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Abstract

The difficulty with dudge settleability is considered one of the main drawbacks of
sequencing batch reactors. The aim of this study therefore is to improve sludge
settleability by introducing a novel, twsiage settling sequencing batch reactor
(TSSBR) separated by an anosgiage. The performance of the TSSBR was compared
with that of a normal operating sequencing batch reactor (NOSBR), operating with the

same cycle time.

The results show a significant improvement in sludge settleability and nitrogen
compound removal rates for the TSSBR over the NOSBR. The average removal
efficiencies of ammonianitrogen (NHz-N), nitratenitrogen NOs-N) and nitritr-
nitrogen NO2-N) have ben improved from 76.6%, 86.4% and 87.3% respectively for
the NOSBR to 89.2%, 95.2% and 96% respectively for the TSSBR. In addition, the
averagesludge volume index§V1) for the NOSBR has been reduced from 42.04 ml/g

to 31.17 ml/g for the TSSBR. After tlreemonths of operation, there was an
overgrowth of filamentous bacteria inside the NOSBR reactor, while the
morphological characteristics of the sludge inside the TSSBR reactor indicated a better

and homogenous growth of filamentous bacteria.

TSSBR system npves to be more efficient than NOSBR by improving the sludge
settleability and enhancing nitrogen compoundsnoval efficiency, therefore, the
TSSBR operating conditions including (mixed liquor suspended solids, hydraulic
retention time, fill conditiondijll time, volumetric exchange rate, organic loading rate
and hydraulic shock) have been optimisedibtainthe optimal performance of the

TSSBRsystem regarding the treatment efficiency and sludge settling performance.

\Y



The results of optimising the TS&Boperating conditions are as follavthe optimal
MLSS range wa8000 mg/l to 4000 mg/the optimal HRT was 6;lunaerated feeding
was better than the aerated feeding, and 15 minutes was the optimal feeditigetime
optimal VER value was 20%heoptimal OLR ranges were 750 to 1000 mg/l glucose

loading rate and 50 to 150 mg/l potassium nitrate loading rate.

Finally, the TSSBR system was operated under the obtained optimal operating
conditions.The results showed thtte treatment efficiency of COBnd NQ-N had
been improvedignificantly. Although the removal efficiency of NbN and NQ-N
did not improvethe removal efficiency of boik more than 90%, whicis consideed
a good treatment efficiency for th€SSBR system. In additionthe settling
performance of the TSSBR was significantly improved after operating the system

under the optimal operating conditions.
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CHAPTER 1

Introduction

1.1 Background

1.1.1 General introduction

The petroleum refinery industrigroduces more than,500 refined products from
crude oil these products includgasoline,liquefied petroleum gasviation fuel,

kerosenefuel oils anddiesel fuel(Benyahia et al., 2006)

A considerable amount efater is used itherefinery processespainly for cooling,
distillation, hydrotreating and desalting systefBenyahia et al., 2006 heamount
of refinery wastewater generataddits characteristics depend dmetprocessesign
The Refinery industry dischargea huge amount gfolluted wastewater, containing
phenol levels of 22000 mg/l;COD levels of approximately 30600 mg/l; benzene
levels of 2100 mg/l; 0.1100 mg/l for chrome and 0.20 mg/I for lead; adh other

trace element@Norld Bank Group, 1999)

In addition, petroleum refineryvastewater may contaialiphatic and aromatic
petroleum hydrocarbons, which may affect negatively on the surfabe sbil and

aquatic life(Sun et al., 2008)
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1.1.2  Environmental effects of petroleum refinery wastewater

During oil and gas exploration and production operations at oil fields, a huge amount
of polluted water containg petroleum hydrocarbons is produ¢&horbanian et al.,
2014; Tong et al., 2013Vntreated water discharges may be toxic to the environment
due to itscharacteristics of hydrocarbons, dissolved solids, and trace elements. It
contains different types of hydrocarbons with different structural and chemical
properties(Tellez et al., 2002)Therefore,petroleum refinery wastewatéPRW)

threatens environmental health due tdith toxicity (Bakke et al., 2013)

1.1.3  Biological wastewater treatment

Wadewater treatment plants are designed to remove organic and inorganic aqueous
pollutantsthat affect negatively onuman health andater bodiesln order to protect

the water bodies that directly receive effluent from wastewater treatment plants,
environnental agencies reguldigits for a range of substances classified as toxic or

dangerous

There are a significant number of technologies available for the treatment of industrial
wastewater; biological treatment is no exception. The latter is consideeedf the

most convenient technologies for the treatment of industrial wastewater due to its
manufacturing and operational cost requirements. In addition to cost considerations,
biological treatment has proved to be an effective technology for remowyhg hi

concentrations of pollutants.

One of the common biological technologies is the activated sludge process (ASP),

used worldwide for the treatment of domestic and industrial waste@atsby et al.,
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2014) It consists of several reactors in which microorganisms degrade incoming
wastewater and in doing so, grow and produce newomiiganisms. After degradation

is achieved, these microorganisms are separated from the treated wastewater by
sedimentation. In order to sustain an active and high concentration of solids for the
reaction treatment, some &@ent solids should be remové®m the system, others
recycled back into the aeration ba§lones and Schuler, 201@ne of the drawbacks

of ASP is that it reques a large footprint for itseatment tank@Chen et al., 2013)

Often industries are located cities, which makes it difficult to build a treatment
system containing several tanks. In this case, alternatives are available such as

sequencing batch reactors (SBR)

1.1.4  Sequencing batch reactor

SBRis one of the alternatives of the activated sludge process that work on the same
principles which is biologicalvastewater treatment technology. It has bieeating

successfully botimunicipal andndustrial wastewatdiBagheri et al., 2015)

In addition, SBR is a fill and draw type sludge systlat has five basic operating
modes- Fill, React, Settle, Draw and Id{Environmental Protection Agency, 1999)
which operates in time instead of spaceoire tank, SBR performs equalization,
neutralization, biological treatments and secondary sedimentation via timed control
sequencdAlattabi et al., 2015)Over the recent years, SBR technold@g become

an attractive technologgue to its unique design and eaddndustrialisation.The
difference that made SBR overcome the conventional activated sludge system is that

the latter requiremany tanks to operate whilee SBR system could be operhie a
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single tank.The SBR system consists of the following bateps(Mata et al., 2015;

Sutton and Mishra, 1990)

1. Fill: In the fill stage, thevastavaterand substrate are added for microbial activity.
It can be static fill, mixed fill, or react fill. Ithe static fill, the wastevaterinfluent
is introduced to the system without mixing or aeratiixed fill involves turning
on a mixing deviceuring the fill phas. Whileaeration is turned on during the fill

phase in the react fill mode of operation.

2. React: The objective of this stage isle¢b the bacteria biodegrade the coming
organic matteand other pollutantdt could consist ofmixing or aeration, or a

combination of both.

3. Settle: During the settle phase, ligsulid separation occurs.

4. Draw: In this stage, the effluent is decanted from the reactor.

5. Idle: It is the final stage innaSBR system and is only used in mubiasin

applications.

Sludge waste will be achieved during the idle ph&sgure 1.1 showsa typical

schematic diagrarof SBR process.
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Figurel.1l: Sequencing batch reactor

Source(Wilderer et al., 2001)

1.2 Problem statement

SBR is an activated sludge process that consists of a sequence of stages which operates

in one tank in a time sequence; these stages are: fill, react, settle, draw and idle. It has

been reported that SBR requires less asdiexible to operge and could be operated

automatically(Miao et al., 2014; Abu Hasan et al., 201Bpwever, solidiquid

separation or sludge bulking is still one of the most problematic issues with SBR and

ASP in genera{Chen et al., 2013; Guo et al., 2014a; Guo et al., 2014b; Iritani et al.,

2015; Jin et al., 2003; Koivuranta et al., 2013; Koivuranta et al., 2015; Mesquita et al.,
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2017, Tansel, 2018; Wilen et al., 2008; Xia et al., 2016; Yang et al., 2017; Ye et al.,

2016; Zhang et al., 2017)

Researchers have been reporting several reasons related pyothlsm such as
difficulty of handling sudden changes in the operating param@#asquita et al.,
2011) microbial clustering behavio(Ye et al., 2016)the overgowth of flamentous
bacteria(Eikelboom, 2000; Guo et al., 2012; Jenkins et al., 2003; Martins et al., 2004;
Mesquita et al., 2011joaming(Guo et al., 2014a; Guo et al., 20,1@npoint sludge
(Guo et al., 2012; Jenkins et al., 2003)or macrostructuréGuo et al., 2012)poor
flocculation propertie§Contreras et al., 2004; Jenne et al., 2007; Jin et al., 2083)

size distribution(/Amaral and Ferreira, 2005; Grijspeerdt and Verstraete, 1997; Jin et

al., 2003; Mesquita et ak011; Schmid et al., 2003)

To overcomehesettling problem in the SBR technology, researchave been trying
different solutionsone of them is granulation technology. In a specific environment,
microbial selfagglomeration forms a granular biological polymer which is known as
aerobic granular sludge (AG8reuk et al., 2007; Long et al., 2016) has many
advantages such as high degradation abiligniicant settling velocity, regular shape
and compact structuf@dav et al., 2008a; Chen et al., 2013; Long et al., 2016; Show
et al., 2012; Zhng et al., 2015)However, AGS stability might decline aftatong
period of operatiofAdav et al., 2008b; Lee et al., 2010; Liu and Liu, 2Q06;et al.,
2004; Tay et al., 2002)n addition to the stability loss, granulation technology has
other problem such as producing high operation temperature, inged long
acclimatisation time and ndieing efficient with a low concentration of organic
wasewater (Lettinga et al.,, 1980; Qin et al., 2004vhich makes granulation

technology need more research to tackle these issues.
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Another attempt to overcome the tbey problem is chemical addition befotiee
settling stage to improve the settling performagfgridiotis et al., 2007; Wu et al.,
1997) However, this procedure could raise the cost of treatment and results in more
complex and toxic residual which affect negatively on the enviemt(iritani et al.,

2015)

Along with granulation sludge technology and chemical conditioning, researchers
have been modifying the operation strategy or adding more stagi® ®BR
treatment cycle as a trial to improve ttneatment performance without additional cost

if the cycle time did not increag@ziz et al., 2011; Chen et al., 2013; Mata et al.,
2015) The inspiration for this research is grounded in the above modifications and

trials, to introduce a novel, twstage settling SBR.

This system will focusn three issues. The first would be to create a shock after the
first settling stage and allow small flocs tongjitogether, merge with large flocs and
settle again in the second settling stage. Secondly, examination of the effect of this
procedure, the elimination of filamentous accumulation and improvement in the
settling stage. Finally, verification of whether segtisng the two stages of settling with

an anoxic stage enhances nitrogen removal efficiency by improving the denitrification

stage.

1.3 Aims and Objectives

The aims of this research project are:

1- To improve the settling phase and minimise the operating power by developing
an innovative design for the SBR optimising the process variables to result in a

more robust and efficient process. The introduction of astagesettling phase
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sequence in th8BR system instead of one settling phase will be developed by
running a short period of mixing between them to enhance the flocculation and

improve settlingas well as improving the nitrogen removal efficiency

2- To optimise theTSSBR designoperating condions (mixed liquor suspended
solids, hydraulic retention time, fill conditions, fill time, volumetric exchange
rate, organic loading rate and hydraulic shaok)nd the optimal performance of
the TSSBR system

Objectives:

1- Conduct a critical literatureeview to make an experiment design choice

2- To determine the removal percentages of chemical oxygen demand (COD),
ammonia nitrogen, nitrateitrogen and nitritenitrogen from synthetic PRW for
both NOSBR and TSSBR

3- To study the mixed liquor suspendsalidsin different concentrations and their
impact onthe treatment efficiency arsudgesettleabilityin the TSSBR system.

4- To examine the fill conditions arfthd their impact onthe treatment efficiency
andsludgesettleabilityin the TSSBR system.

5- To find the effect of VER on the treatment efficiency and sludge settleability in
the TSSBR system.

6- To determine theffectsof hydraulic retention timen the treatment efficiency

andsludgesettleabilityin theTSSBR system by studying different HR%; 6, 8

and12 hrs).
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7- To study the effects arganic loading raten the treatment efficien@nd sludge
settleabilityof the TSSBR by gradually increasing the concentratiomgloicose

and potassiunmitrate.

8- To examine the capability of th€SSBR of handlinghydraulic shock by

decreasing the cycle time suddenly

9- To study the dissolved oxygen (DO), pH, temperature and oxidedthrction
potential (ORP) of the SBR system and relate this to biological treatment of

petroleum compounds.

1.4 Originality of the research:

1- The sétling stageis an important phase in the SBR system and it is a time
controlled cycle. However, many researchers have reported poor, slow or
incomplete particle settling in the settle phas¢hefSBR system. This research
project innovateswo-stage seling SBR system instead of one setdeageby
running a short period of mixing between the two phases to enhance the
flocculation and improve settlingn addition, nitrogen removal efficiency could

be enhanced in this innovative cycle of SBR.

2- Mixed liquor suspended solids (MLSS) is an important factor affecting the
efficiency of the SBR system. Many researchers sudklasolla et al., 2012;
Martins et al., 2003; Tsang et al., 200@ve studied the effects of MLSS on the
SBR systemHowever, he relationship between MLSS and sludgdtieability
has not been studied. This research project will investigate the effects of different
corcentrations of mixed liquor suspended solids (MLSS) (2000, and +3000,

+4000 and +6000 mg/l) on sludgettleabilityand their impact on effluent quality
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by studying the sludge characteristics and treatment efficiency for each run in the

TSSBR.

3- The effects of fill conditions on sludgeettleabilityhave not been considered
(Miao et al., 2015; Moussavi et al., 2010; Thakur et al., 2018khis research
project, the effects of aerated andaerated fill as well as fill time on sludge

settleabilityin the TSSBR system will be investigated.

4- Many researchers such @song et al., 2011; Rodrigu&zaballero et al., 2015;
Thakur et al., 2013b; Thakur et al., 20bdyve studied the effects of HRT on the
SBR system because HRT is considered one of the most significant parameters in
the SBR systemHowever, he relationship between HRT and sludgéleability
has not been studied. In this research project, the relationship between HRT and

sludgesettleabilityin the TSSBR system will be explored.

1.5 Scope of work

This research projegtasperformedto treat and improve the qualigynd enhance the
settleability of synthetic wastewater usin@ two-stage settlingsequencing batch
reactor The performance of thewo-stage settling sequencing batch reast@s
compared with that of a normal opéng sequencing batch reagtoperatingvith the

same cycle time

The syntheticwastewater used in this research contains eight chemical compositions,
which are glucose, magnesium (Il) sydhate heptahydratesodium bicarbonate,
monobasic potassium phosphatalcium chloride dehydratayon (ll1) chloride
hexahydratepotassium nitratandammonium chloride. The chemical compositions

were added tthetreatment reactor with different concentrations. The capacityeof
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treatmentreactorwas 5 L and the treatment procesbad been achieved through
accumulated biomass. The goal was to remoeeutidesirable chemicals such as
COD, ammonianitrogen nitrite-nitrogen and nitratenitrogen from the influent
wastewateandexaminethe solid§settleability in different treatment conditiofar
both systems and compare the results to find the efficiency of thetage settling

sequencing batch reactor

Then the operating conditions of the tatage settling sequencing batch reabtre
beenoptimised to find the optimal performance oé fhiSSBR system.The online
monitoring of pH, DO and ORP profiles were recorded frdmth systemsand
correlated with removal rates COD, ammonianitrogen, nitritenitrogenand nitrate

nitrogenin the process.

Finally, the TSSBR system was operated urtderoptimal operating conditions to

achieve the optimal performance of the TSSBR system.

1.6 Thesis outline

Chapterl illustrates thesolid settling problems in the SB&hd what is the possible
solution totreatthem In addition, the maimims, objectives research noveltand

scope ofthe study were illustrated brieflyChapter2 includes the characteristics of
petroleum refineryvastewater and its treatment technologies; the most theoretical and
general works associated to SBR and the current solutions for its settleability problems
in addition to the online monitoringf the parameters of pH, DO and ORP. Chapter 3
describes thelesign of the inovative two stagsettling SBR andhe methodology

used in this research which contains the materials and methods of measuring the

parameters and samplinglso, it contains the instruments and devices used in this
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study. In addition the morphological study and the image analysis procedure are
describedChapter shows the results and discussion of the treatment efficiesmuies
solids settling performancef the two-stageSBR systemand compareit with the
results othenormal operatig SBR systentChapteisillustratesthe TSSBR operating
conditionsoptimisationand the TSSBRperformance under the optimal conditions
Chapter6 concludes the overall resultsf the current study and recommendations for

futurestudies
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CHAPTER 2

Literature review

The literature review will consist dive parts: the first part will be focused on the
PRW and its characterisatiand treatment method3he second part willliscuss
biological treatment technologysedto treat PRW. The third part will focus on the

SBR system and its operating conditions which have been customised by many
researchers to approach a maximum removal of undesired wastewater components.
The fourth part wiltalk about the solids settleabjliproblems antheir solutions The

last part will discuss the online monitoring for nutrient removal.

2.1 Petroleum refinery wastewater

Wastewater treatment performs natural purification processes to the maximum level
possible. It is also designed itaplementthese processes in a planned environment
(Spellman, 2003)In addition, another goal for the treatment planto treat the
nutrientsthat are not commonly conducted to natural processeRlso remove the

solids generated within the treatment unit steps. Wastewater treatment plant is
designed to carry out different goals: preserve (public health, public water supplies
and aquatic life), maintain the superior uses of the waters and prekewdands.

Figure 2.1 illustrates the sequence steps in wastewater treatment. Each step can be

adapted using one or more treatment mechaniSpeliman, 2003)
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Figure2.1: Wastewater treatmefibw chart
(Metcalf and Eddy, 2014)
Petroleumrefinery wastewater (PRWis wastewater discharginffom industries
relatedto manufacturing fuels and refining crude @ilarry, 1995) PRW contais oil
and grease along with other trace nutri¢iifake, 2005) The generation of PRW is a
critical matter globally as a consequence of rising energy demands, which will increase

the processing of crude d¢Doggett and Rascoe, 2009)

2.1.1  Classification of petroleum refinery wastewater

PRW containsorganic and inorganic compoundsjspended solidsyatersoluble
metals, dissolved formation minerals, dispersed and dissolvedoaifaromatic
hydrocarbons (PAHSs), hydrocarbons such as BTEX and pli€halng et al., 2010;
Ma and Guo, 2009; Razi et al., 2009p treatthese pollutantscrude oilrequiresa

desalting process usiigige amountef water( Di y a 6 u d,@@&8n et a
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Table 2-1 shows the composition of PRWhich depends on the complexity of the

refining process.

Table2-1: Characteristics of petroleum refinemastewater

Parameter | (Dold, (Coelho et| (Mizzouri | (Maand | (Ahmed | (Khaing | (Thakur
1989) al., 2006) and Guo, et al., et al., et al.,
Shaaban,| 2009) 2011) 2010) | 2013a)
2013)
BODs, mg/l | 150350 570 240 150350 - - -
COD, mg/l | 300800 | 8501020 920 300600 1066 330556 | 350+25
Phenol, mg/l| 20-200 98128 12.6 - - - 10
Oil, mg/l 3000 12.7 210 50 - 4091 -
Total 100 - 122 150 189.9 | 130250 -
suspended
solids, mg/I
Sulphate, - - - - 22.6 - 120
mg/l
Nitrate, mg/| - - - - 0.47 - 3.7
BTEX, mg/| 1-100 23.9 - - - - -
Ammonia, - 5.1-:2.1 23.4 10-30 7.8 4.1-33.4 -
mg/|
pH 8.08.2 8.08.2 8.9 7-9 6 7.510.3| 8+5
Turbidity, 22-52 22-52 - - - 10.5 -
NTU 159.4

2.1.2  Petroleum refinery wastewatertreatment methods

The traditional treatment methods of refinery wastewatetharphysical chemical

and biological treatmer{El-Naas et al., 2014)

2.1.2.1 Physical treatment

It is a wastewater treatmemrocessin which the pollutants removed from the

wadewater by physical forcesExamplesof the physical treatment methods are
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screening, sedimentation, flocculation, mixing, filtration, flotation and adsorption

(Metcalf and Eddy, 2014)

2.1.2.2 Chemical treatment

In this type of wastewater treatment, the removal of pollutants is done by chemical
addition or clemical reactions. Gas transfer, precipitation and adsorption are examples
of the chemical treatment techniques. Precipitation is a common chemical treatment
unit, in which a chemical precipitate is producaadd then it can be removédough
amembrane pcess, filtration or settling. Gas transfer is another chemical treatment
method;a common examplef this process is aeration, in which the oxygen is added
to the water to support the aerobic reactidnother common chemical unit process

is the use of dbrine for wastewater disinfection, which has been psadtifor more

than a centuryMetcalf and Eddy, 2014)

2.1.2.3 Biological treatment

In this type of treatment, the pollutants are removed by bacterial activity or other
microorganisms. It is used to remove dissolved or colloidal organic substances.
Biological treatment work by convertiigese substances into (1) biological cell tissue
which can be settled in the clarifier and (2) gases which then will be reledsdde
atmosphere. Nitrogen and phosphorous can be removed by biological treatment. In
addition, biological treatment coutckat most types of wastewater if a proper control

of the treatment environment is provided. Thiisis the responsibility of the
wastewaterengineer to ensure that tlagpropriateenvironment is produced and

controlled effectively to achieve all treatment objectifidstcalf and Eddy, 2014)
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2.1.3 UK wastewater discharge regulations

The Environment Agency regulates wastewater treatment works (WWTW) by
assessing the quality of the wastewater they discharge against set compliance limits as

shown inTable2-2 (Environment Agency, 2018)

Table2-2: UK wastewater discharge regulations

_ Minimum removal
Parameter Concentration
percentage
BOD 25 mg/l 70-90
COD 125 mg/l 75
Total phosphorus 2 mg/l 80
Total nitrogen 15 mg/l 70-80

2.2 Biological treatment for petroleum refinery wastewater

Biological processegse bacteria or other typesmfcroorganisms tbiodegrade the
organic matter into simple products (&£®20 and CH) under aerobic, anassic or
semtaerobic conditiongRazi et al., 2009; Ma and Guo, 2009) carbon: nitrogen:
phosphorus@:N:P) ratio (100:5:1) is adequate for microorganisms to gfGihan et

al., 2010; Metcalf and Eddy, 2014 study on biodegradatioof petroleum oil by
nematodes has identifid8lacillus sp. as a primary degrader and cooperation with
nematodes for degradation of pollutan(€han, 2011) In a study using
bioaugmentation, activated sludge system (ASS) took only 20 days to aClidve
below 80 mg/l (84.2% COD removal efficiency) and N¥ concentration of 10 mg/I
comparedo thenon-bioaugmentation system, which needed an extra 10 days to reach
similar effluent qualityyMa and Guo, 2009)The hological processs classified as

suspendedrowth, attachedyrowth or hybrid process.
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2.2.1  Suspendedgrowth

In this processbacteriaarekept in a system od batch reactor irsuspension mode
within the liquid The batchreactor allovs operatingwith mixing under aerobic or
anaerobienvironment One of thecommon suspendegtowth processsis activated
sludge processCommon examples of activated sludgecess areomplete mix,
plug-flow and sequencinigatch reactoWhile plug-flow and complete mix activated
sludge require return activatstudge (RAS) system dnclarifier, SBR operates

without a clarifier(Metcalf and Eddy, 2014)

2.2.2  Attached growth

In this processbacteriaare attached t@ medium(rocks, slag or plastic), which
enableshemto createbiofilm containing extracellular polymeric substances produced
by the bacteriagHsien and in, 2005; Metcalf and Eddy, 2014Bioreactors with
adhered biofilm have greater concentration of biomasgained in the sysm with

greater metabolic aciies (Muneron de Mello et al., 2000)

2.2.3  Hybrid system

This process is a combinationaitacheegrowth andsuspendedrowthprocess in the
same reactoasthe combination of activated sludge and submergefiltbrs (fixed
bed biofilters). A carrier material thereactor is maintained in suspension by aeration

or mechanical mixing (moving bed react(iv)etcalf and Eddy, 2014)

2.2.4  Microbial growth

Different kinds of microorganisms, mainly bacteria are the responédrleemoving

dissolved and particulate carbonacedischemical oxygen deman@BOD) and
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biodegrading the organic mattey biological activity.The dissolved and particulate
carbonaceous organic matiis oxidized by microorganisms to convert them into

simple end products and additional biomass.

Bitton (2005)defines the growth of miobial as an increase in microbial mass. There

are chemical and physical parameters affecting the growth of ratrob

1. Temperaturés an important factaffecting themicrobialgrowth. The growth can
occur at temperatures below freezingupr to more tha 100°C. Based on the
appropriategrowth temperature, microbial can be classified as thermophiles,
psychrophiles and mesophiles. Psychrophiles can grow at low temperatures while

thermophiles can grow at high temperatures.

2. pH: the suitable pH for microbigrowth is around 7. The studies have shown that
the biological treatmemccurs basically at neutral pAfhe growth of microbial
resultsin a declinein the pH of the medium. Conversely, some microbial can

increase the pH of their medium such as denitrgybacteria.

3. Oxygenlevel:the microbial can grow in the presence or absence of oxygen. The
microbialis divided into strict aerobes, strict anaerobes and facultative anaerobes
which can grow inthe absence or presence of oxygen. Some microbial are

microaerophilic which can be grown best at low levels of oxygen.

4. Moisture:the microbial must have a supply of water available. The effect of low
water levels slowdown the growthbut the amount of water for growth ies

between the species.
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5. Nutrient ontent:water, carbon, nitrogen, vitamins, minerals and energy source are

therequiremerd for microbial growth.

2.3 Biological BOD and COD removal

Biochemical oxygen demand (BOD) is a measure of the amount of oxygen that
bacteria will consume while decompaginrganic matter under aerobic conditions.
Biochemical oxygen demand is determined by incubating a sealed sample of water for
five days and measuring the loss of oxygen from the beginning to the end of the test.
Samples often must be diluted prior to inatibn or the bacteria will deplete all of the

oxygen in the bottle before the test is comp(dtetcalf and Eddy, 2014)

The main focus of wastewater treatment plants is to reduce the BOD in the effluent
discharged to natural waters. Wastewater treatment plants are designed to function as
bacteria farra, where bacteria are fed oxygen and organic waste. The excess bacteria
grown in the system are removed as sl udg:

on land(Hami et al., 2007)

Chemical oxygen demand (COD) does not differentiate between biologically available
and inertorganic matter, and it is a measure of the total quantity of oxygen required
to oxidize all organic material into carbon dioxide and water. COD values are always
greater than BOD values, but COD measurements can be made in a few hours while
BOD measuremesttake five day$Ramanand Bhat et al., 200B8OD and COD can

be removed biologically using different types of technologies such as(EBR et

al., 2016)
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2.4 Biological nitrogen removal

Due to its contribution in the eutrophication, nitrogen has to be removed from
wastewater before discharge to the water bodi@sfication and denitrification are
the main two stages of removing the nitrogen biologig&ltyironmental Protection

Agency, 1993)

2.4.1 Nitrification

Nitrification is the first stage in biological nitrogen removahd it consis of two
steps: converting the ammonia to nitrite (N®@) and then converting the nitrite to
nitrate (NQ-N). Thesdwo steps of nitrification happamderanaerobic @avironment

in which the oxygeplaysthe role of electron acceptdihe nitrification is an essential
processas it is responsible for removing the ammonia from the wastewater
biologically and consequdgt preventing the fish toxicity and reducing the

eutrophication(Metcalf and Eddy, 2014)

In the activated sludge process, nitrification is achieved bydistinctly different

groups of aerobi@autotrophic bacteria. Ammonia Oxidizing Bacteria (AOB) is the
first group of autotrophic bacteria thateresponsible for oxidising the ammonia to
nitrite (Equation 21). Nitrite Oxidizer Bacteria (NOB) is the second group of

autotrophic bacteria thareresponsible for oxidising the nitrite to nitrgféquation

2.2).
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Thus (Equation 23) shows theotal oxidationof ammonia to nitrate

0@ ¢ uwwuuy OO0 O 00 CH

These two groups of aerobic autotrophic bacteria acgumieegy for survivingrom
inorganic nitrogen compoundexidation, by using inorganic carbon assource of
their requirecellular carbonin addition, the amount of alkalinityeeded to complete

the reaction (Equation 2.3) can taculated according to theguation 24:

0@ CO00 ¢ wwuuut OO ¢6 0 00 c8

2.4.2  Denitrification

The second stage in biological nitrogen remogaktalled denitrification.n this
process, a series of biological reactions are performed to convert the nitrate to nitrogen
gas. To oxidize the organic and inorganic electron donors during the denitrification

process, nitrite and nitrate play the roldlwelectron accept.

Dentrification can be achieved by different types of bactéhaterotrophic and
autotrophic bacteriapnd similar microbial capability has also been found in algae or
fungi. Some ofthe heterotrophic bacteria that accomplish the denitrification are
facultaive aerobic organisms that can use oxygen with nitrite or nitrate. In addition, a
few of these heterotrophic bacteria can achieve fermentation without the need for

oxygen or nitratéMetcalf and Eddy, 2014)

Converting the nitrate to nitrogen gas regsiaeseries of reaction stefsem nitrate to

nitrite, to nitric oxide, to nitrous oxide, and to nitrogen gashown in Equation2.

OO0 um OO uw OO0 ww OO0 wu O Cd
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Biodegradation of CODn the wastewater as shown in (EquatioB),2nitrateis the
source of the electron donor thatneeded for the denitrification. In addition, the
denitrification bacteria can acquitlee electron donor by the endogenous decay or an

exogenous source suakmethanol (Equation 2) or acetate (Equation8).

pdl0 6 O00 uwwwwy VO pHdIU dO0 pdEO 0O ¢
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The term GoH1903N is oftenreferred toas the biodegradable organic matter in

wastewaters.

Although biological systemsantreat a large number of the organic carbabstinate
components are not completely removed. PRW contains a large number of obstinate
components(Chavan and Mukherji, 2008thus, it is hard to biodegrade them
completely by biological treatment. Thdan be detectely the measurement of high
COD concentrationsn the PRW effluentg(FratilaaApachitei et al., 2001) The
remaining CODin the PRW effluentrefers to norbiodegradable pollutants
(Shokrollahzadeh et al., 200&equencing batch reactorasrsidered asn efficient
technology,low cost, and flexible method which can be ug$ed petrochemical,

petroleum and other different industrial wastewatestmeniPatil et al., 2013)
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2.5 Sequencing batch reactor

For nitrogen removal, conventional activated sludge process is not considered efficient
technology.In addition ASP require anextra unitfor its sludge treatment because

the cycle time is not enough to digest the produced sliigeto theseisadvantages

of ASP, alternatives have been introduced such as sequencing batch reactor
technology. In the conventional activated sludgecess, the wastewater pasisom

one unitto the other uniten a continuous basiand it needs more area to build these
treatment tanks. While in the SBR system, all these units performed within one tank
and it worls on the same principlasASP butin a time sequence, atiis makes it

require less are@rvine et al., 1979)

SBR system halkeensuccessfully used as an efficient technology for wide rafige
nutrient removalDemoulin et al., 1977; Keller el.a2000)as well asindustrial

municipaland hazardous wastegsatmeniHersbrun, 1984; Ng and Chin, 1986)

Sequencing batch reactor is an ASP technology that does not require several tanks for
the treatment stages as all of these stages could be performed in one tank as well as
therebeingno returned activated sludge (RAS) that resumother treatment urst
Therefore SBR can be successfully applied in small industries or small drea®t

al., 2003) SBR hasbeenapplied as a treatment system for pharmaceutical and
domestic wastewatewith 5 hours treatment cycle, more than 88% COD, 82% BOD,
98% suspended solidgnd 96% ammonia removal efficiency were achiefliedi et

al., 2003) In addition,Abu Hasan et al. (2016achieved up to 89%, 96% and 92.5%
remova efficiency for COD, NHi N and NQI N respectively at the end of 24 h HRT

via SBR system.
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There are many differences between the conventional biological wastewater treatment

and sequencing batch technology. One of the aqgsarent differencds the volune

of the treatment reactoit, staysconstantin the conventional biological wastewater
treatment, while it isvarying with time in the SBR systemOperating cost
requirements for the conventional biological wastewater treatowend be reduced

by 60% by replacing this systewith the SBR technologyChang et al., 2000Yhe

SBR system succegdue to some facts suchitscostefficientand simple operating
requirementsand al so the SBRG6s microbi al Syste

providing a convenient environment

SBR technology obtained wide attention in both industrial applicatiorseiedtific
research. Researchers have been studying the SBR technology extensively for
pollutant removaby optimising the SBR conditions to get the optimal operational
conditions(Wilderer et al., 2001)The removal efficiency of phosphorus has been
enhanced because of the sequencehef anaerobieaerobic process when the
phosphate accumulationappes in the first stageand phosphate utilization is
achieved in the second sta@assanyakee and Irvine, 200L) the United Statehe

SBR system became an attractive treathoption with around 150 SBRs already
operaion (Nicolella et al., 1997)The SBR system can be optimised and modified to
achieve biological nutrient removal (BNR), nitrification, carbonaceous oxidatd

other toxic pollutant removal.

2.5.1  SBR Operations

The operation of SBRscan be illustratedsfollows (Sutton and Mishra, 1990, 1991)

Ali Al-Attabi 25



Chapter Two Literature review

1. Fill stage:This is the first stage of SBR operation, in which the wastevwsaeded
to the reactoand mixed withthe bacterial culture inside the treatment reactor to
start the treatment activity. This stage can be controlled by timéiguat level
meters.There are three types of fill modes, which are static, mixed, and react fill.
In thestatic fill, the wastewtaris added to théreatmenteactor without mixing or
aeration.While mixing is provided during the mixed fill. Aerated fill means that
the aeration is turned omith or without mixingwhen the wastewatés added to

the treatment reactor.

2. Reactstagen this stage, the bacterial culture inside the treatment rdagiimen
the time to biodegrade the organic matter and the other pollutants by providing a
proper environment for the bacterial culture to survive and work effectively. The
treatment cycles already started during the fill stage, and in this sthgeaeration
or mixing, or both are provided to complete the required treatibetlengh of
this stagedepend on the wastewater characteristiasd it can be controlled by
liquid level metersr timers.Depending on the degree of pollutidhe react stage

may notberequired andthe aerated fill stage may be enough for the treatment.

3. Settlestage:The purpose of this stage is to separate the treated water from the

microbial culture and solids to prepare the treated wate¢héonext stage.

4. Draw stage:In this stage, the treated wastewater is discharged from the SBR

treatment reactahrough differat methods such as adjustable or floating weirs.

5. Idle stageThe is the last stage the SBR cycleand it is used in muHbasin only.

The time used in this stage will depend on the following reactor to finish its fill
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stageIn addition, some of the giige(bacterial culture) will be wasted in the idle

stage A typical SBRtreatment cyclés shown inFigure2.2.

One of the SBR advantages is thatdleeitrification is higly likely to be performed

during the fill or react stages as well as during the settle and draw stages.

l FILL

React

Idle ’ \

Decant

Figure2.2: Sequencing batch reactor operating cycle
Source(Alattabi et al., 2017b)

To operate the SBR effectively, the quantity of oxygen supplied should be monitored
and each cycle time should be set properly without wasting tneironmental
Protection Agency (199%tated thata typical SBR design criteria as shownTable

2-3.
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2.5.2  Factorsaffecting the operation of SBR

Table2-3: Typical design criteria for SBRs

Parameter SBR
BOD load (g/d/rf) 80i 240
Cycle time (h) Variable
Fill (aeration)(h) 13
Settle(h) 0.71
Draw (h) 0.51.5
MLSS (mg/L) 23005000
MLVSS (mg/L) 1500 3500
HRT (h) 15i 50
d: (day) 20i 40
F/M (g BODs/g MLVSS/day) 0.050.20

2.5.2.1 Mixed liquor suspended solids

MLSS (expressed in milligrams per litre (mg/l)), is the concentration of suspended

solids in the mixed liquor. MLSS concentration should be monitored regularly as it

candirectly affect the treatment efficiency. If its value is high, it will lead to sludge

bulking and the treatment system becomes less efficient. Contrarinise MILSS

value is low, the energy will be wasted without treating the effluent effectively

(Partech, 2016)

Ali Al-Attabi

28



Chapter Two Literature review

Elmolla et al. (2012pperated two SBRs under two different MLSS concentrations
(4000 al 6000mg/1), the results showed thée lower concentration was considered
better for the treatmenf.sang et al. (20073tated that the SBR performance was
affected by increasing MLSS concentration as showhiguire 2.3. However, this
disagrees withMartins et al. (2003Wwho stated that there is no effect of MLSS
concentration on the conventionattivated sludgeprocess and uffow aerated

biofilter.
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Figure2.3: COD removal efficiencies under various MLSS
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Source(Tsang et al., 2007)

This research projebiasstudiedthe effects of different concentrations of mixed liquor
suspended solids (MLSS) (x2000, and £3000, +4000 and +6000 mg/l) on sludge
settleabilityand effluent quality by studying the sludge characteriatickthe removal

efficiencyfor eachMLSS concentrgon in theTSSBR.

2.5.2.2 Hydraulic retention time

HRT is one of the most significant paramsterbiological treatment as it can affect

the degree of treatment of the important pollution parameteeseng et al(2011)
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stated that via SBR, complete phenol removallteen reached withE hcycle. In
addition, Thakur et al. (2013b}tudied the effect of HRT and filling time on
simultaneous biodegradation of Phenol, Resorcinol and Catdsébate 2.4, shows

that an increase IHRT from 0.625 d to 1.25 d caused an increase in the COD, phenol,

resorcinol and catechol removal efficiencies.
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Figure2.4: Effect of hydraulic retention time (HRT) on the removal of resorcir
catecholphenol and COD at SRT= 20 d, instantaneous filling

Source(Thakur et al., 2013b)

Moreover, Thakur et al. (2014used SBR to reduce the organic matter present in
petroleum refinery wastewatea, variation of HRT (0.563.33d) was used under
instantaneous fill modas shown irFigure 2.5, the removal efficiency of COD and

TOC was 77% and 79% respectively.

Furthermore, SBR with periodic HRT showed better performance than SBR with long

HRT (RodriguezCaballero et al., 2015)n this research project, tieéfects ofHRT
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on the sludge settleability and effluent qualityn the TSBR systemhave been

determined by studying different HRT4 6, 8 and12 hrs).

100 100

80 80 1

60 60 A

HRT (d)

——(.56

HRT (d)

% TOC Removal

40 1 %

% COD Removal

——(.56 40 1
_9_“ ()7 -e'”.b-,’
——().83 —3=().83
20 —1.11 20 —+1.11
- 1.67 - 1.67
—+—3.33 —-3.33
(K- : - 0 .
0 2 4 6 8 0 2 4 6 8
Time (h) Time (h)
(a) (b)

Figure2.5: Effect of HRT on (a) COD removal. (B)OC removal
Source(Thakur et al., 2014)

2.5.2.3 Fill conditions

The fill stage means adding the wastewater to the treatment re@actarcan be static,
mixedor react fill. The time for this stage is varialdead it depends on the wastewater
characteristicaMliao et al. (2015¥tated that SBR with an aerated fildhzeen widely
used for nitrogen removal in wastewat®toussavi et al. (2010gxamined the
performance of aerobic granular SBR to treat phenolic wastewater with different fill
time ranging from 1 hour to 4 haias shown inFigure 2.6, the results showed
decreas in the removal efficiency of phenol from 99.6 to 99% after decreasing fill

time from 4 to 1 hour, also it decreased COD removal efficiency from 99 to 97.5%.

In addition, Thakur et al. (2013bjtudied the effect of HRT and filling time on

simultaneous biodegradation of Phenol, Resorcinol and Catechol, the fill time was
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varied in the rage of 0.52 has shown irFigure2.7 whereas HRT was kept constant

at 1.25 d, the study showed that an
removal efficiency of substrates.
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Figure2.6: Changes of phenol and COD removal efficiencies of the GSE
different filling times (Tf)
Source(Moussavi et al., 2010)
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Figure2.7: Effect of fill time on the removal of resorcinol, catechol, phenol
COD at SRT=20d and HRT =1.25d
Source(Thakur et al., 2013b)

Following the investigations dMiao et al., 2015; Moussavi et al., 2010; Thakur et
al., 2aL3b), the fill time range ofl5 to 30 minutes proved effctive. This studyas
optimise the fill time betweerb and30 minutes and studd the sludgesettleability
and effluent qualityfor eachfill time in the TSSBR as well as the aerated and-un
aerated fill moddo determine theffect offill conditions on sludgesettleabilityand

effluent quality.

2.5.2.4 Organic loading rate

The organic loading raie the amount of organic material added to the water. In their
study, Moussavi et al. (2010)the effect ofinitial phenol concentration on the
performance of aerobic granular SBR was evaluated as shokigure 2.8, it has

been noticed that the effect of phenohcentration was insignificant in the range of
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1001700 mg/l, although increasing the concentration of phenol to 2000 mg/l showed

a slight decrease in phenol removal efficiency.

In addition, Thakur et al. (2013a3tudied the removal of-éhlorophenol using two
SBRs, the first one is blar&BR without any adsorbent and the second is granular
activated carbon (GAGBR), the results showed that the removal efficiency-of 4
chlorophenol in GAGSBR was about 80% for aqueous solusi@montaining 4
chlorophenol concentration up to 1250 mg/L whereas in B&BR the removal
efficiency of 4chlorophenol concentration of 200 mg/L was only 45%. Therefore,
compared to blanSBR, GAGSBR was able to treat water containing a much higher

4-chlorophenol concentration.

In this research project, the eft of gradually increasing glucose and potassium
nitrate loading raten the sludgeettleabilityand treatment efficiency of tHESSBR
has been studied by investigating four different glucose and potassiitrate

concentratioa
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Figure2.8: Performance of the GSBR in removal of phenol and COD at variou
concentrations at cycle time of 24 h

Source(Moussavi et al., 2010)

2.5.2.5 Hydraulic shock

Shock loading is a sudden or unexpected load that is imposed upon a system. It was
employed in a sequencing batch reactor by increasing the influent ammonium
corcentration from 200 to 1000 migvithin two months, during the following five
months operation period, nitrifying granules exhibited good performance with an
ammonium removal efficiency of 99 ¢&hen et al., 2015)n addition,Mizzouri and
Shaaban (2013jnalysed the eft#s of organic shock loading on SBR in treating
PRW different COD concentrations were applied at varying periods to generate an
organic shoclkas shown irFigure2.9. The first value othe organic shock load was

0.53 kg COD/kg MLSS d. Such values diat significantlyaffect SBR performance,

COD removal efficiency was 86%nd the effluent TSS was 44 mg/L. While the value
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of organic shock loadingncreased to 0.93 kg COD/kg MLSS d. COD removal

efficiency was reduced by 68.9%nd the TSS was 64 mg/L.
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Figure2.9: Response of SBR system to organic shock loadsndi@al operation,
SCSsinglecycleshock, DCSdoublecycle shock, R&ecovery condition

Source(Mizzouri and Shaaban, 2013)
In this research, thESSBR capability of handlingydraulic shockas beemxamined

by suddenlydecreamg thecycle time of the treatment.

2.5.2.6 Solidsretentiontime

Solids retention timgSRT) is the ratio of the mass of solids in the aeration basin
divided by the solids exiting the activated sludge system per day. Exdinlg s

equal to the mass of solids wasted from the system plus the mass of solids in the plant
effluent. Ensuring an adequate SRT is very critical to the SBR biological nutrient
removal design process. The design SRT for nitrifying systems should loeoatbe

aeration time during the cycle, not the entire cycle ({[Ratak, 2005)
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2.5.2.7 Sludgewasting

Sludge wasting should occur during the idle cycle to provide the highest concentration
of mixed liquor suspended solidSludge from the SBR basinsnche wasted to a
digester andolding tank for future processing and disposal. The digéstérand
sludgeholdingtank capacity should be sized appropriately, based on the sludge
treatment and disposal method. Superrtdtam the sludge digester ahdlding tank
should be returned to the headworks or influent equalization basin so thalt it wil
receive full treatment. The facility should be designed so that the supernatant volume
and load do not adversely affect the treatment process. Aldugh alarm and
interlock should be provided to prevent sludggste pumps from operating during
high-level conditions in the digester afmblding tanks. Controls should be provided

to prevent overflow ofladge from digester tanks ahdlding tankgPoltak, 2005)

2.6 Online monitoring for nutrient removal

Microbiology activity in the organic matter and nutrient removal involve physical and
chemical changes which can be detected througmemmonitoring of pH, dissolved
oxygen, (DO) and OxidatieReduction Potential (ORP) measurement during a cycle.
These changes can give further interesting information for control or process state
evaluation. Different critical points can be detecteing these relatively simple

sensors (pH, ORP and DO) under aerobic or anoxic cond{{asg and Hao, 1996)

Dissolved oxygen (DO), pHyxidationreductionpotential (ORP) and alkaliyitare
variables that must be monitored by the system of SBR. The monitoring of these
parameters is so important, and the operator of SBR needs to be able to adjust these

variables or to add the chemicals to increase the value of pH and raise the alkalinity to
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reach the et points. Nitrification process consumes the alkalj@ity that will lead to

a decreasdn the pH (Slater et al., 2005)Sodium bicarbonate and soda ash are
recommended chemicals which can raise the alkalinity and sodium hydroxide can
raise tke pH. The monitoring obxidationreductionpotential (ORP) is described in
thenitrification and denitrification process where ORP can be used to determine if the
chemical reaction is complete or not and can be used to control or monitor the

processes.

The operator needs to be able to make some chantfesprocess by modifying the
variable to reach the best removal of undesirable components. The monitoring of
dissolved oxygen (DO) is very importantthe SBR operationilt allows the operator

to adjustthe blower times to address the variable organic loads that enter the system,
where the monitoring of (DO) can be useddjust the aeratiehlower ruriime during

the process, which may help to reduce the cost of aeration energy. Gerleeally
parameter®f pH, DO and ORP are monitored online to determine the variations of
these variables in the denitrification process, nitrification process, phosphorus release

and uptake during aerobic, anaerobic and anoxic pliaaasvar et al., 2008)

The management of both pH and alkalinity are critical to the effective operation of an
SBR. Sufficient alkalinity must beresent to allow complete nitrification and result in

a residual of at least 50 mg/L in the decanted effluent. The pH must be maintained in
a manner to prevent it from falling below 7.0 in the reactor basin. Based on the
characteristics of the wastewatgesigners should carefully consider the need for both

alkalinity and pH management.
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ORP measures the electrical potential required to transfer electrons from one
compound or element to another compound or element. ORP is measured in millivolts,
with negatve values indicating a tendency to reduce compounds or elements and
positive values indicating a tendency to oxidize compounds or elements. It is desirable
to locate DO, pHandORP probes in a place that can be reached easily by operators.
These probes t#n clog or foul and need cleaning and calibration. If they are not easily

accessible, proper maintenance may not offeaitak, 2005)

For plants that nitrify and denitrify, ORP monitoring is desirable. ORP is the measure
of the oxidizing or reducing capacity of a liquid. ORP can be used to determine if a
chemical reaction is completedato monitor or control a process. Operators need the
ability to make changes that will modify these readings to achieve appropriate nutrient
removal. ORP readings have a range and are site specific for each facility. General
ranges are: carbonaceous BOB( to +250) mV, nitrification (+100 to +300) mV,

and denitrification (+50 te50) mV (Poltak, 2005)

Online dissolved oxygen meters are very useful in SBR operation. They allow
operators to adjust blower times to address the variable organic loads that enter the
plant. Lack of organic strength reduces the react time during \abietiion is needed

to stabilize the wastewater. DO probes can be used to control the abtatien run

time during the cycle, which in turn reduces the energy cost of aeration.

2.6.1  pH monitoring

The change in pH value during a cycle of a biological systeporels to microbial
reactions, and hence the pH variation often provides a good indication of ongoing

biological reactions. For example, increase in pH for ammonification and
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denitrification and dereases in pH owing to nitrification. Different criticalipts can
be detected in the pH cunas shown inFigure 2.10 and Figure 2.11. The pH is
affected by the stripping of GOand as a consequenes increase of pH occues

shown inFigure2.10 (Chang and Hao, 1996)
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Figure2.10: Dynamic evolution of pkshowing the critical point in the differer
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The pH profile indicates the propertiestiogé anaerobic phase in biological respiration

of the proces¢Tanwar et al., 2008andthe change in pH profile is bBaally due to
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thenitrification and denitrification process whithok place in the basin of SBR. The
value of pH continuously decreas#uring nitrification reaction and increasafter
complete nitrificationand pH valueslsodecrease witlthe decreaseén alkalinity in
the reactor. The pH reading decreases at nitrificatand increases with carbon

dioxide (COy) stripping inthe aerationphasg/Andreottola et al., 2001)

Furthermore, the value of pH for biological plaesponds to the microbial activitjes

and the variation of pH provides a very good indication for the current biological
reactions Also, the monitoring of pH pvides further insightinto the process
dynamic. The readings of pH and ORP together used to adjust the period of the stages
in the biological treatment processd that will lead to providg the process stability

(Changand Hao, 1996)

The studies have shown the effects of pH on nitrification, where the nitrification
process is so sensitive to pH of the medium and the optimum gl fannitrification

is 7.59.0, if the pH valuas out of this range the nitrificatigorocess will be decreased
sharply. Onthe other hand, the practical investigation indisateat pH should be
controlled carefully in denitrification and phosphorus removal processes in SBR,
because the denitrification may increase the pH value in treasystems and that

leads to chemical precipitation of phosphor{is/agi and Surampali, 2004

pH profile can be used as a cofting factor in many SBR operations, where the
profile of pH could distinguish the conditions of reaction. The pH profile cannot be
used effectively as a control parameter in some cases because it was obseived that t

pH is ineffective for anox phase contrglAkin and Ugurlu, 2005)
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Marsilli-Libelli (2006)used a laboratory SBR and proposed a switching strategy based
on the indirect observation of process state throughpls physicahanical
measuements and use of a fuzzy inferential engine to determine the most appropriate
switching schedule. In this wathe duration of each phase is limited to the time
strictly necessary for the actual loading conditions. The experimental resultsdshow
that the treatment cycleould be significantly shortened, with the result that more

wastewater can be treated.

2.6.2  ORP monitoring

The oidationreduction potentials a measure of the oxidative state in an aqueous
system and can be a useful tool for indicating the biological state of a system. ORP
elevation is closely related to the dissolved oxygen profile, under aerolditioon

The ORP curve rises with the aeration until an inflection point. This critical point is
cal |l ed U athednitrifitatamiscontpletafKishida et al., 2003%s shown

in Figure2.12.

Under anoxic conditions, the ORP profile decreased until the inflection point. This
point is called Nitrate Knee and corresponds to the elimination of accumulated nitrate

and nitrite(Paul et al., 1998)

The ORP profile provides good information about the process in anoxic phase. The
ORP profile is very effective for anoxic phasentol while the pH profile is

ineffective for anoxic phase conti@kin and Ugurlu, 2005)

In theanoxic phase, the nitrate will be depleted, therefore the change in ORP profile

is related to nitrate and that illustratbe end ofthe denitrification process and total
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disappearance of nitrate. The aerobic, anaerobic and anoxic phases can be

distinguished by ORP profile imetreatmensystem(Puig et al., 2005)
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Figure2.12: ORP and DO profile, und@erobic condition

2.6.3 DO monitoring

The change in the dissolved oxygen curve responds to microbial reactions
microorganisms utilize oxygen as an electron acceptor under aerobic conditions.
Under aerobic filling phasethe organic carbon oxidation is very high and requires a

large quantity of oxygen which caugbe DO to decline to a low level in the reactor.
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When organic matter is close to being completely removed, a sudden DO increase is
observed. Afterwards, the nmareaction is the oxidation of ammonia (nitrificatipn)

and here the DO rises progressively.

The DO profile can be used in the oxic phase only when the value of DO is above
zero. Because of the inability to monitor the DO values in anoxic or anaerobe. pha
The previous studies have shown that the nitrification is completed when the DO
valuesareless than 0.5 mg/L at short sludge a@dsn and Ugurlu, 2005)The studies
alsoshow that many heterotrophic bacteria have the ability for nitrification, where the
heterotrophic bacteria can grow faster than the autotroplowdevels of DO(Zhao

et al., 1999) The rate of nitrification is higher when the level of oxygen is low, and
this may illustrate that the heterotrophic tesi@ for nitrification can be present in the
reactor of treatment dominantly. The nitrification is inhibited when the value a§ DO

more than 1.0 mg/l(Chuang et al., 1997)

Akin and Ugurlu (2005)monitored the profiles of pH, DO and ORP to establish
control strategies for biological phosphorus and nitrogen removal. They used a
laboratory scale SBRystem and found that pH and ORP values can be used as control
parameters for denitrification and biological phosphorus removal. However, it is
observed thathe pH profile provids much informabn during the oxic phase,

whereas ORRJoesin the anoxic phse.

2.6.4  Temperature monitoring

Temperature isconsidered arnimportant parameterwhich can affect the water
treatment performance all as thepower generationlt may affect the bacterial

kineticsand the types of bactetiiaatsurvive in the treatmemneactor. Thereforavhile
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bacterial gravth rate and respiration can b#fected by the changes in teempture,
the bacterialcommunity develoment andbacterialstructure can also baffected by

temperature changé$ee et al., 2017)

Wastewater temperaturesuld drift due to seasonal changes. Gradual temperature
variationsmay affect themicrobial community structure in biogical wastewater
treatmentand sudden temperature changes mayaffisct negatively on the process
performance. It isnexpensivgrocedurdo change the temperatwewastewatefor
biological treatment anindustral scale. Some industrial wastewaters may be cooled
down to suitable levels for biological treatment, but wastewaters are not typically
heated nor their temperature controlled because of the high expense that this would
entail. (De Grazia et al., 2017Therefore, the temperature of the treatment reactors
should be monitored and relate the temperature effect dmattterial growth in the

system

2.7 Solid settling problems

It has been reported that SBRs require less area, are flexible to operate and can be
operated automaticallfAbu Hasan et al., 2016; Alattabi et al., 2017Hpwever,
solid-liquid separationgr sludge bulking, is still one of the most problematic issues

with SBRs and ASPs in genef&uo et al., 2014b; Koivuranta et al., 2015)

Researchers have reported several reasons for this problem such as difficulty in
handling sudden chagg in the operating parametéfdattabi et al., 2017d; Alattabi
et al., 2016) microbial clustering behavioye et al., 2016)the overgrowth of
filamentous bacterigMartins et al., 2004; Mesquita et al., 201fbaming(Guo et al.,

2014a; Guo et al., 201)in-point sludggGuo et al., 2012; Jenkins et al., 200&)or
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macrostructur¢Guo et al., 2012)poor flocculation propertie§lin et al., 2003and

floc size distributiofAmaral and Ferreira, 2005; Mesquita et al., 2011)

Settleability problems and loss of solidsactivated sludge processes may be due to
one operational condition, such as the undesired growth of flamentous organisms, or
several operational conditions, for example, the undesired growth ofefitanms
organisms and the presence of nutrgetficient floc particles and foam. Some
operational conditiongrequently occur in many activated sludge processes and
receivemanyreviews in the literature. Theseerefrequently occurring operational
conditions includehe undesired growth of filamentous organisms, nutrabeficient

floc particles, and denitrification. Several operational conditions occur infrequently
activated sludge processes and reckitke review in the literaturegxamples of these
conditions include cell bursting agents, elevated temperatures, and colloidal floc

particles(Gerardi, 2002)

2.7.1  Factors causing solid settling problems

2.7.1.1 Undesired filamentous growth

Filamentous organisms are chains of microscagils. There are approximately 30
filamentous organisms that are commonly found in activated sludge processes. Most
filamentous organisms are usuallyf 3000mm in length and are straight, curved, or
coiled in shape. Filamentous organisms may be fourtirwthe floc particles,
extending into the bulk solution from the perimeter of floc particles, andlfratng

in the bulk solution.

Filamentous organisms enter activated sludge processes in relatively large mfmbers

individual cells, short chains afells, or broken chains from a variety of sources.
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Filamentous organisms are common soil and water organisms that enter an activated
sludge process. They grow in the biomass covering the bottom of manholes and the
inside of sewer mains and are continugwshshed into activated sludge processes as
wastewater flows over the biomass. Industries that use biological processes to pre
treat their wastewater before it is discharged to a municipal sewer system may

discharge filamentous organisms in their effluent.

Three groups of filamentous organisms affect the operation of an activated sludge
process. These organisms are algae, bacteria, and fungi. Most filamentous organisms
are bacteria. The bacterial group includes the Nocardioforms that are best known for
thar production of viscous, chocolablgown foam on the surfaed an aeratiotank

and collapsed foam (scum) on the surface of secondary clarifiers. Examples of

Nocardioforms include Nocardia amarae and Nocardia pinéasisrdi, 2002)

Filamentous organism foam suels that produced by Nocardioforms is typically
viscous and chocolaterown. Active and dead cells produce the foam. Active cells
release lipids that coat the floc particles and capture air bubbles and gases, and dead
cells release biosurfactants that regluhe surface tension of the wastewater. The

major biosurfactants released are ammonium ions and fatty acids.

When filamentous organism foam enters the secondary clarifier, entrapped air bubbles
and gases are released as the foam spills over the infle@stof the clarifier. The
escape of air bubbles and gases causes the foam to collapse. The collapsed foam

often referred to as scuf@erardi, 2002)

One of the most common problemstire activated sludge process is filamentous

bulking, affecting most treatmeptantsworking ontheactivated sludge principlé
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bulking sludge can be defined as the sludge that compacts and settles slowly, Usually
in the treatment plants, it can be considered as bulking sludge if the SVI value is

greater than 150 ml/g.

However,SVI value can vary from one treatment plaonanother, and they would not

have the same settling behaviour even if the SVI values were the same, due to the
differences in the size andfficiency of the final clarifier(s) and hydraulic
considerationsTherefore, a bulking sludge may or may not lead to a bulking problem,
depending on the specific treatment plant's ability to contain the sludge within the

clarifier.

Growing a certain amount of filamentous bacteria in the activated sludge process can
be keneficial to the system. On the other hand, a lack of filamentous bacteria in the
activated sludge process mighaddo smal| easily sheared flocs (pfioc) thathas a

good settling ability but it could leave behind a turbid efflugilaments are very
important to floc structure, helping the formation of stronger, larger fldbs.
presence o certain amount of filaments also hetp catch and hold small particles
through sludge settling, yielding a lower turbidity efflugdtwever, it wouldaffect

negatively on the sludge settleability, only if the filaments grow in large amounts.

Two basic forms of interference in sludge settling occur, depending on the type of
flament:t he f i r st f or m openflac sttucuréfiretmisetype, the c al | e
filaments grow mostly within the flo@nd the floc gpwsaround and attackéo the

filaments In this type of interference, the floc becomes irregulsinigped, large, and

contains substantial internal voidehe second form of interferencec a | linerd i
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floc-bridgingd in this type, the filaments extend from the floc surface and physically

hold the floc particles apart.

A bulking sludge can cause seriouviemnmental damage and affastgatively on

the effluent quality by losing the sludge inventtoythe effluentin severe cases, a

loss of the plant's treatment capacity and failure of the process could occur because of
the loss of the sludge inventory. In addition, disinfection of the treated effluent can
become more complex by the excess soli@sgnt in the effluent during bulking. In

less severe casdsjlking sludge leads to excessive return sludge recycle rates, and
this could cause problems in waste activated sludge disposal. Most of the problems in

waste sludge thickening afitamentous bulking problem@®ichard et al., 2003)

2.7.1.2 Nutrient -deficient floc particles

A nutrient deficiency in an activated sludge process may result in several operational
problems Table2-4). These problems include loss of settleability, loss of solids, and
the production andciccumulation of foamThe nutrient deficiency usugllis for
nitrogen or phosphorus and most often is associated with the discharge of industrial
wastes that are rich in soluble cBOD but lacking in proper quantity and quality of at
least one nutrient. Because industrial wastes are usually responsibl@dtreat
deficiency in an activated sludge process, the occurrence of a nutrient deficiency may
be examined with respect to the type of wastewater that is treated and the type of

nutrient that may be deficient (

Table2-5) (Gerardi, 2002)
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Table2-4: Operationaproblemsassociated with autrientdeficiency
Source(Gerardi, 200P

Decreased cBOD removal efficiency

Foam production and accumulation

Decreased nBOD removal efficiency

Lack of adequate MLVSS production

Loss of solids

Settleability problems

Undesired growth of nutrient deficient filamentous organisms

Table2-5: Nutrientsrequired byall bacteria
Source(Gerardi, 2002)

Major nutrients: | C, Ca, CI, H, K, N, Mg, Na, O, P, S

Minor nutrients: | B, Co, Cu, Cr, F, Fe, I, Mn, Mo, Ni, Se, Si, V, Z

2.7.1.3 Low dissolved oxygen concentration

A low dissolved oxygen concentration in the aeration tank may be associated with
several operational problems. Low dissolved oxygen may be associated with the

undesired growth of filamentous organs(iable 2-6), loss of treatment efficiency
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for cBOD removal, loss of treatment efficiency for nBOD removal or nitrification, and

the interruption of floc formation.

It is not the absence of dissolvexlygen that causes the interruption of floc formation,
but the presence of a low dissolved oxygen concentration. This concentration hinders
proper floc formation. Dissolved oxygen values responsible for the interruption of floc

formation and loss of fineotids are <1.0 mg/I for ten or more consecutive hours.

A low dissolved oxygen level contributes to the interruption of floc formation and loss
of solids through two significant and detrimental changes in the biomass. First, and
more importantly, the floc dcteria are adversely affected. Second, the ciliated

protozoan population is damaggserardi, 2002)

Table2-6: Filamentous organisms that proliferate under a low dissolved oxygen
concentration
Source(Gerardi, 2002)

Haliscomenobeter hydrossis

Microthrix parvicella

Sphaerotilus natans

Type 1701

2.7.1.4 Temperature

Temperature has a significant impact on the activity of all organisms in the activated
sludge process and the development and settling character of floc padicleswn
in Figure 2.13. This impact causes physical and biological changes that affect floc

particle structure and the settling rate of secondary solids.
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Figure2.13: Impact of temperature upon the activated sludge process
Source(Gerardi, 200P

2.7.1.4.1 Physical changes

As wastewater temperature becomes colder, the wastewater becomes denser.
Therefore, the settling rate of secondary solids decreases. However, the physical
impact of cold temperature on the settling rate of secondary solids is nibicaig

unless the MLVSSs relatively high, for example, >10,000 mg/I.

As wastewater temperature becomes warmer, the wastewater becomes less dense.
Therefore, the settling rate of secondary solids increasesarm wastewater
temperature. Again, the phgal impact of warm temperature on secondary solids is

not significant unless the MLVSS relatively high.

2.7.1.4.2 Biological changes

The impact of biological changes that afféee floc particle structure and rate of

settling of the secondary solids that arasead by changes in wastewater temperature
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