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ABSTRACT

PILOT-SCALEINTEGRATEDFIXED FILM ACTIVATED SLUDGESYSTEMSFOR
WASTEWATERBIOLOGICAL NUTRIENT REMOVAL

by
Kingsley Nze

The Unversity of Alberta, Winter 2018

Under the supervision of Dr. Yang Liu
In this study the performance divo identical pilotscalebiological nutrient removal activatel
sludge(BNR-AS) reactorsvereassesseds their influent flowate was increased fro30L/min
through 45L/min and up to 60L/minThe bacteria community structure for nitrifiers and
denitrifiersas well aghe protein to polysaccharide ratio (PN/PS) of the extracellular polymeric
substances (EP8) both reactorsveremonitored during eactiow rate The experimental results
showed thatboth reactors maintained excelleclhemical oxygen demandCQD) removal
however, the removal agimmonia and phosphorous deteriorated at some point during 40L/min
influent flow rate and beyond. Furthermobacteria community analysis showed that Nitrobacter
was the more dominant of the two nitrdgidizing bacteria (NOB) communities that were
investigated. The EPS analysis demonstrated that the PN/PS of sludge EPS significantly decreased
as thesolids retetion time(SRT) decreased from 9.3 days to 2.2 days. Furthermore, PN/PS content
had the tendency to temporarily increase in response to an increase liatfdeforalecreasing
back to asteadyvalue.This study &o comparedhe performance ad BNR-AS reactorsideby-
side with abiological nutrient removal- integrated fixedfilm activated sludggBNR-IFAS)

reactor The experimental ressltshowed thatthe proliferation of red wormsdentified as



Aeolosoma hemprichin the BNRIFAS reactorled to the ginificant deterioration in the BNR
IFAS reactor performancespecially in ammonia removaalthough COD and phosphorous
removal seemed to be unaffected by the red wa@hthe different strategies appliedaiiminate
thered worns, the most effective washutting off the dissolved oxygémthe aerobic zonfr 48
hours in addition tocutting off influent feed supply, stopping nitrified liquor recycling and

maintaining low mixed liquor suspended solids (MLSS) concentration.
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CHAPTER 1. INTRODUCTION

1.1Importance of Municipal Wastewater Treatment

The discharge of improperly treated wastewater espiimary cause of quality deterioration
ecosystems such aivers lakes and oceang$Chan et al. 2009)Ihe impact loadof discharged
wastewaters on these ecosystemdgerms ofchemical oxygen demand (COD)biochemical
oxygendemand (BOD andtotal suspendedolids (TSS) is estimated to be in the tehthousands
mg/L (Chan et al. 2009Municipal wasteater is particularly rich iphosphorougP) andnitrogen

(N); thesetwo elements are primarily linked &utrophicationn rivers and lake¢Oldham and
Rabinowitz 2001) The discharge ohitrogen and phosphorous fosters the growth of algae and
aguatic plarg, thereby depleting the oxygen content of these reagiwvetter bodies anendering
them inhabitable to fish anthdesirable fodomestic or recreationake(Oldham and Rabinowitz
2001) In order to protect water resources, the regulations controlling the discharge limits of N and
P into receiving water bodies are becoming stri¢teinstance in the province 8iberta, Canada,

in 2015the main municipal wastewex treatment company, EPCOR, vliasnced to operateith

a discharge limit of 5.0mg/L for Ng=N during the summer months, 10mg/L for NN during the
winter months and 1.0 mg/L total Phosphorous all yeand¢Thomas et al. 2015)Given the
increasinglystringent regulations, moseécondary treatnm plants in the world hawvecentlybeen
converted to biological nutrient remov@NR) facilities;, iBNRO referring to the removal of

nitrogen and phosphorous using a biologmaktchanisn{Metcalf & Eddy et al. @14)



1.2 Overview of biological nutrient removal - activated sludge systen{BNR-AS)

Although It is possible to remove phosphorous and nitrogen fnmicipal wastewater using
physicaland chemical processeke use obiological processes for nutrient rewval is preferred
because thegenerate less waste sludge which can easily be conartedsedor agricultural

land applicatios (Oldham and Rabinowitz 2001, Metcalf & Eddy et al. 2Q%d)ythermore,
biological processes are less expensive compared to chemical pro(Basesrd 1974,
Vaiopoulou et al. 2007, Kim et al. 2008hich makes them attractive to treatment compamies
activated sludge(AS) process is a biological procesghich employs a large mass of
microorganisms to convert organic matter and nutrients in wastewater to gasses and cell tissue
(Metcalf & Eddy et al. 2014)These microorganisms are usualyspended in aerobicqmess

treatment tankasing aeration or mixingMetcalf & Eddy et al. 2014)

Historically, the use of activated sludge processes dates as far thekeaslyl900s (Metcalf &

Eddy et al. 2014)However,the development obiological nutrientremoval(BNR) through the
activated sludge procefBNR-AS) to a level ofcontrollable and predictablemoval efficiency
gained significant advancement in th87 0 dnsSouth Afica (Barnard 1974, Oldham and
Rabinowitz 2001)To target nitrogen removal, a key modification to the known processes at the
time was thentroduction of a preanoxic zone ugtream of the aerobic zotheidzack and Ettinger
1962) Theunaerated but mixed pemnoxic zone receivetitrified liquor which was recycledfrom

the aerobic zon@nd mixed with theBOD - rich influentto enhance denitrification. In the
subsequenyears,different process configurationgrgetng nitrogen removal were develoged
including themodified Ludzak Einger (MLE) and the Brdenpho proess amongst otherd.o

achieveenhancediological phosphorous removgdEBPR) Barnard showed the necessity of



having an anaerobic contact zone between the aeration zone and the \wdlstemtate(Barnard
1974) This led to the development of bioreactor configurations such as-dtege batenpho
processwith the capabity to distinctly handle biological phosphorous and nitrogen removal
(Barnard 1974, 1976, Oldham and Rabinowitz 200¢pically, in the BNRAS systemsludge is
either transferred fron the anoxic oraerobic zonehrough a membrane as the case of a
membrane bioreactor (MBRalternatively and more commonly, sludge is transferred from either
the anoxic or aerobic zonto a secondary clarifier wheffeoc particles of 53 200 mm in size
form and settle out by gravity, and are eithesi®d or recycled to the anoxic zoneragirn

activatedsludge (RAS)(Metcalf & Eddy et al. 2014)

Nitrification , being the key mechanism of nitrogen (N) removal in a BNR process, engages the
two-step oxidatiorof ammonium (NH-N); first to nitrite (NQ-N) and then from nitrite to nitrate
(NOs-N) by aerobic chemoautotrophs termed ammamidizing bacteria (AOB) and nitrite
oxidizing bacteria (NOB) respective(Metcalf & Eddy et al. 2014)Nitrate and nitrite are then
reduced to nitrogen through biological denitrification which is carried out by a group of bacteria
collectively termed denitrifiers (DENMetcalf & Eddy et al. 2014, Lu et al. 201Zhetwo-step
oxidation process that brings abdhe conversion of ammamito nitrite (nitritation) and the

conversion of nitrite to nitrateitrification is depicted in equations 1 and 2 respectively;

¢c0' O o0 ©¢c0bU TO (qO00 (Equation 1)
cO 0 0 ©¢g0 0 (Equation 2)
and the complete oxidation reactithrat brings about nitrification is depictadthe equatiod

00O ¢0 00 O 00 (Equation 3)



Enhanced biological phosphorous removal (EBPR) employs phosphorous accumulating
organisms (PAOs) to take up and store readily biodegradable COD (rb@@B) anaerobic
conditions as poWp-hydroxyalkanoate (PHAs). PHA can then be used as an energy source to
incorporate soluble orthophosphate-PQu) into the PAO bacteria cell either undeerobic
conditions or underanoxic conditions for denitrifying PAS{Metcalf & Eddy et al. 2014, Xu et

al. 2014)

1.30verview of BNR with Integrated Fixed-Film Activated Sludge (BNR-IFAS)

Another variant of the BNR processtie Integrated Fixefllm Activated Sludge (IFAS), which
is characterized as a hybrid proc@detcalf & Eddy et al. 2014)The BNRIFAS builds upon the
advantages of the BNRS process by incorporating mediateréal into the suspended biomass

growth in a BNRAS reactorthis mediaprovides additional surface for biomass growth.

The IFAS media material can either be suspended in the activated ahdigpe moved around

due to airspargng as in the case of thraobile media used for Moving Bed Bioreactors (MBBR

(Fig. 1. A & B), or the medianaterialcould be Fixed in the aeration tank (fixewdia)(Fig. 1. C

& D). A key feature of the BNRFAS over the BNRAS is that the provision of attached growth
surface reults in a total equivalent mixed liquor suspended solids (MLSS) concentration that may
be 1.5 to 2.0 times the AS MLSS concentration aldhetcalf & Eddy et al. 2014)This in turn
provides a longer solids retioon time (SRT) for the slow growing nitrifie(&im et al. 2011h)

Earlier studies showed that an IFAS system retrofitted into an activated sludge was successfully

used to enhance nitrification and denitrification at a shorter hydraulic retention time (HRT) of 6

4



hours and at a lower temperature, while saving millions of ddhamns the projected construction
cost of building additional reactor tank&hich could have occurred if there was no IFAS

retrofitting (Randall and Sen 1996)

From 1996 until now, significarddvancemesthave been made on the biofilm attachment media
for IFAS. However, these improvements have not been without setb@cksof the earlier
challenges was the proliferation of red womwbhserved with the use dpet y p engldcedR | FA S
media(Jones et al.998) (Fig. 1. D) Other occasions of uncontrollable worm blooms with IFAS
have been recordé®nnisHayden et al. 2007Yhese red worms have been reported to negatively
impact consistent nitrification performee(Sriwiriyarat and Randall 2005b, Ye et al. 2008)is

in turn has encouraged the use of media material made with pobgmghy?oly Vinyl Chloride

(PVC) and more especially struotd sheet media (SSM) (Figcl) (Li et al. 2015)



A. 1-5mm in diameter range B. AnoxKaldnes mobile plastic media carrie

(AnoxKaldnes&" mobile bofilm (courtesy of Veolia)
carriers provided courtesf Veolia, http://www.veoliawatertechnologies.co.u
Inc.) (Metcalf & Eddy et al. 2014) waterandwastewater/munpeil/technologie
s-solutions/MBBR/

i

i' ,;._}é;ih'-\‘

;,;au.ﬂllﬂ]]mﬂl;. ) [

C. AccuFAS structured shebtxedilm D. Ringlace media installation in Annajs
Distribution and Vertical Flownedia (Hubbell et al. 2006)
(Courtesy of Brentwood Industries)
http://www.brentwoodindustries.com/
aterwastewateproducts/accufas/

Figure 1Different types of IFAS media material


http://www.veoliawatertechnologies.co.uk/

1.4 Overall study goal, objectives, and thesis structure

The overall goal of this study was to comparatively assess the inclusive performance of the BNR
AS and theBNR-IFAS systems under different flovates, and to gain a better understanding of

the microbial community structure that influences nitrification performance of both systems.

This study was divided into two major parts, the first part (detailed int€hapdealt exclusively
with BNR-AS. The specific objectives of the first part are listed below:

U To assess N, P and COD removal efficiency in a BN&Rsystem and to determine the
microbial community changes under different influent fli@tes 80L/min, 43./min and
60L/min).

U To monitor the effect of flowate change on the proteio-polysaccharide ratio (PN/PS)

of the sludge extracellular polymeric substances (EPS).

The second part of this study (detailed in chapter 4) comparedAN&d BNRIFAS sideby-
side. However, during the reactor operations, red worms identifidad@esoma hemprichi
bloomed in the BNRFAS reactor this bloom led to the significant deterioration in the BNR
IFAS reactor performance. The objectives achieved in this part ofutthe @re listed below:
U To comparatively assess the N, P and COD removal efficiency betweerfABNRd
BNR-IFAS under different influent flowates (30L/min and 45L/min)
U To identify effective mitigation strategies to stop the proliferation of red wormsutith

resorting ® chlorinating the entire train



CHAPTER 2. LITERATURE REVIEW

2.1 Comparative studies on BNR' IFAS system and BNRAS system

Comparative studies between BNIRAS and BNRAS show different pros and cons to both
systems. A study conductdxy Stricker et al.(2009, in Ontario, Canada, comparadloating
media IFAS system to a AS system at-&dhle. Both reactors were operated in parallel and
received equivalennfluentloading. It was noted that the IFAS system had 50% more biomass
when the attached phase was considered. The findings from this study confirmed that during the
winter months, the IFAS system nitrified more consisteatighad a higher capacity than the AS
sydemwhich was at critical solids retention tig®RT). However, in the summer months, this
IFAS nitrification was similar to ASMcQuarrie et al(2004) also confirmed a better overall
ammonia removal and a lower efflueoincenrationof total suspended solid$%S in the BNR

IFAS process compared to the BMS. Operationally, the IFAS system requires mordiaw

to maintain the requiredissolved oxygen[¥.O.) concentratiorof >3mg/L (due to the higher
MLSS conéent) comparedo the AS systen(Stricker et al. 2009, Rxso et al. 2011 }his directly
increases the operational cost of running an IFAS system. Perforwas®;et has been reported
that the BNRIFAS system is more stable than the BNR in response to chaegin HRT, SRT

and temperaturgstricker et al. 2009, Onnidayden et al. 2011)There are however, mixed results

on sludge settleability between IFAS and;/AS®ttleability in IFAS is either bettéMcQuarrie et

al. 2004, Li et al. 2015Yhe saméSriwiriyarat et al. 2008pr worse(Stricker et al. 2009, Kim et

al. 2010)than in AS. Taken together, altigiuthere are several advantages and disadvantages to

both systemgaheBNR-IFAS consistently produces a better effluent qualitynpared to the BNR



AS. However, very few studies have comparatively investigated the changes in bacterial

community structureni both systems in response to different stressors.

2.2 Nitrification studies on BNR-AS and BNRIFAS

It is generally agreedponthat nitrification rates are higher in the BNRAS compared to the
BNR-AS (Azimi et al. 2007, Kim et al. 2011a, Onritfayden et al. 2011)l'he only conflicting
report to this stance w#ékim et al. 2011b)however, the drawback toigtstudy was that a higher
concentration of OD. was provided to the activated sludge compared to the IFAS. Nitrification
rates will continue to increase up tadconcentrationsf 3-4mg/L (Metcalf & Eddy et al. 2014)
Nitrification rates directly correlate with the presence and activity of AOBs and NOBs in a system.
Theoretically, the BNRFAS should provide better growth conditions fuatrifiers by providing
attachment surfaces and increasing ML&®isequentlyhe research results explored thus far are
just as expected. Alkalinity and pH are also important considerations during for nitrification.
Autotrophic nitrifiers need an optimupH range of 78 for metabolism and growifZzhang et al.
2012) A high influent COD concentration has the piial to adversely affect nitrification rates,
asperKim et al. (2011a); this could Heecause oEompetition between heterotrophic bacteria,
which utilizes organics, and the autotrophic nitrifiers. Other factors that affect nitrification rates
include; nfluent ammonia concentratiortarbonto-nitrogen ratio (C/N), as well as water

temperaturéRandall and Sen 1996, Onstlmyden et al. 2011)



2.3Biological Phosphorous removal studies in BNRFAS vs BNR- AS

Enhanced biological phosphorous removal (EBPR) can be incorporated into the IFAS system by
providing the right conditions such as an anaerobic/anoxic contact zone, alkalinity balance, supply
of readily bioagkgradable COD (rbCOD) or volatile fatty acids (VFA), and short aerobic SRT
(Metcalf and Eddy 2014). The SRT is important because at excessively long SRTs, endogenous
decay begins to occur and the amount of biomass produced and wasted becqriesrdbys
reducing the entire phosphorous removal efficiency. An SRT that is slightly higher than what is
needed for nitrification produces the best results for EBPR. Metcalf and Eddy (2014) recommend
SRT = Zar ®BNBASysgstem that is operating with a water temperature . Ziequate

D.O. in theupstream of the aerobic tatkasbeen shown to be critical {ghosphorous uptake

Rapid phosphorous uptake kinetics has been observed in thé@fipst@nt of the aerobic reactor
volume relative to the subsequent volume of the aerobic twitlkout suffident oxygen in the
upstreamof the aerobic tankEBPR suffers regardless of higher D.O. in the remainder of the
aerobic tank volumé@\arayanan et al. 2006 Briwiriyarat and Randa{R005a)conducted a pilot

plant comparison of EBPR performance between an A8Smystn IFAS system with fixed media

in the aerobic zone, and an IFAS system with fixed media in the aerobic and anoxic zones. It was
observed that the EBPR efficiency was similar between the AS system and the IFAS system with
fixed media in the aerobic zenEBPR efficiency was slightly lesser in the IFAS system with
media in both the aerobic zone and the anoxic zone. It was suggested that perhaps this slight
decrease in efficiency was caused by the aerobic conditions within the biofilm in the anoxic zone

which resulted in phosphorous releéSeawiriyarat andRandall 2005a)
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24 Operational parameteas of interestthat influence plant performance (Influent flow

rate, SRT, HRT, temperature, sludge settleability)

In both BNRAS and BNRIFAS, the aeration rate goes hand in hand with th@. h the
suspended @se. The aeration rate and mixing rate in reactors are important, especially for the
IFAS media reactors, because they affect the thickness and the débsafyim growing on the
media(Lodhi et al. 201Q)As mentioed earlier, the . plays a very critical role in the operation

of BNR systems. It is well known thatolecularoxygen is the terminal electron acceptor during
nitrification. Studies have confirmed that even IFAS systems (which typically have a better
nitrification efficiency than the AS) will experience lesser nitrification if th®.Bupplied is not
enough(Kim et al. 2011b)Heterotrophic bacteria can tolerate lesséd.xoncentrations than
nitrifiers; in fact, substrate oxidization will continue in heterotrophic bacteria ur@l I3 less

than 0.2mg/L. On the other hand, R@xidation of NQ becomes inhibited very quickly at low

D.O. concentrations. A minimum of 0.7mg/L O. is needed to initiate nitrification, however for
most AS systems, the recommended DO concentration for the Aerobic tankdmi)/s. A DO
concentratiao of >4.0mg/L may not necessarily improve the AS system performance, instead it
will lead to high aeration cost and may potentially encourage the growth of foaming organisms
(Metcalf & Eddy et al. 2014)Sludge llomass density is said to correlate positively with the
preence of PAOs and EBPR activif$chuler and Jang 200G o00d sludge density in turn brings
about good sludge settleability in the secondary clarifier. However, the presence of filamentous
growth decreases the settleability of sludge. Operationally, combating filausegtowth in

activated sludge typically involvesljustingD.O. levels, mixing and SRT.
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2.5 Bacterial community distribution

Biofilm growth patternm IFAS systems typically depend on the kind of media being used i.e.
whetherit is suspended media oxéd mediaA comparison of the distribution of biofilm on the

fixed IFAS media to the distribution on mobile IFAS media skothat there is thicker biomass

on the fixed IFAS mediélLodhi et al. 201Q)This may be rel&d to the fact that due to mixing
currents and motion of the mobile IFAS media, biomass constantly sléroghthe media into

the mixed liquor. The thickness and density of biomass on media is expected to influence the
distribution of the bacterial commiiypy on both media. A comprehensive examination of the
bacterial community in both IFAS and AS using pyrosequencing indicated that the attached phase
had distinct bacteria communities that were either fewer or not present in the suspended phase.
37% of theoperational taxonomic units (OTUs) present in the attached phase was shared with the
suspended phase while only about 17.8% of OTUs in the suspended phase was shared with the
attached phag&won et al. 201Q)Using gPCR for analysis, the total bacteria genomic copies and
the amount of AOB detected in the mixed liquor (ML) of an IFAS pleed similar to what was
detected in the ML of an AS plafwan den Akker et al. 2010lowever, the gene copies of AOB

and NOB are higher in the attached biofilm compared to the mixed liquor (Kim et al. 2011, Van
den Akker et al. 2010)Per (OnnisHayden et al.2011) PAOs and enhanced biological
phosphorous renval (EBPR) activity vere more readily found in the mixed liquor than in the
biofilm, while nitrifiers and nitrification activity wrehigher in the biofilm. Thughe Nremoving

and the Premoving bacteria (which typically had conflicting SRTs) could bmodpled to allow

for an overall higher efficiency in N and P removal. For IFAS systems that had media in their

aerobic zones, the PAOs preferred the mixed liquor because they need to alternate between aerobic

12



and anoxic/anaerobic zones to efficiently inpmate phosphorous into their biomass (Metcalf and

Eddy, 2014)

2.6 Overview of Extracellular Polymeric Substances EPS)

Another important aspect of bacteria behavior is the secretion of extracellular polymeric
substances (EPS). These secretions acenglex of high molecular weight polymers combined
with hydrolysis products from cells and macromolecules, and some waste water organic matter;
EPS comprises of carbohydrates, proteins, and humic substances, amongg¢Sbtreyset al.

2010)

EPS is inextricably linked to the functions of microbial aggreg&tiesng et al. (201®lucidated
functions such as mass transfer, surface charge, flocculation, and settleability, among others. For
instance, the sludge volume index (SVI, a measure of settleability) of a flamito increase as

the EPS content increas@sao etal. 2001) more specifically the protein content of EPS has a

positive relationship with SMISheng et al. 2010)

The production of EPS is influenced byferent factors in a system, such as the nutrient
conditions, growth phase, and external conditidanga et al. (2007Qund that EPS concentration
increased as the food to microorganism ré&d) increased in the MBR process. The SRT of a
system is agreed to influem EPS production, however, the findings from the literature are
inconsistent as to whether this influence is positive, negative or even réwmkt al. 2001,

Sesay et al. 2006, Li and Yang 200[Zpo et al. (2001) monitored the EPS as the SRT increased
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inasequenaig batch reactor SBR, and Ses-apnéei nalbus/(
reactors set at specified SRTs. Both studies concluded a positive correlation between SRT and
protein to carbohydrate ratiopwever,Li and Yang(2007)concluded that there was no correlation
between SRT and tightly boundPE (TBEPS). The study described in this report investigated the

effect of a decrease in SRT and a corresponding decrease in HRT on the protein to carbohydrate

ratio in a BNR process.

2.7 Overview of red worms in wastewater treatment plants

Wastewatetreatment plants (WWTPS) are typically rich in organics as well as bacteria, thus they
provide a veryfavorableenvironment for metazoan organisms suctAaselidaand Rotifera
(Ratsak and Verkuijlen 2006, Elissen et al. 2008js unclear howAnnelidaends up in WWTPs,
however shear condition was idengfl as an important factor controlling the proliferation of red
worms (Menniti and Morgenroth 2010 ontrarily, Wang et al. (2011has reported that increased
aeration will decrease floc size thereby supplying more food for thesvdhere are several
classes of Annelida in WWTPs, the most common two Aphanoneura(which includes
AeolosomatidaeandOligochaetawhich consist ofr ubificidae[including theNaidinad) (Elissen

et al. 2008, Navaratna et al. 201A)though they can attach to surfaces as weathlosomatidae
andNaidinae mostly occur as freewimmers in the activated slud@glissen et al. 2008while
Tubificidaeand other WWTRIigochaetea r € ma i n Ii neediigatashsnént sarfaces such
as media material to grow ¢Blissen et al. 2008Jor clarification purposesyost literatures have

classifiedAeolosomaemprichiasOligocheata(Liang et al. 2006a, Ratsak and Verkuijlen 2006)
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A study of 4 WWTPs in the Netherlands targeted the most abundargviieeming Oligochetes

in that region Nais spp., Aeolosoma hemprichi, Pristina aequiseta, Aeolosoma variegatum,
Chaetogaster diastrophus, and Aeolosoma tenebrariihssen et al. 2008)t was reported that

the wormswere present throughout the year (even in winter) with an average yearly population
peak ranging from-3 months for each wor. The doubling time during the peak periods were 2

6 days During the peak period for a particular worm specie, the worms grew tlagtenormal

and also multiplied fasteelative to othewormsdue to stable and excellent spatial temporal and

environmetal conditions(Elissen et al. 2008)

2.7.1 Effects of red worms on plant performance

Most of the literatur@eporting onaquatic wormsn wastavater treatment plants sifocused on

the cultivation and use of aquatic worms for sludge reduction in activated sludge sf)steims

and Liu 2005, Liang et al. 2006a, 200&@mng and Chen 2009djnpacts of worm predation on
wastewater bioreactor performance showed that sludge settleability and SVI correlates can be
significantly affected by red worms, especially at high densfiiési et al. 2003, Liang et al.
2006a, Wang et al. 201Ylenniti and Morgenrotli2010)reported thatA. hemprichiproliferated

in an MBR under lower shear conditioafter 37 days of operatn. Within 57 7 days of
proliferation,A. hemprichialtered the floc composition Bssentiallyeliminaing the filamentous
bacterigpopulation Filamentous bacteria are typicaiihgplicated in sludge bulkin¢Graham and

Smith 2004)Furthermore the presencefthemprichiencouraged an increasesmaller protozoa

and metazo@Menniti and Morgenroth 2010)

15



2.7.2Effects of red worms on nutrient removal

The reported literature on the effect of redrm proliferation on nutrient removal varies
considerably from oneughor to the nextThere is no generally accepted conclusion aghether
red worms are detrimental to nutrient removal or fibis sectionwill explore different studies
and their sance on the subject matteliscussa possible link between red worms and nitrifying
bacteria and thirdly, examine three key studieswhere poor nutrient removal (especially

nitrification) has been reported in relatiorthe proliferation of red worms

2.7.21 Studies showinghe effect of red worms oi€OD and phosphorousemoval

Some studieseported that the presenceamfuatic wormsAeolosoma hempriclindTubificidag

had no effect on COD removal; however, thial phosphorous removal efficienays decreased
(Wang et al. 20119r stalbe (Liang et al. 2006aMWei et al. (2003yeported that nitrification was
unaffected during worm blooms and the COD and®Premovals were by theactor types and

dominant worm species (i.&ais or Aeolosomja

2.7.22 Exploring thelink between red worms and nitrifying bacteria

To the best of my knowledge, study has unequivocalltatedand demonstratetiatred worms
such aAeolosoma émprichiparticularly feeds on nitrifying bacteria; howeveglextivefeeding

of aquatic worms on bacteria has been well reviewedR@tgak and Verkuijlerf2006) The
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selective feedingtrategycreatesmutualism and c@xistence which in turn ensures the survival
of a worm speciesA food selectivity test was conducted féeeobsoma hemprichiusing
monoxenic culture, and the report indicated a strong preference towardsegative bacteria
(Inamori et al. 1990, Ratsak and Verkuijlen 2006i}rifying bacteria(Nitrosomonas, Nitrobacter
etc) are mostly granmegative bacteridAlthough no monoxenic experiments have been conducted
on A hemprchi and nitrifying bacteriagpecifically, we infer thatA hemprichifeedson nitrifying
bacteria as thdetrimentakffects of red worm predatiam nitrification in IFAS systemisas been

observed in lots of recent studies including this current study.

2.7.23 Three key tudies that report poor nitrification relatedtoredwosnd pr edat i on

Mostpublications reported the detrimental effects of red wannmstrification in the IFAS system
(Jones et al. 1998, Sriwiriyarat and Randall 2005b, Hubbell et al. 2006, Jackson et al. 2007, Sen et

al. 2007) A select few will be highlighted in ihreview.

In a full-scale system at the Waterdown Sewage Treatment Plant in Ontario Canada, the
nitrification performance of an I FAS system
media) was redred due to red worm bloon{dones et al. 1998)n the same study, théave

made several attempts to eliminate the worms, including chlorinating the RAS, turning off the
aeration, and stopping the feed fguexiod Turning off aeration for 48 hours was most effective

strategy for red worm reductiddones et al. 1998)
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In the Evaluation of Two differerdonfigurations olFAS bioreactos set p alongside a control
CAS, Sriwiriyarat and Randal(2005b) observed a lesser nitrification in one of the IFAS
bi oreactor s, this |l esser nitrification was
media nstalled in the IFAS bioreact&riwiriyarat and Randa{2005b)

Thirdly, in anotherfull-scale demonstration project at tfMdamaroneck WWTP, a MLE

at

configurationl FAS system (usi ng wasfopesed inpdraiel vath aothen d me d |

MLE configuration CASas control(Psaltakis et al. 2003). Comparexithe CAScontrol the
nitrification in the IFAS system was not consistent. Red worm infestation was attributed to this
poor nitrification(Psaltakis et al. ZIB)(Hubbell et al. 2006&lso reportseveral instances of red
wormsbloons that occurred after a dramatic change in influent loadimdythechlorination and

anoxic measures taken to contain the worms.

2.7.3Physical factors that influence oligochaete growth in reactors

The reports on the effect of physical factors on aquatic worms have been shownKnrsgsu

et al.(1997 reported that the optimum pH in whigthemprichthrivesis36C whi |l e it 0's
growth pHranges frm 6-8. Most conventional water treatment systems operate at a pH.of 7
Elissen et al(2008) monitored digochaetes in 4 wastewater treatment plants and could not
establish any relationship between the temperature and the presence of thelyasrgst al.
(2006a)demonstrated that F/M had significant impactfohemprichiproliferation. A F/M less

than 0.7 mgCOD/ (mg-VSS day) was necessary to alldgwhemprichito proliferate to densities
higher than 20 ind/mLIn a comparative studyVei et al. (2003) demonstrated nine tested

operational parameters (i.e., TSS, HRT, SRT, F/M, recycle ratio, temperature, pH, and DO) all

18
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affected worm. Depending on the reactor and the worms considered, different parameters
influenced worm growth while threst did not. For instance, the growtiAeblosoman the MBR
was affected by HRT, recycle ratio, temperature, TSS, and pH while the remaining four factors

had no effect.

2.7.4Controlling red worm blooms

There is currently no consensus in therditare regarding how to control the bloom of aquatic
worms in WWTPs, in fact they are still deemed as uncontrol@dks et al. 2003, Elissen et al.

2008, Hendrickx et aR009) According to(Wei et al. 2003)the potential control measures vary
depending on the species of worms that are in the system, as well as the kind of bioreactor being
used SRT has beeitlentified as an effective red worm control fateang et al. 2006a, Song and

Chen 2009a)0ther studies reported that SRT did not affect worm growth in a CAS rédétor

et al. 2003) Other attempts to contréhe worm blooms included cutting off the influent,
chlorinating the RAS and cutting off oxygen in order to render the aerobic tank andéovigis

et al. 1998, Hubbell et al. 2004} was concluded that shutting off the D.O. was the most effective

control mechanisnfones et al. 1998)
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CHAPTER 3. EFFECT OF FLOW RATE INCREASE ON TWIN PILOT -SCALE BNR-

AS REACTORS

This chaptemarks the firspartof the curent sudy, the influent flowrate of a twin pilotscale

BNR reactor (Fig. 2) was increased by 50% and then further increased by 100% (doubled). The
performance and the bacteria community structure was monitored for the twin reactors over a
period of 265 dgs. Ammonia, nitrate, orthophosphate phosphorusdissdived chemical oxygen
demand (COD)were monitored inthe influent and effluent oboth bioreact® Biomass
concentration and sludge settleabilityterms of SViwere alsomeasured. gPCR was usedaas

molecular tool to investigate the relative abundance of target AOB, NOB, DEN and Total bacteria

genes.

Figure 2lmage of Twinpilots cal e pl ant at EPCOR’ s Gol dbar

Edmonton, Alberta, Canada.
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3.1 Materials and methods

3.1.1 Reactor Setup

The EPCOR’s Gold Bar Wast ewa t-seale redatogsae Fig.e2n) t

The processconfiguration of both reactors is an adapted version o\testbank EBPRprocess

with an anoxic, anaerohiand a preanoxic zondncluded before the aerobic zone (see Fig. 3).

Both reactor trains havdentical dimensions (length width  height =7m 0.98m 3.07m),
with an effective volume of 19freach.The aerobic zone holds approximately5t8® while the
remaining volumeas contained in thenoxic, anaerobjand a preanoxic zone The preanoxic
zone holdsaimost double theolume of the anoxic and anaerobimones eachlThe operational

temperature for both reactors ranged fromQ@3&luring the spring/summer months (days 1%6)

to 14.5 C during the fall months (days 175 to 265).
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Figure 3A schematic diagram of the BNR activated sludge pro@N¥f-AS) showing Train

(reactor)1l above and fain (reactor)2 below.

The operational conditions and parameters for both tveéns the exact same. Both reactors were
operated as BNR activated sludge systatithree different influent flow rates; 30L/min, 45L/min

and 60L/min which corresponded to Phase |, Phase Il and Phase Il respdsteciable 1)

During Phase 1 the HRTag 10.5 hours and the average SRT was calculated to be 9.33 + 1.4 days

for each train. Phase 2 HRT was calculated to be 7.0 hours and the average SRT was 5.76 £ 0.16
days. Phase 3 HRT was calculated to be 5.3 hours and the average SRT was calculatdtto be

0.1 days. DO was maintained in the aerobic zone of both reactors att@ppph r ee  “ onl i n e

DO probes P1, P2 and P3 (Fig3)to monitor DO keV@lat a from t he “online”
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automatically fed back into the delta V automation control systhioh controlleda pneumatic
actuator that opened and closed air supply lines to the aerobic diffuBeesreturn activated
sludge (RAS) was maintained for both reactors at approximately 80% of the influent flow rate,
this was determined based on a denmass balance calculation around the secondary clarifier
boundary considering thmixed liquor volatile suspended soli(MLVSS) of the aerobic zone,
mixed liquor and the MLVSS of the waste activated sludge (WAS), and the loading rate of the
system (Matalf and Eddy 2006). The nitrified liquor recycle was maintained at 2.5 x the influent
flow rate. The primary effluent (PE) from the Goldbar wastewater treatment plant was used as

influent for both reactors.

Table 1Parameter settings for CAS Traifieadors)1 and 2

Parametersettings for | Phase 1 Phase 2 Phase 3
Train 1 and 2

Influent Flow rate 30 45 60
(L/min)

RAS Flow rate (L/min) | 24.5 40 35
Nitrified liquor recycle | 78 95- 100 95-100¢

(NLR) from Aerobic to

2"9anoxic zone (L/min)

AverageWAS How 2mins of wasting pe| 2mins per 90mins | 2mins per 90mins

rate® 90mins cycle cycle cycle.

D.O. probe values(ppm| Set point at 2.0, 2.0| Set point at 2.0, | Set point at 2.0, 2.0
and 1.5 20and 1.5 and 1.5

* At the time of the experiments the availablemguwas at maximum capacity and could be operated to exceed thiatto®/The
WAS flow rate was constantly adjusted to maintain a target migedn concentration of 2000L/mi
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3.1.2Reactor performance

Influent, effluent and occasionally-tnain pro@ss water was sampled diitered witha0.45em

pore size syringe filter. Afterwards, dissolved COD, ammonia, nitiatd, orthophosphate
phosphorus were measured using commercially available test kits from Hach company USA; TNT
821 (method 8000), TNT &3(method 10205), TNT835 (method 10020), and TNT 844 (method
10209) respectively. Furthermore, the sludge volume index (SVI) was determined as the volume
in millilitres occupied by 1 gram of solids from the aerobic zone mixed liquor after 30 minutes of
setling in a 1L graduated cylindéBridgewater and Rice 2012)The mixed liquor suspended
solids (MLSS), and MLVSSvere also measureder standard method@ridgewater and Rice

2012)

3.1.3Microbial community analysis

3.1.31gPCR analysis

gPCR was performed to examine the changes in bacteria population in each reactor as the influent
flow rate increased. Specifically, AQBepresented by amoA gen®OB (represented by the 16S

rDNA of Nitrospira spp. and Nitrobacter spEN (represerdd by nirK gene)and total bacteria
populations were targeted. Prior to theCR procedure, DNA was isolated from composite
samples using MO BIO PowerSoil® DNA Isolation Kits (MoBio Laboratories Inc. Carlsbad,
California).gPCR assays were performed usnGFX96TM Reallime Detection System (Bio

RAD, California, USA) per Kim et al. (2011). Primers §i#*CR are listed in Table 2
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Table 2Primers used iq-PCR(Huang et al. 2015)

Target Primer Sequen@®) (56 Reference
Bacterial 16S 341f 5 ‘CCTACGGGAGGCAGCAGS ’ (Muyzer et
rDNA al. 1993)
907r 5 ‘CCGTCAATTCCTTTRAGTTE3 "’ (Muyzer et
al. 1993)
amoA gene amoAlF | 5-GGGGTTTCTACTGGTGGT3 "’ (McTavish et
al. 1993)
amoA2F 5 -CCCCTCKGSAAAGCCTTCTTE3 ’ (McTavish et
al. 1993)
Nitrospira pp. | NSR 1113f | 5 -CCTGCTTTCAGTTGCTACCG3 ’ (Dionisi et al.
16S rDNA 2002)
NSR 1264r | 5 :GTTTGCAGCGCTTTGTACCGS3 ’ (Dionisi et al.
2002)
Nitrobacter spp| Nitro 1198f | 5 -ACCCCTAGCAAATCTCAAAAAACCG- | (Graham et
16S rDNA 3" al. 2007)
Nitro 1423r | 5 -CTTCACCCCAGTCGCTGACE3 ’ (Graham et
al. 2007)
nirk gene nirK 876 | 5-ATYGGCGGVCAYGGCGAS "’ (Henry et al.
2004)
nirK 1040 | 5-GCCTCGATCAGRTTRTGGT®3 "’ (Henry et al.
2004)
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3.1.32 EPS analysis

Composite samples representing all the zones (anoxic, anaerokaaoxie and aerobic) in each
reactor were designated for EPS extraction. A variation dfaitmealcehyde-NaOH methodLiu
and Fang 2002y as used for EPS extractiob0 mL of sludge from the composite samples were

added together with 0.06 mL of 36.5% formaldehyd&ZenL polyethylene centrifuge tubes.

The tubes were inverted several times to ensure adequate mixture of their contents, and cooled at
4 C for 1 hour. After 1 hour, 4 ml of 1 N NaOH was added to each tube, with inversion and
storage for 4 hours at €. Afterward, the tubes were centrifuged at 6000g for 20 minutes and the
supernatant was f ipbrefitar ®/ihgeind thedilirajehwvasadial@sedu@ngp m
membrane with a molecular weight @ft (MWCO) of 3.5KD. Phenagbulfuric acid method
(DUBOIS et al. 1956)vas used in determining the carbohydrate content while the protein content

of the BPS was measured using the Bradford metBoddford 1976)

3.1.4Statistical analysis

Oneway ANOVA analysis was conducted to determine if there was a statistically significant
difference in the comparison of the performance of be#ctos, with pvalues greater than 0.05

indicating no statistical significance.
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3.2Results and Discussion

3.2.1Effect of flow rate change on biomassancentration and settling

As shown in Fig. 4 the average MLSS concentrationswere 2138 913mg/L and
1864+ 850 mg/L in reactorl andreactor2 respectively (p=0.4#br the comparison between the
two reactos) in Phase | (influent flowate was 30 L/min and lasted for4d). In Phase I, the
influent flow rate was 45 L/minand lasted for57 days; theMLSS conceiration was
1722+ 386mg/L and 1662 538mg/L in reactorl andreactor2 respectively (p=0.96 for the
comparison between the tweactos). In Phase lllinfluentflow ratewas60 L/min and lasted for
36 days; the MLSS concentration was 93444 mg/L and 952+ 438mg/L in reactorl and
reactor2 respectively (p=0.9%r the comparison between the tveactos). From Phase | to Phase
I, the sudden increase in influent floatefrom 30 L/min to 45 L/mircaused a slight decrease of
11-20% in biomass conaogration for bothreactos (p=0.11 forreactorl and p=0.46 foreactor2,
for the comparison between Phase | and Phaseldwever, vineninfluent flow rate increased
further from 45L/minto 60L/min as from Phase |l to Phase, IHoth reactos experienced
significant decrease inomass concentration by 4i%% (p=0.004 foreactorl and p=0.0001 for

reactor2, for the comparison between Phase Il and Phase lll
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Figure 4MLSS concentrations Jandcorresponding SVI values (b) of both reactbfs ) and

reactor2 (p )

Theincreasean the influent flow rate caused tpeoportionaldecreasen HRT, and the decreased
HRT led to the washout of biomass arising from the increased hydraulic pr@ssuiet al. 2004)
This phenomenowas similar to the previous research that biomass concentration in the bioreactor

depends on the HR(Ku et al. 2014)The rate oMLSS decrease when influent flow rate increased
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from 30 L/min to 45 L/min was relatively lower than that from 45 L/min to 60 L/five sludge
started to sifier with slight sludge bulking from the late Phase Il (SVI=24.10 inreactorl and
SVI =187+ 45 inreactor2), and worse sludge bulking in Phase 11l (SVI = 2756 inreactorl
and SVI =198 +23 inreactor2), as high SVI (>150) indicates a poor sludgélement The
increased influent flow rate lead to adverse effects on activated slddge.average
MLVSS/MLSS ratios in Phase |, Phase Il and Phaseélle relatively consistent, whickiere
0.84 + 0.05 and 0.82 + 0.07, 0.84 + 0.03 and 0.83 £ 0.04, .82d+00.05 and 0.84 + 0.05 for
reactorl andreactor2 respectively. This indicates the influent floate change did not cause

significant change in biomass mineralization and biological ac{i@tyang and Liu 2009)

3.2.2Effect of flow rate change onCOD removal

Giventhe influent COD concentratisrof 141 + 26, 157 £15 and 178 A9 mg/L in Phas |, I,

and Il respectiely, the corresponding influent organic loading rate was increased significantly
from Phase | to Phase Ill (6.11#, 10.1 +1.1, and 14.9 4.1 kg/d), the effluent COD
concentrations were23 5 mg/L and32+ 6 mg/L for reactor 1 and react@rin Phasd; 35+ 6

mg/L and36 = 4 mg/L for reactor 1 and react@rin Phase Iland38 = 4 mg/L and46 + 21 mg/L

for reactorl andreactor2 in Phase llirespectively (Fig. b with correspondingcOD removal
efficiencies of77 + 5% and 77+ 5% in Phase, 78 + 4% and77 + 3% in Phase lland 78+ 4%

and 75 £ 10% in Phase llirespectively.The statistical analysis showdgroughoutthe whole
operation periodreactorl and reacto? have a similar COD removal performance (p=0.95, 0.63

and 0.33 in Phase |, Il and Hespectively).There was no significant difference in COD removal
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efficiency between the operationafluent flow rateof 30 L/min and 45 L/mirfp = 0.08 inreactor
1) andinfluent flow rateof 45 L/min and 60 L/mir{p = 0.09 inreactorl). It seems tht the COD
removal efficiency wastable although the influent flow rate was increasekich wasalso

observedn our previous studiegSheng et al. 2016)

Figure 5Influent & ) and effllent COD conentrations for Reactdr(, ) and Reacto? (p )
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3.2.3Effect of flow rate change omrammonia removal

At the influent NH*-N concentration of 38.+ 8.4, 387 + 6.0, and 40.G 3.3 mg/L (See Fig.

6), and corresponding influent NHN loading rate of 1. 0.4, 2.5 + 0.4, and 3.5 £ 0.3 kg/d in
Phase |, Il, and Ill, the average effluent N#\ concentrations in Phase |, Phase Il, and Phase Il
were 1.662.8 and 0.21.3 mg/L, 4.6:6.1 and 7.%x8.4 mg/L, and 30.t6.2and
28.9+ 5.8mg/L for reactor 1 and reactor 2, respectively(Fig. 6) The effluent NH"-N
concentration was similar between the @actos throughout the three phases (p=0.07 in Phase
I, p=0.28 in Phase II, and p=0.65 in Phase IIl). However, the efflueat-NHoncentration was
significantly lower in Phase | than that in Phase Il (p=0.048 and <0.00kedotos 1 and 2
respectively), anturtherlower in Phase Il than Phase 11l (p <0.001 for bre#ctos). The average
NH4*-N removal efficiencies ineactorl andreactor2 were 96+ 7% and 98t 3%, 88+ 16% and
82+ 21%, and 2% 12% and 2& 11% in Phase |, Il, and Il respectivelyhe increased hydraulic
pressure due to the increased flate could cause washout of bacteria especially-gi@wing
bacteria such as AOB and NOBhddecrease in NH-N removal efficiency from Phase Il to
Phase lllwas66-71%, which was much higher than that from Phase | to PhaselN%8. This
could bealsoattributed to theserioussludge bulking situation in Phase Il in batactos, which
couldcause a significant sludge loss from aerobic zone including the AOB population. The effluent
NH4*-N concentrations in botteactos did not meet the discharge limit (3 mgAfyer influent

flow rate increasetb 45 and 60 L/min
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Since most of th&lH4"-N was oxidizedo NO:;—N via nitrification,the NOs—N productionin the
effluent was also monitored’he effluentNOs-N concentrations in Phase |, Il and Il were 5.0
+2.4and 6.7 2.4 mg/L, 3.9 £.5and 3.0 2.6 mg/L, and 0.3 £.1 and 0.3 8.1 mg/L d reactor

1 andreactor2, respectively(See Fig. 6) Except for Phase I, where there was a significant
difference in effluent N@-N concentration betweereactorl and reactor2 (p=0.005), the
performance of botlneactos was similar during the subsequieaperational periods (p=0.25 in
Phase Il and p=0.98 in Phase IINMoreover the effluent N@-N concentrations imeactorl did

not experience a significant change from Phase | to Phase Il (p=0.2) whereas significantly reduced
from Phase Il to Phase Kp<0.001). Meanwhile, the effluent NEN concentrations imeactor2
reduced significantly from Phase | to Phasg K (0.001) and from Phase Il to Phase pi(0.07).
The decrease in effluent NEN concentratiorwas consistent to the increaseeffiluentNH4"™-N

due to the adverse effect caused by increased influentdlaw
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3.2.4Influence of flow rate change on nitrifying bacteria communitystructure

The change in NH-N removal efficiency with influent flowate was also indicated by the change
in nitrifying bacterial population. The gPCR analysis specifically targeting AOB and NOB
indicated that the AOB genera primarily consistelllitfosomonaspp.(targeted by amoA gene)
and the NOB genera contained bblitrospiraandNitrobacterin the activated sludge process
The figures 7 and 8 represehe relative abundance of each bacterial species. We thand
among NOB populatiorilitrobacter was the dominant NOBL5.1% in Phase |, 20.5% in Phase

Il and 8.8% in Phase IIl akactorl; 19.9% in Phase I, 17.2% in Phase Il and 3.7% in Phase Il of

reactor2) in both reactors throughout the whole operation period.
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Figure 7Relative abundancd amoA, NSR, Nitro and NirK imeactorl during the three
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Figure 8Relative abundance of amoA, NSR, Nitro and NirKeactor2 during the three

operational phases

The average of gene copies found in betdctorl andreactor2 combnedis shown in Figre9.

The lower copy numbers of genes found in Phase 2 sample 3 (S3) and Phase 2 S4 are representative
of periods of severe sludge bulking and subsequent sludge washoulNiBosomonagAOB)
andNitrobacter(NOB) at higher influentflow rate appeared to exhibit lower population
abundance than those at lower influent flomte, which could be explained by the above
mentioned washout theory at high hydraulic pressure. Relative to AOBs and NOBs detected,
denitrifiers were dominanThrough the detection of denitrifiers (targetingk gene), we found

the population of denitrifiers (heterotrophs) could also be washed out significantly, which could
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lead to a worse process performandsth an increased flow rate, increased influent nutrien
loading, and a decreased biomass concentration, a higher food to microorganism ratio (F/M) was
reached. The SRT decreased fré3 days to2.2 days when the influent increased, and
microorganisms that grow relatively faster were selectively retaindtkibibreactor. Thus, the
sludge age became younger and the SVI became hi@methe other handhigher sludge
concentrationat lower influent flowrate in activated sludge operation could provide better
retention of slowly growindpacteria(Holakoo et al. 2007andthosebacteriaespeciallynitrifiers

could form healthy sludge flocs and clusters by close cofitiaet al. 2008)
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Figure 9Gene copies per twieactor of the AOB(amoA), Nitrospira(NSR), Nitrobacter (Nitro)
denitrifying bacteria (nirK) and the total bacteria in flocs sampled during Phase 1, Phase 2 and

Phase 3.
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3.2.5Effect of flow rate change onPhosphorous removal

The effluent PG*-P andPQ:*-P removal results showed that there was significant difference in
P removal efficiency at different HRTs. At the influent £& concentration of 581.2,
4.3+0.6, and 4.9 1.1mg/L in Phase I, Il, and Ill respectively, with correspondings’RP
loading rate of 0.2 .1, 0.3 +0.0, and 0.4 9.1 kg/d, the effluent PS-P concentrations ireactor

1 andreactor2 were 2.6t 1.6 and2.1+ 1.3 mg/L, 1.0t 0.8and 1.1+ 0.9mg/L, and 2.4 1.1
and1.9+ 0.7mg/L in Phase I, I, and lll, respectivelyee Figurel0). Bothreactos performed a
similar PQ*-P removal efficiencyhroughout the operation perio(s=0.85 in Phase I, p=0.41 in
Phase II, and p=0.34 in Phase Ill). The average®AOremoval efficiencies imeactorl and
reactor2 were 63 £26% and 60 £21%, 76 £18% and 74 20%, and 51 45% and 60 #44% in
Phase |, Il, and Ill respectively. Although the influents2® loading rate was increased from
Phase | to Phase Il and to Phase lll, the average-P@moval efficiencies were not
correspondingly increased or decreaseds*PPremoval efficienciedargely depended on the
PAO growth, therefore in this research the reduced HRT could not provide sufficient VFAs for
PAO growth, which was supposed to resulbiner PQ*-P removal effiéencies However PQy*

-P removalcould alscoccurthrough adsorption anarecipitationwith sludge(HU et al. 2014)so

the sludge loss in Phase Il and Il coalttuallyimprovePQ:*-P removal efficiencés
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Figure10 Influent A ) and effluent P@P concentrations fareactorl(, ) andreactor2 (p )

3.2.6Effect of flow rate change onEPS

Throughout all three phases of this study, protein and polysaccharide ratio (PN/PS) was measured
in both reactoreactos, and there was no significant difference between the two reactors in EPS
generation (p=0.6). The averag@ue ofPN/PS during Phase | was 1.2 + 0.02 for betctorl
andreactor2 (p=0.38); during Phadg, the average PN/PS value was 1.7 £+ @2d 1.27 = 0.25

for reactorl andreactor2 respectively (p=0.45); during phase 3 the average PN/PS value was 0.92
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+ 0.06 and 0.46 + 0.32 (P=0.03) feactorl andreactor2 respectively. The significant difference
(P<0.05) observed betweesactorl and2 during Phasdl of their operation could be partially
attributed to the relatively short duration of sampling at this influent feaes (60L/min). It was

thought that if enough time was allowed for steatite in botlreactos during Phasdl, the
measurements from botkactos would have been more similar; however, this was not the focus
during this phase of the study. In comparing the average PN/PS between phase 1 ahdgrhase

both reactos, there was no significant difference between bottsgd)a(P=0.89 and P=0.81 for
reactorl andreactor2 respectively). However, it was observed that a few days after the operating
conditions were changed from phds® phasdl (i.e. influent flowrate increased by 50%) the
PN/PS increased sidimantly from 1.2 to 1.6 (Figurdl). This 33% increase was shdivted

because about one week after the phase change, the PN/PS returned to approximately the same as
it was before the phase change. Again, there was a repeat of this sudden temporary increase in
PN/PSin response to a flovate increase after an unintended surge increased the influemétibow

from 45L/min to 55L/min (Figuré). Shortly after this unintended surge, the PN/PS ratio increased
from approximately 1.2 to approximately 1.6 before reduciagkbto previous levels. This
“temporary” responsive change of HIP&dYaognt ent
2007) Comparing phask to phaséll on bothreactos the PN/PS reduces significantlyr@actor

2 (P=0.0003) but not significantly ireactor1(P=0.1).Again, tis could be attributed to the
relatively short time for measuremsras well as the excessive overflow of sludge freattor2

before steadytate. After comparing the PN/PS ratio in Phase 1 (SRT = 9.3 days) tolRhase
(SRT = 2.2 days) in botteactos; and the PN/PS ratio in PhdHewas shown to be significantly
smdler than in Phasé(P=0.004 and P=0.03 foeactorl andreactor2 respectively). This result

is consistent with findings fronfLiao et al. 2001 and Sesay et al. 200@)ere low SRT
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corresponded with low PN/PS ratio. The results of the present study are further understood through
experiments conducted kHiggins and Novak 1997Avhere the adding a protekrydrolyzing
enzyme to an activated sludge sample demonstrated that higher PN content in EP&alas cri
sludge flocculation. The lower PN content during PhBkecorresponded with poor sludge

settleability and compressiity as evidenced by SVI (Figue.

T T 80
1.8 —&— Reactor 1 1 1
" ||-#&— Reactor 2 I I
Influent flowrate; : 470
L PHASEI - PHASE II i PHASE III
144 ; {60 T
1 1 ‘=
1 1 I %
1.2 4 : ; 150 =
0 I 2
n I ' ©
L7107 : {40 z
% 1 ie)
0.8 ! y =
- : : 1% 2
B3 : : :
| L I 420
0.4 - -
1 1 1
0.2 : : 110
| 1 I
1 I
0.0 1 'l 0

L I = I > ! d ! I = I
140 160 180 200 220 240 260
Time (d)
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3.3Conclusiors

This study investigated the effect of increasing ftate by 50% and 100% on the performance of
two identical BNR- activated sludge reactors operated in parallel and receiving influent from the
same source. Moreover, the studgoakvaluated the impact of this increased flate and its
ramifications (shorter SRT) on the bacteria community structure of nitrifiers and denitrifiers as
well as the effects on the PN/PS content of extracellular polymeric substances. Perfamsance
both reactors maintained excellent COD removal rates for the three differemaféssmonitored
(30L/min or Phase 1, 45L/min or Phase 2 and 60L/min or Phase 3)NNidd PQ-P removal

were severely impacted sometime during Phlsé the reactor operiain, mainly due to sludge
bulking and washout. ®@CR results from the bacteria community analysis showed that of the two
NOBs targeted in botreactos, Nitrobacter was much more abundant than Nitrospira. It was also
observed that a significant portion tbie bacteria community was susceptible to washout during
sludge bulking event. The EPS results showed that the PN/PS temporarily increased in response
to an increase in influent flonate, however a significant decrease in SRT (from 9.3 days to 2.2

days) #so brought about a decrease in PN/PS.
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CHAPTER 4: RED WORM PROLIFERATION AND ELIMINATION STRATEGIES IN

PILOT -SCALE BNR-IFAS REACTOR.

This chapter marks the secopdrt of the current study and was conducted Fr@nuary to
September2016 beginningwith the retrofit of an existing BNRAS train with a fixedfilm
structured sheet media matetiahave a BNRFAS train The initialgoal was to compare BNR
IFAS to BNRAS systemsin terms of nutrient removagfficiency and bacteria community
structureat different flow ratesspecifically,by measuringheammonia, nitratephosphorous and
COD concentration in the influent and effluent as flate was being increased from 30 L/min
through 60 L/min, and by performing aRCR at all stages of the florateincreaseThe BNR
AS reactor (Train 1) was retrofitted with the IFAS media in January 2016, by Febri{s29 6
the retrofitting was complete and the reactor was commissiomenp@&yation and seeded with
mixed liquor from the already operating BNRS reactor (Train 2).For reference purposes
February 2"%iscons dered and repr é se mtl éahdtdblein sgaioad3h 5
Four months after operations started approximately around Jihe2Q¥6, (or day 118)Red
worms wee Vvisibly obsered in the BNRIFAS train The specific trigger for the occurrence of
red worms in this study is unclear, howevhg installation of the IFAS media material provided
additional surface area for biofilattachment androwth, thus increasing the sludge agehe
train and requiring more dissolved oxygen supply for effective treatment; this may have created
favourable conditions to encourage red worm proliferation.

It is also thought that red worms proliferated due to the frequeanemtfflowrate changéHubbell

et al. 2006)The influent flowrates inboth reactorgncreased from 35 L/min in phase | to 45 L/min

in Phase II, and then reduced a little to 40 L/min in PhasMdie sqQ both reactorgxperienced
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very high or shock infludrflow rate (over 45L/min) over several hours due to over pressuring of
the lines as evidenced by the spikes in e@hlgse lllInterestinglyred worms were only observed

in IFAS reactorTheincidence of red worms necessitatiedt thefocusof this sty bere-directed

to theidentification of strategies farombatingred worms Another reason for adopting this new
focus was because of the deterioratiorammonia removal efficiency dhe BNRIFAS train

observed duringhe presence of red wormEhus,the specific objectives of this study were:

U To comparatively assess the N, P and COD removal efficiency betweerABNRd
BNR-IFAS under different influent flowates (30L/min and 45L/min)
U To identify effective mitigation strategies to stop the prddifeon of red worms without

resorting to chlorinating the entire train

The mitigation strategiesxplored wee grouped intstrategies 1, 2 and Strategy 1 was tpause
the internal mixed liquor recirculation to avoid cycling red worms through thesoxych aerobic
zone. Strategy 2ombined strategy 1 together withcreasd sludge wasting so thahe MLSS
concentration remaineslightly below 1000mg/L This was done to hopefully waste away the red
worms while drastically reducing the sludge age daverm favourable condition) as well as their
food source i.e. bacteria in slud@rategy 3combined strategies 1 and 2 together wathporarily
stoppingthe influent feed andtoppingthe oxygen supply in the aerobic zdoe over 48 hours
More detait about the mitigation strategies are providesection4.3.5 This chapter will begin
with an overview of the IFAS media installation for the retraii, overview of the redorms
found in the IFAS trainand follow with sections omaterials & methodsesults &discussionA

literature review on red worms has been presented in chapter 2 (section 2.7)
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4.1 IFAS media installation for retrofitting existing CAS train 1

Figure 12 shows a picture chart (Figu&(b) to Figire 12(f)) of how thetwo fixed film media
towels wereretrofittedinto the aerobic zone of tHBNR-AS Train 1with a fill ratio of 40 to 50%
The media material in the towers wenade othermoformed corrugatedafyvinyl chloride(pvc)
sheets which allowed faven distribution ofiquid and air for continuous mixing and scouring of
biofilm. Each media towewas layered witld.717 n? (total surface area = 141%of distribution
media (DM)moduleat the b&tom closest to the circular membrane fine buldlifieisers(Figure
12(h)), and1.434 n? of verticakflow (VF) mediamodule(total surface area = 450%on the top
(Figure12(i)). Both DM and VF modulewere specifically designed to enhance nitrification and
BOD removal, however the DM was designed to enédistributionof air, while the VF allowed

air bubbes to be directed upwards forculation ofmixed liquor by airlift pumping thuavoidng

clogging(Brentwood presentation material).

(a) Media installation (b) Drained CAS train (c) Media supporting frames
Concepft(courtesy of Diffusersat thebottom are installed
Brentwood industries) are removed andrcular

membrane diffuser were

installed
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(d) Circular membranéne
bubblediffusers are

installed

(e) First media tower is

installed

(f) Retrofit is complete with
media coupons for téag
embedded

(g) Expected flow pattern of

airlift pumping and
recirculation(image
curtesy of Brentwood

industries)

(h) Vertical flow mediaVF-
1900 on top (Top view)

(i) DistributionmediaDM
(also called crosfiow
mediaCF~1900DM)
(bottom)

(j) Sampe meda coupon stripg
embedded in the media
modulesfor measuring
biofilm thickness and other

analysis.

Figure 12 Overview of IFASmedia toweretrofit in CAS train 1
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4.2 Materials and Methods

4.2.1 Reactor stup

The reator setup for thisstudy was likehe setup described in chapter 3 (reactor setup) in the
first pat of the studyexcept that one of the CAS reactors (Train 1) veofitted with IFAS
mediathereby converting it tBNR-IFAS while Train 2 was operated in CAS moé&erthermore,
the confguration of both reactors was an adapted version offf@ processn the anarobic
anaerobieanoxicaerobicoperation sequencd&he effective volumes of the anaerobic, anoxic,
aerobic chambers and settler werer®®23.3m?, 13.2m3and 5.7m% respectiely. The D.O. probes
and air supply werknked andautomated by a proportiongdtegratderivative controller system
known asDeltaV. ThreeD.O. probes were arranged on the aerobic zones for both the BNR
and the BNRAS trains such that one prql{€1), was closer to the anoxic zone upstream, another
probe, (P3)was closer to the clarifier (downstream) and a thnabe (P2),was in the middlef

the aerobic zone as shown in &ig13. The minimum air flow ratedr providing sufficient share
to disourage red worm attachment onto the media surface wasi p&¥ hour Figure 13shows

a schematic of the twin piletcale reactors witthe BNR-IFAS or Train 1 (top) retrofitted with
structured sheet media towers providgdBrentwoodndustries The botom trainor Train 2in
Figure 13 shows the BNRS which was operated alongside the BNFRAS as a controlTable 3

shows a selection of operational parameters that were used during differerstéoegimes.

46



PE. from
main plant

Air |+

oNR-FAS )

1

¥

Air Bubble

Activated Sludge \

[ N\ ? g

%

T

U
5

7

§

S

§

e © o e

S
)

Fixed Biofilm Media

(
(

|

0 °

° 1
* B - |
: °v'vvvvvvv@=_i__
: ke c - - - cNitrified Liquor Recycle = = = = = d
.

Wastage
T

[

A

| Bubble

Diffusers }

Wastage

Anoxic

Anaerobic

Anaerobic

Aerobic

Clarifier

Effluent
A

Figure13 A schematic diagram of the BNRqgzess showing IFAS8xed biofilm media

retrofittedinto trainl above and CAS train 2 below.

47



Table 3: Parameter settings for IFAS Train 1 and CAS Train 2

Parameter settings for Train Settings used for different flowrates

land?2

Operation Phases Phasel (Day 1- Phase Il (Day 61 | Phase Ill (Day
60) Day 72) 73-Day 228)

Influent Flow rate (L/min) 30 45 40

RAS Flow rate (L/min) 24.5 40 35

Mixed Liquor Recirculation | 78 95- 100 95-100*

(MLR) from Aerobic to anoxic
chambei(L/min)
AverageWaste Actiated 2mins of wasting | 2mins per 90ming 2mins per
Sludge WAS) Flow rate® per 90mins cycle | cycle 90mins cycle.
D.O. probe set poirfor BNR- | 2.0,2.0and 1.5 |3.0,3.0and 2.5 |3.0,3.0and 2.5
IFAS train 1 Probes P1, P2 &
P3 respectivelyppm)’

D.O. probeset pointffor BNR- | 2.0,2.0and 1.5 |2.0,2.0and 1.5 |2.0,2.0and 1.5
AS train 2 Probed1, P2 & P3
respectively(ppmY’

Minimum air flow rate (M per | 11 11 11
hour)

* At the time of the experiments the available pump was at maximum capacity and could be
operated to exceed this floate. $ The WAS flowate was constantly adjusted to maintain a target
mixed liquor concentration of 2000L/min

# Although the set points were fixegometimes, the actupérceivedvalues of D.Owas +£ 0.5
ppm from the setqint
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4.2.2 Reactor performancechemical analysis

Wastewater Influent aneffluentweresampled anfiltered witha0.45em pore size syringe filter.
Afterwards, dissolved COD, ammomérogen nitratenitrogen andorthophosphate phosphorus
were measured using commercially available test kits from Hach company USA; TNT 821
(method 8000), TNT 830 (method 10205), TNT835 fmdt 10020), and TNT 844 (method
10209) respectively. Furthermore, the sludge volume index (SVI) was determined as the volume
in milliliters occupied by 1 gram of solids from the aerobic zone mixed liquor after 30 minutes of
settling in a 1L graduated cytler (Bridgewater and Rice 2012)The mixed liquor suspended
solids (MLSS), andhe mixed liquorvolatile suspended solidglLVSS were alsomeasureger

standard method8ridgewater and Rice 2012)

4.2.3 Biofilm thickness measurement usingCconfocal Laser Scanning Microscopy (CLSM)

The methodology for measag biofilm thickness was replicated in entirety fréHuang et al.
2015) supplementary material3he proper mixture ofhe SYTO9 and propidium iodide stains
added o the prepared biofilm samplesndeed bacteria withintact cell membranes fluorescent
greenwhile bacteria with damaged cell membranes will be stained fluorescel®@Yeé@9 stain
has an excitation/emission maxima4&0/500 nmwhile propidium iodidé ss at490/635 nm
Media coupons which were inserted at the siprof thelFAS system (Figure 1B)) wereretrieved

and used for this analysisCoupon amples were directly stained by using LIVE/DEAD ®
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BacLightTM Bacterial Viability Kits(which containSYTO9 and propidium iodide stainsrhe

distribution of live and dead bacteras determined usirfiuorescence

To begin this analysis, biofilm coupons retrieved from the IFAS train were cut using a sterile
surgical scalpel to generate mini coumamples(approximatelys x10 mn). The mini coupon
samples werevashed three times in phosphate buffered saline (PBS) solution to remove loose
cells. Approximately 250uL of theppropriatadilution dye mkture (3uL of the dye mixture for

each ml) was applied toltemini couporbiofilm samples. The samples were incubatettie dark

at room temperaturéor 1 hour Afterwards,0.85% NaClwas used to rinse the mini coupon
samples thriceo removeanyresidual dye mixture solution. Immediately atte staining procs

biofilm samples weranalyzedising a confocal ker scanning microscope (CLSKHuang et al.

2015)

Biofilm samples were observed at @xlobjective under condition optimized green and red
fluorescence. Three view positions weandomly chosen to evaluate each sample. The thickness
of biofilm was determined by first scanning on the surface of media and marking this stage position
as origin. The stage was moved until the top surface of a cell cluster came into focus. Theghickne

wasmeasureds the differene between the stagegiions(Huang et al. 2015)

4.24 Red worm observation and quantification

The identification and quantification @ieolosoma hemprichoccurred after red worms had

proliferatedin the IFAS reactor for over a month. The identification of the red worms present as
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Aeolosoma hemprichivas done using the Carl Zeiss Axio imager upright microscope (Carl Zeiss,
Oberkochen, Germany). A drop of mixed liquor from the aerobic zone of ti&tlai was placed

on a microscope slide and covered with a cover slip and immedmeled under 19
magnification. For quantification, mixed liquor was obtained from the BFRAS train aerobic
zone with proper mixing, and transferred into a petri éiisfcounting Most of the worms were

visible to the naked ey&ach samplevasanalyzed for at leadi5 times.

4.2.5 Statistical analysis

Anovawas conductedising Microsoft exceto determine if there was a statistically significant
difference in the @mparison of the performance obth trains, with p values less than 0.05

indicatingstatistical significance.

4 .3Results and Discussion

4.3.1Red worm Identification and Quantification

The dominant specie of red worm identified i BNRIFAS reador (train 1)wasA. hemprichy
it was recognizable by its characteristic red pigmenta®ieen in Figure 1), (b) and (c)
Further confirmation was seen under the microscope by observation of its ciliated prostomium,

lipoidic inclusions, transparepcof worm body(See figure 14(g), (h) and (i))and general
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comparison with known representative images from other autHeriantMeewis 1950, Menniti

and Morgenroth 2010)They range in size from 500 to 1500 microme{®vei and Liu 2005,
Menniti and Morgenroth 2010Yhey mainly reproduce asexually and their population doubling
time is 26 days(Elissen etal. 2008) From physical observation in tHB&NR-IFAS train, A.
hemprichiexhibited the characteristics of an obligate aerobe, tending to concentrate in areas where
the D.O. concentration was likely to be highest. In the IFAS train, the warinemprichiwere

found to be both sessile and fregvimming.

The structured PVC IFAS media has been reportedettess favorable to red worm growth
compared to other types of IFAS media due to the ipalysharacteristiof the PVCmedia
(Metcalf & Eddy et al. 2014)Therefore,it was importantly notedhat thededicated aeration
coupled withairlift pumping (Figurel4 (g)) in the media towers provided sufficient scouramgl
mixing at a ninimum air flow rate of 11rhr such thatbiofilm growth was maintained inside the
media tower and at the same timegl worms were not abl® attachto the media modules.
However, outside of the media, the high DO and low F/M ratio conditions might have promoted
worm growth Ye et al.(2009) Observing the embeddedediacoupons weraisedfor biofilm
thicknessanalysisand later gPCR analysis,it was noted that the firmly embedded coupons
developed healthy biofilm and barely heel wormsattached to their surfac@hese firmly
embedded coupons were representative of tieenal condition of the media modulé$owever,

some of the media coupons were not firmly embedddlde moduleand came loose due to the
force of the airlift pumpand drifted for several days in the process stre@hese loose coupons
which were leffloatingand driftingin the mixed liquor stream provided ready attachment surfaces
for red worm growth. Essentially, the sessile worms were not found attached to the structured sheet

fixed film media modules, instead, they were mostly found attachedéo stirfaces that were
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near the top of the waterline in the reacoch as the D.O. probes (Figur(a)), cotton strings
used to hold media coupons in place for future analffsatjng media couponshe side walls of
the trains and clarifier (Figutl4 (c)) etc. The sessile worms were also more likepgglomerate
in clusters (Figurel4 (a)), while the freeswimming worms could be found all over the mixed

liquor.

Floating-coupon strip NN

with red wormis=

Floating
coupon

.‘!
¥
X

- 4‘{
T

(a) Clusters of red wormsro | (b) Biofilm media coupon |(c) Red worms observed on
D.O. probe strips (embedded) wit the edge of the clarifier fo
T no red worms) and BNR-IFAS
(floating)with red

(d) Red worm quantification |(e) Red worm quantification | () Red worm quantification ir]
in petri dish in petri dish (closer) petri dish (closer) showing

worms by mm ruler
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(g) Red worm identification

under a microscope

(h) Bright field view of
aeolosoma hemprichi
identification under a
microscope showing

i) Bright field view of
aeolosoma hemprichi
identification under a
microscope showingiliated

transparent body prostomium

Figure 14 Images of Red worrAeolosoma hempriclshowing physical observation on the IFAS
train (a, b, ¢) quantification from nixed liquor in petri dish (d, e, f) and identification under the

microscope (g, h, i)

4 .32 Effect of red worms on nutrient removal

4.32.1. Effect of red worms on COD removal

With average influent CODs of 170:5527.9 mg/L, and the effluent COD# iBNR-IFAS and
BNR-AS reactorswere 35.1+ 13.6 mg/L and 33.7+ 5.8 mg/L, respectively There was no
significant difference in CODs removal éffencies between the two reactdps=0.49), which
were 78.7# 10.5%in IFAS and 79.# 5.4%in AS, respectivelyOn Day 118 of the testing period,
Train 1 was suffering from a red worm bloom, which however did not affecC@ie removal
efficiencies (p=0.28, 80.2 5.7% vs 78.8 £ 4.7% before and after red worm occurjeieen

that aerobic heterotrophic bacteria are typically involved in the aerobic oxidation and removal of
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organics fom treatment streams, it wiarberred ttat the presence éfeolosoma hempriclaiid not
functionally affect aerobic heterotrophs in any significant way. This finding agrees with previous
reportsthat thered wormshad limited impacts o@0OD removalLiang et al. 2006a, Wang et al.
2011) Figure 15 shows the influent and effluent COD concentrations for the BRES train

(Top); it can be compared with Rige 15(Bottom)which shows the same measurements for the
BNR-ASt rai n. The points i nd-iFAStraiedhows the Momdnttwhen A A 0
red worms were visibly observed in the BNFRAS train as pictureth Figure 15@) and (c). Points

B, C and D represent the times when different intervention strategies were applied to eliminate red
worms in the BNRIFAS train. At point B, intervenibn strategyl was applied (i.e. Mixed liquor
recirculation (M_.R) was eiminated) at point C, intervention Il was digg (i.e. a combination of

no MLR and increased wasting 4 mins per 60 mins), at point D, intervention 11l was applied which
is a combination of intervention | & 1l and no D.O.). Points A, B, C and Ddmmetified in the

COD graphandidentified in sibsequent nutrient removal graph
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Figure 15 Reactor p@gormance on COD removal showing influent and effluent GOihe
BNR-IFAS tran (a) and the BNRAS train (. Arrow A in BNR-IFAS indicates when e
worms were first observed. Arrows B, C and D indicate when mitigation strategies 1, 2 and 3

were applied respectively.
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4.3.2.2. Effectof red worms on nitrification

At an averagenfluent ammonia concentratioaf 43.5° 6.9 mg/L, the ammoniaemova
efficiencies were1.5° 10% and 96° 3% in BNR-IFAS andBNR-AS reactors respectivein
Phase | (p=0.1%0.0° 21% and 50.7 25% inBNR-IFAS andBNR-AS reactors respectively in
Phase 1i(p=0.87) and79.1° 20% and 88° 15% in BNR-IFAS andBNR-AS reactors (p=0.23)
respectively in Phase lllIPrior to the observation of red worms in the BNRAS train
(approximately betweetiay 73 until day 117 in Fig. 16, the performance of both reactamserms

of nitrification wassimilar. However, with the red worisloom in IFAS during day 118 to day
143, there wasa significant difference betweeBNR-IFAS andBNR-AS in ammonia removal
(P=0.0004) since the ammonia removal efficiencies in IFAS decreased significantly (p<0.0001)
from 79.1° 20% to 24.5° 14% because fored worm proliferation. @ results show thaBNR-

IFAS did not demonstrate a better ammonia removal performanceBtRRAAS at diffaent
influent flow rates but itmore easilyfavored the growth of red worms when suffering the
significant flowrate chang. After performinghe mitigation strategies teliminatethe red worm
bloom in IFAS, the ammonia recover efficiencies were increased significantly (p=0.009) from 24.5
° 14% to 58.9° 30% during day 184 to the end of testing period (day 228) but stilhntmwer

than that of AS reactor (91°216%, p<0.001).
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Figure 16. Reactor performance ammoniaremoval showig influent and effluent ammonia
the BNRIFAS reactor(a) and the BNRAS reactor(b). Arrow A in BNR-IFAS indicates when
red worms were first observed. Arrows B, C and D indicate when mitigation strategies 1, 2 and 3

were applied respectively.
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Since most ammonia was oxidized to nitrate via nitrification, nitrate production in the effluent was
measured as well. The effluemtrate concentrations in Phase |, Phase Il and the period prior to
the red worm bloom in Phase Ill wet° 2.4 and 6.2 3.2 mg/L (p=0.17), 0.2 0.04 and 0.2

0.05 mg/L (p=0.63) and 2.02.2 and 2.8 3.1 mg/L (p=0.38)respectivelyLike the ammora
removal performance, the effluent nitrate concentrations beforectherenceof red worms in
BNR-IFAS has no significant difference between both reactors. However, with the red worm
bloom (during day 11-843Fig. 17, the nitrate concentrationsBNR-IFAS were 0.3 0.2 mg/L,

which was significantly lower than that before toeurrencef red worm inrBNR-IFAS (p=0.04),
andsignificantly lower than that iBNR-AS process (4.3 5.9, p<0.001). During day 18228,

the effluent nitrate concentrations (3.2.5 mg/L) inBNR-IFAS became significantly (p=0.005)
higher than that in Phase Il before performing the mitigation strategies. petios the effluent
nitrate concentrationin BNR-IFAS and BNR-AS were 3.4° 2.5 mg/L and 8.6 4.2 mg/L
respectivelyand significantly different (p=0.0004). The results emasistentvith the ammonia
removal performancd.hereforejt is inferred that after the red worm bloom elimination strategie

worked, it will take more thaA5 days for a completely recovery in awma removal.
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Figure 17 Reactor performance showing influent and effluent nitratte BNRIFAS train(a)

and the BNRAS train(b). Arrow A in BNR-IFAS indicates when red worms were first

observed. Arrows B, C and D indicate when mitigastmategies 1, 2 and 3 were applied

respectively.
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4.32.3. Effect of red worms on Phosphorous removal

At an average influent P&P of 5.4+ 1.3 mg/L, before the occurrence of red worms, the average
effluent PQ-P were 2.2t 3.6 mg/L andL.6+ 2.5 mg/L repectivelyin BNR-IFAS and BNRAS
reactorswithout significant differencérFig. 18). ThePQs-P removal efficiencies in Phase | were
81+ 22 % and 90 + 9.6 ¥espectively in BNRFAS and BNRAS (p=0.07). InPhase I, the P9

P removal were 38 and 40 + 27 %espectively (p=0.79), and in Phase thHe PQ-P removal
were 57+ 33% and 59 + 31 % respectively (p=0.89) before the red worm occurienB&lR-

IFAS reactor after the red worm occurrence, fR€-P removal efficiency waslightly increased
from 57+ 33% to 68+ 22% (p=0.4), which indicatethat heterotrophic bacteria such as PAO
wonot be signi fi canThdngfteraapplyiegdhe watm ritigationesttategies,r ms .
thePQy-P removal efficiencies were increased ta:78B % whichwasprobablydue to the sludge
wasting rate increase. Meanwhile, during this periodPtBeP removal efficiency iBNR-IFAS

reactorwas also significantly different from that BNR-AS reactor(p=0.037).
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Figure 18Reactor performance d?Qs-P removalin the BNRIFAS reactor(a) and the BNRAS
reactor (b)Arrow A in BNR-IFAS indicates when red worms were first observed. Arrows B, C

and D indicate when mitigation strategies 1, 2 and 3 were applied respectively.
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4.3.3Food to microorganism ratio (F/M) Comparison

The measurement of F/M showed a significant difference (P< 0.05) betweenF3$Rand the
BNR-AS (Figure 15. Generally, the F/M ratio of the BNFEAS system was less than that of the
BNR-AS system which is expected because the biofilm growth@media material in the BNR

IFAS system was indicative of a higher bacteria and microorganism concentration than in the
BNR-AS system which had no fixed media, even though both systems were receiving the same
amount of food in terms of organic loading centrationDuring thedaysof increased flowate

as observed ofDay 60 and day 101 on figure )18he flowrate increased from 30 L/min to 45
L/min and from 45 L/min to 56 L/min on both dagspectively. he BNRAS F/M increased well
beyond 0.7 mgcOD/ (mg-VSS day) however the F/M for BNRFAS barely reached 0.7 mg
COD/ (mgVSS day). The fact thaieolosoma hemprictgroliferated in the BNRFAS train is
supported by previous studies fhyang et al. 2006bWwhere F/M of less than 0.7 rEOD/(mg

VSS day) was determined to be ideal for red worm multiplication.
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Figure 19Food to microorganism ratio for BNFEAS and BNRAS

4 .3.4Biofilm thickness

After retrofitting the BNRIFAS train with fxed media, and prior to seeding the train with mixed
liquor, representative samples of media coupons provided by Brentwood industries which were
made of the exact same materiatlanould as the installed VF and DMedia modules were
embedded in the moddeo that they could be harvested later for analyhisse coupons were a
practical alternative used in lieu of lifting the entire media tower from the process stream and

cutting off a piece of media material for analy3ise BNRIFAS train was allowed@proximately
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3 weekdrom the start of seeding and operation befordtb®m measuremenBiofilm thickness

was measured periodically to ascertain that sufficient biofilm had grown on the media to support
nutrient removalMaas et al(2008)Identified that biofilm solids would require over 50 days to
reach a quassteadystate. Thickness measurements were performed by harvesting the coupons
and staining them for CLSM analysis as described in section 4.2.3. Most ofujons were
embedded in the media temthat was at the end of the aerobic zone (closest to the clarifier) where
the D.O. was 2ppm. A few coupons were embedded upstream of the aerobic zone closer to the
pre-anoxic zone where the D.O. was set to appraéhy 3.5ppm. The measured thickness varied
depending on the dissolved oxygen (DO) concentration in the aerobic section where the media
coupon was harvested from. Coupons nearest to the anoxic zone where the DO concentration was

higher at 3.5ppm had mor@bim than coupons nearer to the clarifier where the D.O. was 2ppm.

(Fig 20.
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Figure 20. Biofilm thickness measured using confocal laser scanning microscope
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In summary, there was no significant change in biofilm thickness observed prior to or aféer the

worm bloom. The only difference in biofilm thickness was dependent on oxygen supply.

4.35 Recapof strategiesto mitigate red worms

4.3.5.1Pausing mixed liquor recirculatiofl Ar r ow fABO i n nutrient r emo\

The internal Mixed liquor reotulation (MLR) line in the BNRIFAS process train recycles mixed
liquor from the end/outlet of the aerobzone back into the anaerokione. To eliminate the
persistence of red worm in the IFAS bioreactbwas decided to turn off the MR to limit the
recirculation ofred worms containing sludgthrough the oxygen riclaerobic zone. This
intervention was carried outitrally by itself for a few days(days 141 to 144pefore the
combination with the reduction of the MLSS in theatea through increaseaasting (discussed

in 4.4.2). However, there was no effect on red worm density ammonia removal.

4.35.2 Increasing Sludge wastingh combination withpaused mixed liquor recirculation

(Arrow ACO in nutrient removal graphs)

It has been concluded by somesearchers that high MLSS concentration is indeed beneficial to
Aeolosomatidaend consequentlythere is a positive relationship between h8RT and high
worm density (Elisseriiellen J.H. 2008)Thus,it was postulated that by increasing the wasting

rate of the sludgehe worms would have beefiminated from the reactor he challenge however
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wasto maintain certain MLSS concentration to support the reactor performance while maximizing
the sludge wasting rate for worm elimination. Our strategytoascrease the wasting rate from
2min/90min to 4 min/60min from day 144 until day 1awd turn off the MLR line to eliminate

the persistence of red worms in the entire IFAS process at the samPtirimgy the 28 days, the
3-time increase in sludge wastingte lead to asignificant decrease(p=0.04) in MLSS
concentration fromi808° 395mg/L t01278° 694mg/L (Table 4). Meanwhileaverageed worm
concentration decreassgnificantly (p=0.002) from 1.64 ind./mL to 0.18).23 ind./miwith the
decreasedILSS concentrations. However, on day 176, the red worm density has a slight recovery
as soon as the previous operation was resurAeain day 173 when tharevioussludge wasting

rate (2min/90min) was resumed, the MLSS started to recover to 178& mg/L, ad the red

worm density was maintained as low as 0.04509 ind./mL(Table 4.
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Table 4 Average red worm density in BNFREAS reactor with corresponding reactor MLSS

concentration

Day Averagered worm density MLSS (mg/L)
(ind./mL)

141 1.64 2250
149 0.633 2470
150 0.13 1350
151 0.128 950
155 0.137 1590
157 0.03 660
164 0.01 650
173 0.045 1703
176 0.18 1910
183 0 2220
191 0 2270
198 0 1680

4.35.3 Rendering entire reactor anaerobie paused nitrified liquor recycle + maintaining

MLSS < 10@mg/L through excessive sludge wastiGgAr r ow A DO

n

nutrient

Since rel worms are strictly aerobeswasdecided that the entiBNR-IFAS reactorbe rendered

anaerobic for a while as another mitigation optiOn.day 181 to day 83, the influent flow and

DO supply was shut off in the bioreactdhis anaerobic condition existed for 48 hours straight,

after whenthe influent flow and the aerobic zone DO was restored. This treatment completely

wiped off all the red wormgTable 9.
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About 1 month after the entire train was rendered anaerobic for 48 hours (i.e. day 215). FThe BNR
IFAS reactor was observed to recover in terms of ammonia removal such thaN NH3
concentration in the effluent was less than 10 mg/L. The reason for thiemngdione could be

that this is how long it took for nitrifiers to be healthy enough to carry out nitrification in the
absence of red worm#lass et al. (2008) Identified that a stapt IFAS process reached high

nitrification rate within weeks

4.4 Conclusion

Red worms identified a8eolosoma hemprichiere foundto have proliferated in a BNFFAS

train shortly after ashockincrease(50%) in the influent flowrate. Subsequent fluctuations in
influent flow rate sustained the perpetuation of the redwgomhe proliferation of these worms
seemed to directly impact nitrification although COD removal angfP@moval were relatively
unaffected. A combination of measures was taken to eliminate the red worms. The only
combinationwhich eliminatedthe worms involved the stpping of aeration for 48 hours, in
addition to stopping the influent feed, maintaining a low MLSS and stopping the mixed Liquor

recirculation.
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