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ABSTRACT

With rapid development of Canadian Oil Sands industry, concerns about adverse impacts of
oil sands procesaffected water (OSPW) on aquat&sources are magnified.has been found
that biological process for removing organic chemicals in the oil industrial wastewater is
environmentally friendly and economicéowever, the application of conventional biological
treatment to complex indust wastewater has been hindered by the sensitivity of
microorganisms to salinity and toxic recalcitrant orggnivhich are present in OSPW. In this
work, a novel bioreactor process train was proposed, designed, fabricated and investigated for

OSPW treatrant.

Firstly, a comprehensive literature review about bioreactors with an emphasis on their
performance in treating recalcitrant industrial wastewaters was conducted to screen the potential
ones for OSPW treatment. Two sets bénch scale experimentswere performed on
biodegradation of raw OSPW and HiP@gated OSPW to cultivate proper seed for inoculating
selected bioreactors. The promising results from those batch studies suggedieatdhators
with proper seed hathe capacity of removing the biodaegable organics in OSPW and
chemcal oxidation process was useful and necessaryOSPW treatment. Based on the
literature review and bench scale studies, a novel bioreactor process train was proposed for
treating OSPW, which was composed of moving bedilin reactor (MBBR) for removing
easily biodegradable organics at first, ozonation followed for decomposing the remaining
recalcitrant organics, membrane aerated biofilm reactor (MABR) for degradation of decomposed

organics and adsorption column for teenoval of residual organics in OSPW.

Then, the selected bioreactors were designed, fabricated and continuously operated over 2

years. The entire operation was divided into different phases according to different influent



composition and hydraulic retenticime (HRT). To evaluate the performance of the bioreactor
process train, chemical oxygen demand (COD) and acid extractable fraction (AEF) measured by
Fourier transform infrared spectrum @) were applied in this study. When the state of the
bioreactomprocess train was stable, MBBR removed 23% of COD and 16% of AEF from OSPW
at HRT of 3 days. With the utilized dose of 35 mg/L of ozone, the biodegradability of MBBR
effluent increased. At the same HREgductionsof 44% COD and24% AEF in MABR were
achieved After adsorption column, the average COD and AEF in the effluent of the process train

was 17 mg/L an@.9mg/L, respectively.

Lastly, the demonstrated effective removal of chemical organics in OSPW present by this
bioreactor process train inspiredtosnvestigate the internal structure and microbial community
of the biofilm inside each bioreactor by utilizing microsensor and molecular biological
techniques together. It was found that nitrification and denitrification process existed in MBBR
and MABR Sulfate reduction process only existed in MABR biofilm, which was consistent with
the HS profile measured by 43 microsensor.The diversity of microbial community in the
biofilm from MABR was higher than that ithe biofilm from MBBR, which mght explan the
better performance oAEF removal in MABR.The influent composition and HRT were two
main factorsaffecting the abundance and diversity of microbial commesinside bioreactors
Both bioreactors captured and enriched some specific microorganimmsasPseudomonas
Falvobacteriumand Rhodobacterwhich showed great resistance to the harsh environment and
the capability of degrading naphthenic acids in OSHBMaugmentation happening inside
MBBR and MABR made the biodegradation of recalcitrant migahemicals in OSPW faster

and reclamation of tailings pond promising.
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CHAPTER 1 Introduction

1.1 Background

The Athabasca oil sands deposit, coveriragarthan 75,000 kfrin Alberta, Canada, is the
third-largest proven oil reserves in the world with apgpmately 170.4 billion barrels of
recoverable bitumefKannel and Gan, 2012The Clark Hot Water ExtractioRrocesswhich
usesa combination of hot water, steam, and caustic (Na@Hysedto separate theitumen
from the surfacemined oil sands During this processa large quantity of fresh water is
consumedand results inarge volumes of higlwater content tailing} Tailings are a mixture of
sand, silt, claywaterand a small amount of residual bitum@&ie acute and chronic toxicity of
freshoil sands procesaffected water QSPW to aquatic biota are commonly attributedthe
fact that this OSPW contaires complex mixture of organic acidscluding naphthenic acids

(NASs) (Afzal et al., 2012).

For every unit volume of bitumen recovered, there7ate 8 volume units of wet sand and
mature fine tailing (MFTs) that need to be handled, and 10 volume units of water (relcyobe
fresh that are pumped around the system (Flint, 2088hough 80%-88% of the water used in
the extraction process is y@ted (Kannel and Gan, 201 2here are still numerous volumes of
watertrapped in the tailings pond and the pores of the sand in beaches and dykes (Flint, 2005).
At current production rates, it is estimated that over 1 billiGroffOSPW will be accumutad

in the Athabasca area by the year 2025 (Kannel and Gan, 2012).

With the rapid growth ofoil production industry in the Athabasca area, concerns about
possibleadverse impacts dfiAs in OSPWon aquatic resources are magnifigehvironmental

managementfdOSPW is becoming more stringeantd its treatment is becoming a critical issue



for researchers, regulators and engineers, both in terms of sustaining bitumen reedueing

water consumptioand protecting freshwater resources.

Based on the review a&merging technologies for OSPW treatm@hten, 2008b) there
are three kinds of technologies: fiysical processes?) dhemical oxidation preesses; 3)
biological processed’hysical processes have been pmowebe capable of removing pollutants
by transferring them from water phase to solid phase without degradation. Adoption of physical
processes for full scale commercial use in OSPW will depend on operating costs, capital
investment, footprint, and waste disposal requireméAtien, 2008b) Chemicd oxidation
processesre useful ondecomposition of recalcitrant organics in OSHWIr treatment of large
volume of water containing organic contaminants, when biological procassdsasible, they
are almost always more economical in comparison to ida¢mrocesses-or biological process,
the OSPW related challenges are toxicity, low biodegradability due to recalcitrant organics, low

temperature and high salt concentragiahen, 2008).

| believe that biological processes are promising for OSPWniezd. There aresome
reviews on the microbial degradation in remediation research of NAs in aquatic envirenment
(Clemente et al., 2005 eadley et al., 2004) and on options ifositu bioremediation of OSPW
NAs (Quagraine et al. 2005; Whitby, 2010).hias been shown that microbial communities
exposed to NAcontaminated environments have certain specific metabolic capabilities to
degrade organic acids with alkstibstituted aliphatic chains (Marchal et al.,, 2003). These
microbial communities could alsoedrade the NAs in OSPW faster than those from-non
processaffected wetlands (Del Rio et al.,, 2006). Furthermore, some recent research ha
demonstrated that biological treatment can effectively degrade the organic components in OSPW

(Allen, 2008; Quinlanand Tam, 2015). Thereforet is hypothesized thdtiological treatment



using bioreactors inoculated with indigenous microbial communities from OSPW tailings pond

may likely be a feasibleenvironmentally friendly and economicaay for treating OSPW.

1.2 Challenges for Research

At the beginning of my researam 201Q there was ndemonstrated biological process that
had been used successfully to treat OSBXdept one paper usingynthesized NAs, nor
consensus on how to select, design and gpabioreators for treating OSPWased on literature
review in the Chapter.ZFirstly, it is very critical and necessary to establish a set of criteria to
select potential bioreactors by analyzing dozens of bioreactors in terms of their mechanism,

configuration, ad applications for recalcitrant organics biodegradation.

Secondl vy, the need t o dup\wardl opepatio sBad st deenf o r
realized in our research group when | began my research, but the method was far from mature.
The seeding and staup procedure for selected bioreactors needed to be exploreghfesious

bioreactor applications on recalcitrant industrial wastewater which is similar to OSPW.

Lastly, | speculated and believed that biofdimwvould likely play a key role in the
bioreactors treating OSPW based on literature review in ChaptendZ2xperience but the
knowledge on this particular type of biofilm treating the challenging OSPW was quite lihhited
the performance dfioreactords promising,the biofilm internal structug, microbial community
composition and related functiswill be the key to interpret operatialresults, and to improve
the performance and desigr bioreactorsTheseapplicationand knowledge gaps interested and

challenged me to proceed with resedarcmy PhD study.

1.3 Research Objectives and Overall Approach
In view of the above gaps, the aim diis researchs to: (i) establish a proper and feasible

bioreactor process trafior OSPW treatmentii) expandour fundamental understanding thfe

3



structure and function ahe biofilm grown inside of theelected andesigned bioreactarand

(i) provide information for future improvements in the design and operation of wastewater
bioreactors and in the reclamation of oil sands tailings achievethis aim, there were many
unknowns and uncertainties at the beginning of my research. Some proposed studies could only
become feasible when the previous one was accomplished with promising results. Therefore, an
exploratory approach was used, with the asnthe guidance, and many revisions of proposed
studies followed. At the end, the entire research ngasspectivelyorganized into four stages,

including seven steps.

Stage 1: Literature Review
Objective 1:Screerpotential types of bioreamtsbased on literature review and select the
promisingonesfor OSPWitreatmertt
Stage 2: Bioreactor Process Train Establishment
Objective 2: Usdab-scaleprototype of bioreactors to cultivate proper seed
Objective 3:Establish a fasible bioreactor process traiasing selected bioreactras
well as necessary supportiogemicaland physicaprocesses;
Stage 3: Bioreactor Process Train Operation and Evaluation
Objective 4: Seedesigned bioreactors and improve the penfmmce of these bioreactors
by changing operational conditions;
Objective 5: Evaluate theepformance of bioreactors indprocess traino find out the
optimal operatioal conditions for thisdioreactor process train;
Stage 4: Biofilm Exploratin and Correlation inside Bioreactor Process Train
Objective 6: Investigate on the structure and microbial community inside biofilm of each

bioreactor by using microsensor and molecular biological techniques;



Objective 7: Correlaterdl illustrate the relationship betwebioreactoroperation
performance and biofilm internatructure and functian
Figure %1 lists the following specific objectives of each stage and shows the relationship

between stages and steps.

N e 1
! Step 1 :Literature :
1 Review 1
1 1
i i
! O!Jjective L Poten_ﬁal ¢ Stagc 1 :
! Bioreactors Selection ]
) Step 2: Water Quality ]
Analysis !
1
_______________________________________________ e
Bioreactors Objective 2: Proper
Process Train Seed Cultivation v

Step 3: Batch-scale
Experiments

To develop a

Stage 2

feasible

Objective 3: A Feasible
Biological Process
Train Establishment

biological

process train

using

bioreactors for

i A 4
degradation of Objective 4: Bioreactors
recalcitrant Seeding, Startup and Step 4: Biofilm
Performance Inoculation

organic Improvement
compounds in
OSPW Stage 3
T ] 7 Step 5: Operation
Ubjeetye o Opl.".‘m[ Conditions Change
Operation Conditions A Poer iance
A for Bioreactors

Evaluation

Objective 6:
Investigation on the
Internal Structure

Step 6: Molecular
and Microsensor

Structure

-

1

:
: !
! H
: and Function of Techniques i
Y Biofilm !
! i
i Y Stage 4 i
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T Bir s Performance Microbial H
1 and Biofilm Internal Communities !
i 1
1 1

Figurel-1 Schematic diagram of the overall research approach
The details and relationship between each stage are explained in the following paragraphs.
In Stage 1, the focus was ttevelopa set ofcriteria tofind out potentialbioreactos that could

treat OSPW. This stage includ@5PW water quality analysi$tep 1) andcritical review of



hundred=f research papers directly related to the technical applicability of biological treatment
for industrial wastewater similar tOSPW §tep 2) From these two steps, biofitbased

bioreactors were our best choice to sédigective 1 well.

In Stage 2, thegoal was to establiska bioreactor process trawvith bioreactorschemical
oxidation and adsorption fareatng OSPW.At the beginning, searal benclscale experiments
were carried outStep 3) to providepreliminary data, which were necessary for achieving
Objective 2. With the analysis dhe experimentatesults,it became clear and confident to
establish a feasible bioreactor processtvaith those selected bioreactond)ich wasObjective
3. After this point, thé 1 r st t prvaparasidrfer the entreOSPW treatment system setup

was finished.

In Stage 3, the statip, operatiorand performance evaluation of designed bioreactors fo
OSPW treatment was critical and tirnensumingwhich determined theucces®f this research.
During the starup period,continuousand intense monitoring asinvolved to make inoculated
biofilm attach, grow and become thicker on the inside packingmah{Step 4), which was the
key to makeObjective 4 achievable. After the staq period, bioreactors were evaluated to find
out the optimal operati@h conditions for OSPW treatment by gradually changing influent
composition and flow ratéStep 5) When the capability of thédioreactor process trabo treat
OSPW had been denstrated, iindicatedthat Objective 5 was ammplished. @Qr research
interest switchedo understand the biofilnmside the bioreactors, which w#he key component

of bioreactos.

In Stage 4the biofilm insidethe bioreactors wathe focus Firstly, | explored the microbial
communities and chemical profileslated to major microbial metabolic activitiesside the

biofilm by microsensor and atecular biological techniques(Step 6), which was helpful to

6



accomplishObjective 6 The following step was to correlate and eluciddte telationship
between bioreactors operation performance and the biafiternal structure by combining
performance datand microbialc o mmu n dybhanie shit under each operatiancondition
(Step 7). All theseimproved understandisgabout biofilmwould be beneficial for further
improvement of bioreactor design and performaioceDSPW treatmentTherefore, the aim of

this research was finally tesal and realized.

1.4 Thesis Outline

There are six chapters present in this dissertdt®structures as follows:

Chapter 1 introduces the backgrountbrmation and present situation of OSPW treatment.

It also includes the overall aim, specific etfjives and the approaaked inthis research

Chapter Zrovidesa literature review to understand ttiearacteristics, mechanism and real
industrial applications of different types of bioreactors. OSPW water quality analysis was
utilized to find out thechallenges for biologicalreatmentof OSPW.Based on this literature
review and OSPW water quality analysis, the potential bioreactors for OSPW treatment were

selected, in whiclstage 1 was accomplished.

Chapter 3 presents theerich scale test and prelimary results, which gives us a solid
foundation and promising directidio establishthe properbioreactor process train for OSPW
treatment Then, a feasible bioreactor process train was proposed in this chapter, which is the

focus ofStage 2.

Chapter 4describes each component of the established bioreactor process tdstail.
The entire process train includes four operational components: moving bed biofilm reactor

(MBBR), chemical oxidation, membraraerated biofilm reactor (MABR) and adsorption.eTh



materials and methods of each unit are fully described. The perforroémaehoperational
component was evaluated to find the optirahditions.The promising final effluent quality

shownin this chapter signals thechevement ofStage 3.

Chapter 5 gamines the internal structure and function of biofilm inside bioreavtben
the performance of the bioreactor process train was siide.is the main objective &age 4.
In the first section, several microsensors were fabricated and applied ucegice profile of
related chemicalsuch as nitrate and,H, inside the biofilm A literature review of microsensor
and molecular biological techniques used in biofilm research was coveredfirstisection of
this chapter to support my research ta®tection High-througtput sequencing technology was
used to investigate microbial community shift duriogeration and specific microorganisms

were identified to be responsible f@lated biological procegsin OSPW treatment.

Chapter 6 illustrates catusions anenvironmental implicationsf this research.



CHAPTER 2 STAGE | - Water Quality Analysis and Bioreactor Selection

2.1 OSPW Water Quality Analysis

Tailings are composed of water, dissolved salts, organics, minerala, smdll amounof
residualbitumen. The composition of oil sands tailings varies with ore quality, source, extraction
processes, anage, but generally contaapproximately70 to 80 wt% water, 20 to 30 wt% solids
(such assand, silt, and clg and 13 wt% bitumen(Kasperski, 1992 Table2-1 presentOSPW

watercharacteristisfrom atailingspond of one Canaah oil sands company

Table2-1 Water quality of OSPWrom one Canadian oil sands compaaiingspond

Parameter Units Range
TDS mg/L 17402110
pH - 8.1-8.3
Total alkalinity mg/L as CaC@ 690720
HCOs mg/L 844878
COs* mg/L <5
Cr mg/L 350419
NH4-N mg/L 1319
NO3-N+NO;-N mg/L <0.07-<0.1
SO* mg/L 199-389
Total phosphorus mg/L 0.1-0.223
DOC mg/L 70-90
BOD mg/L 49-69
COD mg/L 299318
ca* mg/L 13-44
Mg** mg/L 6-16
Na’ mg/L 551-683
AEF mg/L 46-63
Benzene egl/ L 8.0-31.8
Ethylbenzene eg/ L 8.6-84
Toluene eg/ L 126417
Xylene eg/ L 171-:501




OSPW is hard (134 mg/L C&", 6-16 mg/L Md™) with a pH of 8.18.3 and an alkalinity of
690720 mg/L as CaC@ Total dissolved solids (TDS) concentrations (32400 mg/L) are in
the slightly brackish range. Dissolved solids are dominated by sodiur6@®big/L), chloride
(350419 mg/L), bicarbonate (84878 mg/L), andsulfate (199389 mg/L). The ammonom-
nitrogen is in the range of 4® mg/L, while phosphate sl mg/L. For biological treatment, the
OSPW is slightly brackish with high alkalinity but little nutriestespecially phosphate.

Therefore, it iharsh andtressful for microorganisms to grow in OSPW.

Organic compounds detected in OSPW include bitumephthenic acids, asphaltenes,
benzene, creosols, humic and fulvic acids, phenols, phthalates, polycyclic aromatic hydrocarbons
(PAHSs), and toluené¢Allen, 2008a)Dissolved organic carbon (DOC) ranges in concentration
from 70 to 90 mg/L, and is mostly cgmsed of organic acids, 80% of which are NN#s are a
family of alicyclic and alkylsubstituted aliphatic carboxylic acids with a generalized formula of
CnH2n+/02, wheren stands for carbon number specifies a homologous series resulting double
bond brmation or cyclicity. Values af range from 5 to 33, which results the molecular weight
of NAs between 100 to 500 g/moklgm et al., 2011 The most important characteristics of
tailings water is its toxicity mainly due to NAs on aquatic and terrdshiata (Allen, 2008a).
Among the aromatic compounds detectedtaitings water are several toxicants of concern
including benzene, ethylbenzene, toluene, xylenes (BETX), phenol, and ®RAids,are groups
of recalcitrant substrates for microorganismife scarcity of easily biodegradable carbon in
tailings water, as shown by BOD/COD ratio of 01621, makes it recalcitrant for biological

degradation.

Although tailings water is toxic, the microbial activity of degrading the petroleum

hydrocarbos has ber found in sediments of oil santslings ponds which is also known as
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mature fine tailings (MFTs|Siddique et al., 2006 Diverse methanogenic communities have
been discovered and identified in MF{Renner et al., 20)0Also, microbial activities have
been reported in fine tailingbat reducesulfateand produce methar{elolowenko et al., 2000

and reduce amendesllfate in MFTs (Salloum et al.,, 2002 These findings encouragjly
indicate the biological treatability of tailisgvater. Also,NAs of OSPW can be degraded by
using indigenous microorganisms from the sedin{®& Rio et al. 200§. These indigenous
mixed microbial species could potentially be selected for tolerance to the complex and toxic

properties otailingswaters and used as seed capable of remediation of sailatgr.

2.2 Potential Bioreactors for OSPW Treatment

Engineered bioreactorsf various types have been successfully used in wastewater
treatmentfor decadegFarhadan et al., 2008 The experience othme design and applications of
bioreactordo industrial wastewater provides a rich source of knowledge that can be transferred
to treatment of OSPWFEor biological treatmendf OSPW the challenges are relatedtoxicity,
low biodegradability low temperature and high salt concentratidherefore, thecriteria for

selecting potential bioreactors for OSPW treatment are as follows:

1) Bioreactors which casupportdifferent types oimicroorganisms to adapt the stressing
and inhibitory environment;

2) Bioreactors which have been applied to degrade the recalcitrant organics in the
industrial wastewater;

3) Bioreactors which are relatively easy to operate and tolerant to shock loading.

Compared tosuspendd growth bioreactors, suchs activated sludge reactors, biofilm
reactorsexhibit significantly improved performance due tbe unique structureof biofilm.

Depending on the water characteristics and treatment objective, aerobic, anae@ndyined
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processs could be employedofr pollutantdegradation Aerobic bioreactorgan reduce NA
toxicity and oxidize ammonia, while anoxic bioreactazan remove total nitrogen by
denitrification. The anaerobic bioreactors are most suitable for degrading recalcitrant and toxic
organicssulfatereduction, producing acids to neutralize alkalidb\dmethanogenesigrankin,

2009).

The movingbed biofilm reacto(MBBR) is a highly effective biological treatment process
that was developed on the basis of conventional activated sludgesprand fluidizedbed
reactor. MBBR can beeasily alternated between aerobic and anaerobic conditmraghieve

nitrification, COD and phosphorous remoy®cQuarrie et al., 2001

Because of the biofilm diffusion limit, MBBR exhibits greater resistance to the adverse
chemical conditions presented by indudtiwastewaters than conventional biological treatment
It is because MBBRan provide sutable microenvironment for specialized mianganisns to
degradetoxic organic compounds including aromatic compoumaganicchlorides, and other
contaminants. Bassetal. (2011) found that in a benckcale MBBR nitrification percengg of
the treated domestic sewage was highen 8@26 for all tested chloride concentratsomp to
8000 mg/L. MBBR can provide adequate conditions for adaptation of nitrifying microorganisms
even under stressing and inhibitory conditiohs.the study byMoussavi et al(2009, the
performance of a moviAged sequencing batch reactor (MSBR) remove phenol from
wastewatewas testedThe effects of phenolonicentration (58325 mdL), filling time (0-4 h)
and aerating time (48 h) on the performance of the MSBR are given in terms of plas@DD
removal efficiencies. The optimuhydraulic retention timeHRT) for the MSBRwas 40 h and
the maximal phenol lading ratewas 83.4 g pheném’h), which gives a phenol removal

efficiency of 99%.
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For oil refinery wastewater, Schneiderakt(2011 tested a MBBRand producedhe best
performance of 89% COD removal and 86% 44N removalat HRTof 6 h. After ozonation in
serieswith a biological activated carbon column, the effluent obtained at the end of this process
train presented a qualitthat meets the requirements for watreuse in the oil refineryfhese

results suppotthat MBBR is a promising technology for being ugethe OSPW treatment.

The membrane aerated biofilm reactor (MABR) is a novel kind of reactor, which uses gas
permeable hydrophobic hollow fiber membraifier bubbleless aeration and also as the carrier of
the biofilm (Casey et al., 1999Figure 21 shows the schematic mass transfer pattern in this
reactor.Such a configuration can provide high oxygeansferefficiency and have the potential

advantaged lower the treatment operational c{Btindle et al., 1996

\I' 0, ‘L C-substrate

[Gas Phase Membrane Liquid
—t+—>o0, -->
C-substrate
<t—co, —>Co0,

l 0., CO, \l, Eig‘mass
2

Figure2-1 Schematic diagram of mass transfer pattern of oxygemabdnsubstratgC-
substrate)n MABR (Casey et al., 199

The unique capabilitpf a MABR to accommodate both aerobic and anaerobic zones has
led to the application of this type of bioreactorbiodegradation o€ompounds requiring both
aerobic and anaerobanvironmentsA MABR has been developed for the mplete degradation
of perchloroethylene (PCE) to ethane without the bugdf harmful intermediatef®ue to the

long sludge retention time (SRT), MABR has the capacity to retain slow growing rate
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microorganisms, which will enrich diverse microbial comiities that can degrade a wide range
of contaminants (Syron and Casey, 2008able 22 shows somdab scale studieshat
investigated the potential osing aMABR for the biodegradatiorof synthetic wastewater with
xenobioticsconstituentscausing toxicy. From these studies reported, Stggeststhat MABR

has the potential for effective removaltokic andrecalcitrant organicompoundsn OSPW

For anaerobic process, {fipw anaerobic sludge blanket reactor (UASB) and expanded
granular sludge bed (EG$Beactor are used commonly. The latter one is a variant of the UASB
concept(Kato et al., 1994 Granulation in UASBreactors is important in the treatment of
various industrialvastewaters containing toxic substasdee to their compadtructure which

protecs the bacteria from inhibitory and toxpollutants.

Pdrochemical wastewater and effluents from similar industries include complex organic
constituentghat exert high organic loading on treatment reactors and besides, mostly contain
toxic compoundshat may shock the anaeroliiodegradation processes dueheir toxicity for

treatment system3hese characteristics are similar to those of thEMD.S

However, inan UASB, the structural characteristics of bacteraggregate and high
biomass retention increase the tolerance of anaerobic bacteria to toxicurmsgor example,
phenol in wastewater coulde effectively degraded in BASB reactor. With a 1:1 effluent
recycle ratio, over 97% of phenol was removed &C3hd pH 6.97.5 with 12 h ofHRT for
phenol concentration up to 1260 fagcorresponding to 0 mgdL of COD and a loading rate

of 6 gCOD/(Lid) (Fang et al., 1996
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Table2-2 Studies orxenobioticcontaminants biodegradatiosing aMABR

_ _ Aeration Target Influent HRT
Reactor configuration . ' Removal Reference
mode contaminant concentration (h)
Singlesiliconetubingmembrane reactpr CHd/air Trichloroethylene 4.6 80.90% ” (Clapp et al.,
0

continuous flow with internal recirculation  mixture (TCE) mg TCE/L 1999
Air-tight completely mixed reactaovith - (Debusand
immersedsilicone tubingnembrandoy Air/O, Xylene 52% 6 Wanner 1992

o mg COD/L
magnetic strer
Sequencing batch biofilm reactaiith 120 (Woolard et al.,
immersedsilicone tubingmembrane, mixed O, Phenols 99% 12 1995

o mg PhenolL
by magnetic stirrer
Sequencing batch biofilm reactwiith g (Wobus et al.,
immersed spiral wounsilicone tubing O, Chlorophenol 95% 6 1995
mg chlorophendL
membrangexternal recycle
Sequencing batch biofilm reactaiith (Wobusand
. . _ . Monochlorophenio 207
immersed spiral wounsilicone tubing O, 95% 6 Roske 2000
(MCP) mgMCP/L
membraneexternal recycle
MABR with polypropylene flat sheet 20 (Ohandja and
membranecontinuous flow with internal O, PCE 99% 9 Stuckey, 2007)
mg PCHEL

recirculation
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Anaenpbic digestion of longhain fatty acids by using UASB arfiGSB reactors was
investigated in earlyi99 0 @R8nzema, 1998 The inoculums in this experiment were from
potato processing wastewater and stmget refinery wastewater, respectively. Concentrated
stock solutions of sodium caprate and sodium laurate ugs@ as the target pollutants. From the
results obtained, the conventional UASB reactors cannot achieve efficient contact between the
substrate and all the biomass when lipids contribute 50% or more to the COD of the wastewater.
However EGSB reactors didperform well in mixing and contaog between substrate and
biomass. They can accommodate loading up to 30 kg C@daynwith COD remoal efficiency

of 83-91% and can be operated at HRT of 2 h without problem.

For oil produced watemRRincon et al.(2003 reported on ta anaerobic treatment of three
different waters from the extraction of light, medium and heavy crudesiihg labscale UASB
reactors. Granular sludge from a UASB reactor treating brewery wastewater was used as the
inoculum Vieira et al.(2005 investigated the anaerabbiodegradability of oil produced water
from an offshore oilfield in a batch react®he salinity and COD in thiafluent water was 7.6%

TDS and 400 my/L, respectivelyAfter an incubation of 45 days, reductions of about 57%

COD, 4478%total phenolsand 4262% oil and grease were achieved.

Therehave beemanyresearchreportson psychrophilic anaerobic treatment by the EGSB
reactor(Collins et al., 2005; Collins et al., 2006; Enright et al., 2005; Enright et al., Rébac
et al., 1999)lt is becaise the EGSB reactor has been shown to be a feasible system for anaerobic
treatment at low temperature. Connaughton e{28l0§ showed that there has no difference

between the mesophilic EGSB reactor and the psychrophilic one

Furthermore, sulfideoncentration will not have much impact on the performance of EGSB.

It is reported that the incubatgdanules convertesulfide, nitrate, and acetate simultaneously in
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the same EGSB reactor t8, $l-containing gases and G@t loading rates of 3.0 kg S/tfd ) ,

145 kg N(MAd) , and Z2Adr)7, krges@®l/ecmi vel y, sulfidd was
concentration up to 800 mgflChen et al., 2008 Also, a set of benclscale anaerobiEGSB

studies showed that COD conversion could be achieatethe influent concentration of
approximately 150ng COD/L. The maximum COD conveosi efficiency was 78% at 10 hours

HRT and 20C (Collins et al., 1998).

Although UASB and EGSB have the potential for treating recalcitrant organics in industrial
wastewater based on the above applications, there are three limitations about them for OSPW
treatment: (1) hard formation of granular sludge due to low organic loading for OSPW treatment.
The flocculent sludge cannot grow fast andch enougho form granular sludgeue to the
shortage of biodegradable organic compounds in OSPW. Therefore, thenaeice of UASB
and EGSB will not be good. (2) long time needed for reactor-gartSludge granulation is
complex and affected by many factors; and is not clearly understood yet. Most microorganisms
existed ingranules are denitrifying, nitrifying, &ogenic, and methanogenic bacteria. However,
several factors determine characteristics of granules, including: characteristics of organisms,
growth rate of organisms, and death rate and decay rate of the organisms (Lettinga, 1995). So
gradually increasig inlet flow rate and organic load is needed. Seeding of granular sludge from
another operating reactor is highly recommended, which is the disadvantage for my study. (3) no
good removal of suspended solids and colloidal matter can be achieved. Solluténtsoare
efficiently treated in UASB and EGSB, but suspended solids are not substantially removed from
the wastewater stream due to the higkflay velocities applied. Therefore, peseatment of

EGSB effluent is required which will increase the stveent of the wastewater treatment plant.
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In summary, the selection of UASB and EGSB on OSPW treatmetitigiresearch is not

recommended.

From the above literature study, it is found that biofilm reactor has the advantage of
protecting bacteria under Isér environment due to biofilm unique structure; can be operated
under both anaerobic and aerobic conditions, which gives more capacity for recalcitrant organics
digestion by different kinds of bacteria; and can be easilyestapt comparing with UASB and

EGSB. Therefore, MBBR and MABR were selected for OSPW treatment.

2.3 Challengesto Run Bioreactors Continuously for OSPW Treatment

Biological treatment has been tested extensively in the oil industry for removal of organic
carbon and nitrogen compound$ere are also studies about using bioreactors for several kinds
of commercial NAsremoval (Huang et al., 20%2Toor et al., 2018 However,therewas no
publication about treatingaw OSPW by bioreactorsat the time ofthe literature review for
bioreactor selectionBecause there are several challenges encountered during the bioreactor

application on OSPW treatmien

1) Fuctuation of the influent water quality. It is known that the water quality of OPSW
varies largely from differentailings ponds However, a stable influent quality is
important for bioreactor operation, because g¢heironmentinside the bioreactoneed
to be controlled for micrbial growth during the process. Withoustableinfluent water
quality, it is not possible to maintain and evaluate the performance of the bioreactor.

2) An affordable and efficient monitoring methéat bioreactor performancevaluationis
needed. During the operation, the performance of bioreactor should be monitored and

evaluatedimely to guide the further operatioRecently, the
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3) Startup of bioreactorsThe procedure of stang up a bioreactor for OSPW treatment is
unknovn andneed tabe determined based on bench tdststhermore, seding plan and
pretreatmers are critical issues for bioreactor stapt It is a big challenge to keep the

indigenous microorganisms in OSPAWe and groving inside tle selectedbioreacto.

With the bioreactors selectdt/BBR and MABR) and challenges related to bioreactor
operation identified, the objective &age 1 was achieved. Next,is neeckd to find suitable
seed for inoculating the selected bioreactor and to establish a projpgrdal process train with
selected bioreactors. They are objectivesSaige 2 and are described in Chapter 3. Those

challenges for bioreactor application on OSPW treatment will be illustrated in Chapter 3 and 4.
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CHAPTER 3 STAGE Il - BenchTestand Preliminary Results

In this chapter, the main objectives to find the proper seed for inoculating the bioreactor
selected in Chapter 2 and to establish a fea&ildeeactor process traipased on preliminary
bench scale tests, which are alasks of Stage 2. Two sets of bench scale experiments were
conducted(1) using a sequencing batch reactor (SBR) to cultivate and testify the sludge from a
commercial biofilm reactor with biosolids from OSPW as a proper g2gdising a continuous
activatel sludge reactafCASR)seeded with the cultivated sludge in the first experiment to treat
chemically oxidized OSPW. The results from those two sets of experiments combined with

literature review in Chapter 2 are used to support the developmentmbtbactor process train

3.1 Sequencing Batch Reactor

It is known that the key of successful bioremediation is to utilize microorganisms with
survivability and proven remediation capability in the contaminated environment. For OSPW
biological treatment, theelection and cultivation of proper microorganisms is the keito
research. Tépurposesof experiments in this sectiomere 1) to cultivate the actiatedsludge
from a commercialmembrane biofilm reactor armosolids fromOSPWby using an SBR2) to
testify whethermmicroorganismsn the cultureare capable dablerating theoxic environmenand

utilizing the petroleum hydrocarbon

There are two main reasons for choosing SBR for seed cultivation. Firstly, in the case of
organic compounds with a loliodegradability in OSPW, when specialized microorganisms are
required, SBR is preferable (Dollerer and Wilderer, 198BR will be beneficial for the
selection of proper microorganisms as seed. Secondly, the SBR is an activated sludge process but
operats in a true batch mode. It means that one SBR tank performs functions such as

equalization, aeration, and sedimentation in a time rather than in a space sequence. Therefore,
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SBR can offer high degree of process flexibility in terms of cycle time and ssegi@Rennedy

and Lentz, 2000), which will be necessary and helpful for seed cultivation.

COD test is a common test for wastewater treatmbatchange ofvhich can be used for
observing the substrate utilization by microorganisms in aqueous phase. Altiioisgnot
capable of reflecting concentration changes of organic chemicals with long chaiterged
molecular weight (such as NAgjue to limitations of this method, COD test igast and
applicable foridentifying the microbial activity indirectlywhich meetghe requirement in this
section of experimenthe closed reflux colorimetric rtteod was used for COD analysis (APHA,
2005). Every sample was duplicated in the COD test and the average COD value was present in

this study.

Mixed liquor volatile sugended solids (MLVSS) inside the SBR was measured to evaluate
the biomass growth according to Standard Methods for Examination of Water and Wastewater

(APHA, 2005).

In this experiment, & L PyreX\ bottle (Catalog No. 08414-1F, Fisher Scientific Company,
ON, Canada) was used asSBR andwas placed on a magnetic stir plate. There was 2 L of
solution inside the SBR in the beginning, which was composed om&0Oéctivated sludge with
biosolids extracted from OSPW and 1400 of raw OSPW. Biosolids was colled from
OSPW by centrifuging at 6000evolutions per minute (RPM)for 20 min in which
microorganism from OSPW could be extracted. Activated sludge froraparatingbiofilm
reactor was also used as seed for the SBR. The initial MLVSS concentratiorthies®iBR was
approximately\8000 mg/L. There was aagnetic stir bamsidefor mixing. Compressed air was
introduced for aeration through air diffuser and controlled by a flow meter to maintain the DO in

the SBR around 2 mg/L. No pH adjustment was neededuse the high alkalinity existed in the
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raw OSPW Figure 31 is the schematic diagram tfe SBR. During the operation, pH did not
changesignificantly (shown in Table-3). Oneliter of raw OSPW was introduced every two
days withoneliter supenatantout of the SBR at the same tinEhe influent OSPWvasfrom a
Canadian oil sands company, whose characteristics were listed in Thblte Chapter 2The

operational parameters thife SBR are shown in Table B

Table3-1 Opeational parameters and commentsh&fSBR

Parameter Value Comments
Reaction time 46 h Aeration and mixing applied
Settling time 2h No aeration and mixing applied

HRT 48 h Raw OSPWL L/day fed
DO 2 mg/L By a constant air flow rate
pH 7-8 Using the &alinity of OSPW to maintain pH
Mixing rate 300RPM To make a complete mixing
Sempling Fort
y

A Air Outlet
Airlnlet —>

¥~ Stop Cp

Liquid Level Pyrex Bottle

Air Diffuser ~ Magnetic Stir Bar

/

’ Stir Plate

Figure3-1 Schematic diagram eohe SBR
The SBR was operated for one month with 46 h reaction time and 2 h settling time
alternating to teffly the feasibility of the seed added and to cultivatd-igure 32 shows the
ammonum, nitrite and nitrate concentration changes in SBR on Day 1. It indidhtd
ammonum in OSPW could be quickly utilized byicroorganisms in the seelitrite, as the
metabolic intermediate, was oxidized to nitrate after 12 h, which demonstizedhe

22



nitrification procesavas occurringn the SBR under aerobic conditidfigure 3-3 presentghe
monitored COD concentratan the influent and effluent ahe SBR andCOD removabver the
operation It took 7 days forthe SBR to reach a stable opera@beondition with dmost 20%
removal of COD. The MLVSS inside reactor was about 4100 mg/L when reactor performance
was stable.These resultddemonstrated that bacteriaside the SBR survieein the harsh
environment of OSPW and utilideorganic compounds and nutrients in it for growth, which
made Objective 2 achieved. It also proves that biological treatmerbimsising for OSPW

treatment.

Concentration (mg/L)

N Time

-m—-Ammonia  —e—Nitrate Nitrite  —e—Phophate

Figure3-2 Ammonium, nitrite and nitrate concentration changetheSBR on Day 1
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Figure3-3 Profile of COD concentratiorend removabf the SBR overthe operation time
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3.2 Continuous Activated Sludge Reactor

In Chapter 2,it is known that naphthenic acids are toxic organic components and the main
concern for OSPW treatment. The complex molecular structure of NAs like long carbon chains
and more rings is the reason of their recalcitrance for degradation in thenement.
Biodegradation is usually able to remove NAs with low molecular weight and cyclicity based on
recent studies (Kannel and Gan, 2012; Han et al., 2008). After biological treatment, there will be
remaining nonbiodegradable NAs in OSPWorderto improve the removal efficiency of NAs
in OSPW, anothertreatmentin addition tobiological treatment will be necessary. Chemical
oxidation such as ozonation & proven effective method for decomposing the most bio
persistent NAs in OSPW (Matrtin et al., 2010) the present study, it is necessarylébermine
the effect of chemical oxidation on the following biological process for OSPW further treatment,

which will be beneficial for establishment of the bioreactor process train.

3.2.1 Characteristics of the HiPOx-treated OSPW

In this experiment section, HiP@rxeated OSPW was used as the influen€CABR. HiIiPOx
treatment utilizes ozone and hydrogen peroxide to break downclmaig organic compounds
that are notbiodegra@ble Table 32 characterizethe HPOxtreated OSPWand raw OSPW
Compared to the raw OSPWAS concentration was significantly reduced indicating the long
chain organic compounds were brokdown after HiPOx treatmenf’he short chain organic
compounds were more easily biodegradable thaset with long chain. SlightOD removal

from raw OSPWsuggestedha HiPOx treatment couldot achieve complete mineralization.

Fouriertransform infraregpectrum metho@T-IR) described by Holowenko et #2007)
was used to quantiffiNAs concentration in HiPOxreated OSPWIt is now suggested as a

standard method for routimaonitor of NAs inOSPN. The resulttested by FIIR is named as
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acid extractable fraction (AERf NAs and is expressed as mg/L of the Fluka commercial NAs
standards purchased from Sigaldrich (ON, Canada). Fluka commercial NAs were selected as
standards due to comprehensivemcterization of compositions, which have been used in
several studies (Barrow et al., 2004; Headley et al., 2009; McMartin et al., 2004; Mishra et al.,

2010; Rudzinski et al., 2002).

Table3-2 Characterization of HiPOxeated OSPW fothe CASR

Parameter HiPOx-treated OPSW Raw OSPW

pH 7.1-7.2 8.1-8.3

COD 285310 mg/L 299318 mg/L
AEF 1.0-1.4 mg/L 46-63 mg/L
Alkalinity 523526 mg/LasCaCQ 690-720 mg/LasCaCQ
Sulfate 371-411 mg/L 199389 mg/L
Nitrate under detectiofimit <0.07<0.1 mg/L

As listed in Table 3-2, pH dropped to7.2 along with a loss of 81 mg/L as CaCQ in
alkalinity. It indicatedthat alkalinity may be consumed during reaction with hydroxyl radicals
resulting in a neutral pH value. Sulfate concemdraincreased t@890.9 mg/Lin HiPOx-treated
OSPW. This mighbe due to oxidation of organima inorganic sulfides. Nitrate Wwaunder
detection limit suggesting potential nutrients deficiency duraegobic sludge treatment
Therefore, nutrients additionsould be needed for the following bioreactoperationafter

OSPW being treated by chemicadidation process.

3.2.2 Continuous Activated Sludge Reactor Setup and Results

In this section, a 2 L volume flask was used as a CASR. Figdreh®dws the CASRystem
setup in the labThe operation volume of this CASRvas 2L. The activated sludge wa
inoculatedfrom the SBR inSection3.1 The volume ratio of activatesludge and HiPO#reated
OSPW wa 1:4,which mae the sludge concentrationside reactorarcund 40@ mg/L. The

HRT of the reactor wea24 h. The stir bar mixing rate w&800RPM for complete mixing.The
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effluent of the CASR fiwed into another2 L volumetric flask, in which thewashedout
activated sludgevas settled and recycled into tHeASR bythe recycling pump to maintain

sludge concentration in the CASR during the entire operation

Figure 34 CASR systemi air inlet;Y influent pump;y aerobic reactory stir plate;Z
settling flask Z recycle pumpZ effluent storage tank

Figure 35 showsthe pH and DO proli¢ over the operation time. It was provénat the
reactoroperation was stable after 10 days. Ex0dge wa 25-3.5 mg/L, which wa the indication
of aerobic condition. Because of the high alkalinityHiPOx-treated OSPW, pH kept around 7.8

when the reactor was stable.

Figure 36 presentsthe COD concentratio in the influent and effluent of continusu
aerobicreactorand COD removal during the operation tirfide average COD removal in this
CASR was 43% when reactor performance wdadest#t was almost doubline COD removal in
the SBR. Furthermore, the HRT of CASR was shorter than that in the/ S®R10 dayéstart

up phase the effluent COD was around 170 mg/L, which was lower than that in the SBR
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demonstrated that chemical oxidation process incoehsebiodegradabilityof OSPWandthe
following bioreactorutilized the decomposed organiogr fOSPW further treatmentherefore,

chemical oxidation proceshouldbe an essentigpartin the proposed bioreactor process train

for OSPW treatment.
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Figure3-5 Profile of pH and DO ofhe CASRover the operation time
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Figure3-6 Profile of COD for the CASRover the operation time
3.3 Bioreactor process train
Based on the literature review Chapter 2and the preliminary results fBections 3.1 and

3.2 it is proven that bioreactorsitlv proper seed have the capacity of surviving and removing
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the biodegradable organics in OSPW,; chemical oxidation process is useful and necessary for
decomposing the large, complex organics in OSPW, wdadie utilized by the microorganism

in the subsegent bioreactor for further treatment. Therefore, the bioreactor process train
including four component&as proposedwvhichis shown in Figure &. The considerations and

justifications of each component atescribed in the following paragraphs.

Mechanical Mixing
Fine Stainless Steel Mesh

o

Influent Chemical

Storage Orxidation

Tank Process
> MBBR 1\

Air

Membrane Hollow Fiber Sheet Air Out / AirIn &

’ Effluent
Settling Tank ?dsorptmn Storage
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o 0o 0 0 0000 0]
T T |
Nitrogen Gas Sludge Out
—é

MABR <

Figure3-7 Schematigraph ofthebioreactor process trafor OSPW treatment

Component X MBBR i Biological process

In this bioreactor process traiiMIBBR is chosen to be the first bieactor Becausehat a
MBBR has 1) a long sudge retention time: to keep the bacteria of low growth rate surviving
inside the reactor; 2) high usagéthetank volume for biomass growénd improvenent on
mass transfer of pollutants: to enhance the performance of reactmpe@tional stabilityto
make bioreactor stattp easier and faster. MBB&anlower thesuspendd solidconcentration

and remove some easily biodegradable organic compounds and inorganic compounds from
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OSPW It is beneficialfor the following chemical oxidation process by savthe dosage of

ozone.
Component 2: Ozond Chemical oxidation process

For chemicaloxidationprocesspzone is applied for breaking dowime remainingorganic
compoundsn MBBR effluent, which havéong carbonchain andarge molecularweight, into
relative-easily biodegradablesmaller compounds which will be introduced into MABR for
further degradationSeveral batch tests will be conducted for the optimal ozone dosage for the

MBBR effluent.
Component 3: MABR 1 Biological process

As the second bioreactoMABR can provide aerobic and anaerobic environment for
differentmetabolictypes of bacteria to grow, which will make the degradation of those complex
organic compounds in OSPW as much as pos$WBR also has long sludge retention time to
prevent thebacteria of slow growth rate from being washed out. Those two main advantages of
MABR will give us more confidence on the performance of this process train for OSPW
treatment.The settling tank followedamn lower the suspended solid concentrat@inMABR

effluent, whichis the pre-treatmentor adsorption process followed.
Component 4: Adsorption columni Physicalprocess

As explained inChapter 1, adsorption process was not proposed in the beginning of this
stage (Stage 2) because the outcome of MABR w#sawn and unpredictable at that time.
Therefore, if there is a gap between the water quality of MABR effluent and the final discharge
requirement for OSPW, adsorption process will be considered. Because adsorption process will

be more efficient and cosffective to remove low level of nonbiodegradable organic
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compounds left in MABR effluent, comparing with chemical oxidation and biological process.
Adsorption column filled with granular activated carbois capable offurther polishing the

MABR effluent, which m&esthe final discharge or reclamation of OSR@hievable

For the four operational components, the main focus of this study is on the biological
process, including MBBR and MABR, for OSPW treatment. The role of chemical oxidation
process is to enhae the biodegradability of MBBR effluent for further biodegradation by
MABR. The application of physical process is to improve peeformance of the proposed
bioreactor process traifor accomplishing the final discharge of OSPW. Therefore, chemical
oxidation and physical process in the bioreactor process traisugpertive for the biological

process.

Based on the above analysis,s believed that this bioreactor process train could be a
feasible option for OSPW treatmenthich makes the Objective &complished. In the next
stage (Stage 3), MBBR and MABR will be designed, fabricated, seeded and operated to
investigate the feasibility of the proposed bioreactor process train and find out the performance

of each component for OSPW treatment, which belldescribed in Chapter 4.
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CHAPTER 4 STAGE Ill - Bioreactor Process Train Operation and

Performance Evaluation

In this chapter, the proposed bioreactor process trathapter 3vasdesigned, fabricated,
started up, and operatéal removerecalcitrantorganics such as NAs in OSRWhich are the
main task of Stage 3There are four operationalomponentsin this entire process train
including MBBR, chemical oxidation, MABR and adsorptidine objectives of thishapterare
1) to investigate the feasibility of this process trantluding bioreactor seeding, stangp and
performance improvement, for OSPW treatment; and 2) to determine the optimal operational

conditions for each component.

4.1 Moving Bed Biofilm Reactor
4.1.1 MBBR Design and Fabrication

The MBBR, the Component in the bioreactor process traiserves agl) exploration of
proper seeding procedure for biofilm reactor for OSPW treatment, which would accelerate the
startup of MABR; (2) pretreatment for thehemicé oxidation process,becauseMBBR can
remove some easilyiodegradablerganics and reduce tladkalinity of OSPW, whictwill lower
therequireddosageof ozone;(3) seed source for MABR. This MBBR systewmas designed by
me with help from my supervisobr. Tong Yu. It was fabricated by the machine shop in
Department of Chemical and Materials Engineering in University of Alberta. The detailed design
and related accessorielike fittings, tubing and pump typevas provided in Table Al in
Appendix A. The dsign draft of MBBRIs illustrated in Figure BL in Appendix B.The

completedMBBR is shown in Figure 4.

Theoperational volumef MBBR reactor is4.5L. It is made opoly (methyl methacrylate),

alsoknown as acrylic glass. In FigureX(a), the two ports attached to the wall at the lower part
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are the influent port andthe sampling port. Theoppositeone at the lower part is used for
introducing air into the reactor. Therefore, an air diffusecasnectedo the inside port for
aeration There is astainlesssteelmesh inside the reactor for sludgeparationwhich can be
slid out of the reactor for cleaning. The port at the upper part isffllaent port, which is larger
than influent port to prevent water overflow. The slot on the removal covbe oéactor is used
for adjusting the angle of mechanical mixer si{aéie Figure € in Appendix B) which will

supplythe powerfor mixing to prevent packing material from floating insides reactar

(a) (b) (c)
Figure4-1 Threeview diagram othe MBBR: (a) front view; (b) side view; (c) top view
This MBBR contains the volumef packing materiaup to 50% ofits empty bed liquid
volume. There are two kinds pficking materialnside the reactompolyvinyl chloride (PVC)
tubularblack carrierandflat white Mutag Biochig™ (Multi Umwelttechnologie AG, Germany)
shown in Figure €. The PVC carriewith an active surface area 440 nf/m? is used to supply
surfacefor biofilm growth; the biochip carriewith an active surfacearea ofmore than 3000

m?/m° is used to increase the biomass concentration inside the reactor
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(@) (b)

Figure4-2 Packing material ithe MBBR: (a)T'\I?VC tubular packing material; (b) Mutag
Biochip

The MBBR system in the lab is shown in Figur8.4A 15 L plastic influent pail was state
in a walkin cooler under M . The influent was pumped by a peristaltic pump into the
MBBR reactor from the inlet port . When the sample was collected from sampling port
the influent pump was shut down to avoid the interference from the coming inflenfluent
rate wascontrolled by influent pump controller . The air was introduced from the air let,
whose flow rate was controlled by a flow meter to make reactor bulk liquid phase under aerobic
condition. The settling flask was used to let sludge from effluent setttavn, which lowered
suspended solid concentration in the final effluent. The final effluent was stored in the effluent
storage tank . The flow rate of the influenvas manpulatedby influent pump controller
which made the hydraulic retention time bétreactor change accordingly. Mechanical mixing
rate was in the range of 420 RPM, depending on the sludge growth condition inside MBBR.

It was controlled by the mixer controller .
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Figure 43 MBBR system: inlet; sampling port; MBBR reactor; mechanical
mixer;  outlet; settling flask;  mixer controller; influent pump controller; effluent
storage tank; influent pump; air inlet
4.1.2 Material sand Methods
4.1.2.1 Influent Preparation for MBBR
In order to deal with the challengef water quality fluctuation for bioreactor operation
described in Chapter 1, a large quantity of raw OSPW is needed for influent preparation during
the entire bioreactor operation. Duelititations of reality,1 m® of raw OSPWwas obtaired
from a different tailing pond of the same Canadian oil sands company as mentioned in Chapter
2, whichwas able tosupport al most two and a haHef year
bioreactors. After complete mixinthe OSPW was distribited into 20 L plastic pails and stored
in the cold room at 4, which will further eliminate the interference of water quality fluctuation
during the operation of bioreactorBhe water qualityof the OSPWs shown inTable4-1. By

comparing with the watequality in Table 21, it is found that pH, nitrogen, phosphorus, AEF
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and COD concentration of these two OSPW d@ose to each othett means that the sludge
from CASR in Chapter 3 can be seeded for MBBR. However, the BOD concentration inside the
OSPW br MBBR operation is much lower than that in Tablel,2indicating that the
biodegradability of OSPW for MBBR operation is even lower than that of OSPW used in
Chapter 3. Considering the shortage of nutrients, raw OS&Wot be used as influent of

MBBR without anynutrientamendment.

Table4-1 Water quality of OSPWor the MBBR operation

Item Value

pH 7.9° 0.4
Alkalinity 501.3° 2.4 mg/L as CaC®
NOs + NOy 2.4° 0.2 mg N/L

NH," 1.95° 0.14 mg/L

Total phosphorus 0.2° 0.1 mg/L

AEF 56.1° 2.3mg/L

BOD 2.1° 0.4 mg/L

COD 239° 7 mg/L

A growth medium R2(Reasoner and Geldreich, 198%jas used to supply easily
biodegradable carbaourcefor bacteria growtlandto ensure nitrogen and phosphorus were not
limiting nutriens. The composition of growth medium R2 is listed in Tabli2. Zhe influent of
the MBBR wascomposeddf raw OSPW and growtlmediumR2 with differentvolumeratio at
different operatioml phases. Due to the addition of growth medium R2, the COD level of
influent was much higher than that of raw OSPW. In this study, itasssmedhat the portion
of influent COD contributed by growth medium R&scompletely utilized by microorganisms
inside bioreactor, which was not counted into the performance of bioresc@SPW treatment.
Therefore, the COD removahentioned in Section 4.1.&ferred to the percentage 6OD

removed from raw OSPW by calculation based on the renp@rédrmanceshown in Figure 4.
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Table4-2 Compositionof growth medium R2

Chemicals Concentration (g/L)

Peptone 0.525
Yeast extract 0.35
Dextrose 0.35
Starch 0.35
KH2PO, 0.21
Sodium pyruvate 0.21
Tryptone 0.175

MgSOy 0.0168

4.1.2.2 Water Quality Analyses

In this experimentthe influent and effluat of the reactor were collecteyery day at the
seeding phase and when the operational conditions chaMipesh bioreactors performance was
stable, samples of influent and effluent were collected every two ddie. pH and DO
measurement, samples wéttered through &.45mm nylon filter (Whatman)oefore performing
COD and AEF analysiDaily measurement of pH was performed with an Accinar 20
pH/conductivityelectrodgCole-Parmer]L, USA) connected to a digital pieter(Orion 720A,

Thermo Fishe Scientific Inc, MA USA). DO was measured ak@ daily by an LDO 101

model dissolved oxygeslectrodg HACH company,Loveland, COUSA).

The closed reflux colorimetric nieod was used for COD analysis, which is a quick and
reliable parameter for reactor performance monitoring (APHA, 2006)R spectoscopy was
adopted forAEF analysis (BioRad, FT-6000, Cambridge, MA, USA), which is the current
industry standard employed by oil sands companies in the Athabasca oil region. PridRto FT
analysis, 30mL sample was acidified to pH 2.0 and organics wexacted by liquidiquid
extraction with portions of dichloromethane (DCM) iseparatoryunnel (Catalog No. 1&437-
11E, Fisher ScientificCompany, ON, Canadajfter the separation, DCM was evaporatgth
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compressed air flowleaving the extractedEF in the glass tube. The extractédkF was
reconstituted with a known mass of DCM and subjected tdRF$pectral analysis. Sample
absorbance was measured at wave numbers of 1743 and 170Q6wbioh correspond to
adsorption bands characteristic of mondmeand dimeric carboxylic groups, respectively
(Clemente, et al.,, 2005 Fluka commercial NAs mixture was used as standards, whose
information was illustrated in Section 3.2Furthemore, recent studies (Ibrahim, 2018am et

al., 2014) suggest that AEF and COD can be used as surrogate parameters to monitor the
performance of bioreactors on NAs removal due to the high correlation found between AEF and
COD removals and NAs degradatid-or sample analysis, duplicate tests of COD and AEF for

each sample were conducted over the experiment duration.

All the otherchemical analysisvasdone according to Standard Methods for Examination

of Water and WastewatéAPHA, 2005.

4.1.3 Operation and Performance Evaluation

The MBBR systemwhich is shown in Figure4-3, beganto run on March 82013.The
operation of MBBR system lasted almdstentysevenmonths The experimental rumvas
divided into three phase&ach phase served different purpose for MBBR operation and had
different operational conditions due to thelweiht composition and HRT. Figure4dshows the

influent composition and HRT under each phase for MBBR.
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Figure 44 Influent composition and HRT of MBBR at different phases

In phasel, the main objective was to successfully seed gmoav bacteria attdeed on the
carriers inside MBBRThe inoculums for seeding MBBR had three sources: indigenous bacteria
extracted fromMFT in the research work by Y2014), bacteria centrifuged fromaw OSPW
and activated sludge frotihe CASR in Chapter.3The initial MLVSS concentration inside
MBBR was around 3200 mg/IThe influent of the reactor wacomposedy raw OSPW and
growth mediumR2 with a volume ratio of 1:IThis synthetic influent could supply more easily
biodegradable organics and make inoculum microorgamjemw faster.pH and DO in the
reactorwere controlled at 7.88.0 and 2 mg/L, respectiveliART of the reactowasset at7 days
based on preliminary results in Section 3.1 of Chaptd&fethanical mixing ratés in the range

of 90-120RPM to ensure packgnmaterial submerged in the bulk liquid.

The seedingeriodlastedabout 45 day for biofilm growth on the PVC tubulaarriers.To
make biofilm attach and grow on the surface of daeriers fill-anddraw procedure was

repeated for the operation of themactorat the starup period It simulated the operation pattern
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of SBR described in Chapter &fter 15 days, a thin layer of biofillwasobserved on the inner
wall of the carrierswhich was shown in Figure-3 (a). Then the feed mode affluent was
changed into continuous flow modend the other operational conditions were maintained the
same One month later, the biofilm layer grew thickseen in Figure % (b)) and MLVSS
concentration inside reactor increased to 4800 mwhen the MBBR had a stdd COD
removal efficiency,it was considered as the accomplishment of biofilm cultivation and
proliferation. In order to increase the biomass concentration inside reactor, which is necessary
and beneficial for increasy the organic loading in the next E®MBBR continued to operate

for another one month. The thickness of the biofilm incr@é&sd-2 mm (seen Figure % (c)),
which was more condensed than that on Day 46.Mh¥SS concentratiorinside reactowas
almost5500 mg/L. During the operationhere were also suspended sludge existed inside reactor.
The average CODremovalfrom OSPW was 17% when MBBR performance was stadde

shown in Figure 4.

@ (b) (©)

Figure4-5 Biofilm grown on thePVC carrier inthe MBBR system at different timea) Day16;
(b) Day46; (c) Day 74

When the biomass condition inside MBBR was stathleorganic loadingvas increasetb
investigate the performance MBBR. Then the HRT was decreaseffom 7 days to 5 days
during Day 77 to Day 166. The average COD removaf OSPWwas 19%, which was little

higher than thaih the seedingeriod.lt mean thatthe MBBR developedhe capacity to degrade
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organic compoundsside OSPW even under a shorter time dugbtendanbiomass, whichvas

one of the advantages for MBBR. phasel, it was found that the removpérformanceof AEF

in MBBR shown in Figure 4 changed dramatically. The main reason was the fluctuation of
influent water quality, which demonstrated the challenge and importance of constant influent
water quality for biological treatment, especially for the st@rperiod. The more unstable AEF
concentration in the influent gave more loading shock on thddraggineered ecosystem built
inside MBBR in the startip period. More carefulness and attentwould be involved in the

influent preparation tavad this issue.

In phase 2in order to select bacteria which are capable to adapt harsher environment with
high level of NAs and to testify the stability and performance of MBBR facing organic loading
change,l lowered the portion of growth medium R2 and enlarged the portion of raw OSPW
inside the synthetic influent. Considering the organic loading shocleasdmm factor leading to
sudden failure of reactor in real applications, the volume rat@@S#W and growth medium R2
inside the influent changeslightly from 1:1 to 5:3.The HRT wagmaintained ab days during

phase2.

It was found that CODemovaldropped dramatically at the beginning thie changing.It
took almost two months fathe MBBR to reach theperformanceat phase land maintain it
afterwards,which illustrated that bioreactor operation conditions should change gradoally
avoid the sudden piermance deteoration. The average CORemovalmaintained aroun&d1%
whenreactorperformance wastable It demonstrated that the MBBR exhibited great resistance
to the adverse environment because MBBR can provide suitable microenvironment for
specializd microorganisms to survive and utilize toxic organics, which will be investigated in

Chapter 5.
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In phase 3the organic loading rate was increased further by shorting HRT to test the
capacity of MBBR on OSPW treatment. From 281 to Day 788the HRT ofMBBR changed
graduallyfrom 5 daysinto 3 daysto avoid organic loading shock for the MBBR. Howe\eer,
noticeable decrease in the COD removal efficiemag still observedn the beginning. One
month later, the CODPemovalwas recovered to 23% on averagel 35% alkalinity was reduced
when the performance was stabiae COD and alkalinity of MBBR effluent was 115 +3 mg/L
and 204 +9 mg/L as CaC{respectively. The removal of COD would lower the dosage of
oxidant added in the following chemical oxidatiprocess. Because the radicals produced by
oxidant addedis nonselective (AWWARF, 1998) and can be exhausted by the organic or
inorganic compounds present in OSPW other than NAs the concerned contaminants in this study.
Both carbonate and bicarbonate asmortions of alkalinity will scavenge radicals to create
carbonate radicals, which will lower the reaction rate with NAs. Therefore, MBBR, as the first
operational component in the bioreactor process train, plays an important and necessary role as
the petreatment for the next chemical oxidation process for removing the easily biodegradable

organics and some inorganics in OSPW.

Figure 47 shows AEF performance of MBBR during each phase. It was illustrated that
MBBR could achieve 16%emovalof AEF from O$W at HRT 3 days. lsomparison Hwang
et al. (2013) reported thatcontinuous flow biofilm reactor could remove 13.8% AEF in OSPW.
In the research by Shi et al. (2015), 18.3% of AEF was removed from OSPW in MBBR. A batch
study conducted by Han et al. 0B) suggested that the héife for OSPW NAs was 4240
days. The estimated hdife of residual recalcitrant organics in OSPwilings pond that
undergo slow biodegradation was 1286 years (Han et al., 2009). With high NAs removal

under such a shoHRT, the MBBR in this study shows great capability for OSPW treatment.

41



Our long period MBBR operation proved tlmatr seeding process waeasible toinoculate
bacteria intdvioreactor Due to the biofilm diffusion limit, the concentration of chemicakde
and outside of the biofilm was different. This difference made some specialized microorganisms
from the inoculumsurvive and utilize recalcitrant organic compounds from OSP¥Wfdw up,
which was verified by COD and AEF reduction during the entireragfms. Comparing to
mont hs 6 o flife gf &lAsrdegéadatioa indilings pond, the MBBR could achieve high
and rapid NAs removal, which indicates the feasibility and effectiveness of biological process on
OSPW treatment. At the end of operatittee COD and AEF concentration of MBBR effluent
was 115 £3 mg/L and 32.8 0.3 mg/L, respectivelyMBBR could remove average 23% COD,
35% alkalinity, and 16% AEF from OSPW at HRT 3 days.These promising results gave us
more confidence to proceed to the neperational component, chemical oxidation process, to

break down the remaining nonbiodegradable recalcitrant organics in the MBBR effluent.
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4.2 Chemical Oxidation Process

Chemical oxidation process, as the Component 2 in the bioreactor process train, was to
decompose the residual recalcitrant organic compounds with complex structur8BR M
effluent into biodegradable organic compounds with simple structure, winald beremoved
by the following bioreactorOzong as one of the strongest oxidamss reported to be capable
of breaking down highly branched and cyclic fractions of NAgiehtly in OSPW (Dong et al.,
2015; Il slam et al ., 2014) . O aral the superokide ragicalo d u ¢ e
(O.A after a complex chain of reactions when it is added to water (Hoigne, T9@8p radicals
are powerful oxidants for relcgtrant organics oxidationln this research, ozone will be
introduced for NAsdecompositionand improvingMBBR effluent biodegradabilitywhich is
regarded as the pretreatment for the MABRtchtestwas used to determine the optimal dosage

of ozone inthe followingsubsections

4.2.1 Material sand Methods

In this experiment, MBBR effluent was the target water. The ozone generator was Absolute
Ozondl ATLAS 30C, bought from Absolute Systems Inc., Edmonton, Canada. The ozone
monitor was ATl Model Q45 (Aalytical Technology Inc., Collegeville, PA, USA) and the
dissolved ozone probe was A6@-05361A (Analytical Technology Inc., Collegeville, PA,
USA). COD and AEF analysis method were illustrated in the Section 4.1.2. BOD seed inoculum
was POLYSEEN from InterLat® (Spring, TX, USA) in BOD test. For each batch of samples,
the glucoseglutamic acid check was included in BOD testmb of standard glucosglutamic
acid solution (150 mg/L glucose and 150 mg/L glutamic acid) was added into each of three 300

mL BOD incubation bottles. The average BOD value for the three bottles must fall into the range
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of 198 ° 30.5 mg/L, which will make sure the accuracy and precision of the BOD wst. F

sample analysis, triplicate samples were taken and tested during thenexyeri

4.2.2 Ozonation System Setup and Operational Procedure

The schematic drawing of tlizonationsystemin the labis shown in Figure 8.

O, Gas Cylinder N2 Gas Cylinder

r—-r—-————----""-""-"—"-—""7T-"F"F7"F7TF7FHFY7FT 77  -—=-"-="""""7""-"""" A
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Flow
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Ozone Generateor 4>®7 Water Tank

L——» Waste Gas

Air Diffuser I,:

Fume Hood C siar D

Magnetic Stir Plate |

Figure4-8 Schematic diagram of chemical oxidation system

The procedure of this ozonation system was devist 1) put the water tank filled with
certain amount of MBBR effluent on the magnetic stir plate; 2) turn on the stir plate and set the
speed of stir bar at 300 RPM; 3)turnthewdy val ve to AWaste @@d8so dir
cylinder at 20 psi antet the Q flow through the ozone generator foi21min; 4) turn on the
ozone generator and set the fAOzone Outputo at
generation; 5) set the flow meter rate at 2 liter per minute (LPM) and turnvlag 8ale to
AFl ow Metero direction; 6) ozone generated w
diffuser at the bottom of the water tank for certain time (determined by the following

experiment); thenturn-&ay val ve into fAWast eonGas®@utdpiurteoc tdic
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zero and switch off the generator; 8) wait for 5 min before turning £§a9 cylinder; 9) After a
certain contact time (determined by the following experiment), pusgathl the water tank to

get rid of the residual ozone until threading of ozone meter waera The ozoneconcentration

was monitored to determine the operation time for purgmigogento strip the residual ozone
from the water tankAll the above operations were finished inside the fume hood to prevent from

0zone eposure.

4.2.3 Batch TestExperiment for Optimal OzoneDose

It is known that the effectiveness of ozonation highly depends on the ozone dose utilized.
Low dose of ozone applied may not sufficiently break down the recalcitrant NAs in OSPW,
while high doseof ozone applied will be vergostly or even behamful for biodegradation. In
the research by Goi et al . (2006) , oi l cont a
ozonation, which did not improve its biodegradability significantly. Amat et al03R@lso
demonstrated that the BOD value of phenolic wastewater during ozonation process would
increase sharply at first and slowly decrease with further ozonation. Furthermore, the toxicity of
by-products of ozonation may be even higher than that of #nenp compounds. The study
conducted by Ledakowicz et al. (2006) showed that the toxicity of ozonated resin acid solution
would increase when the ozone dose applied was over the rar@® 08 Q/mg COD. From

those studies, it is clearly that ozone desagplied before MABR must be carefully determined.

In this batch test, 5 L Pyr8k bottle (Catalog number: 0614-1F, Fisher Scientific
Company, ON, Canada) was used as the water tank in the ozonation Systemnlume of
MBBR effluent tested in the bd#t was 3.5 L.During the experiment, the amount of ozone
generated was determined by the ozone generator performance provided by the manufacture

whichis shown in thd=igure S4 in Appendix B Based on the previous studiégedakowicz et
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al., 2006;Hwanget al., 2013; Dong et al., 2015), there were fgenariospplied for this batch
test,which were 30 seconds, 60 seconds, 90 seconds, 120 seconds and 15@®spevatisns.

The ozone amount produceeere 47mg, 94mg, 141mg, 188mg and 235negpectively The

control group was the MBBR effluent without ozonatidhe contact time for ozonation was 5

min. The residual concentration of ozone in the water phase was measured by the ozone monitor.
The ozone escaped from the bottle was introduced into d@d&purewater and measured by

the ozone monitor. The applied ozone dosage was the produced ozone deducted the combination
of residual ozone and escaped ozone and divided by the water tested,vohicte was

expressed in the following equation:

Y

# (Eq. 41)

whereDO; is the amount of ozone applied (mg/L);,N& the amount of ozone produced by
the ozone generator during the operation time (mg); is1the amount obzone escaped (mg)
V. is the volume of treated MBBR effluent (L)< the residual ozone concentration in the

liquid phase (mg/L).

4.2.4 Results and Discussion

In this batch test, the pH value of MBBR only chahgkghtly (from 7.9 to 8.2) in the &
scenario with the highest ozone dose applied. It means the lower ozone dose has less impact on
the pH value. The increase of pH value is due to the formation ofc@lk$ed by the direct
reaction of ozone with some inorganic and organic compounds (BeX084), which existed in

the MBBR effluent.

Table 43 summarizes the results of the five scenarios in the batch test. Based on Equation 1,

the dose of ozone applied on each scenario were 13mg/L, 27mg/L, 35 mg/L, 44mg/L and 54
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mg/L, respectively. It watound that the COD value of each scenario was lower than that of
MBBR effluent after ozonation. The COEmovalincreased constantly as the ozone dose
applied increased until the injection time of ozone over 90 seconds. After that, thee@O1al

was almat leveledup. Similar pattern was observed in AEF reduction during the ozonation
process. ldwever, the AEFremoval was remarkable higher that the CGBmoval which
demonstrated the effectiveness of ozone on NAs decomposition, especially on carbonyl group
(C=0) in NAs (Han et al., 2008). Some previous studies (Dong et al., 2015; Hwang et al., 2013)
also reported the similar phenomenon. Although the smaller organic compounds converted can
still contribute to COD, this portion of COD was biodegradable, whiels proved by the
increase of BOD/COD ratio (from 0.02 to 0.19).inticates that ozonation can improve the
biodegradability of MBBR effluent, which will be beneficial for the following biological

treatment process.

Table4-3 Results fothefive scenario®f ozonation in the batch test

COD AEF

. COD BOD/COD AEF Ozone Dose
Seenario o) Re(go‘;"a' Ratio (mg/L) Re([)')oc)"’a' Applied (mg/L)
Control 115° 3 0 0.03 32.8° 0.3 0 0

T 102° 2 11 012  289°01 12 13
Teo  95°3 17 014  23.0°02 30 27
Too  92°1 20 019  187°01 43 35
Tizo  90° 2 22 018  18.4°02 44 44
Tiso  89°3 23 019  17.4°01 47 54

For the performance of ozonation on AEF reduction, almost 0.4 mg/L of AEF was degraded
per mg/L of applied ozongose when the ozone dose applied was lower than 35 mg/L, while 0.3
mg/L of AEF was oxidized per mg/L of applied ozone dose when higher ozone doses were
utilized. Furthermore, the BOD/COD ratio did not change at the applied ozone dose higher than

35 mg/L. These results were consistent with the study by Gam8aliIM. et al. (2011) in
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which theultimate ozonealose of 25 mg/LTherefore, the optimal ozone dose applied in MBBR
effluent was 35 mg/L based on the batch test. Accordingly, wheepared 20 L oMBBR
effluent for ozonation, the operational conditions are as follows: 8 min for ozone injection; 20

min for reaction contact time; and 20 min for purging nitrogen to strip the residual ozone.

4.3 Membrane Aerated Biofilm Reactor

In the proposed bioretor process train, MABR, as the Componentvas seeded by the
sludge from the MBBRo degrade the decomposed organic compounds in MBBR effluent by
ozonation process. As illustrated in Chapter 2, the main difference between MBBR and MABR
is the biofilm st uct ur e, whi chdiifd§ ukEhown!l abi-dffusohanhé and
biofil mo, respectively (Nerenberg, 2016) . Du e
acceptor, microbial community structure developed in the biofilm of MABR is unighihw
will bring in more functions for MABR. Previous research has demonstrated that simultaneous
nitrification and denitrification can be achieved in MABRerenberg, 2016). In this section, a
lab scale MABR was designed, fabricated and operated to igatestts performance on OSPW
treatment. The chemical profile and microbial community in the biofilm of MBBR and MABR

will be illustrated in Chapter 5.

4.3.1 MABR Design and Fabrication

Considering the operation of the entire bioreactor process train whgrbuilt up, the
operational volume of MABR was designed to be 4.6 L, close to that of MBBR. The MABR is
made ofacrylic glass whose structure isvo cuboids connected togeth&igure 49 shows the
picture of MABR in the labThe lower cuboid is thevorking zone for biodegradation whilbe
upper cuboid is used for preventing water from gettingvdutn purging nitrogen to manage

biofilm accumulationThe reason for biofilm control in MABR is that flux in countiffusional

50



biofilm will increase upa a point and decrease as the biofilm thickness increases further (Martin
and Nerenberg, 2012). Good management of biofilm accumulation is necessary and important to
maintain the performance of MABR during operatiénstainlesssteeltube with tiny holesear

the bottom of MABRs designed fopurging nitrogen to meet this requirement.

As mentioned in the beginning of this section, hollow fiber made oftrgasferring
membrane is the key part in the MABR. contacted one Japanese company named
NAGAYANAGI Co. LTD to fabricate a hollow fiber membrane module based on our design,
which is the white part inside the reactor shown in Figu®e h the membrane module design,
the hollow fiber is operated in flothrough mode, in which the distal end is open &ddgas is
continually introducedDeadend membranes mostly are utilized for combustible or expensive
gases, like methane and hydrogen (Martin and Nerenberg, 2012). Alsghflmvgh mode can
avoid gas backliffusion, which can significantly dilute the mply gas and consequently
decrease the performance of MABR. For this MABR, high oxygen concentration throughout the
entire membrane is needed for the biodegradation of OSPW-tRtowgh mode can serve this
purpose better than deadd mode although it hageater consumption of gas and energy and

more pressure losses during operation (Martin and Nerenberg, 2012).

The size of the hollow membrane moduld@®® mm Lx 15 mm Wx 200 mm H which is
made ofsilicone rubber. The inner and outer diameters of fdyer200em and 36Cem. The
permeability of different kinds of gases is shown in Tab2i® Appendix B.There are 4 pieces
of membrane modules inside the reactor. The membrane area of each module 5 @/8i8hm
means the specific surface area (330mm) is very high.The schematic graph of the membrane

module is shown in Figure 40.

51



Figure4-9 Picture of MABR with hollow fiber membrane module (white)

Figure4-10 Schematiograph of the hollow fiber membrane module
The detailed desigof the MABRis shown in Figurd-2 in Appendix B. The accessories in
the MABR are listed in the Tabla-1 in Appendix A. The MABRfabricatedby the machine
shop in the Department of Chemical Material EngineegintheUniversity of Alberta based on

my design.

The MABR system in the lab is shown in Figureld. A 20 L plastic influent pail was
stored in a walkdn cooler under ZC. The influent was pumped by a peristaltic pump into the

MABR  from the inlet port . The water thwedout from outlet port and was storeth
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the storage bottle . The MABR was completely mixed by internal recycle using the recycling
pump  from port to port . The compressed air was introduced into the hollow fiber
membrane module through inlet tubing to support biofilm growth while thextra air was
released from outlet tubing . The port was used for sampling. The nitrogen was introduced
from port  for biofilm accumulation control periodically.he reactor was covered by foil to

prevent algae growth due to the light.

Figure4-11MABR system: inlet;  outlet; effluent storage tank; internal recycle
outlet;  recycling pump; internal recycle inlet; nitrogen inlet; compressed air inlet;
compressed air outlet; sampling port; MABR reactor
4.3.2 Material sand Methods
4.3.2.1 Influent Preparation for MABR
Although the biodegradability of MBBR effluent increased after ozonation, there was still
shortage of nutrients and carbon source for the operation of the MABR. Therefore, the addition

of growth medium R2 is necesgdor the MABR system as well.HE influent of the reactor was

composed by the ozonated MBBR effluent and growth medium R2 with different volume ratio at

53



differentoperationaphases. Thédetails of the volume ratio were described in Section 4Th8.
sane method described in subsection 4.1.2.1 was applied on the evaluation of MABR

performance on COD and AEEmovaldue to growth medium addition for influent preparation.

4.3.2.2 Water Quality Analyses
All the operatiomal monitoring parameters andelatel testing methods were the same as

those illustrated isub®ction 4.1.2.2.

4.3.3 Operation and Performance Evaluation

The MABR systemwas started on Fel8, 2014 when MBBR system performance was
stable afteoneyealts operation. The operation of MABRstem lasted fourteen months, which
was divided into two phases according to operatiazonditions. Figure 412 shows the

operational conditions under each phase for the MABR.
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Figure4-12 Influent composition and HRT of MABR at different phases
In phasel, the MABR reactor statip phase, the main purpose was to get the seeding

bacteria from MBBR attached and grown on thembrane, which is the white part shown in
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Figure 49. Bacteria centrifuged fromaw OSPWand suspended sludge from MBBR were used
astheinoculums for seeding MBR. The influent of the reactor at this phase was compoed
ozonated MBBR effluent and growth medium R2 with a volume ratio of 3:1, which will supply
sufficient nutrients fornoculummicroorganism growth. pH for the influemas in the range of
7.67.9. The compressed air in theembranehollow fiber was maintained at 2Gipto supply
oxygen for the attached biofilm during the operatilonorder tdet inoculated microorganism to
attach on the membrane quickly and evenlypmm@ete mixing generated by internal recycle
was applied in the MABR. The HRT was 7 days at the seeding.phfise 15 dayéoperation

the state of biofilm formatiomside MABR was shown in Figure-#. Most of the inoculum
microorganisnwasattached oithe membrane module and a little suspended slselfled at the

bottom of thereactor

Figure4-13 The gateof biofilm formationinside MABR after 15 dayseeding priod
After 50 day$ operation,the performance of the MABR was stabhgth 28% of CD
removal which meant the seeding process was finisibeding the seeding period, the unique

operational feature of MABR different from that of MBBR was the application of nitrogen
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sparging when the reactor performance deteriorated. Those arrows ie Bigdrand 415

indicate the applications of nitrogen sparging during operation.

Due to thecontinuousoperation with MBBR system, the HRT of MABR would be the same
as that of MBBR. Therefore, the HRT of MAB$hould decreasgradually to 3 days with the

flow rate at 1.5 L/day when the whole process train was completely built up.

From Day51 to Day 79 the HRT of MABR changed from 7 days to 5 dags Day 51,
somedeterioration of MABR performance on COD removal was observed like what happened in
MBBR. It was recovered after one wedlhe average CODRemovalwas maintaired the same
level as before and the biomass inside the reactor increastt organic loading increased due
to short HRT From Day 8Qo Day 95, the portion of growth medium R2 increagethfl/4 to
1/3, which helped the biofilm grow faster to compensate biofilm loss due to a riglegen
sparginghappenedn Day 77 which is shown as the red arrow in Figuré4 At that time,|
realized that thecontrol of biofilm accumulation with cafal operation was critical for
maintaining MABR performance. When the performance of MABR returned to the stable state
the average CODRemovalwas 37% and AEFemovalwas 19%(shown inFigure 415). From
Day 96 to 122, the HRT changéather,from 5 daysto 3 daysto match the HRT of MBBR.
When the performance of MABR was stable, the COD and Adafovalwere 38% and 20%,

respectively, at HRT 3 days.

In phase 2| wanted to investigate the feasibility of MABR for treating OSPW with a higher
NAs concentrabn than that in phase 1. Thwlume ratio of ozonated MBBR effluent and
growth medium R2 changed from 3:1 to,Axhich mears the increase of selection pressure for
microorganisms inside MABR due toigher recalcitrant organic compoundsistedin the

influent. In the first month of the phase 2, the performance of MABR deteriorated and more
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biomass was founded at the bottom of the MABR. It indicated that the detachment of biofilm
happened inside the MABR. In the study by Liu and Tay (2001), the detaclmbrdfiim

inside MABR is complicated, which varies with biofilm structure, detachment force and

environmental conditions. In my case, the biofilm detachment was due to the low organic
loading and the increase of toxicity of influent. Therefore, biomasisalion is the reason for

low removal performance in the MABR. Fortunately, there was no large biofilm pieces found
during that period, which meant no total biomass loss inside the MABR under that harsh

environmentlt was a disaster if it happened.

As the operation continued for the next two months under closely monitoring, the
performance of MABR recovered finally and reached a stable state. The average/@Q@ial
and AEFremovalwere 44% and 24%, respectively, which were even higher than each of those
in phase 1. The final COD and AEF concentration were 63 +5 mg/L and 10.7 m@/P
accordingly. The detachment of biofiim caused by low organic loading and more toxic
environment might make the thickness of biofilm thinner. Base oR thec k Gtlgt istha mvost
commonly utilized to determine the mass transfer coefficients of substances in biofilm (Liu and
Tay, 2001), thinner biofilm has a higher diffusivity for substances transfer. As a result, the
counter diffusion rate of electron donor and accept@s wmproved, which made the
performance of MABR increase. This observation emphasized again the importance of biofilm
accumulation control in the operation of MABRurthermore, microorganism with long
generation time accumulae the biofilm andwaspratected from serious loss due to long SRT
in MABR as mentioned in Chapter 2, which would be illustrated in the microbial community

analysis presented @hapter 5.
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In the previous studies, Shi et al. (20i&ported that MBBR inoculated by activated sludge
from municipal wastewater treatment plant could remove 14.5% of AEF from ozonated OSPW
at HRT 48 h. The ozone dose was 30 mg/L. In the researddubypg et al.(2015), two
integrated fixedilm activated sludge (IFAS) reactors, which were seeded by aati\gltidge
from a municipal wastewater treatment plant, could remove 12.2% of COD and 15% of AEF
from ozonated OSPW with ozone dose of 30 mg/L. The HRT of the IFAS reactor was 48 h. With
a higher ozone does at 80 mg/L, a continuous biofilm reactor repoyt€thoi et al. (2014)
could remove 48% of COD and 5I18bAEF from ozonated OSPW at HRT 19 h. The membrane
biofilm reactor reported by Xue et al. (2@)6ad no substantimeémovalof COD but achieved
41.8% of classical NAs from ozonated OSPW with ozones ade30 mg/L. Comparing with

those above results, the performance of MABR on ozonated OSPW treatment was competitive.

The promising results indicated that microorganisms inside MABR adopted to the harsh
environment anevere able taitilize the decomposedganic compounds in the ozonated MBBR
effluent as growth substrate. The control of biofilm accumulation with careful operation is
critical for optimal MABR performance due to the courdéfusional biofilm structureDue to
long SRT MABR can capture somgpecific microorganisms with long generation time, which
will be beneficial for OSPW remediation. In Stage 4, the structure and microbial community
inside biofilm will be investigated texplain the performancef MBBR and MABR, which will

be described i€hapter 5.
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4.4 Adsorption Process

Adsorption process, the last component of the process tsawidely used in water and
wastewater treatment for the purpose of controlling trace hazardous omganjgounds
(Crittenden et al., 20125incethere is no widehacceptedsafe OSPW discharging limit, the
remaining NAs in the MABR effluent @restill a concern, althougtine concentration was much
lower than that in raw OSPW after biological and chemical oxidation process. Thegafore,
adsorption process was applied to polish the MARB effluent and further improve the water
quality of the final effluat. In this section, granular activated carbon (GAC) column was

investigated due to its high treatment efficiency and operational convenience.

4.4.1 Material sand Methods
4.4.1.1 Source Water
The adsorption experiments were conducted with MABR effluEm effluent contains 58

+ 5mg/Lof CODand 104 = 0.5mg/Lof AEF.

4.4.1.2 Adsorption Isotherm

Adsorption isotherms describe how much adsorbate can be caught by adsorbent at a specific
temperature when equilibriums reached, and thegre useful in resaling affinity mechanisms
between certain adsorbate and adsorbent. We de€finas equilibrium aqueous phase of
adsorbat€mg/L), V as volume of aqueoust), Co asinitial aqueous phase of adsorbétegy/L),
andM as the mass of adsorbggl). ge (mg/g), which denotes equilibrium adsorbestiase of

adsorbate, is calculated using BeR (Crittenden et al., 2012)

ge= —(Co-Ce) (Eq.4-2)

An adsorption isotherm can be obtained when weqles. Ce.

61



Langmuirmodel (Eq4-3) andFreundlichmodel (Eq4-4) are commonly used to normalize

GAC isothermgCrittenden et al., 2012)

G —— (Eq.4-3)
Je= Kr 'Cel/n (Eq 4'4)

wherer] (mg/g) is the maximum adsorbepthase concentration of adsorbate when surface
sites are saturated with adsorbae.(L/mg) is Langmuiradsorption constant of adsorbake.

1/n

(mg/g)L/mg) =" is Freundlich adsorption capacity parameter. 1/n kseundlich intensity

parameter, unitless.

For theLangmuirmodel, it assumes that the adsorbed layer is one molecular thick and all
sites are equal. It is applicable for modeling adsorption that occurs on homogeneous surface sites.
For theFreundlichmodel,it assumes that the adsorption capacity is different at different sites
due to energy distribution. It is applicable for modeling adsorption that occurs on heterogeneous

surface sites (Cengeloglu et al. 2002).

NORI T E40 in€h GAC (ACROS Organi€9 was usd in thisexperiment Adsorption
isotherm was determined based on EPA GAC isotherm protocol (oldbS8ohen2002. GAC
was firstly powdered with a clean pestle and mortar to allow pass-m@8iisieve and was then
washed with boiling ultrapure waterrftoh. After being washed, it wasied in an oven at 105C
for 24h and stored in a desiccator until use. To establish equilibrium, accurately weighted
amounts of pretreated GAC (0.00B900500 d@L) were continuously and vigorously mixed with
MABR effluent n a 25RPM rotating tumbler for 8 days at 2€1 The mixing of carbon and

effluent was in 300nL bottles that filled with headspace free in order to prevent the volatizing
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of organics and the inference of air. Equilibrium COD concentration in each wat$lé¢ested

with standard method (APHA, 2005

4.4.1.3 Column Experiments

In order to have a wetlesigned adsorption column, some important parameters needed to
be determined such as empty bed contact time (EBCT) and breakthrougAdsoebate in the
fluid needs to travel a certain distance before being adsorbed, and that specifianieghgth
column is defined as mass transfer zone (M{I&j)ttenden et al., 2012). MTZ will keep moving
towards the end of the column, and the adsorbate at the frontofMITeventually show up at
the effluent. The time point when effluent concentration exceeds treatment target is defined as
breakthrough time(t,). After breakthrough happened, effluent concentration will increase
sharply within a short time period. Thene when effluent concentration is same as influent
concentration is defined as exhaustion time, because all carbon is saturated and the GAC bed

cannot remove contaminants any more.

EBCT isused as a measure of how much contact occurs between pasticless activated
carbon, and water as the water flows through a bed of the paftsigenden et al., 2012As
the EBCT increases, the time available for adsorbent to adsorb adsorbate from the water also
increase, as does the amount of adsorbate mesnfsgm the water during its transition through
the bed. It equals thelume that occupied by adsorbent media divided by flow Fateremoval
of soluble organic compounds from water, the range of EBCTs in-brddadsorption processes

often varies frond to 30 min for GAQCrittenden et al., 2012)

If the MTZ is short, the GAC column will be completely saturated when the adsorbate

reaches the end of the columnsimple mass balance in the column can be derived as follows:

Q Cint tk=Maac 1 (Eq.4-5)
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whereQ is flow rate of the column(L/d); Ci. is the adsorbate concentration in the influent,
mg/L; tpk is breakthroufy time d; Mgac is the mass of GAC in the columg; andn IS
adsorbenphase of adsorbatmncentrationwhenit equilibrates with the ifluent concentration,

mg adsorbate/ g adsorbent.

Thus, theoretical breakthrough time can be calculatedthatiollowing equation

o= ———— (Eq 4-6)

Thesame flowrate of bioreactors process train,LI1day, was used to ensure a synchronous
operationA Cole-Parmer peristaltic pumfCatalog NoS-7780060, Fisher ScientificCompany,
ON, Canada) wagsedto maintain the flowrateDown-flow pattern was used to avoid potential
carbon expansion and floatatiohfine carbon particles (U.S\rmy Corps of Engineer2001).
To ensure a stable effluent flowrate, effluent tubing was lifted above the upper surface of GAC

bed. Figd-16 is a schematic of GAC adsorption coluaypliedin this experiment

Due to no regiation on OSPW discharge, the water quality of effluent after adsorption
would be as best as it can be achieved. Furthermore, the flow rate of influent for GAC column is
very low (1.5 L/d). Typical adsorber velocities range from 5 to 15(@rhtenden etl., 2012)
Thereforetwo GAC columnswith EBCT of 30min and 300min weretestal to determine the
optimal one for this adsorption proce€encentrations of CORNdAEF were testedo evaluate
performances of the adsorption columm$e test method of D and AEF was the same as

those were described in Section 4.2.1.

Table4-4 shows main properties of two GAC columhslsotested COD concentration of

the 30min EBCT column effluent every week to develop its breakthrough curve.
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Table4-4 Main properties of two GAC colunsn

Items 30 min EBCT column 300 min EBCT Column
Bed height(cm) 14.0 32.0
Column diameter(cm) 2.5 4.8
Cross section(cf 491 18.09
Mass of GAC (g) 15.0 150.0

Effluent Port

Influent Port

GAC

Figure4-16 Schematic of GAC adsorptiaolumn

4.4.2 Results and Discussions
4.4.2.1 Isotherm

As shown in Figre 4-17, COD concentratiowas usedo plot adsorption isothernThe
Langmuirand Freundlichisotherms models were used to fit the experimental data of the COD
adsorption isothermsThe corresponding adsorption parameters were determined and are
displayed in Table 6. For COD adsorption by GAC, the experimental data is in better
agreement with theangmuirmodel thanFreundlichmodel The correlation coefficient @ is
0.98 for theLangmuir model, which suggests that the adsorption of COD onto GAC can be
attributed to monolayer adsorptidritting results display a relatively high adsorption capacity

(Ke=403.4mg COD/g GAQ) =833.3mg COD/g GAC) and a hightensity of adsorptio (n=5).
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Figure4-17 Adsorption isotherm o€0D in MABR effluentonto GAC aR1C

Table4-5 Characteristic parameters of two adsorption isotherm models

Freundlich model

Langmuir model

Kr (mg/g)
403.4

n
5.0

R Na (mg/g)  Ki (L/mg)
0.82 833.3 0.5

R
0.98

4.4.2.2 Performance of GAC Columns

Table 46 is a summary of the performances of two columns. Effluent COD concentrations

wereboth 17 mg/L. 79% of CODremovalwas achieved, which indicated the high effectiveness

of ad®rption process on COD removal. In the study by Islam et al. (2@AL adsorption

process was applied to treat OSPW with an optimal dose of 0.4 g GAC/L OSPW. The GAC

adsorption could remove 31.1% of COD from raw OSPW and 30.7% of COD from ozonated

OSPWwi t h

OSPW the big difference of neadsorbable portion of COD between the study of Islam et al.

ut

ized dose of 20 mg/ L

after

238

(2015) and this experiment indicated that GAC adsorption process woulthtwe effective as

the posttreatment of OSPW or ozonated OSPW. It indirectly demonstratechtioealty and

feasibility of the proposed bioreactor process train for OSPW treatment in this research.
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AEF concentrations intwo adsorption colums effluent were 3.1 mg/L and 2.6mg/L,
respectively The removalperformance of two columns aré1% and 76%accordingy. Scott et
al. (2@08) suggested that effective #R detective limitwas 1 mg/L andFT-IR detection teneld
to overestimate NAs conceations when e concentration v&abelow 10mg/L. Moreover,
based on several previous studies on bioreactor for OSPW treatment (Hwang et al., 2013; Huang
et al., 2016; Islam et al., 2014), the AEgfmovalwas higher than that of CO@movalunder the
same operational odition. Therefore, AEFconcentrations in the effluent from both two

adsorption columnmight be very low.

Table4-6 Performance of two GAC adsorption columns

ltem 30min EBCT column 300 min EBCT column
Concentrationrfig/L 17 17
cOD rog/L)
Removal (%) 79 79
AEF Concentration (mg/L) 3.1 2.6
Removal (%) 71 76

When the performances of two columns are compates,clearly showrnthat CODand
AEF removat are almost the same. Thus, 30 BBCT was chosen for this studif EBCT is
much lower (i.e. 10nin), the volume of adsorption column will be excessively sowikidering
the small flow rate of treated MABR effluerih that case the breakthrough time willtbe short
to makeoperators renew GA@equently. If EBCT is todong, the column will be unnecessarily
large, which would cause a waste energy and materials. As a feshtise to build a GAC

column with 30min EBCT.

4.4.2.3 Theoretical and Tested Breakthrough Time
According to EQ.4-6, 1) was needed to calculate the theoretical breakthrough time.
Langmuirmodelwaschos@é to estimate)  based on the result in subsection 4.4.2HusT the

theoretical breakthrough time obtained wa8 d&8ys Figure4-18 wasthe breakhrough curve of
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the GAC column witl80 min EBCT. It was shown that breakthrough happeteghproximately

85 days Here are two possibleeasonsfor the difference between theoretical and tested
breakthrough time. Ther8t possible cause might be theigence ofmass transfer zonehich
means breakthrough happens before all GAC bed in the coésaturated. The second possible
cause is that actugl  might be lower than the value estimatedUangmuirisotherm. Since
GAC used in isotherm testaspowered with pestle and mortar while GAC used in coluvas
filled without grinding. Theeffective adsorption area (per gram GAC) in the colunghirbe
lower than that used in isotherm te¥herefore, GAC with small diameter utilized in the

adsorption process will expand the operational life until breakthrough.
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Figure4-18 Breakthrough curve of the GAC column with 3n EBCT
From the above atysis, it was found tha&AC adsorption colummvas highly effective on
removingCOD (79%) and AEF (71%) from the MABR effluent. The COD concentration of the
effluent after adsorption was as low as 17 mg/L with 85 days of breakthrough time, which
demonstreed the necessity and rationality of adsorption process in the entire bioreactor process

train.
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4.5 Performance Evaluation of the Process Train and Conclusions

After two year® continuous, careful operation and thousandgrofibleshooting each
opeaation componentin the bioreactor process trafimally reached a stable state. The stable
performance of eactomponentn the entireprocess train was aluated and shown in Figure 4

19.
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Figure4-19 Performance evaluatiarf eachoperationacomponentvhen the process train was
at stable state

From Figure 419, it was illustrated that MBBR could achieve 23% of C@hovaland 16%
of AEF removalfrom raw OSPWZFor chemical oxidation process, COD decreased frainta
105 mg/L while AEF concentration decread from 2.1 mg/L to 16.2 mg/L. The dosage of
ozone at stable state was 35 mdg8ased on theesultsshown in Figure €0, it was clearly
demonstrated that BOD increased from 3 mg/l1%ang/L after ozonationwhich proved that
ozonation was efficient oimcreasing the biodegradability of MBBR effluent and facilitating the

further treatment of OSPW on MABRheremovas of COD andAEF in MABR were 44% and
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24%, respectivelywhich wereboth higher than those of MBBRhe BOD of the MBBR and
MABR effluent were both very low, which demonstrated that biological treatment had a certain
capacity of removing recalcitrant organic compounds in OSPW with growth medium addition
under alkaline environment. The residual COD inside MABR effluent could be further removed
by GAC adsorption process, achieving 79% of COD and 71% of ®Efoval The COD of
final effluent was 17 mg/L and AEF of the final effluent was as lov2.8sng/L. Therefore,
Adsorption process is useful and efficient on elimination of residualbromtegadable

chemicals in MABR effluent, which will be beneficial for OSPW final discharge in the future.
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Figure4-20 BOD value and BOD/COD ratio of each operational compowden the process
train was at stable state

Based on the above results, the protess combining bioreactors with chemical oxidation
and adsorption processsa feasible treatment approach for OSPW treatment, which provided a
solution for minimizing environmental and health impacts associated with the recycle and safe

release of traad OSPW in the future.

7C



CHAPTER 5 STAGE IV - Microbial Activity and Community Analysis of

Biofilm sin the Bioreactors

In this chapter, the main focus is to investigate the internal structure and microbial
community ofthe biofilm insidethe bioreactors when the performance of the bioreactor process
train was stable. It is also the task of Stage 4 in the research approach described in Chapter 1.
Microsensor and molecular biological techniques were applied in this Stage. These findings
about biofilm internal structure and microbial community analysis inside biofilm provided a
better understanding about the performance and function of bioreactors on OSPW treatment,
which will further demonstrate the feasibility of the established bioreact@egs train in this

study and help to optimize engineered bioreactors for OSPW treatment in the future.

5.1 Background

The microsensors are needleaped biochemical sensors with a tip diameter-bd@mm,
which can measure the chemical profiles in widtal communities (Okabe et al, 201There
are tvo types of electrochemical microsensors usetthig study (1) amperometric microsensors,
including @ and H,S microsensors(2) potentiometric microsensortiquid membrane ion
selective microsensors atbe examples of potentiometric sensors, such ag MGd pH
microsensors. The working principles for different type of electrochemical microsensors are
different. For amperometric microsensors, it measures the current resulting from the electrode
reactiors, which is proportional to the concentration of electroactive reactants (Revsbech, 2005).
For potentiometric microsensors, it measures the membrane potential as a function of ion
concentration (Lewandowski and Beynal, 2007). Taking pH microsensor fopkxaarstraight
line calibration curve can be plotted as the potentiometric response of pH microsensor versus

logarithms of the Hconcentrations in a series of standard solutions. The concentraticnirof H
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the unknown sample can be calculated from thidbredion curve based on the potential
measured by pH microsensor. Generally speaking, amperometric microsensors have longer
lifetime and better selectivity but shielding needed for eliminating interference. For
potentiometric microsensors, they have stolitetime but easier for fabrication (Lewandowski

and Beynal, 2007).

Microsensor techniqueshave been successfully used to determimesitu metabolic
actvities in microbial communities because they are able to probe and quantify the local
chemistry atmicroenvironment with high spatial resolution (Revsbech, 2005)he last two
decadestheremarkableheterogenigy of biofilms has been revealéésed ortheir composition
structure and in situ activity (de Beeret al, 1994) Microsensors have beerewkloped to
measure the chemical gradient witkihiofilm, which can illustrate thmicroscale heterogeneity
within a biofilm. Taking oxygen distribution in a biofilm for examplé,was typically reported
that a stealy decreas®xygenconcentration coulde observed as the microsensor progressed
from the bulk liquid above the biofilm into the biofilm depths. Oxygen can be consumed by the
microorganisms in the upper layer of biofilm, which is called as oxic zone and has dimensions of

tens to a few hundredicrometers as mostly reported.

Recently microsensor techniquewere utilized to illustrateconcentration gradients of
metabolic substrates and productsmiany studies ofvastewater biofilmsThose profiles of
metabolic substrates and products will hedgearchers learn more about the organization and
regulation of important metabolic processes inside biofiimthe study of Revsbech and
Jorgensen (1986), iorosensorswas appliedin microbial environmentsand the potential
relevance of microsensor techues to microbial ecologyas addressedror nitrification

processde Beeret al (1997 appliednitrite, nitrate and oxygemmicrosensa to illustratethe
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conversionof ammonium to nitrite and nitrite to nitratdong the depth of biofilmit revealed

that both nitrification and denitrification occurred simultaneously in a bio#imang and Bishop
(1996) studied the effect of ptand substrat®n nitrification in a biofilm sample usingH,
ammonium, nitrate and oxygenicrosensorslt demonstrated thaubstrate composition had a
great effect on the microbial community and pH change inside the biofilm. Those findings were
useful for researchers tbetter understand the nitrification process in biddilfRor sulfate
reduction process, Yu and Bishop (200dyestigated the stratification cfulfate reduction
processes byising the oxidationreduction potential (ORPand sulfide microsensors am
aerobic andsulfate reducing biofilm. It wasobservedthat aerobic oxidatiortook placein a
surface layer of theiofilm and sulfate reductionccurredin the deeper anoxic zoneor ORP
profile inside the biofilm, there was a sharp decrease happening near the interface between
aerobic zone and sulfate reduction zanethe study ofTan and Yu (2007),he productio of

H,S in the anoxic zone of the biofiiminside a MABR measured byH,S microsensor
demonstratedhe occurrence ofactive sulfate reduction activityrurthermore,simultaneous
microbial processes including nitrification, denitrification, sulfate reductod thestratification

of these processas the biofilm was investigated by a set of microsensors such as oxygen, ORP,
nitrate, pH, ammonium and,S microsensor¢Liu, 2015; Tan, 2012; Yu, 2000). Those above
studies demonstrate that microsensor as fulus®| can help us to visualize and understand the
function and internal structure of biofilm, which will be beneficial for optimizing bioreactor

operation.

Molecularbiological techniques can be used to identify specific microbial populatitats
cannd be detected by traditional microbiology techniques isdlaion and cultivation.

Comparing with the Sanger sequencing as the first commercialized DNA sequencing techniques,
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nextgeneration sequencing techniques are ‘tigbughput and have robust, lowis® data
(Buermans and den Dunnen, 2014). It includes Illlumina sequencing, Roche 454 sequencing, lon
torrent: Protor "/PGM™ sequencingind SOLID (Sequencing by Oligonucleotide Ligation and
Detection) sequencing (Buermans and den Dunnen, 2014). Adney &ready been widely
applied to investigate the distribution of microbial commyrmihd functional diversjtin the

biofilm.

For the analysis of microbial diversity, sequencing data from 16S rRNA genes amplified
from environmental samples are used. Firglgilar 16S rRNA sequences were clustered into
operational taxonomic units (OTU) after quality checking. Microbials assigned in one OTU are
considered to be from the same taxowg#&, 2003). Then, alpha and beta diversity analysis
were conducted based d@he OTU aligned by certain software platforms, including mothur

(https://mothur.org/wiki/Main_Page Quantitative Insights Into Microbial Ecology (Qiime;

http://giime.org) and Ribosomal Database Project (RDRp://dp.cme.msu.edy/ Alpha
diversity defines the diversity of microbial community within one sample while beta diversity
defines the diversity of microbial community between several samples. The number of OTUs,
Chao 1 and Shannon index can be used to measdieersity. Principal coordinate analysis
(PCoA) is performed to investigate the correlatmnong microbial communities from different

sampleswhich was one of analysis for measurindiversity.

For OSPW treatment, it was found that NAs can be dedradg indigenous
microorganisms in oil sands tailings ponds (Han et al., 2009). However, the estimated time for
situ biodegradation of NAs in tailings ponds could be decades (Han et al., 2009). Therefore, the
application of engineered bioreactors will becessary for accelerating the biodegradation

process for OSPW reclamation. Recent studies including this study have demonstrated the
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capacity of bioreactors inoculated by indigenous microorganisms to accelerate the
biodegradation of NAs in OSPW (Choi &, 2014;Clemente et al., 2004; Han et al., 2008;
Holowenko et al., 2001; Hwang et al., 2013; Islam et al., 2013; Xue et alh)2@8B8ed on the
published studies, the phyluRroteobacterias commonly found to be the dominating microbial
consortium inbioreactors for treating OSPW (Xue et al., 2018). Several microbial species like
Rhizobiales Pseudomonadand Flavobacteriumhave been reported to have the capacity of
degrading organic compods in OSPW (Headley and McMartin, 2004; Xue et al., B0X&ie

et al., 2017). In nitrification processnanonia oxidizing bacteria (AOBhvolved can generate
ammonia monooxygenase (AMO) enzyme, which are able to degrade aliphatic and aromatic
hydrocarbons (Chang et al., 2003). In denitrification prodgssawan etl. (2014) found that

NAs removal coupled with denitrification was two times faster than that under aerobic
conditions.However, in the study of Misiti et al. (2013), it was reported that commercial NAs
were not degraded by denitrifiers but by aerobictmtophs. For sulfate reduction process,
Clothier and Gieg (2016) reported that simple surrogate NAs could be biodegraded under anoxic
condition with sulfate amendment. It was also found that sulfate reduction was driven by
complex NAs in OSPW, in whichnaincrease in the relative abundance of the genera

DesulfobulbusindDesulfomicrobiunwere observed.

With the application of molecular biological techniques, it will be feasible for us to
investigate the shift of bacterial communities under differentebictor operationatonditions
and to qualify and quantity those functional bacteria groups. Combining the related chemical
profiles by microsensor, the linkage between related functional bacteria groups and functions
performed by bioreactors could be e$isdted, which will be beneficial for the design and

operation of bioreactors in the futute.this study the moleculabiological techniquelllumina
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Mi Seq sequencingombined witha set ofmicrosensorsvereat the first time utilized togethéo
investicate thechemical profiles anthe distribution ofmicrobial communityinside the biofilm

from MBBR andMABR for OSPW treatment

5.2 Chemical Profiles inside Biofilms from MBBR and MABR Measured by Using
Microsensor Techniques

In this section, biofilns from MBBR and MABR werestudied by using a set of
microsensorsncluding pH, ORP, N@, O, and HS microsensorso get thecorresponding
profiles, which are related to biological processes existed in the biofilm such as nitrification,

denitrification and sdiaite reduction process.

5.2.1 Microsensors and Microsensor Measurements

Microsensors applied in this research are electrochemical microsensors which are divided
into amperometric and potentiometric microsensors. The amperometric microsensors include
combned O, microsesor and combinedH,S microsensorThe potentiometric microsensors

include pH,NO3 and ORP microsensors.

Combined O, microsesor (OX-1 0) wi t h a tip dombimale H,® r of
microsensorH,S-2 5 ) with a tip di ammdee({PA2000) usedin thisn and

study were bought from Unisendgettp://www.unisense.cojn Denmark. Before measurement,

the O, microsesor was polarized according to the method described in the study by Tan (2012).
The a@libration was conducted by using nitrogen gas @)oand compressed air (21@, DO

= 8.90 mg/Lat 21 C), which is suitable for the measuring range in this study. The calibration
curve is shown in Figure-C (a) in Appendix C. For thE,S microsensgrthe calibraion curve

was obtained by plotting serial dilution (0 t o HHp® Dandardii3olutiorf at pH 8.0

versus currenfTan and Yu, 2007)which is shown in Figure-C@ (b) in Appendix C.
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Liqguid membrane iorselective microsensors such as pH af@s; consist of an ion
selective electrode with liquid membeaand a haitell reference electrode with liquid junction
(Tan, 2012). The membrane solution for pH &@;" microsensors are commercially available:
Hydrogen ionophore - cocktail B (Catalog No. 95293, Fluka, SigiAldrich, Canada) fopH
microsensor. Nitrate ionophoreocktail A (Catalog No. 72549, Fluka, SigrA&rich, Canada).
In this studypH and NQ" microsensorsvith atip diameterof aboutl 5 wenefabricatedand
calibratedby following the methodlescribed byTan (2012) The calibration curves for each
liquid membrane iorselectivemicrosensor could be found ihigure G1 (c) and (d)in the

Appendix C.

ORP microsensor is used to meastme potential drop between the working electrode and
the reference electrode when both electrodes are immersed in the same solution. The fabrication
and calibration of ORP microsensor was detailed described in the study by Tan (2012). Figure C
1 (e) showslte calibration curve of ORP microsensor used in this study. The slopes of both
curves are 0®and 0.98, respectively, which are quite clés¢he theoretical value of 1.00. It
means the quality of ORP microsensor is good. The tip diameter of the ORIRenswr in this

study was around 16 m.

When each of theioreactorgeached steady state, biofilm was taken out of the bioreactor
and placed into a measuring setup in which the condition of biofilm was as close as possible to
that in the operational biasetor.An illustration of microsensor measurement setup in théslab
shown in the following Figure-%. The measuring setup for each bioreactor will be described in

the Section 5.2.2.
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Picoameter

Micromanipulator

Working microsensor Reference eectrode

__l_L__v_
Measuring stup |
Biofilm Sample
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Figure5-1 An illustration diagram ofmicrosensor measurement setup

Each microsensor was calibratedth the procedure described in those above paragraphs
before and after the measurenseithe measuring setup with biofilm inside was placed on a
vibration isolation table (TME&" Vibration Contol, MA, USA) to avoid the interference by
vibration on measurement. All measurements were conducted inside a Faraday cage to reduce
the electrical noise.During measurements,each microsensor was mounted on a
micromanipulator (Model M3301R, World Precisitnstruments, Inc., Sarasota FL, USA). The
microsensor tip wasdvanced into the biofilnplaced in the measuring setup. When the tip
touched biofilm surface, the microsensor penetrated the biofilm by mthengicomanipulator
attheintervalob 0 e m. The movement was viewed through
(Model: Stemi SV11, Carl Zeiss, Jena, Germa#Ay).illuminator was used to enhance the view
of movement ared zero reading in the biofilm was the same as the reading iNAlsatuated
water forO, microsensor and ikl,S-free water for théd,S microsensor. For pH, ORP aiNDs
measurement, a commercially purchased Ag/AgCl mieference electrode (Catalog No.-Mi

409, Microelectrodes Inc., USAyas used as the separate refereneetrelde. For @and HS
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measurement, there was no separate reference electrode because the reference electrode was

combined into the microsensor (i.e., combined microsensor).

In order to link the performance of bioreactors and chemical profiles in thémsiof
illustrated by microsensors, water samples from bioreactors were taken simultaneously with the
collection of biofilm samples. The concentration measurement of nitrate nitrogen, ammonium
nitrogen, nitrite nitrogen and sulfate were conducted by iomaat@graphy (IC). In this chapter,
total nitrogen (TN) was defined as the sum of nitrate nitrogen, ammonium nitrogen and nitrite

nitrogen. The IC test of each sample was conducted in duplicate.

5.2.2 Results and Discussion
5.2.2.1 Chemical Profilsin Biofilm from MBBR

For MBBR biofilm measurementone piece of packing materiabataken out of MBBR
when the performance was stable. It wasinto halfand held in a petri dish filled with solution
from MBBR. During the measuremenO concentration wasaintained 23 mg/L and pH

value was 7.8.0in the bulk waterwhich were the same as the operational conditions in MBBR

Figure5-2 Pictures of microsensor measurement setup for MBBR biofilm
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Figure 52 showspart of tre set up for microsensor measuremehte red electricatlip in
the left picture was connected to the working microsensor while the green electrical clip was
connected to the reference electrotee profiles ofpH, ORP, @, NOs;” and HS along the depth

of MBBR biofilm wereshown in Figure 5.
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Figure5-3 Chemical profiles insid®BBR biofilm
From Figure 83, the thickness of the biofilrmeasuredvas around 105@ m The pH
profile showed thapH inside the biofilm was almost the same with that in the tvalier, which
was around 7.8pH profile inside the biofilm is necessary to determine th® Ebncentration

due to the relationship of 23 concentration with pH.

The QG concentration profile revealed that ®@as gradually consumed and then depleted at
550 ¢ mbelow the biofilm/bulkwaterinterface, indicating oxic and anoxic zone in the MBBR
biofilm. The penetration depth of oxygem most wastewater biofilmgs within 50~150m
(Syron and Casey, 20Q8From the bulk liquid to the biofilm, nitrate concentration decreased

and was depleted at 780m b el o w t Ih#e anaoxit zomef lecatesl from580m bel ow
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the interface to the packing material wall, denitafion process occurred. It was consisteiti
40% of TN removal in MBBR. The TN concentration for influent and effluent of MBBR were

26.6 +1.5 mg/L and 15.9 £1.1 mg/L, respectively.

ORP measurement can be usegdnfy the ability or potential of wetewater to permit the
occurrence of specific biological reactions, including nitrification, denitrification and sulfate
reduction (&rardj 2007) Nitrification is performed by nitrifying bacteria when the ORP is
+100 to +350 mV. Denitrification is perfored by denitrifying bacteria with the ORP in the
range of +50 te50 mV. Sulfate reduction occurs when the ORP5[ to -250 mV (Gerardi
2007) Along the entirebiofilm depth, the redox potential chagiEom +419to -125 mV. It
means the existence oftmiication, denitrification and sulfate reduction process is possible in
MBBR biofilm. In the studies of Yu (2000) and Tan (2012), the ORP value for sulfate reduction
process inside biofilm was arourti50 mV. In this experiment, there was only a narronez
from900e m bel ow the interface to the wal/l of pa

process

Furthermore, the profile oH,S concentration in MBBR biofilm revealed thai,S
accumulated in the deeper section of the biofilm closed to the packing mattialhere the
ORP value was around00 mV. It was consistent with results reported by Yu (2000) and Tan
(2012). The very smaHi,S concentration implied the rare existence of sulfate reduction process
in MBBR biofilm, which also explained the poor pemrtance of MBBR on sulfate removal. The

sulfateremovalwasaround 5%with the influent concentration of 64431.5 mg/L.

5.2.2.2 Chemical Profilsin Biofilm from MABR
For MABR biofilm measurementsnepieceof membrane module was taken out of MABR

andput into awide-openplastic tray.In order to simulate the condition of biofilm inside the tray
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as the same of that in the operational MABR, a temporal measuring system was setup, which is
shown in Figure 8 (a). A 10 LPyreX\ bottle (Catalog No. 06414-1G, Fisher Scientific
Company, ON, Canada) was used as a reservoir for solution from MABR, in which nitrogen gas
was purged to get rid of dissolved oxygen. Two sets of pump and controller were utilized to
recycle the solution, which maintained DO insitie tray as low as possible and reduced the
interference caused by air diffusion from the atmosphere. The compressed air was supplied by
the red gas cylinder on the left side of the figure and introduced into the membrane module by a
flow meter to keep theame flow rate used in the operational MABR. Figu# ) and (c)

show the microsensor measurement when the temporal measuring system was setup. Due to the
space limitation in the Faraday cage and the size of the tray, a portalileet5magnifier

instead ofa horizontal dissection microscopas used to locate the biofilm/bulk water interface

initially for microsensor measurement.
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Figure5-4 Pictures of microsensor measurement setup for MABR biofilm

The profiles ofO, concentration, N@ concentration, k5 concentration, ORP and pH as a

function of distance from the surface of the biofilm were plottdéigare5-5.
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Figure5-5 Chemical profiles insidMABR biofilm

The biofilm thickness is determined by the distance traveled by the micromanipulator.

From Figure 55, the thickness dfIABR biofilm wasaround1500¢ mlit wasclearly found that

oxygen anchutrients (such as NQ wereprovided from opposite directions MABR biofilm,

which was6 ¢ o udit fefru s i

onal
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profile in Fig. 55, oxygen penetraing throughthe membrane was depleted at abou50 € m

below the biofilm/bulk liquidinterfacein the upper biofilm which was the anoxic zone inside
MABR biofilm. The existence of oxygen concentration was observed near the biofilm/bulk water
interface and in the bulk water, which should not happen wheménebrane module placed in
MABR. Considering the feasibility of microsensor measurement, this interference caused by air
diffusion from the atmosphere cannot be @liated. The measurement results were acceptable
for supporting the related discussion. Tfere, the oxic zone inside MABR biofilm was from

the surface of membrane to®G& nbelow the biofilm/bulk liquidnterface.

pH profile along the depth of biofilm changed slightly (within 0.2 unit), which was around

7.9.The HS concentration profile showed that3Hproduction was restricted to the upper layer
(250~3® ¢ nbelow the bidilm/bulk liquid interface) of the anoxic zone whefe ORP value
was-140 mV. Tan et al. (2014) reported that the highes$ igroduction rate was found about
400 to 450 mbelow the biofilm/bulk liquid interfacen a MABR. In the aerobic zone,.H
produed was oxidized. Due to the oxygen diffused from the atmosphefeweds also non
detected near the biofiltmulk liquid interface where the ORP value was back4® mV. The
sulfide detected in the MABR biofilm indicated the existence of sulfate redymiomess, which
was evidenced by the performance of MABR on sulfateoval. The sulfateemovalwas 20%,

with the influent concentration of 53#B.7 mg/L.

For ORP profile, the value of redox potential changed from +410 mX{40 mV. It was
found that tle redox potential changed dramatically near the interface of aerobic and anoxic zone.
The same phencenon was observed in the previous studies (Tan et al., 2014, Yu and Bishop,
1998).The NG’ concentration decreased along depth ofbiofilm from the buk water sideand

was depleted at 300 m f r om t hirdicding thagédenitrdicateon processook placein
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the anoxicozone of MABR biofilm It was consistent with the result reported by Tan et al.
(2014). Furthermore, theemovalof TN in MABR was achieved around 84% with the influent
concentration of 22.32.0 mg/L, whichcould ensure the occurrence of denitrification process

inside the biofilm.

5.3 Analysis of Microbial Community inside MBBR and MABR by Using Molecular
Biological Tecmiques

In this section, microbial community ide biofilm from MBBR and MABR were
investigated by using molecular biological techniques. The main focus is to find out the
microbial community diversity and dynamic shift inside each bioreactor under different
operational conditions. Combined with thesatical profiles illustrated in Section 5.2, it gave us
a comprehensive insight about performance and function of bioreactors on OSPW treatment,
which denonstrated thenecessity and feasibility of the established bioreactor process train in

this study.

5.31 lllumina Mi Seq Sequencing

The microbial diversity of inoculum and enriched microbial consdiraughour novel
bioreactor process trawvas analyzed via lllumina MiSeq sequengiaglizing the capacityn
The Applied Genomics CoréTAGC) at Universty of Alberta Genomic DNA was first
extracted frombioreactorsamplesby using thePoweSoilN DNA Isolation Kit (MO BIO

Laboratories|nc., CA, USA) accordingtd he manuf acturedés manual

Sequencing amplicon libraries were generated by PCR followingiltt8 Metagenomic
Sequencing Library PreparationPreparing 16S Ribosomal RNA Gene Amplicons for the
lllumina MiSeq System" protocol (lllumina Part # 15044223 Rev., B

https://support.illumina.cojm Internal parts of the 16S ribosomal RNA (rRNA) gene, doger
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variable regions V3 and V4, were P@mrplified with the KAPA HiFi HotStart ReadyMix

(Catalog No. KK2602KAPA Biosystems, MA, USA) and the primers
5-TBGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCBAMGGGGNGGCW
5-GVWCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGE TACHVGGGTATCBAMTCC

and purified with the Agencourt AMPure XP kiCatalog No. A63880Beckman Coulteinc.,

CA, USA).

The PCR process was conducsadfollows: 95C for 3 min, followed by 25 cycles at 35
for 30 s, 55C for 30 s, 72C for 30 s and dinal extension at 7Z for 5 min. PCR reactions

were performed in triplicage Each 25 PLPCR reaction mixture contained 12.5 ng of microbial

DNA, 5 |L of each primer (1 pM), and 12.5 L 2x KAPA HiFi HotStart ReadyMix.

Purified amplicons were pooled ig@molar andsequenced on an lllumina MiSeq platform

using the Mbeq Reagent Kit v3 in thex2300bp Pairedend mode.

The sequencing data analysis was conductedhtthur (Schloss et al.2009) following
MiSeq SOP lfttp://www.mothur.org/wiki/MiSeq_SOP Firstly, the raw pairegnd reads were
assembled to reduce sequencargl PCR errors of the reads, and then the reads containing
ambiguous bases, incorrdzircode or primer sequences, or longer than 7#dre excluded
from further analysis. Btative chimeras were detected and excluded from previously treated
sequences with UCHIMElIgorithm within mothurTaxonomy was assigned with Silva database
using kmer searching method with cutoff of 80%. The segasnclassified in Chloroplast,
Mitochondria, Archaea, and Eukaryota were excluded from further analysiseraeing reads
were clustered into OTUs at 97% identiBarefaction and diversity statistics including library
coverage, Chad, and Shannomdex were calculated for each samgéer OTUs clustered.

PCoA was conducted with thatc distance. Finally, theaw reads were deposited into the
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National Center forBiotechnology Information Sequence Read Archive database under

accession.

5.3.2 SampleDescription
There were six samples collected from MBBR and MABR for Illlumina MiSeq sequencing

analysis Table 51 providesdescription othese samples.

Table5-1 Description of six samples for lllumina MiSeq sequencing

Sampe Name Sample Description
S Raw OSPW extraction
SAz1 MBBR biofilm when seeding period was jusinpleted
SAs: MBBR suspended solid iphase 3 when MBBR was #te stable
state
SAz MBBR biofilm in phase 3 when MBBR was at the stable state
SBy MABR inoculum sludge
SBg: MABR biofilm in phase 2 when MABR was tite stable sta

The microbial community analysis op 8an tell us the indigenous microorganisms existed
in OSPW. The influence of operation conditions on microbial community inside biofilm
MBBR can be revealed by the difference betweeg;$Ad SAs,. The featuref biofilm can be
illustrated by comparing the microbial community ingfsuspended solid in MBBR) and A
(biofilm in MBBR). As described in subsection 4.1.3 and 4.33w8&s a source of seed for
inoculating MBBR and MABR. The comparation of, SAs; and SB; can explicate the
function of engineered bioreactor on selecting and enrickorge specific microorganisms.
Based on th&e comparisons, we can have an insight about itileence on microbial
communities inside bioreactors at different operational conditions, wihékRs us interpret the

performance of bioreactor process train on OSPW treatvoemirehensively.

5.3.3 Results and Discussion

5.3.3.1 Diversity Indices
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A total of 3,608,551 16S rRNA sequences obtained were selected for classification. To
compare the diversity indices, the sequences number of each sample was normalized to 544,425
reads. To examina diversity of each sample and evaluate the performanasbhtethodChao
1, OTU number, coveragand Shannoindices were computed through rarefaction at a cutoff

3%. The results arshown in Table &.

Table5-2 Alpha diversity parameters of microbial communities for all sixHam
Parameters(N = 544425 sequences/sample)

Sample OTU number Coverage (%) Chao1? Shannor?
S 7077 991 43532 4.30
SAg; 7637 99.3 33714 4.59
SAs: 5471 993 28986 412
SAg 6185 994 30564 4.20
SBy 6427 995 33340 419
SBg; 4372 99.4 17969 4.60

a. Chao 1 index is used to estimate the total number of species withinge
b. Shannon indexndicates theevenness that combines species richness and abundance to
describe how different species are numerically distributed witkamaple

From the above able, the coverage of each sample was higher than 99%, which
demonstratedthat the obtained sequences reasonably represented the overall microbial
communities.The Chao 1 value ofpSvere the highest in all six samples while OTU number and
Chao 1 value oSBg; were the lowest in all six samples. It means the richness of microbial
species inside raw OSPW extraction was the highest among all six samples. Some microbial
species might not survive or be washed out of bioreactors due to the different envirbnmenta
conditions inside bioreactors from that in OSPW. However, MABR, with demonstrated good
performance on AEF removal, had the lowest richness of microbial species in all six samples. It
indicated that those nesurvival or washe@ut microbials, which lardg affected the species
richness of the community, might not contribute to NAs degradation. The same observation was

also reported in the previous study (Xue et al., 2017).
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The OTU value of SA was the highest among all six samples. Bechused two mee
sources of seed other than extraction from raw OSPW for seeding MBBR, which made the
diversity of microbial community in this bioreactor higher than that in raw OSPW. The
advantage of choosing diverse sources for seeding bioreactor will be furthieatdidsn the

following section.

Comparing SA; and ShAs,, it was found that the OTU number and Chao 1 value in the
biofilm sample SAgz, were higher than those in the suspended solid sample, S#hich
demonstrated the microbial richness in the biofilm wigkdr than that in the suspended solid in
MBBR. This result is accordance to previous study (Huang et al., 2017). Furthermore, the
oxygen profile in the biofilm of MBBR described in subsection 5.2.2.1 also illustrated that there
were oxic and anoxic zone the biofilm, where could supply two kinds of microenvironment for
aepobic and anaerobimicroorganismsTherefore, these results demonstrated the advantageous

of biofilm comparing with the suspended sludge in the bioreactor.

Shannon index is used to mft both species richness and evenness in the microbial
community. A higher value of Shannon index indicates higher diversity of the microbial
community. For SA; and ShAs,, these two biofilm samples were taken from different phase of
MBBR operation. The dweased Shannon index value (from 4.59 fogSA 4.20 for SA; in
Table 52) may be caused by the chronic toxicity of NAs in MBBR due to the different influent
composition at different phases. The portion of raw OSPW in phase 1 (whgrwas taken)
waslower than that in phase 3 (when $Avas taken) as described in Chapter 4. It means only
bacteria with high tolerance on the toxicity of NAs can survive. Xue et al. (2017) also reported
the same trend in MBR for treating OSPW. Comparing witk,Sthe hidier Shannon index

value of SA, also demonstrated that biofilm had the capacity for providing different
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microenvironments from that in the bulk water faricroorganisms to survive due to the
diffusion limit. More kinds of microorganisms mean more possiiestence of metabolic

processes, which will be further explained in the following section.

The Shannon index value of &Bwvas the highest in all six samples. There were two main
reasons: (1) the toxicity of MABR influent was lower than that of MBBR erfludue to the
chemical oxidation process in the bioreactor process train. The capability of ozone on reducing
toxicity of NAs was well studied by the previous researches (Dong et al., 2015; Gabial El
M. et al.,, 2011; He et al.,, 2012; Hwang et al., 20Martin et al, 2010). (2) the lon§RT
described inChapter 2 made MABR capture the bacteria with slow grgwate from being
washed out, which increased the diversity of the microbial community in MABR biofilm. In the
study by Wittebolle et al. (2009}, was found that the evenness of a microbial community had a
strong influence on the resistance of microorganisms to environmental stresses such as high
salinity and toxicity. The higher evenness of the microbial community, the higher probability
that tke microbial community tolerant to an environmental stress is present. In this study, the
higher value of Shannon index for §Bhan that ofSAg, explained the better performance of
MABR on AEF removal than that in MBBR when both reactors were at statiés sthich was

illustrated in Chapter 4.

5.3.3.2 Bacterial Community Structure Analysis

Figure 56 shows thetop 10 most abundant phyla of each sample, indicating that
Proteobacteria Bacteroidetes Firmicutes and Chloroflexi were the dominant phyla ahe
microbial communities, accounting for over 80% of the total abund&noteobacteriavas the
most dominantphylum in all six samples (21:88.1%), which is known as theommonly

predominateghylumin sediment of reservoirs and lakes (Chen et al., 2Badler et al., 2011)
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and play an important role on the performance of degradation of organic compounds and
nutrients removal in an ecosystem (Yang et al., 20i.#as reported thaBacteroidetehave an

import role in the mineralization of complex ongacompounds in the marine realm (Kabisch et

al., 2014). The relative abundance (RA)Baifcteroidetesn the suspended solid (21.7% in SA

was higher than that in MBBR biofilm (7.2% in &\ Comparing to raw OSPW, the RA of
Acidobacteriain the bioreatrs increased, which was found to be able to degrade the
carbohydrate in the peatland. It meant the bioreactor enriched the specific microorganisms for
carbohydrate degradatioNlitrospirag which was involved in nitrification and denitrification,

was ony detected in both bioreactors. Because there were other sources like activated sludge
from CASR in Chapter 3 than extraction of OSPW for seeding bioreactor. The diversity of seeds
gave us the diversity of microbial community in the bioreactor, whichvedsodemonstrated by

the highest OTU value of SAin Table 52. Due to the addition of other sources, bioreactors in
the process train had the capacity of nitrification and denitrification relatddraspirag which

was not detectable iny $extractionof raw OSPW). It indicated that seeding bioreactor with- non

OSPWaorigin sources was a wise and advantageous decision in this study.

The RA ofNitrospiraein MABR biofilm (4.8% in SB;) was higher than that in MBBR
biofilm (2.9% in SAs,), which matched thhigherremovalof TN in MABR than that in MBBR
mentioned in Chapter 4. Furthermore, the RAGifloroflexi that can participate in carbon
oxidation and nitrification (Kragelund et al., 2007) increased in the biofilm samples (17.1% in
SAg2; 13.9% in SB;) were also higher than that in the inoculums (2.2% ims:Sand 1.5% in
SBy) for both bioreactors. These findings were consistent with the nitrate profiles described in

the Section 5.2.2. for both bioreactors.
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Figure5-6 Thetop 10mostrelative abundancef the bacteria at the phylum level
In order to further investigate the structure of microbial communities of all six samples, the
dominant classes were identified, which were shown in Figufe More difference can be

observed at the class level.
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Figure5-7 Thetop 10mostrelative abundance of the bacteria at the class level
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Among Proteobacteriathe dominant phylumalpha, beta, and gammaProteobacteria
were the dominant classes in all six samples.dHftaProteobacterigpopulations in all samps
were relatively small (<2%). The similar observation was also reported by Huang et al. (2017), in
which fixedfilm activated sludge systems were utilized for OSPW treatment. In raw OSPW
sample (9, b-Proteobacteriaand gProteobacteriawere dominant, wose RA were 29.9% and
31.9%, respectively. After inoculating extraction of raw OSPW into the bioreactor, the
proportion ofgProteobacteriawas remarkably declined due to the different circumstance in the
bioreactors from tailings pond whiteProteobactea was still the dominant class in the samples
from bioreactors. In the study of Yergeau et al. (2012), it was found th#kRneteobacteria
existed in oil sandsailings ponds had the capacity of degradation of naphthenic acids and
aromatic hydrocarban The RA oft-Proteobacterian SAs, SAs2 and SB, were comparable,
which were 13.7%, 12.7% and 6.1%, respectively. It explained the degradability of NAs in

MBBR and MABR demonstrated in Chapter 4.

Regarding to th®acteroidetephylum, Sphingobacterishowed a relative high abundance
in both bioreactors after inoculation, which was demonstrated to be responsible for degradation
of recalcitrant organic compounds (Drury et al., 2013). The increase of populations of
Sphingobacteriain both bioreactors prodethat bioaugmentation happened in MBBR and
MABR after inoculation. The RA oSphingobacterian SAs; (12%) was higher than that in

SAg; (4.5%) and SB, (7%) due to its characteristics of aerobic living.

By comparing SA; and SB., the relative abundancé Blitrospira and Planctomycetacia
were 2.9% and 3.2% in $4 while 4.8% and 9.7% in $B, respectively. It was reported by

Schmidt et al. (2003) that anaerobic ammonium oxidation belongs to plBlamstomyceds
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which may explain the better Tiémovalin MABR than that in MBBR due to the relative high

abundance dPlanctomycetaéi.

Figure 58 was the heat map for top 50 most abundant genera for all six saifipdes.
were nine common genera for all six samplaeshich were3_genus_incertae_sediSaldilinea,
Falvobacterium Gp4, Hydrogenophaga Opitutus Prosthecobacter Pseudomonas and
Rhodobacter in different abundanceslt was reported thatsome Pseudomonasand
Falvobacteriunmspecies had the capacity of degradiagalcitrant organic compounds, incluglin
polycyclic aromatic hydrocarbons (Cao et al. 2008n den Tweel et al. 1988) and NAs (Whitby
201Q Zhang et al., 2015 Rhodobactemwere believed to showreat resistance to the harsh
environment and capability of degrading carboxylic groaghe maincarbon chair(Loy et al.
2005. For Pseudomonashe RA in §, SAa2, SAs; and SB, were 0.55%, 1.3%, 1.04% and
0.87%, respectively. FdRhodobacte the RA in §, SAx2, SAs; and SB; were 0.36%, 0.51%,
0.72% and 0.6%. Fdfalvobacteriumthe RA in 9, SAa2, SAs2 and SB; were 0.82%, 2.17%,
0.53% and 0.3%. Based on those data, it was easily found that the RAeoflomonas
Rhodobacte and Falvobacteriumin bioreactors were almost double of those in raw OSPW. It
indicated that MBBR and MABR enriched specifnicroorganisms capable of degradation of
recalcitrant organic compounds, which accelerditvedeclamation ofOSPW It helped explain
the performance of bioreactors on NAs removal on such a short HRT (3 days) comparing years
of natural biodegradation dflAs in OSPW illustrated in Chapter Zhe high population of
Nitrospira in SAg; (2.93%) and SB (4.81%) also explainecthe performance of nitrogen
removalin both bioreactorsvhen they were at stable state, which was mentioned in Section 5.2.
The RA oflgnavibacteriumin SBg; was 2.58%, which was reported to be the cultured member

of the phylum Chlorobi and related to sulfur metabolism (Liu et al., 2012). It explained the
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sulfate reduction happened in MABR, which was also demonstrategd®ptdfile in MABR

biofilm illustrated in Section 5.2.
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Figure5-8 Heat map for top 50 most abundant bacteria at genus level
5.3.33 Comparative Analysis of Microbial Communities
To investigate the relationship between all six samples, PCoA was performed vaic thet
distanceto examine the correlation among microbial communities from different samples. In
PCoA analysis, samples ordinated closer te amother are more similar than those ordinated

further away. Figure-® shows the PCoA analysis results.
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Based on the above figure, principal component 1 and 2 explained 38.19% and 26.39% of
the total community variations, respectively. Overall, the PC1 and PC2 showed 64.58% variation
between the different communities for all six samples. Is wkearly found that significant
differences of microbial communities were present between Raw OSPW sample and samples
from bioreactors. That was because the operation conditions inside bioreactors were totally
different from the water quality condition @SPW. For samples in MBBR, {Aand SAs,
were clustered together and well separated fromg; Sespite the fact they shared the same
source of microbial consortia. To identify the crucial factor resulting in microbial community
structure change, we analgzéhe operational conditions in MBBR when those samples were
taken. In the description in Section 4.1.3, it was known that the influent composition and HRT as
two main operational conditions were different at Phase 1 fgs 8Ad Phase 3 for $4 and
SAg. pH and BD were almost the same at Phase 1 and 3. The same reason was found for

explaining the clear distinction of microbial community betwee && SB;. Based on the
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above discussion, the influent composition and HRT might be factors affecting theéaabe

and diversity of microbial communities.

5.4 Conclusions

In this chapter, microsensor and molecular biological techniques were utilized together to
investigate the internal structure and microbial communities inside biofilms from MBBR and
MABR. The oxygen and N© profiles inside MBBR and MABR indicated the existence of
nitrification and denitrification process, which was verified by the high relative abundance of
Nitrospira in biofilms from both bioreactors. High level of,& was found in a narrowand
about 250um to 350 um below the interfacef MABR biofilm, in whichthe ORP lower than
140 mV.Both H,;S and ORP profiles proved thailfate reduction process existedide MABR
biofilm. Ignavibacteriabelongingto Chlorobi phylum which relates tsulfur metabolismwas
also foundin MABR biofilm. The comprehensive analysis in tlsisapterindicated thatesults
from Illlumina MiSeq sequencinig terms ofmicrobial community structures corresponded well

with thosefrom microsensor measurements imierof their metabolic functions in biofilm

Although the richness of raw OSPW was the highest among all six sample, some microbial
species only existed in OSPW might not contribute to NAs degradation in bioreactors. Because
the OTU number and Chao 1 valokbiofilm in MABR were the lowest while the performance
of MABR on NAs removal was good. The highest value of Shannon index for biofilm in MABR
explained the good performance on NAs degradation. Seeding bioreactor wiEiSRMForigin
microbial consortiavas beneficial for the application of bioreactor on OSPW treatment due to
new capacity introduced into bioreactor caused by new microbial consortia s8edadse
bioreactors in the process train had the capacity of nitrification and denitrificatidedréta

Nitrospirag which was not coming from the extraction of raw OSPW.
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By analyzing the microbial communities of each sample at phylum, class and genus level, it
was found that high relative abundance of bacteria involved in removing nitrhigenspira
and Planctomycetacip aromatic compounds b{Proteobacteria, and hydrocarbons
(Sphingobacteripin bioreactors accounted for the good performance of the bioreactor process
train on nitrification, denitrification and effective removal of OSPW NAs. Biciea selected
and enriched specific microorganisms (ileseudomonasFalvobacteriumand Rhodobactér
which showed great resistance to the harsh environment and the capacity of degrading carboxylic
group of the main carbon chain. It was clearly indicdted bioaugmentation happened inside
bioreactors, which made the biodegradation of recalcitrant organic chemicals in OSPW faster
and the acceleration of OSPW reclamation promising. Also, PCoA analysis of all six samples
illustrated that influent compositn and HRT of bioreactor were the two main factors affecting

the abundance and diversity of microbial communities.

Therefore,seeding with nof©OSPWorigin microbial consortia and nutrient addition are
highly recommended for biodegradation of recalcitrarganics in OSPW.With the
understanding of microbial community and biofilm structuteisi believed that the results
obtained in this chapteranhelp to optimize engineered bioreactors for OSPW treatment in the

future.
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CHAPTER 6 Conclusionsand Recommendations

6.1 Conclusions

This researctaims to establish a proper and feasible bioreactor process train for treating
OSPW.The foremost part of this research is to develop this process tratesintfor OSPW
treatment continuously and effectiyellhe following conclusions are based on the results of this

research.
Based on the development gmetformance evaluatioof this new bioreactor process train:

(1) The bioreactor process train composed of bioreactors, chemical oxidation and
adsorption procses wagffective on enhancing biodegradation of recalcitrant organic
chemicals and reducing the toxicity of OSPW

(2) Each component of thjgrocess traiplayed a criticabnd indispensable role in OSPW
treatmentTo be specific,

a) Bioreactors especially fdriofilm reactorshad more resistance for toxic OSPW, in
which biofilm could supply a suitable microenvironment for bacteria grosh.
HRT=3 days,MBBR achievel 23% of CODremovaland 16% of AHE- removal
from raw OSPW MABR removed 44% of COD and 24% of AHrom raw
OSPW.

b) Chemical oxidation process increased the biodegradability of OSP\Wirtber
biological treatment. With thapplieddosage of 35 mg/L of ozone, BOD increased
from 3 mg/L to19 mg/L, which enlarged the ratio of BOD/COD.

c) Adsorption procesgolishedtheeffluentto make the final discharge possible in the

future. 79% of COD and 71% of AEwas removed from MABR effluent by
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adsorption column. Thaveragd i n a | e f f dndi AERWad 57 m@/lGu

2.9mg/L, respectively

When the performancef ¢his process train was demonstratdte focus of this research
shifted to biofilm internal structure and microbial community change during operation. A suite of
microsensors were useditovestigatethe chemical profileinside biofilms, which could tdlthe
internal structure of biofilm Illumina MiSeqsequencing analysis illustrated the community
diversity, abundance and dynamic shift inside bioreaetbdsfferent operation phase8ased on

those results, it was found that:

(3) Nitrification and denitfication processes &ted in MBBR and MABR biofilm.
Firstly, DO profiles inside both biofilm samplefiowed theexistenceof oxic and
anoxic zoneThe NOs™ profile showed the degradation of Bi@side biofiimsample
Secondly Nitrospira that were rela to nitrification process existed in biofils
Lastly, the performance of TN removal in MBBR and MARB could verify the
existence of nitrification and denitrificatiggnocesses.

(4) High level of BS was found in a narrow band ab@%0 pn to 350 pum below the
interfaceof MABR biofilm, in which the ORP lower tharl40 mV.Both H,S and
ORP profiles proved thasulfate reduction process existetside MABR biofilm,
which also could explainthe removal of sulfate in MABR. Furthermore,
Ignavibacteriabelongingto Chlorobi phylum was found in MABR biofilm, which
relates to sulfur metabolism.

(5) As a source of seeding, microbial community in raw OSPW hadigtestrichness
compared to the samples from bioreactomased on the Chao 1 valudowever,the

rare microbialcommunities which largely affect the richness of microbial community
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(6)

may not contribute to NAs degradation in the bioreactor. The Shannon index of
biofilm from MABR was higher than that in biofilm from MBBR, which may explain
the better performance on NAsmoval in MABR. Seeding bioreactor with nen
OSPWaorigin microbial consortia could benefit the application of bioreactor on OSPW
treatment due to new capacity of bioreactor caused by new microbial consortia
introduced (e.gNitrospira).

Raw OSPW providedome valuablepecificmicroorganism showing great resistance

to the harsh environment and capability of degrading carboxylic group ofcasdan
chain. Bioreactors could select and enrtblbbse microorganismduring operation,
which would be beneficidbr OSPW treatmen® he details were as follows:

a) The number of common OTUs in MBBR and MABR biofilm sansple
decreased during operatiddowever, the Shannon index value of biofilm from
MABR was the highest, suggesting the increase of evenness and diversit
inside the microbial communityGiven the good performance of MBBR and
MABR on NAs removal, it was indicated that bioreactor could capture and
select some specifimicroorganisnrelated to degradation 6fAs in OSPW.

b) Nine common gera 3_genus_incertaeedis Caldilinea Falvobacterium
Gp4, Hydrogenophaga Opitutus Prosthecobacter Pseudomonas
Rhodobacter were founded in all tested sampleBseudomonasand
Falvobacteriumwere reported to exhibit great resistance under toxic and
alkaline environmentiike OSPW. Rhodobacterhad been demonstrated to

exhibit metabolic capability ahe carboxylic group of the main carbon chain
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c) The relative abundance tifosethreegerera(Pseudomonafkhodobacteand
Rhodobacterin biofilm samples were higher than that raw OSPW, which
demonstrated bioaugmentation happening inside bioreactors.

(7) PCoA analysisrevealed the correlation between tested samples. For samples in
bioreactors, it was found that sample from different phase were well sepgoated
each othedespitethe fact they shared the same source of microbial consibrivas
observedthat operational conditions including the influent composition and HRT
might be the two main factefor affecting the abundance and diversity of microbial

communities.

6.2 Environmental Implications

As far as we know, there is ngovernmentregulations or standards about OSPW
management officiallyauncheduntil now, which is critical and necessary for this environmental
challenge in Alberta. Tédnnovel bioreactor process tramstablished in this research provides an
option for minimizing environmental and health impacts associated with the recycle and/or safe
release of treated OSPW. The performance evaluation of this process train could be used to
elucidate thefeasibility of biological treatment for OSPW. The same principlesiofeactor
applications are applicable a®ll for addressing the issue endpit lakesin oil sands tailings
reclamation Therefore, th@perationakconditions and performancesultsof bioreactorsn this

research could be a reference indegelopmenof regulations or standards for OSPW treatment.

It is the first time to introduce MABRto OSPW biological treatment, which will expand
the application of MABR and accumulate experience of runMABR. Also, this research is
one of the few studies using microsensors and moleculargmalatechniques together to

investigatethe microbial processes in thefilm, such as nitrification, denitrification and sulfate
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reduction processThe comprehenge analysis of microbial community inside biofilm and
operational performance of bioreactors could be beneficial for the design, operation and

modelling of bioreactors for OSPW treatment in the future.

10¢



REFERENCES
Afzal, A., Drzewicz, P., PereEstrada, L A., Chen, Y., Martin, J. W.and Gamal E}Din, M.
(2012). Effect ofmolecular structure on the relative reactivity of naphthenic acids in the

UV/H,0O, advanced oxidation procesEnvironmental Sciencand Technology 46(19),

1072710734.

Allen, E. W. (20®@a). Process water treatment in Canada'’s oil sands industry: |. Target pollutants

and treatment objectivedournal of Environmental Engineering and Sciernti2), 123138.

Allen, E. W. (2008). Process water treatment in Canada’s oil sands industry:réviéw of

emerging technologiedournal of Environmental Engineering and Scierd®), 499524.

Amat, A.M., Arques, A., Beneyto, H., Gar@A., Miranda, M.A. and Segui S. (2003.
Ozonisation coupled with biological degradation for treatment of phemallutants: a

mechanistically based studghemosphere3, 7986.

APHA. (2005). Standard methods for the examination of water and waste wateedal

American Public Health Association, Washington, DC, New York.

Araya, R., Tani, K., Takagi, T., Yamachi, N. and Nasu, M.(2003. Bacterial activity and
community composition in stream water and bio Im from an urban river determined by
uorescent in situ hybridization and DGGE analysiEMS Microbiology Ecology43(1),

111-119.

AWWARF. (1998). Effect ofbiocarbonate alkalinity on performance of advanced oxidation

processes. American Water Works Association Research Foundation, Denver.

104



Barrow, M. P., Headley, J. V., Peru, K. Mand Derrick, P. J. (2004). Fourier transform ion
cyclotron resonance mass sypemetry of principal components in oil sands naphthenic

acids.Journal of Chromatography,A 058, 5159.

Bassin, J. P., Dezotti, MandSantAnna, G. L. (2011). Nitrification of industrial and domestic
saline wastewaters in moving bed biofilm reactor saguencing batch reactdiournal of

Hazardous Materials185(1), 242248.

Bell, T. H., Yergeau, E., Maynard, C., Juck, D.,h\te, L. G. and Greer, C. W2013.
Predictablebacterial composition and hydrocarbon degradation in arctic soils following

diesé and nutrient disturbanc&he ISME Journal7(6), 12001210.

Beltran, F. J. (2003). Ozone reaction kinetics for water and wastewater systems. CRC, Boca

Raton, FL.

Brindle, K.,andStephenson, T. (1996). The application of membrane biological reactdrefo

treatment of wastewatemBiotechnology and Bioengineering9(6), 601610.

Buermans, H. P. J. and den Dunnen, J. T. (2014). Next generation sequencing technology:

Advances and applications. Biochimica et Biophysica ,A342(10), 1932941.

Cao, B, Nagarajan, K. and Loh, K. @2009. Biodegradation of aromatic compounds: current
status and opportunities for biomolecular approach&pplied Microbiology and

Biotechnology85(2), 207-228.

Casey, E., Glennon, B., Hamer, G. (1999). Review of membaanated biofilm reactors.

ResourcesConservation and Recycling7, 203215.

10¢



Chang, S. W., Hyman, M. Rand Williamson, K. J. (2002). Cooxidation of naphthalene and
other polycyclic aromatic hydrocarbons by the nitrifying bacteriuditrosomonas

europa®. Biodegradation13(6), 373381.

Chen, C., Ren, N. Q., Wang, A. J., Yu, Z. édLee, D. J. (2008). Simultaneous biological
removal of sulfur, nitrogen and carbon using EGSB reac¢tpplied Microbiology and

Biotechnology78(6), 10571063.

Cheng, W.Zhang, J. X., Wang, Z., Wang, M. and Xie, S.(8014. Bacterial communities in

sediments of a drinking water reservéinnals of Microbiology64(2), 875-878.

Choi, J., Hwang, G Gamal EIDin, M. and Liu, Y.(2014. Effect ofreactor configuration and
microbial characteristics on biofilm reactors for oil sands prea#fested water treatment

International Biodeterioratiorand Biodegradation89, 74-81.

Clapp, L. W., Regan, J. M., Ali, F., Newman, J. D., Park, J.akd Noguera, D. R. (1999).
Activity, structure, and stratification of membraasi¢tached methanotrophic biofilms
cometabolically degrading trichloroethylen&ater Science and Technolod9(7), 153

161.

Clemente, J. SandFedorak, P. M. (2005). A review of the occurrence, analyses,tigxand

biodegradation of naphthenic aci@hemospheres0(5), 585600.

Clemente, JS., Ma&innon, M. D. and Fedorak, RVl. (2004. Aerobic biodegradation of two
commercial naphthenic acids preparatidasvironmental Sciencend Technology 38(4),

10091016.

10¢



Collins, A. G., Theis, T. L., Kilambi, S., He, Land Pavlostathis, S. G. (1998). Anaerobic
treatment of lowstrength domestic wastewater using an anaerobic expanded bed reactor.

Journal of Environmental Engineerin§j24(7), 652659.

Collins, G.,Foy, C., McHugh, S.and O&laherty, V. (2005). Anaerobic treatment of 2;4,6
trichlorophenol in an expanded granular sludge-dreakerobic filter (EGSB\F) bioreactor

at 15 degrees GEMSMicrobiology Ecology53(1), 167178.

Collins, G., Mahony, T.and Od&-laherty, V. (2006). Stability and reproducibility of lew
temperature anaerobic biological wastewater treatrk&iSMicrobiology Ecology 55(3),

449-458.

Connaughton, S., Collins, @GndO6 Fl aherty, V. (2006) . Devel opm
structue and activity in a higiate anaerobic bioreactor at°C8 Water Research0(5),

10091017.

Crittenden, J. C., Trussell, R. R., Hand, D. W.wép K. J., and Tchobanoglous, 2012.
Adsorption. InWater Treatment: Principles and Desipp.12451358) Hoboken, New

JerseyJohn WileyandSons Inc.

de Beer, D., Stoodley, P., Roe, F. and Lewandowski, Z. (1¥Hgcts of biofilm structures on
oxygen distribution and massansport Biotechnology and Bioengineering3(11), 1131

1138.

de Beer, D., Schram, A., Santegoeds, C. M. and Kuhl, M. (1997). A nitrite microsensor for

profiling environmental biofilmsApplied and Environmental Microbiolog§3(3), 973977.



Debus, O., Baumgartl, H.and Sekoulov, I. (1994). Influence of fluid velocities on the
degralation of volatile aromaticompounds in membrart@und biofilms.Water Science

and Technology?29(1G11), 253262.

Debus, O.,and Wanner, O. (1992). Degradation of xylene by a biofilm growing on a gas

permeable membran®/ater Science and Technolo@p3-4), 607616.

De Gusseme, B., Pycke, B., Hennebel, T., Marcoen, A., Vlaeminck, S.E., NbpfEnon, N.
and Verstraete, W2009. Biological Removal of 17 Alph&thinylestradiol by a Nitrifier

Enrichment Culture in a Membrane Bioreacitiater Research43(9), 24932503.

de la Rosa, C. and Yu, T2009. Development of an automation system to evaluate the-three
dimensional oxygen distribution in wastewater biofilms using microsenSerssors and

Actuators BChemica) 113(1) 47-54.

Del Rio, L. F., Hadwn, A. K. M., Pinto, L. J., MacKinnon, M. Dand Moore, M. M. (2006).
Degradation of naphthenic acids by sediment maganisms.Journal of Applied

Microbiology, 101(5), 10491061.

Deni, J. and Penninckx, Ml. (1999. nitrification and autotrophic nifiying bacteria in a

hydrocarborpolluted soil Applied and Environmental Microbiolog§5(9), 40084008.

Dobbs, R.and Cohen, J(2002. Carbon adsorption isotherms for toxic organitkS.
Environmental Protection Agency, Washington, D. C., EPA/680/823 (NTIS

PB80197320).

Dollerer, J. and WildereR. A. (1996). Biological treatment of leachates from hazardous waste

landfills using SBBR technologyWater Science and Technolo@#(7-8), 437444.

10¢



Dong, T., Zhang, YY, Islam,M. S., Liu, Y. andGamal EI-Din, M. (2015. The impact of
various ozone pretreatment doses on the performance of endogenous microbial communities
for the remediation of oil sands procedfected waterinternational Biodeterioration and

Biodegradation100, 17-28.

Drury, B., Ros-Marshall, E. and Kelly, 1. (2013. Wastewatetreatment effluent reduces the
abundance and diversity of benthic bacterial communities in urban and suburban rivers.

Applied and Environmental Microbiology9(6), 18971905.

Edgar, R. C. (2013). UPARSHighly accurate OTU sequences from microbial amplicon reads.

Nature Methods10, 996.

Eiler, A. and Bertilsson, S2004. Composition of freshwater bacterial communities associated
with cyanobacterial blooms in four Swedish lakEswvironmental Microbiadgy, 6(12)

12281243.

Enright, A. M., Collins, G.and O&laherty, V. (2007). Lowemperature anaerobic biological

treatment of tolueneontaining wastewatewWater Research1(7), 14651472.

Enright, A. M., McHugh, S., Collins, GandO'Flaherty, V. (B05). Lowtemperature anaerobic
biological treatment of solvembntaining pharmaceutical wastewat&vater Research

39(19), 45874596,

Fang, H. H. P., Chen, T., Li, Y. YandChui, H. K. (1996). Degradation of phenol in wastewater

in an upflow anaerobisludge blanket reactowater Researct80(6), 13531360.

Farhadian, M., Duchez, D., Vachelard, @nd Larroche, C. (2008). Monoaromatics removal

from polluted water through bioreactehsreview. Water Researci2(67), 13251341.



Flint, L. (2005). Bitmen recovery tectology: A review of long term R anD opportunities.

Calgary, Alberta.

Frankin, R. J. (2001). Fulicale experiences with anaerobic treatment of industrial wastewater.

Water Science and Technology(8), 16.

Gamal EiDin, M., Fu, H. J.Wang, N., Cheldyala, P., PereEstrada, L., Drzewicz, P., Martin,
J. W., Zubot, W. and Smith, D. W. (2011). Naphthenic acids specitation and rednaval
pertroleumcoke adsorption and ozonation of oil sands preeffested water. Science of
Total Environment, 409(2011), 5119125.

Gerardi, M. H. (2007). ORP management in wastewater as an indicator of process efficiency.
Retrieved from

https://www.ysi.com/File%20Library/Documents/Application%20Notes/ AR

Managemenin-WastewateiasanIndicatorof-ProcessEfficiency.pdf

Goi, A., Kulik, N., Trapido, M.(2006§. Combined chemical and biologicakatment of oll

contaminated soilChemospheres3, 17541763.

Grewer, D. M., Young, R. F., Whittal, R. MandFedorak, P. M. (2010). Naphthenic acids and
other acidextractables in water samples from Alberta: What is being measBogeice of

the TotalEnvironment408(23), 599+6010.

Gunawa, Y., Nemati, M. and Dalai, A2014. Biodegradation of aurrogate naphthenic acid

under denitrifying conditiondVater Rsearch51(2014) 11-24.

Haller, L., Tonolla, M., Zopfi, J., Peduzzi, R., Wildi, W. and &al.(2011). Composition of
bacterial and archaeal communities in freshwater sediments iffidretht contamination

levels (Lake Geneva, Switzerlantlyater Researci5(3), 12131228.

11C


https://www.ysi.com/File%20Library/Documents/Application%20Notes/A567-ORP-Management-in-Wastewater-as-an-Indicator-of-Process-Efficiency.pdf
https://www.ysi.com/File%20Library/Documents/Application%20Notes/A567-ORP-Management-in-Wastewater-as-an-Indicator-of-Process-Efficiency.pdf

Han, X., MacKinnon, M.D. and Martin, JW. (2009. Estimating the irsitu biodegradation of

naphthenic acids in oil sands process waters by HPLC/HRM&mosphere/6(1), 63- 70.

Han, X., Scott, A.C., Fedorak, PM., Bataineh, M. and Martin, JV. (2008. Influence of
molecularstructure on théiodegradability oihaphtlenicacids. Environmental Science and

Technology42(4), 129601295.

Headley, J. V.andMcMartin, D. W. (2004). A review of the occurrence and fate of naphthenic
acids in aquatic environmentsournal of Environmental Science and HealBart A,

Toxic/Haardous Substancesd Environmental Engineerin@9(8), 19892010.

HeadleyJ. V., Dy, J. L., Pery K. M. andMcMartin, D. W. (2009).Electrospray ionization mass
spectrometry of the photodegradation of naphthenic acids mixtures irradiated with titanium
dioxide. Journal of Environmental Science and HealtRart A, Toxic/Hazardous

Substanceand Environmental Engineeringt4(4), 591-597.

Hoigne, JAChemi stry of Aqueous Ozone and Transfor
Advanced Oxi da tThedHanddook ofEaveosraesntal Chemistvipl. 5 Part
C, Quality and Treatment of Drinking Watdr. Ed. J. Hrubec Berlin: SpringverVerlag,

1998.83-141. Print.

Holowenko, F. M., MacKinnon, M. Dand Fedorak, P. M. (2000). Methanogengi asulfate
reducing bacteria in oil sands fine tailings wa§tanadian Journal of Microbiologyt6(10),

927-937.

Holowenko, F.M., Makinnon, M.D. and Fedorak, M. (2001). Naphtheniacids and surrogate

naphthenic acids in methanogenic microcasiaterResearch35(11) 25952606.

111



Huang, C., Shi, Y., Gamal Bin, M. and Liu, Y. (2015. Treatment of oil sands process
affected water (OSPW) using ozonation combined with integrated-filkedactivated

sludge (IFAS)Water Researcglt85, 167 176.

Huang, J.Nemati, M., Hill, G.,andHeadley, J. (2012). Batch and continuous biodegradation of
three model naphthenic acids in a circulating padkedl bioreactorJournal of Hazardous

Materials, 201, 132140.

Hwang, G., Dong, T., Islam, M. S., Sheng, Z. Y., Pdfsizada, L. A., Liu, Y.andGamal E}
Din, M. (2013). The impacts of ozonation on oil sands preefiested water
biodegradability and biofilm formation characteristics in bioreactdBsoresource

Technology130, 269277.

Ibrahim, M. D. (2018). Oil sandprocessaffected water characterization and application of
adsorption process for the removal of naphthenic acids (Doctoral dissertation). Retrieved

from https://erdibrary.ualberta.ca/items/33cb8A180c4120b62634a7f220d2fe

Islam, M.S., Dong, T., Sheng, Z., Zhang, Y., Liu, &dGamal E}Din, M. (2013. Microbial
community structure and operational performance of a fluidized bed biofilm reactor treating
oil sards processffected waterinternational Biodeteriorationand Biodegradation 91,

111-118.

Islam, M. S., Moreira, J., Chelm&yala, P. andGamal EFDin, M. (2014). Prediction of
naphthenic acid species degradation by kinetic and surrogate models darogptiation

of oil sands processffected waterScience of the Total EnvironmeA®3, 282290.

112


https://era.library.ualberta.ca/items/33cb87b3-1e0c-4120-b626-34a7f220d2fe

Islam, M. S., Zhang, Y., McPhedran, K., Liu, Y. and Gamal EiDin, M. (2015). Granular
activated carbon for simultaneous adsorption and biodegradationiofibgands process

affected water organic compoundsurnal of Environmental Managemeh62, 4957.

Jeroschewski, P., Steuckart, C. and Kuhl, (¥09§. An amperometric microsensor for the

determination of KIS in aquatic environmentdnalytical Chenstry, 68(24) 4351-4357.

Kabisch, A., Otto, A., Konig, S., Becher, D., Albrecht, D., Schuler, M., Teeling, H., Ammann, R.
l. and Schweder, T. (2014). Functional characterization of polysaccharide utiliation
the marine Bact ertoiiidé t ineeh8i0Bal .Sewotety FoaMicfobial s e

Ecology 8, 14921502.

Kannel, P. R.andGan, T. Y. (2012). Naphthenic acids degradation and toxicity mitigation in
tailings wastewater systems and aquatic environments: A redunal ofEnvironmental
Science and Health. Part A, Toxic/Hazardous Substamee&nvironmental Engineering

47(1), 121.

Kasperski, K. L. (1992). A review of properties and treatment of oil sands tailk@STRA

Journal of ResearcI8(1), 1153.

Kato, M. T., Field, J. A., Vateeg, P.andLettinga, G. (1994). Feasibility of expanded granular
sludge bed reactors for the anaerobic treatment ofstoength soluble wastewaters.

Biotechnology and Bioengineerirdgg(4), 469479.

Kennedy, EJ. and Lentz, EM. (2000). Treatmentfdandfill leachate using sequencing batch
and continuous flow upflow anaerobic sludge blanket (UASB) readidaser Research

34(14), 36463656,

11¢



Kindaichi, T., Okabe, S., Satoh, H. and Watanabe(2004). Effects of hydroxylamine on
microbial communitystructure and function of autotrophic nitrifying biofilms determined
by in situ hybridization and the use of microelectrod®ater Science and Technology

49(1%12), 61-68.

Kragelund, C., Levantesi, C., Borger, A., Thelen, K., Eikelboom, D., TandoKong, Y.H.,
van der Waarde, J., Krooneman, J., Rossetti, S., Thoms&ahdNielsen, PH. (2007).
Identity, abundance and ecophysiology of filamentdiidoroflexi species present in

activated sludge treatment plarf&EMS Microbiology Ecologyb9 (3) 671-682.

Lettinga, G. (1995).Anaerobicdigestion and wast&ater treatment system#ntonie Van

Leeuwenhoek International Journal of General and Molecular Microbigl6g1), 328.

Liu, H. (2015. Community structure and microbial activity of faik reducing bacteria in
wastewater biofilms and mature fine tailingsalyzed by microsensors and molecular
biology technique¢Doctoraldissertation). Retrieved from

https://era.library.ualberta.ca/items/3d971d2%be41ba9e7el17b87e7eedcd

Liu, Z. F., Frigaard, NU., Vogl, K., lino, T., Ohkuma, M., Overmann, J. and Bryant, D. (2012).
Complete genome ofignavibacterium album a metabolically versatile, flagellated,

facultative anaerobe from the phylum Cholrdfiontiers in Microbiology 3(185).

Loy, A., Schulz, C., Licker, S., Stoecker, K., Baranyi, C., Lehner, Aagiér, M., Lu, S. and
Scho, A.(2005. Microarray for environmental monitoring of the betaproteobaadterder
16s rrna gendased oligonucleotide microarray for environmental monitoring of the
bet aproteobact er i aAppliedrard&mvirofintehtal Miaabiplegylé8) e s o .

13731373.

114


https://era.library.ualberta.ca/items/3d971e34-1a5e-41ba-9e7e-17b87e7ee4cd

Ma, J.X., Wang, Z.W., Yang, Y., Mei, X.J. and Wu, Z.C. (2013). Correlatingmicrobial
community structure and composition with aeration intensity in submerged membrane

bioreactors by 454 higthroughput pyrosequencing/ater research47(2), 859-869.

Marchal, R., Penet, S., Solaf@rena, F.andVandecasteele, P. (2003). Gasoline and diesel
oil biodegradationOil and Gas Science and TechnoleBgvueddFP Energiesnouvelles

58(4), 441448.

Martin, K. J. and Nerenberg, R. (2012). The membrane biofilm reactor (MBfR) for water and
wastewater treatment: principlespplications, and recent developmenBoresource

Technology122, 8394,

McMartin, D. W., Headley J. V., Friesen D. A., Pery K. M. and Gillies, J. A. (2004).
Photolysis of naphthenic acids in natural surface watarrnal of Environmental Science
and Health Part A, Toxic/Hazardous Substancasd Environmental Engineering39(6),

1361-1383

McQuarrie, J. P.and Boltz, J. P. (2011). Moving bed biofilm reactor technology: process

applications, design, and performandéater Environment Researd3(6), 560575.

Mishra, S., Meda V., Dalai, AK., McMartin, D. W., Headley, J. V. and Peru, K. M. (2010)
Photocatalysis of naphthenic acids in waleurnal of Water Resource and Protecti@(7),

645-650.

Misiti, T., Tandukar, M., Tezel,U. and Pavlostais, S. G. (2013) Inhibition and
Biotransformation Potential of Naphthenic Acids under Different Electron Accepting

Conditions Water Research17(1) 406-418.

11¢



Moussavi, G., Mahmoudi, M.and Barikbin, B. (2009). Biological removal of phenol from

strong vastewaters using a novel MSBRater Researcht3(5), 12951302.

Nerenberg R. (2016). The membrapiefilm reactor (MBfR) as a counteliffusional biofilm

processCurrent Opinion in Biotechnology8, 131136.

Ohandja, D. G. and Stuckey, D. C. (2007).iod&gradation of PCE in a hybrid membrane

aerated biofilm reactodournal of Environmental Enginnering33(1), 2627.

Okabe, S., Satoh, HandKindaichi, T. (2011). Apolyphasic approach to study ecophysiology of
complex multispecies nitrifying biofilmdn M. G. KlotzandL. Y. Stein (Eds.), Methods in
Enzymology, Vol 46: Research on Nitrification and Related Processes, Pt B (Vol. 496, pp.

163-184). San Diego: Elsevier Academic Press Inc.

Penner, T. J.and Foght, J. M. (2010). Mature fine tailings frooil sands processing harbour

diverse methanogenic communiti€anadian Journal of Microbiologyb6(6), 459470.

Quagraine, E. K., Peterson, H. Gnd Headley, J. V. (2005). In situ bioremediation of
naphthenic acids contaminated tailing pond watershen Athabasca oil sands region
demonstrated field studies and plausible options: A revilwrnal of Environmental
Science and HealthPart A, Toxic/Hazardous Substanaasd Environmental Engineering

40(3), 685722.

Quinlan, P. J.and Tam, K. C. (2015)Water treatment technologies for the remediation of
naphthenic acids in oil sands proce$iected waterChemical Engineering Journal79,

696-714.

Reasoner, D. J. and Gelderich, E. E. (1985). A new medium for the enumeration and subculture

of bacteria fom potable wateApplied and Environmental Microbiolog$9(1), 7.

11¢



Rebac, S., van Lier, J. B., Lens, P., Stams, A. J. M., Dekkers, F., Swinkels, K. &ndJ.,
Lettinga, G. (1999). Psychrophilic anaerobic treatment of low strength wastewstdes.

Science and Technolog89(5), 203210.

Revsbech, N. R2009. Analysis of microbial communities with electrochemical microsensors

and microscale biosensoEnvironmental Microbiology397, 147-166.

Revsbech, N. P. and Jorgensen, B. B. (1986). Microetiedraheir use in microbial ecology.

Advances in Microbial Ecolog, 293-352.

Rincon, N., Chacin, E., Marin, J., Torrijos, M., Moletta, &dFernandez, N. (2003). Anaerobic
biodegradability of water separated from extracted crudeEavironmental €chnology

24(8), 963970.

Rinzema, A. (1993). Anaerobic digestion of lectgpin fatty acids in UASB and expanded

granular sludge bed reactoPsocess Biochemistyp8, 527537.

Rudzinski, W. E., Oehlers, L., Zhang, Yand Najera, B. (2002). Tandem masgectrometric
characterization of commercial naphthenic acids and a Maya crudeneilgy and Fuels

16(5), 11781185.

Salloum, M. J., Dudas, M. ;andFedorak, P. M. (2002). Microbial reduction of amended sulfate
in anaerobic mature fine tailings froail sand.Waste Managemermind Research 20(2),

162-171.

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B.,
Lesniewski, R. A., Oakley, B. B., Parks, D. H., Robinson, C. J., Sahl, J. W., Stres, B.,

Thallinger, G. G.Van Horn, D. J., Weber, C.F2009. Introducing mothur: Opefource,



PlatformIndependent, CommunHiS$upported Software for Describing and Comparing

Microbial CommunitiesApplied and Environmental Microbiology5(23) 75377541.

Schneider, E. E., Ceugira, A., and Dezotti, M. (2011). MBBR evaluation for oil refinery
wastewater treatment, with pestonation and BAC, for wastewater reugéater Science

and Technology63(1), 143148.

Scott, A. C.,Young, R. F., and Fedorak, P. NR00§. Comparison ofGC-MS and FTIR
methods for quantifying naphthenic acids in water sam@égmosphere73(8), 1258

1264.

Siddique, T., Fedorak, P. MandFoght, J. M. (2006). Biodegradation of shantinn-alkanes in
oil sands tailings under methanogenic conditidE®ironmental Sciencand Technology

40(17), 545%464.

Syron, E. and Casey, H2008. Membraneaerated biofilms for high rate biotreatment:
Performance appraisal, engineering principles, sgaJeand development requirements.

Environmental Sciencand Tednology 42(6), 18331844.

Tan, S. Y.(2012. Multiple microbial processes in membrane aerated biofilms studied using
microsensorg¢Doctoraldissertation). Retrieved from

https://era.library.ualberta.cal/items/686 704 4459096e62344ad207653

Tan, S. Y. and Yu, T(2007. Fabrication of an amperometric,$ microsensor and its
application in wastewater biofilms. Proceedings of International Workshop on Monitoring

and Sensors for Water Pollution Control, Beijing, China.

11¢


https://era.library.ualberta.ca/items/68670d42-b0c4-4590-96e6-2344ad207653

Tan, S. Y., Yu, T., and Shi, H. C. (2014). Microsensor determination of mutiple microbial
processes in an oxygdrased membrane aerated biofildater Science and Technology

69(5), 909-914.

Toor, N.S., Franz, E. D., Fedorak, P. M., MacKinnon, M. &ndLiber, K. (2013). Degradation
and aquatic toxicity of naphthenic acids in oil sands prea#fssted waters using simulated

wetlands Chemosphere90(2), 449458.

U. S. Army Corps of Engineers(2001). Engineering and design: Adsorption design guide

Retrieved fromhttp://www.dtic.mil/dtic/tr/fulltext/u2/a403095.pdf

Van den TweelW. J. J., Smits, J. P. and de Bont, J. A. (¥B88. Caabolism ¢ DL-a-
phenylhydracrylic, phenylacetic andaBd 4hydroxyphenylacetic acid via homogentisic

acid in aFlavobacteriurmsp. Archives of Microbiology149(3) 207-213.

Vieira, D. S., Servulo, E. F. CandCammarota, M. C. (2005). Degradation poedrand growth

of anaerobic bacteria in produced wakemnvironmental Technolog®6(8), 915922.

Wang, X., Chen, M., Xiao, J., Hao, L., Crowley, D.E., Zhang, Z., Yuqjuang, N., Huo, M. and
Wu, J. (2015. Genomesequence analysis of the naphthenic atggrading and metal

resistant bacteriur@upriavidus gilardiiCR3. PLOSONE, 10(8), e0132881.

Whitby, C. (2010). Microbial naphthenic aciégtadation. In A. I. Laskin, S. SariaslaandG.
M. Gadd (Eds.)Advances in Applied MicrobiologyVol 70 (Vol. 0, pp. 93125). San

Diego: Elsevier Academic Press Inc.

Wittbolle, L., Marzorati, M., Clement, L., Balloi, A., Daffonchio, D., Heylen K., De Vos, P.,
Verstraete, W. and Boon, N. (2009). Initial community evenness favours functionality under

selective stres Nature 458 623-626.


http://www.dtic.mil/dtic/tr/fulltext/u2/a403095.pdf

Wobus, A.,and Roske, I. (2000). Reactors with membragrewn biofilms: their capacity to
cope with fluctuating inflow conditions and with shock loads of xenobiot¥ster

Research34(1), 279287.

Wobus, A., Ulrich, S.andRoske I. (1995). Degradation of chlorophenols by biofilms on semi
permeable membranes in two types of fixed bed readtdaser Science and Technology

32(8), 205212.

Woolard, C. R.andlIrvine, R. L. (1995). Response of a periodically operated halophdidrhi

reactor to changes in salt concentratMfater Science and Technolo@1(1), 4150.

Xue, J.K, Zhang,Y., Liu, Y. andGamal E{Din, M. (2016). Treatment of oil sands process
affected water (OSPW) using a membrane bioreactor with a submergeaegatceramic

microfiltration membrané/Nater Researclt88, 1-11.

Xue, J.K., Zhang, Y., Liu, YandGamal EiDin, M. (2016). Treatment of raw and ozonated oll
sands procesaffected water under decoupled denitrifying anoxic and nitrifying aerobic

conditions: a comparative studBiodegradation27(4-6), 247-264.

Xue, J.K., Zhang, Y.Y., Liu, Y. and GamaEI-Din, M. (2017. Dynamics of naphthenic acids
and microbial community structures in a membrane bioreactor treating oil sands process
affected water:mpacts of supplemented inorganic nitrogen and hydraulic retention time.

RSC Advances (29), 1767017681.

Xue, J. K., Huang, C. K., Zhang, Y. Y., Liu, Y. and GamaD#i, M. (2018). Bioreactors for oil
sands procesaffected water (OSPW) treatment: Atmral review. Science of the Total

Environment627, 916-933.

12C



Yang, Y., Quensen, J., Mathieu, J., Wang, Q., Wang, J., Li, M. Y., Tiedje, M. J. and Alvarez, J. J.
P. (2014). Pyrosequencing reveals higher impact of silver nanoparticles tHaonAe

microbial community stucture of activated sludyeater Researci8(1), 317-325.

Yergeau, E., Lawrence, R., Sanschagrin, S., Waiser, M, Korber, D.R. and Greer, CW.
(2012. Nextgeneration sequencing of microbial communities inAligabascaRiver and
its tributaries in relation to oil sands mining activitiedpplied and Environmental

Microbiology, 78(21) 7626 7637.

Yu, M. (2014. Biodegradation of organic compounds in OSPW with microbial community
indigenous to MFTMasteraldissertation). Retrievefsiom

https://era.library.ualberta.ca/files/vd66w023x

Yu, T. (2000). Stratification of microbial process and redox potential changes in bid?ihDs.

Thesis. University of Cincinnati. CincintigUSA.

Yu, T., and Bishop, P. L. (1998). Stratification of microbial metabolic processes and redox
potential change in an aerobic biofilm studied using microelectrailater Science and

Technology37(45), 195198.

Zhang, T. C. and Bishop, P. L. (199@valuation of substrate and pH effects in a nitrifying

biofilm. Water Environment Resear@8(7), 1107#1115.

Zhang, Y., McPhedran, KN. andGamal EFDin, M. (2015. Pseudomonads biodegradation of
aromatic compounds in oil sands proeaffected waterScience of the total environment

521-522(2015) 59-67.

121


https://era.library.ualberta.ca/files/vd66w023x

APPENDICES

Appendix A

TableA-1 Accessoriesmformationof MBBR and MABR biological treatment system

Name Catalogue NO. Capacity Dimensions Quality Description
Refrigerator Western 51 Cubic ft. 34" D x 56.5" L x 1 Influent container
Refrigeration 2 Solid 76.5"H
SAKT-48-FA Doors
8 Shelves
Stir- Pak HeavyDuty Mixer System S5000%22 9-900 RPM 115, 50/60 6 For reactor mixing
CP
L/S variableSpeed Modular Drives S-0755380 1-100 RPM 90-130 VAC 4 Influent pump
L/S EasyLoad 3 Pump Heads S-7780060 10 Pump water
L/S variableSpeed Modular Drives with wall S-0755270 6-600 rpm 8 Pump process water
mount controller
Tubing influent S0642414 7.6m 1.6 mm 3 For influent
NO O, permeability
Tubing forrecycle water S9642016 7.6m 3.1 mm 3 For recycing water

NO O, permeability

Acid and base resistant
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Appendix B

FigureB-1 Handwriting of MBBR design draft




Figure B2 Handwriting of MABR design draft




FigureB-3 Remote control mixer 045680 with universal clamp mounting and analog

speed controller
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TableB-1 The permeability of different kinds of gases in the hollow fiber

Permeability
Gas ( o
20
N2 2.5
CO 3
Ne 3.1
He 3.2
O, 5
NO 5.3
Ar 5.3
H, 5.7
CH, 8.3
Kr 10
CoHy 13.3
CO, 15.3
CoHe 16
NH3 20.9
Xe 22.8
CsHs 25
H.S 88.4
NO, 133
H,O (steam) 318
CS 793
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Appendix C Data for Figures in Each Chapter

Table G1 Data for Figure 32 Ammonium, nitrite and nitrate concentration changebée SBR
on Day 1

Time NH," (mg/L) NO;s (mg/L) NO; (mg/L) PO, (mg/L)

Influent | 23.4 | 24.4 | 23.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.5h 220 | 223 | 222 | 243 | 248 | 24.6 0.0 0.0 0.0 4.9 4.8 4.9

1h 202 | 201 | 20.2 | 25.0 | 249 | 25.0 6.0 59 6.0 6.5 6.8 6.7

2h 182 | 175 | 179 | 258 | 254 | 256 9.2 9.7 9.5 6.7 6.9 6.8

3h 157 | 142 | 150 | 289 | 29.7 | 293 | 120 | 124 | 12.2 6.5 6.4 6.5

4h 9.3 9.7 9.5 310 | 321 | 316 | 16.3 | 164 | 16.4 5.8 5.8 5.8
5h 0.0 0.0 0.0 347 | 346 | 347 | 20.0 | 194 | 19.7 7.7 7.9 7.8
6h 0.0 0.0 0.0 489 | 48.2 | 486 | 204 | 20.6 | 20.5 4.9 51 51
8h 0.0 0.0 0.0 458 | 464 | 46.1 | 221 | 222 | 22.2 9.3 8.6 9.0
9h 0.0 0.0 0.0 554 | 548 | 55.1 | 15.0 | 152 | 151 7.4 7.8 7.6
10h 0.0 0.0 0.0 64.0 | 646 | 643 | 11.0 | 10.8 | 10.9 7.9 7.4 7.7
12h - - - 68.7 | 70.1 | 69.4 0.0 0.0 0.0 8.1 8.8 8.5
24h - - - 75.0 | 73.7 | 744 0.0 0.0 0.0 7.8 8.2 8.0
30h - - - - - - 0.0 0.0 0.0 8.9 9.0 9.0

Table G2 Data for Figure 3 Profile of COD concentrations tlie SBR overthe operation time

Influent COD (mg/L) Effluent COD (mg/L)
Time (Day) Removal(%)
Rep 1 Rep 2 Mean Rep 1 Rep 2 Mean
1 299 320 310 225 229 227 27
2 248 261 254 226 235 231 9
3 243 251 248 206 219 213 14
4 253 268 261 206 212 209 20
5 251 263 257 198 208 203 21
6 263 278 270 206 224 215 20
7 256 280 268 212 214 213 21
8 256 261 259 208 211 210 19
9 266 276 271 214 227 220 19
10 261 263 263 199 223 211 20
11 253 265 259 191 210 201 22
12 258 275 267 204 219 212 21
13 255 261 258 197 219 208 19




14 246 263 254 197 206 201 21
15 245 254 249 192 204 198 20
16 256 270 263 219 222 220 16
17 252 270 261 201 209 205 21
18 266 269 268 202 219 210 22
19 273 280 276 219 221 220 20
20 275 287 281 212 227 219 22
21 268 270 269 203 211 207 23
22 260 268 264 202 218 210 20
23 268 283 275 225 232 228 17
24 260 278 269 219 218 218 19
25 267 276 271 207 212 209 23
26 268 280 274 204 235 220 20
27 274 289 281 208 224 216 23
28 250 276 263 196 203 199 24
29 257 261 259 192 210 201 22
30 260 271 265 208 219 213 20
31 266 280 273 207 223 215 21
32 264 272 268 208 213 210 22
33 253 265 259 203 214 208 20

Table G3 Data forFigure3-5 Profile of pH and DO ofhe CASRover the operatiotime

Time (Day)| pH | DO (mg/L) | Time | pH | DO (mg/L) | Time (Day)| pH | DO (mg/L)
0 7.29 1.56 25 | 8.04 3.1 117 7.85 3.1
1 7.58 1.36 30 | 7.89 2.8 124 8.12 2.7
2 7.28 0.8 35 | 7.98 3.2 131 8.01 2.9
4 7.35 3 40 | 8.02 2.6 136 7.98 2.8
6 7.75 25 45 | 8.04 2.8 142 7.68 2.7
7 7.67 35 50 | 7.85 3.1 150 8.1 2.6
8 7.93 2.8 57 | 7.86 2.9 157 7.94 2.9
9 7.65 2.7 77 7.9 31 164 7.89 3.2
12 7.89 24 83 7.8 2.7 170 7.92 2.6
15 7.98 2.7 90 8.1 2.8 177 7.91 3.2
18 7.91 2.6 100 | 8.2 2.6 182 8.14 2.7
21 8.02 2.8 110 | 7.93 2.9
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Table G4 Data forFigure3-6 Profile of COD for the CASRover the operation time

Time Influent COD (mg/L) Effluent COD (mg/L) Removal(%)
(Day) Rep 1 Rep 2 Mean Rep 1 Rep 2 Mean

0 303 317 310 243 234 239 23
5 - - 310 214 206 210 32
10 - - 310 181 198 190 39
15 - - 310 197 191 194 37
23 - - 310 185 193 189 39
43 281 299 290 199 181 190 34
49 - - 290 184 162 173 40
56 - - 290 177 190 184 37
66 - - 290 189 171 180 38
83 310 316 313 200 190 195 38
90 - - 313 194 179 187 40
97 - - 313 191 191 191 39
104 - - 313 195 183 189 40
119 287 305 296 194 172 183 38
126 - - 296 173 168 171 42
133 - - 296 191 173 182 39
139 - - 296 181 168 175 41
151 351 370 361 191 177 184 49

Table G5 Data forFigure4-6 COD performance of MBBRIuring operatiorat differentphases

Influent COD (mg/L) Effluent COD (mg/L)
Time (Day) Removal(%)
Rep 1 Rep 2 Mean Rep 1 Rep 2 Mean
1 914 894 904 497 475 486 46
2 906 896 901 370 340 355 61
3 906 890 898 289 265 277 69
4 889 871 880 293 271 282 68
5 912 888 900 290 274 282 69
6 904 882 893 277 249 263 71
7 914 896 905 293 263 278 69
8 917 877 897 234 212 223 75
9 909 881 895 265 239 252 72
11 908 894 901 213 197 205 77




12 897 879 888 188 166 177 80
13 902 886 894 196 168 182 80
15 912 892 902 203 181 192 79
17 907 889 898 211 193 202 78
18 905 893 899 223 193 208 77
19 913 887 900 212 188 200 78
21 917 881 899 200 180 190 79
22 917 895 906 153 137 145 84
23 912 872 892 160 138 149 83
25 911 871 891 167 151 159 82
27 906 890 898 168 142 155 83
29 919 885 902 163 145 154 83
31 912 886 899 186 158 172 81
33 913 887 900 170 148 159 82
34 895 867 881 189 171 180 80
35 912 892 902 198 180 189 79
37 892 872 882 178 160 169 81
39 906 890 898 185 155 170 81
41 928 890 909 187 163 175 81
43 905 879 892 193 173 183 79
45 916 888 902 170 148 159 82
47 927 909 918 210 188 199 78
49 951 937 944 167 143 155 84
51 950 932 941 164 140 152 84
53 943 933 938 150 130 140 85
55 931 909 920 157 133 145 84
57 959 921 940 160 138 149 84
59 945 921 933 173 145 159 83
61 954 936 945 168 142 155 84
63 955 919 937 165 143 154 84
65 954 916 935 186 158 172 82
67 951 931 941 172 146 159 83
69 940 916 928 189 171 180 81
71 943 925 934 198 180 189 80
73 955 929 942 180 158 169 82
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75 947 929 938 178 162 170 82
77 955 923 939 189 161 175 81
79 959 921 940 197 169 183 81
81 954 924 939 174 144 159 83
83 953 939 946 208 190 199 79
85 945 919 932 175 149 162 83
87 941 921 931 182 154 168 82
89 945 931 938 217 193 205 78
91 953 931 942 185 169 177 81
93 957 921 939 190 174 182 81
95 946 934 940 203 181 192 80
97 939 903 921 210 194 202 78
99 960 924 942 223 193 208 78
102 938 906 922 211 189 200 78
105 956 920 938 190 168 179 81
108 969 929 949 180 158 169 82
111 946 918 932 177 157 167 82
114 926 916 921 175 149 162 82
117 922 894 908 178 158 168 81
120 915 879 897 188 170 179 80
123 908 876 892 179 149 164 82
126 899 875 887 178 162 170 81
129 910 884 897 161 137 149 83
132 906 874 890 177 157 167 81
135 917 885 901 168 142 155 83
138 919 907 913 162 134 148 84
141 922 900 911 159 131 145 84
144 919 893 906 240 216 228 75
147 907 873 890 221 199 210 76
150 915 891 903 207 187 197 78
153 921 889 905 213 193 203 78
156 897 877 887 222 198 210 76
159 910 872 891 238 216 227 75
162 901 877 889 224 206 215 76
165 920 902 911 218 192 205 77
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168 916 892 904 228 208 218 76
171 490 480 485 219 203 211 56
174 499 481 490 227 217 222 55
177 504 470 487 161 149 155 68
180 501 481 491 161 147 154 69
183 494 482 488 180 164 172 65
186 491 469 480 165 153 159 67
189 498 486 492 188 172 180 63
192 507 471 489 199 179 189 61
195 501 483 492 174 164 169 66
198 505 485 495 180 160 170 66
201 504 472 488 183 167 175 64
204 535 517 526 194 184 189 64
207 - - 526 132 120 126 76
210 - - 526 141 129 135 74
213 - - 526 161 143 152 71
216 - - 526 144 136 140 73
219 - - 526 159 141 150 71
222 - - 526 118 106 112 79
225 534 524 529 106 92 99 81
228 - - 529 110 96 103 80
231 - - 529 104 94 99 81
234 - - 529 104 94 99 81
237 - - 529 105 85 95 82
240 - - 529 96 84 90 83
243 - - 529 93 83 88 83
246 - - 529 96 80 88 83
249 - - 529 96 78 87 83
252 548 534 541 90 74 82 85
255 - - 541 91 75 83 85
258 - - 541 82 74 78 86
261 - - 541 84 70 77 86
264 - - 541 98 86 92 83
267 - - 541 86 70 78 86
270 - - 541 99 81 90 83
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273 - - 541 116 102 109 80
276 - - 541 103 91 97 82
279 - - 541 107 89 98 82
282 - - 541 109 97 103 81
285 - - 541 122 106 114 79
288 524 514 519 96 78 87 83
201 - - 519 107 89 98 81
294 - - 519 109 95 102 80
297 - - 519 112 104 108 79
300 - - 519 121 107 114 78
303 - - 519 117 101 109 79
306 - - 519 110 96 103 80
309 - - 519 121 107 114 78
312 - - 519 119 109 114 78
315 - - 519 110 90 100 81
318 548 530 539 117 103 110 80
321 - - 539 99 87 93 83
324 - - 539 122 114 118 78
327 - - 539 128 110 119 78
330 - - 539 139 125 132 76
333 - - 539 122 112 117 78
336 - - 539 127 113 120 78
339 500 462 481 144 130 137 72
342 - - 481 158 140 149 69
345 - - 481 138 120 129 73
348 - - 481 135 121 128 73
351 - - 481 141 129 135 72
354 - - 481 152 144 148 69
357 - - 481 145 131 138 71
360 - - 481 146 134 140 71
363 - - 481 157 137 147 69
366 - - 481 130 114 122 75
369 468 454 461 127 107 117 75
372 - - 461 114 94 104 77
375 - - 461 118 102 110 76
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378 - - 461 118 110 114 75
381 - - 461 110 98 104 77
384 - - 461 95 87 91 80
387 - - 461 121 111 116 75
390 562 522 542 139 121 130 76
393 - - 542 122 106 114 79
396 - - 542 116 106 111 80
399 - - 542 113 105 109 80
402 - - 542 128 116 122 77
405 - - 542 141 123 132 76
408 606 574 590 147 129 138 77
411 - - 590 140 124 132 78
414 - - 590 147 133 140 76
417 - - 590 114 100 107 82
420 - - 590 121 103 112 81
423 - - 590 119 99 109 82
426 - - 590 122 114 118 80
429 - - 590 138 120 129 78
432 - - 590 121 105 113 81
435 552 522 537 124 106 115 79
438 - - 537 117 109 113 79
441 - - 537 107 91 99 82
444 - - 537 111 93 102 81
447 - - 537 104 90 97 82
450 - - 537 113 97 105 80
453 - - 537 107 95 101 81
456 - - 537 114 98 106 80
459 507 483 495 123 103 113 77
462 - - 495 127 107 117 76
465 - - 495 98 88 93 81
468 - - 495 103 95 99 80
471 - - 495 100 88 94 81
474 - - 495 119 99 109 78
477 522 498 510 128 114 121 76
480 - - 510 118 102 110 78
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483 - - 510 109 101 105 79
486 - - 510 113 97 105 79
489 - - 510 120 100 110 78
492 544 508 526 110 102 106 80
495 - - 526 117 109 113 79
498 - - 526 124 110 117 78
501 - - 526 123 109 116 78
504 - - 526 117 105 111 79
507 524 514 519 127 109 118 77
510 - - 519 107 99 103 80
513 - - 519 119 99 109 79
516 - - 519 115 105 110 79
519 - - 519 111 103 107 79
522 - - 519 118 108 113 78
525 499 489 494 125 115 120 76
528 - - 494 128 108 118 76
531 - - 494 120 100 110 78
534 - - 494 126 114 120 76
537 - - 494 133 113 123 75
540 557 519 538 119 101 110 80
543 - - 538 115 103 109 80
546 - - 538 132 120 126 77
549 - - 538 126 112 119 78
552 - - 538 120 100 110 80
555 506 496 501 107 95 101 80
558 - - 501 114 102 108 78
561 - - 501 95 87 91 82
564 - - 501 90 82 86 83
567 - - 501 88 78 83 83
570 551 517 534 111 97 104 81
573 - - 534 112 104 108 80
576 - - 534 113 103 108 80
579 - - 534 119 103 111 79
582 - - 534 112 100 106 80
585 556 516 536 109 89 99 82
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588 - - 536 111 95 103 81
591 - - 536 115 97 106 80
594 - - 536 121 101 111 79
597 - - 536 111 97 104 81
600 561 551 556 126 110 118 79
603 - - 556 126 106 116 79
606 - - 556 129 113 121 78
609 - - 556 119 99 109 80
612 559 549 554 116 102 109 80
615 - - 554 132 120 126 77
618 - - 554 120 112 116 79
621 - - 554 141 125 133 76
624 - - 554 135 121 128 77
627 547 527 537 120 110 115 79
630 - - 537 128 108 118 78
633 - - 537 118 106 112 79
636 - - 537 118 100 109 80
639 527 493 510 106 96 101 80
642 - - 510 112 98 105 79
645 - - 510 108 100 104 80
648 - - 510 114 104 109 79
651 - - 510 117 107 112 78
654 547 523 535 126 116 121 77
657 - - 535 115 101 108 80
660 - - 535 120 112 116 78
663 - - 535 123 111 117 78
666 - - 535 110 100 105 80
669 525 509 517 110 90 100 81
672 - - 517 110 92 101 80
675 - - 517 124 104 114 78
678 - - 517 114 106 110 79
681 - - 517 109 95 102 80
684 - - 517 108 94 101 80
687 503 483 493 101 93 97 80
690 - - 493 105 85 95 81
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693 - - 493 109 95 102 79
696 - - 493 124 104 114 77
699 - - 493 108 94 101 80
702 - - 493 104 94 99 80
705 - - 493 102 92 97 80
708 533 521 527 118 106 112 79
711 - - 527 128 108 118 78
714 - - 527 120 110 115 78
717 - - 527 113 105 109 79
720 - - 527 111 103 107 80
723 - - 527 120 100 110 79
726 553 539 546 116 108 112 79
729 - - 546 106 96 101 82
732 - - 546 114 102 108 80
735 - - 546 122 110 116 79
738 - - 546 119 99 109 80
741 540 506 523 119 101 110 79
744 - - 523 120 104 112 79
747 - - 523 114 106 110 79
750 - - 523 116 98 107 80
753 - - 523 111 101 106 80
756 525 487 506 115 97 106 79
759 - - 506 114 94 104 79
762 - - 506 107 95 101 80
765 - - 506 113 105 109 78
768 - - 506 106 90 98 81
771 532 510 521 121 105 113 78
774 - - 521 119 101 110 79
777 - - 521 115 99 107 79
780 - - 521 117 107 112 79
783 - - 521 115 105 110 79
786 551 531 541 107 97 102 81
789 - - 541 111 99 105 81
792 - - 541 111 95 103 81
795 - - 541 115 95 105 81




Table G6 Data forFigure4-7 AEF performance of MBBRIuring ogerationat differentphases

Time (Day) Influent COD (mg/L) Effluent COD (mg/L) Removal(%)
Rep 1 Rep 2 Mean Rep 1 Rep 2 Mean
36 43.3 42.7 43.0 42.8 41.4 42.1 2.1
37 - - 43.0 40.5 39.1 39.8 7.4
38 - - 43.0 41.2 40.8 41.0 4.8
39 43.7 42.6 43.2 40.0 39.6 39.8 7.9
40 - - 43.2 39.0 38.0 38.5 10.9
41 - - 43.2 39.6 38.2 38.9 10.0
56 34.3 31.9 33.1 37.8 374 37.6 12.0
57 37.4 35.8 36.6 38.8 37.6 38.2 4.2
58 33.8 324 33.1 37.7 35.7 36.7 9.8
59 31.6 30.6 31.1 37.0 36.8 36.9 15.6
60 31.7 30.5 31.1 37.8 36.4 37.1 16.3
62 32.0 31.2 31.6 38.0 37.2 37.6 15.8
63 31.9 30.3 31.1 38.2 37.0 37.6 17.4
65 31.6 28.8 30.2 37.8 374 37.6 19.7
66 36.2 33.2 34.7 39.3 37.9 38.6 10.0
67 33.6 314 325 38.0 37.2 37.6 134
69 36.6 35.6 36.1 42.9 42.9 42.9 15.9
71 376 34.6 36.1 43.2 43.0 43.1 16.3
72 37.6 374 375 45.1 43.1 44.1 14.9
73 40.5 375 39.0 43.6 42.6 43.1 9.5
76 39.2 36.8 38.0 43.0 42.8 42.9 114
78 41.1 38.9 40.0 45.6 45.6 45.6 12.2
79 37.7 36.7 37.2 40.0 38.2 39.1 4.9
80 33.7 31.7 32.7 39.6 37.8 387 154
84 33.7 325 33.1 38.7 375 38.1 13.1
86 34.2 334 33.8 40.6 394 40.0 154
87 36.0 34.6 35.3 39.2 374 38.3 7.9
90 31.3 30.1 30.7 374 36.4 36.9 16.8
92 344 32.2 33.3 40.9 38.9 39.9 16.6
93 34.3 325 334 41.6 40.2 40.9 18.2
94 36.2 34.8 35.5 42.2 41.6 41.9 15.2
105 45.6 45.0 45.3 334 324 32.9 27.4
107 - - 45.3 35.6 33.8 34.7 235
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111 - - 45.3 34.3 32,5 33.4 26.3
119 - - 45.3 32.9 30.9 31.9 29.7
125 45.2 43.6 44.4 42.4 42.4 42.4 45
127 45.4 43.2 44.3 41.2 41.0 41.1 7.3
128 - - 443 43.3 43.1 43.2 2.8
129 45.4 43.4 44.4 43.4 42.4 42.9 3.4
130 - - 44.4 48.2 47.2 47.7 7.3
133 - - 44.4 39.3 39.1 39.2 11.7
134 - - 44.4 45.4 44.8 45.1 -1.4
135 - - 44.4 49.1 48.5 48.8 -9.8
136 - - 44.4 52.4 51.2 51.8 -16.7
138 - - 44.4 35.6 35.6 35.6 19.8
141 - - 44.4 38.6 37.6 38.1 14.3
142 - - 44.4 39.6 37.8 38.7 12.8
144 - - 44.4 315 30.1 30.8 30.6
145 36.8 36.4 36.6 345 33.3 33.9 7.3
147 - - 36.6 33.6 32.0 32.8 10.3
149 - - 36.6 35.6 34.0 34.8 4.9
150 - - 36.6 34.4 33.8 34.1 6.8
151 - - 36.6 32.2 30.2 31.2 14.6
157 - - 36.6 30.6 29.2 29.9 18.1
158 - - 36.6 33.9 325 33.2 9.3
160 - - 36.6 35.8 34.0 34.9 4.7
162 - - 36.6 34.0 32.0 33.0 9.8
163 - - 36.6 335 32.9 33.2 9.3
167 - - 36.6 31.9 30.1 31.0 15.2
172 - - 36.6 32.4 31.8 32.1 12.2
176 - - 36.6 34.9 32.9 33.9 7.2
182 36.9 36.7 36.8 34.0 32.8 334 9.3
187 - - 36.8 33.3 32.1 32.7 11.1
191 - - 36.8 32.8 31.2 32.0 13.1
193 - - 36.8 324 30.6 315 14.4
198 - - 36.8 33.6 32.2 32.9 10.5
200 - - 36.8 34.3 33.3 33.8 8.2
202 - - 36.8 32.3 31.9 32.1 12.7




204 - - 36.8 31.0 30.6 30.8 16.2
206 - - 36.8 30.1 29.5 29.8 191
208 - - 36.8 31.0 29.8 30.4 17.3
210 - - 36.8 30.6 30.0 30.3 17.5
212 - - 36.8 31.6 29.6 30.6 16.8
217 - - 36.8 30.6 30.4 30.5 17.3
220 37.4 37.0 37.2 32.1 317 31.9 14.3
223 - - 37.2 31.7 31.3 31.5 154
224 - - 37.2 33.4 33.0 33.2 10.9
226 - - 37.2 31.5 31.5 31.5 15.2
228 - - 37.2 31.5 30.5 31.0 16.7
231 - - 37.2 33.5 32.5 33.0 11.2
233 - - 37.2 33.5 32.3 32.9 11.7
235 - - 37.2 32.6 31.6 32.1 13.8
237 - - 37.2 33.4 32.8 33.1 111
239 - - 37.2 33.4 33.4 33.4 10.3
241 - - 37.2 33.8 32.4 33.1 111
243 - - 37.2 31.8 31.8 31.8 14.6
245 - - 37.2 32.8 32.2 32.5 12.6
247 37.9 37.1 37.5 30.6 29.8 30.2 195
249 - - 37.5 30.8 30.2 30.5 18.7
251 - - 37.5 317 31.7 31.7 155
253 - - 37.5 33.0 31.6 32.3 13.8
255 - - 37.5 32.7 31.3 32.0 14.7
257 - - 37.5 32.5 31.9 32.2 14.2
259 - - 37.5 34.3 32.5 33.4 10.9
261 - - 37.5 34.7 34.5 34.6 7.7
263 37.1 38.3 37.7 31.7 30.1 30.9 18.0
265 - - 37.7 34.3 33.3 33.8 10.4
267 - - 37.7 33.6 32.6 33.1 12.2
270 - - 37.7 34.1 33.3 33.7 10.7
271 - - 37.7 33.7 32.1 32.9 12.7
273 - - 37.7 34.5 33.3 33.9 10.1
275 - - 37.7 33.9 33.7 33.8 10.5
277 - - 37.7 32.0 30.8 31.4 16.7
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281 - - 37.7 32.8 314 321 14.9
289 37.9 36.9 37.4 35.7 34.7 35.2 59
201 - - 37.4 36.6 35.8 36.2 3.2
293 - - 37.4 36.4 36.2 36.3 2.8
297 - - 37.4 36.4 34.6 35.5 51
299 - - 37.4 36.0 35.0 35.5 5.2
301 - - 37.4 33.3 33.3 33.3 10.9
303 38.5 37.5 38.0 34.1 33.3 33.7 11.3
305 - - 38.0 33.3 32.5 32.9 135
307 - - 38.0 33.5 31.7 32.6 14.4
309 - - 38.0 33.6 32.4 33.0 131
312 - - 38.0 33.2 32.0 32.6 14.3
315 - - 38.0 34.9 33.7 34.3 9.6
317 38.7 38.0 38.4 36.0 34.2 35.1 7.6
320 - - 38.4 36.1 34.7 35.4 6.9
323 - - 38.4 35.2 35.2 35.2 7.3
326 - - 38.4 35.1 34.7 34.9 8.1
329 - - 38.4 35.5 33.9 34.7 8.6
335 - - 38.4 34.4 33.2 33.8 11.0
338 - - 38.4 34.3 34.3 34.3 9.7
341 - - 38.4 37.1 35.9 36.5 3.8
344 39.8 37.8 38.8 36.6 36.0 36.3 6.5
347 - - 38.8 37.8 36.0 36.9 4.9
351 - - 38.8 36.7 34.9 35.8 7.6
354 - - 38.8 34.5 34.3 34.4 115
355 - - 38.8 35.3 33.9 34.6 10.9
357 - - 38.8 34.9 34.5 34.7 10.6
360 - - 38.8 34.7 32.7 33.7 13.2
362 - - 38.8 32.9 32.7 32.8 155
365 - - 38.8 34.2 34.0 34.1 12.0
368 - - 38.8 35.3 33.3 34.3 11.7
371 - - 38.8 36.7 35.5 36.1 7.0
377 47.1 45.9 46.5 36.8 36.2 36.5 215
380 - - 46.5 36.3 34.5 35.4 24.0
383 - - 46.5 36.1 35.5 35.8 23.0
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386 - - 46.5 36.4 36.2 36.3 22.0
389 - - 46.5 37.1 35.9 36.5 21.6
392 40.4 40.2 40.3 35.4 34.4 34.9 13.3
395 - - 40.3 358 35.2 35.5 11.9
398 - - 40.3 36.3 34.5 35.4 12.2
401 - - 40.3 36.0 35.0 35.5 11.9
404 - - 40.3 34.4 32.6 33.5 16.8
407 40.7 40.2 40.5 35.2 33.4 34.3 14.8
410 - - 40.5 34.9 32.9 33.9 16.0
413 - - 40.5 34.8 33.6 34.2 15.2
416 - - 40.5 34.6 34.0 34.3 15.3
419 - - 40.5 34.8 33.0 33.9 16.4
422 - - 40.5 37.7 36.5 37.1 8.5
426 - - 40.5 36.9 36.7 36.8 9.2
429 - - 40.5 34.2 32.4 33.3 17.9
432 - - 40.5 33.5 32.9 33.2 18.0
435 - - 40.5 35.1 33.5 34.3 15.3
438 - - 40.5 31.1 30.9 31.0 23.5
441 40.1 39.5 39.8 34.7 32.7 33.7 15.2
444 - - 39.8 37.8 37.4 37.6 54
450 - - 39.8 36.9 36.9 36.9 7.2
453 42.5 41.9 42.2 34.8 34.6 34.7 18.0
456 - - 42.2 36.2 35.0 35.6 15.6
459 - - 42.2 36.9 36.7 36.8 12.9
462 - - 42.2 38.2 36.6 37.4 115
465 - - 42.2 39.8 38.0 38.9 7.8
468 - - 42.2 39.6 39.0 39.3 7.0
471 46.2 43.8 45.0 35.1 33.7 34.4 23.5
474 - - 45.0 34.8 34.8 34.8 22.5
480 - - 45.0 35.7 35.1 35.4 21.3
489 41.5 41.3 41.4 33.2 32.8 33.0 20.3
495 - - 41.4 33.6 33.2 33.4 19.3
501 - - 41.4 34.4 32.8 33.6 188
507 37.5 35.3 36.4 32.8 30.8 31.8 12.6
514 - - 36.4 33.5 32.5 33.0 9.3
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523 41.8 41.6 41.7 35.9 34.3 35.1 15.8
529 - - 41.7 38.1 36.5 37.3 10.6
538 - - 41.7 38.0 37.8 37.9 9.1
544 - - 41.7 37.7 36.5 37.1 11.0
547 45.6 45.6 45.6 35.3 34.7 35.0 23.2
553 - - 45.6 36.5 35.3 35.9 21.3
559 - - 45.6 36.1 35.5 35.8 21.5
571 44.5 44.1 44.3 35.0 34.0 34.5 22.1
577 - - 44.3 35.3 34.3 34.8 21.4
584 46.0 45.6 45.8 36.6 36.0 36.3 20.7
589 - - 45.8 36.9 36.7 36.8 19.7
592 40.7 38.5 39.6 34.0 32.6 33.3 15.9
598 - - 39.6 35.0 35.0 35.0 11.6
604 - - 39.6 36.3 34.3 35.3 10.9
610 42.1 42.1 42.1 34.8 34.0 34.4 18.3
616 - - 42.1 34.0 33.6 33.8 19.7
622 - - 42.1 34.9 33.3 34.1 19.0
628 43.9 43.7 43.8 35.8 35.4 35.6 18.7
634 - - 43.8 36.1 34.1 35.1 19.9
640 - - 43.8 35.6 35.4 35.5 18.9
646 40.6 39.8 40.2 32.3 31.9 32.1 20.1
652 - - 40.2 32.9 30.9 31.9 20.6
658 - - 40.2 33.5 33.5 33.5 16.7
664 42.9 40.9 41.9 34.7 33.5 34.1 18.6
670 - - 41.9 34.4 33.2 33.8 19.3
676 - - 41.9 32.6 32.0 32.3 22.9
678 44.7 43.1 43.9 35.4 35.0 35.2 19.8
684 - - 43.9 34.6 33.6 34.1 22.3
690 - - 43.9 35.3 34.3 34.8 20.7
696 39.8 37.2 38.5 30.7 29.7 30.2 21.6
702 - - 38.5 32.0 31.0 315 18.2
708 - - 38.5 31.0 30.6 30.8 20.0
714 42.3 39.5 40.9 32.4 31.2 31.8 22.2
720 - - 409 31.6 31.2 31.4 23.2
726 - - 40.9 32.5 31.7 32.1 215
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732 42.7 40.7 41.7 34.0 34.0 34.0 18.5
738 - - 41.7 35.5 33.5 34.5 17.3
744 - - 41.7 33.8 33.8 33.8 18.9
750 40.9 38.1 39.5 314 31.0 31.2 21.0
756 - - 39.5 33.3 32.3 32.8 17.0
762 - - 39.5 327 30.9 31.8 19.5
768 40.1 40.1 40.1 33.7 32.7 33.2 17.2
774 - - 40.1 33.5 31.5 32.5 19.0
780 - - 40.1 32.2 31.0 31.6 21.2

Table G7 Data forFigure4-14 COD performance of MBR during operatiorat differentphases

Time Influent COD (mg/L) Effluent COD (mg/L) Removal(%)
(Day) Rep 1 Rep 2 Mean Rep 1 Rep 2 Mean
0 532 506 519 122 102 112 78
2 534 504 519 87 77 82 84
3 533 505 519 87 67 77 85
4 527 511 519 86 58 72 86
6 529 509 519 96 80 88 83
8 503 481 492 99 79 89 82
10 501 483 492 98 76 87 82
11 507 477 492 74 52 63 87
12 500 484 492 68 38 53 89
14 500 484 492 58 48 53 89
16 501 483 492 64 36 50 90
18 505 479 492 62 42 52 89
19 484 454 469 73 47 60 87
20 482 456 469 53 37 45 90
21 484 454 469 78 68 73 84
23 480 458 469 97 71 84 82
25 480 458 469 91 63 77 84
27 539 515 527 90 74 82 84
29 539 515 527 100 70 85 84
31 541 513 527 101 85 93 82
32 539 515 527 122 102 112 79
34 537 517 527 129 99 114 78
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35 540 514 527 120 106 113 79
37 539 515 527 136 112 124 76
39 505 479 492 86 70 78 84
41 506 478 492 91 67 79 84
44 503 481 492 89 69 79 84
46 506 478 492 61 45 53 89
49 501 483 492 62 46 54 89
51 503 481 492 64 44 54 89
53 548 532 540 103 81 92 83
55 555 525 540 71 47 59 89
58 550 530 540 81 59 70 87
61 553 527 540 81 63 72 87
63 553 527 540 84 68 76 86
65 541 513 527 108 92 100 81
70 542 512 527 89 77 83 84
73 539 515 527 97 75 86 84
77 537 517 527 97 83 90 83
80 710 686 698 123 99 111 84
86 711 685 698 47 27 37 95
89 706 690 698 48 28 38 95
92 711 685 698 66 54 60 91
95 712 684 698 81 55 68 90
98 514 486 500 67 55 61 88
101 509 491 500 60 32 46 91
104 508 492 500 47 33 40 92
107 509 491 500 40 30 35 93
110 439 419 429 50 32 41 90
113 444 414 429 42 28 35 92
116 441 417 429 61 31 46 89
119 442 416 429 70 56 63 85
122 442 416 429 78 48 63 85
125 276 260 268 66 56 61 77
128 282 254 268 63 45 54 80
131 277 259 268 91 69 80 70
134 279 257 268 66 54 60 78
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137 282 254 268 70 56 63 76
140 203 177 190 69 53 61 68
143 198 182 190 71 41 56 71
146 202 178 190 70 40 55 71
149 203 177 190 73 43 58 69
152 204 176 190 73 63 68 64
155 185 167 176 68 38 53 70
158 191 161 176 70 50 60 66
161 189 163 176 69 57 63 64
164 184 168 176 76 46 61 65
167 188 164 176 67 57 62 65
170 311 287 299 94 72 83 72
173 312 286 299 75 55 65 78
176 310 288 299 83 57 70 77
179 309 289 299 86 68 77 74
182 308 290 299 66 36 51 83
185 225 207 216 54 38 46 79
188 224 208 216 72 50 61 72
191 227 205 216 70 46 58 73
194 225 207 216 66 52 59 73
197 231 201 216 71 51 61 72
200 227 205 216 96 66 81 63
203 329 309 319 90 66 78 76
206 327 311 319 72 46 59 82
209 334 304 319 74 48 61 81
212 333 305 319 75 61 68 79
215 244 218 231 83 59 71 69
218 246 216 231 67 55 61 74
221 244 218 231 103 75 89 61
224 241 221 231 77 65 71 69
227 218 200 209 68 50 59 72
230 217 201 209 65 45 55 74
233 219 199 209 70 52 61 71
236 222 196 209 80 56 68 67
239 224 194 209 87 59 73 65
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242 211 185 198 74 52 63 68
245 211 185 198 68 54 61 69
248 208 188 198 70 48 59 70
251 208 188 198 67 39 53 73
254 211 185 198 64 44 54 73
257 230 204 217 68 46 57 74
260 231 203 217 66 36 51 76
263 228 206 217 72 44 58 73
266 231 203 217 61 45 53 76
269 227 207 217 58 42 50 77
272 272 246 259 71 59 65 75
275 270 248 259 76 66 71 73
278 273 245 259 85 59 72 72
281 269 249 259 83 63 73 72
284 270 248 259 83 55 69 73
287 267 251 259 83 59 71 73
290 231 215 223 78 50 64 71
293 232 214 223 76 54 65 71
296 232 214 223 76 60 68 70
299 231 215 223 83 59 71 68
302 238 208 223 70 54 62 72
305 216 198 207 59 49 54 74
308 218 196 207 57 45 51 75
311 221 193 207 68 48 58 72
314 218 196 207 62 38 50 76
317 203 177 190 57 41 49 74
320 200 180 190 57 31 44 77
323 198 182 190 67 51 59 69
326 199 181 190 56 46 51 73
329 200 180 190 62 38 50 74
332 190 162 176 53 33 43 76
335 189 163 176 63 49 56 68
338 184 168 176 62 40 51 71
341 184 168 176 64 36 50 72
344 186 166 176 64 34 49 72




347 190 170 180 58 34 46 74
350 193 167 180 73 49 61 66
353 188 172 180 71 43 57 68
356 192 168 180 63 45 54 70
359 195 165 180 62 40 51 72
362 194 164 179 68 40 54 70
365 191 167 179 69 51 60 66
368 190 168 179 58 48 53 70
371 192 166 179 69 59 64 64
374 194 164 179 62 48 55 69
377 211 191 201 69 51 60 70
380 209 193 201 66 52 59 71
383 210 192 201 76 48 62 69
386 209 193 201 78 50 64 68
389 215 187 201 78 68 73 64
392 200 172 186 76 46 61 67
395 199 173 186 64 48 56 70
398 199 173 186 69 47 58 69
401 194 178 186 58 40 49 74
404 198 174 186 62 32 47 75
407 194 178 186 68 40 54 71
410 205 177 191 76 46 61 68
413 200 182 191 69 57 63 67

Table G8 Data forFigure4-15 AEF performance of M\BR during operatiorat differentphases

Influent COD (mg/L) Effluent COD (mg/L)
Time (Day) Removal(%)
Rep 1 Rep 2 Mean Rep 1 Rep 2 Mean
0 15.3 14.7 15.0 14.4 14.0 14.2 51
1 - - 15.0 14.2 14.2 14.2 51
2 - - 15.0 13.7 13.7 13.7 8.6
3 - - 15.0 16.0 15.0 15.5 -3.2
5 - - 15.0 16.0 15.0 15.5 -3.5
7 154 14.9 15.2 15.0 14.2 14.6 4.1
9 - - 15.2 13.8 12.8 13.3 12.5
10 - - 15.2 13.5 12.5 13.0 14.2
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11 - - 15.2 14.0 136 13.8 9.2
13 - - 15.2 12.3 12.3 12.3 18.8
15 - - 15.2 12.2 11.6 11.9 22.0
17 - - 15.2 12.7 12.1 12.4 18.6
19 15.7 13.7 14.7 12.5 11.5 12.0 18.3
20 - - 14.7 12.0 11.8 11.9 19.3
22 - - 14.7 13.1 125 12.8 131
24 - - 14.7 13.7 12.7 13.2 10.5
25 - - 14.7 13.9 12.9 13.4 8.9
26 - - 14.7 13.7 12.7 13.2 10.2
27 13.7 12.1 12.9 10.8 10.0 10.4 19.2
29 - - 12.9 11.7 10.9 11.3 12.2
30 - - 12.9 111 10.1 10.6 17.5
32 - - 12.9 11.0 10.4 10.7 16.9
33 - - 12.9 11.0 10.6 10.8 16.5
35 - - 12.9 10.5 10.5 10.5 18.7
37 - - 12.9 12.8 12.6 12.7 15
41 15.8 13.8 14.8 141 13.9 14.0 5.5
43 - - 14.8 12.8 12.0 12.4 16.2
46 - - 14.8 12.7 125 12.6 14.7
49 - - 14.8 13.0 13.0 13.0 11.9
51 - - 14.8 135 131 13.3 9.9
53 16.4 15.2 15.8 11.9 115 11.7 25.9
55 - - 158 12.6 12.4 125 21.0
57 - - 15.8 13.3 131 13.2 16.7
60 - - 15.8 12.3 12.3 12.3 22.0
63 - - 15.8 13.3 12.9 131 16.8
70 14.4 13.2 13.8 12.5 11.7 12.1 125
73 - - 13.8 115 115 115 16.6
77 - - 13.8 12.0 11.0 115 17.0
80 - - 13.8 111 10.1 10.6 23.0
89 - - 13.8 9.8 9.6 9.7 29.5
92 - - 13.8 10.8 9.8 10.3 25.1
95 - - 13.8 11.7 111 11.4 17.8
98 13.4 11.6 125 111 10.1 10.6 14.8




101 - - 12.5 10.9 10.1 10.5 155
104 - - 12.5 10.6 9.8 10.2 18.5
107 - - 12.5 10.2 10.2 10.2 18.2
110 20.9 19.9 204 16.6 16.2 16.4 19.3
116 - - 20.4 16.1 15.9 16.0 21.3
119 - - 20.4 16.3 15.3 15.8 22.4
122 - - 20.4 154 15.0 15.2 25.3
125 18.1 16.7 17.4 15.6 15.4 155 10.7
128 - - 17.4 151 14.9 15.0 13.8
137 - - 17.4 14.3 14.1 14.2 18.2
140 22.3 20.7 21.5 18.8 18.0 18.4 14.4
143 - - 21.5 18.5 18.5 18.5 13.9
146 - - 21.5 18.3 17.7 18.0 16.1
149 - - 21.5 14.7 13.7 14.2 33.9
152 - - 21.5 15.0 14.8 14.9 30.7
155 14.6 13.2 13.9 9.5 8.9 9.2 33.8
161 - - 13.9 10.3 10.3 10.3 25.9
167 13.4 114 12.4 10.8 10.0 104 16.1
173 - - 12.4 10.9 10.7 10.8 12.9
179 - - 12.4 10.2 10.0 10.1 18.5
185 135 12.7 131 10.7 9.9 10.3 21.4
191 - - 131 10.2 10.2 10.2 22.1
197 - - 131 10.8 10.6 10.7 18.3
203 17.6 17.2 17.4 12.7 125 12.6 27.6
209 - - 17.4 13.7 131 134 23.0
215 16.4 15.4 15.9 12.3 12.3 12.3 22.6
221 - - 15.9 12.8 12.2 125 21.4
230 16.5 151 15.8 13.0 13.0 13.0 17.7
236 - - 15.8 12.6 12.0 12.3 22.2
239 14.3 125 13.4 11.0 10.6 10.8 194
243 - - 13.4 111 10.9 11.0 17.9
245 - - 13.4 11.4 10.4 10.9 18.7
251 15.9 141 15.0 111 10.9 11.0 26.7
257 - - 15.0 125 115 12.0 20.0
263 20.0 18.0 19.0 14.3 13.7 14.0 26.3
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270 - - 19.0 16.5 155 16.0 15.8
276 - - 19.0 13.2 12.8 13.0 31.6
282 17.0 15.0 16.0 11.2 10.8 11.0 31.3
288 - - 16.0 12.0 12.0 12.0 25.0
294 - - 16.0 135 12.5 13.0 18.8
300 18.9 171 18.0 11.0 11.0 11.0 38.9
306 - - 18.0 12.4 11.6 12.0 33.3
312 - - 18.0 11.2 10.8 11.0 38.9
318 - - 18.0 15.0 15.0 15.0 16.7
324 14.2 13.8 14.0 11.0 11.0 11.0 21.4
330 - - 14.0 10.2 9.8 10.0 28.6
336 - - 14.0 9.4 8.6 9.0 35.7
342 - - 14.0 114 10.6 11.0 21.4
348 17.6 16.4 17.0 135 12.5 13.0 23.5
354 - - 17.0 14.4 13.6 14.0 17.6
360 - - 17.0 12.3 11.7 12.0 29.4
366 - - 17.0 12.3 11.7 12.0 29.4
372 19.3 18.7 19.0 135 12.5 13.0 31.6
378 - - 19.0 14.4 13.6 14.0 26.3
384 - - 19.0 12.3 11.7 12.0 36.8
390 - - 19.0 13.0 13.0 13.0 31.6
396 - - 18.0 135 125 13.0 27.8
402 - - 18.0 12.4 11.6 12.0 33.3
408 - - 18.0 12.4 11.6 12.0 33.3
414 - - 18.0 114 10.6 11.0 38.9

Table G9 Data for Figured-17 Adsorption isotherm of COD in MABR effluent onto GAC at

21€C
Ce (mg/L) e (Mg/g)
49.8 808.08
31.5 789.09
29.7 759.79
15.9 777.83
12.9 753.88
6.4 626.23
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2.6 422.45

Table G10 Data forFigure4-18 Breakthrough curve of the GAC column with 30 min EBCT

Effluent concentration
(mg/L)

0 1
.
14
21
28
35
42
49
56
63
70
84
91
98
105

Day

N N e e e N

(e}
~

)]
ol

(e}
~

Table G11 Data for Figured-19 Performance evaluation of each operational component when
the process train was at stable state

COD concentration (mg/L) AEF concentration (mg/L)
Sample Name

Rep 1 Rep 2 Mean Error Rep 1 Rep 2 Mean Error

Raw OSPW 238 228 233 5 65.0 55.8 60.4 4.6
MBBR IN 154 132 143 11 47.6 34.6 41.1 6.5
MBBR OUT 117 109 113 4 38.5 32.7 35.6 2.9
COP IN 118 104 111 7 34.7 29.5 32.1 2.6
COP OUT 112 98 105 7 18.4 14.0 16.2 2.2
MABR IN 111 93 102 9 17.4 13.2 15.3 21
MABR OUT 69 57 63 6 15.3 8.5 11.9 3.4
AP IN 66 52 59 7 13.5 9.5 11.5 2.0
AP OUT 20 14 17 3 3.8 2.0 2.9 0.9
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Table G12 Data for Figured-20 BOD value and BOD/COD ratio of each operational component
when the process train was at stable state

Sample name Rep 1| Rep2| Mean | Error bar| BOD/COD ratio
Raw OSPW 3 2 3 1 0.01
MBBR influent 244 | 265 | 255 10 0.48
MBBR effluent 2 4 3 1 0.03
MBBR effluent afte ozonation| 18 21 19 2 0.17
MABR influent 73 96 85 12 0.40
MABR effluent 4 5 4 1 0.06
Standard solution 198 | 196 | 197 1 -
350 DO Microsensor 800 H,S Microsensor
300 - = Precdibration 00 - m  Precaibration
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E 200 1 <(& 500 |- y=137x+1.9 R°=0.99
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ORP Microsensor

500

400 -

300

200 -

(mV vs. Ag/AgCl)

100

Measured potential by ORP microsensor

m  Pre-caibration
y=0.99x+1.28
® Post-calibration
—— y=0.98x+6.56

R°=0.99

R°=0.99

100 200

300 400 500

Nominal potential of standard/reference solution
(mV vs. Ag/AgCl)

(e)

FigureC-1 Calibration curve for each microsensor

Table G13 Data for Figure 8 Calibration curve for each microsensor

DO microensor

O, concentration (mg/L

Precalibration

Postcalibration

Current signal (pA), Current signal (pA)
0 3.4 1.2
8.72 307 291

H»S microsensor

Precalibration Postcalibration
Total sulfide concentratiomi) - -
Current signal (pA)| Current signal (pA)
0 2 5
10 14 13
50 75 70
100 145 140
500 711 691

ORP microsensor

Reference solutions

(mV Vs. Ag/AgCl

Nominal potential*

Precalibration

Postcalibration

) Measured potentia

(mV Vs. Ag/AgCI)

Measured potentia
(mV Vs. Ag/AgCl)
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pH 4 Quinhydronesolution 265 268 275
pH 7 Quinhydrone solution 90.8 89 92

FerrousFerric Standard solutio 463 458 459
* The values of nominal potentials were fdr €

NOs; microsensor

] Pre-calibration Postcalibration
Molar concentration of NQ (M) | -Log [NOs] - -
Potential (mV Vs. Ag/AgCl)| Potential (mV Vs. Ag/AgCl)
102 2 133 122
10° 3 191 184
10* 4 245 242
10° 5 297 301

pH microsensor

Precalibration Postcalibration
pH standard solutiof Potential Potential
(mV Vs. Ag/AgCl) | (mV Vs. Ag/AgCl)
6 74 62
7 16 8
8 -44 -51
9 -101 -115

Table G14 Data for Figure 8 Chemical profiles inside MBBR biofilm

biooance ::??:m) NOy (mg/l) | DO (mg/L) pH H,S (mg/L) ORP (mV)
350 ; 35 i 0.0 ;
-300 15.1 3.1 7.9 0.0 ]
250 14.7 3.6 7.8 0.0 413
-200 138 3.1 7.9 0.0 403
1150 135 3.7 7.7 0.0 405
-100 12.9 3.4 7.9 0.0 412
50 12.3 28 7.9 0.0 400

0 11.9 3.3 7.9 0.0 398
50 9.4 3.1 7.8 0.0 400
100 8.1 25 7.7 0.0 384
150 6.8 1.9 7.7 0.0 375
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200 5.2 1.5 7.8 0.0 359
250 3.1 1.6 7.8 0.0 286
300 2.9 1.4 7.7 0.0 233
350 2.3 1.6 7.6 0.0 179
400 2.0 1.1 7.6 0.0 138
450 1.5 0.9 7.6 0.0 94
500 1.4 0.7 7.6 0.0 48
550 0.9 0.1 7.6 0.0 27
600 0.5 0.0 7.6 0.0 -16
650 0.2 0.1 7.6 0.0 -38
700 0.1 0.0 7.7 0.0 -69
750 0.0 0.0 7.7 0.0 -87
800 0.0 0.0 7.6 0.0 -102
850 0.0 0.0 7.7 0.0 -107
900 0.0 0.0 7.6 0.1 -109
950 0.0 0.0 7.7 0.1 -106
1000 0.0 0.0 7.6 0.2 -125
1050 0.0 - - - -117
Table G15 Data for Figure % Chemical profiles inside MABR biofilm
bioﬁﬁtzﬂf; Zg’r(fm) NOs (mg/L) DO (mg/L) pH H,S (mg/L) ORP (mV)

-400 3.4 0.9 8.1 0.0 139
-300 3.1 1.1 8.0 0.0 107
-250 2.7 0.9 8.3 0.0 73
-200 2.4 1.0 8.1 0.0 81
-150 2.5 0.9 7.9 0.1 67
-100 2.1 0.5 8.1 0.3 23
-50 2.0 0.2 8.1 0.7 -31
0 1.7 0.1 8.0 0.5 -67
50 1.5 0.1 7.9 0.9 -91
100 1.1 0.0 7.8 0.6 -108
150 0.8 0.0 7.8 0.1 -111
200 0.5 0.0 7.8 0.1 -113
250 0.2 0.0 7.8 0.0 -127
300 0.1 0.0 7.7 0.0 -138
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350 0.0 0.0 7.7 0.0 -143
400 0.0 0.0 7.7 0.0 -127
450 0.0 0.0 7.7 0.0 -116
500 0.0 0.0 7.6 0.0 -106
550 0.0 0.0 7.7 0.0 -101
600 0.0 0.0 7.8 0.0 -110
650 0.0 0.0 7.8 0.0 -104
700 0.0 0.0 7.8 0.0 -89
750 0.0 0.0 7.8 0.0 -75
800 0.0 0.1 7.8 0.0 -11
850 0.0 0.3 7.8 0.0 43

900 0.0 0.4 7.7 0.0 94

950 0.0 0.6 7.8 0.0 153
1000 0.0 11 7.8 0.0 251
1050 0.0 23 7.8 0.0 277
1100 0.0 3.1 7.8 0.0 351
1150 0.0 4.5 7.9 0.0 390
1200 0.0 5.7 7.8 0.0 415
1250 0.0 6.9 7.8 0.0 428
1300 0.0 7.4 7.7 0.0 420
1350 0.0 8.3 7.8 0.0 415
1400 0.0 8.7 7.9 - 419
1450 0.0 9.1 7.9 - 424
1500 0.0 - 7.9 - 421

Table G16 Data for Figure % The top 10 most relative abundance of the bacteria at the phylum

level
Name Relative abundance (%)

So SAg1 SAsz SAg2 SBy SBgs
Acidobacteria 0.5 2.9 25 3.3 4.1 6.2
Actinobacteria 1.9 0.3 0.8 1.3 0.7 11
Armatimonadetes 0.0 0.5 0.1 0.0 0.2 0.0
Bacteroidetes 10.2 23.2 21.7 7.2 15.1 10.3
Chlamydiae 0.2 0.0 0.1 0.1 0.0 1.0
Chlorobi 0.0 0.1 0.0 0.0 0.0 2.6




Chloroflexi 0.1 2.2 7.4 17.1 1.5 13.9
Cyanobacteria_Chloroplast 0.1 0.0 0.0 0.0 0.0 0.2
Firmicutes 0.0 51 26.7 24.3 134 1.7
Gemmatimonadetes 0.0 1.8 0.3 0.4 3.4 0.3
Minor Phyla 0.0 0.1 0.1 0.0 0.1 0.0
Nitrospirae 0.0 3.3 1.7 29 0.1 4.8
OD1 0.1 0.0 0.1 0.0 0.2 0.0
Planctomycetes 1.3 1.0 2.3 3.2 2.2 9.8
Proteobacteria 78.1 41.7 25.8 24.2 45.9 21.6
Spirochaetes 0.0 0.0 0.0 0.0 0.1 0.0
™7 0.2 0.1 0.0 0.0 0.3 0.0
unclassified 3.7 11.6 8.0 135 8.1 22.4
Verrucomicrobia 3.4 5.9 24 2.2 3.5 4.1
WS3 0.0 0.1 0.0 0.0 1.1 0.0

Table G17 Data for Figure & The top 10 most relative abundance of the bacteria at the class

level
Name Relative abundance (%)

S SAs1 SAsz SAs2 SBy SBg:
Acidobacteria_Gp4 0.0 0.0 1.8 0.0 3.7 4.8
Actinobacteria 1.9 0.0 0.0 0.0 0.0 0.0
Alphaproteobacteria 14.1 7.0 5.3 7.1 9.3 10.2
Anaerolineae 0.0 0.0 0.0 3.2 0.0 0.0
Bacilli 0.0 5.0 25.2 23.9 13.0 0.0
Betaproteobacteria 29.9 26.0 13.7 12.7 21.7 6.1
Caldilineae 0.0 0.0 5.8 12.2 0.0 11.9
Flavobacteria 5.1 0.0 2.7 0.0 0.0 0.0
Gammaproteobacteria 31.9 8.1 5.2 3.4 13.4 3.6
Gemmatimonadetes 0.0 1.8 0.0 0.0 3.4 0.0
Ignavibacteria 0.0 0.0 0.0 0.0 0.0 2.6
Nitrospira 0.0 3.3 0.0 29 0.0 4.8
Opitutae 14 0.0 0.0 0.0 0.0 0.0
Planctomycetacia 1.2 0.0 2.3 3.2 2.1 9.7
Sphingobacteria 2.4 20.0 12.0 4.5 10.2 7.0
Subdivision3 1.8 2.8 0.0 0.0 0.0 0.0
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unclassified 6.3 14.5 15.1 16.3 12.3 25.5

Verrucomicrobae 0.0 2.1 0.0 0.0 1.5 0.0

Others 3.9 9.5 11.0 10.6 9.4 13.8

Table G18 Data for Figure B8 Heat map for top 50 most abundant bacteria at genus level

Name Relative abundance (%)

S SAs1 SAsz ShAg2 SBy SBg1
3 _genus_incertae_sedis 1.81 2.82 0.67 0.81 0.64 2.15
Acetoanaerobium 0.00 0.00 0.56 0.00 0.00 0.00
Aeromonas 0.00 1.76 0.22 0.04 0.00 0.00
Armatimonadetes_gp5 0.00 0.53 0.00 0.04 0.20 0.00
Azoarcus 0.00 0.11 0.72 0.47 0.00 0.00
Caldilinea 0.09 0.98 5.80 12.21 1.13 11.87
Carnobacterium 0.00 0.00 2.29 1.58 0.00 0.06
Desulfobacterium 0.00 0.00 0.00 0.00 0.09 0.00
Desulfobulbus 0.00 0.00 0.17 0.00 0.08 0.00
Desulfomicrobium 0.00 0.00 0.36 0.00 0.00 0.00
Desulfosporosinus 0.00 0.00 0.00 0.00 0.06 0.00
Exiguobacterium 0.00 3.98 0.00 0.00 12.83 0.00
Ferruginibacter 0.89 1.13 0.00 0.00 0.00 0.00
Flavobacterium 0.82 0.56 2.17 0.53 0.14 0.30
Gemmatimonas 0.00 1.78 0.26 0.38 3.41 0.32
Gp3 0.00 1.45 0.10 0.25 0.14 0.63
Gp4 0.32 0.97 1.85 2.52 3.75 4.81
Hydrogenophaga 1.40 1.68 2.45 1.07 0.11 0.12
Ignavibacterium 0.00 0.11 0.00 0.00 0.00 2.58
Janthinobacterium 0.00 0.59 0.14 0.00 0.00 0.07
Leadbetterella 0.00 2.28 0.13 0.00 0.00 0.00
Longilinea 0.00 0.00 0.70 1.21 0.00 0.08
Luteimonas 0.00 0.93 0.00 0.00 9.87 0.00
Lutibacter 3.03 0.00 0.00 0.00 0.00 0.00
Lysobacter 0.00 0.00 0.00 0.00 0.71 0.00
Methylobacter 0.15 0.00 0.00 0.00 0.00 0.00
Methyloversatilis 0.60 0.12 0.00 0.11 0.00 0.67
Nitrospira 0.00 3.32 1.66 2.93 0.06 4.81




Novosphingobium 0.99 0.35 0.00 0.06 0.73 0.00
Ohtaekwangia 1.17 0.20 0.47 0.55 0.00 1.85
Opitutus 1.31 0.95 0.13 0.18 0.18 0.66
Paracoccus 0.00 0.00 0.30 0.75 0.00 0.10
Parvibaculum 2.05 0.00 0.00 0.00 0.00 0.19
Pasteuria 0.00 0.00 0.15 0.48 0.12 0.50
Phenylobacterium 0.18 0.00 0.52 0.00 0.00 0.17
Planctomyces 0.96 0.33 0.00 0.58 1.59 2.99
Porphyrobacter 0.46 0.00 0.00 0.00 0.55 0.00
Prosthecobacter 0.21 2.05 0.75 0.40 0.05 0.80
Pseudomonas 0.55 2.25 1.30 1.04 0.27 0.87
Rheinheimera 0.00 0.62 0.00 0.00 0.00 0.00
Rhodobacter 0.36 1.68 0.51 0.72 1.26 0.60
Shevanella 0.00 0.47 1.63 0.00 0.00 0.00
Singularimonas 1.45 0.00 0.00 0.00 0.00 0.00
Spartobacteria_genera_incertae_sq¢  0.00 0.00 0.00 0.00 1.03 0.00
Sphaerobacter 0.00 0.00 0.28 0.64 0.00 0.49
Steroidobacter 0.51 0.00 0.00 0.07 0.00 0.40
Sulfuritalea 0.17 0.00 0.00 0.00 0.00 0.00
Thauera 0.12 4.64 0.00 0.12 11.33 0.00
Trichococcus 0.00 0.95 22.69 21.80 0.00 0.99
Unclassified 74.71 55.27 44.24 43.96 43.64 55.39
WS3_genus_incertae_sedis 0.00 0.07 0.00 0.00 1.08 0.00

Table G19 Data for Figurés-9 PCoA analysis

Sample PC1 (38.19%) PC2 (26.39%)
S -0.230 0.640
She; -0.293 -0.250
SAs, 0.489 0.0414
She, 0.498 -0.0308
SBy -0.404 -0.236
SBs, -0.060 -0.055
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