yes
cloth polyester filter cloth
- Membrane dispersed . .
Malaeb et al. (2013) (;gts)liede Flat (MC) Submerge Polyester 7 40 Graphite brush carbon nanotube Agiair::i;:o;g)” 0.04 97.3£1.1 6.8 Wim3 0.8-1.2 8.5:4.5 2-3 23+3 Yes
Flat Air-cathode Polyester Carbon cloth loaded Pt 96.9+0.9 14.5 W/m3 47.3+15 - -
Suetal. (2013) Parallel Hollow-fiber ~ Submerge PVDF 1,000 0.1 Carbon cloth Carbon cloth loaded Pt Aerobic - 86.7 51 mW/m2 10 59 8.2 - 22+3 Yes
Wang et al. (2013) e Flat(MC)  Submerge S mesh £ a8 Graphite felt SS mesh Aerobic 15 5% 58551'0' 856Wm3  10(10-20) 123(19-123)  123min - 2541 -
30 kDa for
‘Wang et al. (2013) Parallel Tubular Crossflow PES 37.7 separator and 0.1 Carbon felt Carbon felt Aerobic 22 94 40 mwW/m2 105 5.84 10 - 14-22 Yes
um for filtration
Wangetal. 2013)  One-chamber  Flat(MC)  Submerge S mesh 494 4 Graphite rod and S mesh Aerobic 2342) 937 076-L43Wim3 138 45(09-45) 36h - - Yes
granular graphite
Gajaraj and Hu (2014) (;:::‘ié;e Hollow-fiber  Submerge PVDF 470 01 Graphite cloth Titanium mesh Aerobic 72 84.4-919 0.09-0.16 V 4.8 <0.05 1 20 - Yes
Huang et al. (2014) é;fg‘ize Flat(MC)  Submerge S5 mesh 32 ] Graphite felt SS mesh Aerobic 129 86.1 8.6 W/m3 - 19123 - - 2581 -
Katurietal. (2014)  One-chamber HONOWIDEr gperge  pES+pVP 14 1 Graphite fiber brush ~ Nickel-based hollow Anaerobic 0.35 95 - 69 81:8.8 (53-81) - - 2 Yes
(MC) fiber membrane
: inside-Anode i Carbon cloth Anaerobic (Air- 0.7(1.0) <91.6 14.6 W/m3 23 _ 8h(5-24h) _ ~
Lietal. (2014) Post-treatment Hollow-fiber ~ Submerge PVDF 210 0.02 supported by SS mesh Carbon cloth loaded Pt cathode) 17(2.0) %5 47 Wim3 23 196 20
Liuetal. (2014) é;frl‘iZe Flat(MC)  Submerge SS mesh 800 15 Graphite graphite SS mesh Aerobic (241)  951(942-95.1)  0.13W/m3 13.8 0.28(0.19-0.28) 2h - Yes
Renetal. 2014)  Post-treatment Hollow-fib 9 PVDF 8 01 Graphite fiber brush ~ Carbon cloth loaded Pt A"a:;fh"(;ge()A"' 059 925 197 Wim3 16 629 an - 2 -
inside- Hollow-fiber :
Tian et al. (2014) Cathode (Coveredby  Submerge - 90 0.4 Carbon brush SS mesh Anaerobic 033 91.6 1.16 W/m3 6.7 10.3+1.8 17h - - Yes
SS mesh)
Wang et al. (2014) Parallel Flat Crossflow PVDF 377 01 Carbon felt Carbon felt Aerobic 22 % gowWm2  80(5393) ©° 1'6053) 65 736311 - 2543 -
inside- SS mesh Graphite rod and 0.52(0.96) 96.4 0.12W/m3 18 9.6 h (whole) ~ ¥ ~
Zhang etal. (2014) Cathode Flat (MC) Submerge Carbon felt 0 1 granular graphite SS mesh Aerobic 0.96 95.5 1.25 W/m3 1 85 11.7 h (whole) 20-25
: inside- " . 4 4 91.3 20.6+3.0 A/Im3 21.7h
Li and He (2015) Cathode Hollow-fiber ~ Submerge PVDF 15kDa Carbon brush Carbon cloth loaded Pt Aerobic &) r 845 35621 A/m3 - - 274h - - -
" . 55.0 mW/m2 <15 Yes
Ma et al. (2015) Post-treatment Flat Submerge - 4,800 01 Carbon felt Carbon fiber brush Aerobic 30 <100 98.4 mW/m2 41 0.24 153h 220 15-36 No
Tian et al. (2015) One-chamber  Hollow-fib: g PVDF 2,000 0.03 Carbon brush Carbon fiber Aerobic 12 - 95.1 2.18 W/m3 75 19 - - - Yes
" 83.4+7.7(83.4-
Werner etal. (2015)  One-chamber  Hollow-fiby PES + PVP 14 1 Carbon cloth N';';ee'rbmaz‘:sg;’:e‘)w Anaerobic 0.17(0.35) 89.5) 49£5 AIm3 6.9 79£30 176 - 25 Yes
Graphite fiber brush 99.7+05 10+1 A/m3 577
inside- Graphite rod and Anthraquinone- " - . 11.6 h (5.8-11.6 _ ~
Xu et al. (2015) Cathode Flat (MC) Submerge Polyester 32 9.8 granular graphite  disulphonatefpolypyrrole Aerobic 0.72(1.24) 925 0.35 W/m3 3.9(2.0-3.9) 458 h (whole)) Yes
Zhou et al. (2015) égf;‘iede Flat(MC)  Submerge SS mesh 62 38 Carbon felt SS mesh Aerobic . 926 056-0.63W/m3 05 0.41-1.03 42-169h . 35 Yes
Ishizaki et al. (2016) Parallel Flat Cross-flow PTFE 20 0.2 Carbon felt Carbon cloth loaded Pt Anaerobic 0.25 TT+7(71-77) 2.83 W/m3 125 8.9(0.2-11.7) 10h - 25+2 Yes
Lietal. (2016) Post-treatment  Hollow-fiber  Submerge PVDF 15 kDa Carbonbrush ~ Carbon cloth loaded Pt A"a:a’ﬁ‘i';e()’*"’ 09 <100 7.1AIM3 6< - 10 . RT -
- . . " Carbon cloth loaded Pt .
inside- Nitrogen-doped conductive activated . Anaerobic (Air- 98.3 - 54 - 12h
Zuo et al. (2016) Flat Submerge 359 0.095 and nitrogen-doped >(1.26) - - -
Cathode carbon nanotube carbon guranule carbon nanotube cathode) 88.7-972 58403 MA L/m2/h/kPa 91 12h

®Reactor configuration was categorized into five types: inside-Anode, inside-Cathode, One-chamber, Parallel, and Post-treatment as
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descrived elsewhere.

®MC; Membrane cathode

‘Reactor volume without electrodes or the other materials were shown in parentheses.

“"The range of COD removal and coulomb efficiency at various operational conditions were shown in parentheses, respectively (COD

removal and coulomb efficiency, and HRT at the highest electrical generation was shown outside the parehteses, respectively)

34



100.0

100.0 100.0

g A g{? B N C
T 900 | 8§ 100 - §§ 10.0 1
£ EX S2 101
2 800 E2 10 - 82 |
8 g 2 5 0.1
, 0.1 0.0
\(\é\?\é\&o“g & RS N \(\‘i‘\oéxée'ooe’ >

Fig. 2.2 A) COD removal, B) Maximum power density, and C) Coulomb efficiency in
the integrated systems categorized into inside-Anode, inside-Cathode, One-chamber,

Parallel, and Post-treatment. Maximum power generation expressed as watt over cubic

meter was only referred in Fig. 2.2B.
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Fig. 2.3 A) COD removal, B) Maximum power density, and C) Coulomb efficiency in
the integrated systems categorized into Anode, Cathode, and One-chamber. Maximum

power generation expressed as watt over cubic meter was only referred in Fig. 2.3B.

Table 2.3 Energy balance in the integration system

Net generated energy Generated energy Required energy

Reference Reactor configuration Aeration

(kWh/m3) (kWh/m3) (kWh/m3)
Katuri et ai. (2014) One-chamber No 0.24+0.10 0.74+0.03 0.51+0.07
Lietal. (2016) Post-treatment No 0.003+0.002 0.004+0.002 0.001
Ren et ai. (2014) Post-treatment No 0.001 0.020 0.019

Li et al. (2015) inside-Cathode Yes -0.09 0.03 0.12
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2.6.2. Energy balance

An estimation of energy balance of the system is addressed by several researchers (Ge
et al., 2013;Katuri et al., 2014;Li and He, 2015;L.i et al., 2016;Ren et al., 2014) (Table
2.3). While inside-Cathode shows smaller net energy generation (-0.09 kWh), Post
treatment (connected to anode chamber) shows positive energy balance (Li and He,
2015;Li et al., 2016;Ren et al., 2014) (Table 2.3). This was due to which the energy
required to operate the Cathode is much larger than the other reactors (0.12 kWh/m? vs.
0.001 and 0.0186 kWh/m®), which is probably attributable to pumping water from
anode to cathode chamber. Furthermore, One-chamber shows much positive net
generated energy (0.24+0.10 kWh/m®) (Katuri et al., 2014). Although it required
enormous energy to operate to apply potential to anode electrode, much more energy
can be generated as biogas comprising mainly methane (Katuri et al., 2014). In
conclusion, to maximize net generated energy, single-chamber reactor should be used to
minimize required energy as much as possible. Although biogas collection facilitates to
increase energy recovery, it requires temperature control, proper strategy, and additional
systems (Li et al., 2016). It is likely that energy-free high-quality wastewater treatment
can be achieved by the system integrated single-chamber air-cathode MFC and MBR

(Lietal, 2016;Ren et al., 2014).

2.6.3. Membrane fouling

1) Membrane cathode

It was recently found that the integrating MFC allow to mitigate membrane-fouling. In
particular, cathode reaction and compartment involving membrane cathode have been
well studied. Cathode compartment enable to mitigate membrane fouling by electric
repulsion force and a generation of hydrogen peroxide (H»O,) on the surface of
membrane cathode (Liu et al., 2013;Liu et al., 2014;Wang et al., 2013). Membrane
cathode is the membrane integrated with cathode electrode so that it has negative charge

on its surface. Since suspended solid generally also have negative charge, the membrane
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could inhibit to attach the suspended solid on its surface, and subsequently
membrane-fouling is mitigated (Liu et al., 2013;Liu et al., 2014). Indeed, although the
effect of electric repulsion force on membrane surface on membrane fouling mitigation
was already known previously (Akamatsu et al., 2010;Chen et al., 2007), Liu et al.
introduced to make the electric repulsion force with the electricity generated by MFC
(Liu et al., 2013;Liu et al., 2014). Furthermore, Wang et al. revealed that hydrogen
peroxide generated on the membrane surface could oxidize and degrade the foulant
attached on the surface, which is also effective to mitigate membrane fouling (Wang et
al., 2013). A generation of H,O, was proportional to electrical generation and the
characteristic of sludge was observed in the integrated system, implying that the fouling
potential of the ML might be also changed (Wang et al., 2013). SS is also effective to
mitigate membrane fouling when used as cover of hollow-fiber membrane (Tian et al.,
2014). Electric repulsion force was confirmed on the membrane not made by SS.
Gajaraj et al. observed membrane fouling mitigation on titanium-modified membrane
(Gajaraj and Hu, 2014). Moreover, anthraguinone-modified membrane could generate

not only electric repulsion force but also H,O, generation (Xu et al., 2015).

2) Bacterial secretion

Several papers observed a reduction in SMP (Su et al., 2013;Tian et al., 2015b) and EPS
(Tian et al., 2015b;Zhou et al., 2015a) by integrated MFC. Particle size distribution was
also reported to shift and the fouling potential was reduced (Tian et al., 2014;Tian et al.,
2015b). H,O, was reported to influence on characteristics of sludge, and might
subsequently mitigate membrane fouling (Zhou et al., 2015a). In while, there is little
information on the effect of anodic respiration on fouling potential. In these papers,
cathode electrode was also contained in biological treatment chamber: However, the

effect of anodic respiration on fouling potential and bacterial secretion is still unknown.
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CHAPTER 3

Impact of anodic respiration on biopolymer production and
consequent membrane fouling in electrode-associated membrane
bioreactor (e-MBR)

3.1. Background and Objectives

Although membrane bioreactors (MBRs) have several advantages over conventional
activated sludge system such as superior effluent water quality (complete removal of
suspended solids) and small footprint, high energy requirement for aeration and
membrane fouling are the remaining major challenges for wider practical application
(Judd, 2008;Meng et al., 2009a). Aeration is a major energy consuming process, often
exceeding 50% of total energy consumption (Gil et al., 2010;Kraume and Drews, 2010).
Membrane fouling in MBRs is generally controlled by continuous air-scrubbing and
periodical chemical cleaning, which also increases the operational cost. In addition to
continuous air-scrubbing, aeration is needed to supply oxygen as electron acceptor for
biological oxidation. Therefore, aeration must be optimized or minimized to reduce the
energy consumption (Gil et al., 2010).

Microbial fuel cells (MFCs) have been considered as a promising wastewater
treatment technology with renewable energy recovery (Logan et al., 2006;Wang et al.,
2015). In MFCs, bacteria use anode electrodes as electron acceptor for substrate
oxidation in the absence of any dissolved electron acceptors. MFCs also have several
advantages, including no requirement of aeration and sludge reduction. However, the
MFC effluents usually need post-treatment to meet the effluent discharge standards due
to poor effluent water quality (Wang et al., 2011b).

In order to reduce the energy consumption of MBRs and improve the MFC
effluent water quality simultaneously, here, we propose an electrode-assisted membrane

bioreactor (e-MBR). This e-MBR system takes advantages of both MFC and MBR, in
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which the aeration for oxygen supply is omitted and anode electrode is installed in
MBR as alternative electron acceptor instead. Namely, organic matter is oxidized using
a solid anode electrode as electron acceptor under anoxic conditions (anodic respiration)
(Logan, 2009;Torres et al., 2009). The e-MBR could simultaneously achieve reduction
of energy consumption, high effluent water quality, sludge reduction, and recovery of
renewable energy (i.e., electrical power) without aeration. Therefore, e-MBR is
expected as a promising net energy positive or neutral wastewater treatment.

Some MFC and MBR integrated systems have been proposed for wastewater
treatment, energy recovery, and membrane fouling mitigation (Liu et al., 2014;Ma et al.,
2015;Su et al., 2013;Tian et al., 2014;Tian et al., 2015b;Wang et al., 2011b;Wang et al.,
2013). In these integrated systems, stainless steel meshes were submerged in aerated
chambers and used as membrane bio-cathode for simultaneous oxygen reduction
reaction and filtration. High removal efficiencies of chemical oxygen demand (COD)
and ammonia nitrogen were observed with sludge reduction and electricity recovery
(Ma et al., 2015;Wang et al., 2011b). Furthermore, the integrated systems were able to
mitigate membrane fouling by degrading microbial metabolites such as soluble
microbial products (SMP) and loosely-bound extracellular polymeric substances (EPS)
(Su et al., 2013;Tian et al., 2014;Tian et al., 2015b) and generating electric field that
modifies sludge properties including the average floc size (Tian et al., 2014;Tian et al.,
2015b) and membrane (i.e., stainless steel mesh) surface charge (Wang et al., 2013).
However, these integrated systems use membrane bio-cathodes and thus still require
aeration for biological oxidation of organic matter and air-scrubbing. Furthermore, it
takes a relatively long time to establish bio-cathods (i.e., cathode biofilms).

One of concerns of e-MBR that we propose is membrane fouling because
e-MBR does not have aeration for air-scrubbing and biological oxidation. However, the
impact of anodic respiration by exoelectrogens on membrane fouling has not been
investigated yet (Yuan and He, 2015).

In this study, we therefore constructed MFC reactors equipped with different
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external resistances that regulate the degree of anodic respiration and measured the
membrane-fouling potential of each MFC anode effluent by using cross-flow membrane
filtration systems to investigate the impact of anodic respiration on membrane fouling.
Furthermore, to explain why membrane fouling was mitigated, we investigated
biopolymer (a main membrane foulant) production by exoelectrogens. The results
demonstrated that a dominant exoelectrogen such as Geobacter sulfurreducens
produced less biopolymer under anodic respiration condition than fumarate (anaerobic)

respiration condition, which consequently leads to membrane fouling mitigation.

3.2. Materials and Methods

3.2.1. MFC configuration and operation

MFCs equipped with different external resistances (100 - 10,000 ') (MFC A - C) were
constructed (Table 3.1) to evaluate the impact of anodic respiration on MFC
performance and membrane-fouling potential of anode effluents. An open circuit MFC
(MFC D) was operated as a control (without any dissolved electron acceptor and anode
electrode in the anode chamber). The double-chamber MFC consisted of an anode
chamber (250 ml) and a cathode chamber (250 ml). The porous carbon (6 cm ** 5 cm,
Somerset; NJ, USA) and carbon cloth loaded with 0.5 mg/cm? of platinum (3 cm ** 5 cm,
E-TEK, Somerset; NJ, USA) were used as an anode electrode and a cathode electrode,
respectively. Each chamber was separated with a Nafion membrane (Nafion™ 117,
Dupont Co., DE, USA). Each MFC reactor was operated at room temperature (25 +
2°C).

Each anode of MFC was inoculated with biomass from a MFC fed with
glucose as sole energy source in our laboratory, and incubated for 7 days as a batch
mode. Thereafter, a synthetic medium containing 200 uM (NH,4),SQO4, 200 uM NacCl,
500 uM CaCl,, 500 pM MgCl,*6H,0, 27 mM K,;HPO,, 55 mM KH,PO,4 and 2.8 mM
glucose (a sole energy source) was continuously fed with peristaltic pumps (MP-1100;

EYELA; Tokyo, Japan) at a hydraulic retention time (HRT) of 10 hr as previously
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described (Chung and Okabe, 2009). After 4-month operation (first run), the cross-flow
filtration experiments were conducted to measure the membrane-fouling potentials of
anode effluents. Subsequently, the operational condition of each MFC reactor was
changed as described in Table 3.1 (second run) and incubated for 8 weeks to stabilize
the reactor performance. After the incubation, the cross-flow filtration experiments were
conducted to confirm the reproducibility of the results of the first run. In the second run,
ambient air was continuously supplied into the anode chamber of MFC D at a flow rate
of 250 ml/h. Each cathode chamber of closed-circuit MFC (MFC A - D) was filled with
the catholyte containing 100 mM potassium ferricyanide, 27 mM K;HPQO4, and 55 mM
KH2PO., which was not aerated during operation of both runs.

Cell voltage and electrical current were continuously monitored using a
multimeter and a data acquisition system (Agilent HP 34970). The anode effluent pH
was measured using a pH meter (F-51; Horiba, Ltd.; Tokyo, Japan). COD concentration
was measured following HACH COD method 8000 by using a HACH COD reactor and
spectrophotometer DR/2400 (HACH Co.; CO, USA). The ODgyp was measured by
using an optical absorbance meter (Smart Spec Plus; Bio-Rad; CA, US). Coulombic
efficiency (CE) was calculated with the equation described elsewhere (Logan et al.,

2006).

3.2.2. Membrane-fouling potential

Membrane-fouling potential (trans-membrane pressure (TMP)) was measured for 3 hr
using bench-scale cross-flow filtration systems (CFMFS) (Ishizaki et al., 2016a).
Filtration experiments were carried out with a constant permeate flux of 0.3 m/d using
peristaltic pumps (MP-1100; EYELA,; Tokyo, Japan) without aeration. Flat membrane
filters (100 mm! 20 mm, 0.2 um, hydrophilic PTFE; Advantec Toyo; Tokyo, Japan)
were used for all filtration experiments. More detailed information on dimension and
operation of the CFMFS can be found in elsewhere (Ishizaki et al., 2016a). The

cross-flow filtration tests were performed in triplicates for each MFC before and after
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the external resistances were changed as described in Table 3.1 (Fig. 3.1A and 3.1B).

Each filtration test was carried out for 3 hr and the trans-membrane pressure
(TMP) at 3 hr (TMP3) was measured. After filtration tests, the mixed liquor (ML) and
biocake (BC) on fouled membranes were collected to characterize the soluble microbial
product (SMP) as below. Dead-end filtration experiment was also carried out to
determine the fouling potential of soluble microbial product (SMP) as described in
previous study (Ishizaki et al., 2016a) (Ramesh et al., 2007). In order to estimate the
percentage of SMP trapped on membrane to SMP in ML, TOC concentrations of SMP

before and after the dead-end filtration was measured.

3.2.3. Extraction of SMP and EPS

In this study, SMP was defined as total organic carbon (TOC) in the supernatant after
centrifugation of ML at 4°C, 6000 ! g for 15 min (Eboigbodin and Biggs, 2008). The
SMP contained in BC was collected as follows: the BC on fouled membrane was
removed and resuspended in 25 ml of 0.05% NaCl solution by vortexing for 1 min, and
then centrifuged as described above (Ishizaki et al., 2016a). Loosely-bound and
tightly-bound extracellular polymeric substances (LB-EPS and TB-EPS) in ML and BC
were extracted as described previously with minor modifications (Li and Yang, 2007).
The biomass pellet was resuspended with 15 ml of 0.05% NaCl solution and the
suspension was mixed with 25 ml of 0.05% NaCl solution of 70°C, and thus
resuspended by vortexing for 1 min. After the centrifugation at 4°C, 6000 ! g for 15
min, the supernatant gained was regarded as LB-EPS. The pellet was resuspended with
40 ml of 0.05% NaCl solution and heated at 60 °C for 30 min. After the centrifugation

with the same condition, the supernatant gained was regarded as TB-EPS.
3.2.4. Chemical analysis

TOC concentration of the supernatant was measured using a TOC analyzer (TOC-V

CSH; Shimadzu; Kyoto, Japan). Protein concentration was determined by using an
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excitation-emission matrix (EEM) fluorescence spectrometer (Aqualog; Horiba, Ltd.,
Tokyo, Japan) and parallel factor analysis (PARAFAC) with BSA as the standard.
There was a clear correlation between the score obtained by PARAFAC and the protein
concentration (R* > 0.99). Carbohydrate concentration was determined with the
phenol-sulfonic acid method with glucose as the standard. Glucose concentration was
measured with a Dionex DX 500 HPLC equipped with a pulsed amperometric detector
(Dionex ED40) (Dionex Co., CA, US) (Kimura et al., 2009). Particle size distributions
of ML were measured by using a Nano Sight NS500 (SALD-7100; Shimadzu Co.,
Kyoto, Japan). Biopolymer concentration in the supernatant was determined by using a
Liquid chromatography with organic carbon detection (LC-OCD Model 8,
DOC-LABOR; Karlsruhe, Germany) after filtration with 0.45 pm hydrophilic PTFE
membranes (Advantec Toyo; Tokyo, Japan) as described previously (Huber et al., 2011)
(Yamamura et al., 2014). The mixed liquor suspended solid (MLSS) concentration in

each MFC reactor was measured according to the Standard Methods (Apha, 1998).

3.2.5. Microbial community analysis

The microbial communities in the ML, BC, and inner and outer part of anode biofilms
(ABi, and ABou) were analyzed by applying Illumina Miseq analysis (Illumina;
Hayward, CA, USA) (Caporaso et al., 2012). The ML (3 ml) was centrifuged at 4°C,
8000 ! g for 5 min. The BC on fouled membrane (20 mm ¥ 20 mm) was cut into
quarters with a sterile scissor, resuspended in 0.05% NaCl solution by vortexing for 1
min, and then centrifuged as above. The anode electrode (ca. 5 mm ! 5 mm) was cut
with a sterile scissors, suspended into 0.05% NaCl solution (10 ml), and vortexed for 10
sec. The loosely attached biofilm was regarded as the outer part of anode biofilm
(AB,ut) and the remaining biofilm on the anode electrode after vortexing was regarded
as the inner part of biofilm (ABi,). The biomass was harvested by centrifugation (8000
I g for 5 min) and total community DNA was extracted using a Fast DNA Spin kit for

soil (Biol101, Vista; CA, USA). The DNA of AB;, was extracted directly from the anode
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electrode after collecting the ABoy. The partial 16S rRNA genes including v3 and v4
regions were amplified with Bakt 341F and Bakt 805R primers (Miura et al., 2013).
Illumina Miseq 16S rRNA gene analysis was performed as described elsewhere
(Rathnayake et al., 2015). The sequence reads were analyzed by using QIIME 1.8.0
with the Silva 119 database, respectively (Caporaso et al., 2012). The gPCR assays were
performed using SYBR Green chemistry to quantify the bacterial populations in ML,
BC, AB,.t, and ABi, samples as based on the number of 16S rRNA gene (Kobayashi et
al., 2013). In SYBR Green assays, each PCR mixture (10 pl) was composed of 1!
SYBR Premix Ex Taq Il (Takara Bio, Otsu, Japan), 50! ROX Reference Dye (Takara
Bio, Otsu, Japan), 400 nM each of forward and reverse primers, and 2 pl of template
DNA. The set of primers of Eub338f (5’-CCTACGGGAGGCAGCAG-3’) and Eub518r
(5’-GWATTACCGCGGCKGCTG-3’) were used to quantify the total bacteria numbers
in MFCs (Elshahed et al., 2008).

3.2.6. Geobacter sullferreducens strain PCA

Geobacter sulfurreducens strain PCA was grown in the double-chamber MFC as
mentioned above with anode electrode (anodic respiration) or fumarate (fumarate
respiration) as a sole electron acceptor, and tested for biopolymer production and
consequent membrane-fouling potential, respectively. Furthermore, foulant degradation
ability of the strain PCA was investigated. The pure culture of strain PCA was
pre-incubated for 4 days, washed twice with and inoculated into a medium containing
200 uM (NH,4)2SO4, 200 pM NaCl, 500 pM CaCl,, 500 pM MgCl, 6H,0, 27 mM
KoHPO4, 55 mMM KH,PO, and 20 mM acetate (a sole energy source) (ODgyp =
approximately 0.1). For fumarate respiration study, 40 mM disodium fumarate was
added to the medium (Nevin et al., 2009). The strain PCA was incubated for 4 days as a
batch mode, and the MLs were sampled every day for measurement of
membrane-fouling potential and biopolymer concentration. Membrane-fouling potential

was evaluated by dead-end filtration, and biopolymer concentration was determined as
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Table 3.1 Performance of MFCs before and after external resistance was changed

First run

MFC A-1 MFC B-1 MFC C-1 MFC D-1
SCETE) CEEEIEr (Aﬁgggcer?se;itrraot?gn) (Aﬁ(r;g?cerilsepcitrg;?gn) (Aﬁgggcerilsepcitrg;?gn) Non
External resistance 100 ohm 1,000 ohm 10,000 ohm
Electrical current (mA) 2.78 £0.02 0.60 +0.01 0.07 £ 0.00
Cell voltage (mV) 246.2+1.0 634.7+1.1 750.6 £ 0.6
Power density (W/m?) 2.83+0.01 1.62 £0.00 0.21 +£0.00
Coulombic efficiency (%) 8.9 2 0.2 -
pH value in 6.9+0.0 7.0+0.0 6.9+0.1 7.0+0.0
ML OD600 0.19+0.01 0.18 +0.02 0.21+0.02 0.17 £0.01
COD removal (mg/I/h) 385+35 35,5+£0.5 355+05 39.0+20
COD removal rate (%) 7717 71+1 71+1 784
Second run

MFC A-2 MFC B-2 MFC C-2 MFC D-2
= RO R (Aﬁggidcerilse;itrgifn) (Aﬁggidcerzlse;itr;ot?gn) (A?ggidcerzlse;itr;ot?c?n) g
External resistance 10,000 ohm 1 ohm 100 ohm
Electrical current (mA) 0.07 £0.00 3.54+0.03 2.42+0.01
Cell voltage (mV) 785.4+0.7 5.9+0.0 246.8+0.8
Power density (W/m?) 0.23+0.01 0.08 £0.00 2.40+0.01
Coulombic efficiency (%) 0.2 11.7 7.8 -
pH value in 71+01 7.0+0.0 71+0.1 7.0+0.1
ML OD600 0.20 +0.01 0.21+0.02 0.20 +0.02 0.22+0.01
COD removal (mg/I/h) 325+33 327+18 326+22 389+1.1
COD removal rate (%) 72+6 71+3 71+5 79+2

described above. Furthermore, the entire ML of each MFC was exchanged with the
same volume of the autoclave-sterilized anode effluent of MFC D-2 (aerobic). The
membrane-fouling potential of the ML of MFC D-2 was monitored by dead-end
filtration to evaluate the foulant degradation ability of the strain PCA. Acetate
concentration of ML was measured using High-Performance Liquid Chromatography
(LC-10AD; Shimadzu Co., Kyoto, Japan). Each MFC reactor was equipped with an

external resistance of 100 ohm and operated at room temperature (25 + 2°C).

3.3. Results and Discussion
3.3.1. Performance of MFCs
The overall performances of MFCs are summarized in Table 3.1. The higher electrical
current and lower cell voltage, resulting in higher power generation, were observed at

lower external resistance (Table 3.1). There was no significant difference in COD and
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Figure 3.1 Time courses of trans-membrane pressure (TMP) of MFCs equipped with
different external resistances (A) before and (B) after the external resistances were
changed. The filtration tests were performed in triplicates and the reproducibility was
confirmed. A typical time course of TMP is presented under each operational condition.
The membrane-fouling potential of the MFC equipped with lower external resistance is
lower than that of the MFC equipped with higher external resistance and control

reactors (MFC D-1 (Fermentation) and D-2 (Aerobic)).

glucose removal efficiencies regardless of anodic and aerobic respiration. Glucose was
not detected in any MFC anode effluents (data not shown). Coulombic efficiencies (CE)
of closed-circuit MFCs were in a range of 0.2 — 11.7%, being similar with the values of
the integrated MFC-MBR systems (Ma et al., 2015;Tian et al., 2014;Tian et al.,
2015b;Wang et al., 2014;Wang et al., 2011b;Zhou et al., 2015a). Aerobic respiration
(due to oxygen contamination), fermentation, and/or methanogenesis in the anode
chamber would be possible reasons led to such low CE values (Ishii et al., 2013;Liu and
Logan, 2004). In particular, glucose-fed MFC was likely to cause lower CE due to
electron loss by competing the metabolisms such as fermentation and methanogenesis

(Chae et al., 2009;Pant et al., 2010).

3.3.2. Impact of anodic respiration on membrane-fouling potential

The membrane-fouling potential of each MFC effluent was directly measured using
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Figure 3.2 A relationship between TMP5 and electrical current generation in each MFC.
Closed-circuit MFC and open-circuit MFC indicated MFC A-C and MFC D in both first

and second run, respectively. TMP3 was lower at higher electrical current generation.

cross-flow membrane filtration system (CFMFS) and related to the characteristics of the
soluble microbial product (SMP) and the microbial community in anode biofilms. The
time courses of TMP revealed that membrane-fouling potentials of MFCs equipped
with lower external resistances (i.e., MFC A-1 (100 ') and B-1 (1,000 T)) were
significantly lower than those of MFC C-1 equipped with 10,000 ¥ and open circuit
MFC D-1 (Fermentation), which clearly suggest that membrane fouling was mitigated
at high current generation (active anodic respiration) (Fig. 3.1). To evaluate the
reproducibility, the external resistances of closed-circuit MFCs were changed as
described in Table 3.1, MFCs were operated for additional 8 weeks, and then the
filtration tests were performed. As a result, similar results were obtained, indicating that
the membrane fouling mitigation by active anodic respiration was reproducible (Fig.
3.1B). For example, the TMP3 of MFC A-1 (100 ) was the lowest in the first run but
became the second highest after the external resistance was changed to 10,000 !.

Based on these experimental results, it can be concluded that the
membrane-fouling potential of MFCs with higher current generation was significantly

lower than that of conventional MBR with aeration (MFC D-2 (aerobic)) and depends
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on the degree of anodic respiration (current generation) (Fig. 3.2). Overall, fouling
potentials in the second run were higher than those in the first run (Fig. 3.2). The second
run was initiated with the high MLSS concentration caused by biofilm detachment from
anode electrodes due to the long incubation.

The integrated MFC and MBR systems could potentially mitigate membrane
fouling even though their CEs were low (in a range of 1.0% to 12.1%) (Ma et al.,
2015;Tian et al., 2014;Tian et al., 2015b;Wang et al., 2014;Zhou et al., 2015a). For
example, Tian et al. reported the mitigation of membrane fouling in an anaerobic
membrane bio-electrochemical reactor (AnMBER) with CE of 10.3 = 1.8% (Tian et al.,
2014). However, the membrane fouling could not be mitigated when the CE was as low
as 0.24% (Ma et al., 2015). This consists with our results that MFC C-1 (10,000 ) and
MFC A-2 (10,000 1), whose CEs were about 0.2%, could not mitigate membrane
fouling effectively (Fig. 3.1A and 3.1B). In addition, the fouling potential of MFC A-1
(100 ') and MFC B-1 (1,000 T) was similar (Fig. 3.1A) even though the CEs were
different (8.9% vs. 2.0%) (Table 3.1). These results suggest that there might be a
threshold CE value for membrane fouling mitigation, above which the mitigation effect
could be minimal. Further study is required to validate this speculation.

In order to better understand the mechanism of membrane fouling mitigation,
electron balance, i.e., the distribution of electron sinks other than electrical current
generation, must be determined. Biomass, EPS, SMP, and CH, are considered as
dominant electron sinks and their distribution can vary with anodic potential (Freguia et
al., 2008;Yu et al., 2015). It was also reported that inhibition of methanogenesis
promoted the electron flow to biomass including SMP (Jiang et al,
2010b;Parameswaran et al., 2009), which is a main foulant in this study. In this study an
exact electron balance could not be determined because CH, and organic acids were not
quantified. However, the amount of SMP, especially biopolymers, was quantified,

which was directly correlated with the membrane fouling (Fig. 3.3C and 3.3D).
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Figure 3.3 Biopolymer concentrations in mixed liquor (ML) and biocake (BC) were
adversely correlated to electrical current generation (A and B), showing less biopolymer
was produced and accumulated under high current generation. TMP3 clearly increased
with increasing biopolymer concentrations in the ML (C) and in BC (D), indicating
biopolymer is a major foulant in this study. Closed-circuit MFC and open-circuit MFC

indicated MFC A-C and MFC D in both first and second run, respectively.

3.3.3. Characterization of SMP

To investigate why membrane fouling was mitigated in MFCs with high current
generation, SMP in the anode mixed liquor (ML) was characterized. Membrane fouling
potential of SMP in each MFC reactor as determined by the dead-end filtration
experiment was significantly different and closely correlated to the degree of fouling
potential shown in Fig. 3.1 (Fig. 3.4A) even though MLSS concentrations, particle size

distributions, EPS concentrations and ODgqg in the ML were basically similar with each
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Figure 3.4 (A) Fouling potentials of SMP in each MFC anode effluent were tested by
dead-end filtration experiment. (B) Percentage of SMP passed through and trapped
on membrane in the dead-end filtration experiment, showing only a small fraction of
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Figure 3.5 (A) MLSS concentration and (B) particle size distribution in each MFC

anode effluent. There was nor significant difference among different MFC set-ups.

other (Fig. 3.5 and 3.6). These results indicated that SMP was a main cause of

membrane fouling in this study as previously reported (Ishizaki et al., 2016a;Jiang et al.,

2010D).
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Figure 3.6 (A) ODgy of the ML and TOC concentrations of (B) loosely-bound EPS
(LBEPS) and (C) tightly-bound EPS (TBEPS) in the first run. There was no significant

difference among different MFC set-ups.

First, total organic carbon (TOC), carbohydrate and protein concentrations in
the SMP of mixed liquor (ML) and biocake (BC) were measured and related to TMP;
(Fig. 3.7). However, there was no clear correlation between TMP3; and these
concentrations, which is in agreement with previous reports (Gao et al., 2013b;Kimura
et al., 2009). The peak intensity at EX/Em = 270 nm/320 nm, which was recognized as
protein-like substances in previous studies (Chen et al., 2003;Wang et al., 2009c), did
not correlate with TMP; (Fig. 3.8).

Second, the concentrations of biopolymer, which is defined as a hydrophilic
fraction with high molecular weight (>10 kDa) detected by LC-OCD (Haberkamp et al.,
2007;Tran et al., 2015), were measured and related to the TMP3 (Fig. 3.3). There were
clear positive correlations between TMP3 and the biopolymer concentrations in both
ML and BC in both first and second run (Fig. 3.3C and 3.3D), suggesting that
membrane fouling was mainly caused by biopolymer. Although biopolymer accounted
for small percentage of SMP (< 2.1%), only a small fraction of SMP (< 7.0%) was
trapped on membrane and caused severe membrane fouling (Fig. 3.4B). Biopolymers
have been paid attention recently and regarded as the main important foulant in MBRs

treating real wastewater (Jiang et al., 2010b;Meng et al., 2009c;Tian et al., 2013).
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Figure 3.7 Correlations of TMP with the SMP in ML (A to C) before and (G to I) after
and in biocake (BC) (D to F) before and (J to L) after the external resistance was
changed. The concentrations of TOC, carbohydrate and protein contained in SMP were
compared with TMP value at 3 hr (TMPs) after the filtration was started. TOC,
carbohydrate and protein contained in BC had correlation with TMP3; compared with

that in ML. These experiments were performed in triplicates.
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Fig. 3.8 Fluorescence excitation-emission matrix of SMP contained in ML (A to D) and
BC (E to H) of MFC A-1 (100 1), MFC B-1 (1,000 '), MFC C-1 (10,000 1), and
MFC D-1 (Fermentation), and in ML (I to L) and BC (M to P) of MFC A-2 (10,000 1),
MFC B-2 (1 1), MFC C-2 (100 ), and MFC D-2 (Aerobic), respectively.

It is noteworthy that the biopolymer production was inversely related to the
electrical current generation (i.e., the degree of anodic respiration) in both first and
second run (Fig. 3.3A and 3.3B). The higher biopolymer concentrations were observed
in MFCs equipped with higher external resistances (lower current generation) and open
circuit MFC (MFC D-1 and D-2). This implies that more biopolymer is produced by
aerobic respiration than anodic respiration.

It is a subject of great interest to investigate whether this difference in

biopolymer production is attributed to different microbial community developed in
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MFCs or respiration activity with different electron acceptors (fermentation vs. anodic
respiration). Therefore, the microbial community structure of each MFC was analyzed
based on 16S ribosomal RNA (rRNA) gene sequences using next-generation

sequencing (Illumina MiSeq).

3.3.4. Microbial community analysis

Microbial population in the inner part and outer part of anode biofilms (AB) and mixed
liquor (ML) were quantified based on 16S rRNA gene copy numbers (Fig. 3.9A). The
majority of bacteria was associated with anode biofilms in this study. The copy numbers
(i.e., biomass) in anode biofilms decreased in the second run, which was probably
caused by the biofilm detachment due to the change in operational conditions. In
general, anodic biofilms tended to increase with a decrease in external resistance
(Aelterman et al., 2008;Zhang et al., 2011).

Microbial communities of the ML, BC and anode biofilms (inner part; ABi,
and outer part; ABoy) were analyzed based on 16S rRNA gene sequences using
next-generation sequencing (lllumina MiSeq) (Fig. 3.10). The microbial communities
(Proteobacteria accounted for more than 70%) of the ML and BC were more or less
similar each other in all MFCs (Fig. 3.11), indicating that the suspended biomass in the
ML was directly entrapped and deposited on the membrane as biocake (BC). In contrast
to the ML and BC, the microbial communities of anode biofilms, especially inner parts,
were clearly diverse and distinct from those of ML and BC. The most distinct feature
was that Geobacteraceae was detected at high percentage in the inner part of anode
biofilms in MFCs equipped with lower external resistances (e.g., MFC A and B) (Fig.
3.9B). Methanobacteriaceae, hydrogenotrophic methanogens, were also detected in the
inner part of anode biofilm (in a range of 1.6% — 4.1%) (Fig. 3.9B), which might
indicate the possibility of CH4 formation since fermentable glucose was used as a sole
substrate in this study (however, CH, was not measured in this study) (Freguia et al.,

2008;Yu et al., 2015). The electrical current generation was highly dependent on the
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Figure 3.9 Microbial community analyses of MFCs. (A) Copy numbers of 16S rRNA
genes in mixed liquor (ML) and in inner part and outer part of anode biofilms (AB).
Biofilm bacterial communities account for 59 - 84% of total copy numbers. (B)
Microbial community compositions of inner part of anode biofilms based on MiSeq 16S
rRNA gene sequencing analysis, showing the higher abundance of Geobacteraceae in
MFCs equipped with lower external resistances. Relationships among relative
abundance of Geobacteraceae in inner part of anode biofilms, electrical current, and
TMP; (C) before and (D) after the external resistances were changed. At higher
abundance of Geobacteraceae, higher electrical current was generated, and lower TMP;

was observed.

relative abundance of Geobacter (Fig. 3.9C and 3.9D). The higher current generation
and lower TMP3 were observed at higher abundance of Geobacter (Fig. 3.9C). The
relative abundance of exoelectrogens in anode biofilms increased with decreasing the
external resistance due to increases in anodic potential and electrical current (Aelterman

et al., 2008;Chae et al., 2009;Ishii et al., 2013;Liu and Logan, 2004). However, this
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Fig. 3.10 Results of MiSeq 16S rRNA gene analysis in phylum level (A) and class level

(B) in Proteobacteria
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Fig. 3.11 Weighted principle compartment analysis (PCA) of microbial communities in
ML, BC, and inside and outside of anodic electrode (ABou.: and ABin, respectively) of
MFCs based on MiSeq 16S rRNA gene analysis.

general trend was slightly changed after the external resistance was changed (in the
second run), because the anode biofilm community still did not reach steady state due to
a short incubation time (8 weeks) (Fig. 3.9D).

Based on these results, it is speculated that the actively anode-respiring
Geobacter dominated and produced less biopolymer, a main membrane foulant, in
MFCs equipped with lower external resistances (MFC A-1 (100 ¥) and B-1 (1,000 1)),
which consequently led to the mitigation of membrane fouling. However, it is not clear
whether (1) the predominant Geobacter produce less biopolymer under anodic

respiration than fumarate (anaerobic) respiration condition or (2) Geobacter can
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Figure 3.12 Impact of anodic respiration by Geobacter sulfurreducens strain PCA
(PCA) on biopolymer production (A) and membrane fouling potential (B). The foulant
degradation ability of the strain PCA was evaluated (C), showing no significant
degradation of foulant. These experiments performed in duplicate and the error bars

indicate the standard deviations.

degrade foulant including biopolymer generated by other bacteria. This speculation was
clarified by the following study with a pure culture of G. sulfurreducens PCA as a

model exoelectrogen.

3.3.5. Biopolymer production by Geobacter sullferreducens strain PCA

Geobacter sulfurreducens strain PCA was cultured with anode electrode (anodic
respiration) or fumarate (fumarate respiration) as a sole electron acceptor for 4 days,
and biopolymer concentrations and membrane resistance (fouling potential) were
measured. More biopolymer was produced per consumed acetate under fumarate
(anaerobic) respiration condition than anodic respiration condition (5.48 £ 2.79 vs. 2.25
+ 0.89 (mg-biopolymer/g-acetate)) (Fig. 3.12). As a consequence, membrane resistance
(fouling potential) was higher under fumarate (anaerobic) respiration condition than
anodic respiration condition (1.78 + 0.84 vs. 0.56 + 0.03 (10'* m™)) (Fig. 3.12B). This
result was in good agreement with the results of MFCs (Fig. 3.3C and 3.3D).

Furthermore, the ability of the strain PCA to mitigate membrane fouling (i.e., to

58



degrade foulant) was tested under anodic or fumarate respiration conditions, because
some bacteria (e.g., Chloroflexi) were known to degrade foulant (Miura et al., 2007b)
(Miura and Okabe, 2008). The strain PCA was incapable of degrading foulant
accumulated in the ML of MFC under both respiratory conditions (Fig. 3.12C). Based
on these results, the strain PCA produced less biopolymer (a main foulant in this study)
under anodic respiration condition than fumarate (anaerobic) respiration condition,
which can explain the lower membrane-fouling potential of MFC effluents under high

current generation (Fig. 3.1 and Fig. 3.2).

3.4. Conclusion

MFCs equipped different external resistances, which regulate anodic respiration rate,
I.e., current generation, were constructed and tested for membrane-fouling potential. It
was found that although the COD removal efficiency was comparable, the fouling
potential was significantly reduced due to less production of biopolymer at higher
current generation (i.e., lower external resistance) as compared with open circuit MFC
(aerobic respiration or fermentation). This result indicated that membrane fouling of
MBR could be mitigated by applying anodic respiration without air-scrubbing (i.e.,
aeration), leading to development of an electrode-assisted MBR (e-MBR) without high
energy-demanding aeration. To explain the reason for reduction of biopolymer
production in MFCs, microbial community of anode biofilms was analyzed. Geobacter
sulfurreducens-related bacteria were found to be dominant exoelectrogens in the inner
part of anode biofilms. Furthermore, a pure culture of Geobacter sulfurreducens strain
PCA produced less biopolymer under anodic respiration condition than fumarate
respiration condition, resulting in lower membrane-fouling potential. Taken together,
Geobacter sulfurreducens-related bacteria dominated in the anode biofilms produced
less biopolymer using anode as electron acceptor, which consequently mitigated
membrane-fouling potential of MFC anode effluent. However, since the biochemical

pathway of biopolymer synthesis under anodic respiration condition is not known
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presently, future study is essential to investigate the impact of anodic respiration on
biochemical pathway of biopolymer synthesis and biopolymer production by other

exoelectrogens.
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CHAPTER 4

Membrane fouling potentials and cellular properties of bacteria
isolated from fouled membranes in a MBR treating municipal

wastewater

4.1. Background and Objectives

It is widely accepted that membrane fouling is a main obstacle for wider application of
membrane bioreactors (MBRs). Although extensive studies have been conducted to
understand the detailed mechanisms of membrane fouling in MBRs and to develop its
effective mitigation strategies (Huang and Lee, 2015;Lin et al., 2014;Malaeb et al.,
2013b), improvement of fouling control and management is still remarkably slow in
practice. One of research approaches is to identify key players (microbial strains) of
membrane fouling and subsequently to control and inhibit their activity by any means
(Calderdn et al., 2011;Ma et al., 2013b;Miura et al., 2007c). Although extensive studies
have been conducted to reveal microbial communities in pilot-scale MBRs treating real
municipal wastewater using several molecular biological techniques, our understanding
is still largely limited to identify key bacteria responsible for membrane fouling (Kim et
al., 2013;Lim et al., 2012;Miura et al., 2007c;Pang and Liu, 2007;Wu et al., 2011;Xia et
al., 2010). The dominant species in MBRs (Calderon et al., 2011) and in biocake
(biomass accumulated on the membranes) (Miura et al., 2007c;Pang and Liu, 2007), or
the increasing species as membrane fouling (Lim et al., 2012) have been regarded as
key bacterial groups responsible for membrane fouling. For example, Proteobacteria
has been determined as a dominant phylum in MBRs and thus regarded as fouling
causing bacteria (Lim et al., 2012;Ma et al., 2013a). It was also reported that
Proteobacteria plays a pioneering role in biocake formation on membrane (Gao et al.,
2014b;Miura et al., 2007c;Vanysacker et al., 2014a). This is, however, not always true

because membrane fouling is known to be mainly caused by metabolites (i.e.,
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extracellular polymeric substances (EPS) and soluble microbial products (SMP))
produced by or released from microorganisms and cellular materials (debris), which are
highly dependent on microbial species and operational conditions (Guo et al., 2012;Lin
et al., 2014). For examples, changes in operational conditions (i.e., DO and temperature)
and environmental stress (i.e. salinity concentration) induced the changes in microbial
community structures and microbial metabolisms (production rates and compositions of
EPS and SMP) and consequently influenced membrane fouling (Gao et al., 2011a;Gao
et al., 2013b;Guo et al., 2015;Ng and Ng, 2010).

Several papers have highlighted the relevance of cellular properties such as
bacterial motility and cell surface properties of environmental isolates in biofilm
formation, which was often overinterpreted to membrane fouling potential. For
examples, a strain belonging to Arthrobacter sp. having a relatively small cell size in
mixed liquor of an aerobic granular membrane bioreactor (AGMBR) can penetrate the
microfiltration (MF) membrane and develop an internal biofilm that induce membrane
fouling (Juang et al., 2010a). Furthermore, biofilm formation potentials of strains
isolated from reverse osmosis (RO) membranes treating potable water were measured in
microtiter plates and related to their cellular properties such as hydrophobicity, surface
charge, and motility (Pang et al., 2005a). However, membrane fouling potentials of
these isolates were not directly measured under filtration conditions in their studies.

Biofilm formation potentials determined in microtiter plates sometimes do not
reflect membrane fouling potentials, because convective permeate flow is known to be a
major mechanism that transports bacterial cells and EPS to membrane surfaces during
filtration (Habimana et al., 2014). Therefore, biofilm formation and/or biomass
deposition on membrane surfaces, furthermore membrane fouling, are more likely to be
independent of bacterial cell surface properties and motility (Habimana et al.,
2014;Juang et al., 2010b). Thus, membrane fouling potential must be directly evaluated
for each bacterial strain under defined filtration conditions. However, membrane fouling

potentials have been evaluated for only a few isolates and model bacteria (e.g.,
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Escherichia coli and Pseudomonas) using dead-end or cross-flow filtration systems
(Choi et al., 2006;Feng et al., 2009;Juang et al., 2008b;Vanysacker et al., 2014b).
Therefore, there is very little information on fouling potentials of environmental isolates
and the relevance to their cellular characteristics (Malaeb et al., 2013b).

The objectives of this study are to identify key fouling-causing bacteria (FCB)
for microfiltration (MF) membranes in MBRs treating real municipal wastewater and
characterize their cellular properties. To achieve these objectives, 41 bacterial strains
were isolated from fouled MF membrane gel layers (biofilms) in the MBRs, and their
fouling potentials were directly evaluated using bench-scale cross-flow membrane
filtration systems (CFMFSs). FCB s