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ABSTRACT

Current wastewater industry is facing challenges concerning energymptisn due to

the increase in water resource stregsingent regulations concerning treated effluent
water. Climate changes was also one of the reasons for developing and adopting
innovative technology to save energy, improve its efficiency, and sezkative sources.

Thus, energy seléfficient technéogies were brought up to reduce energy consumption
and lower operational costs. The innovative technology configuration is stateeBas A
process which captures COD in the #tage to be used anaerobigahfterwards for
energy purposes and the- Btage hmadles nutrients autotrophically via PN/A or
denitrifying NOQx using denitrifiers. This thesis deals with highite SBR process. A pilot

scale (2.73 L) has been operated to capture COD asteetenentd be fed in the future

for cold anammox. ltisalabcal e pil ot present i n AEnviro
Politecnico Di Milano that was employed to treat first synthetic municipal WW and then
real municipal WW from Peschiera Borromeo WWTP at-dag SRT controlled by
discharging MLSS for 3 mins at tlead of each aerobic phase. The pilot has operated at
an average temperature of 23°C and HRT of 6 hrs. Aeration strategies were divided into
two phases: continuous and intermittent aeration. The contsnaetation was adopted
while using synthetic WW for @ days-DO of 4 mgQ/L- resulting in COD and
ammoniumnitrogen removal efficiencies of 84 % and 98 (itrification process)
respectively and using real municipal WW from day 37 to day 45 with DO ahg@@/L
resulted in COD and ammoniunitrogen removalefficiency of 77 % and 70.5 %
respectively. However, testing fdOs-N in the treated effluent was of great importance
because NOB suppresses the work of Anammox bacteria in the upcoming treatment, thus,
after reaching the result that ammonimitrogen isbeing oxidized to nitrate and not
partial nitrification, DOwas dropped to 0.7 mgf). starting from the 1% of July and
extending to 45 days (excluding August). The drop in DO resulted in a slightrdtbe

COD removal efficiency (71 %) but a significant drop in ammonnitnogen removal
reaching 36 %.



SUMMARY

L'attuale industria delle acque reflue si trova ad affrontare sfide relative al consumo di
energia dovute all'aumento dello stress delle sesadriche e alle severe normative in
materia di acque reflue trattate. | cambiamenti climatici sono stati anchieumotivi per

lo sviluppo e l'adozione di tecnologie innovative per risparmiare energia, migliorare la sua
efficienza e cercare fonti attetive. Pertanto, le tecnologie di autoefficienza energetica sono
state introdotte per ridurre il consumo di enargiridurre i costi operativi. L'innovativa
configurazione della tecnologia € indicata come proces8 che cattura il COD nello
stadio A @& utilizzare anaerobicamente in seguito per scopi energetici e lo stadio B gestisce
i nutrienti in modo autotroficeoramite PN / A o NO2 denitrificante usando i denitrificatori.
Questa tesi riguarda il processo SBR ad alto tasso. E stata utilizzatalamalstza(2,73 L)

per acquisire COD come pteattamento da alimentare in futuro per anammox freddo. E 'un
pilota 21 scala di laboratorio presente nel "Laboratorio di ingegneria ambientale" del
Politecnico di Milano che é stato impiegato per trattargilmgWW sintetica e poi la vera

WW municipale dal WWTP di Peschiera Borromeo a un SRT di 2 giorni controllato
scari@ando MLSS per 3 minuti a la fine di ciascuna fase aerobica. Il pilota ha operato ad una
temperatura media di 23 ° C e HRT di 6 ore. Le stjiatdi aerazione sono state divise in
due fasi: aerazione continua e intermittente. L'aerazione continua é sttitdaadurante
l'utilizzo di WW sintetico per 36 giorniDO di 4 mgO2 / L ottenendo efficienze di
rimozione di COD e di azotammoniaca rigettivamente dell'84% e del 98girocesso di
nitrificazione) e utilizzando il WW vero e proprio dal giorno 37 al giorno 45 con DO di 3,7
mgO2 / L hanno portato all'efficienza di rimozione di COD e di aaotononiaca
rispettivamente del 77% e 70,5%. Tuttgul test per NOB negli effluenti trattati e stato di
grance importanza perché NOB sopprime il lavoro dei batteri Anammox nel trattamento
imminente, quindi, dopo aver raggiunto il risultato che I'azstononio viene ossidato in
nitrato e la nitrificazioe non parziale, DO e stato lasciato cadere in 0,7 mgO2palrtiae

dall'11 luglio e che si estende a 45 giorni (escluso agosto). Il calo di DO ha comportato una

Vi



leggera diminuzione dell'efficienza di rimozione COD (71%), ma un calo significativo

dell'eliminazione dell'ammontazoto che raggiunge il 36%
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INTRODUCTION

Overview

Globally, wastewater treatment plants were designed and implemented to secure an adequate
treated wastewater discharge into receiving water boadli@goid health problems, diseases,

and destruction of aquatic life and ecosys{&mger et. al, 2000Although most VWTP

were designed in a way to satisfy certain effluent quality requirements, however, still most
of them do not consider energy requireméRisjas & Zhelev, 2012)Therefore, thisiea is

put under improvement becausestinability covers both water and energy and considers
carbon emissioPanepinto et. al, 2016 & Scott , et al., 20}o0, the topic has become

of more interest due to the fact that water resource stress issimgreehich in return is

leading toan increase in energy usage for water Treatment, transportation, and supply
(Lazarova et. al, 2012 & Englehardt et al., 201%)addition, saving energy, enhancing its
efficiency, and seeking alternative energy sour@skbiecome an important aspect dwe t

the increasing concerns about climate chaiggedrich et. al, 2009 & Dincer, 20Q2j is

known nowadays, that coventional activated sludge (CAS) process is receiving critiques
since 25 40 % of its operating costse due to high energy demand (Rant et. al, 2016).
Consequently, energy consumption causes greenhouse gas emissions resulting in global
concern(Ashrafi et. al, 2014, Shahabadi et. al, 2009, Pan et. al, 2011, & Shahabadi et. al,
2010). Thus, energy Kesufficient WWTPs are developed tsave energy by reducing
energy consuption, lower operational costs, and achieve carbon neutr@igtt et. al,

2007, Nowak et. al, 2011, Jenicek et. al, 2012, & Jenicek et. al, 2013).

The fact that wastewater is a oesce of water, energy, nutrients, and other comporients
not waste was elaborated by climate change and resource reflomesen, 2011, McCarty
et. al, 2011, & Van Loosdrecht & Brdjanovic, 201#)us, potential energy ihe main

constitution of the waswater and comes in organic matter form.

Therefore,m order to maximize energy recovery by anaerobically digesting the concentrated

sludge to further valorize it into methaneh biogas, the organic matter present in the



wastewater should be concentrhby physical, chemical, or biologidaéatmentVersprille

et. al, 1984)Thus, pretreating a raw wastewater as a first step has an advantageous aspect.
Also, the process relies @onverting half of the ammonium tatrite under limiting DO

which acts as a substrate for Anammox. Then, the treated effluent from organic matter
consists of nitrogen and can be treated autotrophically via combined partial
nitrification/anammox (PN/A). Tik leads to significant savings camning the aeration
costs, sludge production and external organic carbon solince.process comprising 2
stages: COD capture and handling of nutriecatied AB processVersprille et. al, (1984)

& Salome(1990) stated that the advantages of aB frocess with respect to-dtage
activated sludge (CAS) are: small footprint, low energy requirements, increased biogas
production by sludge digestion, and increased stability of nitrification process whilegdealin

with fluctuations in organic composition, p&hd toxic components

High-rate activated sludge is one of the promising technologies that operates at short HRT
and SRT arousing fast biomass growth for carteptureand as well some nutrients from

WW (Gray, 1990)Its objective is to transfer most of the organics into biomass using short
SRT instead of oxidizing thenThis process maximizes the conversion of soluble and
particulate organics into biomass. This biomass lsandigested under aerobic which
produces biogato generate energilso, one of its advantages is that it reduces aeration
requirements and thus loveemergy consumptionn such highrate system, new processes

were developed to further achieve N rematath as AnammogStrous et. al, 1997).



Sope and Objective

The aim of this project is to study an innovatteehnology-to pretreat real municipal
wastewater for achieving high standard of wastewater treatment by increasing the COD
capture and being viable to be fed in the future to a contgwpdot scale cold anammox
reactor to be placed at Peschiera Boeord/WTP. This technology comprises a-tdale
high-rate SBRwhichincorporates the equalization, aeration, and clarification in one single
reactoranduses cyclic timing and operating abtions for treating synthetic municipal and

real municipal wastewater.

The selection of process fell not only on the biological treatment operation but specifically
on SBR (sequencing batch reactor)iethis known forits flexibility and control sequence

and small footprint but also for its high sophistication level.

Organization of the Chapters

Design
Criteria

Disadvantages
@% @ A\)% Objectives

A
\

N itro&e

Te§1mnolo

CcoD

chpe -
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@

Figurel: Organization of the thesis elaboration



Chapter 2 providesa comprehensive literature reviamsncerning AB process for COD
captue and nutrient handlingThis chapter stresses on the different processes used in A
stage and on the-Btage.

Chapter 3 also provides a comprehensive review based on the SBR, itstagesrand
disadvantages, and its design criteria. Also, a coofpdtudies were presented while using
SBR with different operating conditions and feeding solution source. In addition to that, the
studies included also different SRT ranging between aighlow while concentrating on

the removal efficiencies.

Chapter 4 aimed oncharacterizing theynthetic municipal wastewater and real municipal
wastewatefed to the SBRassociated with th€OD, total nitrogen, ammoniwmitrogen,
and NQ tests donalso on the treated effluent discharged out of the ,SBRwell as, the
TSS, VSS, and SVare mentioned in this chaptdihe SBR setup was developed and the
feeding of inoculant into the SBR.

Chapter 5 provides the results obtained based on the operastnasgies and SBRetup
that were developed in the preceding chagtee. results are graphically illustrated with the
elaboration following each graph.

Chapter 6 summarized the major findings obtained in this stag the future perspective
concerning this thesis



2. AB PROCESS
2.1 Definition

A-B process is the abdviation of adsorption/btoxidation process. It consists of twgtage
system used for the treatment of municipal wastewater. It operates without a primary clarifier
preceding iandwith a separate settling tanks for each skephe A-stage, influent manic

matter is mainly removed by flocculation and sorption to sludge. This removal is due to high
loading rates and low sludge age. 80 % of the influent organic matter can be removed in the
A-stage (Boehnkeet. al,1997)

The Bstage (bio-oxidation stage is a low-load activated sludge process
wherebiodegradatiomf the remaining organic material takes place. Tstdgje is designed
for nitrogen and phoswrus removal by usg an alternate aerobic, anoxic and anaerobic

phase in the reactor.

2.2 Introduction

For 100 of years, a conventional activated sludge process has been used and operated for
domestic production wastewater treatment. However, its mgigg consumption wh low
energy efficiency is imposing a serious impact and challenge on the current wastewater

industry worldwide.

For instance, Juong water reclamation plant of Singapore and Gaobeidian wastewater
treatment plant of China achieved eqeefficiency(energy produced per energy consumed)

of 35 % and 31 % respectivelghou et. al, 2013)While USA reported an annual electric
energy consumption of 3 % for wastewater treatment p{al8sEPA, 2006) In addition to

that, anincrease irplant energy consumption is expected since more stringent standard and
regulations are being imposed on the effluent due to serious health concerns on public health
and environmental protection. Along with all of that mentioned above, a stibstassil

fuel consumption used for electric energy to operate the Wastewater treatment plant is linked


https://en.wikipedia.org/wiki/Biodegradation

to the global climate change where 114 million metric tons ofi€€hina is generated and

emitted annually from electric energy for driving WWTP @tien (Hao et. al, 2015)

Therefore, a global effort for substantial improvement of the overall process was adopted.
This effort was depicted by imposing an innovagwecess configuration A-B process
consisting of 2 consecutivéagies A- stagedescibed to capture organic matter in domestic
WW for direct anaerobic digestipprior to biologicaltreatmentof nutrients in a separate
processAs it wasmentioned previously, A process concept was adopted for maximal
recovery of chemical energy frommestic wastewater instead of transforming it to carbon

dioxide while using substantial amount of electric energy.

Wastewat p B-stage Effluent
astewater A stage uen

Nutrients removal
Capture of COD (
fcpt ) and recovery)

OD -methane

Energy
(A) production

A

Energy gain
Energy
recovery .
potential
Energy
consumption
(B) A-Stage B-Stage

Figure2: Gereral configuration of AB procesgWan et. al, 2016)

In this section the A process will be intrduced discussing the 2 stages of it separazdly.

COD Capturpresent#\- stage pre-treatment stagevhichwill be divided into three different



treatments (CEPT, HRAS, and anaerobic process) which can capkeastad0 % of total
COD.While sectiore.4 Nitrogen Removalechnologiesvill introduce the Bstage for nutrient

removal.



2.3 COD Capture
2.3.1 Chemical Enhanced Primary Treatm@&@&PT)

CEPT is a physicathemtal treatment of wastewater. Chemical coagulants are added into
wastewater to improve the TSS removal. Through CEPTFséalle studies found that TSS

and total COD can be removed up to 80 % and 60 % respedtivatieman& Morrissey,

1992, Wang et. al,@9, Harleman & Murcott, 1999, & Parker et. al, 20040, the
guantity of the sludge produced by CEPT increased by 45 %, compared to conventional
primary settling, where 33 % of it is due to enhanced solids cap{itademan &
Morrissey, 1992)It is important to point out that the effluent from CEPT still contains high
concentration of soluble COD since it is ineffective in soluble COD rem®a@dsle &
Pretorius, 2001)If CEPT & to be served in Astage, a codbenefit analysis should be
considered since there is additional® cost
(equivalent to 4x100 / g CDBAntis et al., 2013)

2.3.2 High Ratdctivated Sludge

HRAS has the capability to capture particulate, colloidal and dissolved organic matters
targeting improvement of the primary sludge production. In an aeratedrrghetomfluent
wastewater is mixed with the activated sludge. COD, ésipeparticulate COD, is captured
through aerobic biomass growth, Hiocculation, biosorption, etddRAS has a high
capacity of capturing COD at short SRT and HRT wheré€%5%6 oforganic matter could

be retained in HRAS at SRT= 0.5 d4ysett et. al, PO7). Moreover, nitrification at short

SRT (<3 days) should not be significant. However, the critical issue of the HRAS is the
difficulty in balancing the wasted sludge aretycled sludge flows. This leads to the
instability of the whole system on the prun since less sludge will be available for COD

capture and more sludge will be harvested for anaerobic dig€Xtioet al., 2015)



2.3.3 Anaerobic Process

Concerning anaerobic process, less sludge production hendi®émethane generation
caused this process to be energy efficient and economically feasible. Studies showed that
65-90% of COD in real municipal wastewater could be reedoanaerobically while having
sludge production 3 to 20 times lower than that pcedun the CAS process. UASB system

can remove 455 % of total COD at HRT-89 hrs. while lakscale UASB reactor achieved
60-90 % of total COD removdB5eghezzo et. al, 18X Foresti, 2002)Also, 88 % of total

COD was removed by MBR (Kim et al., 2010) However, tle disadvantage of the system

is that substantial amount of methane gas was found to be dissolved in the effluent in
anaerobic treatment of municipal wastewater. This is due to high methane solubility in water
(18.6 g/m3 at 30°Qyamamoto et. al, 1976andthe process is not efficient at lewedium
temperature (~ 25°CThus, without proper recovery of methane a difficulty will be imposed
for the wide application of anaerobic processes for treating munvegsaéwate(Liu et. al,

2013).

Tablel: Summay of advantages and disadvantage§ CEPT, HRAS, and anaerobic treatmintCOD capture

CEPT HRAS Anaerobic treatment
COD removal 60% 55-65% 65-90%

Small foot print

No aeration needed
Small foot print
Advantages Easy retrofitting in existing facility High COD removal efficiency
Better soluble COD removal
Direct conversion of organics to biogas

Low sludge production

Inctective for soluble COD
Unbalanced sludge flow
Challenges Cost of chemical Dissolved methane
Further AD for sludge treatment
Further AD for sludge treatment




2.4 Nitrogen Removalechnologies
2.4.1 Introduction

Due t o Nitr ogen 6 simgactsjtbastsbe removedifromoViumicgal W\ |
before discharging the effluent into a water body to prevent the risk of eutrophication
(Galooway, et al., 2003heconventional way of removing nitrogen from the wastewa

is achieved in two subsequent steps: by aerobically oxidizing ammonium into nitrite and
nitrate via autotrophic nitrification and then denitrification carried out by denitrifiers

reducing nitrate ito dinitrogen gagFigure3).
Nitrification: ~ NH4" + 202=> NO3 + H20 + 2H" + energy

Denitrification: 4NOs + 5 CH20 + 4H* => 2Nz + 5CO2+ 7H20 + energy

Nitrification )

75 % 0O, 25 % O,
Demand Demand

40 % Carbon
Demand

Denitrification

60 % Carbon
Demand

Figure3: Nitrification-Denitrification Process
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Although this caventional route results in a highly reliable nitrogen removal, however, it
is highly demanuthg in energy and cost terms. The utilization of aeratiba requirement

for biodegradable COfbr denitrification (typically methanaljandrelevantsludgeamourt

are the limitsBesides, itprodudion of significant amounts of greenhouse gases;(CRD,

and ozone depleting N@jlu, et al., 2013)

All the mentioned treatments used irsfage remove at least 60% of total CORIamestic
wastewater leading to lower concentration of COD enterisgaBe(Wan et. al 2016) If
denitrification and nitrification is to be considered astBge, according to the denitrification
stoichiometry, about 2. 8@enigfgr@bnegramafNgg ui r e d
N. Thus, this suggests that considering nitrification ardtdfication process is not possible

due to the insufficient soluble COD fed tesBage after applying Atage. Threfore only

two processes will be discussed: sbor nitrification-denitrification and partial nitrification

combined with anammox proses.

2.4.2 AnammoxProcess

Anammox or anaerobic ammonium oxidat{Gigure4) is a microbial process of the nitrogen
cycle which takes pladgea many natural environments. It is considered the most promising
alternate for biological nitrogen removal in MWW applicatiof@n Loosdrecht &
Brdianovic, 2014)In general, the process consists of two mechanisms aonthpfonents
which play an important role in this whole Anammox process. The first mechanism
comprises the conversion of ammoniwand hydroxylamine using a membramaund
enzyme complex to hydrazine, and the second mechanism involves the oxidation of
hydrazne to dinitrogen gas in the periplasm, and the produced electrons are transferred via
an electron transport chain to nitrite uethg enzyme in the cytoplasm. Nitrite is reduced to
hydroxylamine at the same place, cytoplasmic site, in which the same emroynplex
responsible for hydrazine oxidation takes pladeus, controlling NOB accumulation and

its washout issential to allow nitrite accumulation
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Deammonification
no Carbon
Demand

Nitritation
40 % O,

Demand Anammox

fe=cccceccceccecs
'

. Saves 60 % O,
+ & 100 % carbon ,

Figure4d: ANAMMOX nitrogen cyclé@Data from(Sandip, 2017)Scheme: own elaboration))

In this processpxygen demand is greatly reduced since only half of the ammonium needs

to be oxidized to nitrite and not a full conversion into nitrate.

Anammox based technology is already commercialbilakle for concentrated industrial
WW or anaerobic digestion supetant, and is intensively investigated to study its

application in the mainstream WW line.

Several literature reviews have operatettl Anammoxlike Hu, et al, (2013 andGilbert,

et al, (2014 while having a lower municipal wastewater temperafdfeto 15°C) and a
relatively low ammonium concentration. The critical aspect of the temperature on
ANAMMOX bacteria and AOB may cause lower specific activities and growth (Rteta

et. al,2008 & Isaka et. al, 2008)n addition to the criticatondition of the temperature
mainstream application has several challenges: variable nitrogen loads, low nitrogen
concentrations, low temperature, dodg-term stability of the process. When nitriteas
dosed, Anammox bacteria was able to grow at lowpeatures (1415 °C) while applied

on MWW.
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In general, if an efficient anammox process is applied, a cost reduction of up to 60 %, a lower
CO; emission, 100 % reduction in organic carbon source deraaddower or no BD
production (global warming potentiaf 310)are achieve(Siegrist et. al, 200&an Dongen

et. al, 2001,& Kartal et. al, 2010)In addition to that, 90% less sludge is produced in
anammox process as compared to conventional Natific and denitrification process

resulting inlower sludge treatment cost

Despite of the advantageous side of the anammox process application, there is also
disadvantageous side. It is difficult to grow enough sludge for a wastewater treatment reactor
since the doubling time is slowl@ days to 2 weeks). Also, in case of loss of sludge by

accident, the recovery time is longer than the conventional nitrogen removal application.
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2 4.3 Nitritationation - Denitritation Process

It is a biological procesthatis introduced to reduce COD requirements and aeration costs
along with nitrogen removal. Nitritation/denitritation is a short cut in the nitrogen cycle
(Figure5) where nitrites an intermediate compound in baikrification and denitrification
processedt is a process that consists of two types of bacteria: the first stage of nitrification
is taken care by the ammonia oxidizing bacteria (AOB)eniie second consists of Nitrte
oxidizing bacteria (NOB) that adizes nitrite to nitrate. In this process, nitrite accumulation
is required, thus, it is essential to prevent the further oxidation of nitrite to nitrate. Thus, to
jump nitrate production,a bypass is performed where a partial nitrification and
denitrification of nitrite is performed.his process saves up to 25 % of the oxygen demand,
40 % of the carbon sourcand30% of sludge productiofGustavsson, 2010AIso, it helps

in the reduction of C® emissions by 20 % ifcompared to a conventional

nitrification/denitrification proces@Gustavsson, 2010)

‘Saves'25% 03}
: & 40 % carbon ;

Denitritation
60 % Carbon
Demand

Nitritation
75 % O, ¢

Demand

Figure5: Nitritation- Denitritation process(Data fromGustavsson (2010), Scheme: own elaboration)
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In order to perform a stable nitritation and be able to control ammonia to nitrite and nitrite

to nitrate conversion, a couple mdrameters should be taken into consideration:

1 Temperature and SRT: high temperature480C) and low SRT are two factors that
adieve the washing out of NOBs from the systéhgh temperatures resulting in a
successful NOB suppression was related todrighaximum specific growth rate of
AOB over NOB.

1 DO:itis another parameter that affects the growth of NBBioreanu et. Al (297)
reported that the haHfaturation coefficients of AOB is 624 mg/L and NOB is 1:2
1.5 mg/L. This means that AOB aresgesusceptible to low DO as the N@®ading
to the conclusion that low DO supresses the growth of NOB.

1 FA and FNA: these factorseaconsidered inhibitors. FNA has the potential to inhibit
AOB and NOB using different concentrations, but &#fects mostly the growth of
NOB (Jubany et. al, 2009)
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3.SBR
3.1Introduction

The sequencing batch react&BR), also known as a fill and dreactivated sludgéype
reactorfor wastewater treatment, works as a single batch reactor. Wastewater is added to the

pilot and treated to remove undesirable components and to discharge the treated wastewater.

For municipal and industrial wastewater, SBigstems are being used succabgf for
treatment applications having either one of the two categories of flow conditions: low or
intermittent(EPA, 1999) Although several filanddraw systems were working during the
period extending between 1944d 1920, the SBR was interestingly brought back during
the late 1950s and the early 1960s with the growth of an advanced new equipment and
technology (EPA, 1999) The allowance and abilitpyf SBRs to compete with the
conventional activated sludge came after several improvements of this pilot which are the

aeration device and the control part.

The unit processes of the SBR and the conventional activated sludge are identical,
nevertheless, #re is a significandifference between the two technologies. Using an SBR,
the equalization, biological treatment, and the clarification operate sequentially in a single
reactor(Metcalf & Eddy, Treatment, Disposal aneéd&se, 1991)While in a conventional
activated sludge, these unit processes are achieved simultaneously in separ@itetaaks

& Eddy, Treatment, Disposal and Reuse, 1991)

Even though in most conventional activchtudge WWTPs primgrclarifiers are used prior

to the biological treatment, the usage of SBR does not usually require in some cases a
primary clarifier for municipal wastewater before the SBR. In case the TSS or BOD are
greater than 400 to 500 mg/L, t88R manufacturer miglsuggest a primary clarifier prior

to the SBR for municipal and industrial wastewdEPA, 1999)
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By using SBR, depending on the operating approaches, good and efficient BOD and nutrient
removal @an be accomplished whe BOD removal is up to 85 to 95%PA, 1999) While
the effluent from the SBR, ensured by SBR manufacturers that provide a process, is usually
tested to be less than: 10mg/L BOD, 10 mg/L TSSng/L TN, 1-2 mg/L TP(EPA, 1999)
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3.2 SBR Technology Description

Sewage

Excess Sludge Wasting ' Fill |=

Idle

‘ Deccnt‘ ’ Settle 1

Treated Water

React

Aeration | Mixing

Figure6: SBR operational steps

The SBR which is based on a filnddraw principlejs made of a tank, mixing app#ua,

a decanter, aeration system, and a central feature mainly consisting of a control system, an
automatic switch, and valves that sequentially organizes the timing of the different steps and
operation.

The SBR operates ban influent wastewater enieg a tank being partially filled with
biomass. This biomass gets accustomed to the constituents of the influent wastewater being
treated after several cycles. Once the pilot is filled to the desired volume, the SBR acts like
aconventional activated sludgethwithoutthe continuous addition of influent wastewater
where itis stopped by an automatic timed conti@uring the biological reaction, mixing

and aeration is turned on and is stopped after the reaction is compleig teatie settling

phase wherethe biomass is settled down. Following this step, the treated supernatant is
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discharged from the systeruring the cycle time, biomass is wasted resulting in the

constancy of mass ratio of influent substrate to biomass, éycle to cycle.

The Operationiasteps of an SBR which consists of 5 basic steps: idle, fill, react, settle, and
draw can change according to different operational applicatians discussed in the

following part.

Fill Step

The wastewater iadded to the reactor which already corgdiiomass inside iThe influent
wastewater might be either raw or primary effluédingh & Srivastava, 2011)Vhen
considering the fill step two criteria should bear in mithd: period of the fill step and the
treatrment objective. The length of the fill step mainly depends on the number of SBRs
present, volume of the SBRs, and the flow conditighscording to the operating strategies
and treatment objectiveall or one of he variable fill steps are usestatic fil, mixed fill,

andaerated fill

Thestatic fillwas included to explain the step in which no aeration and no mixing is included
during the period where the influent wastewater is being fed to the sy&tesresults in a

low energy demand artdgh subsrate (food) concentration and in a high F:M creating an
atmosphere advantageous to floc formation instead of filamentous orgaubsequently
causing a good settlement of the biomass during the settling (iR2&e199). This step is

used as a staup phase of a facility and for low flow periods in order to save energy.

In the course of thmixed fill, whereaeration remains turned off while the mixing is active
organics are degraded biologically by using the rtedidbxygen or alternate electron
acceptor known as nitratetrogen. The mixing action while adding the influent W\
considered as anoxic conditioallows the proper blending of biomass and influent
wastewater. This actials favorable for denitrificatioprocess, in which nitrateitrogen is

transformed biologically into nitrogen gas by the microorganisms.
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Aerated fll is characterized by providing aeratiand mixingto the content of the reactor
while addingthe influent WW. This type of fill is usedainly to begin the aerobic reaction,

that is completed afterwards in the React stdpe aerated fill step allowselpresence of

low substrate concentration. This is of great importance in case the constituents of the

wastewater at high concentrations tandac (Singh & Srivastava, 2011)

React Step

During the React Stephe biomass feeds on the substnageng differentenvironmental
conditions (aerobic, anaerobic, and anoxwbjch depends on the wastewater treatmien

case, the aerated fill mode is used prior to React step, the aerobic reaction is initialized in
theFill step and completed in the React step. As well as, nitrification can be attained where
ammonium converts to nitrieitrogen and consequently titrate-nitrogen. On the other
hand, mixed react mode can be used to enforce anoxic condition that igbfavior

denitrification.In addition to that, mixed reaction can achieve phosphorus removal.

Settle Step

The settling phase, that comes directlgathe React step, is characterized by leaving the
biomass to settle down with the absence of mixing amndtian to prevent the wastage of

any biomass and to result in a clearer supernafdst, solid separation is achieved under
specific conditions (€. no inflow and no outflow) in the tank. Under this specific condition

of settling, the volume might beare than 10 times of a secondary clarifier used for
conventional continuous flow activated sludgéd-Rekabi et.a, 2007) In some cases,
gentle mixng during the initial steps of settling phase may cause a more concentrated settled
biomass and subsequently a clearer efflugotprevent the solids blanket from floating, the

length of settle step normally lasts between 0b1b hours.
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Draw Step

During the decant phase, treated effluent is drawn out of the reactor. The supernatant is
removed using either floating or fixed decanters. The floating decanter is much more
advantageous than the fixed decanter since firstfliéxgble upon the variatioof the fill-
anddraw volume and its orifice is slightly attained below the water surface to ensure no TSS
are withdrawn along with the removal of the supernatant. However, in case the settle phase
has been extended, then theetixdecantera pipe fixed asome fixed level with the flow
controlled by an automatic valve or a pungutilized. The phenomena of extending the
settling phase time minimizes the presence of floating solids over the fixed decaster. Th
type of decantershow that the fixed decaertdoes not ensure an operating flexibility as the
floating decanter. However, they are less expensive than the floating decanters and can be

designed in a special way to provide the availability of loweringismg the decanter level.

Idle

The Idle fhase occurs between the withdrawal and the fill phase. This timing of this phase
is influent flow rate and operating strategy dependent. Also, during this phase, biomass

wasting is achieved fro the bottom of the SBR basin.
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3.3 Applicability

The SBR tebnology is encouraged to treat low wastewater flows which is typically 219 L/s
(5 MGD) or lessThus, most of the plants were designed at wastewater flow rates lower than
22 L/s (0.5 MGD)Deeng et. al, 1991)However, the need for greater treatment &fficies

due to stringent effluent limits has resulted the adoption of SBR technology in installations
as large as 660 L/s (15 MGD).

3.3 Advantages and Disadvantages
3.3.1 Advantages

1. SBR offers flexibility in treating variable wastewater (load and cosijgan) by
adjusting the cycle, duration, of each phase, or by using different mixing/aeration
criteria during each cycle.

2. lts flexibility allows the control of filamentous bacteria throdgast/famine cycles.

This can be achieved by static fill which ioges high substrate concentration and
by react phase that can extend the starvation phase allowing the enrichment of floc
forming bacteria and growth of exopolymers.

3. The capability of comptely degrading the contaminants makes the SBR a reliable
treatmensystem for hazardous compour{®lb & Wilderer, 1997)

4. According to the influent load, the capability to regulate the energy input and the
fraction of volume used results in a drop the operational costsBesides,less
footprint is required (Metcalf & Eddy, Treatment, Disposand Reuse, 1991)
(Nowak & Lindtner, 2004)

5. The soligin the effluentdischarged from the SBiRmaindow in concentration due
to the minimal eddy currents and turbulence present during the settle phase

6. Sludge thickening can kechieved byextendng settle phasethus,decreasing the

water content of the sludge wasted.
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7. The sludge adaptation to varying oxygen and substrate coatiens allows the
sludge to maintain good performance under shock I¢&dgijos et. al, 2001 &
Battistoni et. al, 2003).

3.3.2 Disadvantage

1. Compared to conventional activated sludge, the need hfgher level of
sophistication igrucial especiallywhen talking aboutarger systems of timing units
and controls

2. Higher level of maintenance (compared to conventional systehosig with
sophisticated controls, automated switches, and automated.valves
The probablalischarg of floating or settled biodmls duringthedecant phase

4. According to the condition of theeeration system used by the manufacturer, possible
plugging of aeration devices during selected operating cycles

5. Possiblerequirement for equalizatiobasin usagefter the SBRrelying on the

downstream processes
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3.4 Design Criteria

To design an SBR plant, the basis of the pilot studies results should be relied on. Studies
should usually be practiced on bench or pilot scale, if industrial wastewater facility is to be
considered. Hwever, if municipal wastewater is to be considered, réquirement of
implementing studies is not obligatory; nevertheless, it should beheelghtout since the
potential cost savings in both capital investment and operating expenses can be of great
significance ( Wilderer, et al., 2001) For both applicationmunicipal or industrial mass
balanceshould be considered in order to result in an optimal preliminary design of SBR
plants. As such, several treatment pkintulators can be used including IWAQ Activated
SludgeModels(Henze et. al, 2000).

Considering the presence of many different types e&fitkdraw reactors, designing is very
expanded and thus difficult to be presented in a general principle. Theth®rjideline

of German Waste and Wastewater Assoomais presented in here to introduce detail of
SBR design, that is AT\W210 (Teichgraber & Schrett, 2001The following steps are

summarized below:

1. Defining input dita: inflow under dry weather and peak floanditions; loads, time
variations.

2. Definition of process configuration: plant with or without influent holding tank and
filling strategy; that is, continuous or intermittent.

3. Determination of key design pararaet (SRT, volume exchange ratio, F:M ratio,
HRT, and MLSS) and the number of cycles per day, duration of a cycle, sequence of
phases (fill, react, sedimentation, decanting, and excess sludge reraodasfart
and stop of single actions.

4. Determination ohydraulic dimensioning: number of SBReador average volume,
and detention timeand prestorage and postorage tanks.

5. Determination of machine dimensions: aerators, pumps, and mixers.
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6. Verification: nitrogen mass balance. As well as, if necessaryamdynsimulation

and pilot tests are performhe

One of the most important design parameters of an SBR is the sludge retention time (SRT)
which is mandatory for defining the biological process and achieving treatmentTuals.
necessary sludge age considérsdaily BODor COD load, the suspendedists load, the
temperature and the aims of treatment (carbon removal, nitrification, denitrification,

phosphorus removal, and simultaneous sludge stabilizgfierghgraber & 8hrett, 2001)

The construction of SBR t&s in either concrete or steel and in any shape or depth.
Basically, deep tanks are of great favor due to the enhancement of oxygen and achievement
of high volumetric exchange rates. However, some decanter m&tisanan limit tank

depth because of a lineid range of travel and can limit tank shape leingth/widthratio is
required( Wilderer, et al., 2001)

Il n comparison to the conti nuouesacdontinaows sy st ¢
aeration, however, antermittent and regular programming of the on and off switches are
needed; thus, the blowers, pumps, and diffusers must bear the operational conditions.
Aeration systems are classified as 5 groups: fine bubble aeratiarse bubble aeration,

surface aation, submersible aerators, and jet aeration systems. In the case of having a large

unit of SBR, the aeration equipment is designed where several smaller blowers are
preferable. Also, the preference falls on fimébbke membrane diffusers than coaese

bubbles since the same amount of air introduced into several fine bubbles transfer more
oxygen to the water since it has more surface area in contact with water than the coarse ones.

Aside from the design of blowers gtllepth of aerators also plays a jraxixygen transfer.

Another factor of the design criteria isximg system whichs essential to blend botie
wastewater constituents and biomass evenly throughout the reBlct®ris importanto
efficienty transer masdrom the bulk liquidstateto activated bieflocs, andto avoidflocs
from the act ofcoagulating andemaining insuspensionMixers are of different types
horizontal mixers fixed in position, vertical mixers fixed in position, floating mixen\gs

and intermittently operated aeratoddpon theconfiguration and size of SBRuctuating
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water levels, the aerati@pproach, and number atygpes of mixer wi be applial (Wilderer,
et al., 2001)

Another, component to be taken into consideratiothe design criteria is the decanting
system in which not more than one third of the volume in the basin should be withdrawn to
prevent the possibility of distuntg the sludge blanket. The critical issue of decanting more
than one third is the possibjtibf dischargingolids into the effluentThe type of decanters
includes two: floating and fixed. The advantageous side of applying a floating decanter is
that theorifice is slightly below the water surface; thus, this allows the minimal removal of
solids in the effluent discharged in the decant step. In addition to that, the floating decanters
allows a flexible operation concerning fdhddraw volumes. On the loér hand, fixed
decanters arpositioned on the side of the basin where in case of extetitingeriod time

of the settlement phase, the chances of having floating solids in the reactor above the fixed
decanter is minimized. The advantageous side of ittezl fdecanters is that it is less

expensive and lowering or raising the level of the decaate be considered.
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Design sample

Experimental Quality parameters

Parameter Units Value
Qin L/d 10.08
VSSn mg/L 69
TSSn mg/L 89
tCODn mg/L 148
XMLTSS mg/L 1242
Vaverage L 2.733
VT L 3.5
T °C 23
Parameter
Parameter Units value comment
Kinetic data
Y g VSS/g bCOD 0.45 (Metcalf & Eddy, Wastewater
engineering: Treatment and Reu:
2003)
Kd gVSS/gvsS.d P ¥ (Metcalf & Eddy, Wastewater
engineering: Treatment and Reu:
2003)
Kinetic Constant for nitrifying bacteria
YN gVSS/gNOXx 0.15 (Metcalf & Eddy, Wastewater
engineering: Treatment and Reu:
2003)
Assumptions
rbCOD unitless 0.3bCOD

27



S~-SSo g/n? 142

S:bCOD

bCOD/BOD unitless 1.6 (Metcalf & Eddy, Wastewater
engineering: Treatment and Reu:
BOD/COD unitless 0.6
fd unitless 0.15
Time of each step Definition Unit Value
Tf feeding min 11
Ta Aerobic and mixing min 80
T surplus sldge min 3
discharge
Ts settling min 68
Te Effluent treated min 18
discharge
Tc Total time min 180

1) Determine SBR operating Cycle

Number of cycles/d = - T -g cycles

Fill volume/cycle :8—’;,: 1.26 L/fill=0.00126m3¥fil

2) Determine overall hydraulic retention time (HRT) and tank volume

HRT=2——7

8 7T LlJQI

3) Determine nbVSS concentrationnon-biodegradable suspended solids)

AssumeBOD/COD =0.6
BOD=0.6x148= 89 g/th
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bCOD (biodegradable COD3 1.6(BOD)= 1.6 x 89 = 142 gfn

rbCOD (readily biodegradble COD3 0.3 bCOD(biodegradable COD3 0.3% 142
=43 g/m?

bpCOD/pCOD= biodegradable partitate COD particulate COD= p&®

X Y

nbVSS=p ™ Y ¢ w p vJa

iTSS=TSS6VSS0=89-69=20 g/
where,

iTSS: inert TSS

TSSo: total TSS in the influent
VSSo: total VSS in the influent

4) Determine the SRT
® OO 0YYY) BYYYYW
0 MY "YEYYY "MQQ0Q 0®Y Y& YW
P UQ YY'Y @ P UQYY'YT®u
000 OOYY"Y
P W& YY'Y @

0 &€ QWY YD "YYYEO "YYY'Y 'Y

(V)(XMLTSS)=35x% 1242 4.35¢

By trial and error, SRT is calalated to be5 days

Where,

Q: flow rate=0.01008 m

Kd(23°C) decay coefficient1.047-29°x0.12 g/g.d®.134 g/g.d
Aerobic:

bn(23°C) decay rate of nitrifiers0.17 g/g.d x(1.029)?*29°=0.185 g/g.d
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Anoxic:

bn(23°C): decay rate of nitrifiers =0.07 gfg(1.029%>29°=0.076 g/g.d
Average:

bn(23°C)= 0.185g/g.d @Tc) + 0.076 g/g.d (ATa/Tc)=0.12
TalTc=0.44

nbVSS(nonbiodegradable volatile suspended sokds)u Y&

5) Determine MLVSS concentration
a) By substituting SRT&days in the following equation:
@YOO 0 @ YYD GYYYYY
0 @Y “YEYYY "QQ0Q 0dY YE YW
P 0UQ YYY T@® U P 0UQ YYY T@® U
000 @oiW"Y
P WE YY'Y @
0 "Y'Y"Yéw "WEYY'Y Y

0 &€ QWYY

(V1) (XmLvssF4.18 m3.g/mP=0.0035X mLTss
XmLvss=957 g/m?
b) Determine the fraction of MLVSS
Xmrvss/Xmiss= 0.77
6) Determine the decant pumping rate:
Decant volume= fill volume
Vf=1.26 L
Decant time=18 mins
Pumping rate= 0.00126/18mir&=x10° m*mins

7) Determine the total oxygen required/tank

P bic= =0.447 gd
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NOx= TKNo-Ne-0.12Px,bio/Q

NOx= 22.64 g/m-8.26:0.12*0.447/0.01008=9 g/n

Ro= Q(SeS)-1.42 Px,bio+4.57Q(NOx)=0.01008x142
1.42x0.447+4.57x0.01009%1.17 g/d

Number of cycles/d=8

Oxygen required per cycle=1.17/8=0.14649cle
Aerationtime/cycle= 80 mins

Average oxgen transfer rate= 0.146/80mins/cyc@21gOy/hr
8) Determine the sludge production

Px, TSS=(V)(MLSS)/SRE(0.0035x1242)/5=0.87 g/d

In recent years, the selective usage of SBR has boosted and has been considered as an
effective technology for wastewater dtment due to its setup simplicity and ease of
operationBelow are sveral researchetaboratedshedlingthe light on using SBR but with
influentscoming from different sourcesperating conditionéSRT, HRT, F:Mand aeration
strategiesand cyclic tming), along with the highlight of SBR usage as a pretreatment for
Anammox However, a couple researches are summarizedrabla6 especially the ones

considering a highate SBR treating either synthetic or municipal WW.

Jungles et d. (2014)worked on evaluating the performance of a pilot granular aerobic SBR
by imposng variable loading rates and relatively high temperatures, carbon and nitrogen
removal efficienciesvere measuredrhe operating conditions used for the work eldoy
Jungleset. al 014)are the exact ones usddr the work done in this thesislowever, the

only difference other than the timing of each stgple(Table3) was the usage of a granular

aerobic sludge instel of floccular, as well as the constituents and concentration of the
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synthetic wastewaterTéble 2). The time of each cycle was 3 heeycle, HRT was
maintaned at 0.25 day& hour$, temperature fluctuated betere1627°C, and the pkvas
not controlled. The DO concentration was kept higher than 4 ahg@nh addition to that,
the SRT in which the granular aerobic SBR operated at wasd@s- controlled by

discharging it at the end of the aerobic phase

Table2: Constituents of the synthetic wastewater fe@ungleset. al, 2014)

Compounds Concentration gL'l
CH;CO0ONa-3H,0 2.0
NH," 0. 040
PO, 0.014
NaCl 0. 080
S0,5 0.012

Table3:operational cycle distribution(Jungleset. al,2014)

Feeding (min) 1
Aerobic reaction (min) 168
Settling (min) 10
Effluent withdrawal (min) 1

The COD concentrations of the feeding media (urban wastewater) waml dréd to 200
mg COD/L; however, a synthetic media was added to reach and attain a COD concentration
of around 600 mg COD/L since many variations occurred teffheent due to rain which

lowered COD < 100 mg/L affecting the granular by washing them out.

Jungleset al, (2014)discusssthatfrom day O to 60 of the operational time, ©©&D
removal efficiency remained stable of 75 % of value. This value increased during the
remainder of the operational time to reach a value arBQf6l(Figure7). This increase from

75% (during the stanip) to 90 % was due tthe reduction in concentration of slowly
biodegradable or unbiodegradable organics in the feeding solétiem. (Jungles etal,
(2014) cited Wang, et al. (2007yvho achieveda similar COD removal efficiency under
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similar operating conditions in an aerobic granular sludge for the treatment of a synthetic
WW. In this work of the literatur@ungles et. al, 2014nitrite accumulation and its greater
value than nitrate coeatration was clearly observeden thouglthe process was operating

at DO= 4 mg/L. HoweverJungles et. al, (2014pnsidered thahe oxygen limitation and
controlduring the operating cyclésthe major reason behind thiérite accumulationvhere
nitrification was observed during the stap period having anefficiency fluctuaing
between 50 and 90% during the first 60 days of operdiowever, having a DO of 4 mg/L

is not considered anhitation according to other literature reviews that are uSIB for

treatment of WW as it will be shown in the following paragraphs.
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During the tests done, 21 % of nitrogen wemoved. This 21 % nitrogen removal is an
indication of limited denitrification. The occurrence of denitrification is due to the mean
CODIN ratio which resulted in 13.23.ccordirg to the ammonia removal, SRT of 2 to 3
days achieved an 80% of ammorganoval. This high removal efficiency can be attributed

to the high influent temperature which ranges betwee?718C. (Jungles et. al, 2014)

Mahvi et. al,(2005 studied the efficienpollutant removal in synthetic wastewater while
using continuous floBBR. However, the SRT and HRT in which the SBR operated in this
research paper ranged between 12.5 to 24 days and 12.4 to 16.7 hours respectively. Both
operating conditions have mucigher value than the SRT and HRT chosen for this thesis
work. The syntheic feed wastewater constituted of glucose as organic carbon source and
ammonium chloride as nitrogen source with 370 mg/L and 48mg/L concentration
respectively. As well, it contains @mbination of potassium hydrogen phosphate and
potassium dihydrogen he temperature ranged betweer30C The experiment was split

into 3 runs. Runs 1 to 3 treat synthetic wastewater flow of 1 afid operate respectively

at 4hcycle with HRT=20 hars, 6 hcycle with HRT=22 hours, and at &clycle with
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HRT=24.4 hours. The COD measured resulted in a COD removal efficiency of 95.5, 98.1,
and 97.1 for runs 1 to 3. Thus, COD removal efficiency reachediua as high as 98.1 %

for run 2.Concerning th@N removal efficiency, the performance of continuous flow SBR
showed values of 80.2, 84.2 and 56 % for runs 1Tt 3s, showing the highest TN removal
efficiency of 84.246 for run 2.Regarding the TSS itlhe effluent discarded after the settling
phase,he evaluation resulted in effluent TSS was 3.1, 2.9, and 6.3 mg/L in runsvhich3

indicates a complete efficiency of the sludge settlement.

Al-Aboodi et. al (2017)nvestigated thgerformance of Sequencing Batch Reactor for
domestic wastewater (Novdyar 2016end of February 2017) operating under low
temperature in Basrah City located in the south of Irag and comprising two different
operational cyclic modes with Solid retention tirmaging from 12 to 24 daysdhydraulic
retention time vaying from 6 to 10 hours. In the first cyclic mode, the mixed liquor of raw
domestic wastewater along with activated sludge were continuously aerated for a period of
two hours and theonehour mixing working as an anoxic phase, aerating again for one
hour, settlingor one hour, and discharging the treated wastewater for one hour. However,
the second operation cyclic mode aerated the seeded inoculant along with the wastewater for
a continuous 8 has, one hour settling, and discharging for one hdime first cyclic
operational mode showed an average COD concentration reducing from 300 mg/L to 50
mg/L, average COD removal efficiency of 83.33 %, a drop in the average ammonium
concentration from 52 nilg to 16 mg/L, and total nitrogen removal of 63.33 %. While the
second cyclic mode showed a somehow similar results where the average COD
concentration dropped from 408 mg/L to 42 mg/L resulting in an average COD removal
efficiency of 89.71average ammounim concentration dropped from 90 to 22 mg/L, and the
total nitrogen renoval efficiency reached 67.07 %lso, Al-Aboodi, Ibrahim, & Abbas
(2017)stated that the COD and TN average concentrations of effluent are not affected by
the aeration time assigned fihe two different cyclic modesnd the ammoniumitrogen
removal eficiency decreasedlong with thedrop-in aeration timing of the SBR.

Under limited aeration (DO= 0.3 mg/L), the workFegrnandes et al., (2018gscribe the

performance and microbialarsity in a fultscale sequencing batch reactor operating for
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180 dag. The operation, with average 8 hours cycle duration, underweamioaicaerobic
conditionwith 1-hourfeeding, 3 hours aeration, 3 hours settling, #ur discharging.
The removal efficiency of sCOD, NHN, TSS, VSSand TN was 83%, 60%, 70%, 80%,
and 50 % respectively.

Another literature review that considered the measurement of DO wets &,g2013) who

studied the enable of abbatoir wastewater treatment while operating aerobic wastewater
treatment at very short sludge ages. The SBR kept aatopefor over 10 months with-3

hour cycle having in total 8 cycles per day. During the aeration paitoglas intermittently

used to keep DO levels between 1.5 and 3 mg/L. With SRT ranging betvaday3 and

HRT between 0.5 to 1 day, 80 % reductidnrC®®D and phosphorous and 55 % nitrogen

removal were achieved.

Mahvi et. al, (2004xarried out an expenent to determine whether continuous flow SBR
have the capability of removing pollutants from raw domestic wastewater using pilot scale
SBR.3-runs wee followed in this experiment whereh®ur cycle time is éixed operating
condition while HRT varied according to each rubBuring operation, in all 8uns, cycle
timing was divided as follow$0 % of cycle time was allocated to aeration phase, 25 % to
the settling phase, and 25% to the decanting pi&aseexperiment resulted in BOD, COD,

TN, TP, TSS removal efficiencies of 97.7 %, 94.9 %, 71.4 %, 55899 % respectively.

Laureni, et al. (201&pecified that a municipal wastewater fr@ubendof was pretreated
after primary sedimentation. The SBR operated at an SRT=1 day wherentogal
efficiency of both tCOD and sCOD was >75 ¥he pretreated municipal wastewater had
the following composition: 71+19 mgCQydL, 47+13 mgCOIx/L, 19+6 mgNH*-NI/L,

and NQ and NQ <0.3 mgNL. However, this article discussed in general abouttlilee
guality of the prereated water, however, it stressed more about the ANAMMOX process in

which this pretreated wastewater was fed to.

Shedding the light on the ais afactor affectingthe removalkfficiencies Wagner et al.,
(2015) studied the effect of particulate organic substrate on aerobic granulation and

operating conditions of sequencing batch readamdy real municipal wastewatén this
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study, two reaadrs were used for the cultivation of aerobic granules in absence (R1) and
presence (R2) of particulate substraithe SBR reactors (R1 and R2) were fed with
synthetic substrates for controlled conditions, i.e stable influent compositidnywere

operatedvith cycles of 4 hrsTable4 below shows the cycle phase changes applied in R1
and R2.

Table4: Details ofthe operating conditions applied in R1 (fed with soluble substrags) and in R&ed with a mixture
of particulate and soluble substrateXs & Ss)

Label Studied effects Operation period SBR Cycle phases
(days) volume Anaerobic Anaerobic Aerobic period Settling Effluent
feeding (min) period (min) (min) (min) withdrawal + idle
(min)

Phase Presencefabsence of X5 on aerobic 0-66 Variable 60 - 167 8 5

I granulation
Phase Extended anaerobic period in R2 (Ss + Xs)  66—109 Variable 60 R1-0 R1 - 167 8 5

I R2 =30 R2 =137
Phase Increased selection pressure for fast-settling 109-176 Variable 60 R1-0 R1-171 4 5

Il biomass R2 =30 R2 - 141
Phase Constant reactor working volume 176-250 Constant 90 - 146 4 -

IV (simultaneous fill-and-draw)

The study showed average removal efficiencies for total COD, soluble COD, ammonium,
and phosphate werer & 4%, 95+ 1%, 92+ 10%, and 8& 12% for R1, and 72 12%,
86+5%, 71+12%, aad 77+ 11% for R2, respectively. The 2 reactors working
simultaneously were operated with cycles di 4f continuous introduction of air, and
uncontrollable solids retentiotime (SRT) but was calculated considering the amount of
biomass washedut durirg the supernatant removal. R2 which operated at an SRT lower
than 4 days showed an increased $%ludge volume index}describe the settling
characteristics asludgein the aeration tankniActivated Sludge Procesand washing out

of sludge occurrence leading to a decrease in biomass concentration from 3.4 to less than
1.5 gTSS /L and high TSS concentration ranging between 55 and 490 mgTSS/L. However,
Wagner, et al., (2015¢onsidered anber phase to extend the anabic period while
maintaining SRT of 4 days which resulted in lower removal efficiencies for tCOD and
ammonium tharPhase | with average values of 639% and 1% 8%. On the other hand,
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this | iterat ur ethefatewi NOS andiNOINOAS wetl asntlse iaetation
phase period was considered but not the DO concentration in the reactor that contributed in

the removal efficiencies.

Another study by Cetin et. al, (2018) used a gsicdle SBR to treat real domestieV and

to study the effecof high -concentration of influent suspended solids on granulation
operated on SRT 10 dayscontrolled by the influent and effluent suspended solids and
biological growth in the reactaturing the adjustment period. The MLSShcentration
showed a dynamimode which means that SRT was not adjusted. 2 reactors were used for
the experiment: R1 operated on SRT 6 £ 5.5 days and 6.5 + 3 days for perk3E)264/s

and 356500 days respectively. While R2 operated at SRT of 5+ 2/5 d@lad 15 + 5 days.

COD renoval efficiency (89 + 5 %) was almost the same in both reactors and-Nhivas

60 + 18 % in R1 and 55 + 22 % in R2. However, what was obvious is the negligible
production of NOxN which cetin et. al concluded that nitrogen remasanainly due to

biological growth.

A continuous change of OLR by Val del Rio, et. al, (2013) from 3 to 13 kgCOD/m3. d
showed that COD removal efficiencies did not get affected (90%). Since Val del Rio, et. al,
(2013) studied the development and grandlemmass and its stabilitjound that the
appearance of flocculant biomass appeareébd%kg CODS /m3. d which is the result of

the change in the feeding. Also, the efficiency of organic matter removal dropped to 50%
when SRT2 daysdue to an increase itne slowly or norbiodegraable fraction of the
organic matterThis range in SRT from 2 to 13 days promoted ammonia remBiguré

9). The disappearance of flocculant biomass was done by a new batch of ihdustria
wastewater with OLR of 2.0 kg CODS /m3add with an increase in SRT to 13 dajke

OLR increasdater to 4.55.0 kg CODS /m3. d and reach a constant removal efficiency of
90%. It was found by Val del Rio, et. al, (2013) the variability of the reineffiaiencies

of total nitrogen and ammonia to be with the maximum values of 30 and 65%, respectively
estimating the nitrogen used for growth to be 30% of the total nitrogewHeth is a

significance that the removal of nitrogen was mainly due to bismagsimilation with
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negligible denitrification phenomena. The SRT operated in this process fluctuation

depending on different stages betweet@ days.
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Figure9: NH;*-N removed as a function of SRVal del Rio, et. al, 2013)

It was found that the ammonia removed was limited for SRT lower than 4 Eigysg9)

where the maximum percentage of ammonia removal reached was 65% for an NLR of 0.3

kg NH4 +-N/m3. d.

Hajiabadi et. al, (2009tudes 4 reactors (Rto R4) having a varying SRT of 5,10,15, and
20. The SRT was controlled by dischargM@§iSS at the end of the aeration periddhe

timing of the operation cycle was divided intold this study the only operating parameter
that waschanging in the 4 reaag®(Figure?) is the SRT while keeping the others (pH, DO,

temperature, cycle time, and influent OLR) constant.

The reactors were fed with synthetic Watinsistingof influent COD and OLR of 2200
mg/L and 190 mgCOD/md respectively.
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Table5: Effluent quality and biesludge properties of aerobic SBRs at various S{RiBsiabadi et. al, 2009)

Reactor (SBR) Rl R2 R3 R4
Effective volume (L) 55 55 55 55
Wastewater flow rate (L/d) 35 35 35 35
HRT (d) 1.57 1.57 157 157
SRT (d) 5 10 15 20
OLR (g COD;"mS.d) 1372 £ 34 1362 £33 1402 £ 14 1394 + 36
Effluent COD (mg/L) 108 £31 97 +30 91 +30 84+25
COD Removal (%) 950+14 954+14 959+14 962+1.1
Effluent TSS (mg/L) 3247 34+5 175 15+4
Effluent turbidity (NTU) 483+22 580£15 474+18 437+22
MLSS (mg/L) 1824 £ 461 2694 £ 632 3210+ 1248 3864 1526
MLVSS/ MLSS (%) 8742 88x1 882 87+2
Excess sludge (g/d) 201+051 148035 118046 106042
Total produced sludge (g) 24.08 17.78 14.12 12.75
F/M (1/d) 0.83=0.37 054+0.16 052+026 044x022
U (1/d) 079+036 051016 05+025 042+021
SVI (mLi/g) 75£40 4112 44+ 14 S0+11

The effluent COD decreased as the $ifXfeased, however, there was no significant change
of COD removakfficiencydue to SRTR1showedthelowest (84 mg/L) effluent COD
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Figurel0: COD removal efficiency in SB@jiabadi et. al, 2009)
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Concerning the TSS and turbidity, it was shown that it has the highesfoalaeer SRTs

(5 days) and lowest for longer SRTs (15 and 20) although it was clear that there is no clear
relation between the effluent quality, i.e turbidity and TSS, and(@&Rjiabadi et. al, 2009)

In addition to that, the F/M ratid éble5) shows a decreasing trend with the increasing values

of SRT.
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Figurel1:MLSS concentration of SBRs at different SR¥ajiabadi et. al, 2009)

To achieve a high standard of WW treatment Huoqing et. al (201&ed@n a higfrate
activated sludgéor the aerobic stage and anammox process. The aim behind the project was
to minimize energy and footprint impacts. The variation in SRT and, ldRisualizedin
Figurel2, aimed on optimizinghe performance of the SBR. Huoqing et. al (2015) has found
that SBR achieved stable operation with 87% tCOD removal ancs8@b removalalso,

in the periods ¥4 with a constant value dfiRT of half a dayfCOD andsCOD removal
performance was maintaid@venthough the SRT varied between 2 to 4 days. Through the
whole process treatment DO was maintained at a valu mgQ/L and SRT was
controlled during decanting the effluent and by wasting sludge during the last 5 minutes of

the aeration period.
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Figure12: COD removal performance in a highte SBR at different SRT and HRilioging et. al, 201p

In this study, the total Nitrogen only contains organic N and Ni#ere NOxN is

considered negligible. The SBR achieved 56f%otal N removal during periods9while

NH4+-N removal efficiency was 41 % within SRT 137days with HRT varying between
either 0.5 or 1 dayAs SRT increased in period 3 to 4 days, ¢fffectiveness oNH4+-N

removal droppedvhich Huoging et. al (2@) stated that the extensive oxidation (50%) of

the COD might have caused more organic N to degrade and releas&INIH peiod 7,

NHs+-N removal was again suppressed due to varying conqosit the feeding solution.
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Figurel3: ammonium removalvith different HRT and SR(Huoging et. al, 2015)

In several literature reviews, the accumulation of nitrite due to termination of aeration prior
completion of ammonium oxidation was discussed. This is considered a key factor for
achieving or sustaining nitritation, thus it would be a pretreatment to Isin@ous

anammox denitrification process.

After the study of partial nitritation in treating low C/N ratio of domestic wasteWstary

et. al (2018pchieved NARNitrite accumulatia rate) of 97.2 + 4.9 %, average NHY and

NO2 of 9.3 £6.5 and 27.2 i#%respectively, and COD removal efficiency of 60.4 + 8%. This
study is based on REBR operating with different number of cycles (8 and 6) and high SRT.
Although according to literate review the conditions in this study cannot inhibit NOB
efficiently sihce factors to achieve nitritation included: r8ale aeration control, FA
inhibition, low Do, short SRT, and high temperature. Howevelyamg et. al, (2018tudy
nitrite accumulaon occurred due to the higher yield coefficient of AOB than the NQ@B. |

is important to highlight on the fact that there was a drop in NAR rapidly after breakdown
of pump and the immediate usage of synthetic wastewater instead of municipal which caused
the microorganisms not to get adapted quickly to the change; howevaiAReecovery

has happened quickly to reach again 87.6 %.
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Also, Li et. al, (2011)who developed a novel technology had an aim to achieve partial
nitrification. However, the operatidook place at moderately low temperature for aeration
cost savings anldaving the capacity to treat a wide range of ammonium. This study operated
at low COD:M ratio and high SRT as the previous review (wang et. al) while using a lab
scale intermittentlyerated SBR at 20 °C with DO concentrations less than 0.2 mg/L to treat
synthetic wastewater containing COD of 1800 mg/L and N&N of 300 mg/L. The
aeration was controlled and terminated whetimeNHs"IN r eached 20 mg L1 1
ratio of nitrité' N to the total oxidized nitrogerdi80 days of the operation) was ovef®m

the effluent which was due to several factors. The first factor was to enrich AOB and inhibit
temporarily NOB in the statp stage The second factor was the wetintrolled oxygen
limited conditions in the partial nitrification stage. A mass ratiDO: NHsi N of less than

5 can be used to define the oxydenited conditions in nitrifying reactor¢Cecen &
Gonenc, 199%jinally, the ¥ factor is applying intermittent aeration whef@ppe , et al.,
1999)he activity of AOBNitrosomonas recovered earlier than that of NRiBobacter
when the anaerobic/anoxic caotoh was shifted to the aerobic conditidue to two factors:

the different strategies of AORitrosomonas and NOBIitrobacter cultures for

maintenance energy demand and the starvation recovery dynamics.
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Table6: articlesstatingits removal efficienciesand operating conditions

+CO Cycle
Type of “IN | tNHs-N | HRT T DO SRT ]
ww | Dl e | e | m | ra | mod | (days |
0 () ° m ays
(% k P sy
(Jungles et. | Urban 75 16-
21 80 6 4 2-3 3
al, 2014) ww 20 27
Synthetic
(Wagner, et o 72 +
municipal - 71+12 - - - <4 4
al., 2015) 12
ww
(Val del Rio | Industr 15
_ 90 30 65 - 4-8 1-16 3
et. al, 2013) | ialWW 20
(Hajiabadi | Synthetic| 95
- - 1.57 - - 5 23
et. Al, 2009) ww 1.4
Meat
(Huoqing et. _ 20-
processin| 87 56 41 12 1.52 2-4 3
al, 2015) 22
g WW
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4. MATERIALS AND METBOD
4.1 Introdudion

The main goal of thiproject is to prereat municipal wastewatesing high rate sequencing
batch reactoata lab scal¢éo reduceCOD content in the feeding solutiso thathe effluent
will be usedin the futureas a feedor a continuous piloscale cold anammox reactor, to be

placed at Peschiera Borromeo WWTP in the frame of the PerformWater2030 project.

The experimental plan comprises two main phases, one involving a synthetic WW

mimicking a real WW and in the second phase the real muni@élwas used.
The overall experimental duration wasl®3days.

In view of the following Anammox treatment, opéngt conditions were investigated to

maximizeCOD removal ando prevent the growth of NOB.

An already existindgab-scale pilotSBRreactorwas used in the experiments and therefore it
was necessary to implement different devices and itenoptimize some fundamentals
operating conditionwith however some limitations that prevented the possibility to change

the operating conditions.
In details
U The possibilitiego change influent flow rates, HRT and cycles duration was limited
by the kind ofpumps installed and software installed in the already existing control
unit;
U Theshutdownof electricity
U It was not possible to operate a higher numbeateys

This partis divided inta2 main parts: material and meth@éggurel4). The material section

is composed 0EBR LAB-scalereactor, feedolution and coagulating reagemthile the
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method part consists 8BR sart-up, experimental cycles, aeration strategaesalysesand

equ ations
Methods
Feeding SBR SBR Experimental Aeration Analyses
Solution L::;z;:::e Start-up Cycles Strategies

Municipal Synthetic

Contin-  Interm-
wous ittent

sCOD tCOD  NH,-N  NOs-N  NO,-N T 755 svi

Vss

Figurel4: Methodology of the thesis
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4.2.1Material
4.2.1.1Feeding Solution

The pilot was built to tredivo types of wastewatem the first part of thestudysynthetic
wastewater, while the second part ofshedydealt in the treatment of municipal wastewater
from Peschiera Borromeo WWTPhe characteristics of the synthetic wastewater and after
primary treatment municipal wastewated to the SBR pilot are shown respectivelyahle

8 andTable9.

Synthetic Municipal Wastewater

The recipe of synthetic WW was established in order to achieve a compositiotogeryoc

a municipal WW. COD, TKN, and COD/TKNconcentrationwere previously calculated
based on the amount of each component added to the mother feed and the COD and nitroge
load specific for each component and then confirmed by chemical analysiscentrated
syntheticmother feeds preparedn fortnightly basidy mixing powder milk (15 g), full
wheat flour (27 g), cooked egg albun{# g), and ammoniurahloride (16 g) and then
adding 300 mL of deionizedater The prepared mother fe&lstoredat £C. The synthetic
municipal wastewater is prepared by dilutth@3 g of the concentrated mix in 20 L of water
to obtain the feed needed for 2 weeks. Thid i@as stored in a fridge at 4°Che SBR was
fed with the prepared synthetic WW for the whole wbeak except for the weekends and
regular analyses (CODJTN, and TSS) of each batch was performed to determine the

characteristics of the feeding wastewated the results are summarizedTiable8.
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Table7: Theoretical characteristics of the feeding synthetiastewater

CODin [mg/L] 300
TSSn [mg/L] 200
TNin [mg/L] 34

Table8: AverageExperimentalcompositionof feeding synthetic wastewater

tCODin [mg/l] 235+ 62
sCODn [mg/l] 161+ 28
TSSn [mg/l] 103+ 47
TN [mg/I] 41+ 1.4
*tCODin [mg/I] 186 + 20
*COD/TN 45+0.6

*depicts the valueduring which theTN values are recorded

Real Municipal Wastewater

Concerning the municipal WW, 7D sampleof real Municipal WW after the primary
clarifier were collectean fortnightly basis from Peschiera Borromeo WWaIte stored in
the fridgeat 4°C to be used whennew batch is requiredhe SBR treated 10.08df WW
every day.Table9 summarizes the compositi@i the feethg wastewater and thieeated

effluent
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Table9: Average compositiorof the feeding municipal wastewater of Peschiera Borromeo WWTP

tCODin [mg/I] 150 + 50
sCODn [mg/l] 56 + 19
TSSn [mg/l] 89+ 38
VSSin [mg/l] 69 + 29
TN [mg/l] 237
*tCOD in [mg/I] 147 £ 49
*tCOD/TN 7+3

4.2.3.1SBR LABcaleReactor

A lab-scale SBRFEigurel6) having a volume of 3.5 Wwas working withavolume of 2.73L.
the volume fluctuated between a maximum value while feeding of 2.8 L and a minimum
while discharging of 1.44 [The SBR operated with 8 cycles/daalfe 13), in a tdal cycle

time of 180 minuteandeach cycle ansists of 5 steps:

1) Feedfrom the tank Figurel6, (1)) containing the feeding solution to the SBR using
a peristalticpump Eigure 16, (2)) is associad with continuous mixing using a
mechanical mixe(Figurels, (4)).

2) React phase where air was pumieidurel16, (5)) into a pipe fixed inside the pilot
allowing the air to diffuse from the bottom of the SBRng with the mechanical
mixer turned on

3) Discharge of ML to control the SRT [mixing and aéyatare on]

4) Settling phase [aeration and mixing are turned off]

5) Decantingwhere the supernatant is discharged of the reactoand collected in a

tank (Figurels, (7)).

50



Mixing

]’ Fill
Discharge

the supernatant

3-hr Cycle
8 Cycles

15t Discharge
| Settle ' to control SRT

Continuous/
Intermittent
Aeration

Figurel5: Fill and Draw Principle of an SBR

During the feeding and react phase, the mechanical mixer was fixed on 80 rpm for the whole
period to ensure a well mixing and to avoid unneedy settlements. Two types of pumps were
used in his experiment. For pumping the feed wastewater solution inteBRean external
pump was used (WATSON MARLOW 313S), however, for pumping air into the SBR
another type of pump was used of FERPLAST briangthich with this pump it was not
possible to reduethe air flow and thus, the DOhe flow of the WATSOM MARLOW
313S was detected to be 112 mL/min while the SBR pump used for dischasgecorded
to be 60 mL/min. The pumps were carefully calibrated every 2 weeks to ¢énsuymper
feeding and dischgng flow. During the aerated periods of phase | air was provided
continuously for36 days keeping DO level at 4 mgOZ2/L, however, during phase Il air was
provided intermittently using an on/off control timer to keep DO level at 0.7 mgO2/L. The
SRT of the B8R was maintained by discharging théxed liquorfor 3 minutesatthe endof
the aerated period.
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The SBR conistsof 2 parts: the main part and the control unit; the main consists of the
different parts of the SBR:

1 2.73 L glass reactor closed by a fladgstainlessteel top plate with gatsght
openinggprobes and sampling ports).

Monitoring probes for @and temperature

Feeding, decanting, and sampling ports

Vertical mechanical mixing with a speed of 80 rpm

== =/ =2 =4

2 pumps used for influent feeding and ainms

The Control unit of the SBR allows the implementhe following functions:

1 To switch on/off the discharge pump
1 To regulate the timing of the 5 steps of each cycle

1 To define, record, and save the cycle pkase
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Figurel6: Labscale sequential batch reactdup) and the functional Scheme (down) [own elaboration]
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4.2.3 Coagulating Agent: Ferric Chloride

Ferric chloride Figurel7) is used as a coagulating agemtorm a preditate called flodo
easily aggregate and settl#t is a preparedrom  solution of 40 % wt. Different
concentrations shown irablel0 were prepared by injecting the concentrated ferric chloride

using a micropipette into a @0nL deionzed water.

Figurel7:Ferric chloride as a reagent

Mainly Ferric chloride was used due to 2 main purposes availallity in the
flienvironmental engineering lab of Politecnico Di Milano ats fdrmulationby prevous
students having a 40 % wt.
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Tablel0: concentration of Ferric Chloride

concentration of FeC}
o f| Molarity
100% w/v | 40% wlv
moles [M]
0.008 0.003 0.0020 0.020
0.012 0.005 0.0030 0.030
0.016 0.006 0.004 0.04

The prepared solution of ferric chloride was included into the pilot as soon as the feeding
phase was over, and the aeration has started, thus, thdarbdmas been added under
agitationwith a dosage 016 g/L every two daysThe stirring rate was fixed at 80 rpm and
mixing continued until the first discharge of SRT was discarded. Coagulated suspensions

couldsettle down during the settling pha&#g(rel8: Settling phase in the SB&f the SBR.

Figurel8: Settling phase in the SBR
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4.3 Methods
4.3.1 Starup

The LAB-scale pilot was inoculated with 1.5 L of concentrated activated sl&dgigTSS
L VSS/TSS=0.7ptaken from Peschiera Borromeo WWTPThblel1, the main operating

parameters of the SBR during stap are summarized.

Table11:Operating parameters of the SBR starp

Parameters Range

SBR working volume (min-max) 1.428L
Parameter 21°C

DO (aeration phase) 2.3 mglLt

The SBR has been managed vatbhycles of3 hours with initial HRT of 6 hours and SRT
of 3.3 daysThe lengths of the different cycle§the SBR startp are talilated inTable12.
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Tablel2: each cycle showing the timing (minutes) of each st&fithe SBR startip. The SBR operates with 8 cycles/day
with a timing of 180 minutes each cycle. The other 4 cy@des not mentioned in this table because they are the same
as the ones mentioned in this table.

. Discharge .
. Aeration + Settling
Phases Feeding o to control Decant
mixing phase
SRT
Cycle 1 11 80 1 68 20
Cycle 2 11 80 2 68 19
Cycle 3 11 80 2 69 18
Cycle 4 12 80 2 66 20

4.3.2 Experimentalycles

In Tade 13 the number of cycles chosen along with the timing of each phase are tabulated.
It was used for both while treating synthetic WW and municipal wastewater

TaHle 13: each cycle showing the timing (minutes) of each step. The SBR operates with 8 cycles/day with a timing of
180 minutes each cycle. The other 4 cycles are not mentioned in this table because they are the same as the ones
mentioned in this table.

Phases Feeding Aeration + Discharge Settling Decant
mixing to control phase
SRT
Cycle 1 11 80 3 68 18
Cycle 2 11 80 3 68 18
Cycle 3 11 80 3 69 17
Cycle 4 12 80 3 66 19
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4.3.3 Operating conditions

The SBR was operated for 103 dasiring this period, SRT was slightly altered to create
different operating periods, as showable14: Summary of the SBR operating conditions
of this studytaking the solidgoncentration of the effluent intmccount, the real SRT of

the SBR in some periods was slightly shorter than the target SRT

In the following table the real SRand target SRTvere calculated using the following

equatiors:
Ny w 00"YYY
T 50 YYY0 C YYYQ
Yoi "¢y —
W
Where,

V: the average volume

MLTSS: mixed liquor total suspended solids
Qw: flow of MLTSS discharged

Qe: flow of thedischarged treated effluent

TSSe: total suspended solids of the effluent discharged
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Table1l4: Summary of the SBR operating conditions of this study

Operating HRT [hr] Target Real Cycle DO Type of
r

Period SRT[d] | SRT[d] length [mg/L] feed

Period 1 - synthetic
6 2 1.7 180

(3 days)

Period 2 - synthetic
6 3 2.6 180

(5 days)

Period 3 3.5 synthetic
6 3.3 2.7 180

(13 days)

Period 4 4.7 synthetic
6 3.3 3 180

(4 days)

Period 5 4.75 | Synthetic/
6 2.4 2.4 180 o

(8 days) Municipal

Period 6 2 Municipal
6 1.5 15 180

(9 days)

Period 7 0.64 | Municipal
6 2 14 180

(24 days)

4.3.4 AerationStrategies

The experiment was split intbreephases

Phase | where the air was pumped continuoalklgg40 % of the total time of each cycle
(80 mins out of 180 minsYhe airflow providedwasof uncontrollable alternate high DO

due to theabsence of automatic air compresssulting in a DO of 4.67 mg/L

Phase II: air is controlled using a squeeze off tool to manage the air pumped into the reactor
resulting in DO of 1.42 mg/L
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Phase lII: intermittent aeration by imposing a timer of 16 ramsff period throughout the

80 mins react phagesulting in a DO of 0.65 mg/L

In addition to the problem encountered while trying to manage the DO concentration in the
reactor, thddO probe inside the SBR was not working propedying thefirst 4 manths of

the experimental worlso, the DO was meared using a portable D@obeon theMLSS
dischargedimmediately after dischargke DOof the MLSSwas measured 4 days a week.

Phase Il and 11l were implemented during the study becdesgitethe low RT, complete
oxidation of ammoniunto nitrate was observeals in phase. [To overcome this situation,
from the 1Y of July to the 19 of Julyand from September to the end of the experimental
work, the pilot operatedvith intermittent aeration, 16 minwgeof aeration pulses were
followed by 16 minutes ofanoxicperiod (without aeration but with mixidgalong the 80
minutes of the aeration cyclBy measuring the DO concentratiosing the DO probe in the
SBR each 16 minutes durinthe 80 minutes intermiént aeration phase, it resulted
avaage of 0.95 m@O/L rangng between aninimum of 0.45 mgO2/land amaximum
value of2.2 mgO2/L. The egulaton of theair flow aerdion pulses was uncontrollable due
to the usage of squeeze off toolHigure19) by accordinglytightening the pipenanuallyto

control the air pumped into the SBR reactor.

Figurel9: Sjueeze off tool
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The unmanageable aeration pulses dearly depicted in the grapfFigure 20) below
showing a sharp increasthe fluctuation of the DO concentration was recorded each 16
mins when the aration is turned orfior two consecutive cyclefkecording of the DO

concentration started slightly before fieeding phase was stopped (10.37 mins).

Figure20 shows that high peaKgellow-colored dotspare due to the recording of DO after
16 mins of aeration, and whenever there is dotyee-colored dots)n values of D then the

recording occurre after 16 mins of no aeration.

25.4 1.8
252 1.6
- 14
1.2
248
5 S 1
E 24.6 b4
£ 0.8
F 24
0.6
242 04
24 0.2
238 (]
0 50 100 150 200 250 300 350

time (minutes)

——T[’C] —+—DO[mg/l)

Figure20:fluctuation of DO and temperaturevith the introduction of intermittent aeration(along on and off
aeration)along the time(minutes)during two consecutive agles.
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4.3.5 Analyses

The DO in the SBR was measured by using aadof@able membrane probe at the beginning
of the tests on the discharged mixed liquor. However, afterwards the fixed DO probe in the
SBR wascalibrated and used for the measurement ofotlisd oxyg@®. Mixed liquor
samples were collected from SBR dadlgd TSS and VSS weranalyed by using0.45
micro glassfilter (Figure 49). Chemical Analysis was performed for both the feeding
wastewater and the treated WW beiiigcharged from the SBR. The analysis includes COD,
TN, NOs-N, NO>-N, and NH-N and itsprocedure are illustrated using a diagr&guyre22).
According to the chemical characterization, chemical oxygen demanerntoatton, organic
compaind, and inorganic, cations and anions, such as ammoniury)(Ntitrate (NQ),

and nitrite (NQ) were analyzed using LANGE kits (LCK 514, LCK 314, LCK 303, LCK
339, LCK 342). As well as, the total nitrogen was measured using IEANIS (LCK 338).

The CD test was performetd measure the digestion of Organic and oxidizable inorganic
substances in an aqueous sample that are oxidized by potassium dichromate $bleition
100-2000 mg/L Q range was used for the total COD test ofitifient wastewater pumped

into the pilot, while the lower range was used for the soluble COD (filtered sample) tested
on the influent and the effluent that was being discharged from the SBR. All the samples
tested for sCOD (influent feed or the treated Vdistarded from the SBR) are filtered using

a 0.45 um f i | t &igure{7c Bolavoid dg@rsoedurang tieetaalyses and(to
obtain more reasonable results due to the usage of low strength wastéheatame sample

was filtered twice using the same filter and filter flask. The first filtered sample was used to
rinsethe Filter flask to elimiate any contamination from previous experimefdse by

other studentand the second filtration was used parforming the tests.
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Figure 23 illustrates the physicatharacterizationused in this thesis to physically
characterize the synthetic municipal WW, real municipal WW, and the effluent obtained
from the SBR der treating he WW.

TSS and VSS were analyzed based on standard md@i88ds performed in the laboratory
using a standard filtration and drying method. The filters placed on the filter flask captures
all the suspended solids using a pump. Liquid sasnfdi®mass wit high humidity and
malodorous substances must betpeated for 30 mins under the hawddecrease the load

of aerosols and vapors inside the stove and into the fddrie, VSS is TSS that can be
burnt under a high temperature furnace (850 The amount of the TSS that is volatile is a
measure of the fraction of the TSS that is likely associated with organic material. After
weighing the dried filtered sample, it is placed in a muffigure46) at 550°C to igni the

filtered sample.

In addition to that, the SVI test wasrformedn order to evaluate the settling condition of

the sludge and the possibility of having suspended solids in the effluent as a result of poor
settling conditionThis settling charactistic indicates the tendency of the sludge to thicken

or to become commntrated during the sedimentation process. For the SVI an Imhoff cone is
used for this tesfThe SVI is performed by usirg graduated cone from 0 td_1After the

10 mins of aerationmixed liquorwasdischarged fronthe pilot reactorand was poured
directly into the Imhoff coneThe sludge layer is measured after 30 mins of the MLSS

settling time.

As it is tabulatedTable15 andTale 13 summarize thérequencyon which the tests were
done on thesyntheticfeeding wastewater and the treated effluR#gular analytical tests
(Table16) were performed on the influe(€OD, TN, NH4N, TSS, and/SS) and treated
effluent(COD, TN, NH4N, NO3N, NO2N, TSS, and VSS)
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Tablel5: types and number of analyses done on the synthetic wastewater per each week

Influent Effluent MLSS
tCOD 4 4
sCOD 4 4
TSS 4 4 4
VSS 1 1 4

Table16: number of tests done on after primary sedimentation municipal WW peeek

Influent Effluent MLSS
SCOD 2 4
tCOD 2
TN 2 4
NHas-N 2 4
NOs-N 4
NO2-N 4
TSS 2 4 4
VSS 1 1 1
DO 4
Temperature 4
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Figue 21: SVI test using Imhoff cone
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Figure22:Chemical analysis tests performed along with its steps
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Figure23: Physical analyses tests
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4 .36 Calculations and Famulas

E In order to record the physical characterization4af5s Analyses the following
equations are used:

1) SVl is calculated using the following equation:

. . 04 Vo g 0 B R0 gm0 g
Fauation L 7 B o Ay Fa ool -

2) TSSis atest done to measure the concentration of suspended matter contained in the
wastewater. Not only does it contain BOD, T&® contribute in the reduction of

the water quality by the addition of turbidity and the reduction of aesthetics.

TSS is calculated by using the following equation:

Equation2: 4| 4 4b | g118 IR " “artid I LEM

VD el O O g

3) VSS:is calculated using thellowing equation

Equation3: _” _"] I7=I il % allY "om I'E Al b <

VD mm g 0 Oy

E The equations used to evaluate thg karameters and helped in the graphical

representation of the results depicted in
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E 5. RESULTS AND DIScusatenalculated using the listed equations below with an

explanation of its components:

4) SRT One of the key parameters of the study was the SRT which was caldddyed

using the following equation:

et T
Equation 4: SRT1=—L
a T ffata

Where,

0 volume (V) of the aeration tank which is the average volume of the reactor is known
[L]

MLSS: mixed liquor suspended solifieg/L]

Xe: TSS concentratiopmg/L]

Qw: flow of the surplus sluddé/d]

Qe: flow of he supernatani/d]

5) OLR:organic loading rate is calculatddily using the following equation:

Equation 5: OLR[g tCOD/L/d]= — - >|:@I; Z EW‘-+J|||= <« »

Where,

U Qin: the daily flow ratereatedL/d]
U tCODn: the total COD tested chemically for the influent feeding solytiogyL]

6) F:M: It was calculatedaily using the followingequation:

Equation 6: F/M [g tCOD/g MLSS/d] = Hﬂ

Where

U OLR: organic badingrate [gCODt/L/d]
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U MLSS: mixed liquor suspended solids [mg/L]

7) kCODrepresents COD removal efficienagich is calculatedaily:

<FFr Yrtm

Equation7: ¢ F < Fi

Where,

U [tCOD]in: totd chemical oxygen demand concentration in the infl{iergy/L]
U [sCODI: soluble chemical oxygen demaoohcentration in the effluefiing/L]
8) kNHs-N represents ammoniumtrogen removal efficiencig calculated daily after

introducing the municipal WW into éhpilot

dqg 445 4

Equation 8 4! A 4 M

Where,

U [NH4N]in: ammoniumnitrogen concentration in the influegmbg/L]

U [NH4N]e: ammoniumnitrogen concentration in the efflugmg/L]

9) TKNload and NH-N loadare calculated in the mentioned equations:
Equation 9: TKN load [gTN/L/d] = Q x [TKN in]
Equation 10: NH4-N load [gN/L/d] = Q % [NH4-N]
Where

U [TKN] and [NHs-N] are the respectiveoncentrations ofoluble Total Kjeldahl
Nitrogen[gTN/L/d] andsolubleammoniumnitrogen[gN/L/d].
U Q: represents the flow of the fefdd]
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10)tCOD representing total chemical oxygen demared nd analyzed butalculated
daily usingEquation 11.

Equation 11: « F f o (e weg > O MmO 8

Where

Experimental sCODout is the value obtained from the experiments pedomthe lab
(4.3.5 Analyse$. While, the 2nd part aiCOD representing total chemical oxygen demand
was not analyzed but calculated daily uddggation 11.

Equation 11is oltained from the following biomass empirical formula:

CsH7O2N + 5Qp==5CO; + 2H;0 + NHs
Having t he moCselOMNIlasald3 gimel;trgetefore, typical ratio of bacterial
biomass can be obtained by dividing the weight of the oxygen required by tiig okthe
biomass empirical formulaf—— p8 @ "® 0 T "WYY hus, COD/ VSS = 1
COD/ mg. VSS

11)A Mass balance of nitrogen compounds was performetb check for any
denitrification The mass balance was expressed as load [mg/dyasdalculated
using the following equation:

Equation 12 massbalance= Q. TNin -QTNou= N
Where,

U TNin is themeasurement cfolubletotal nitragen entering the systefmg/L)

U  TNoutis themeasurement cfolubletotal nitrogen eiting the systenfmg/L)
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U Q is the daily flowratéL/d)
12) TKNih is calculatedevery two days byneasuring the TNifgoluble)
Equation 13: TKNin=TNin
Where,

U TNin is thesolubletotal nitrogen in the influent [mg/L] being N@nd NQ null in

the influent

13) TKNout(soluble)concentrations calculated by:

Equation 14: TKN= TN e- (NO3-N + NO2-N)

Where,

U TNe: solubletotal nitrogen concentration in the efflugntg/L]
U NOs-N: solublenitrate-nitrogen in the effient[mg/L]
U NO2-N: solublenitrite-nitrogen in the effluenimg/L]

14)NAR represents the nitrite accumulation rate by using the following equation:

"E'E E

Equation 15: NAR [%] = TE E FE T

Where,

U NOs-N: nitratenitrogen in the effluenimg/L]
U NO2-N: nitrite-nitrogen in the effluenfimg/L]

15)Yield is represented by Y and calculated udtogiation16

- fote
Equatlon 16: Y= (m)
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Where,

U  Qxis theflow of SurplussludgedischargedL/d]
U Qis the flow of the feefl/d]
U Xx is the concentration of the surplsisidgedischargedmg/L]
U S:is the concentration of tCODin [mg/L]
U Se: is the concentration of SCODout [mg/L]
In this work alspthe values ofrield (Y) calculatedby Equation16 was compared

with Equationl7 where the SRT values calculatéttj(iationd) were inserted.

Equation17:Y 8 {4 @
Where,

SRT: is the sludge retention time
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5. RESULTS AND DISCGI$SI

5.1 SynthetidVastewater

The SBR was fed for 27 days by synthetic wastewségting on 5/7/2018nd operated by
applying an HRT of 6 houts have enough contact time of wastewater with sludge ensuring
utilization of organic matter. The following sections will cover the operating parameters,
Loads, characteristics dyntheticmunicipal WW, and paraeters related to quality of

effluent.

5.2.1 perating Parameters and Loads

The method for controlling the SRT through the adjustment of the waste activated sludge
flow rate (Qw) based on the mixed liquor suspended solids concentration where with the
increase of wastage flow the SRT decreases/medversa. Therefore, it is considered that
the SRT, controlled thtmh sludge wasting, is the most important design and operating
parameter which directly affects the performance of activated sludge sfidtoalf &

Eddy, Wastewater Engineering: Treatment and Reuse, 2004)

In Figure24the SRT varied between a maximum value of 3.3 days and a minimum value of
2.19. The slight variation in SRT caused an insignificant alterasiche COD removal
efficiency Figure27) which allows us to point out that SRT had a little effect on COD
removal efficiencyHajiabadi, Alavi Moghaddam, & Hashemi, 2009)

Figure24 depicts the F:M ratioreal SRT, and the COD load a graphical way. The
mentioned parametevsry accordingly along the 27 operating daybe F:M ratio varied
betweena maximum and a minimum value @89 and0.3 where the SRT was 2.45 and

2.69 respectivelyRigure24). This high variabity in F:M was due to thehangeabilityin

the MLTSS in the system and the organics which the biomass feeds on, i.e when the a new
batd of inoculant was introduced into the system, the MLTSS measurement on 7/5/2018
resulted in a value of 4960 mgTSS/L while the OLR was shown to be 0.46 g(CQD
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(Equationb), this depicts that there is an imbalance in the systhere the microorganisms

are much higher in concentration than the organics to feethimsgnifies that starvation
would occur due to the imbalanced ratio of F:Moreover, the values a2OD load varied
between a minimum and a maximum value & @d 1.17 on 5/1/2018 and 5/23/2018
respectivelyThe average value of F:M with an average SRT=2.72 days is 0.33 gCODt/d/L.
The COD loadEquation5) variation affected théuctuationof the F:M where whenever
therewas a drogn the COD load there is a consequent drop in the F:M ratio since COD
load is the F in the F:Mror instance, on 6/5/2018 both the COD load and F:M recoded a
value of 0.47gCODt/d/L and 0.47 respectively, however, this value decreased on&/6/201
to reach a Vae of 0.29 gCODt/d/L and 0.29 respectively for both COD load and F:M.

35 1.40
6/8/2018, 3.3
3 \ 1.20
25 | 1.00
£ 2 5/24/2018, 2.19 080 3
= a
15 0.60 8
6/11/2018, 0.89
1 0.40
5/8/2018, 0.09
05 - 0.20
o == 0.00
® ® ) % % K3 ® % % ) ) @ ®
o Y e o o ) o o g > o N4 o
\SRI L (S N L\ S\ \ S \ P\ S AP\ G A4
SANE (I A A A (AR A A A I

—e—SRTreal (d) —e—F/M —e—Load (gCODtotal/L/d)

Figure4:variation of F/M ratio and the real SRT for 27 operating days

Whil e using synthetic WW, the treahemant doe

Equation6 is based on the raw synthetic WW Hfuation4 andEquation6 are compared,
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it is obvious that both rely on MLSS. And thiby, usingEquationl18, this shows that #re

is an inversely related

. . 1
Equation 18 1 1

144

relationship formed between SRT and F:M where Y is the yégld k represents the decay
factor, and both are constants depending on the system used. Consequently, a higher SRT
requires a lower F:M and vice verskqg(ation 18). This relationship was obviously
visualized inFigure4 where once the F:M is high, the SRT records a low value. This trend

is depictedalmostduring the wholeperatingoeriodfor instance o 5/14/2018 the F:M was

0.56 while SRT was 23 days, however, on 5/28/2018 when the F:M recom@ehlopin

value 0f0.13, SRT recorded a higher value thari&018 of 3.19 days.
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Figure25: The change of VSS/TSS ratio and &R time
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TSS and VSS tests were performed daily on the MLSS discharged from the SBR. Every
week limited amounts of sludge were lost during the $RBRning. The lost amounts of
sludge tended to stick on thlls of the SBR reactor close to the surfamesl Figure25
illustrates the change of VSS/TSS ratio where VSS is reported as a fraction of TSS. In
addition to that, the SRT is graphically represented throughout the operating (penioel

25). The VSS/TSS curve shovedmost aconstant value through the whole period stating
that the system has reached and maintained an equilibrium since the first beginning with the
following trend of the SRT. The VSS/TSS ratio during the whole ojpgrateriod was
ranging between 0.72 and 0.83.
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While usingsynthetic WW, the yiel@theo)was calculatednd visualized graphicallyigure

26). Only 11 results were depicted graphically because they are the values that are <1
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gMLTSS/gCOD. Some yield(theo) values showed > 1 gMLTSS/gCOD throughout the
period, this isbecauseve have 8 MLTSS discharge per day and we werg ahle to
measure the concentration of MLTSS once per day; thus, during the other 7 discharges
variability in the MLTSS flowmight have occurred due to pump malfunctibhe average
value of Y(theo) was calculated to be 0.66 gMLTSS/g@@th an average SRI2.67 days.

This value is compared to theietd (empirical)= 0.52 gMLTSS/gCOD with an average
SRT=2.72 daysThe Yield (theo) and Yield (emp) can be compared to that of Macomber
(2005) values dppendix B Table18) which tabulatedthat the observed sludge yield as a
function of SRT Both calculated yields have a value almost similar to the one tabulated in
appendix BTable18 in which for SRT= 2 days, dbs= 0.558 gMLTSS/gCQOUDYield(emp)

has been detected rangingnr@a minimum value of 6.mg MLSS/mg COD to a maximum
value 0f0.53mg MLSS/mg CODIt can be clearly seen thidue yield fluctuation is not that
significanthaving a constant variation of arai0.5 gMLSS/gCOD. This slight fluctuation

of the yield is dued the slight variation in SRT from 2.23 days to 3.25 dAgsording to
Equation17, SRT and yield has an inversely proportional relationshipch can be
visualizedgraphically. Thismeansthat as the SRT increases, the yield decreases and vice
versa. For instance, on thH&" of May an increase irSRT from 262 to 3.11 days was
encountered resulting in a decrease the yield from 0.2 gMLSS/gCOD to &
gMLSS/gCOD.
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5.1.2Local parameters concentration aR&movaEfficiency Rates

Figure27 depicts the data obtained during the 27 days of synthetic feeding in which the COD
removal efficiency and SRT trendeve studied.On 5/7/2018an error wasspotted while
recording the results sin@a influent tCOD was measured to be 209 mg COD/L while the
effluent sCOD was recorded to be 166 mg/L which eventually resulted in a low COD
removal efficiency of around 28%. This result \as mainly due to high contamination in
the millibars used during the experiments. After,tbateful cleaning and drying of millibars
havetaken place to prevent any kind of errors in the tests didreetCOD in the feeding
syntheticmunicipal WW has fluated between a minimum valuel®5 mg COD/L and a
maximum value of 331 mg COD/L. Also, the sCOD concentration in the effluent ranged
betveen 15 mg COD/L and 46 mg COD/L. To evaluate how much was the removal
efficiency of the system using a synthetic neyral wastewaterfigure7 designated the
COD removal efficiencywhich has increased gradually to reach an average removal
efficiency of 87.2 %luctuaing between a maximum and a minimum value of 95.5% and
64.8 %.
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In addition to that, the TSS concentration is graphically represented showing a variation
between a maximum value of 80 IB@D/L and a minimum of 10 mgOD/L. however, an
average concentration of TSS resulted to bexdZOD/L meaning that the concentration

is low and expected he clear gap between the maximum and the minimum value of TSS
concentration in the effluent discharged is mainly due to the malfunctithe operating

discharge pump or due to poor settling
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Sludge volume index (SVI) is another useful angortant parameter in an activated sludge

process. It is used to describe the settling characteristidsdife

In Figure 29 a graphical representation of SVI and SRT was desigriate2i/ operating
days using synthetic wastewatEigure29 shows that when SRT is hi¢B.11 days)a drop
in SVI value is reorded(52 mL/g)and vice versaThus, according t¢Dehghani, 2018)
high SVI is due to low rate of SRT and MLSS asaliss a consequenincrease in the
suspended matters in efflueit spite, of the low values of SVI recordehging between
52 and 68 mL/g, TSS in the effluent was highly variaddhel this can be explainday

referring to day 5/17/2018, due to a withdrawal of excess slugtgater (0.156 L/cycle)
than the usual sludge withdrawal flow (0.132 L/cycle), the canagon of TSS effluent
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was higher with a value of 80 mg/Lresulting inhigh loss of biomass dersity which in

return results in filamentous material appearance which are light

5.2 MUNICIPAL WASTEMR

The SBR was fed for 4 months (excludingweekends to avoid any malfunction and excess

loss of biomass without supervision) by municipal wastewater from Peschiera Borromeo
WWTP starting by 6/12/2018 and operat¢®iRT of 6 hoursIn the following sectias the

operating parameters, Loads, ch&eastics of municipal WW, and parameters related to
quality of effluentwill be covered

5.2.1 Operating Parameters and Loads

Figure 30 shows the change in F:M ratio, OLR, and S&Tending from 6/12/2018 until
7/19/2018 and then from 9/17/2018 until 10/22/20d8le treating municipal WW. F:M
was calculated usingquation6. While using Municipal wastewater WW obtained from
Peschiera Borromeo, the treatment has alreaclyded a primary clarifier; thus, the F in

Equation6 is based on the primary clarifier treated WW.

F:M ratio was analyzed because it is an important parameter used at a WWTP to control and
manage the SBR press. This parametewith the proper ratio guarantees enough
microorganisms in the SBR to remove the incoming organics (food or OLR). However, with
improper ratio, there might be deficiency in microorganisms to treat the organics from the
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influent leadingo imbalance or inther case there might be a deficiency in the food entering

but enough microorganisms in the system leading to starvation of microorganisms.

In Figure 30 the values of F:M varied between 2.78 an8l gCOD/gMLTSS/dwhere the

SRT was 0.76 and 23 daysrespectively.This high variable in F:M was due to the
variability in theconcentration oMLTSS in the system and the organics which the biomass
feeds on, i.®n 10/15/2018he MLTSSwasmeasurd to bel60 mgTSS/L. this such low
concentration is due to the improper discharge flow of the pump consequently resulting in
loss of biomasswhile theOLR was shown to be (64 CODtot/L/d Equationb), this depicts

that there is an imbaihce in the system where the microorganismsoarén concentration

than the organics to feed on. This signifies thatmicroorganisis cannot feed on all the
organics in the system causing improper treatment of thedt¥\folow F:M. The average

value d F:M is 0.966gCOD/gMLTSS/dfor an average SRT ua of 1.57 days for the
operating period. This average value of F:M can be compar@dhie 18, which clearly
tabulated the change of F:M with the nba of SRTwhere for 2 days of SRT the optimal
ration of F:M is 1.048 g COD/g MLTSS/d. Also, as the F/M and SRT were recorded for 4
operating months using municipal wastewater a clear change according to each other is
visualized where for instance on 6/2218, for @ SRT of 3 days a F:M ratio of 0.2
gCOD/gMLTSS/d is required while on 10/12/2018 an SRT of 0.58 days 2.72
gCOD/gMLTSS/dof F:M is required.
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Figure30: Change in F/M, SRT, & COD load

The change in SRT from 2dayto 1.5 daysand to 2 daysvas adapted as a way to suppress
the NOBs in the systenThe first period of thestudy (6/12/201&/20/2018) the graphs
followed a specific tren¢Figure30), however, this trend changed in the second period of the
study (9/17/201&nd of thdaboratory work). It is obviouthat whena new batch of WW

was supplied on 7/11/2018igure30), there was a sharp increase in COD load and F:M to
reach a value of around Og&€ODyta/L/d and 1.5respectively. On 7/17/2018, a supply of
new inoculuncaused a drop in F:M to reach a value of around 0.4, this is due to ttiefact

a new batch of microorganisms was provided causing an increase in the M in F:M and
consequentlgropping the value of F:Mdowever, this resulted in an imbalance in the F:M
ratio because according Tablel8, as SRT increases, the Frigquired decreases and vice
versa, nevertheless this is not the case on 7/17/2018 béoaaseSRT=1.5 days the F:-M
ratio is 0.4consequently showing the presence of food deficiency and thus a possible
starvation of the microorganismsn@0/1/2018 a newnoculum was provided, but there
was an increase in F:M due to the drop of COD loadl5 gCORa/L/d.
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In additionto the graphical representation of F:M, SRT, and COD lolagsipal analyses

(TSS and VSS) were performed daily on the MLSS discharged tihe SER. Every week
limited amounts of sludge were lost during the S@&aning. Figure 31 represents
graphically both the change of VSS/TSS ratio, where VSS is reported as a fraction of TSS,
and the SRT. The VSS/TSS cur{fégure31) shows no major fluctuations throughout the
whole period, ranging beeen maximum and minimum values of 0.9 & 0.68 respectively
and an average value of 0.76, stating that the system has reached and maintained an
equlibrium since the first beginning with the following trend of the SRT. This means that
the organic matter cstitutes a higher fraction of the TSS than the inorgamieral matter.

On 6/20/2018 the maximum value of VSS (4.25 g VSS/L) was obtained WwheQLR
(Equation5) was 0.82 g COD/L/drefer toFigure30) with an average sludge retention time
occurring for 2.91 days. It can be visualized that there is an imbalance which resulted in a
F:M of 0.15 g COD/g MLTSS/d, a low ratio value for an SRR®1 (Table18). Also, an
imbalance was encountered with when the lowest value recorded for VSS (0.116 g VSSI/L)
on 10/16/2018 with OLR of 0.45 g C@Dd, F:M of 2.78 COD/g MLTSS/d, and SRT of

0.76 days. This imbalance is due to high incoming OLR in the fe&iMand very low
concentration of microorganisms which affected the work of microorganisnmesnoving

the required organics entering the systerd this can be visualized by the drop in the COD
removal efficiencyigure34) on 10/16/2018 with a value of 69 %.

85



= __18
S 3,00 ® 16
g 2 14 <
= 2.50 =
[ [ < 1.2
3 200 vy
c -]
& 1.50 S 0.8 ¢
0.50 02
0.00 § (]
m% R %(‘94; 3 s ] .;b <P (9"? 49-& @s‘,b (19'& (19'@ (19'@ y-s? (;9'&
1) 3 ‘99‘ 3 ®
r.,\")\ & ({y& QS\"\ 4\\"' A & o & F & S .\9\'&
& VSS/TSS —e—SRT real —e—VSS/TSS —e— SRT real (d)
Figure31: variation of SRT and VSS/TSS
0.16 0.16
g o4 0.14
> 0.12
3 . 0.12
£ 0.1
4
0.08
% 0.06 o
o 0'04 0.06 |
e 0.
z 0.04
i< 0.02 0.02
0 (]
@ D P &
& & & O N N @ @ @ ® > ®
& N N s & N
@‘”@“«\»\”«\&«o‘”\e“\e‘”\@“\e“ @ PP
Time (days) L) 9 N oo ) )
Time(days)

—e—TKNin daily load [gTKN/L/d]

—e— NH4-Nin daily load [gNH4-N/L/d)

—e— TKNin daily load [gTKN/L/d]
—e— NH4-Nin dally load [gNH4-N/L/d]

Figure32: TKNh and NH4Nin daily load

86



Other parameteithat werestudied and analyzedarethe TKN andammonium daily loads
which were calculated usingquation 9 and Equation10. The calculated loads are
represented graphically ifigure32. The load of TKNandNH4-N in the influent with an
average of 0.08 gTKN/L/d and 0.06 gNH¥L/d respectively was in a range 0.06< TKNin
load< 0.15 gTKN/L/d and 0.043 < NHNMin load< 0.09 gNH4N/L/d due to the variability
of the influent feed.For instance, m 7/11/2018a signficant change in the graphical
representation was observed whboth the ammoniumitrogen loadand the TKN load
deviatedto different directionsTKN load increased to 0.08 gTKN/L/@nd NH-N load
decreased to 0.04NH4-N/L/d. This change in pattetmppenedsincea new batch of WW
of provided to the reactomhe ratio NH4AN/TKN was most of the time > 0.73 reaching a
maximum ratio of 0.92 which indicates that ammonification was the highest. However, in
some periods, fonstance from 7/16/2018/20/2018 and 10/15/20180/19/2018, this ratio

was lower (ranging between 0.4 to 0.@8)icating that ammonification was lowe
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Another Operating parartex that should be considered while treating WW is the yield.
While usingrealWW, the yield (theo) was calcu&d and visualized graphicalllifigure33).

Only the Yield(theo) with valuex 1 gMLTSS/gCOD are graptally represented. The
remaining values that are > 1 gMLTSS/gCOD were not depicted because as it was mentioned
before that only oa discharged MLTSS concentration was measured out of eight MLTSS
discharges which means that a variability in the MLTSS flusindy the rest of the cycles

due to pump malfunction might have occurred and resulted in values greater than 1
gMLTSS/gCOD.The aerage value of Y(theo) was calculated to EB@MLTSS/gCOD

with an average SRT2.53 days. This value is compared to the Mfarical)= 0.8
gMLTSS/gCOD with an average SRT57days. The Yield (theo) and Yield (emp) can be
compared to that of Macombe&(QQ5) valuesgppendix BTablel8) whichtabulatedhatthe
observed sludge yield as a function of SRT shfiw an SRT= 2 daysBoth Yields have
showna valueslightly different tharthe one tabulated iappendix B Table18 in which for

SRT= 2 days, Yobs= 0.558 gMLTSS/gCOD.

The experimental value of the observed yield has been detectgidg from a minimum
value of 05 mg MLSS/mg COD to a maximum value @7 mg MLSS/mg CODIt can be
clearly seen that sindequation17 relies only on SRT, thus, the relationship between the
observed yield and the SRS inversely andan be visualized graphicallyhis signifies that

as the SRT increases, the yield decreasesvice versaFor instanceon the 21 of July
since a drop of SRT from 2.4 to 1.5 days was appéiethcrease of the yield was depicted
from 0.55 gMLSS/gCOD to 0.6 gMLSS/gCOD.
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5.2.2 Local parameters concentration and Removal Efficiency Rates

Figure 34 depicts the data obtained during the 4 months while feeding municipal WW in
which the COD removal efficiency and SRT trend were studieglire 34 desgnated the

COD removal efficiency with an avege removal efficiency of 75 % fluctuating between a
maximum and a minimum value of 92% and 60 %. The COD removal effigiency
calculated with respect to the soluble effluent COD and does not considestdi&Swith

an initially high value but has aggiificant fluctuation with major peaks. AlsBigure 34

shows that there is a trend for the sCOD indfilient having an average value of 32 mg
COD/L and minimum and maximum values ranging between 20 mg COD/l4%mdg
CODI/L, however, concerning the removal efficiency and the tCOD in the influent, the
graphs changed consequently with clear peaks. On28/28/a sudden drop of the COD
removal efficiency was depicted from 81 % to 24% while there was a clear jump on
6/20/2018 in sCORx from 42 to 85 mg COD/L and then a sudden drop again to 32 mg
CODI/L, this phenomena allows us to visualize that there might be an error that occurred
while testing 4.3.5 Analysey for CODor maybe loss of bioasssince an influent tCOD was
measured to be 223 mg COD/L while the effluent sCOD was recorded to be 86 mg COD/L
consequently resulting in a low COD removal efficiency. In addition to that, another jump
in sCOD n the effluent occurred resulting in a valaf 166 mg COD/L and consequently
allowing a drop in the removal efficiency to a minimum value of 12%. Again, this
phenomenon can only be explained by the high contamination in the millibars used during
the expements. Before preparing any test, the ibbéts were carefully cleaned and dried to
avoid and restrict any major error in test performed. The tCOD in the feeding synthetic
municipal WW has fluctuated between a minimum value of 95 mg COD/L and a maximum
value of 271 mg COD/LThe application of SRDf 2 days and the intermittent aeration
along the second period of the study (9/17/26t8 of laboratory work) resulted irsght
fluctuation of the COD removal efficiency where it varied between a maximune i

78% on 29 of October and a minimunt 60 % on the 9 of October.Thus, the feeding on
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the organic material is affected by the low and intermittent aeration pattern influencing the

COD removal efficiency
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TSSin the effluentis a majomparameter to study the quality of water being discharged from

the SBR. Therefore, thparameter @sgraphically represented as a function of tifRig(re
35).

Concerning the TSS in the effluent the variation of values was between 10 and 60 mg TSS/L
with an average of 39 mg/L. However, in some cases high concentration of TSS is visualized
(70 [7/16/2018 & 10/2/2018], 60 [10/4/2018]). This increaseTissS in the effluent can be
correlated toin which the values of SVI were recorded as 300 mL/g on 7/16/2018 and 128
mL/g for days 10/4/2018 and 10/20M8B. As explained befe, that there is a direct
connection between the SVI values and TSS concentration in the effluent because a poor

settling results in filamentous material in the effluent.

Severalotherparameters should be measuredprded, and as well graphically repented.

The Sludge volume index (SVI) is graphically represented in the following figuvegre

the graph is @it into two periods due to the fact of stopping the machine in August. The
lowest and the highest $Values belonged to the ¥2f June and the 1%6of July of values

64 mL/g and 300 mL/g respectively. According to the SVI, Mines et al. (1998) anddfarg

al. (2002) stated that a sludge volume index of 100 mL/g is the boundary which clearly
distinguides the good settling characteristic and the bulking phenomena. SRT was also
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recorded during those two mentioned days which was 2.33 and 1.12 daysivelpédnt
general, SRT fluctuated between a maximum and a minimum value of 3 and 0.77 days
showing SVlvalues of 65 mL/g and 270 mL/g respectively. The plot ishows that
throughout the operating time of the SBR, most of the SVI recorded are of values greater
than 100 mL/g which results in the appearance of fildowes material. This filamentous
growth is mainly due to the low SRT value running in ty&tem leading to the washout of
most of the biomass, drop in MLSS concentration, loss of biomass diversity, poor settling,

and an increased concentration of thel sdgpended solids in the effluent.
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TNin, TNout, nitrateout,nitriteout, NH4-
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Figure37: change in TN, Nitriteout, NH4Nout, nitrateoy, and TNout

According toFigure37 it is visible that there are several changes regarding SRT, aeration
patterns, and adding new batch of inoculum. As the SRT was changed from 3 days to 2.4
days by increasing the timing oft tlischarge tacontrol the SRT and thus wasting more
MLSSon 6/25/2018Changing the operating conditions again on tied? duly also caused
another major drop from 2.41 days to 1.5 days. On tHeoflduly, the SRT was increased

to 2 days and aeratiopatterns werehanged from continuous aeration to intermittent
aeration (16 mins on, 20 minutes off). So, to prevent the growth of NOBs two factors where

considered: SRT and Intermittent aeration.

According toMa, et al., 2015 applying intermittent agoa with low dssolved oxygen is
one of the promising methods to suppress NOB growth where limiting its growth is an
important factor to achieve nitrogen removal via Anammox and at the same it is a bottleneck.

This idea came from the fact that nitrite d@aiion lags behd ammonum oxidation; thus,
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the oxidation of ammonium results in nitrite and limiting oxygen causes nitrite accumulation
and no further oxidation of nitrite into nitrate. Consequently, NOB growth slows down
compared to continuous aeratidtevertheless,tadies state that trying to control NOB is a

bottleneck in simultaneous nitritation and anammox reactor treating low strength

wastewater(lsaka et. al, 2008V ersprille et. al, 1984)

In order to study how the aeration and the change in SRT affected the activated sludge
processFigure37 has represented graphically the fluctuation of TN in the influent and nitrite
nitrogen, nitrate nitrogen, TN, and ammon#aitrogen in the effluent. The TiNand the

TNout recorded average values of 22.68 mg/L and 19.74 mg/L. ®of2kune, N@-N and

NH4-N started at low values which is close tan@/L, while NOs-N started with a high
number of 12ng/L which points out thenesence of NOBs in the system. Lowering the SRT

to 1.5 days on the 3f June allowed the gradual decrease oNQuT from 14 to 7mg/L

on the & of July, on the contrary NHNoutincreased from 1 on the 2&f June to 11.5 on

the 39 of July. The wek from 39 of July to 10" of July NQ-Nouwasalmost constant. The

week from 1¥ to 19" of July NG-Nout starts decreasing gradually from 8.07 mg/L to 1.02

mg/L afterapplying a low and intermittemterationpattern

On the 11" of September and onwds, almost all the elementSOs-N, NO-N, and NH*-

N- remains constant until thé®®f October when the NE-N starts to increase from 3.96
mg/L to reach a maximum value of 19.7 mg/L. Until th& 28 October, nitrate and nitrite
were kept constant abWw values of 2.8 mg/L and 1.3 mg/L respectively. However, it was
difficult to drop the concentration of nitratgtrogen below the nitrit@itrogen since

controlling the aeration was a challenge due taiage of a squeezdf contol tool.

Loss of exces of biomass was being observed each day while testing for MLSS i the 1
discharge to control the SRT. This loss might be due to two facts: either the malfunction of
the pumps which was operating improperly and unsteadily or sepce of nitrogen gas i

the system.
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Figure38: variation ofnN, TNe, TNin, andN with time

The average difference between-NM and TNNeis approximately equivalent 82 mg/d.
during the period 6/25/2018 til/19/2018 Figure38) , maj or variations c
and dN were visualized. Fard i/h/sil/nz@®l 8., 0nph/
recorded to be 80.6 ny/60.5 mg/d, and 50.4 mgdde s pecti vel y, whil e th
calculated resulting in 2% % (6/26/2018), 26 % (7/5/2018), and 23 % (7/11/201Bjs
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difference in the mass balance can be correlated to the appearanceNfiN@®& effluent

in which on 6/26/2018, 7/5/2018, and 7/11/2018 the data was recorded to be 17 mg/L, 5.7
mg/L and 8 md/ respectively. While, in the period extending from 9/17/2018 till
10/ 22/ 2018, the mass balance showing 2 majc
26 % 47.4 mg/dNO3Ne=5mg/Landorl 0/ 19/ 2 0 1 8pNJ=NL=0 92 &mdl DA
Ne=2.49 mg/L Thus,this TN removalcan be explained as the occurredeaitrification

that is happening within the process. It is the conversion of nitheeunstable form of
nitrogen to nitrate and then to nitrogen gas by using facultative heterotrophic bacteria.
Denitrifications occurs at low oxygen levels or when oxygen levels are depleted, and nitrate
becomes the primary oxygen source for microorganisms that can getxtygendy taking

DO out of the water or off nitrate molecules. When talking about oxygen deptkifon
means DO is lower than 0.5 mg/L or even 0.2 mg/L. Breaking apart nitrate leads to the
emission of nitrogen gas which has a low water solubility whigwallit to escape as gas

bubbles. Denitrification reaction is described by the following formula:

6NOs - + 5CH3OH3===N, + 5COz + 7H20 + 60H

The measurement of nitratgtrogen and nitritenitrogen in the influent is not considered
because a municipal wastewater with little or no industrial contribution is expected to have
zero nitritenitrogen and nittenitrogen concentrationgMetcalf & Eddy, Wastewater
engineering: Treatment and Reuse, 2008}he influent, 72 % of the TN is NHN which
explains the ammonification process that happened leading to the conwr3ikiN to
ammonia leaving behind only 3® organic nitrogen. 79 % of TN in the treated effluent
constitutes of NHAN, NOx-N, and NQ-N.

Different DO concentrations inside the reactsignificantly affecé and improves

nitrification. Conversely, dissolveakygen appears to be the governing factor for the extent
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of NAR (nitrite accumulation ratejuring the sequence of different DO concentrations. The
NAR level started to consistently increase during thetstontrol of DO concentration and
gradually deaased when the dissolved oxygen concentration increased uncontrollably. By
analyzing nitrogen species concentration data, nitrite accumulation took place at a dissolved
oxygen concentration of 0.3 to 0.6 fbgOne possible explanation for this observatias

that the hakMsaturation coefficient for dissolved oxygen is 0.25 to 0.50 mg/L for
Nitrosomonasis lower than that of 0.72 to 2.84 mg/L for Nitrobadtdenzeet. al,2000)
indicating that Nitrobactes more susceptible to low dissolved oxygen tN&nosomonas

and that operation at low dissolved oxygen levels could lead to Nitrobacter inhibition
resulting in a buildup of nitrite. In addition to that, temperature is another factor, a very
important oe, which influences biological wastewater treatthreystems and specifically

on microbial growth. Although most microorganisms exist over a broad range of
temperature, however, usually each specie better grows at an optimal température
known that N® dominates AOB at temperatures dropping belowCl&hce the specific
growth rate of NOB is higher than that of AOB, between 5 and 1&Hu, et al., 2008)
However this is not the case in ogystem since the reactor had an average temperature of
23°C while operatingluring this period which is sigines that the temperature was not the
critical factor affecting the NOB dominatiphowever, on 7/19/2018 when the temperature
increased to 26°C jtrate concentration dropped from 8 to 1 mglbng with the usage of
DO=0.76 mg/Lindicating the influencerothe NOBs.
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Figure39: DOand NAR as a function of time

Figure 39 discusses the variation and fluctuation of nitrite accumulation rate (NAR) in a
periodextending from 6/25/2018 untli0/22/2018 NAR was calculatedsingEquationl15

to be represented graphically to evaluatedx@nge of nitrite along the change of DO in the
system

What was obvious is that NAR was very low (aroOrffl)at DO hgher than 1.6 mg/L. The

next date when the DO was measured (1.457 mg/L), NAR started to increase gradually to
reach0.24on the §' of July. After this period, considerable fluctuation of NAR is visualized

in which the uncontrollable air compress®assimed to be the major reason behind it. The
NAR values reached as high @88 which is still a sign that the growth of NOBs is not
prohibited, and they still outcompete the AOBs. The other important factor to consider is the
high ammoniumconcentréon in the discharged effluent. This component showed a value
as high as 19.7 mg/L where the NN was 21.2 mg/L, this means, that the DO not only
affecedthe NOBs in the system but also the AOBs where its work has been suppressed.
Having a proper sysin for he Anammox growth, NHMNemoved 50 % while NAR 1,
however, although in this study the NtMemoved=45, NAR= 0.21

98



To sum up, the period using real WW has showma\arage value f : dN= 12 %, N
mg/d, NO3Ne= 5.6 mg/L, NAR ratio= 0.21, and DO= 1.3 fingThis means that with such

a DO value, a complete nitrification occurred prohibiting the allowance of partial
nitrification causing the oxidation of nitrite to nitrate which danvisualized by the high
concentration of nitrataitrogen in the effluenand the limitation of the NAR ratio. In

addition to that, the total nitrogen removal efficiency was 12 % stating that there was no
closure of the mass balance. Thus, the presehtggh concentration of NOBI in the

effluent and imbalance of the nitrogerass balance states that there was denitrification.

In this experiment, DO was stringently controlled sometimes due to the squeeze off tool used
in this study, causing a severepin DO in the system and thus this dropped has mainly
affected the AOB nothe NOB in the system where the NOB were still outcompeting the
AOB.
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Figure40: Change in NH#, TKN, and NHBI/TKN ratio

In Figure 40 nitrogen compounds are depicted where TNhim influent representing the
organically bonded nitrogen and ammonium nitrogen and TN in theeeffconstitutes of

all the compounds (nitriteitrogen, nitrate nitrogen, ammoniuanitrogen, and soluble
TKN). The results obtained shows that the averatge of (NH4-N/TKN)inis 0.74, thus, 74

% of TKN in the influent is composed of ammonium nitroger 26% is composed of
solubleorganic nitrogen. However, in the effluent, the average val(te#-N/TKN)outis

0.68 as it can be visualized iFigure40, the (NH4N/TKN)out ratio was greater in value
than (NH4N/TKN)in, for instance on 7/3/2018, 7/12/2018, 7/17/2018, and 7/16/2018, this

means that ammonia is removed by synthesis and maiidizedto NO2/NO3
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