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Chapter 1

1.1. Background and objectives

Recently, urbanization and urban sprawl are expected to increase in the next century (Hibbs and
Sharp, 2012), discharge of wastewater especially municipal sewage will increase. Membrane
bioreactor (MBR) is one of the most innovative wastewater treatment system especially for
treating municipal wastewater. Previous results showed that the MBR achieved not only high
nutrient removal such as organic carbon, nitrogen and phosphorus but pathogen or virus removal
in municipal wastewater (Rosenberger et al., 2002; Trussell et al., 2005; Chae and Shin, 2007;
Ma et al., 2013; Wu et al., 2010). Moreover, install of the full-scale MBRs are drastically spread
and continue to increase in the world (Xiao et al., 2019). However, membrane fouling which
cause permeate flux decline remains as major issue of the widespread to use for various
wastewater treatment in MBR. Especially, biofilm formation of the fouled membrane is severe
problem. To date, membrane fouling have been understood to occur from three stages as follows;
Firstly, adherence of microbes on the membrane surface and produce extracellular poly-
substances (EPS) with fast TMP increase. Secondly, growth of attached microbes and micro-
colony formation to three-dimensional structure and accumulation of foulants with slow TMP
increase. Thirdly, continuous accumulation and formation of cake layer with fast TMP increase
and lead to TMP jump (Gao et al., 2013).

In the full-scale MBR, generally, MBR was worked under low feed-to-microorganism
conditions because of high concentrated sludge operation compared to conventional activated
sludge process (Lobos et al., 2005), and no sludge discharge and limited COD were observed
(Shen et al., 2012). Hence, it is necessary to investigate influence of low organic loading rate
(OLR) condition on microbial community and membrane fouling in MBR in order to improve the
reactor performance and control membrane fouling. Recently, many researchers have addressed
to reveal microbial community corresponding membrane fouling development in the MBR since
the high throughput sequencing technology had been developed (mentioned chapter 2).

Although system performance under starvation or prolonged starvation conditions were
investigated in conventional activated sludge process and MBR process (Lobos et al., 2005;
Zhang et al., 2009; Wu and Lee, 2011; Magbool et al., 2017; Palmarin et al., 2020), microbial
community and important bacteria related to system performance and membrane fouling in the
condition are still unclear. Thus, the objective of this study was to investigate influence of
extremely low OLR (prolonged starvation) conditions on membrane fouling development and
microbial community in mixed liquor and to clarify the key bacteria related to membrane fouling
development in anoxic/oxic (A/O)-MBR. In order to achieve the goal, four specific objectives
were built as follows;

1. To evaluate the influence of extremely low OLR on membrane fouling development and

bacteria response for characteristics of mixed liquor.
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2. To explore the biofilm-forming bacteria on fouled membrane surface in low OLR MBR by
comparing naturally developed biofilm in MBR under standard condition.

3. To clarify mechanisms of biofilm formation especially initiation and progression of biofilm
development on the fouled membrane in low OLR MBR.

4. To explore the fouling causing bacteria and fouling mitigating bacteria compared between

fouled MBR and fouling-mitigated MBR under low OLR conditions.

1.2. Outline of this thesis

This thesis organized six chapters in order to achieve the objectives (Fig. 1.1). In chapter 1, the
background, objectives and outline of this thesis are introduced. In chapter 2, basic information
regarding this thesis was provided.

In chapter 3, influence of low OLR condition in A/O-MBR on membrane fouling was
evaluated and biofilm-forming bacteria in the A/O-MBR were identified to compare with
naturally developed biofilm under standard condition. In chapter 4, fouled membranes during
progression of membrane fouling under low OLR condition were monitored by non-destructive
observation and pioneer bacteria for membrane fouling was estimated. In chapter 5, generation
of dissolved organic matter derived from cell lysis on membrane fouling was evaluated and
fouling causing and mitigating bacteria were estimated. Finally, the conclusion of this thesis and

future outlook were discussed in chapter 6.

Research objective

.
Impact of low organic loading rate condition on membrane fouling and
identification of fouling related bacteria in A/O-MBR

4

Chapter 1: General Introduction, Chapter 2: Literature review

/Evaluation of influence of extremely \ /Investigation of biofilm formation \

low organic loading on membrane process by using confocal laser
fouling scanning microscopy and microbial
community analysis.
Chapter 3: Chapter 4:

Fouling development in A/O-MBR Initiation and progression of the
under low organic loading rate biofilm formation process on the
condition and identification of key | membrane in A/O-MBR treating
bacteria for biofilm formation actual sewage under low organic
\ /koading rate condition /

Role of dissolved organic carbon on membrane fouling and identification of fouling )
causing and mitigating bacteria

Chapter 5:

Maintaining microbial diversity mitigates membrane fouling of A/O-MBR
under starvation condition )

Chapter 6: Conclusion remarks

Fig. 1.1 Structure of this thesis
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2.1. Advantages of membrane bioreactor (MBR) system

MBR is a promising biological wastewater treatment process which has microfiltration membrane
submerged in activated sludge for separation of solid and liquid. Since submerged MBR was
developed by Yamamoto et al. (1989), a lot of studies of MBR have focused on treatment of
municipal wastewater and achieved high system performance on complete suspended solid
removal, organic matter and nutrient removal, pathogen and virus removal efficiency with higher
mixed liquor suspended solid (MLSS) concentration (Rosenberger et al., 2002; Trussell et al.,
2005; Chae and Shin, 2007; Ma et al., 2013; Wu et al., 2010). Additionally, MBR system could
save a space for sedimentation tank although conventional activated sludge process requires large
scale treatment area. Thus, these advantages of MBR suggests that could treat high nutrient
wastewater with shorter operational time.

Aerobic MBR consists anoxic and oxic tank (called anoxic/oxic (A/O)-MBR) to enhance
denitrification in oxic tank by ammonium and nitrite oxidizing bacteria in oxic tank,
denitrification in anoxic tank, and phosphorus removal by polyphosphate accumulating organisms,
respectively (Chae and Shin, 2007; Sun et al., 2013). Although both of polymeric and ceramic
membranes are used in MBR, most of MBR membrane were used polymeric materials such as
polyvinylidene difluoride (PVDF) with approximately 0.1 um pore due to low cost. Thus, A/O-
MBR has potential of alternative municipal wastewater treatment system to conventional
activated sludge process for achieving complete nutrient removal of municipal wastewater in full-
scale plant around the world (Lyko et al., 2008; Xiang et al., 2014; Monclus et al., 2010). In fact,
the development and application of full-scale MBR have been spread in the world (Xiao et al.,

2019). However, membrane fouling remains as major issue of the MBR.

2.2. Membrane fouling development and the related substances (foulants)

2.2.1. Membrane fouling

A major issue of MBR is membrane fouling development during long term operation by clogging
the membrane pores by organic or inorganic matter causing flux decrease. Membrane fouling was
primary triggered by cake layer formation on the membrane surface and has divided into three
parts (Meng et al., 2009); First is removable fouling which can remove accumulated matter on
the membrane surface by physical cleaning. Second is irremovable fouling which cannot be
removed by intermediate physical cleaning or backwashing. Third is irreversible fouling which
requires chemical cleaning of foulants on the membrane surface (Fig. 2.1). Although chemical
agents such as NaClO could remove almost all foulants (fouling causing substances on membrane
surface) on the membrane surface, recently, it is clarify that NaClO exposure contributes
generation of significant stress in bacteria and of dissolved organic matter (DOM) triggering

severe or rapid membrane fouling development (Cai and Liu, 2018; Sun et al., 2018; Sun et al.,
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2019), and significant damage of polymeric membrane. Moreover, on-line chemical cleaning also
generated halogenated byproducts and the remained byproducts has potential for significant
damage on aquatic environment (Zhang and Liu, 2020). Thus, we should focus on the fouling

control strategy without using the chemical agents for saving the cost and environment.
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Fig. 2.1 Schematic diagram of removable, irremovable, and irreversible fouling formed on the

membrane surface. (from Meng et al., 2009)

Generally, estimation of membrane fouling was divided into three stages derived from
trans-membrane pressure (TMP) rise as following (Gao et al., 2013a); Initial stage: adhesion of
microbes on the membrane surface and produce extracellular poly-substances (EPS) with fast
TMP increase. Second stage: growth of attached microbes and micro-colony formation to three-
dimensional structure and accumulation of foulants with slow TMP increase. Third stage:
continuous accumulation and formation of cake layer with fast TMP increase and lead to TMP
jump. Since the foulants including microbes, proteins, polysaccharides, and humic substances or
inorganic substances play significant role on membrane fouling, Gao et al. (2013a) mentioned
that Betaproteobacteria played important role on membrane fouling development rather than

proteins. However, detailed function of each foulant, specially microbes are still unknown.

2.2.2. Microbial products on membrane fouling (SMP, EPS)
Behavior of soluble microbial products (SMP) and EPS in MBR have been revealed during MBR

operation. A lot of researchers found the positive correlation between SMP or EPS concentrations
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and membrane fouling development (increasing of TMP), suggesting that these substances plays
a significant role on membrane fouling as foulants. Proteins and polysaccharide in EPS were
recognized that more significant positive correlation with membrane fouling than other foulant
and negative correlation with temperature and EPS of the mixed liquor showed more broad
molecular weight (MW) than influent (Wang et al., 2009). In the mixed liquor of MBR, SMP had
more positive correlation with membrane fouling than EPS (Wu and Huang, 2009). Shen at al.
(2012) characterized SMP in full-scale MBR and described that polysaccharide was major
component (approximately 60-70%) followed by humic acid (approximately 40%) and had broad
MW from 1 kDa to over 100 kDa. In addition, proteins were minority in the mixed liquor of MBR.
Conversely, some studies showed that proteins in bound EPS of activated sludge was major
component than polysaccharide (Dominguez et al., 2010; Di Bella et al., 2011; Hang et al., 2012).
Moreover, loosely-bound EPS had more correlation with membrane fouling development than
tightly-bound EPS (Wang et al., 2009). Thus, although higher concentration of EPS and SMP had
possible to develop membrane fouling with same level, it is suggested that the role of EPS and
SMP was different on membrane fouling development. Banti et al. (2018) reported that SMP
deposited within membrane pores gradually formed aggregates resulting membrane pore blocking
and TMP rise. Moreover, SMP changed the membrane characteristics into hydrophilic surface
even hydrophobic membrane surface and the approximately 60% of polysaccharide in the SMP
retained in mixed liquor than proteins (less than 30%). Recently, size-exclusion chromatography-
organic carbon detection-organic nitrogen detection (LC-OCD-OND) was developed to
characterize humic and non-humic substances in aquatic environment (Huber et al., 2011). LC-
OCD system have been applied to reveal foulant in MBR study. Some studies suggested that the
concentration of biopolymer matter (higher molecules; >10 kDa) were correlated with fouling
development (Ishizaki et al., 2016a; Diaz et al., 2016). Moreover, biopolymer clusters, mainly
consisted by 5-50 pm size, are found on membrane surface neither cannot be found in activated
sludge in MBR, and SMPs or colloidal organic matter attached and formed the clusters on
membrane surface (Wang et al., 2008). Thus, the affinity of SMP component between the
components or the component and membrane surface (or inside the membrane pore) is important
parameter for membrane fouling development.

Membrane fouling is influenced not only by SMP concentrations but also the characteristics
(Jiang et al., 2010). To date, it was reported that SMP is divided into two parts: biomass associated
products (BAP) and utilization associated products (UAP) (Leudeking and Piret, 1959; Namkung
and Rittmann, 1986). Recently, these microbial products are considered to important parameters
on membrane fouling development (Ni et al., 2011). UAP, produced from active cell with lower
MW, and BAP ,produced from decayed cell of EPS, were clearly different source (Fig. 2.2) (Shi
et al., 2018). Jiang et al., (2010) clarified that higher abundance of lower MW in UAP fraction
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produced in the cell proliferation stage was more significant on membrane fouling than BAP in
spite of its lower MW. However, the detailed information of these function in complexed
environment such as activated sludge of MBR is still lack due to difficulty of the BAP and UAP
separation and the difference of operational conditions (influent characteristics, solid retention
time (SRT), food-microorganism (F/M) ratio, or temperature) in each MBR. Hydrophobicity and
hydrophilicity are also important parameters of activated sludge or foulant characteristics, and the

detailed explanation was mentioned below (section 2.2.3).

/ Mechanism of BAP and UAP formation \
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Fig. 2.2 Schematic diagram of the formation, sampling, characteristics and fouling mechanism of
BAP and UAP. (from Shi et al., 2018)
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2.2.3. Operational parameters on membrane fouling (Flux, SRT, temperature, OLR, membrane
characteristics)
Various operational parameters of MBR which contributed membrane fouling development have
been investigated. Suction flux is primary operating parameter affecting membrane fouling
development. In general, as flux should be operated under sub-critical condition without critical
flux condition and sub-critical flux is widely practiced to mitigate membrane fouling, thus, a lot
of researchers have been focused on characterization of membrane fouling phenomenon under
sub-critical condition. Ng and Ng, 2010 investigated membrane surface under sub-critical, critical,
and super-critical conditions, they suggested that although protein and polysaccharide
concentrations in SMP or EPS were constant during operation under sub-critical flux condition,
proteins formed conditioning film (initial fouling layer) on the membrane surface and had largest
effect on the TMP increase in all flux conditions. Under sub-critical flux condition, membrane
fouling showed two stages; TMP gradually increased in first stage, second stage was TMP jump
(Hwang et al., 2008). The abrupt TMP increase was mainly occurred by substantial production of
EPS in lower layer of biofilm on the membrane surface because of an endogenous decay or
microbial cell lysis in the lower layer, suggesting that stressful environment for the bacteria.
Solid retention time (SRT), temperature and organic loading rate (OLR) parameters could
change the sludge characteristics and was investigated on membrane fouling. Longer SRT (50
day) with higher MLSS concentration mitigated membrane fouling than shorter SRT (13 day) and
SMP concentration was considerably low under longer SRT conditions (Miyoshi et al., 2009).
Although irreversible fouling was dominant in higher temperature and shorter SRT and had
positive correlation with SMP concentration, in lower temperature, removable fouling was
dominant in both SRT operation (Yao et al., 2011; Miyoshi et al., 2009). Al-Halbouni et al. (2008)
showed that EPS generation in full-scale MBR was found to be inversely proportional to
temperature seasonal change (Fig. 2.3). Thus, the fouling causing substances were found to be

inversely proportional to SRT and temperature.

11
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Fig. 2.3 Seasonal changes of bound EPS of activated sludge in full-scale MBR treating municipal

wastewater. (from Al-Halbouni et al., 2008)

In a similar manner to flux, SRT, and temperature, organic loading rate (OLR) condition
also plays significant role on membrane fouling development. Johir et al. (2012) investigated the
influence of different OLR between 0.5 to 3.0 kg-COD-m™-day™ with same MLSS concentration
on sludge characteristics and membrane fouling. The report showed that lower OLR conditions
mitigated membrane fouling and SMP generation than higher one, and suggested that bio-polymer
in hydrophilic SMP contributes accumulation of foulant. Xia et al. (2010) also had showed that
lower OLR condition (0.33 gCOD-gVSS™-day") mitigated membrane fouling than higher OLR
(0.52 gCOD-gVSS™-day™). Although longer SRT condition was recommended to achieve high
nutrient removal and mitigate membrane fouling as mentioned above, much long SRT causes
starvation and prolonged starvation caused BAP generation leading severe membrane fouling
(Wu and Lee, 2011). Moreover, generally, MBR was worked under low F/M conditions because
of high MLSS operation compared to conventional activated sludge process (Lobos et al., 2005).
In fact, no sludge discharge and limited COD were observed in actual larger-scale MBR (Shen et
al., 2012). Also, the rain event has possible for changing influent property into low strength
wastewater in combined sewer system (Stricker et al., 2003; Wilén et al., 2006), thus, it is
important to investigate influence of low OLR (starvation in many cases) condition on microbial

community and membrane fouling in MBR.

12
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The flat sheet and hollow fiber modules are normally used for submerged MBR system
(Judd, 2008). There are various characteristics of membrane materials and surfaces. Generally,
the submerged membranes are made from ceramic or polymeric materials. Ceramic membrane
study have been expanding due to their advantages from polymeric materials such as strong
mechanical, thermal, and chemical stability (Li et al., 2020). Jeong et al. (2018) reported that
alumina-based ceramic membrane (super-hydrophilicity) had stable filtration against
hydrophobic sludge characteristics (i.e. proteins dominant) compared to PVDF polymeric
membrane with hydrophobic surface due to hydrophobic-hydrophilic repulsion although the SMP
concentrations of bulk sludge in ceramic MBR were higher than PVDF MBR. To prevent
hydrophobic membrane fouling, recently, polymeric membrane has modified to hydrophilic
surface. Mater et al. (2016) investigated four different membrane materials on EPS and membrane
fouling. Although they reported that the more hydrophilic membrane showed higher negative
charged surface, lower foulant accumulation and lowest TMP, EPS transition on the membrane
surface was same in all membranes. However, many studies suggested contradictory results
between hydrophobicity and hydrophilicity of dissolved organic matter on membrane fouling
(Xia et al., 2010; Zhang et al., 2015). Thus, Mu et al. (2019) have focused on relative degrees of
hydrophobicity of the foulants, and reported that the nominally moderate hydrophobic/philic
fractions played most contributor on membrane fouling development. In addition, some
researchers indicated that it is important to investigate the surface structure such as roughness on
membrane fouling, certain roughness could mitigate membrane fouling (Mater et al., 2016; Zhang
et al, 2015). Therefore, it is difficult to address membrane fouling in terms of
hydrophobicity/hydrophilicity, we might pay attention to not only degrees of hydrophobicity of
sludge or foulants but also molecular weight of the foulants and surface structure (i.e. porosity or

roughness).

2.3. Microbial community in mixed liquor and fouling layer of MBR

2.3.1. 16S rRNA genes analysis technology

In the recent decade, high throughput sequencing technology based on 16S rRNA genes have
been applied to investigate the bacterial community in mixed liquor, gel layer and cake layer of
MBR, and have proposed the new insights for fouling causing bacteria and biofilm-forming or
fouling mitigating bacteria. These fouling related bacteria estimated by using 16S rRNA genes
high throughput sequencing were listed in Table 2.1.

2.3.2. Fouling related bacteria

Fouling related bacteria is divided into three groups in this thesis; biofilm-forming bacteria,

fouling causing bacteria, and fouling mitigating bacteria.

13
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Firstly, the biofilm-forming bacteria could be identified from biofilm or cake layer as the
abundance of these bacteria were increased in biofilm compared with the activated sludge
community. Previous studies suggested that these bacteria related to secretion of EPS or SMP and
adhesion on the membrane surface as pioneer of colonization and biofilm formation (Hong et al.,
2019; Gao et al., 2013b; Choi et al., 2017; Liu et al., 2018; Ziegler et al., 2016; Takada et al.,
2018). Interestingly, Neoh et al. (2017) suggested that OD1 known as Parcubacteria in candidate
phyla radiation was dominant in the biofilm although minority in the mixed liquor of MBR and
might relate to complex carbon degradation and biofilm formation.

Secondly, the fouling causing bacteria could be identified from mixed liquor or biofilm.
These bacteria was also related to EPS secretion and became predominant in fouled MBR (Han
et al., 2018; Choi et al., 2017). Ishizaki et al. (2016b) have revealed that the colony of fouling
causing bacteria showed high water, hydrophilic organic matter, and carbohydrate contents.

Thirdly, the fouling mitigating bacteria could be identified from mixed liquor or biofilm.
These bacteria were related to less EPS generation in mixed liquor (Sepehri and Sarrafzadeh,
2018), degradation of foulant in the biofilm (Gao et al., 2013b) and mixed liquor (Han et al.,
2018). In addition, Simplispira, Aminobacter, Pirallula and Chitinophagaceae increased its
abundance in fouling-mitigated MBR after addition of magnetic powder (Liu et al., 2018).
However, the detailed function of these bacteria is still unknown in fouling-mitigated MBR.
Recently, quorum quenching bacteria was applied as fouling control technology in MBR in order
to mitigate membrane fouling development for degradation of quorum sensing auto inducer such
as acyl-homoserine lactone (Weerasekara et al., 2014).

Almost all fouling related bacteria belonged Alpha, Beta, or Gammaproteobacteria (Table
2.1). Especially, Gammaproteobacteria was related to membrane fouling development.
Conversely, Chitinophagaceae was recognized as both contradictory role of secretion of EPS and
degradation of large molecules. This fact suggested that response of these bacteria might be
changed for depending on the wastewater and analyzing of lower taxonomy is necessary for
understanding the role of these bacteria in depth. Moreover, synthetic wastewater have been used
to investigate fouling related bacteria and membrane fouling phenomenon even now. Therefore,
it is important to practical use of actual municipal wastewater for revealing phenomenon of

membrane fouling and response of fouling related bacteria in the future research of MBR field.

14



Chapter 2

Aprys sy, Kep 09 1S 0 9 LHH MISW_OM [edoruny —— EW\N/M (1909ys Je)) YN d[eos-qe] uonepersop Jvd a3pnys yng wN[IjoRuIioNg v) ‘@vaonSvydouniy)
B GRERA > ERACE) RIEIILNY un (1qu moyjoy) J[e0S-qe’ (Bugouanb  (ossan ueiquiow BLID)ORQOUND (2p20D1p.1DI0N) “ds snoo000po;
P10T "[e 19 BIROSEIdM HINTO0€ dnoyIuAS AdAd W 170 Qi MO[[OY) AN [eds-qeT wiuonb) Suronpoid FSEUOE-THY sniodosoru u 110)0EqOUnOY IpAp20N) FHE "dS POy
eroeqodurydg 2vaov3pydouny)
P JTopmod ek —— oaIT MO orEos-aE Surnoy sueIquIdw $SI] oSonls 1. saj0AwoluR]J (anaoja0fwopuD]g) vinjje.ig
8102 "% 32 FT onpuSew Jo uonippe ‘HINT ST11 HOpUAS ddad ro (12qy MOIIOY) YL 2[25-qeT pue so[nodjou o51e] Jo uonepeISoq RIS AIng eLI0j0eq0)0Id-D (212201.12190qO}JAY ) 21ODGOUIULY
eL1)deqoa)01d-¢ (avaovppuowvuo)) v.adsoyduug
« e . ~ Y dINS
810T "[e 12 uey DoSI-L-HWTOI [edioruny AAAd w770 (109ys 1e1y) YLIN-O/V d[eds-qe]  sojeIpAT[0qIES JO UOHEPLISH o3pns payAndY xapyoroyd
. M €0€ “€6T €8T
qg10z 810 0BD foppu 1270 RIETIZNN gdun 0 (19 mo[joy) YIIN-0O/V d[eds-qeT udj01d jo uoneperso aeoorg  emdpeqodurydg avaov.idsoadng
810 ‘yopezjeires pue Lyodog PA9J oL 9500N[S 10 YOL +HHN RIIRIVILINY 1010821 93PN[S PAJLANOE J[LIS-qR] uoneudd JINS ‘Sdd sso1  2Spn|s pajeanoy SIDYLNIN
eLjeq Sunedpiw Surnoy pajyewnsy
Apms sty DoCl [ediorue . OAd (199ys Jey)) YN d[eos-qe] uononpoid Sd7q aspnis ying  eudpeqodjord-A 2D20DPOUOUWOYIUDY
) Aep 09 1US Y 9 LYH ‘HNT TI o pajeuLIofyd unl 7' ) )
“Ie 39 D{ezZIys; IeSe Kq uoneAnn)  Iemdlsem [edioun wr ¢ (1993 moyjoy) 9[eIS-10]1 $IU2IU0D ALIPAYOQIED Ut “ioeu SSBeUIol ')} FHERRIONRY PIPLOIRION
910T “Te 10 BezIysy VT Aq uoneanng SeA Tediotuniy HALd WM €0 qu MO[[oY) AN I I'd oo anrqdorpAy ‘sorem yIy 1q payoeny —— avaovppiOmOYIDY
L10T “e 1 104D YTl LYH P S1-T1 LYS  [ernsnput onsswo( uondLosp (39qu MO[[OY) YN d[eS-[[n ] tonanas ompnts deaulip[e) 2D2OVIUIIPID)
: . : c ouumr () Sdd pue Sunyinq snojuswet,f JIng ‘10Ke[ 93D i o
©110)0eq09)01d-A
8107 “[e 10 uey DoST-L ‘HINT 01 Jedioruny AdAd w770 (300ys 1e])) YAIN-O/V 2[eds-qe] Sdd Jo uoneiodxs pue uondINS  93pPN[S PARANDY
o ’ ) : eropeqoSurydg (avo. ydouyty))) 4o100quuISN.LI2]
eLId)ORq SuIsned Sulnoy pajeuwm sy
DoCl OAd JuduIydENE . ) . . .
Apmys sty Kep 09 1S 19 L¥H “HINT 21 [ediotue . P ———, (109ys Je)) AN deos-qe] P 10Ae] 93EO ‘WIjoIg 2D20D1ISSIZN ¢ dD2oDPDUOWOYIUDY ‘QINL ‘TAO
0207 T8 12 uswyay Y97 LIH ‘HNT S'6 [edoungy  suojnsAjod ey 07 (129Ys 1eJ) YN d[eds-qe] 25eis-A[Ied Ul UBIQUIAW 0) UOISAYPY wyorg PHIIOPALPHOOES B
: i : . : e119)9eqoa)01d-0 OLIGIADI
“Ie 10 Yoo S L¥H 'y wze (pBuens y31y) QIRULIO[YO WM 7 (329ys 1e[)) BRI uoneuLioy wyijor:
LT0T “Te 30 yoON 4 U/ JuSN[ [ [10 Wieq Hd pajeuLIofy; 0 Jo9ys 1ej}) YLIN 9[eds-10[ld ujoiq ‘uonepeISap uoqIes Xoidmoy) [yorg 1ao
(2p20D)110Dg) WNLIPIODGONSIXT
8107 “Te 10 epeyR], Kepw () Ajrewnrxorddy eYesQ W JLMM Td pareutiofyo um °( (1004s 1eJ) YN 2[eos-[Ing UONBINBW PUR JUSWYORNL [eNIU] 10Ke] o) Toeg SoIDIPLUSOLYD)
(2120D11212DGOUID))) WNLIIIDGOUID))
(avaoDpPUCWDWO))) DDA
9107 “Te 10 w[So1Z HINT 8 (AL ESMHWMVQ MHmM Juan[jul [enoYy dduwr 7o (109ys 1811) AN 2[BIS-0[Id W[IJOIq SUBIQUIdW JO JOUOIJ wyyoiq Aeg  eudRqodl01d-¢ (ap20Dp 0) yd Ay
( P D) supiquyouu]
. 1opmod
8107 ‘e NIy opoUSEw Jo UOMPPE HINT ST'11 MIYPUAS daaduwd 1 (10913 mo[joy) YA d[eds-qe] QURIQUIdW 3} UO JUSWYIRN Y wyyorg S3190AWOOUR]
P P . uonduosop . uoyeuLIoy P u
L10T "[eR 104D YTl LIH P SI-TI LAS  [eLosnpul “ansawoq our po (12q Mo[[0Y) YN d[eds-[[n4 WIOIq PUE UONEZIT0[0d [PIQOIT 1oke| xe) 2DaUjj0.pVUY “©11210eq0a)0d-A4
JUSWIYOB)E QURIQUIDW JO 1UOI e110)0eq0d)01d-¢f (avaovppuownwio)) *ds wni.1opqonby
Qg10T “[e 10 0eD 3 €0€ “€6T ‘€8T “Aep/ut LT RLELHURY ddwm 0 (12qy MO[[oY) YHIN-O/V [eds-qe] apLreyooesAjod R Lalutel
©11)0eq02}01d-0 SoDIqOZIY]
JIBN[[OOBIX JO UONOINNS
$10T “[e 30 08D HNT 606 RLELHVAN Adwnt o (1qy Mo[oy) YGN-O/V d[eds-qe] Surweoy oandnisiq oeoole  BLd0EqOdj0Id-A (ovaovyoryory 1) *ds xiupory |
(apo Su0o) ononpoid §47 ‘o3es (praomypuciBs) 'ds pHpopL
W dJALL JueISU0d) B4y 08 uononpold SdH “asey .
“ A N 0S-1 wyijor -4 (ap2: 7) *ds 7
610T “Te 10 Suoy (opous xnyy pueIsuos) HINT 801 onRUAS HJ pareutiofyo wi z°( (199ys Jep)) AN 2[edos-qe] A0 Uy QUEIGUIO 0} UOISIYPY [Joig  eudeqoa)old: P Pnasd) pnasd
(apaomompgounpoyy) ds tooqounpoiy
BLIJOE( SUIULIOJ-WI0Iq PAJEUnSH
SOOUDIJY uonipuod [euonerdd I10)EMIISEA\  [BLIQJBU QUDIQUIDIA] (od£y sueiquiour) odAy 103089y uonoun ordweg sse[) BLIOYORE

SIIN

ur Surouanbaos sou3 YNYI SO U0 paseq YA Ul eLojoeq Sunedniw Surjnoj pue ‘er1ojoeq sursned SuInoj ‘er1ejoeq Surwoj-wyorg [°7 d[qe.L

15



Chapter 2

References

Banti, D. C., Samaras, P., Tsioptsias, C., Zouboulis, A., & Mitrakas, M. (2018). Mechanism of
SMP aggregation within the pores of hydrophilic and hydrophobic MBR membranes and
aggregates detachment. Separation and Purification Technology, 202, 119-129.

Cai, W., & Liu, Y. (2018). Oxidative stress induced membrane biofouling and its implications to
on-line chemical cleaning in MBR. Chemical Engineering Journal, 334, 1917-1926.

Chae, S. R., and Shin, H. S. (2007). Characteristics of simultaneous organic and nutrient removal
in a pilot-scale vertical submerged membrane bioreactor (VSMBR) treating municipal
wastewater at various temperatures. Process Biochemistry, 42(2), 193-198.

Choi, J., Kim, E. S., & Ahn, Y. (2017). Microbial community analysis of bulk sludge/cake layers
and biofouling-causing microbial consortia in a full-scale aerobic membrane
bioreactor. Bioresource technology, 227, 133-141.

Di Bella, G., Torregrossa, M., & Viviani, G. (2011). The role of EPS concentration in MBR
foaming: analysis of a submerged pilot plant. Bioresource technology, 102(2), 1628-1635.

Diaz, O., Vera, L., Gonzalez, E., Garcia, E., & Rodriguez-Sevilla, J. (2016). Effect of sludge
characteristics on membrane fouling during start-up of a tertiary submerged membrane
bioreactor. Environmental Science and Pollution Research, 23(9), 8951-8962.

Dominguez, L., Rodriguez, M., & Prats, D. (2010). Effect of different extraction methods on
bound EPS from MBR sludges. Part I: influence of extraction methods over three-
dimensional EEM fluorescence spectroscopy fingerprint. Desalination, 261(1-2), 19-26.

Gao, D., Fu, Y., & Ren, N. (2013a). Tracing biofouling to the structure of the microbial
community and its metabolic products: A study of the three-stage MBR process. Water
research, 47(17), 6680-6690.

Gao, D. W., Wen, Z. D, Li, B., & Liang, H. (2013b). Membrane fouling related to microbial
community and extracellular polymeric substances at different temperatures. Bioresource
technology, 143, 172-177.

Gao, D. W., Wen, Z. D.,, Li, B.,, & Liang, H. (2014). Microbial community structure
characteristics associated membrane fouling in A/O-MBR system. Bioresource
technology, 154, 87-93.

Han, X., Zhou, Z., Mei, X., Ma, Y., & Xie, Z. (2018). Influence of fermentation liquid from waste
activated sludge on anoxic/oxic-membrane bioreactor performance: Nitrogen removal,
membrane fouling and microbial community. Bioresource technology, 250, 699-707.

Hong, P. N., Noguchi, M., Matsuura, N., & Honda, R. (2019). Mechanism of biofouling
enhancement in a membrane bioreactor under constant trans-membrane pressure

operation. Journal of Membrane Science, 592, 117391.

16



Chapter 2

Huber, S. A., Balz, A., Abert, M., & Pronk, W. (2011). Characterisation of aquatic humic and
non-humic matter with size-exclusion chromatography—organic carbon detection—organic
nitrogen detection (LC-OCD-OND). Water research, 45(2), 879-885.

Hwang, B. K., et al. (2008). Correlating TMP increases with microbial characteristics in the bio-
cake on the membrane surface in a membrane bioreactor. Environmental science &
technology, 42(11), 3963-3968.

Ishizaki, S., Terada, K., Miyake, H., & Okabe, S. (2016a). Impact of anodic respiration on
biopolymer production and consequent membrane fouling. Environmental science &
technology, 50(17), 9515-9523.

Ishizaki, S., Fukushima, T., Ishii, S., & Okabe, S. (2016b). Membrane fouling potentials and
cellular properties of bacteria isolated from fouled membranes in a MBR treating municipal
wastewater. Water research, 100, 448-457.

Jeong, Y., Kim, Y., Jin, Y., Hong, S., & Park, C. (2018). Comparison of filtration and treatment
performance between polymeric and ceramic membranes in anaerobic membrane
bioreactor treatment of domestic wastewater. Separation and Purification Technology, 199,
182-188.

Jiang, T., Kennedy, M. D., Schepper, V. D., Nam, S. N., Nopens, 1., Vanrolleghem, P. A., & Amy,
G. (2010). Characterization of soluble microbial products and their fouling impacts in
membrane bioreactors. Environmental science & technology, 44(17), 6642-6648.

Johir, M. A., Vigneswaran, S., Sathasivan, A., Kandasamy, J., & Chang, C. Y. (2012). Effect of
organic loading rate on organic matter and foulant characteristics in membrane bio-reactor.
Bioresource Technology, 113, 154-160.

Judd, S. (2008). The status of membrane bioreactor technology. Trends in biotechnology, 26(2),
109-116.

Li, C.,, Sun, W., Lu, Z., Ao, X., & Li, S. (2020). Ceramic nanocomposite membranes and
membrane fouling: A review. Water research, 175, 115674.

Liu, Y., Liu, Q., Li, J., Ngo, H. H., Guo, W., Hu, J., ... & Hou, Y. (2018). Effect of magnetic
powder on membrane fouling mitigation and microbial community/composition in
membrane bioreactors (MBRs) for municipal wastewater treatment. Bioresource
technology, 249, 377-385.

Lobos, J., Wisniewski, C., Heran, M., & Grasmick, A. (2005). Effects of starvation conditions on
biomass behaviour for minimization of sludge production in membrane bioreactors. Water
Science and Technology, 51(6-7), 35-44.

Luedeking, R., & Piret, E. L. (1959). A kinetic study of the lactic acid fermentation. Batch process
at controlled pH. Journal of Biochemical and Microbiological Technology and Engineering,
1(4), 393-412.

17



Chapter 2

Lyko, S., Wintgens, T., Al-Halbouni, D., Baumgarten, S., Tacke, D., Drensla, K., Janot, A., Dott,
W., Pinnekamp, J., and Melin, T. (2008). Long-term monitoring of a full-scale municipal
membrane bioreactor—characterisation of foulants and operational performance. Journal
of membrane science, 317(1-2), 78-87.

Ma, D., Gao, B., Hou, D., Wang, Y., Yue, Q., and Li, Q. (2013). Evaluation of a submerged
membrane bioreactor (SMBR) coupled with chlorine disinfection for municipal wastewater
treatment and reuse. Desalination, 313, 134-139.

Matar, G., Gonzalez-Gil, G., Maab, H., Nunes, S., Le-Clech, P., Vrouwenvelder, J., & Saikaly, P.
E. (2016). Temporal changes in extracellular polymeric substances on hydrophobic and
hydrophilic membrane surfaces in a submerged membrane bioreactor. Water research, 95,
27-38.

Meng, F., Chae, S. R., Drews, A., Kraume, M., Shin, H. S., and Yang, F. (2009). Recent advances
in membrane bioreactors (MBRs): membrane fouling and membrane material. Water
research, 43(6), 1489-1512.

Miyoshi, T., Tsuyuhara, T., Ogyu, R., Kimura, K., & Watanabe, Y. (2009). Seasonal variation in
membrane fouling in membrane bioreactors (MBRs) treating municipal wastewater. Water
Research, 43(20), 5109-5118.

Monclus, H., Sipma, J., Ferrero, G., Rodriguez-Roda, 1., & Comas, J. (2010). Biological nutrient
removal in an MBR treating municipal wastewater with special focus on biological
phosphorus removal. Bioresource technology, 101(11), 3984-3991.

Mu, S., Wang, S., Liang, S., Xiao, K., Fan, H., Han, B., ... & Huang, X. (2019). Effect of the
relative degree of foulant “hydrophobicity” on membrane fouling. Journal of Membrane
Science, 570, 1-8.

Namkung, E., & Rittmann, B. E. (1986). Soluble microbial products (SMP) formation kinetics by
biofilms. Water Research, 20(6), 795-806.

Neoh, C. H., Yung, P. Y., Noor, Z. Z., Razak, M. H., Aris, A., Din, M. F. M., & Ibrahim, Z.
(2017). Correlation between microbial community structure and performances of
membrane bioreactor for treatment of palm oil mill effluent. Chemical Engineering
Journal, 308, 656-663.

Ng, T. C. A., & Ng, H. Y. (2010). Characterisation of initial fouling in aerobic submerged
membrane bioreactors in relation to physico-chemical characteristics under different flux
conditions. Water research, 44(7), 2336-2348.

Ni, B. J., Rittmann, B. E., & Yu, H. Q. (2011). Soluble microbial products and their implications
in mixed culture biotechnology. Trends in biotechnology, 29(9), 454-463.

18



Chapter 2

Rehman, Z. U., Fortunato, L., Cheng, T., & Leiknes, T. (2020). Metagenomic analysis of sludge
and early-stage biofilm communities of a submerged membrane bioreactor. Science of The
Total Environment, 701, 134682.

Rosenberger, S., Kriiger, U., Witzig, R., Manz, W., Szewzyk, U., and Kraume, M. (2002).
Performance of a bioreactor with submerged membranes for aerobic treatment of municipal
waste water. Water Research, 36(2), 413-420.

Sepehri, A., & Sarrafzadeh, M. H. (2018). Effect of nitrifiers community on fouling mitigation
and nitrification efficiency in a membrane bioreactor. Chemical Engineering and
Processing-Process Intensification, 128, 10-18.

Shen, Y. X., Xiao, K., Liang, P., Sun, J. Y., Sai, S. J., & Huang, X. (2012). Characterization of
soluble microbial products in 10 large-scale membrane bioreactors for municipal
wastewater treatment in China. Journal of Membrane Science, 415, 336-345.

Shi, Y., Huang, J., Zeng, G., Gu, Y., Hu, Y., Tang, B., ... & Shi, L. (2018). Evaluation of soluble
microbial products (SMP) on membrane fouling in membrane bioreactors (MBRs) at the
fractional and overall level: a review. Reviews in Environmental Science and
Bio/Technology, 17(1), 71-85.

Stricker, A. E., Lessard, P., Héduit, A., & Chatellier, P. (2003). Observed and simulated effect of
rain events on the behaviour of an activated sludge plant removing nitrogen. Journal of
Environmental Engineering and Science, 2(6), 429-440.

Sun, F. Y., Wang, X. M., and Li, X. Y. (2013). An innovative membrane bioreactor (MBR)
system for simultaneous nitrogen and phosphorus removal. Process Biochemistry, 48(11),
1749-1756.

Sun, H., Liu, H., Han, J., Zhang, X., Cheng, F., & Liu, Y. (2018). Chemical cleaning-associated
generation of dissolved organic matter and halogenated byproducts in ceramic MBR: ozone
versus hypochlorite. Water research, 140, 243-250.

Sun, M., Yan, L., Zhang, L., Song, L., Guo, J., & Zhang, H. (2019). New insights into the rapid
formation of initial membrane fouling after in-situ cleaning in a membrane bioreactor.
Process Biochemistry, 78, 108-113.

Takada, K., Shiba, T., Yamaguchi, T., Akane, Y., Nakayama, Y., Soda, S., ... & ke, M. (2018).
Cake layer bacterial communities during different biofouling stages in full-scale membrane
bioreactors. Bioresource technology, 259, 259-267.

Trussell, R. S., Adham, S., and Trussell, R. R. (2005). Process limits of municipal wastewater
treatment with the submerged membrane bioreactor. Journal of Environmental
Engineering, 131(3), 410-416.

Wang, X. M., & Li, X. Y. (2008). Accumulation of biopolymer clusters in a submerged membrane

bioreactor and its effect on membrane fouling. Water research, 42(4-5), 855-862.

19



Chapter 2

Wang, Z., Wu, Z., & Tang, S. (2009). Extracellular polymeric substances (EPS) properties and
their effects on membrane fouling in a submerged membrane bioreactor. Water research,
43(9), 2504-2512.

Weerasekara, N. A., Choo, K. H., & Lee, C. H. (2014). Hybridization of physical cleaning and
quorum quenching to minimize membrane biofouling and energy consumption in a
membrane bioreactor. Water research, 67, 1-10.

Wilén, B. M., Lumley, D., Mattsson, A., & Mino, T. (2006). Rain events and their effect on
effluent quality studied at a full scale activated sludge treatment plant. Water science and
technology, 54(10), 201-208.

Wu, J., & Huang, X. (2009). Effect of mixed liquor properties on fouling propensity in membrane
bioreactors. Journal of Membrane Science, 342(1-2), 88-96.

Wu, J., Li, H., and Huang, X. (2010). Indigenous somatic coliphage removal from a real municipal
wastewater by a submerged membrane bioreactor. Water research, 44(6), 1853-1862.

Wu, S. C., & Lee, C. M. (2011). Correlation between fouling propensity of soluble extracellular
polymeric substances and sludge metabolic activity altered by different starvation
conditions. Bioresource Technology, 102(9), 5375-5380.

Xiang, H. U, Li, X. I. E., Hojae, S. H. I. M., ZHANG, S., & Dianhai, Y. A. N. G. (2014).
Biological nutrient removal in a full scale anoxic/anaerobic/aerobic/pre-anoxic-MBR plant
for low C/N ratio municipal wastewater treatment. Chinese Journal of Chemical
Engineering, 22(4), 447-454.

Xiao, K., Liang, S., Wang, X., Chen, C., & Huang, X. (2019). Current state and challenges of
full-scale membrane bioreactor applications: a critical review. Bioresource technology, 271,
473-481.

Yamamoto. K., Hiasa, M., Mahmood, T., Matsuo, T. (1989). Direct solid-liquid separation using
hollow fiber membrane in an activated sludge aeration tank. Water Science and Technology,
21 (4-5), 43-54.

Yao, M., Ladewig, B., & Zhang, K. (2011). Identification of the change of soluble microbial
products on membrane fouling in membrane bioreactor (MBR). Desalination, 278(1-3),
126-131.

Zhang, M., Liao, B. Q., Zhou, X., He, Y., Hong, H., Lin, H., & Chen, J. (2015). Effects of
hydrophilicity/hydrophobicity of membrane on membrane fouling in a submerged
membrane bioreactor. Bioresource technology, 175, 59-67.

Zhang, X., & Liu, Y. (2020). Potential toxicity and implication of halogenated byproducts
generated in MBR online-cleaning with hypochlorite. Journal of Chemical Technology &
Biotechnology, 95(1), 20-26.

20



Chapter 2

Ziegler, A. S., Mcllroy, S. J., Larsen, P., Albertsen, M., Hansen, A. A., Heinen, N., & Nielsen, P.
H. (2016). Dynamics of the fouling layer microbial community in a membrane
bioreactor. PLoS One, 11(7), e0158811.

21



Cﬁayter 3

Fouling development in A/O-MBR under low organic
loading condition and identification of key bacteria
for biofilm formations

Yuyva Takimote, Masashi Hatamoto, Takashi Ishida, Takahiro Watari and Takashi Yamaguchi
(2018). Fouling development in A/O-MBR under low organic loading condition and

identification of key bacteria for biofilm formations. Scientific reports, 8(1), 1-9.

22



Chapter 3

3.1. Background and objectives

Large-scale membrane bioreactors (MBRs) have been developed for treating municipal
wastewater and their capacity has been greatly increased (Meng et al., 2017). MBR can achieve
high removal efficiency for nutrients and complete removal of suspended solids from treated
water because of a combined system involving activated sludge with membrane filtration.
Moreover, the MBR has the potential to simplify and reduce the footprint of a wastewater
treatment system. However, membrane fouling remains a major issue in MBRs; it is caused by
membrane clogging and contribute to decrease suction flux. The membrane fouling has been
divided into two classes: reversible and irreversible fouling. The latter, contributed to biofouling,
is caused by microbial products derived from bacterial metabolism and lysis (Meng et al., 2009).
Microbial products such as extracellular polymer substances (EPS) and soluble microbial product
(SMP) had potential to induce mature biofilm formation, causing serious fouling associated with
high membrane resistance (Sun et al., 2008; Meng et al., 2007).

To date, bacteria related to biofilm formation have been determined in various MBRs
treating several kinds of wastewater. The relationship between fouling development and bacterial
species that show high productivity of foulants such as EPS, SMPs, and auto-inducers, has been
studied and reported previously (Malaeb et al., 2013; Ishizaki et al., 2017). Higher bacterial
relative abundance, microbial community diversity, and productivity of foulants probably has an
significant role in biofilm formation (Ishizaki et al., 2016; Gao et al., 2014). Furthermore, the
attachment and growth of pioneer bacteria belonging to Betaproteobacteria and
Gammaproteobacteria on the membrane surface plays a key role on biofilm formation and might
cause severe fouling (Miura et al., 2007; Lim et al., 2012). Thus, characterization of fouling-
related bacteria is important for the optimization of MBR operational conditions and fouling
control. However, reports on bacteria related to biofilm formation detected on the fouled
membrane surface in MBRs treating municipal wastewater are limited (Miura et al., 2007; Huang
etal.,2008; Jo etal., 2016). In addition, the existence of common biofilm-forming bacteria among
various MBRs under different conditions is still unclear.

Although various fouling control techniques have been reported, no anti-biofouling method
has not been widely accepted yet, because the wastewater and operational conditions differ in
each MBR (Lee et al., 2016; Gkotsis et al., 2017; Wang et al., 2014). In addition, a reactor

operation and a fouling control technic are usually based on rules of thumb by operators in each
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MBR plant without engineering and scientific knowledge. Considering the reactor parameters,
many studies have focused on the EPS and SMP derived major microbes in the fouled MBR, and
these components were found to increase under high organic loading rates or low temperature
conditions (Johir et al., 2012; Ma et al., 2013). Membrane fouling was also found to be caused by
EPS production in long term starvation conditions (Wu and Lee, 2011). Thus, considering the
positive correlation between membrane fouling and microbial cell lysis occurring under starvation
conditions, microbial lysis seems to be an important factor as an origin of biofilm formation in
the membrane fouling development in the MBR.

The study of chapter 3 aimed to confirm an extremely low organic loading rate condition
induce membrane fouling and to estimate the biofilm-forming bacteria in an operating A/O-MBR
treating actual municipal wastewater under the condition. Moreover, to elucidate the common
biofilm-forming bacteria, the microbial community was compared to that in naturally induced
biofouling in an A/O-MBR under the stably normal conditions. The similarity in bacterial types
identified in two fouled reactors operated under different conditions was determined. The present
study provides a new perspective on biofilm-forming bacteria in a biofilm of a fouled membrane

surface.

3.2. Materials and methods

3.2.1. A/O-MBR operational condition

Two lab-scale A/O-MBR systems designated Ry and Ry, consisting of a 6 L anoxic tank and a 6
L aerobic tank, were used for the experiment in parallel (Fig. 3.1). The membrane module with
0.11 m? filtration area and a chlorinated polyvinyl chloride (CPVC) flat sheet with 0.20 pm mean
pore size (KUBOTA Co., Ltd., Japan) were submerged in the aerobic tank. Aeration was supplied
by a diffuser at the bottom of the reactor. Anoxic and aerobic internal recycling was conducted to
remove the phosphate and nitrogen. Municipal sewage after sedimentation was used as an influent
into the anoxic tank. Table 3.1 shows the characteristics of the municipal sewage.

The hydraulic retention time (HRT) of the reactors was 8.0 h with a solid retention time
(SRT) of 60 d. Each reactor was operated under the following conditions: A membrane suction
cycle of 9 min on and 1min off was adopted and an average membrane operating flux of 11.8
L-m?*h" (LMH) with an aeration rate of 5.0 L/min was set. Conventional activated sludge (AS)

taken from a sewage treatment facility, was seeded and the initial mixed liquor suspended solids
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(MLSS) concentration was approximately 4300 mg/L in each MBR. Both reactors were operated
under the standard conditions of 0.42 kg-COD-m>-day” until the reactor showed a stable
performance. To induce membrane fouling, the permeate effluent of the Ry, reactor was used to
recycle into the anoxic tank to generate a low organic lading rate (OLR) starvation condition
(0.002 kg-COD-m™>-day™). To compensate the 200 mL of sampling of AS from the Ry reactor
every day, 200 ml of sewage was fed as an influent, accounting for 0.002 kg-COD-m™-day™. On
the other hand, the Ry reactor was continued to operate under standard conditions (0.42 kg-

COD-m™-day™).

Permeate recycle
(Low OLR condition: Ry)

Permeate effluent
(Normal condition: Ry)

Influent

Fig. 3.1 Schematic
Intemal frecycle diagram of the A/O-MBR
used in this study. A
permeate  effluent was
Air compressor recycled to the anoxic tank
under the low OLR
condition (Ry).

Aerobic tank

Table 3.1 Characteristics of the raw influent sewage used in this study.

Parameters Units Average£SD (N=22)
Temperature °C 16.1+2.9

pH - 6.8+0.2

Soluble CODcr mg/L. 156154

NH," mg-N/L 2445

NOs’ mg-N/L  0.13+0.05

Total nitrogen mg-N/L 287
Total phosphorus mg-P/L  2.4+0.6
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3.2.2. Analytical methods

Temperature, pH, and dissolved oxygen (DO) of the AS in the aerobic tank and the oxidation-
reduction potential (ORP) of AS in the anoxic tank were measured on-site using a portable pH,
DO meter (DM-32P, TOA DKK, Japan), and ORP meter (HM-31P, TOA DKK, Japan),
respectively. The permeate flow rate (30 minutes) was also measured on-site using a measuring
cylinder. The transmembrane pressure (TMP) of each reactor was measured using a pressure
transducer (ZSES50F, SMC, Japan) located in the permeate line. Dissolved COD, MLSS,
ammonium, nitrite, nitrate, total nitrogen (TN) and total phosphate (TP) of samples were
measured. Dissolved COD and TN were measured using water-quality analyzer (DR2800, Hach,
USA). Ammonium, nitrite and nitrate concentrations were measured by HPLC (LC-20ADsp,
SHIMADZU Co., Ltd. Japan). All samples were filtered using 0.2 pum filter paper.

3.2.3. Biofilm sampling

After development of membrane fouling, the fouled membrane was taken from the aerobic tank
and the membrane surface was rinsed with distilled water to remove the activated sludge attached
to the membrane. The loosely bonded sludge cake on the fouled membrane surface was softly
exfoliated and sampled as a membrane sludge (MS) sample using a thin plastic plate. Finally, the
tightly bonded biofilm on the fouled membrane surface was sampled as a biofilm (BF) sample

using a spatula. The samples were stored at -20 °C until DNA extraction.

3.2.4. 16S rRNA genes analysis

The AS in the aerobic tank and the MS and BF on the membrane surface were used for microbial
analysis. Genomic DNA from each sample was extracted using the FastDNA Spin Kit for Soil
(MP Biomedicals, Santa Ana, CA). A forward universal bacterial primer Univ515F (5'-
GTGCCAGCMGCCGCGGTAA-3") and a reverse universal primer Univ806R (5'-
GGACTACHVGGGTWTCTAAT-3') were used in this study to amplify the bacterial 16S rRNA
genes. PCR was performed using the following conditions: one cycle of 94 °C for 3 min, 25 cycles
of 94 °C for 45 s, 50 °C for 60 s and 72 °C for 90 s, and a final cycle 72 °C for 10 min. The PCR
products were purified using QIAquick PCR Purification Kit (QIAGEN, Germany), and 16S
rRNA genes sequencing was performed as described by Caporaso et al. (2012). DNA was
sequenced using the MiSeq Reagent Kit v2 and the MiSeq System (Illumina Inc., San Diego, CA).
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3.2.5. Data analysis

All data were analyzed using the QIIME software (version 1.9.1) (Caporaso et al., 2010).
Operational taxonomic units (OTUs) were selected at 97% identity using UCLUST. Taxonomic
classification was assigned using BLAST based on the Greengenes database ver. 13 8. The
relative species of predominant OTUs were searched using BLAST in the NCBI database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). To compare the metabolisms and functional enzymes
between the AS and BF samples, the Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSTSs) based on the KEGG database was used
(Langille et al., 2013). A principal component analysis (PCA) plot with significant mean
proportion differences for virginal datasets was created using Sequence Tag-based Analysis of
Microbial Population dynamics (STAMP) software. The raw sequence data obtained in this study
were deposited in the sequence read archive in the DDBJ database under the accession numbers

DRA006840.

3.3. Results and discussion
3.3.1. Fouling development and reactor performance
Both reactors were operated for about 6 months under standard conditions. After 6 months
operation, the membrane modules in the reactor were physically washed and removed reversible
foulants with ultra-pure water using urethane sponges. Then, both reactors were moved to the
experimental study. In this study, the first day was defined as after about 3 weeks from the
membrane wash. The R reactors showed the following performance after being operated at 3
weeks from membrane cleaning under standard conditions: TMP (8 kPa), flux (0.28 m/day),
MLSS concentration (10200 mg/L), COD removal rate (82%), and TN removal rate (64%). On
the other hand, the Rx reactor showed the following performance: TMP (6.2 kPa), flux (0.27
m/day), MLSS concentration (10300 mg/L), COD removal rate (83%), and TN removal rate
(68%). After each MBR achieved a stable operational condition (upon operation at 3 weeks after
washing), the Ry reactor was started to operate under the low OLR condition in order to induce
membrane fouling development caused by microbial lysis. The Ry reactor was continued to
operate under stable condition.

The performances of both MBRs under different conditions are shown in Fig. 3.2. Both

MBREs in the initial phase reached approximately 80% dissolved COD removal, (data not shown).
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The removal efficiency of dissolved COD in the Rr and Ry reactor was stable until the final phase.
However, the TN removal ratio of the Ry reactor began to deteriorate soon after initiating the low
OLR operation (Fig. 3.2A, B). Although the TN and TP in the Ry reactor was stable until the final
phase, their concentrations continued to increase during the operational term for the Ry, reactor.
A/O-MBR has high removal efficiency for nitrogen and phosphorus to possess the phosphorus
accumulating organisms (PAOs) and denitrifying bacteria (Fu et al., 2009). In this study, the
removal efficiency for nitrogen and phosphorus was decreased in the Ry reactor. The average TN
and TP concentrations in the influent were 27.9+7.4 mg-N/L and 2.4+0.6mg-P/L, respectively.
Thus, the amount of nitrogen and phosphorus that flowed into the Ry reactor in a day was
calculated only 5.6 mg-N/day and 0.5 mg-P/day on an average, respectively. However, the
increasing rate of nutrient concentration far exceeded the amount of that in only the influent
sewage of the Ry reactor. Therefore, the accumulated TN and TP were considered from the
retained sludge in the Ry reactor. These results also implied that nucleic acids and microbial
products derived from microbial lysis induced by low OLR conditions were released in the Ry
reactor. Accordingly, the MLSS of the Ry reactor was decreased to 7570 mg/L at the final phase
from 10200 mg/L at the initial phase (Fig. 3.3). The degradation of MLSS in the Ry reactor also
suggested that microbial lysis occurred in the Ry reactor. On the other hand, in the Ry reactor, the
TP was temporary accumulated and the MLSS concentration was drastically decreased from 59
days to 66 days. This result might suggest that microbial lysis also occurred in the Ry reactor as
the TMP jump was observed and endogenous substances generated by the lysis might affect
membrane fouling development.

The progression of fouling in each reactor was evaluated by monitoring the increase in
TMP and the decrease of flux (Fig. 3.2C, D). In the Rx reactor, the operation was stably continued
for 2 months, and a drastic increase in TMP was observed at 64 days and flux was decreased from
0.27 m/day to 0.16 m/day with the TMP reaching 60 kPa after 86 days of operation. In contrast,
a sudden increase of TMP to 40 kPa and decrease of flux of 0.28 m/day to 0.17 m/day was
confirmed after 17 days after the low OLR condition was initiated in the Ry reactor. These results
show that membrane fouling was developed under extremely the low organic loading rate
condition (OLR: 0.002 kg-COD+m>+day™) of the Ry reactor. In the previous study, although

higher fouling development at a high organic loading rate was reported (Xia et al., 2010),
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induction of rapid and severe fouling development was confirmed at a low organic loading rate

condition in this study.
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Fig. 3.2 Performances of each reactor under different conditions. (A) and (B) shows the
performance of TN and TP removal in the Ry reactor and Ry reactor, respectively. (C) and (D)
shows the TMP and flux profiles during each operational condition after stable operational term
in the Ry reactor (C) and the Ry reactor (D). Arrows indicate the sampling points for microbial
analysis and the sample name.
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Fig. 3.3 Changes in the MLSS concentration of the aerobic tank. (A): Ry reactor, (B): Ry reactor.
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The development of fouling behavior has been described as occurring in three or two stages
(Gao et al., 2014; Wang et al., 2008). The changes in TMP in this study were also divided into
three stages, especially Ry reactor was more clear than Ry reactor (Fig. 3.2C, D). In the Ry reactor,
the first stage from the first day to the 8th day was considered as initial fouling, or the first step
of fouling. The second step was from the 9th day to the 16th day, and the third step was from the
17th day considering as the final stage of membrane fouling. A TMP jump was observed and flux
was drastically decreased in the third step. In the third step, visible biofilm formation was
observed on the membrane surface. On the other hand, the TMP behavior in the Ry reactor
indicated that there are two fouling stages (Fig. 3.2C). Since the Ry reactor was stably operated,
the first step of the Ry reactor was longer than that for the Ry, reactor. The second step might be
from the 54th day. The visible biofilm was also observed in the final step. In conclusion,
membrane fouling involving biofilm formation was developed after microbial lysis had occurred.
These results indicate that membrane fouling is related to microbial lysis and that fouling might

induce abrupt biofilm formation.

3.3.2. Comparison of microbial communities at a higher taxonomic level among AS, MS, and BF
in each reactor
Microbial samples from AS, MS, and BF were collected before and after fouling development
(Fig. 3.2C, D). The MiSeq sequencing profile was drawn using the QIIME software to analyze
the top 10 of the microbial community at the phylum or class level in the initial AS, final AS, MS,
and BF during the operational term in each reactor (Fig. 3.4). Bacteroidetes, Alphaproteobacteria,
Betaproteobacteria, Deltaproteobacteria, and Gammaproteobacteria was the predominant
bacterial phylum or class in the AS of each reactor. Chlorobi was the predominant bacterial
phylum in the AS of the Rn reactor. The remaining phylogenetic groups of the AS were
Epsilonproteobacteria, TM6, OD1, and Actinobacteria phylum. The predominant phylum or class
composition of the AS detected in each reactor was similar to the bacteria observed in the AS of
the MBR treating municipal wastewater (Wan et al., 2011; Hu et al., 2012), because this study
used actual sewage as the influent.

There were clear differences between the AS and BF in each reactor, with respect to the
distribution of the phylum TM6, OD1, and Gammaproteobacteria class. In the BF of the Ry reactor,
the compositions of TM6 (20.1%), Actinobacteria (6.8%) and Betaproteobacteria (11.6%), and
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Fig. 3.4 Compositional changes in the microbial community structure of the both MBRs under
different conditions at the phylum or class level. AS; activated sludge in oxic tank, MS;
membrane cake sludge on membrane surface, BF; biofilm on membrane surface.

Gammaproteobacteria (11.7%) were significantly higher than that in the final AS. In the BF of
the Ry reactor, the composition of OD1 (9.8%) and TM6 (3.3%), Deltaproteobacteria (8.6%) and
Gammaproteobacteria (10.4%) was higher than that in the final AS. The microbial community
structure of the cake layer was insignificantly correlated with the dominant bacteria of the mixed
liquor in the MBR (Wu et al., 2011; Choi et al., 2017). The distribution of Proteobacteria in the
BF was changed from that in the final AS in each reactor. In addition, the composition of TM6 in
the BF of the Ry reactor and TM6, OD1 in the BF of the Ry reactor were increased from the MS
of the fouled membrane in each reactor. These results indicated that the increased bacterial
phylum or class in the BF were seemed to relate with initial biofilm formation. In fact,
Betaproteobacteria and Gammaproteobacteria are known as pioneers of fouling development
(Miura et al., 2007; Lim et al., 2012). Moreover, filamentous bacteria such as some Actinobacteria
species have been reported as fouling-related bacteria (Chen et al., 2015) due to the morphology,
which could be a reason for the increased Actinobacteria composition in the BF of the Ry reactor.
On the other hand, the composition of Bacteroidetes was significantly decreased in the BF from
the AS in each reactor. This is consistent with a previous study that reported Bacteroidetes to be
decreased in the cake sludge from activated sludge (Choi et al., 2017).

At the family level microbial community, clear difference were found between AS and BF

in each reactor. Although families Rhodocyclaceae and Comamonadaceae commonly existed in
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the AS and BF samples of each reactor, family Xanthomonadaceae compositions of the BF were
higher than final AS in each reactor. The family Xanthomonadaceae was reported as fouling-
causing bacteria (Ishizaki et al., 2016). Thus, these results suggested that these bacterial groups

with higher relative abundance than AS might be biofilm-forming bacteria.

3.3.3. Comparison of microbial community structure at the OTU level

Employing MiSeq sequencing, 742-1840 OTUs were obtained from each sample. To compare
the microbial community of each sample, community profiles were visualized using a PCA plot.
Fig. 3.5 shows the PCA plot of the microbial community at the OTU level obtained from the AS,
MS, and BF in each reactor. Since the distances on the plot between the initial and final AS
microbial community of each reactor under the different conditions were close, no clear
differences in microbial community were found between the initial and final AS of each reactor.
This indicates that the microbial community structure was stable during the experimental period.
In contrast, the final BF and MS plot in each reactor was differed from with each final and initial
AS plot, suggesting that unique microbial communities were developed on the membrane surface
as a biofilm. In addition, the microbial structure of the BF in the Ry and Ry reactors was
significantly different at the OTU level. The major bacterial species involved in biofilm formation
might be thus differ in each reactor.

PICRUSt analysis shows the composition difference between the BF and AS with respect
to predictive functional genes related to biofilm formation and enzymes (Fig. 3.6). The percentage
of the motility quorum-sensing regulator (MqsR) gene in the BF of Ry reactor was increased
compared to that in the AS (Fig. 3.6A). In addition, the percentage of acyl homoserine lactone
(AHL) synthase, which generates a kind of auto-inducer molecules, was increased in the BF of
each reactor compared to the AS (Fig. 3.6B). MqgsR is correlated with an increase in biofilm
formation (Barrios et al., 2006) and AHL is also reported to correlate with biofilm formation and
bacterial growth (Ren et al., 2013). Thus, these findings suggest that the unique microbial
community developed on the membrane surface might affect the function of biofilm communities.
In conclusion, the difference in microbial communities between the BF and AS was influenced

by unique bacteria such as the biofilm-forming bacteria in each reactor.
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3.3.4. Biofilm-forming bacteria in both reactors under different conditions

The top 10 ranked OTUs of BF samples are shown in Table 3.2, and were selected based on
increasing ratios based on the final AS in each reactor (Fig. 3.7). In the BF of the Ry reactor, the
most dominant OTU (denovo3418) was Dokdonella sp., which showed a high increasing ratio in
the final AS and possesses lipase activities (Inaba et al., 2017). In previous studies on biofilms or
granular sludge, these bioaggregates were considered to comprise proteins, polysaccharides,
lipids and microbial cells (Lawrence et al., 2003; Chen et al., 2007). In fact, some predictive lipase
percentage in the BF was higher compared to the final AS in both reactors in this study (Table
3.3). These results imply that the biofilm maturation was facilitated by the presence of particular
bacteria, which possess enzymatic activities such as lipases and proteases, and formed lower
molecules present in biofilms, such as SMPs. The OTUs assigned to the uncultured bacterial phyla
TM6 (denovo6461), OD1(denovo5772, denovo6080), and GNO2 (denovo798) were subsequently
predominant in the Ry reactor. OD1 was detected in the biofilm on the membrane surface of
fouled MBR and might be related to biofilm formation (Ishizaki et al., 2016; Neoh et al., 2017).
The remaining OTUs of normal BF were uncultured Myxococcales (denovo3208) and
Polyangium (denovo6607) belonging to order Myxococcales and myxobacteria have been
reported to produce colloid to form biofilm and cause fouling (Gao et al., 2013). The Saprospira
sp. (denovo6316) is related to cell lysis (Saw et al., 2012), and thus, its presence might facilitate
the assimilation of microbes in the biofilm.

Conversely, in the BF of the Ry reactor, OTU assigned to the candidate phylum TM6
(denovo6461) was the most dominant. McLean et al. (2013) reported that TM6 bacteria were
detected in a biofilm from a sink drain in a hospital restroom. In addition, the previous study
suggested that TM6 was the predominant bacteria in an anaerobic MBR reactor (Xie et al., 2014).
These reports indicate that TM6 might survive in an anoxic or anaerobic environment. Mature
biofilms form a partial anoxic or anaerobic zone located between the membrane surface and the
membrane sludge cake, which could be a reason for the increased TM6 composition. Moreover,
TM6 and candidate phyla radiation group such as OD1 (known as Parcubacteria) showed
ultrasmall cell size (less than 0.2 pm) (Bruno et al. 2017) and these cell size suggested that the
candidate phyla might deposit into the membrane pores and form an aggregate leading pore
clogging and increasing TMP. Unclassified Neisseriaceae (denovo5366, 2742, 4166: total

detection rate; 5.390%) belonging to Betaproteobacteria ranked next in predominance.
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Betaproteobacteria are also reported to play an important role in mature biofilm formation in
MBRs (Miura et al.,, 2007). Conexibacter (denovo6762: 2.113%) which was detected in
biocathode biofilms (Zhang et al., 2017), might be related to biofilm formation. In addition,
Legionella sp. (denovo3909, 1332: total 1.348%) was present in a protozoan host and survived
within a biofilm matrix (Lau and Ashbolt, 2009; Murga et al., 2001). The difference of
predominant OTUs in the BF of each reactor might depend on the operational condition of the
A/O-MBR, but some similar bacterial groups were observed.

The top 5 shared OTUs in BF samples from both Ry and Ry reactors that showed increased
detection ratio compared to that in the final AS are shown in Table 3.4. Both BFs showed a higher
detection ratio for OTUs classified as uncultured bacterial groups of the candidate phylum TM6
(denovo6461), uncultured Deltaproteobacteria (denovo5106), and uncultured Myxococcales
(denovo3208). Interestingly, among the top 5 most abundant OTUs in both BF samples, 4 OTUs
from the BF of Ry reactor showed a higher abundance rate than that of the BF of Ry reactor. This
result suggested that the low OLR condition could promote biofilm formation, which is similar
microbial compositions of normally formed biofilm.

A TMP jump is induced by the existence of an anoxic zone in the interior of a biofilm (Cho
and Fane, 2002; Jin et al., 2006). A previous study reported that bacteria belonging to TM6,
Desulfatiglans and Rudaea thrived under anaerobic or oxic conditions (McLean et al., 2013; Li
et al., 2015; Ma et al., 2016). We considered this was the reason for the high abundance of TM6,
Desulfatiglans and Rudaea (Table 3.2, 3.4). Our findings show that various microorganisms such
as biofilm forming bacteria, which mainly include uncultured bacteria, biofilm-utilizing bacteria,
and the partner, were present in both biofilms. However, the relationship between temporal
bacterial growth and biofilm formation is still unclear. Thus, the bacterial species involved in
biofilm formation and TMP behavior should be investigated simultaneously in future studies. In
addition, biofilms show complex interactions among bacterial microorganisms as well as
eukaryotic microorganisms (Jeong et al., 2016). Thus, an investigation of the microorganism

network including the metazoans and protozoans in biofilms is required.
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Table 3.2 The top 10 increased OTUs in BF compared with the final AS of each reactor®.

OTU ID Phylogenetic affiliation Relative
abundance

Normal BF (Rx)
denovo6461 Candidate division TM6 phylum 2.44%
denovo3418 Dokdonella sp. (class Gammaproteobacteria) 5.41%
denovo5772 Candidate division OD1 phylum 1.93%
denovo798 Candidate division GNO2 phylum 0.88%
denovo3208 Uncultured Myxococcales (class Deltaproteobacteria) 0.93%
denovo6607 Polyangium sp. (class Deltaproteobacteria) 0.79%
denovo6080 Candidate division OD1 phylum 0.78%
denovo5106 Uncultured Deltaproteobacteria 0.93%
denovo658 Desulfatiglans sp. (class Deltaproteobacteria) 0.69%
denovo6316 Saprospira sp. (phylum Bacteroidetes) 0.56%

Low OLR BF (Rv)
denovo6461 Candidate division TM6 phylum 19.4%
denovo5106 Uncultured Deltaproteobacteria 2.60%
denovo5366 Unclassified Neisseriaceae (class Betaproteobacteria) 3.48%
denovo6762 Conexibacter sp. (phylum Actinobacteria) 2.11%
denovo2742 Unclassified Neisseriaceae (class Betaproteobacteria) 1.04%
denovo6851 Unclassified Rubrobacteria (phylum Actinobacteria) 1.33%
denovo3909 Legionella sp. (class Gammaproteobacteria) 0.69%
denovo516 Rudaea sp. (class Gammaproteobacteria) 1.51%
denovo4166 Unclassified Neisseriaceae (class Betaproteobacteria) 0.87%
denovol1332 Legionella sp. (class Gammaproteobacteria) 0.66%

36

*The ratio of the increase was calculated by STAMP software and the results are presented in
supplementary Fig. 3.7.



Chapter 3

@ Final ASof R, @ Final ASof Ry
B LowOLRBF of R, B NormalBF of Ry

VAN Confderce mcervals PN corfidence bervehy
PRy — [ <1618 vttt l Ry Bl “lels
p—— ) <lals i) — —— <lels
106 by o «1e1s v 1438 Doy o “lels
- ""’u_ ~ s et 1) By o “lels
S Senvol s EEE— o “lets
l'“b o «lels ) = el ity
Senrval el iy L “lels Senavo? o <letd
denovolisl B o 2%l -
el o <lels
Servenss i by o Ae2s teravotel) iy - <lets
denovolod B L e Serevonin) by - <lels
denova ¥ b ° 31%e1) Ao 154 by - <lels
derivis 14 iy o 83%e1) eavntss iy ° “lels
denovod297 B ® 168e12 Seravdlid b L4 “lels
Gemoved164 |y o 3%e12 Srarvedd o “leis
Ty ol 294e8} A = - “leis
“,' o 600011 Mllh o “leis
e N’u’b —~ ppostes SercedIN) o sy
now! Senovolies Cl 1138
denovol 14l P - 2068 Smewot®d b P 233038
Serovossl? o 283e0 smow )it P - 1918
Benovotol E 284e9 Semowten) P o 35018
denovoli2l ] 110e8 Seravetd) iy o 12024
derrvett) | E 2788 S 2952 by - 15024
denoveddis P o 45008 a0 By o IRl
Senoves 103 P - 148e7 St 0) P - ot 14
SenovollM o 12%7 ownomiian) P - 1Me1)
1362 P 3407 St sh P o %0 1r
somowszzs . ot e byt
iz g 9 e omowis 2 § o PR
SenovaXaos | 9 2634 Pa——Y o i
SenoveTH | $9es et P - 20e01
denovoXa e P o 1183 P~ ] - FETERH
derovel1a? | 4 2533 St ?? ly o 17te11
denovels | o RTINS R e ') o 2%
denovol4rt o 68les trr———ti3a o 14se 10
pre— - T4%e5 P - 10409
denovoten) P & 148e4 D ') L 105
\ F 16004 Snavote e ° 113es
P : s | T i o
derova s | d 1904
Senovol2 ™ § o 10%es
Genoved2M P P 2204 denovol 4 4 —— es
denovo3al p = A4 seravers P - 49
Serovosass | 4 28004 St 19 ) o 3Med
pre—] 3 a5ee St 22 o ewes
denovoiors B & 054 L LIeYY o 13409
dervrvol08s P i 10%) e ELT ) o ey
Senovolon b 11 Seeeveds? o 1008
denovel 304 | b 12803 v e o) 1es
Pe—l} b 12603 hameneed) 9 e
pres——el ] b 17603 — 9 g
derovolasy | 9 1803 Senowlsds | E 1608
st L Lty Senavoss e | o htes
Seowl e P < 1387
denovosay? | o 19%3 Sewanl2 § o 10e7
Mm" -. ;:;:; p——— o 25007
novetd L ERL S
denovel00) § o 33y mt: - Fdke
Senovol1ed P P 242 ] 4 - asoer
derovelsN § o 3583 ] ] o 1i%es
Beninort3as | 3 ied Srcual®es | L 14004
denovons | 3 A%ed denavaddd b o 1nies
pre—1 b a3%e) Serovolses | o Avee
PR 9 s1e) """‘:',:; e T
denavoss | o T4ded PRS- o 2380
denovesi 2 p 243 PR o 24703
M’; : ;:::" Pe——t] o 12des
Senoveld20 Gt 193 3 334e3
Senavol) 72 § L 0835 m: o 134wy
Gerovos 308 | 3 one pe—l - s1es
denovests | b asie Senawsines p - e
denovedsal P = oer Swava ) P =~ Ees
denovol 1l | 3 osar Senowctott | 3 Slkes
enoveddnd | b aew o)) ] 1304
pr— . - ——t " byt
Berivodess | b o ool ) P o S Ted
Senavad2 § o o P ] - 4ote )
denovells B poe 0843 P ] > oo
Senovoss i | o aes PRN—— ] 3 oo
%0 194 <20 -13 -19 -5 ° s ° . " - - -7 ® 2 . . .
Proportion (W) Oiffesence betwees progartions (%) Preporten (% Dwrerce between proporson (N

Fig. 3.7 Increased OTUs of BF compared with the final AS community in each reactor calculated

by STAMP software.

37

© ek (Loneched



Chapter 3

Table 3.3 The predictive lipase percentages in AS or BF samples according to PICRUSt analysis.

Sample name Initial AS Final AS Final BF Final MS

Rn reactor

phospholipase Al [EC:3.1.1.32] 0.0073% 0.0059% 0.0131% 0.0148%
outer membrane lipase/esterase 0.0006% 0.0005% 0.0008% 0.0011%
phospholipase D [EC:3.1.4.4] 0.0002% 0.0001% 0.0004% 0.0003%

Ry reactor

phospholipase Al [EC:3.1.1.32] 0.0084% 0.0078% 0.0162% 0.0154%
outer membrane lipase/esterase 0.0012% 0.0024% 0.0060% 0.0059%
phospholipase D [EC:3.1.4.4] 0.0002% 0.0002% 0.0006% 0.0006%

Table 3.4 The top 5 most abundant shared OTUs in BF samples between the RN and RL reactors
selected as increasing bacteria compared with the final AS in each reactor*.

OTU ID Phylogenetic affiliation Relative abundance
Normal Low OLR

BF (Ry)  BF (Ry)

denovo6461 Candidate division TM6 phylum 2.44% 19.4%
denovo5106 Uncultured Deltaproteobacteria 0.93% 2.60%
denovo3208 Uncultured Myxococcales (class Deltaproteobacteria)  0.93% 0.31%
denovo643  Thalassolituus (class Gammaproteobacteria) 0.41% 0.42%
denovo4372  Fischerella (phylum Cyanobacteria) 0.29% 0.53%

*The ratio of the increase was calculated using STAMP software and the results are presented in
supplementary Fig. 3.7.
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3.4. Summary of chapter 3

In the A/O-MBR operated under low organic loading rate condition (R¢ reactor; OLR: 0.002 kg-
COD-m*-day "), membrane fouling and biofilm were developed rapidly compared to the A/O-
MBR under normal conditions (R reactor; OLR: 0.42 kg-COD-m™*-day~'). The microbial
community composition between the bulk AS and BF was considerably different, and
characteristic bacteria found in BF were thought to important for biofilm formation on the
membrane surface in A/O-MBR. Candidate TM6 showed specific presence on the fouled
membrane surface as a biofilm in the Ry reactor. On the other hand, Candidate OD1 was the
predominant phylum in the fouled membrane surface of the Ry reactor. In addition, biofilms
might be formed by the same process in both reactors. However, correlation of the bacterial

species involved in biofilm formation and TMP behavior should be investigated in future studies.
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conditions
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4.1 Background and objectives

Biofilm development is thought of the major cause of membrane fouling to decrease permeability
(Yun et al., 2006; Hwang et al., 2012; Sweity et al., 2011). Thus, understanding biofilm formation
process is key information to control biofilm development for the prevention or mitigation of
membrane fouling.

It is widely accepted that the general biofilm formation process is divided into multiple
stages, which includes the reversible and irreversible attachment of bacteria to the surface, cell-
cell adhesion and proliferation, growth to maturity of the biofilm and finally detachment by
degradation of extracellular substances (Vuong and Otto, 2002). In the case of MBR, the
conditioning film formation on the membrane surface is first step to modify the physico-chemical
properties of membrane and interact with surface appendages evident of pili, fimbriae, glycocalyx,
and EPSs on the bacterial cell (Vanysacker et al., 2014). Conditioning film was mainly consisted
by extracellular polymeric substances (EPSs) and soluble microbial products (SMPs) including
microbial by-products such as proteins, lipoproteins, polysaccharides and other macromolecules
(Aslam et al., 2018). The stage of bacterial attachment facilitates further biofilm formation, it is
important to investigate this stage for membrane fouling control (Blanpain-Avet et al., 2011;
Toyofuku et al., 2016). In addition, some pioneer bacteria is firstly attached on the conditioning
film. Previously, Betaproteobacteria and Alphaproteobacteria might be recognized as pioneer
bacteria (Ziegler et al., 2016). The shear force by aeration is strong to remove the activated sludge
from the membrane surface in the initial stage of biofilm formation and this might facilitate
selection pressures of specific bacteria species in activated sludge. In the next stage of initial
bacteria adhesion, pioneer bacteria might form microcolonies and produce EPS matrix to make
favorable conditions for the attachment of other bacteria and macromolecules. Finally,
accumulated biomaterials induce biofilm maturation (i.e. cake layer) and lead to severe membrane
fouling development.

Investigation of biofilm progression is important to improve our understanding of biofilm
development in MBRs. Characterization of biofilm formation at different stages has been studied
in terms of microbial community composition and biofilm image analysis. Previously, confocal
laser scanning microscopy (CLSM) imaging or scanning electron microscope (SEM) imaging
techniques provides the biofilm characteristics including morphological information, cell and

EPS abundance or proportion, thickness and so on. Hwang et al. (2012) revealed that SEM the

46



Chapter 4

membrane surface was covered by cake layer and the distribution of polysaccharides and live
cells on the cake layer by using SEM and CLSM observation. Recently, some reports investigated
the biofilm by using combination of CLSM and microbial community analysis (Inaba et al., 2017,
Gu et al., 2018). To date, however, there have been limited investigations of the relationships
between the biofilm formation process and the microbial community of AS and biofilm in MBRs
treating real sewage.

The aim of chapter 4 was to elucidate the relationship between microbial community
structure of biofilm and AS at each biofilm formation stage in terms of microbial colonization
and biofilm growth in MBR treating actual sewage under low organic loading rate condition. To
achieve this goal, non-destructive visualization by CLSM and SEM analysis was applied to
analyze biofilm. In addition, 16S rRNA gene sequencing of biofilm and AS on fouling

progression was applied to reveal the key player for biofilm formation.

4.2. Materials and methods

4.2.1. MBR operational conditions

Two laboratory-scale anoxic/oxic (A/O)-MBRs (R1 and R2) were used for treating actual sewage.
The MBRs consisted of 6 L of anoxic and oxic tank. Actual sewage after sedimentation was used
as influent into the reactor. The flat sheet membrane (chlorinated polyvinyl chloride: CPVC) with
an area of 0.11 m? and mean pore size of 0.20 um (KUBOTA Co.Ltd., Osaka, Japan) was
submerged in the oxic tank. The aeration was applied by a diffuser at the bottom of the oxic tank
at 5 L/min. Internal recycling of mixed liquor from the oxic tank into the anoxic tank was
conducted to enhance denitrification.

A/O-MBRs were operated with hydraulic retention time of 8.0 h and a solid retention time
of 60 days under the standard conditions. The average temperature of activated sludge in oxic
tank was 11.8+0.6°C. The operation cycle of the membrane unit was as follows: a cycle of 9 min
of filtration followed by 1 min of relaxation, and average permeate flux of 11.8 L-m *-h™",
Returned AS taken from the municipal sewage treatment plant was seeded and mixed liquor
suspended solids (MLSS) concentration was controlled to approximately 10,000 mg/L in each
reactor. Both reactors were operated under 0.42 kg-soluble chemical oxygen demand (sCOD)-m
—-day™" as the standard organic loading rate (OLR) condition for 15 days and then the low OLR

condition (0.002 kg-sCOD-m>-day ') was started in each reactor to induce membrane fouling
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development. In order to create low OLR environment and keep permeate flux, permeate effluent

was recycled into anoxic tank. The detail of the condition was already described in chapter 3.

4.2.2. Analytical methods

Temperature, pH, and dissolved oxygen (DO) in the oxic tank were measured on-site using a
portable pH and DO meter (DM-32P, TOA DKK, Tokyo, Japan). The TMP between the pump
and the membrane was monitored by a pressure transducer (ZSE50F, SMC, Tokyo, Japan). sCOD
was measured with a water quality analyzer (DR2800, Hach, CO, USA) and ammonium-nitrogen
(NH4"-N) was measured by high performance liquid chromatography (LC-20ADsp, Shimadzu,
Kyoto, Japan).

4.2.3. Biofilm sampling and microscopic analysis

The membrane unit was taken from the oxic tank and then the membrane surface was gently
rinsed with ultrapure water. Approximately 200 mm?® of membrane pieces was cut and the
membrane pieces were immediately immersed in phosphate buffered saline and stored at 4 °C for
CLSM and SEM analyses. The membrane pieces were sampled on day 21 (early-stage biofilm),
day 24 (middle-stage biofilm) and day 31 (mature-stage biofilm) in the R1 reactor, whereas
samples were taken on day 21 (middle-stage biofilm) and day 31 (mature-stage biofilm) from the
R2 reactor for CLSM analysis. LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher
Scientific, MA, USA) was used for live and dead cell staining of the membrane pieces. The
membrane pieces were stained for 15min with SYTO9 and propidium iodide at final
concentrations of 5 and 15 uM, respectively. The stained membrane biofilms were visualized by
CLSM (A1, Nikon, Tokyo, Japan) using 488 nm and 561 nm lasers for SYTO9 (live cell) and
propidium iodide (dead cell), respectively. A tabletop SEM (TM3030Plus, Hitachi, Tokyo, Japan)
was used with low vacuum mode for non-destructive analysis of the membrane biofilm. The

membrane pieces were put on the cool stage and maintained at —20°C during obsevations.

4.2.4. 16S rRNA gene sequence analysis
The membrane unit was taken out from the oxic tank and the surface was rinsed with ultrapure
water to remove the cake layer and then the tightly bound layer biofilms were sampled by

scrubbing using a spatula. The activated sludge was sampled from oxic tank at the same time.
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The samples were stored at —20°C until DNA extraction. Genomic DNA was extracted using the
FastDNA Spin Kit for Soil (MP Biomedicals, CA, USA). 16S rRNA gene sequencing was
performed as following Caporaso et al. (2012). Briefly, the universal primer pair Univ515F (5'-
GTGCCAGCMGCCGCGGTAA-3") and Univ806R (5'-GGACTACHVGGGTWTCTAAT-3’)
were used to amplify the 16S rRNA genes including V4 region. PCR was performed using the
following conditions: one cycle of 94 °C for 3 min, 25 cycles of 94 °C for 45 s, 50 °C for 60 s
and 72 °C for 90 s, and a final cycle of 72 °C for 10 min. The PCR products were purified using
QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany). MiSeq Reagent Kit v2 and the
MiSeq System (Illumina Inc., CA, USA) were used for DNA sequencing.

4.2.5. Sequence data analysis

Sequence data were analyzed with QIIME software (version 1.9.1) (Caporaso et al., 2010).
Operational taxonomic units (OTUs) were selected at 97% identify using UCLUST. Taxonomic
classification was assigned using BLAST based on the Greengenes database ver. 13_8. The most
closely-related species of predominant OTUs were searched using BLAST in NCBI database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). A principal component analysis (PCA) plot with
significant mean proportion differences for virginal datasets was created using Sequence Tag-

based Analysis of Microbial Population dynamics (STAMP) software (Takimoto et al., 2018).
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Fig. 4.1 Transition of TMP (A) and flux (B) of two A/O-MBRs under standard condition and low
OLR condition. The low OLR condition was started at day 15 after standard condition. Arrows

indicate the day of membrane sampling on day 21, 24, and 31 from each reactor.
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4.3. Results

4.3.1. Reactor performance and biofouling development

Two reactors were operated under standard conditions to stabilize the reactor performances for
over 5 weeks at room temperature. During the stabilization period, sCOD removal rate showed
that R1 and R2 was 78.7% and 84.6%, respectively; NH4'-N removal was approximately 100%
for each reactor. The mean MLSS concentration was 11200 mg/L in R1 and 11000 mg/L in R2
under standard conditions.

Before starting low OLR conditions, the membrane was physically washed by using an
urethane sponge and ultrapure water for both reactors. Then low OLR conditions were started in
both A/O-MBRs to induce membrane fouling development. After the low OLR operations, the
MLSS concentration gradually decreased to 5100 and 4300 mg/L for R1 and R2, respectively. As
shown in chapter 3, low OLR conditions might cause MLSS decrease and cell lysis. The flux and
TMP drastically changed on 20 and 18 days of low OLR conditions in R1 and R2, respectively.
During the period of decreasing permeability, membrane fouling developed and thus, we defined
the day 21 membrane sample as early-stage biofilm, day 24 as middle-stage biofilm, and day 31
as mature-stage biofilm in R1; and day 21 membrane sample as middle-stage biofilm and day 24

as mature-stage biofilm in R2.

4.3.2. Biofilm analysis by CLSM

In the early-stage biofilm (Fig. 4.2A), red stained cell shape and non-cell shape (dead cell) were
dispersed on the whole membrane surface. In contrast, only a few green stained cell (live cell)
was detected in the early-stage biofilm. Thus, the attachment of live cells on membrane surface
were limited in this stage. In the middle-stage biofilm, live cells colonized some small areas and
dead cells were widely dispersed on the membrane surface but did not clearly show cell shapes
(Fig. 4.2B, C). The red stained area might be a conditioning film with small live cells colonized
on the surface. It is generally reported that major components of EPSs are proteins and
polysaccharides and also contain humic acids, nucleic acids, lipids, and uronic acids (Lin et al.,
2014). Thus, cell components including DNA and RNA could be released from lysed cells and
initial biofilm could be stained as dead cells. Microcolony-like shape in a gel layer were clearly

observed by SEM analysis (Fig. 4.3).
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Fig. 4.2 CLSM images by LIVE/DEAD
staining of the biofilm formed on the
membrane surface of RI(A, B) and R2
reactor (C). Biofilms from early-stage (A)
and middle-stage (B, C) are shown. Red and
green shows dead and live cells,
respectively. The white arrows indicated
microcolonies formed on the conditioning
film by dead cell.

Fig. 4.3 SEM (using low vacuum
and cool stage condition)
microphotograph of middle stage
biofilm on the membrane surface.
The membrane surface was
covered by a gel layer and
microcolonies were formed and
immobilized in the gel layer on the
NLMD12.1x00k 10pm membrane surface.

4.3.3. Microbial community analysis

There were clear differences between the AS and biofilm microbial communities as shown in
Figs. 4.4 and 4.5. Betaproteobacteria, Deltaproteobacteria, and Bacteroidetes were the dominant
phyla and classes in the AS and biofilm microbial communities (Fig. 4.4). These bacteria were
also found in AS in other sewage treatment plants (Zhang et al., 2012; Hatamoto et al., 2017).

Almost relative abundance of phylum and class in activated sludge were stably maintained during
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low OLR operation. The PCA also showed that the microbial community of AS did not
significantly change compared to biofilm community during low OLR operation (Fig. 4.5)

In contrast, the microbial community changed between middle biofilm (24 day) and mature
biofilm (31 day) samples. The biofilm community in middle stage was more different from mature
stage. In other words, the mature biofilm community was approached to AS community.
Betaproteobacteria was the most dominant bacteria in middle-stage biofilm and accounted for
37% and 42% of the total community in R1 and R2, respectively, followed by Bacteroidetes and
Deltaproteobacteria. Particularly, the relative abundance of Chlamydiae, OD1, and Cyanobacteria
in biofilm were significantly different from activated sludge community. Although
Betaproteobacteria, Deltaproteobacteria and ODI1 decreased in biofilm maturation,
Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes, Chlamydiae, and Cyanobacteria

increased the relative abundance in biofilm maturation.
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Changes in the top 10 OTUs detected in AS and biofilm samples of both reactors are shown
in Table 4.1. In AS community, unclassified Neisseriaceae (No.1) and Kofleria sp. (No.6)
continuously decreased during low OLR operation. The relative abundance of the other bacteria
in AS community were constant. In contrast, unclassified Neisseriaceae (No.l1) was most
dominant in middle stage biofilm and then decreased for biofilm maturation, although the bacteria
was minority in AS community. Parachlamydia sp. (No.4) was also more abundant in the biofilm
compared to the AS community. Parachlamydia sp. in AS community accounted for 0.3% in both
reactors on day 23 whereas the OTU increased to 2.5% in R1 and 1.4% in R2 of middle biofilm
on 24 day. Although Melanibacteria (No.10) was minor bacteria in AS community, the relative
abundance increased middle biofilm and biofilm maturation. The relative abundance of Solitalea
sp. (No.2), Dechloromonas ap. (No.3), and unclassified Melanobacteria (No.10) in middle

biofilm increased to biofilm maturation.
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Fig. 4.5 Principal component analysis plot of biofilm and AS microbial community
structures in both reactors during the low OLR operation. AS and biofilm samples were
named as “AS-date-reactor number” and “BF-date-reactor”, respectively.
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Table 4.1 Representative operational taxonomic units (OTUs) in activated sludge and biofilms in R1 and R2 reactor under low organic loading rate

conditions.
Sample name
Sampling day 15 day 23 day 31 day 24 day 31 day
Reactor R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
No. [Phylum (Class) Family Genera
1 |(Betaproteobacteria) Neisseriaceae Unclassified
2 |Bacteroidetes Sphingobacteriaceae Solitalea
3 |(Betaproteobacteria) Azomnexaceae Dechloromonas
4 |[Chlamydiae Parachlamydiaceae  Parachlamydia
5 |Bacteroidetes Chitinophagaceae Terrimonas
6 |(Deltaproteobacteria) Kofleriaceae Kofleria
7 |Bacteroidetes Prolixibacteraceae Puteibacter
8 |[(Betaproteobacteria) Casimicrobiaceae Casimicrobium
9 |(Betaproteobacteria) Ca. Accumulibacter
10 |Cyanobacteria Melainabacteria Unclassified

*Values in the table indicate relative abundance (%) in the samples.
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4.4. Discussion
Generally, the properties of the conditioning film can be drastically changed by adsorption of a
variety of chemicals (Vanysacker et al., 2014). Hwang et al. (2013) showed that the conditioning
film had the ability to enhance or impair bacterial adhesion depending on the surface. Fortunato
et al. (2019) reported that a thick biofilm gradually developed on the membrane surface during
MBR operation and that dead cell layer were found under the live cell layer. These studies
suggested that released extracellular DNA by cell death formed a conditioning film. As shown in
Fig. 4.2, dead bacteria and the red-stained area, which did not show clear cell shapes, were
dispersed on the membrane surface. BAP including EPSs and extracellular DNA might be
released from dead cells under low OLR conditions and form the conditioning film as initial
biofilm on the membrane surface in this study. Miura et al. (2007) also reported similar trends in
biofilm formation from pilot-scale hollow fiber MBRs treating municipal wastewater. In the
matured biofilm, live cells were grown to vertical and horizontal direction based on the dead cell
layer (Fig. 4.6). This biofilm structure indicated that bacteria in the bottom layer of the matured
biofilm was influenced by low concentration of nutrient and DO and lead to cell lysis. Previous
study suggested that eDNA is necessary to stabilize mature biofilm (Sena-Vélez et al., 2016).
Thus, the dead cells might have key roles on not only initial adhesion to the membrane but also
biofilm maturation and severe bio-fouling development.

As indicated in the PCA plots (Fig. 4.5) and the biofilm maturation on the membrane
surface in the CLSM observation (Figs. 4.2 and 4.6), AS gradually adhered to the mature biofilm
and some bacteria penetrated the inner biofilm. Thus, these bacteria remained on the biofilm

against physical washing with pure water of membrane surface for biofilm sampling. In fact, the

Fig. 4.6 3D CLSM images from top (A) and bottom (B) view of mature biofilm on the membrane
surface in the R1 reactor at 31 days. Live cells were stained as green and dead cells were stained
as red by LIVE/DEAD staining. Area of observed image: 600 pm x 600 pm x 125 um.
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microbial community structure of the biofilm approached that of the AS microbial community
structure. This phenomenon was also found in a full-scale MBR treating wastewater (Takada et
al., 2018). Since it was considered that some bacteria in AS community were just attached on the
matured biofilm, the predominant bacteria found in the mature biofilm might not be important for
biofilm formation process. Thus, it is important to investigate the microbial community and
pioneer bacteria in early stage biofilm because those bacteria play a critical role in colonization
and biofilm maturations on the membrane surface.

Many studies investigating the microbial structure in biofilm and AS showed that the
microbial community in the biofilm drastically changed during the operation period whereas the
microbial community in AS was relatively unchanged (Miura et al., 2007; Ziegler et al., 2016;
Gao et al., 2013). Dominant bacteria in AS and biofilm in this study, such as Betaproteobacteria
were reported as co-dominant bacteria in biofilm and AS in an MBR as well as in early biofilm
at low TMP (Miura et al., 2007; Luo et al., 2017). OD1 was also found in a previous report and
might play an important role in biofilm development (Takimoto et al., 2018; Neoh et al., 2017).
The extremely low OLR conditions might induce cell lysis (Takimoto et al., 2018), thus, the
proportions of the decreased bacteria (No.1 and No.6) were disappeared by cell lysis and then
their dead cells attached to the membrane surface and formed the conditioning film (Fig. 4.2).
Although Neisseriaceae and Kofleria sp. in AS community disappeared on 23 and 31 day in both
reactors, respectively, the relative abundance of Neisseriaceae drastically increased on the middle
biofilm. Thus, the drastic increase of Neisseriaceae is not simple reason that attachment of dead
cell on the membrane surface. It could be considered that unclassified Neisseriaceae was one of
the pioneer bacteria attached to the membrane surface in the beginning of low OLR conditions
and played a crucial role in biofilm development. Unclassified Neisseriaceae, a member of
Betaproteobacteria, was identified as a key bacteria in biofilm formation (Miura et al., 2007). One
species, Neisseria gonorrhoeae that belongs to family Neisseriaceae, is a known human pathogen
and biofilm forming bacteria (Greiner et al., 2005). However, this study was the first time that
unclassified Neisseriaceae were identified as key player for biofilm formation on the membrane
surface for sewage treatment. Parachlamydia belongs to class Chlamydiae, which was reported
to grow by infecting eukaryotic host cells and major human pathogens (Horn, 2008). As the
protozoa, metazoan, and fungi are existed in AS of oxic tank, it is considered that the low OLR

condition affects these eukaryotic organisms to cell lysis. In fact, some protozoa cells decreased
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during low OLR operations (data not shown). Thus, these parasitic bacteria might increased the
abundance on the biofilm to utilize substances, which were released as BAP from eukaryotic
organisms and were attached on the membrane surface, in low OLR environment. In addition, it
is reported that hygienically relevant microorganisms could reside in biofilms in drinking water
distribution networks (Wingender and Flemming, 2011). Therefore, the biofilms in sewage
treatment systems might also become suitable microbial habitats for the bacteria. Thus, these facts
indicated that Parachlamydia sp. was associated with biofilm development and might play an
important role in the maturation process of the biofilm. Certain bacteria increased the relative
abundance in biofilm such as Solitalea sp., Dechloromonas sp., and Kofleria sp. known as
denitrifying bacteria (Li et al., 2015; Ma et al., 2016; Li et al., 2019). Presence of such denitrifiers
also suggests that existence of partial anoxic zone inside the biofilm by biofilm maturation. Thus,

these denitrifies might be important role on biofilm maturation.

4.5. Summary of chapter 4

In this study, two A/O-MBRs were operated under extremely low OLR conditions and severe
membrane fouling was developed in both reactors. In the middle stage of biofilm formation,
microcolonies formed by live cells leading permeability deterioration. Unclassified Neisseriaceae
was most dominant bacteria in middle stage biofilm. The results of this study indicated that
specific pioneer bacteria might play a role in forming microcolonies and then triggering further
biofilm development. Certain heterotrophic bacteria such as Parachlamydia sp. and denitrifiers
might be related to biofilm maturation. In conclusion, preventing colonization and growth control
of early to middle stage biofilm development could be an effective strategy for mitigation of

membrane fouling.
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5.1. Background and objectives

MBR has potential as an alternative wastewater treatment system to the conventional activated
sludge (AS) process because of its higher nutrient removal efficiency, smaller footprint with high
MLSS sludge concentration. The MBR is one of the most innovative biological system for
municipal wastewater treatment. However, membrane fouling development remains a main
obstacle for sing larger-scale MBR plants. Membrane fouling development by an extracellular
polymeric substance (EPS) and soluble microbial product (SMP), which are largely known as
cause of primary membrane fouling, has been investigated in several MBRs under various
conditions (Johir et al., 2011; Nguyen et al., Yigit et al., 2008; Yao et al., 2011). Besides, biomass
associated product (BAP) and utilization associated product (UAP) of SMPs have been identified
as essential byproducts in mixed liquor of MBR and contributed membrane fouling development
(Jiang et al., 2010; Jacquin et al., 2018; Shi et al., 2018). EPS macro-molecules, which are loosely
bound to the AS, are crucial for membrane fouling as they accumulate on a membrane surface
(Wang and Wu, 2009; Wang et al., 2009). Previous studies indicated that the degradation of a
higher molecular weight organic matter into lower molecules effectively mitigates membrane
fouling (Huang et al., 2008; Wei et al., 2016; Zhou et al., 2016). Thus, a simple way to mitigate
membrane fouling is to degrade and reduce macro-molecules into micro-molecules that can easily
pass through the membrane pores.

Several studies have focused on microbial communities and key players in the AS of MBR
involving EPS or SMP production and membrane fouling development with biofilm formation
under various conditions (Ma et al., 2013a; Gao et al., 2013; Gao et al., 2014; Guo et al., 2015;
Neoh et al., 2017). Recently, a few reports compared the difference of microbial consortium and
dynamics between the AS and membrane biofilm in MBR (Takimoto et al., 2018; Takada et al.,
2018). These studies have identified significant differences in the microbial consortium between
the AS and the biofilm or cake layer on the membrane in a reactor. Moreover, candidate phyla
radiation (CPR) group and Firmicutes are dominant in the biofilm or cake layer. However, these
phyla are minority in a bulk sludge, indicating that the bacteria are relevant to development of a
biofouling layer on the membrane surface.

In contrast, some studies reported that membrane fouling development attributed to AS
microbial community structures (Ma et al., 2013b; Sepehri and Sarrafzadeh, 2018; Liu et al.,

2019). Enrichment of nitrifiers in the microbial community of AS mitigated membrane fouling
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(Sepehri and Sarrafzadeh, 2018). Moreover, Chloroflexi played an important role in mitigating
membrane biofouling in MBRs because they contributed degradation of SMPs and cell materials
(Miura et al., 2007; Watanabe et al., 2017). Thus, the results of previous studies suggest that there
is an appropriate composition of microbial community in MBRs for fouling mitigation. There has
been limited information on the critical bacteria responsible for maintaining homeostasis against
endogenous SMP productions and membrane fouling. Certain bacteria responsible for fouling
could be identified by increasing abundance during membrane fouling, however, the behavior of
specific members responsible for membrane fouling mitigation is still unknown.

Previously, an operation of MBR under prolonged starvation condition induced microbial
cell lysis and SMP production, leading to biofilm growth on the membrane surface and severe
membrane biofouling (Palmarin et al., 2020; Takimoto et al., 2018). We got inspired by these
reports and thought about the use of starvation conditions, which could be useful for membrane
fouling research. The aim of chapter 5 was to evaluate the contribution of dissolved organic
carbon (DOC) and microbial community dynamics to membrane fouling development for an
endogenous respiration of MBR. Here, we operated anoxic/oxic (A/O)-MBRs under prolonged
starvation conditions at three times to reveal microbial-driven fouling mechanisms and to explore

the important players in the AS of fouled and fouling-mitigated AO-MBRs.

Table 5.1 Characteristics of the influent sewage during starvation conditions in each reactor

Parameters Unit HI H2 L
pH - 6.7+£0.1 66+01 68=+0.1
DO mg/L 0.1£0.1 02+0 1.0+04

sCOD,, mg/L 163 +£45 162+24 111+22
TN mg-N/L 29 +£8 28 £2 20+5
TP mg-P/L  26+0.5 33+£04 18+0.5

NH," mg-N/L 22+6 32+12 17+4
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5.2. Materials and methods
5.2.1. A/O-MBR operations
The laboratory-scale A/O-MBR systems have already been described in our previous study
(Takimoto et al., 2018). It consisted of a 6 L of anoxic tank and a 6 L of aerobic tank. All MBRs
were operated in duplicate under same operational parameters (initial mixed liquor suspended
solids (MLSS) concentrations, hydraulic retention time (HRT), solid retention time (SRT)) in
different seasons: 2017 summer (H1 #1, #2), 2017 winter (L #1, #2) and 2018 summer (H2 #1,
#2). A flat sheet membrane (chlorinated polyvinyl chloride: CPVC) of 0.20 um mean pore size
(KUBOTA, Osaka, Japan) and with a filtration area of 0.11 m? was used. Air at 5 L/min was
supplied by a diffuser at the bottom of a reactor. Internal recycling of anoxic and aerobic sludge
was conducted to remove the nitrite. Municipal sewage wastewater after sedimentation was used
as the influent into the anoxic tank. Table 5.1 shows the characteristics of influent sewage.
Conventional AS that the initial concentration of mixed liquor solids concentration was
approximately 4000 mg/L taken from a sewage treatment facility was inoculated in each MBR.
Each reactor was operated under the following conditions: a membrane suction cycle of 9 min on
and 1 min off was adopted and an average operating membrane flux of 11.8 L-m~2-h™" (LMH).
All reactors (H1 #1, #2; H2 #1, #2; L #1, #2) were operated for more than one month under
standard HRT conditions of 8.0 hours with 60 days of SRT to stabilize the reactor performance
and acclimatization of the microbial community. Under standard conditions, the average organic
loading rate (OLR) was 0.42 kg-chemical oxygen demand (COD)-m>-day ', and the average
soluble COD and total nitrogen (TN) removal efficiencies in all reactors were 86 + 1% and 60 +
15%, respectively. Until starvation conditions, the membrane in the aerobic tank were physically
washed using sponges with ultra-pure water or replaced by a new membrane. The average
transmembrane pressure (TMP) and flux were 6.1 £ 2.6 kPa and 12.3 + 1.2 LMH, respectively,
during the starting of a starvation condition for each reactor.
Starvation operations were then started in all MBRs to develop the membrane fouling. To induce
membrane fouling, the permeate effluent of the reactors was supplied into the anoxic tank instead
of influent sewage to generate a low OLR starvation condition. And 200 mL of sewage
wastewater was fed as an influent to compensate for the 200 mL of AS sample taken daily from

the aerobic tank, accounting for approximately 0.002 kg-COD-m-day". In this study, day 1 was
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defined as the first day of starvation conditions in all reactors. H1, H2, and L reactors were

operated at 26.2 £ 0.5°C, 26.0 + 0.9°C, and 12.1 £ 0.9°C, respectively, during starvation.

5.2.2 Analytical methods

Temperature and dissolved oxygen (DO) of the AS in the aerobic tank were determined using a
DO meter (DM-32P, TOA DKK, Tokyo, Japan). The permeate flow rate was measured by a
measuring cylinder for 30 min. TMP was measured using a pressure transducer (ZSE50F, SMC,
Tokyo, Japan) set in the permeate line. Soluble CODcr, TN and total phosphorus (TP) of samples
were determined using a water-quality analyzer (DR2800, Hach, Loveland, CO, USA). MLSS
and mixed liquor volatile suspended solids (MLVSS) were determined using APHA standard
methods. DOC (soluble TOC) concentrations were determined using a TOC analyzer (TOC-V
CSN, SHIMADZU, Kyoto, Japan). Soluble samples were filtered by 0.22 pm filter paper.

5.2.3 Biofilm sampling and 16 S rRNA gene sequencing
After membrane fouling development in H2 and L reactors (H2: TMP: 68.4 (#1) and 59.0 kPa
(#2) on day 30, L: TMP: 88.9 (#1) and 89.9 kPa (#2) on day 23), a severe fouled membrane were
taken from the aerobic tank and the membrane surface was rinsed with ultra-pure water to remove
the AS loosely attached to the membrane. A tightly bonded biofilm on the membrane has been
obtained and used as a biofilm sample. Samples were immediately stored at —20 °C.

For microbial community analysis, AS of the aerobic tank and biofilm samples were used.
DNA was extracted from each sample using FastDNA Spin Kit for Soil (MP Biomedicals, Santa
Ana, CA, USA) and following instructions from the manufacturer. The microbial 16S rRNA
genes of each sample were amplified using universal forward (Univ515F: 5'-
GTGCCAGCMGCCGCGGTAA-3") and reverse (Univ806R: 5'-
GGACTACHVGGGTWTCTAAT-3') primers. The conditions of PCR amplification were as
follows: one cycle of 94 °C (3 min), 25 cycles of 94 °C (45 s), 50 °C (60 s) and 72 °C (90 s), and
a final cycle of 72 °C (10 min). The products were purified using a QIAquick PCR Purification
Kit (QIAGEN, Hilden, Germany). The 16S rRNA gene sequencing of purified products was
performed as described by Caporaso et al. (2012). DNA sequencing was performed using a MiSeq
Reagent Kit v2 and the MiSeq System (Illumina Inc., San Diego, CA, USA).
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5.2.4. Data analysis

Sequences were processed using Quantitative Insights Into Microbial Ecology (QIIME) version
1.9.1 (Caporaso et al., 2010). Operational taxonomic units (OTUs) clustering at 97% of identity
were collected using UCLUST. Taxonomic classifications were determined using the Greengenes
database ver. 13_8 and BLAST searches in the National Center for Biotechnology Information
(NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The Venn diagrams of microbial communities
of AS samples  were  constructed using Venny 2.1.0  online  tool
(https://bioinfogp.cnb.csic.es/tools/venny/). The microbial community structure changes in the
AS and biofilm samples were evaluated by a plot of principal component analysis (PCA),
visualized by using Sequence Tag-based Analysis of Microbial Population dynamics (STAMP)
software. Raw sequence data obtained in this study were deposited in the DDBJ Sequence Read

Archive (DRA) with an accession number of DRA010111.
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5.3. Results

5.3.1. Membrane fouling development in H2 and L reactors and fouling mitigation in H1 reactor
The progression of fouling in each reactor was evaluated by monitoring an TMP increase and a
flux decline (Fig. 5.1). In H2 and L reactors, TMP started to increase, and flux decreased from
day 15 and 10 onwards under starvation conditions, respectively. Subsequently, TMP reached at
65.9 kPa (#1) and 48.2 kPa (#2) on day 22 in H2 reactor, and 64.3 kPa (#1) and 78.3 kPa (#2) on
day 20 in L reactors, respectively. Visible biofilm formation on the membrane in both MBRs was
observed; however, it could not be removed by physical water treatment, suggesting that severe
membrane fouling had developed in H2 and L reactors.

In contrast, in H1 reactor, TMP increased on day 53 (#1: 16.1, #2: 5.7 kPa) under starvation
conditions. Furthermore, the visible biofilm could not be observed on the membrane surface,
resulting in a mitigation in membrane fouling of H1 reactor even under starvation conditions.

TN and TP concentrations increased in the aerobic tank of all reactors after starting
starvation conditions (Fig. 5.2). After TP concentrations reached 76 (#1) and 110 mg/L (#2) on
days 17 and 10, respectively, the concentrations became stable in H1 and H2 reactor. Conversely,
TN and TP concentrations continuously increased in L reactor during the condition. However,
MLSS and MLVSS concentrations decreased in all reactors during starvation conditions (Fig.
5.3). Initially, TMP increased in H2 and L reactors (R2: day 15, L: day 11) by decreasing MLSS
concentrations from 2900 to 3000 mg/L. In H1 reactor, the MLSS concentrations decreased from
an initial value and reached 2700 mg/L on day 22. The sCOD removal rates for H1, H2, and L
reactors were 63 = 21%, 67 + 12%, and 66 £ 12%, respectively, during starvation conditions (data
not shown). DOC in the supernatant AS and permeate effluent showed different behavior between
all reactors (Fig. 5.4). The DOC concentrations in the AS supernatant increased in all reactors
with starvation conditions, whereas the DOC concentration of effluent was constant in the fouled
L reactor (Fig. 5.4¢). In the fouled H2 reactor, the difference between DOC concentration of AS
supernatant and effluent (ADOC) increased to 20.1 mg/L on day 18, corresponding to an increase
of TMP to 41.8 kPa. Conversely, the DOC concentration of effluent in the fouling-mitigated H1
reactor increased, reflecting the DOC concentration of the AS supernatant in this reactor (Fig.
5.4a). In the end of the operation of HI reactor, ADOC started to rise from day 36.

The fouled H2 and L reactors showed similar DO behavior; at the beginning of a starvation

operation, DO concentrations were rapidly increased and became stable in each reactor at even
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different temperatures (Fig. 5.5b and c). In contrast, in the fouling-mitigated H1 reactor, DO

concentration was unstable and decreased during a starvation operation (Fig. 5.5a).

10000

(mg/L)

(mg/L)

8000
6000

4000 +
2000 -

12000
10000
8000
6000
4000
2000

a
1 /
IR
4 —~-TN (mg/L)
f’/ TP (mg/L)
0 10 20 30 40 50
Operational time (day)
c
| ~-TN (mg/L)
TP (mg/L)
0 5 10 15 20 25
Operational time (day)
a
--MLSS (mg/L)
MLVSS (mg/L)
0 10 20 30 40 50
Operational time (day)
C
| —--MLSS (mg/L)
MLVSS (mg/L)
0 5 10 15 20 25

Operational time (day)

70

b
160
140 -
120 -
2100 | /V‘\O\(o/\o
(@)] .
ol .
40 | —-TN (mg/L)
el / TP (mg/L)
0 ; ; :
0 10 20 30

Operational time (day)

Fig. 5.2 Total nitrogen (TN) and total
phosphorus (TP) concentrations in effluent of
a) fouling-mitigated H1, b) fouled H2, and c)
fouled L reactors. Average values in duplicate
reactors of each condition are shown.

10000
--MLSS (mg/L)
8000 - MLVSS (mg/L)

6000 -
4000 -
2000 -

O T T T T T T
0 5 10 15 20 25 30 35
Operational time (day)

Fig. 5.3 Mixed liquor suspended solids
(MLSS) and mixed liquor volatile suspended
(MLVSS) concentrations in oxic tank of a)
fouling-mitigated H1, b) fouled H2, and c)
fouled L reactors. Average values in duplicate
reactors of each condition are shown.




(°C)

()

tur

©

Temper:

Temperature (°C)

DOC concentration (mg/L)

30
25
20
15

o o1 O

- A
N O

10

oN MO

= N W
o O O

DOC concentration (mg/L)

N W
o O

-
o O

A O
o O O

A O
o O

. @ Supernatant of AS

Permeate effluent

0 10 20 30 40 50

Operational time (day)
C

@ Supernatant of AS
A Permeate effluent

0 5 10 15 20 25

Operational time (day)

Chapter 5

a
7
=
PREIROEOT OO | 6,
E
] -5 =
1 e
- 3¢
@
i - 22
| © Temperature s
DO 15
T T T T T 0D
0 10 20 30 40 50 60
Operational time (day)
C
18
| - 16 3,
] - 14 £
| - 12 5
] F10%
. i 8 E
L 6 §
T OTemperature + 4 8
1 /ADO -2 o
T T 0 D

5 10 15 20 25
Operational time (day)

w B (&)
o o o
1 1

=
o
1

@ Supernatant of AS
Permeate effluent

0 5 10 15 20 25 30
Operational time (day)

o

DOC concentration (mg/L)
N
o

Fig. 5.4 Dissolved organic carbon (DOC)
concentrations in supernatant of activated sludge
(AS) and permeate effluent of a) fouling-mitigated
H1, b) fouled H2, and c) fouled L reactors during
starvation conditions. Average values in duplicate
reactors of each condition are shown.

w
o
~

MW—O 6g
25 A g
20 - =

T
SN

—
O =~ N W
DO concentration

o O O O,
1

Temperature (°C)

> Temperature |
DO r

0 5 10 15 20 25 30 35
Operational time (day)

Fig. 5.5 Temperature and dissolved oxygen
(DO) concentrations in AS of a) fouling-
mitigated H1, b) fouled H2, and c) fouled L
reactors during starvation conditions. Average
values in duplicate reactors of each condition are
shown.

71



Chapter 5

5.3.2. Comparison of microbial community in AS and biofilm

The results of microbial community analysis in AS and biofilm during operation under each
condition showed that Proteobacteria and Bacteroidetes were the dominant phyla and were
continuously present in all samples (Fig. 5.6). There were significant differences in community
structures between AS and biofilm in H2 and L reactors, where fouling occurred (Fig. 5.7b and
¢). Interestingly, uncultured TM6 (#1; 13.2% and #2; 25.4% in H2 reactor) and OD1 (#1; 18.8%
and #2; 7.2% in L reactor) were the predominant phyla in the biofilm on the membrane surface
of H2 and L reactors, respectively. The relative abundance of Chlamydiae in biofilm of H2 and
L reactors was higher than that in the AS of each reactor. In the AS of H1 and H2 reactors, relative
abundances of Betaproteobacteria, Deltaproteobacteria, Bacteroidetes, Chlorobi, and Nitrospirae
decreased from day 8 to day 22. However, relative abundances of Gammaproteobacteria,
Firmicutes, Acidobacteria, Armatimonadetes increased from days 822 in the AS of H1 and H2
reactors, whereas Chloroflexi increased in abundance only in H1 reactor. The relative abundances

of Deltaproteobacteria and Bacteroidetes were marginally decreased in the AS of L reactor.
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5.3.3. Comparison of AS microbial communities among H1, H2 and L reactors
Changes in the top 30 OTUs detected in AS samples of all reactors are shown in Table 5.2. Four
OTUs (Nos. 15, 16, 25 and 26) gradually decreased during starvation operations in the fouled L
reactor. The remaining OTUs were present at low abundance in the AS of L reactor compared to
those in H1 and H2 reactors. Although the microbial community structure of the AS in L reactor
was stable, the communities in AS of HI and H2 reactors changed drastically during the starvation
operation (Fig. 5.7a). The change in abundance of the top 30 OTUs in AS of H1 and H2 reactors
was divided into three groups (population I, II, and III) based on the changes in directions:
population I had a relative abundance, which constantly decreased during starvation condition;
population III had a relative abundance, which constantly increased during the condition; and
population II had a stable the relative abundance, as compared to populations I and III (Figs. 5.8
and 5.9).

Population I drastically decreased during starvation conditions in which 11 OTUs (Nos. 3,

8, 15, 16, 19, 21, 23, 24, 25, 26, and 28) and 12 OTUs (Nos. 3, 8, 10, 11, 15, 16, 19, 21, 23, 24,
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26, and 28) in H1 and H2 reactors, respectively. The total percentage of population I decreased
from 30.4% (day 8) to 1.3% (day 36) in H1 reactor and from 17.9% (day 8) to 0.6% (day 30) in
H2 reactor. 77% of total OTUs, which belonged to population I, shared between H1 and H2
reactors (Fig. 5.10a).

Population II increased after starting the starvation condition and then decreased or
remained relatively stable during prolonged starvation operation (Figs. 5.8 and 5.9). Seven OTUs
(Nos. 1,2, 6, 11, 14, 17, and 20) and 10 OTUs (Nos. 1, 4, 5, 6, 7, 17, 18, 20, 22, and 29) were
included in population II in H1 and H2 reactors, respectively. The total percentage of population
II increased from 1.5% (day 8) to 34.9% (day 22) and then dropped to 17.5% (day 36) in H1
reactor. In H2 reactor, the percentage increased from 23.7% (day 8) to 53.1% (day 22) and then
dropped to 29.6% (day 30).

Population III continuously increased even in prolonged starvation operation, and 12 OTUs
(Nos. 4,5,7,9, 10, 12, 13, 18, 2, 27, 29, and 30) and 7 OTUs (Nos. 2, 9, 12, 14, 20, 27, and 30)
were detected in H1 and H2 reactors, respectively. The total percentage of population III increased
from 1.5% (day 8) to 7.1% (day 14) in H1 reactor and from 2.2% (day 8) to 9.9% (day 15) in H2
reactor, respectively. The increasing trend showed a remarkable effect from day 22 in both
reactors.

Table 5.3 shows alpha diversity indices of 3600 reads extracted from all DNA sequences
of each AS sample. The Shannon index value decreased from day 8 to day 22, respectively, by
15% and 24% on average for AS in H1 and H2 reactors. The Chaol index values also decreased
by 30% and 47% on average for Hl and H2 reactors, respectively, from day 8 to day 22. All
indices decreased over time in both reactors. However, H1 reactor had the higher microbial
diversity (Table 5.3). On the other hand, the diversity indices in L reactor increased slightly with

the operational term.
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5.4. Discussion

5.4.1. Reactor performances in terms of fouling development and mitigation

An extremely low OLR starvation condition rapidly induced membrane fouling over a short
period (two weeks) in our previous study (Takimoto et al., 2018) even under standard flux
operations (11.8 LMH). In the present study, increasing TN and TP concentrations of effluent and
decreasing MLSS concentrations of all MBRs suggested that starvation conditions induced fast
and severe membrane fouling through the development of cell-lyse-derived SMPs (BAP).
Previous studies have shown that when an influent COD was limited, the sludge microorganisms
might release more SMPs under starvation conditions (Shen et al., 2012). In the present study,
cell decay substances have been released from microbial cell walls affected by extremely low
food to microorganism ratio conditions, resulting in fast and severe membrane fouling
development. The rapid increase in TP and decrease of MLSS concentration in H2 reactor

suggests severe microbial lysis, releasing more BAP.
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The DOC concentration in the AS supernatant increased in all reactors (Fig. 5.4),
suggesting a release of endogenous organic substances from microbial cell bodies under
starvation conditions, as mentioned above. While the DOC concentration of effluent was stable
for fouled H2 and L reactors, the DOC concentration of the fouling-mitigated H1 reactor followed
that of the AS supernatant (Fig. 5.4a). The DO and DOC transitions suggested that an extremely
low food to microorganism ratio decreased the microbial activities; thus, endogenous substances,
which could be released by cell lysis, were not degraded and then accumulated in fouled H2 and
L reactors. In contrast, the fouling-mitigated H1 reactor maintained some aerobic microbial
activity and degraded the large molecules of endogenous substances into smaller molecules that
could pass through the membrane pore. The difference in DOC concentration between the AS
supernatant and permeate effluent suggested that size exclusion was a major fouling mechanism.
Besides, a larger molecule (>100 kDa) was retained in an aerobic tank in earlier reports (Zhao et
al., 2010; Shen et al., 2012). Teng et al. (2020) also suggested that large molecules (>100 kDa)
has potential for making cross-linking structure and gelation on the membrane surface. Under
lower OLR (approximately 0.06 g-COD-g-MLSS™'-day™"), although the SMP concentrations
were lower than high OLR condition (approximately 0.13 g-COD-g-MLSS™"-day ™), protein-like
and large sized substances were more abundant (Magbool et al., 2017). The results suggested that
the endogenous substances were relatively large molecules (i.e. biopolymer) as BAP and had
higher membrane retention. Thus, the larger molecules might be main components of BAP and
cause membrane fouling development. In addition, the present study showed that the behavior of
DOC and DO was significant in predicting fouling development. In other words, fouling
development could be predicted by monitoring the difference between the DOC concentrations
in AS supernatant and permeate effluent (ADOC), which was negatively correlated with
permeability in fouled H2 and L reactors (Fig. 5.11). Even in H1 reactor, increase of ADOC
concentration on day 47 might affect TMP rise from the day. Under the same starvation conditions
to induce membrane fouling development in all MBRs, only H1 reactor mitigated fouling
development. Thus, we presumed that microbial community structures might be different in each
reactor and the fouling-mitigated H1 reactor holds specific bacterial communities, which was
supposed to degrade a DOC component. And thus, we have compered the microbial community

structures as discussed below section 5.4.3. in depth.
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b) fouled H2, and c) fouled L reactors during membrane fouling development under starvation
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5.4.2. Microbial community of AS and biofilm in fouled H2 and L reactors

PCA analysis has shown the changes in AS and biofilm microbial communities based on OTUs
(Fig. 5.7). Microbial community structures of the AS and biofilm in L reactor were almost stable
during starvation operation; however, substantial changes were observed in the AS communities
of H2 reactor (Fig. 5.7a). There was a significant difference between the AS and biofilm microbial
community structure in H2 reactor, whereas no significant difference was observed for L reactor
(Fig. 5.6 and Fig. 5.7b and c). Both biofilms were composed of uncultured phyla of TM6, OD1
and Chlamydiae bacteria. These results suggested that temperature conditions with seasons did
not affect the biofilm development and microbial communities of biofilm. Since the accumulated
DOC might create the same environment on the membrane surface, similar microbial
communities were developed in H2 and L reactors. Several previous studies have reported that
uncultured TM6 and OD1 bacteria were predominant in membrane attached samples and that

Chlamydiae was found to be twice the relative abundance at an early stage of biofilm formation
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than in AS (Takimoto et al., 2018; Neoh et al., 2016; Rehman et al., 2020). In this study, these
phyla probably played an important role in biofilm development.

Under low temperature conditions in L reactor, AS microbial communities did not change
substantially; however, MLSS decreased, suggesting that almost all AS bacteria were influenced
and lysed by starvation conditions. Moreover, the accumulated DOC in AS was not degraded as
the microbial community could not adapt to a prolonged starvation environment due to low
temperature. As a result, a lower activity of the AS microbial community does not cause any shift

of microbial diversity indices in the L reactor (Table 5.3).

5.4.3. Comparison of AS microbial community between fouling-mitigated H1 and fouled H2
reactors

The populations of Gammaproteobacteria, Firmicutes, Acidobacteria, and Armatimonadetes
increased under starvation conditions, and these trends were comparable between H1 and H2
reactors; however, the output of the reactor differed considerably in terms of the fouling
development. The difference between the AS microbial communities of H1 and H2 reactors was
primarily reflected by the phylum Chloroflexi. The population of Chloroflexi increased from day
8 (2.4% in #1, 2.8% in #2) to day 22 (4.9% in #1, 7.1% in #2) and then decreased to day 36 (1.2%
in#1, 2.0% in #2) in the AS of H1 reactor, whereas in H2 reactor, the population (day 8; 1.9% in
#1, 1.0% in #2) was stably low during starvation operation. Chlorofexi are frequently detected in
AS of MBR and are considered to contribute to the degradation of SMPs and cell material (Miura
et al., 2007; Watanabe et al., 2017).

The decrease in abundance of the population I have suggested that bacteria have been lysed
or negatively influenced by starvation conditions. As a result, these bacteria might be the source
of SMPs that led to fouling development in both H1 and H2 reactors. Furthermore, some BAP
components derived from cell lysis might be used as carbon sources for ordinary heterotrophic
bacteria in populations II and III.

The increase in abundance of population III has suggested that bacteria have been well
adapted for prolonged starvation conditions and could utilize the BAPs. OTUs belonging to
family Chitinophagaceae (OTUs Nos. 5, 7, 13, and 22) were dominant and unique OTUs of
population III found in H1 reactor (Fig. 5.10c). The Chitinophagaceae were reported as quorum

sensing bacteria (Hong et al., 2019) and might play a role in membrane fouling (Xiong et al.,
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2015). However, they also had the potential for chitin hydrolysis (Ké&mpfer et al., 2011). Moreover,
researchers have shown that the Chitinophagaceae family acted as a hydrolyzer of SMP, BAP,
and EPS (Szab6 et al., 2017); thus, the family might be able to degrade BAPs derived from a
microorganism (not only bacteria but also fungi) in H1 reactor. Conversely, Xanthomonadaceae
(OTU No. 2) was detected as a unique and dominant OTU in population III of H2 reactor. The
Xanthomonadaceae family, which were frequently detected in MBRs, was reported as quorum
sensing bacteria, which is related to fouling development (Ishizaki et al., 2016; Hong et al., 2019).
Moreover, Xanthomonadaceae has been identified as an EPS producer and can produce xanthan,
which is a sticky polysaccharide polymer, and has resistance of cellulose backbone for hydrolysis
with high membrane fouling potential (Szabo¢ et al., 2017; Nataraj et al., 2008). As a consequence,
these bacteria may be related to the membrane fouling development in H2 reactor.

Rhodanobacteraceae (OTU No. 1) was dominant in population II. Rudaea sp., which
belongs to Rhodanobacteraceae, was implicated in the degradation of aromatic compounds for
producing EPS (Qu et al., 2015). Xanthomonadaceae (OTU No. 6) has been observed at a higher
proportion in H2 than in H1 reactor (Table 5.2). In contrast, phylum Chloroflexi (Candidatus
Promineofilum: OTU No. 17) was found at higher proportions in the AS of H1 reactor than in H2
reactor. While this OTU was predominant in the biofilm and Chloroflexi was previously reported
as a filamentous bacteria causing bulking (Ziegler et al., 2016; Nierychlo et al., 2019), it has also
reported as capable of degrading complex polymers in anaerobic environments (Speirs et al.,
2019). Thus, OTU members may have led to the mitigation of fouling in H1 reactor. These
findings suggested that Xanthomonadaceae triggered the fouling development in H2 reactor.
Besides, a low abundance of Xanthomonadaceae, enrichment of Chitinophagaceae and
Candidatus Promineofilum contributed to fouling mitigation in H1 reactor.

Diversity decreased with decrease in MLSS with both H1 and H2 reactors, but the trend
was more significant in H2, with a higher diversity of H1 reactor (Fig. 5.3 and Table 5.3). In
contrast, the diversity of population in H1 reactor facilitated adaptation to starvation conditions
and resulted in higher numbers of OTUs in population III than H2 reactor (Fig. 5.10c), leading
fouling mitigation. Zhang et al. (2017) reported that microbial diversity and SMP degrading
bacteria were increased by adding bamboo charcoal to MBR, contributing to fouling mitigation.
Under the long SRT of MBR, microbial communities can become more complex and these

conditions are conducive to the consumption of macro-molecules and low production of
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biopolymer (Duan et al., 2009). Conversely, a decrease in microbial diversity resulted in reducing
the number of usable carbon sources (Yang et al., 2011). Thus, in the present study, the
consumption of DOC, mainly BAPs, by heterotrophic bacteria might have been facilitated by
high diversity in H1 reactor. Higher diversity in the AS microbial community led to an increase
in critical bacteria at low abundance at an early stage of fouling, playing a key role in the
degradation of complex foulants and mitigated membrane fouling. The present study has shown
that suitable conditions with higher microbial diversity and development of heterotrophic
organisms are tolerant of prolonged starvation environment, and could increase important bacteria
(Chitinophagaceae, Candidatus Promineofilum) and could mitigate membrane fouling

development.
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Table 5.2 Comparison of the AS microbial communities at the OTUs level in each reactor under starvation conditions.

Reactor Name
Sampling day

Sample Name

8 day 22 day 36 day

8 day 22 day 30 day

5 day 15 day 23 day

AS-d8-1 AS-d8-2 AS-d22-1 AS-d22-2 AS-d36-1 AS-d36-2|

AS-d8-1 AS-d8-2 AS-d22-1 AS-d22-2 AS-d30-1 AS-d30-2f

AS-d5-1 AS-d5-2 AS-d15-1 AS-d15-2 AS-d23-1 AS-d23-2f

— © 0 0 N N U A LN

12
13

15
16
17
18
19
2
21
2
2
2
2
2
2
2
2
3

=]

© o 9 S L R W N

=

No |

OTU ID
denovo6135
denovo12388
denovo10402
denovo10937
denovo3949
denovo5665
denovo9505
denovo10408
denovo5928
denovo6098
denovo12303
denovo7558
denovo9308
denovo7284
denovol3714
denovo8436
denovo5300
denovoll135
denovo8738
denovo9398
denovo5637
denovo13594
denovo13209
denovo6136
denovo5301
denovo5270
denovo3269
denovol105
denovo6810
denovo200

Phylum (Class)
(Gammaproteobacteria)
(Gammaproteobacteria)
Bacteroidetes
Bacteroidetes
Bacteroidetes
(Gammaproteobacteria)
Bacteroidetes
Bacteroidetes
Armatimonadetes
(Gammaproteobacteria)
Actinobacteria
Firmicutes
Bacteroidetes
(Alphaproteobacteria)
Bacteroidetes
Bacteroidetes
Chloroflexi
(Gammaproteobacteria)
(Betaproteobacteria)
Acidobacteria
Bacteroidetes
Bacteroidetes
(Betaproteobacteria)
Nitrospirae
(Deltaproteobacteria)
(Betaproteobacteria)
Actinobacteria
Bacteroidetes

T™M6

Bacteroidetes

Family Genera
Rhodanobacteraceae Rudaea
Xanth d Chujaibacter
Lewinellaceae Lewinella
Prolixibacteraceae Sunxiugqinia
Chitinoph Taibaiell
Xanth d Ther
Chitinophagaceae Ferruginibacter
Lewinellaceae Lewinella
Fimbrii d Fimbrii s
Yersiniaceae Rouxiella
lamiaceae Unclassified
Alicyclobacillaceae Tumebacillus
Chitinophagaceae Lacibacter
Micropepsaceae Micropepsis
Cytophagaceae Ohtaekwangia
Lewinellaceae Lewinella
Ardentic aceae Candid Pr
Alcanivoracaceae Alcanivorax
Zoogloeaceae Thauera
Holophagaceae Geothrix
Hali: teraceae  Phaeodactylibacter

Chitinophagaceae
Sterolibacteriaceae
Nitrospiraceae
Kofleriaceae
Azonexaceae
lamiaceae
Chitinophagaceae
Unclassified

Chitinophagaceae

Edaphobaculum
Georgfuchsia
Nitrospira
Kofleria
Azonexus

lamia
Terrimonas
Unclassified

Cnuella
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10%
9%
8%
7%
6%
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Table 5.3 Microbial diversity indices in the activated sludge (AS) and biofilm (BF) of all reactors
during starvation conditions

Reactor | Sample Name | Sampling day Sh PD whole tree Chaol Ace Species OTUs Goods coverage
AS-d8-1 8 7.64 £0.05 | 164.0 +£5.0 2117 £ 110 | 2230 + 111 862 + 20 862 + 20 0.85 + 0.01
AS-d8-2 8 7.51 £0.06 | 148.5+52 1772 £ 123 | 1932 + 103 827+ 16 827 + 16 0.86 = 0.00
AS-d22-1 22 6.53 £0.03 | 134.5+10.4 | 1535+ 153 | 1660 + 118 632+ 11 632+ 11 0.89 = 0.00
AS-d22-2 22 6.30 £0.02 | 1245435 1197 £ 96 1309 + 88 577+ 10 577 £ 10 0.91 + 0.00
AS-d36-1 36 6.47 £0.04 | 1232 +43 1350 + 149 | 1433 + 85 567 + 10 567 = 10 0.90 = 0.00
AS-d36-2 36 6.09+0.03 | 97.6+55 1284 £ 171 | 1302 + 80 504 + 10 504 + 10 0.91 + 0.00
AS-d8-1 8 6.99+£0.03 | 73.3+0.8 782 £ 27 809 + 21 552+ 6 552+ 6 0.94 + 0.00
AS-d8-2 8 6.42+0.04 | 70.8+1.6 738 £ 28 804 + 24 487+ 7 487 + 7 0.94 £ 0.00
AS-d22-1 22 499+0.02| 41.8+1.0 427 + 17 426 + 10 273+ 3 273+ 3 0.97 = 0.00
m AS-d22-2 22 523+0.02| 480+3.5 377+ 13 389+ 14 268 + 4 268 £ 4 0.97 = 0.00
AS-d30-1 30 527+0.03| 53.3+32 399 + 28 448 + 27 261 £ 5 261+ 5 0.97 = 0.00
AS-d30-2 30 5.09+0.01 | 57.6+3.0 404 + 14 412 +£ 12 273 £ 2 273+ 2 0.97 + 0.00
BF-d30-1 30 5.63+£0.02 | 429=+1.1 367 £ 15 383 £ 15 272+ 1 272+ 1 0.97 = 0.00
BF-d30-2 30 491£0.02| 43.5+£2.0 301 + 21 313+ 15 209 £ 4 209 £ 4 0.98 = 0.00
AS-d5-1 5 8.06 £0.04 | 180.1 £8.5 1654 £ 114 | 1730 + 86 821+ 15 821+ 15 0.87 = 0.00
AS-d5-2 5 8.01 £0.02 | 147.6 +5.4 1646 + 114 | 1668 + 86 804 + 13 804 + 13 0.87 £ 0.00
AS-d15-1 15 8.37 +0.03 | 1652 £4.9 1724 + 75 1781 + 74 873 £ 16 873 £ 16 0.87 = 0.00
L AS-d15-2 15 8.42 +0.04 | 199.1 £5.0 1696 + 68 1843 + 59 883 + 18 883 + 18 0.86 = 0.00
AS-d23-1 23 8.55+0.03 | 177.9 £5.9 1663 £ 107 | 1748 + 113 889 + 15 889+ 15 0.87 = 0.01
AS-d23-2 23 8.50 £0.04 | 198.6 £9.2 1832 £ 145 | 1921 £ 119 910 + 19 910 + 19 0.86 + 0.01
BF-d23-1 23 8.02 +£0.04 | 163.1 £8.3 1691 + 121 1771 £ 97 813 £ 18 813 £ 18 0.87 = 0.01
BF-d23-2 23 7.77 £0.02 | 144.0 +5.2 1556 + 83 1656 + 69 800 + 11 800 + 11 0.88 = 0.00
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5.5. Summary of chapter 5

Laboratory-scale A/O-MBRs treating actual municipal sewage at different seasons have been
operated under the same starvation conditions to induce membrane fouling development.
Interestingly, one of the MBRs has been stably operated, even under prolonged starvation
conditions, without fouling development. Hence, we hypothesized that specific bacteria would
degrade BAPs released from endogenous respiration, which was supposed to lead to membrane
fouling mitigation in the fouling-mitigated reactor. In the fouled reactor, specific bacteria would
increase abundance, contributing to SMP production and fouling development. Moreover, the
certain fouling-mitigating bacteria were low abundant in fouled reactor. In this study, higher
microbial diversity indices and a number of unique bacteria have been identified in the fouling-
mitigated MBR. ADOC, which is the difference in DOC concentrations between AS supernatant
and permeate effluent, was negatively correlated with permeability and could be used as a fouling
development parameter. On the other hand, biofilms in the fouled MBRs have formed different
microbial communities from the AS communities. TM6, OD1, and Chlamydiae were detected as
a predominant phylum in the biofilm and might have important roles in biofilm formation.
Chitinophagaceae and Candidatus Promineofilum increased in abundance in the fouling-
mitigated MBR, suggesting that they played an essential role in fouling mitigation associated with
BAP degradation. Xanthomonadaceae were detected as the dominant family in the fouled reactor
and might be related to the membrane fouling development. The microbial community of the
fouling-mitigated reactor has shown a high diversity; thus, maintaining and improving microbial
diversity may be a significant parameter for fouling control. While microbial diversity was stable
with a high level, at a lower temperature, lower microbial activities might be related to BAP

accumulation.
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6.1. Summary of this thesis

This thesis focused on membrane biofouling developed by microbes and biofilm forming bacteria
in A/O-MBR. Full-scale plant is practiced under lower F/M conditions influenced by stopping
influent or rain event. Thus, this thesis also focused on the influence of low OLR conditions on
membrane fouling, and A/O-MBR was operated under prolonged extremely low OLR conditions.
The experimental outcomes and conclusions in each chapter are as follows;

In chapter 3, A/O-MBR was operated under extremely low organic loading rate condition
(Ry reactor; OLR: 0.002 kg-COD-m>-day "), and membrane fouling and biofilm were drastically
developed compared to the A/O-MBR under normal conditions (Rx reactor; OLR: 0.42 kg-
COD-m™>-day™). This phenomenon was explained that the microbes were lysed by affecting
starvation environment and the lysed microbes released significant substances such as SMP on
membrane fouling development. The microbial community analysis based on 16S rRNA genes
sequencing revealed that composition between the bulk sludge and biofilm was considerably
different, and characteristic bacteria found in BF were thought to important for biofilm formation
on the membrane surface in A/O-MBR. Candidate TM6 showed specific presence on the fouled
membrane surface as a biofilm in the Ry reactor. On the other hand, Candidate OD1 was the
predominant phylum in the fouled membrane surface of the Rx reactor. In this chapter, these
uncultured bacteria was decided as biofilm-forming bacteria.

Since two A/O-MBRs operated under extremely low OLR condition could induce severe
membrane fouling and biofilm formation, chapter 4 focused on initiation and progression of
membrane fouling by microbes to monitor fouled membrane surface by non-destructive
observation and microbial community analysis. In the initial fouling stage, dead cell or red-stained
nucleic acid were attached on the membrane surface with no living bacteria and the dead cell
might play conditioning film which enhance to microbial adherence to the membrane. In the
middle fouling stage, live cells formed microcolonies on the dead cells and these colony resulted
in decreased permeability. 16S rRNA genes analysis showed that the specific bacteria formed
biofilm on the membrane. In addition, unclassified Neisseriaceae was detected largely in middle-
stage biofilm. The results indicated that specific pioneer bacteria might play a role in forming
microcolonies and then triggering further biofilm development.

In chapter 5, three A/O-MBRs were operated under the low OLR condition in different

seasons. Interestingly, an A/O-MBR at higher temperature mitigated membrane fouling although
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low OLR condition induced membrane fouling at lower temperature as shown in chapter 3 and 4.
Thus, we hypothesized that cell decayed substances (so called BAP) derived from microbial cell
lysis were utilized by specific bacteria which could adapt the starvation condition in the fouling-
mitigated MBR. Comparing the reactor performances between fouled and fouling-mitigated MBR
at higher temperature, dissolved organic carbon (DOC) played an important role on membrane
fouling. In the fouled MBR, DOC was accumulated in the MBR suggesting that endogenously
developed DOC was higher molecular weight and bacteria in the fouled MBR could not utilize
the DOC component. Conversely, in the fouling-mitigated MBR, the DOC behavior in the
activated sludge was similar to the effluent sample. This result suggested that the DOC was
degraded into lower molecules which could easily pass through the membrane pores. Based on
the microbial community analysis in depth, Chitinophagaceae and Candidatus Promineofilum
increased in abundance in the fouling-mitigated MBR, suggesting that they played an essential
role in fouling mitigation associated with BAP degradation. Conversely, Xanthomonadaceae
were detected as the dominant family in the fouled reactor and might be related to the membrane
fouling development. The microbial community of the fouling-mitigated reactor has shown a high
diversity; thus, maintaining and improving microbial diversity may be an important parameter for
fouling control. While microbial diversity was stable with a high level, at a lower temperature,
microbial activities might be related to BAP degradation. This chapter indicated that ADOC
which is DOC concentration between activated sludge and permeate effluent could be used ad
indicator positively correlating for permeability.

This thesis revealed impact of low OLR condition on membrane fouling and biofilm
forming bacteria in A/O-MBR treating actual municipal sewage. The practical low OLR
operational conditions indicated that biofilm forming bacteria formed live-cell microcolony on
the dead-cell conditioning film and was specifically grown on the membrane. In addition, these
bacteria were seemed to be CPR bacteria or related to pathogenic bacteria. Furthermore, SMP
especially BAP derived from cell lysis showed significant role on membrane fouling development
and DOC could be use as important indicator for expecting fouling development (Fig. 6.1).
Finally, higher microbial diversity enhanced degradation of BAP into lower molecules less than
membrane pore. In conclusion, BAP has primary role on initial membrane fouling and CPR and

biofilm forming bacteria attached on the conditioning film formed by BAP (Fig. 6.2). In the final
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fouling stage, biofilm consisted by BAP, these bacteria, and EPS contributed to generate cake

layer.
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Fig. 6.1 Estimated mechanisms of BAP degradation and accumulation in activated sludge of A/O-

MBR under low organic loading rate conditions.

CPR,
® BAP . Biofilm-forming 6 Heterotrophs EPS
bacteria

Membrane pore

(0.2 um)

| | | |

I I ‘ 1 ‘ * !

I I I I

1 1 | 1

1 1 | 1

| | | |

Permeate | Initial stage | Middle stage I Final stage !
flux I (Atte_ach_ment of BAP I| (Attachment of_ CPRon BAP [I | (Attachment of sludge | |

| on orinside membrane) | I| and production of EPS) I | floc on middle biofilm) | |

Fig. 6.2 Hypothetical role of BAP and uncultured bacteria (candidate phylum radiation: CPR) on
biofilm formation and estimated membrane fouling mechanism in A/O-MBR under low organic

loading rate condition.
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6.2. Future outlook
In chapter 3 and 4, uncultured or pathogenic bacteria (OD1, TM6, Neisseriaceae) were identified
as biofilm-forming bacteria based on 16S rRNA gene sequencing for analyzing biofilm developed
on the membrane surface under low OLR conditions. Fig. 6.3 shows the distribution of the
biofilm-forming bacteria under various organic loading rate conditions. The biofilm-forming
bacteria were enrichment on the biofilm or bio-cake on the membrane surface compared to bulk
sludge community. Many studies operated under lower or standard conditions (0.02-0.06 g-
COD-g-MLSS™"-day ™). Under the condition including this thesis, CPR and uncultured bacteria
have increased the relative abundance in biofilm from activated sludge community. Moreover,
anaerobic bacteria were frequently detected on the membrane surface. Thus, the biofilm might
crate partial anaerobic or anoxic zone inside the pores of membrane and these biofilm-forming
bacteria could penetrate into the membrane. However, since each bacteria has not been isolated
as pure culture, physiological ecology of these bacteria on the membrane or aquatic environment
are still unknown. Thus, biofilm formation mechanism in depth might be explained through pure
culture for these biofilm-forming bacteria. In addition, the relationship between bacteria, bacteria
and protozoa or metazoan might be important to understand biofilm formation. To control these
biofilm-forming bacteria and protozoa or metazoan could lead to fouling mitigation strategy.
The study in chapter 5 showed that DOC accumulated in activated sludge of MBR was
mainly consisted from BAP, and induced membrane fouling development in low OLR MBRs.
The distribution of molecular size in BAP should be analyzed to reveal main component affecting
membrane fouling development. On the other hand, diversity and activity of microbial
community in activated sludge of MBR for degrading non-degradable substances (i.e. BAP) was
important to mitigate membrane fouling. Optimal operational parameters of MBR should be
investigated to maintain microbial diversity based on this study. Finally, combination of

controlling non-degradable substance content and biofilm-forming bacteria will contribute to

establish continuous operation of MBR with no fouling development in the future.
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Fig. 6.3 Relative abundance of biofilm-forming bacteria detected on membrane surface based on
16S rRNA gene sequencing under various organic loading rate conditions shown in Table 2.1.
Red and blue letters indicate the biofilm-forming bacteria determined in this study under low
OLR and standard conditions, respectively. Red, green, and blue circles indicate uncultured

bacteria, Chlamydiae/Firmicutes/Chloroflexi, and Proteobacteria, respectively.
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