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ABSTRACT

ENRICHMENT OF DENITRIFYING ANAEROBIC METHANE
OXIDATION (DAMO) AND ANAEROBIC AMMONIUM OXIDATION
(ANAMMOX) CO -CULTURE FOR THE TREATMENT OF ANAEROBIC
DIGESTER EFFLUENT

Harb, Rayaan
Doctorof Philosophy Environmental Engineering
Supervisor Prof. Dr. Tuba Hande Bayraijnd u

January 202321 pages

Recently the implementation of @xtgeneration Imlogical nutrient removal
techniquesaimed at recycling nutrients such as nitrogen phdsphorus while
generating energy, producing valadded products and mitigating greenhouse gas
emissions in wastewater treatment plants biging emphasizedn this regard,
investigating the developmeand applicabilityof a DAMO-Anammox ceculture
anda novel DAMOAnammoxMicroalgae sequential treatment unithe treatment

of anaerobic digestefAD) effluent was the main goal of this PhD research. A
DAMO-Anammoxco-cultureis capableof oxidizing methane into carbon dioxide,
oxidizing ammonium and reducing nitrite and nitrate into nitrogen Ad3AMO-
Anammox ceculturewas enrichedn an SBR andthe effect ofhydraulic retention
time (HRT), thus nitrogen loadintatewas assesseath the coculture performance.
The relative abundancen the microbial consortium of the target phyla were 8%
Planctomycetota0.5%NC10, andd.16%EuryarchaeotaSince the ceulture was
Anammox dominated, the reduction in HRT from 6 to 4 days did not ahew
DAMO microorganisms, especially DAMO bacteria any chance of congetitith

the Anammox bacteria. The sheerm effect of ammonium to dissolved methane
rat i os whidh has nof beeh )nyestigated in the current literature, was assessed
in batchreactors The resultsllustrated DAMO bacteriadominance at ratios less



than 1 and Anammox dominanceat ratio of 1 constrainingthe DAMO bacteria
activity in turn facilitatingthe increase in DAMO archaestivity. The effect of
various combinations ohitrogen sources on the enrichment of tB&MO
microorganisms and tHeAMO-Anammox ceculturewere researched. The results
revealedhat in the absence of a dominant Anammox cultureDiiglO (DAMO
bacteriaand DAMO archaea activity wasprominent which may allow a shorter
enrichmentperiodof a DAMO culture. A DAMO-Anammox ceculture consisting
of 7% Planctomycetotad.2% NC10 and 0.3%uryarchaeotavas employed to treat
an AD effluent with concentrations of about 228ng TN/L (166N 1 g TAN/L
and 56\ 6ng NO;-N/L), achieving a TN removal rate #2.1IN 2 m@ N/Liday.The
DAMO-AnammoxMicroalgae systemwas successful in completely removing
nitrogen and phosphorus from an AD efflueRegardingthe promising nature of
this integrated systemgan innovative wastewater treatment system Wather
proposed.

Keywords:DAMO, Anammox,microalgag anaerobicdenitrification
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ANAEROBKK ¢! R!ITKIG SUWBRNONMI K¢ KN
DENKT REANAEROBK K ME T A N DASKENK (DAMO) VE
ANAEROBKK AMONYUM OKSKDASYONU (ANAMMOX)

KI'LT!R!'N!' N ZENGKNLEKTKRKL MESK

Harb, Rayaan
Doktora¢ evr e M¢chendi sl ifJi
Tez YP° rPeof. Drduba Hande Bayranjol u

Ocak 2023421 sayfa

Sonzamanl|l asda,ar at mk t eseiksdterna ndej eernleir j §r
sreti minisrer gargéredcanazle sn@apinve dosf@ mibi besin
maddel erinin geri do°n¢kKt gr el mesini ama- |
tekni kl erdor ol pmakt adeé budokt®raezibirtjel maenhd aa,ma c &
bir DAMO-Anammoxb i r [kegH itk r ¢ n¢n v eAngmemoxMikrbalgr DA MO
ar d akw &k ma isnitesinin are&sfuklodn &n a-n¢ir g1t §tc g
geli ktiril mesini v emaku & RAMO-Anaranox b i m Il @ g ii ki
kel tor g met ané oksit ldeye rkd k, aneabgunhii or n di
oksitleyebilir ve ni tri azotgazeana randir ghmamenbxi | i r .
birlkeditk, AKRO d(bArrdék ek keehnki mli eeghighblik P )
bekleme s¢é¢resinion ( BzBtS)¢e .k | dmE& @apne s &kydlidardrexki k
perf omanaes ki si .Hedeéfituménrmiiobyal kansonrsiyumundaki

g°r e c €fl W8 Phnctorhyaetota®05 NC10 ve %06 Euryarchaeotaolarak
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oranl arda DAMO balt e@nriaAnngaaminecex I$@gessdnéénd eéb u

k o k uDAM@ bakteri akivitesinin k & snéétr | Ke&MO arke aktivitesindeki

ar nékel ayl°askteaAndtkérilreek nt hi kombi nasyonl ar ér
mi kr oor gave DAVIOahammaxb i r kegkitlk r ¢n¢gn zreengi nl ekt i
etkisiar akt ér él mbrats&en 3oammoa mk g EDARO ¢ a ,

( DAMO bakteri ve DAMO arke) aktivitesinin
DAMO k¢l tidmhba késa birs¢resgndl o e [anea

g ° snti exrto7 Rlanctomycetota%0,2 NC10 ve %@, Euryarchaeotalan ol K a n

bir DAMO-Anammox b i r I ke¢klitke r ¢ yak| Mkeé k( 1262628185 mmoyg T
TAN/Lve 56N6 mge-NM)Qler i xamiep -bdlarkAnu ar ét mak i -
kul marE2el1 N2, 6 mg TWoibdingh éeldd editki KDAMO-

AnammoxMikroalg sistemi, A ¢ - & ks@iywindan azot ve fosforu tamamen

gi der me d e mbkrikBareddgre sistemin gelecekdva den °zel | i kl er |
dojrul yvesuhdksu ariét e eskirst enmikt i r .
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

Biological nutrient removal (BNR) techniques in wastewater treatment plants
(WWTPs) began with the purpose of removing nutrients aaghitrogen and
phosphorus. Nowadays, we are searching for alternatives and modifications that can
generate energy, produce vakgded products and mitigate the greenhouse gas
(GHG) emissions while treating the wastewater. This is achieved with the
undestanding that wastewater is a valuable resource that can be utilized to recycle
nutrients back to the environment and to harvest energy whilst reducing the carbon
footprint of WWTPs.

Conventional BNR processes have a high energy demand that results o lito
recovery of resources and energy. These processes often require external chemical
inputs (Ahn, 2006; Modin et al., 2007). However, wastewater containing both
organic carbon and nutrients such as nitrogen and phosphorus has the potential for
resouce and energy recovery if the appropriate processes were implemented. This
has led to a transformation in wastewater treatment practices that focus on energy
and resource recovery whilst increasing treatment efficiency. In that scope, anaerobic
processesra emphasized for energy recovery since they require a very low energy

input compared to aerobic processes.

Despitethe controllable production and collection of methan&\WTPsin the form
of biogas as a sustainable and renewable form of enexgygrton of themethane
is alsouncontrollably emitted to the environment. This oc@irgarious steps of the
units and processes in operation at WWTHR® methane emissions from WWTPs
account for approximately 7% of the globamission(U.S. EPA 2012) and
contribute to 20% of global warming.



Therefore, acompactsystem aimed at biologicalutrient removalin its various
formsalong withGHG emissionsnitigation, ata low operationcostwhilst having

the potential of producing numerous value added prodsiatgucial atthis critical
period. Hence nitrogen driven methane oxidation appears to provide prospect in
wastewater treatment systems (Wang et al., 201TT#&.Denitrifying Anaerobic
Methane OxidizindDAMO) microorganismsre responsible of undertaking such a
process byinking the carbon and nitrogen cycléShen et al., 2. The DAMO
microorganisms target NQ NOz and CH and convert them to Nand CQ.
Additionally, it has been found that DAMO microorganisms carction very well

in a coculture with Anaerobic Ammonium Oxidizing(Anammox) bacteria
providing an extra dimensioim nutrient removal by targetingHs* as well(Zhu et

al., 201). Thereforejmplementing e©AMO-Anammoxco-culturefor wastewater
treatment seems to be promisiegpecially that an external carbon source or energy

input is not required when compared to conventional nitrogen removal techniques.

Research focusing on the cultivation and enrichment of the DAMO microorganisms
and the DAMGAnammox ceculturehas been conductetihese studies determined

the critical factorard their rangesuch asemperaturgoH, nitrogen source provided

and theiratios, trace metalsDO concentration, reactor configuratiandinoculum
source Neverthelessstudies aimat evaluating the effectd factors such as G@nd

H.S (Wang et al.,, 2017a), biodegradable organic matter, heavy metals, salinity,
suspended soliddyydraulic shock loadings, NFtCH: molar ratios should be
conducted (Harb et al., 2021)inSe suchparametersnight bepresentin potential
wastewateto be treated bYpDAMO processessuch asAD liquor and/or landfill

leachate.

The DAMO-Anammoxco-culture has been only tested on labale (Wang et al.,
2017a). In order to implement fedcale DAMGbased technologies for wastewater
treatment, scaling up is requirdd.this scopechallenges that need to be addressed
will emerge For instance, the longtartup time for a DAM@Anammox ceculture

dissolved methane concentration and its bioavailability and biomass retention are



some of the major concern$he choice of appropriate inoculum and reactor

configuration may resolve some of these challenges.

The DAMO process has been integrated witha#fmmox so far but not combined
with any sequential syster@AMO-Anammox systems are capable of removing
nitrogen species and GHyet phosphorus remainsiremoved, therefore, further
treatment would be required. Eroging microalgae for the treatment of phosphorus
maybe useful An integrated DAMGAnammoxMicroalgae proposed in this thesis

has the potential to remove dissolved methane, ammonium, nitrite, and, nitrate
phosphate, andvencarbon dioxide. The microalgaan be further recycled to an

AD for energy extraction or can be the source of valdeed productd-his will also

help mitigate GHG emissions and decrease the carbon and energy footprint of
WWTPs.

1.2  Scopes andObjectives

The scopeof this PhD research is to investigate the development of a DAMO
Anammox ceculture in sequencing batch reast(8BRs) and itsuse in treatment

of nutrients from synthetic and original wastewaté&rschematic flowchart of the
scope of the thesis is itrated inFigurel.1 and he objectives to be researclad

detailedas follows:

1 Enrichment of DAMGAnammox ceculture in SBR.

0 Investigation of thesffectof the hydraulic retention time (HRT) and
in turn the nitrogen loading rate (NLRIn SBR on the ceculture
activity, removal efficiency and population dynamiadich have not
been investigated in the currdierature.

o Investigation of the effecdf F&* and C@* concentrations on the
DAMO-Anammox ceculture activity, performance,and removal
efficiency.

o Investigation othe effects of specific parameters, namely sNMEH,
ratio on the DAMOGAnammox ceculture in batch reactors.



NH4*/CHaratio is of concern because it indicates the balance between
DAMO and Anammox microorganisms in terms of their relative
activity in the system, since GHcan be removed by DAMO
microorganisms while NH is only removed by Aammox. The
optimum ratio leadig to the highest efficiency of the DAMO
Anammox activity will be determined.
1 Assessment adhe effect of different nitrogen sources in the enrichment of
DAMO microorganisms was performed
1 Investigation of thdAMO-Anammoxco-culture performancen SBRby
treating an original wastewater, namely, Anaerobic Digester (AD) effluent,
which wasnot investigated in the literatunantil recently, in 2021a study
was publishedLim et al. (2021)nvestigatedhe applicability of a DAMOG
Anammox membrane biofilm rezor in treating mainstream(domestic
wastewaterand sidestream wastewat€éAD effluent).

o Determining the optimum dilution ratio for AD effluent in batch
reactordy comparing thie performance with batch reactgovided
with equivalenttoncentrations aynthetic wastewater

1 Investigation of the integration di¢ DAMO-Anammox ceculturewith a
sequentiainicroalgaculturewith an attempt to completely remove nutrients
(both nitrogen and phosphorum)d CH to produce a carbon source, i.e.,
microalgae, of both valdadded products and also enerdyschematic
diagram of thentegratedsequerial DAMO-AnammoxMicroalgae system
is shown inFigurel1.2.

o Investigation of the treatment of AD effluent using this novel DAMO

AnammoxMicroalgae sequential treatment unit.
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Figurel.1 Schematiaepresentation dhe scope of the thesis




PBR Microalgae

SBR Effluent

—p

Original AD Effluent s H

SBR
DAMO-Anammox

. Integrated System
Effluent

Figurel.2 ProposedntegratedAMO-AnammoxMicroalgae System for AD

effluenttreatment

1.3  Organization of the Dissertation

The PhDdissertationis composed of six chapters, where it commences with an
introduction including a statement of the problem, a summary of the objectives and
motivations that helped shape this research and an insight into the organization of
this thesis. The second chaptemprises of review ofthe literatureand research,

highlighting the gaps in the literature.

Chapters 3, 4 and 5 discuss the experimental studies perféontegs PhD thesis.

It should be noted that these chapters were written as separate chapters each
including its specific introduction, materials and methods, results and discussion and
conclusion|n this respecthe third chapter discusses the enrichment of the DAMO
Anammox ceculturein SBRsincludingthe specific activity batctests conducted

and the parameteessessedsuch as HRT, NLRFe* and C&* concentrations and

the NH4"/CHqs ratio andtheir effects on the coulture.The fourth chapteincludes

the investigation of the effects of various combinations of nitrogen sources on the
enrichment of DAMO microorganismslo this purpose, wo reactors were
established each provided with different nitmgen sources and comparing the
performance of these raacs with the DAMGAnammox ceculture discussed in

the third chapterFurthermore, the fifth chapter includes the application of the



original AD effluent on the DAM@Anammox ceculture and the integration of the
DAMO-Anammox ceculture with asequentialmicroalga PBR The possible
application of such a systemamely, the integrated sequential DAM@ammox

Microalgae system for the treatment of original AD efflyentiscussed.

The sixth chapter comprises ofiaal conclusion to the research perforntecbugh
the whole thesis study. It also involvescommendations that might aid future

research conducted in this field.






CHAPTER 2

LITERATURE REVIEW

2.1 Methane Removal

Methane (CH), another GHGnainly produced in the anaerobic digestion process,

is reported to be emitted from conventional WWTPs. About 1% of the amount of
COD entering the facility is released in the form ofsg8ampos et al., 2016). GH
emission from anaerobic digestion of primand secondary sludge is stated to
represent 75% of the overall methane emissions produced from WWTPs (Daelman
et al., 2012). According to Crone et al. (2016), estimates of methane losses from
anaerobic effluents treating domestic wastewater range betviéei00%.
Considering that the GWP of Glis 28 times more than that of @(btocker et al.,
2013), mitigating the release of methane from WWTPs is of crucial importance.
According to Noyola et al. (2006) more than 60% of the total methane gas produced
in anaerobic digesters (ADs) is dissolved in the effluent at low temperatures. The
dissolved CH must be removed from AD effluents to avoid generating potentially
explosive atmospheres. Usually the AD effluent is recycled back to the WWTP, in

this case the Ctthanges phase amlemitted into the atmosphere.

CHa recovery techniques used to mitigate the concentrations of dissolved methane

in wastewater treatment effluents have been tested. Membranes employed to remove

the dissolved gas have shown removal gfficies for methane of about 86% (Luo,

2014), while, stripping of the gas via aeration of the effluent can lead to a removal
efficiency of around 86% (Khan et al., 2011). Electrochemical methodbines

removal efficiency, 82%, than the latter two (Dugtaal., 2010), moreover, other
techniques include micraeration along with stripping and dissipation methods.
Stripping and dissipation provide a remo
et al.,, 2016). The main drawbacks of stripping include lowcieficy in cold



weather, scaling due to the addition of lime during pH adjustment and the need for

pre and post treatment to remove suspended solids before stripping and reduce the
dissolved oxygen concentration after stripping. Another method used igyfiari

incineration, but the gases should be concentrated usually by membrane separation

(Gl -ria et al ., 2016) . Condi ti ocludesg st eps
de-foaming, water and #6 removal and compression of the biogas (Noyola et al.,

2006), this increases the cost of operation of this method.

On the other hana recent approach is the biological Si#nsumption via DAMO

and similar methanotropheepresents an important global £Kink. DAMO
microorganisms are capable of removing nitaitel nitrate using dissolved Glds

the electron donor. This presents a promising opportunity in replacing conventional
CHas and nitrogen removal techniques in WWTRsvertheless, the applicability and
full-scale installation are some of the main challengspecially that these
microorganisms are slegrowing. The detailed information on the DAMO process
and the microorganisms involved are provided in Section 2.4.

2.2  Biological Nutrient Removal

In water and wastewater treatment the target nutrients to be eenaog nitrogen

and phosphorus. Three main mechanistiiged fornutrient removaarebiological,
physical and chemical (W.E.F., 2011). Different processes to remove nitrogen exist
that include the conversion of nitrogen to the gaseous fogthié is ne by
biological treatment systems that mainly employ nitrification and denitrification
(W.E.F., 2011). Nevertheless, the denitrification process will lead fordgucts

such as nitrous oxide and nitric oxide that have negative effects on the atmosphere.
Another process employs the biological uptake of nitrogenous compounds utilized
for biomass growth. On the other hand, physical processes involve membrane
separation processes such as revesseosis and nanfdtration to remove the
dissolved nitrogen Hzies. Alternatively, ammonia stripping at high pH and

selective ion exchange grhysicachemical processes that can be utilized to remove

10
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ammonium and nitrate ions (Eliassen amdhobanoglous, 1968). However,
biological nitrogen removal is the most prarant process since it is the process most

widely employed.

Different reactor configurations and processes were developed to utilize the different
aspects of the biological removal processes. Some are separate processes where
specific nitrogen or phosphorapecies are intended to be removed. Whereas staged
processes or sequential processes are utilized to create alternating aerobic and
anaerobic environments that provide suitable conditions for processes such as
nitrification, denitrification, polyphosphateaccumulation and release. Such
configurations include Bardenpho, modified Lutz&gkinger and A20 processes.

On the other hand, integrated nitrification and denitrification processes are
conducted by having the two processes occurring in the same reaahoely,
simultaneous nitrification and denitrification (SND) by providing suitable reactor

conditions, especially with respect to dissolved oxygen (DO) concentration.

The sequential configurations that employ nitrification and denitrification are space,
cost and energy intensive. About 55.6% of the total energy consumption of WWTP
is allocated to aeration in conventional nitrification and for advanced treatment with
nitrification 40% more energy is required compared to the conventional process
(Morgenrothet al., 2004 Halim, 2013. In addition, conventional nitrification and
denitrification processes lead to the formation and release of nitrous oxi@g (N
which has a global warming potential (GWP) of abd@gtimes that of CQ(Stocker

et al., 2013 Estimates show that thex® produced from WWTP represents about
3% of all U.S. national sources and is listed as the sixth highest contributor to GHG
emissiongn the U.S. (Ahn et al., 2010). The nitrogeas compounds released into
the environment can caaisa cascade of environmental issues, particularly an
escalation in freshwater nitrate levels and a rise in nitrous oxide production that may

heighten global clirate change (Duce et al., 2008).

Next generation nitrogen removal technologies are promisingeftreased energy

and chemical demantbr the processes, such gsrtial nitritation/Anammox

11



completely autotrophic nitrogem®moval over nitrite (CANON)and microbial
electrochemical cells. The latter process is energy efficient at recovering nitrogen
from sidestreams, yet low effluent levels are not achieved in comparison to other
processes (Winkler and Straka, 2Q18)nce it is one of the nitrogen removal
mechanisms studied in this PhD thesis, the detaithefAnammox processare

discussedn thefollowing section, Section 2.3.

2.3 Anaerobic Ammonium Oxidation

2.3.1 Historical Background

One of the significant processes in the biogeochemical nitrogen cycle also presumed
to be one of the major sources of nitric antdous oxide emission @enitrification.

A broad range of microorganisms can perform heterotrophic denitrification through
the reduction of nitrate via nitrite into nitric oxide and nitrous oxide and finally
dinitrogen gas. In anoxic conditions, denitrification was thought to be the main

nitrate emoval pathway (Jetten, 2008).

Figure 2.1 shows the nitrogen cycle and the processes involved. Nitrification is a
two-step aerobic oxidation process where microorganisms sublitrasomonas

spp. are responsible for the first step shown in Equation 2.1 while microorganisms
such as\itrobacterspp. are responsible for the second step shown in Equation 2.2
(Koch et al, 2019). Furthermore, heterotrophic denitrification occurs in oxygen
limited conditions where N@acts as the final electron acceptor instead-ofrCthe
presence of a source organic carbon such as COD (chemical oxygen demand), shown
in Equation 2.3l(athamet al, 2016).

2NH +3 QY 2 JNQHO+4H (&= T75&J/molNHs") .Equation 2.1
2NO + Y 2 INPGC= 7AKI/MOINO) .o, Equation 2.2

2NOs +10é+12HY MN6HO(@GE= 1 112 0ONOK)J..Equatibn 2.3
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Figure2.1. Thenitrogen cycle. 1. Dinitrogen gas fixation. 2. Aerobic ammonium
oxidation by bacteria and archaea. 3. Aerobic nitrite oxidation. 4. Denitrification. 5.
Anaerobic ammonium oxidation. 6. Dissimilatory nitrate and nitrite reduction to

ammonium (Jetten, 2008).

Ammonium is biochemically difficult to activate and the enrichment and detection
of anaerobic microorganisms utilizing ammonium as a food source was
unsuccessful, it was believed that ammonium was inert under anoxic conditions.
However, this claim graduglchanged after observations made from a denitrifying
pilot plant belonging to Gist Brocades Fermentation Company. A decrease’in NH
concentration at the cost of N@nd an apparenta\yas production was observed.
These observations paved the path ®discovery of théA\nammox process and
bacteria (Kuenen, 2008). Thanaerobic ammonium oxidation tAmmox) a
chemolithoautotrophiprocesanay be one of the main sinks of inorganic nitrogen
(Burgin and Hamilton, 2007). Furthermore, a medium supportindrapto growth
using carbon dioxide, ammonium and nitrite along with biomass retention was
developed and thatias the base for enrichment oh#&mmox bacteria (Kuenen,
2008). Although veous strains of Aammox bacteria have been enriched and

detected, theidersity ofthese bacteris relatively unknown.
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2.3.2 Phylogeny, Biochemical Reaction and Pathway

TheAnammox bacteria belong to the or&anctomycetalegszan Niftrik and Jetten,
2012). Brocadig Kuenenia Jettenig Scalindua Anammoxoglobys and
Anammoximicrobiunare the sixAnammox genera that have been described (Li et
al., 201®). Most of the anammox bacteria were identified from WWTPs estalbe
reactors, for the exception of the gerdalindua which was identified in marine
sediments. ldatification methods include fluorescence in situ hybridization (FISH)
and phylogenetic analysis of partial 16S rRNA genes (Schmid et al., 2007). A
phylogenetic analysis was conducted by isolating the RNAnammox cells and
amplifying the targeted sequesscthrough PCR. The levelf relation between
different Anammox species was found by comparing the 16S rRNA gene sequences
(Schmid et al., 2007)The phylogenetic tree of thenAmmox bacteria is illustrated

in Figure2.2.

Candidatus Scalindua wagneri Candidatus

Kuenenia stuttgartiensis

Candidatus
Anammoxoglobus propicnicus

Candidatus
Jettenia asiatica

Candidatus Scalindua sorokinii
Candidatus Scalindua brodae

Isosphaera Candidatus Brocadia fulgida

5pp. Candidatus Brocadia

anammoxidans

Gemmata spp.

Pirellula
spp.
QOutgroup

Planctomyees spp.

Figure2.2 16S rRNAbasedAnammox bacteria phylogenetic tr@de scale bar
represents 10% sequence diverggikaesnen, 2008).
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It was thought thaAnammox bacteria are strictly chemolithoautotrophs, but recent
research shows that their metabolic pathway may be more flexible./Awemamox
speci es, CandidatushAsa mmaex g l6o bus pCaoddatsni cus o
Br ocadi g ard capaple dfaudilizing organic carboxylic acids, such as
propionate and acetate, as electron demdoreover, F& can be utilized along with
NH4" as an electron donor (Strous et al., 2006; Kartal et al., 2007b; Kartal et al.,
2008; van Niftrik and Jetten, 2012). In additidmammox bacteria can also utilize
Fe**, manganese oxides and nitrate as electron acceptors (Strous et al.Y2606).
the general chemolithoautotrophicr®mmox process converts MHising NQ™ as

the electron acceptor topldnd NQ, as illustrated in Equation 2.4 (DapeMara et

al., 2007). Utilizing stable nitrogen isotopes as tracers was utilized to dtféase
denitrificaion and the Aammox processes, since isolatingagnmox bacteria and
obtaining pure cultures was found to be difficult, since they were found in nature
along with other bacterial species that helped provide suitable conditions for the
survival of theAnamnox bacteria (Dalsgaard et al., Z)@006). Figure2.3 shows

the generaAnammox process in comparison to the nitrification and denitrification

processes.

NHs* + 1.32 NQ + 0.066 HC@ + 0.13 HY 1. @2 0.26 NQ + 0.066
CH2005No.15+ 2.03 HO (8= 1 357 NKs) / ra&léé ... Equation 2.4

Oxygen ; ‘

Nitrification

X

Denitrification

Oxygen

>}

Nitritation

Figure2.3 The Anammox process (Meidensha, 2015).
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2.3.3 Ultrastructure of Anammox bacteria

The isolation ofAnammox cultures aideth the nolecular identification of the
Anammox bacteria which provided an understanding of their physiology that
includes a unique prokaryotic organelle (van Niftrik et al., 2088)well as the
identification of the unique ladderane lipids (Rattray et al., 2008). This knowledge
provided an importariiase to understand the role afadmox in the global nitrogen
cycle of marine and terrestrial environmeritie Anammox bacteria argenerally

round in shape or coccoid having a diameter that ranges from 800 to 1,100 nm (van
Niftrik and Jetten, 2012Y.he cellular structure of therammox bacteria is different

in various ways to other known strains of bacteria. The main differenttee is
presence of single bilayer membras@und organelle containing ladderane lipids,
where all the catabolic reactions occur called the anammoxosome (van Niftrik et al.,
2004). Tiose lipids are specific to thenAmmox bacteria. The lipids that are
containg in the anammoxosome membrane suggest that these bacteria have evolved
and diverged early in the bacterial lineage éretet al., 2005). Furthermore,
Anammox bacteria differ from other bacterial cells by having a proteinaceous cell
wall lacking the cellvall polymer peptidoglycan, and instead of the cell wall being
bound by an outer cell membrane, there are two cell membranes on the inner side of
the cell wall. Moreover, sindadderane lipids are unique tm&mmox bacteria then

lipid analysis can help entify the bacteria. The fatty acid sample collected from the
bacteriawasanalyzed through gas chromatography to identify the ladderane lipids
(Brandes et al., 2007}igure 2.4 showsthe cellular structure of the mammox
bacteria. The cytoplasm oframmox bacteria is divided into three sections (van
Niftrik et al., 2004):

1. Paraphyoplasm, bounded by the cytoplasmic membrane and intracytoplasmic
membrane
2. Riboplasm, containing the nucleoid.

3. Anammoxosome, where the@Ammox process occurs.
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Figure2.4 Cellular structure of th&nammox bacteria (van Niftrik et al., 2004).

Anammox bacteria divide through the mechanism of constrictive binary fission,
versus the other Planctomycetes, which divide through budding Ahlbenmox
bacteria have a slow growth time ranging frora300days. Doubling time measured

in the laboratory undeoptimal conditions was found to be 11 days. The reason
behind slow growth rate is thought to be low substrate conversion rate (Strous et al.,
2002).

2.3.4 Potential Niches inNatural and EngineeredSystems

Varioussources of seed sludfem natural and engimeeed systembave been used
to enrichAnammox bacteriaSome studies have enrichAdammox bacteridrom
inocula taken frommarine sediment&/an de Vossenberg et al., 20068ndaichi et

al., 2011 )Nozhevnikova et al., 20320n the other hand, most of enrichment studies
have obtained inocula frosludge of different processes wastewater gatment
facilities. This led to an increage the studies conducted to test for the presence of
Anammox in WWTP®f various wastewataypesin order to evaluate the potential
of the sludge to be utilizeds Anammox seed sludg&dcamemi et al., 2018).
Inocula fromactivated sludgeGhamchoi andNitisoravut, 2007Kartal et al., 2008;
Lopez et al., 2008Noophan et al., 2009Bae et al.,2010; Sun et al., 2011;
Saricheewin et al.,, 2010Kocamemi et al., 2018 anaerobic digester sludge
(Chamchoi and Nitisoravut, 2003un et al., 20)1methanogenic granular sludge

(Sun et al., 2011yvere utilized in various studie¥herefore, additionatesearch

17



studiesshouldbe conducted to assess the viabitityutilizing mixed local sludge in
contrast to usingmported Anammox seed sludge as an enrichment inoculum

(Kocamemi et al., 2018).

2.4  Denitrifying Anaerobic Methane Oxidation

2.4.1 Historical Background

The biological conversion of methane was believed to occur only under oxic
conditions and enrichment cultures capable of utilizing methane with nitrate or nitrite
were not discovered until recently. This claim changed when oxidation of methane
was discoverd in anoxic marine sediments in 19F&(re2.5), it was later referred

to as the anaerobic oxidation of methane (AOM) and was found to be coufiled wi
sulfate reduction (Reeburgh, 1976). The species responsible for this process were
identified as methanotrophs that are within a-gudup of the methylotrophic
bacteria, utilizing onearbon compounds as a source of carbon and energy while
assimilatingformaldehyde (Hanson and Hanson, 1996; Chistoserdova et al., 2005).
However, the microorganisms responsible for this process were identified about 20
years later (Hinrichs et al., 1999; Boetius et al., 2000; Bian et al., 2001). In 2006, an
enrichment medim capable of sustaining DAMO microorganisms, also known as
nitrate/nitrite dependent anaerobic methane oxidatieBDANMO) microorganisms,
wasdescribed (Raghoebarsing et al., 2006). Ettwig et al. (2008) indicated that the
bacteria related to the NC10 phyiuare responsible of converting methane and
nitrite under anoxic conditions into carbon dioxide and nitrogen gas, respectively.
The methanotrophic archadaethanoperedens nitroreducensre classified under

the anaerobic methanotrophic archaea group 2{BRed) by Haroon et al. in 2013
(Figure2.5). Co-existence of DAMO and Aammox microorganisms revealed in the
last decade (Luesken et al., 2011b) wéssignificance for DAMO enrichment

studies.
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Figure2.5 Timeline showing the important events since the discovery of anaerobic
oxidation of methane (AOMHarb et al., 2021)

2.4.2 Phylogeny, Biochemical Reactiosand Pathways

Phylogenetically different microorganisms are responsible for the DAMO process.
DAMO bact er iCandidatnstMmeé hy | o i r a bM.loxyferg, o x y f er
belonging to the NC10 phylum (Ettwig et al., 2010) and DAMO archaea, namely,
Candidats Met hanoper ede n sV mitioreduceny ebdlangirgnes 6 (
ANME-2d (Raghoebarsing et al., 2006; Haroon et al., 2013; Cui et al., 2015), are the
two main microorganisms responsible for the process. WHa@lamaproteobacteria

strain HAN1 (Zedelius et al., 2011) abéchloromonasaromatica strain RCBI(
aromatica RCB) in Betaproteobacterium(Chakraborty et al.,, 2005) are two
microorganisms that partner withl. nitroreducens Figure 2.6 and Figure 2.7
illustrate the 16S rRNA phylogenetic trees Mf oxyferaand M. nitroreducens
respectively.
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Figure2.6 The 16S rRNA phylogenetic tree bF. oxyfera(Wang et al., 2016)

Methanomicrobiales

ANME-1

Archaeoglobales Methanosaeta

Methanococcales
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Methanohalophilus

AAA
GoM-Arc [
ANME-2d
ANME-2a/b Methanococcoides

IME-Dc
Tt ANME-3

Methanosarcina

Figure2.7 The 16S rRNA phylogenetic tree showing methanotrophic archaea
(grey) and other archaeal clades (blgdkinmers et al., 2017)
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M. nitroreducengonvert nitrate to nitrite using methane as an electron donor, while
the M. oxyferareduce nitrite to nitrogen gas using methane as an electron donor as
well. In both reactions, the methane is converted to carbon dioxide. Ec@i&tsond
Equation 26 refer to the reactions conducted My nitroreducensand M. oxyfera
respectively (Winler et al., 2015; Wang et al., 2017a).

CHi+4NOsY 4 NQHO +CQ( &6-503 kJ/mol CH) .€&quation 2.5
SCH+8NO+8HY 3 ,€ON+ 10 HO ( a&6-928 kJ/mol CH) ..Equation 2.6

Anaerobic methane oxidation was thought to be heab#ged on reverse
methanogenesis, given that methane is chemically unreactive (Chistoserdova et al.,
2005). This has been clarified with data showing that methanotrophic archaea have
homologs of the genes for all three subunits of the metbghzyme M redttase

like (MCR) enzyme, enabling the oxidation of methane anaerobically (Hallam et al.,
2003) . I n addi ti onrM nitaredeider®dt ¢ hiroumgrmhod lhee ¢ o
reductive acetylCoA (carbon fixation) pathway and aceGbA synthetase (Hallam

etal., 2003). In addition, electrons produced in reverse methanogenesis may be used

by ot her deni tr i fNM.initrgredupea& t neés el for f dory fi
denitrification (Wang et al., 2017a). The reactions and pathways of the denitrifying
partners shodl be further investigated. Metagenomic, transcriptomic and genomic

assays showed that reverse methanogenesis is realized with a terminal electron
acceptor of nitrate (Hallam et al., 20@&ller et al., 2008Meyerdierks et al., 2010;

Scheller et al., 201Btokke et al., 2002

In M. oxyfera the enzyme responsible for the AOM, i.e., pMMO (particulate
methanemonooxygenage was found in the cytoplasmic membrane (Wu et al.,
2012a) instead of in the envelope called intracytoplasmic membrane (ICM) as in the
other proteobacterial methanotrophs (Hanson and Hansor, \A206ét al., 2012a

It was found that the metabolic pathway taking plac&liroxyferawas an intra
aerobic pathway, in other wa,dVl. oxyferaproduces its own oxygen rather than
obtaining it flom the environment. This is done by metabolizing nitrite via nitric

oxide (NO) into oxygen and nitrogen gdsdure 2.8). The intracellular oxygen
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produced can be used for methane oxidation via the classical aerobic methane
oxidation pathway involving pMMO (Wu et al., 2011). This pathway was later
referred to as oxygenic denitrification (O2DN), where methane or other alkanes are
utilized as electromlonors to reduce NOor NG, into Nz (He et al., 2018b)M.
oxyferaexpresses enzymes for the reduction ob,N@ NO (cytochrome cdiype

nitrite reductase; NirS) located in periplasmvbfoxyfera(Wu et al., 2012a).

Various ionic compounds could be lifed as electron acceptors for AOM, like
nitrite and nitrate (Bussmann, 2005; Lopes et al., 2011). However, Hu et al. (2009)
indicates that the DAMO archaea prefer N®@eduction to N@ reduction.
Therefore, DAMO bacteria are required to remove IN@vhich might have
inhibitory effects orM. oxyferaand Anammox (Hu et al., 2011). This effect needs

to be further investigated. nitroreducenss capable of reducing nitrate to nitrite,

as shown in Equatiof.5; further reduction of N@ to N> can only be achieved
through  other microorganisms such advl. oxyfera Anammox,
Gammaproteobacteriar BetaproteobacterigWang et al., 2017a). Consequently,
DAMO archaea tend to form syntrophic partnerships with the previously stated

microorganisms.
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2.4.3 Ultrastructure of DAMO Microorganisms

M. nitroreducenshas an irregular cocci shape with a diameter i& nm and
typically found as sarcinbke clusters in mesophilic conditions (Haroon et al.,
2013). As Ettvig et al. (2010) revealedl). oxyferais a Gramnegative rod bacterium
with a diameter of 0.2%.50 mm and a length of G.8.1 mm and prefers mesophilic
conditions and has a slow growth metaboligime M. oxyferacellular ultrastructure

is an unusual polyan cell shape with an additional layer as the outermost sheath
(Wu et al., 2012b), which is thought to be the exoskelikern(glycoprotein) surface
layer (Slayer) that plays a role in osmotic and mechanical cell stabilization with
peptidoglycan componén (Engelhardt, 2007; Cabeen and Jaddagner, 2005;
Sleytr and Beveridge, 1999).

The specific maxi mum growth rate (Omax) r
0.0430.121 d* with a biomass yield of 0.056.094 g COD/g COD, corresponding
to a doubling time of 5:1 6 days. While the reported O

which was not found experimentally rather in a modelling study, was 0:0@él
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a biomass yield of 0.071 g COD@PD corresponding to a doubling time of 19 days
(Chenet al., 2014; Yu et al., 2017).

2.4.4 Potential Niches inNatural and EngineeredSystems

Molecular studies conducted on freshwater samples from river and lake sediments
as well as oligotrophic freshwater & proved the presence of actiMe oxyfera

like bacteria in those niches (Raghoebarsing et al., 2006; Smemo and Yauvitt, 2008;
Ettwig et al., 2008; Ettwig et al., 2009; Hu et al., 2009; Deutzmann and Schink, 2011;
Luesken et al., 2011a; Kojima et al., 20Kampman et al., 2012; Yang et al., 2012;
Wang et al., 2012; Shen et al., 2012; Zhu et al., 2012; Shen et al., 2013; Zhu et al.,
2013). Moreover, the DAMO activity was predicted to be seen in amxxic
interphase in freshwaters (Thauer and Shima, 208&mland, 2010).

DAMO species have highly variable diversity among various niches (Han and Gu,
2013). Zhang et al. (2018) stated that high diversity has been observed in marine and
ocean ecosystems. Active DAMO archaea and DAMO bacteria were identified in
estuarine intertidal sediment with a higher diversity of DAMO archaea than DAMO
bacteria (Chen et al., 2020). As it was already revealed by others (Raghoebarsing et
al., 2006; Ettwig et al., 2009; Deutzmann and Schink, 2011; Kojima et al., 2012),
freshwaer habitats and wastewater have high abundance of the aforementioned
species rather than rice paddy bed and reed iddexyferalike bacteria were
detected in paddy field soil registering the highest abundant& okyferalike
bacteria in the nature @amoto et al., 2014Zhou et al., 2014; Xu et al., 2017).
Inoculum from the paddy field soils was utilized to enrich the DAMO
microorganisms using continuetlew and batch cultures fed with either nitrate or
nitrite as a sole electron acceptor (Hatanwital., 2014; Xu et al., 2017). Recently,
Graf et al . (2018) report EdMethylomeabiliss peci es

|l i mneticad, which dominates the planktonic

the deep stratified Lake Zug, Switzerland.
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Apartfrom the natural environments, DAMO activities were also observed in both
municipal and industrial WWT$sludge samples (Luesken et al., 2011a; Xu et al.,
2017). Moreover, denitrifying methanotrophic bacteria, Me.oxyferalike bacteria

were enriched from municipal WWTP sludge samples (Kampman et al., 2014; Hu
et al., 2009). Similarly, DAMO culture was enriched from methanogenic granular
sludge samples (He et al., 2014). Another possible niche for NC10 bacteria was
found to be food wastdigestate collected from an anaerobic digestion facility (Xu

et al., 2017).

2.5 Integrated DAMO -Anammox System

The DAMO process is an energjficient alternative of conventional nitrogen and
methane removal processes from wastewaters. Its application hpstéiméial to
provide the existing technologies with solutions to problems they are currently
facing. The twdkey issuegonfronted in WWTPs are the lack of carbon sources for
nitrogen removal and the substantial emission of greenhouse gases (GHG) (Wang et
al., 2017a). In this scope, DAMO integration with other processassstudied, in
particular with Avammox as a eoulture. The environmental conditions leading to

the enrichment of DAM@\nammox ceculture were investigated (Luesken et al.,
2011Db; Zhu etlg 2011; Haroon et al., 2013; Ding et al., 2014; Ding et al.72Bd

etal., 2017a; Silva et al., 2017; Lu et al., 2018). A different DAMO integrated system
with aerobic methane oxidation coupled to denitrification (A2Pwas achieved

by SilvaTeiraetal . (2017) and S8nchez et al. (20

The Anammox process is considered as an innovative alternative for conventional
nitrification-denitrification processes (Strous et al., 1999). In comparison to DAMO,
enrichment, cultivation, and applicability of thex@nmox process in wastewater
treatment and nitrogen removalmaich more establishedThere are evemarious
establishedull-scale applications ithe Netherlands, USA, Spain, South Korea and
Turkey(Kocamemi et al., 20)8However, nitrate is a bgrodud of the Anammox

process which leads to incomplete nitrogen removal (Luesken et al., 2011b) and
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requires a fixed N&YNH4" molar ratio of 1.32 (Gao and Tao, 2011), as shown in
Equation 2.4. According to the stoichiometry of Anammox reaction, the NO
prodwced corresponds to 11% of the influent total N gNBind NQ") (Du et al.,
2019). Therefore, with the establishment of an integrated DAM@mmox system,

the DAMO archaea would complement the Anammox by reducing thadNO,
(Equation 2.5) and preventing the accumulation ogNince achieving complete
nitrogen removal while oxidizing methane into carbon dioxide (Lu et al., 2018), as
shown inFigure2.9. Therefore, combining the DAMO and Anammox processes has
a high potential of removing NFH NO;", NOs', and dissolved Cirom wastewaters
(Luesken et al., 2011b) such as the anaerobic digester (AD) liquor and landfill
leachate. The supply of GHenables the complete nitrogen removal containing
varying NH*, NOy, and NQ ratios (Shi et al., 2013).

Employinga nitritation reactor and RAMO fed batch reactor to treat the effluent

of an upflow anaerobic sludge blanket (UASBas peformed (Kampman et al.,
2012)One reactor, referred to as SFBR1, was
other reactor, referred to as SFBR+, was fed with medium containing 10% (v/v)
filtered effluent from the aerobic sewage treatment Bennekom. Hovpéledrscale

and fullscale apptatiors areyet to be applied. In order to incorporate the DAMO
process or a DAMEAnammox process in fubcale WWTP, nitritation and organic
matter degradation are required to be performed prior to the DAMO or BAMO
Anammox processes in order to conveet " to NO and the organic matter into
CHs (Wang et al., 2017b; Van Kessel et al., 2018). Wang et al. (2@bAbgptually
proposes two possibilities of fedicale applications. The first is the incorporation of

a nitritationDAMO-Anammox process to ¢hsidestream of a WWTP treating the

AD liquor before it is recirculated into the main wastewater line. The second is the
integration of a nitritatiofDAMO-Anammox process to the mastream preceded

by an activated sludge process or similar advancedrtegdifprocesses that degrade
organic matter. Furthermore, a DAMA&hammox membrane biofilm reactor
preceded by nitritation may be applied to treat landfill leachate to achievedtegh
nitrogen removal (Nie et al., 202@Qim et al. (2021) demonstrated tfiest and only
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real wastewater application on adstale DAMGAnammox ceculture A DAMO-
Anammoxmembrane biofilm reactoMBfR) was employedb treat mainstream and
sidestream wastewatdrhe effluent of a higkrate activated sludge (HRASystem
was thesource of the mainstream wastewatenere three different scenarios were
studied. On the other hand, AD liquor wesed asidestreamvastewater and studied
under onescenario This study demonstrated the applicability of using a DAMO

Anammox ceculture to remove nitrogen from both mainstream and sidestream

wastewater

M. oxyfera
NC10 phylum
NOx:" as electron acceptor
Inter-aerobic denitrification pathway
8NO;y+3CH+8H*—=4N,;+3C0O,+10H,0
N2

NO;
CH, CcO:
Removal of CHy, Removalof CHs & NO;"
NO;" and NOy” Competition for NOz
NI iiroTod cens No NHy™ removal Accumulation of NO3y .
Anammox bacteria
ANME-2d Plinctiareet
NOj" as electron acceptor Removal of CHy NOs-a I;:c?m-‘c: & o
Reverse methanogenesis pathway and complete A
3 denitrification
4NOy +CH,— 4NO; +CO, +2 Hy0 NH{* +1.32 NO;"— 1.02 N, +0.26 NOy~ + 2.03 H,0
NOy
NOy
Removalof CHy
and complete o
denitrification ™ NH;

“ NOs
N 03‘

Figure2.9 The reactions of DAMO microorganismigl(oxyferaandM.
nitroreducenyand Anammox cultures and the possible outcomes of trewtwieh
different combinations® Complete denitrification is dependent on the N molar and

CHa: N ratios(Harb et al., 2021)
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2.6  Factors Affecting the Enrichment of DAMO-Anammox Co-culture

The earliest successful enrichment of DAMO microorgasi®aghoebarsing et al.,
2006) marked the starting point of studies aimed at enrichment and cultivation of
DAMO microorganisms and their arultures. Few studies tested the effect of some
factors on the activity of DAMO microorganisms, while others applidek t
operational conditions and tested the performance of the enriched DAMO
microorganisms. Reducing the enrichment period, improving biomass retention, and
increasing the nitrogen consumption rates were the focus of many enrichment studies
(Kampman et al2014). In order to minimize the drawbacks of DAMO cultures, the
operational conditions applied for their enrichment and operation should be well
known.Consequently, the factors including, temperature (Hu et al., 2009; Kampman
et al., 2014; He et al., 2015b), pH (He et al., 2015b; Zhu et al., 2012), inoculum type
(He et al., 2014), feed type in terms of the nitrogen sources and their concentrations,
(Ragloebarsing et al., 2006; Ettwig et al., 2008; Ettwig et al., 2009; Hu et al., 2009;
Luesken et al.,, 2011a; He et al., 2014; Kampman et al., 2012; Hu et al., 2014,
Kampman et al., 2014; Wang et al., 2015; He et al., 2015b; Bhattacharjee et al., 2016;
Hatanoto et al., 2017), trace metal concentrations (He et al., 2015a; Kampman et al.,
2014), chemical oxygen demand (COD) (Silmaira et al., 2017; He et al., 2018a),
sulfate (Li et al., 2020a), salinity (He et al., 2015b), methane content (Fu et al., 2015),
dissolved oxygen (DO) (Luesken et al., 2012) reactor configuration (Ettwig et al.,
2009; Hu et al., 2009; Luesken et al., 2011a; Kampman et al., 2012; Hatamoto et al.,
2014; He et al., 2014; Hu et al., 2014; Kampman et al., 2014; Wang et al., 2015;
Hatamotoet al., 2017; Li et al., 20B8Fu et al., 2019) and hydraulic retention time
(HRT) (Kampman et al., 2014; Hatamoto et al., 2014) were revealed in line with the
observed effects on the growth and activity of DAMO microbial consorties
section clearlydefines the abovementioned factors that were eittvesstigated or
appliedin the studies for the enrichment of DAMO cultures. The operational ranges
studied leading to thkighestconversion rates are also summarized for the related
factors.Table2.1 is a summary of some of the conditions applied in cultivation of

DAMO cultures and obtained activity rates.
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The introduction of an Aammox culture might reduce the ehrtent time of
DAMO microorganisms and promote the activity of DAMO archaea (Ding et al.,
2014). In this respect, the DAM@nammox ceculture enrichment and operation
studies were also reviewed in this section for fadargng thepotential to affect
theestablishment of a eculture, its enrichment and activifjable2.2 summarizes

the DAMO-Anammox ceculture studies with respect to the inocula used, reactor
types operated and the operational conditions such as HRT, temperature, and pH.
The composition of thBAMO microorganisms enriched is also showTable2.2
andTable2.3, on te other hand, summarizes other DAM@ammox cecultures
studies with emphasis on conversion (activity) rates and composition of both
Anammox and DAMO cultures, together with influent N concentrations, pH,

temperature, and reactor type information.
2.6.1 Temperature

Experiments showed that temperature has a significant effect on the growth and
activity of DAMO microorganisms. The t emg
(Wang et al., 2015; Luesken et al., 2011a; He et al., 2014; Hu et al., 2009; Hatamoto

et al, 2017). The optimal temperature for DAMO growstgardingooth shortterm

andlongt er m effects was found to be about 3
are summarized imable2.1, some of which have important details that are worth
mentioning. Hu et al. (2009) compared the enrichment of the DAMO

mi croorganisms at two different temperat
that both bacteria and archaeawersnfau i n t he reactor operate
bacteria were enriched in the second reactor. Li et al. @Gi8erved DAMO

activity after 75 days in the reactor operated @ Awhile the DAMO activity

started after 100 days in the reactor operated/At20

Li et al. (2020b) assessed the leegm (>350 days) DAMO performance under
stepwise cooling <conditions (from 30 to
temperatures fluctuating from 13 to 38AC

Stepwise cooling conddns led to a hindrance of DAMO activity at first, yet DAMO
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cultures then adapted and had similar acti
removal rate (NRR) of 761 mgNEeN/ LAday) . Thus, despite a de
at | ow temper atlLueta 2018, DAMO aatizity ®aB AkEly td

recover in time. On the other hand, at ambient temperatures that fluctuate through

the year and during the day, the highest N |
beginning decreased about 5 times after 230.dalgs suggests that losigrm

temperature fluctuation (as experienced at ambient conditions) irreversibly inhibited

DAMO activity (Li et al., 2020b).

Similar to DAMO, DAMO-Anammox cecultures wereoperated at temperatures

ranging from 22 to 35AC (Luesken et al., 20
He et al. 2015; Hu et al. 2009)gble2.2). The besto-culture activity was found at

35AC (Ding .etTealp.e,r a2ulr es of 15, 25, 35AC wi
showed that a decrease in temperature causes a reduction in the consumption rate of
nitrate from ab o uwhilestte amhnoonind dnsumgtionNfatd. Ad a y
decreased from 15 to 8. mg N/ LAday (Ding et
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Table2.1 Operational conditions and reactgpes used in cultivation of DAMO cultures and obtained activity (&tagb et al., 2021)

. Specific Activity/Conversion rate
a N d
N-feed Influent Concentration Reactor Type NO, NO; cH,
1 . B Up to 84 mg N@-N/L
NO;, NO; Up to 84 mg NQ@-N/L SBR 11.76 mg N/day 10.89mg N/day 528 emol CJ/
2NOy, NOs féillg mg mgmk CSTR with external settler 74.59 &g N/ da) 1.12mgN/day 2.45 gmol C/ da
3 NOyz, NOs 77208(3“[;]?\'(I§QN'/\1|_/L SBR 0.07-0.11 mg N/day (mg@rotein) NG 233.17 emol C/d
“NOs (35 AC) NG SBR 24.2 mg N/L 28 mg N/ 2.4 mmol C/day
“NOs (22 AC) NG SBR NG 0.91 mg 0.038 mmol C/day
5 N 1.4-84 mg NQ-N/L
NO; 7-42 mg NQ-N/L SBR 18.14 &g N/ da NG 0.43 emol C/da
5 NOy 7-21 mg NO-N/L SBR 2384 . 76 mg N/ NG 19233. 6 emol C/ d
"NOy 0.91-9.13 mg N@-N/L SFBR with gas recirculatior 04610. 96 mg N, NG NG
40140 mg NG-NIL SBR 11.4 mg °“NRR)L Ad
8 - mg - . _
NO; 3070 mg NPNLRA ¢ CSTR 26. 4 mg °NRRL 6d NG NG
MSGLR 76.9 mg °NRRL Ad
9 NO;, NOs e e NG MBR 836 mg N/ LA NG NG
10 NOy or NOy Odll5ggl\'l\'§',\l'\‘/’LL MBfBR 1484mgN/ LAday 7.56 mg NG
1 NOy, NO5 176r;“ggNNg_',\|'\yL'- SBR 40.32 mg N/ | NG 21190 &M C/d
12 N i 7-9.8 mg NQ-N/L 39 mg NI
NO;, NO; 7-14 mg NQ-N/L DHS 70.4 mg N/ L 22.4 mg 2.7 mM Cl/day
12 Only NOy 9.814 mg NQ-N/L DHS 60.2 mg NI/ L 8740' 4mgm9N/ 3.3 mM Ciday

2References Raghoebarsing et al., 2006Ettwig et al., 2008° Ettwig et al., 2009¢ Hu et al., 20095 Luesken et al., 2011&He et al., 2014* Kampman et al., 2012;Hu et al., 2014°
Kampman et al., 2014° Wang et al., 2015} Bhattacharjee et al., 20162 Hatamoto et al., 2017.

b Nitrogen Loading Rate ¢ Nitrogen Removal Rate NG: Not Given

4 Reactor type: SBR: Sequencing batch reactor, CSTR: ContinuousgdSEaink Reactor, MBR: Membrane Bioreactor, MBfBR: Membrane Biofilm Bioreactor, DHS: flowrhanging
sponge reactor, MSGLR: Magnetically stirred gas lift reactor.
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Table2.2 Environmental and operational conditions of DAM@ammox ceculture systems with the obtained DAMO culture

compositiongHarb et al., 2021)

Composition (%)

alnocula bReactor Type HRT(day) Temper at v pH DAMO DAMO
archaea bacteria

1 Anoxic freshwater sediment SBR NG 25 7 10 80

2 Anoxic freshwater sediment (ditch sediment) CSTR NG 30 7376 0 70

3 Sediment from a eutrophic ditch SBR 2.215 30 6.97.5 0 70

4Mixture of sediments from freshwater lake, anaero

digester sludge and return sludge SBR NG 35 NG 40 30

4Mixture of sediments from freshwater lake, anaero

digester sludge and retusiudge SBR NG 22 NG 0 15

5Industrial wastewater treatment plant SBR NG 20-23 6.87.3 NG 60-70

6 Methanogenic sludge, paddy soil, freshwa SBR 6 30 7072 NG 50

sediment .0-7.

"Freshwater sediment SBR with gas recirculation 4.855 30 7.08.0 NG 70-80

8 A previous SBR enrichment culture SBR, CSTR, MSGLR 2 30 7.07.2 NG NG

9Mixture of digested primary sludge, secondary slut Submeraed MBR 1467 20 6.58 NG 60-70

and digested secondary sludge 9 ' '

10Freshwater sediment MBfBR NG 10-25 7 NG 73

1 River sediment Intermittently fed SBR 29 35 7.5 0 73

*? Enriched culture sludge from a laboratsgale oo oqnne DHS Reactor  0.080.17 30 NG 5 50-70

continuousflow

2 Referencest Raghoebarsing et al., 200&Ettwig et al., 20082 Ettwig et al., 2009 Hu et al., 2009% Luesken et al., 2011&He et al., 2014% Kampman et al., 2013;
Hu et al., 20143 Kampman et al., 20149 Wang et al., 2015 Bhattacharjee et al., 2018;Hatamoto et al., 2017.
b Reactor type: SBR: Sequencing batch rea@&TR: Continuously Stirred Tank Reactor, MBR: Membrane Bioreactor, MBfBR: Membrane Biofilm Bioreactor,

Down-flow hanging sponge reactor, MSGLR: Magnetically stirred gas lift reactor.

NG: Not Given
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Table2.3 Operational conditions, obtained consortium compositions, and nitrogen and methane conversion rates-hn2amshox
reactorqHarb et al., 2021)

Composition (%)

2Reactor Type Temper at pH N-feed Influent Concentration DAMO DAMO ANammox Activity Rate
bacteria archaea
1 B ] 14-280 mg NH*-N/L 100mgNG-N/ L Ad
SBR 30 7376 NH,*, NO; 525 mg NQNIL 50 NG 50 81.6 mg NH-N/ L A
4:3 (NQ;: NH4") (0-60 day) 0.7mmol CH-C/ L A«
2SBR 25 7.2 NH4", NGO, Excess N@and limited NG NG NG 117.6 mgNHN/ L A
NH,4* (after 60 days) 175mgNG-N/ L Ad
1.06 mmol CH-C/day
3 . . 80 g NQ-N/L ) 6.68 mmol N-N/day
CSTR 22 7.075 NH,*, NO; 48 g NH-NIL 78 3 46.62mg NH-N/day
49.56 mg N@-N/day
. : . . 9.8196 mg NH*-N/L 67.76 mgNG-N/ L A1
CSTR 35 -85 NH.’, NOs 9.8196 mg NQ-N/L 12 29 21 56.98 mg NH-N/ L A
10 mg NQ-N/L . 5
SHfMBR 35 7.08.1 NOs, NO;, NH,* 40 mg NH*-N/L 38.8 26.2 6.2 ;2 mg :\\:S,,_,’\\II// t AAg
60 mg NQ-N/L 9
0.24 mg N@-N/day
i . + 2.24 mg N@-N/day
NO;, NO;, NH, 51.3 6.77 1.16 mg NH--N/day
63. 44 (Giday
144. 6 2s-Ngy |
NOs, NHy4 50 mg NQ-N/L 40.2 NG 51 21 . 03 04 AéNgggyN
5CSTR NG NG 10mg NOy-N/L NG 5 1' 2 4 sQigay N
NOy 50 mg NH*-N/L 38.9 NG : 3 Y

47 . 4 2 CH)-@liday
1.99 mg NG@-N/day
NO,, NHz* 46.6 11.68 1.11 mg NH*-N/day
97.27 GQeiday
3.63 mg N@-N/day
128. 33 £ohayl
190 mgN@-N/ L Ad
60mgNH-N/ LAd

NOy 64.7 NG

"MBR 22 NG NH,", NOy NG 20-30 20-30 20-30
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Table 2.30perational conditions, obtained consortium compositions, and nitrogen and methane conversion rates-hn2afshox
reactors (Harb et al., 2021) (Continued)

684 mgNQ-N/ L Ad

8 _ + - A
MBR 22 7-8 NH4*, NO; NG 20 50 20 684 mgNG-N/ L A d
o . ) ) ) ) ) 560 mgNQ-N/ L Ad
MBR 35 8 NHs, NO; 470 mg NH*-N/ L Ad
16.13 mgN@-N/ L Al
OHfMBR 35 7.37.8 NH4*, NOy - 14 79 7 75.70mgN@-N/ L Al
4726 mgNH-N/ L A
1Semi continuous : .
CSTR 35 7-7.5 NO;, NHy4 - - - - -

2Referencest Luesken et al., 2011BZhu et al., 20113 Haroon et al., 2013;Ding et al., 2014° Ding et al., 2017¢ Fu et al., 20174, Shi et al., 20135 Cai et al., 2015’ Xie et al., 2016;

Fu et al., 2017b%* Hu et al., 2015
SBR: Sequencingdtch reactor, CSTR: Continuousdirred Tank Reactor, MBR: Membrane Bioreactor, DHS: Deflaw hanging sponge reactor, MSGLR: Magnetically stirred gas

reactor.
NG: Not Given




2.6.2 pH

Weakly alkaline conditions in theange of 7.60.0 are favored by most heterotrophic
denitrifying microorganisms (Tang et al., 2011). The studies using DAMO cultures
used previously described optimal pH ranges of86for their growth (Ettwig et

al., 2009; Luesken et al., 2011a; Helet2z014; Kampman et al., 2014), while others
worked to find the optimal pH with the range of 8.9 (Zhu et al., 2012; He et al.,

2015b). Results showed that the activity {1.8 nmol CH/ mi nA( mg pr ot ei n

higher in the range of 6.7h4 compareda the range of 5:8.7 (0.41.0 nmol CH

/ mi nA(mg protein)) (Zhu et al ., 2012).
8.0 and within this range the optimum pH was recorded as 7.6 (He et al., 2015b).
Although He et al. (2015b) found that the DAMO adtiecreases by 50% at pH

9.0, NC10 bacteria were detected in food waste digestate at pH 9.24 (Xu et al., 2018)
(Table2.1).

Considering the DAM@Anammox ceculture studiesTable2.3 showsthe operation

pH of these studie®tbe in the range of 7-8.5 (Luesken et al., 2011b; Zhu et al.,
2011; Haroon et al., 2013; Ding et al., 2014, Ding et al.72Bl et al., 2017a; Shi

et al., 2013; Cai et al., 2015; Xie et al., 2016; Fu et al., 2017b; Hu et al., ZBiE5)
most commonhapplied pH range throughout the aforementioned studies was 7.3
7.5, which isikely to support both DAMO and Wammox culturesLuesken et al.,
2011b; Haroon et al., 2013; Ding et al., 2014; Ding et al.7204i et al., 2015; Xie

et al., 2016; Fu et a017b; Hu et al., 2015).

2.6.3 Inoculum type

Enrichment studies mainly focused on the detection of NC10 bacteria and the
inoculum type for the cultivation. Different types of inocula sources and enrichment
strategies for the DAMO bacteria were tested over tinis. understood that the
enrichment period ranges from as low as 75 days (Hu et al., 2014) to about a year
(Luesken et al.,, 2011a; Zhu et al.,, 2011; Raghoebarsing et al., 2006), which is
affected by the inocula type.
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Natural ecosystems contaminated wiitragen, such as peatlands, are potential
sources for the enrichment of DAMO organisms (Raghoebarsing et al., 2006; Ettwig
et al., 2008; Ettwig et al., 2009; Luesken et al., 2011a; Zhu et al., 2011; Kampman
et al., 2012; Wang et al., 2012; Zhu et al., 2(Hatamoto et al., 2014; He et al.,
2014; Hu et al., 2014; Shen et al., 2014; Shen et al., 2015; Bhattacharjee et al., 2016;
Wang et al., 2015). The target gepenpA was detecteth three paddy soil samples
inferring the existence &. oxyfera(Hatamoto et al., 2014)

Other inocula sources include municipal and industrial WWTP sludge especially
methanogenic sludge due to the presence of significant amounts of methane and
nitrite (Luesken et al., 2011a; He et al., 2014). A mixture of municipatewater
sludge containing primary sludge, secondary sludge and digested secondary sludge
was used to inoculate membrane bioreactors (MBRs) and after 12 months of
operation, the culture was dominated kly oxyfera(Kampman et al., 2014).
Luesken et al. (2L1a) screened ten WWTPs fdr oxyferavia 16S rRNA screening

and identified NC10 bacteria in nine of the selected WWTPsoxyferatype
bacteria have been successfully enriched from a mixture of sludge composed of the
AD sludge and return sludge from mcaipal WWTP and freshwater sediment (Hu

et al., 2009).

Paddy soil, freshwater sediment and methanogenic sludge were compared as inocula
in three sequencing batch reactors (SBRs). The highest ¢é@sumption with
respect to methane was observed in thetoeanoculated with the methanogenic
sludge (He et al., 2014). Moreover, the ratios of the consumption ratessdbCH
nitrite were 3:8.9, 3:8.6 and 3:7.6 for methanogenic sludge, paddy soil and
freshwater sediment, respectively. Furthermore, a mixturthefthree previous
inocula was successfully used in the enrichment of a DAMO consortia with an
Archaea to Bacteria ratio of 1.77 suggesting that a mixed inoculum may have an

advantage over a sole inoculum source (Li et al., 2018

Various approaches weemployed to enrich a DAM@&nammox ceculture. One

approach to successfully establish acatiure was to use an already established
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DAMO culture; thus, in turn decrease the enrichment period from 75 to 30 days
(Luesken et al., 2011b; Fu et al.,, 2017a)esken et al. (2011b) successfully
establishedHhe coculture by enriching the dammox bacteria using an inoculum of

a preestablished stable DAMO culture containing 70 to 80% DAMO bacteria and
achieved a caulture of equal mimbial composition of DAMO athAnammox after

161 days Table2.2). A second approach was to use a st@slammox culture as

the inoculum source (Zhu et a2011). After inoculation with Aammox ganules

and stabilization of the culture, Gldnd NQ" were supplied to the culture in excess
under NH" limited conditions to enrich the DAMO bacteria. The-atdture
enrichment from Anammox granules took one year of enrichment period (Zhu et al.,
2011). A third approach was to use of sludge mixtures from different sources for the
co-culture enrichment suchs a mixture of methanogenic sludge and activated
sludge from a WWTP, successful enrichment was achieved in 4.5 months (Ding et
al., 2014). It was observed thahammox and DAMO bacteria were present in the
outer layer of the microbial clusters, surrommglDAMO archaea aggregates (Ding

et al., 2014). Finally, the fourth ap@ach was to enrich the DAMO anchAmmox
microorganisms in separate reactors and then combine them in one reactor to

establish the coulture.

In conclusion, freshwater sediments agngicant inoculum sources for successful
enrichment of cecultures of DAMO microorganisms andnAmmox bacteria (Fu et

al., 2017a; Ding et al., 2@)as well as paddy soils (Lai, 2021) However, due to

the physical characteristics such as high mineraltesd like silicon and high
viscosity as observed in paddy field spd&rect usage of these inocula may not be
practival (La i, 2021) Nevertheless, a mixed inoculum may have an advantage over
using a sole inocula source (Li et al., 2818n a differat note, granule size of the
biomass is an important factor that affects removal efficiencies and might have an
effect on enrichment; therefore, requires a further investigation. Simulation results
reveal that smaller granules enabled higher simultaneousoaium and methane

removal efficiencies (Winkler et al., 2015).
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2.6.4 Feed

Feed Type

In the enrichment studies carried out, mostly synthetic wastewater with nitrite or
nitrate, or nitrite and nitrate along at different concentratidablé2.2) with trace
elements was used as the feed and methane was supplied as the carbon source
(Raghoebarsing et aR006; Ettwig et al., 2008; Ettwig et al., 2009; Hu et al., 2009;
Heet al., 2014; Wang et al., 2015; Bhattacharjee et al., 2016; Hatamoto et al., 2014;
Hatamoto et al., 2017). To our knowledge, there is limited number of enrichment
studies using an original wastewater as the feed such as filtered effluent of an

activated kidge process (Kampman et al., 2012).

RecentlyLim et al. (2021)published atudythat isthe first and only real wastewater
application on a lalscale DAMGAnammox ceculture, up to this datéA DAMO-
Anammox MBfR was established treat mairstream andide stream wastewater
under four different scenariosThree mairstream scenario®perated at a
t emper at uwere studied whexddeGource of was the effluent of a HRAS
system In the first €enario, nitritation was applied to the HRAS efflupnor to the
DAMO-Anammox MBfR andwas operated at an HRT of 1 dal the second
scenario partial nitritatiorwas applied prior to th®AMO-Anammox MBfR and
was alsmperatedatan HRT of 1 day, while ithe third €enario, partial nitritation
and Anammoxwas performed prior to the DAM@nammox MBfR,which was
operatedat an HRT of 0.5 days. On the other hand, AD liquor was tisedide
stream wastewat@nd studied under one scenatiothis scenario the AD effluent
was partially nitrifiedprior to the DAMO-Anammox MBfR which wasoperated at
a temperature of 35AC and HRT of 2 days.

In order to investigate the effects of synthetic wastewater and original wastewater on
enrichment of DAMO microorganisms, Kampman et al. (2012) operated two
sequencing fetbach reactors (SFBRs). The first was fed with a medium made of

10% (v/v) filtered activated sludge process effluent containing 1.3 mg biochemical
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oxygen demand (BOD)/L, 2.1 mg KjeldaRIL and 3.8 mg (N@ + NO3)-N/L. On

the other hand, the second was\ieth synthetic wastewater containing a source of
alkalinity, calcium (Ca), magnesium (Mg), the necessary trace elemen@80lehg
NO2-N/L and 14126 mg NQ@-N/L and no source of BOD. The maximum nitrite
consumption rate in the first reactor was 11% higher (Kampman et al., 2012). The
activated sludge effluent provided potential growth factors that may be absent in the

reactor fed with synthetic wastewater (Kaman et al., 2012).

In Lim et al. (2021)he influent concentrationia the mainstream scenariapplied

to the DAMOAnammox MBfR were 12ng NH:*-N/L, 62mg NGO -N/L and 122

mg NOz-N/L (Scenario ) 20mg NH:"-N/L, 31 mg NGQ-N/L and0-14 mg NGs-

N/L, (Scenario 1) and 5 mg NFN/L, 0.5 mg NQ-N/L and 10 mg N@-N/L,

(Scenario Il) While the influent NH*, NO,” and NQ concentrations in the side

stream sceario were 455, 590 and 0 mg N/kespectively.The removal rates

achieved were 12 mg NHN/ LAday, -6N2 LAg a }¢D mq NQ- 1

N/ LAday (ScendNibAday, -84 mig A-om NG O

-N/ LAday, (ScenauiNé LAdpy anM/ 4fAgdagyOMNa-th d 14
NOs-N/ LAday, (Scenari-d/ LAdpa30agNHQ-R26Ada@y NH
in the sidestream scenaridloreover, in the makstream scenarios DAMOa had the

highest abundance and DAMOb was the second while Anammox had the least
abundance within the DAM@nammox ceculture. On the other hand, in the side
streamscenario DAMOa had the highest abundance, while Anammox was the

second highest and the lowest abundance was found to be DAMOb.

Nitrogen

The effect of different nitrogen feeds on DAMO microorganisms and their microbial
composition was assessed in enrichnguaties (Hu et al., 2011; Hatamoto et al.,
2014; Fu et al., 2017a). The nitrogen supplied in DAMO enrichment studies involve
nitrite in the range of -35 mM (Ettwig et al., 2008; Raghoebarsing et al., 2006;
Luesken et al., 2011a) and nitrate in the raofge58.6 mM (Hatamoto et al., 2017;
Kampman et al., 2014; Bhattacharjee et al., 20T6éple 2.2). A study using two

37



separate cultures fed separately withsNDdN O™ revealed that when supplied with
NO2, DAMO bacteria dominated over DAMO archaea (Hu et al., 2011). Another
study using batch and continuous flow cultures provided with only Bi@ only
NOs, reported that the enriched NC10 bacterial communitiese veferent
(Hatamoto et al., 2014). The nitrdted continuous flow reactor exhibited a shorter
lag period and a higher maximum B@onsumption rate compared to the nitrate
fed continuous flow reactor (Hatamoto et al., 2014). In addition, DAMO archaea
were not detected in the nitrifed reactor while they had a composition of around
7% in the nitratded reactor (Hatamoto et al., 2014). The DAMO bacteria constituted
about 68% in the nitrited reactor and 58% in the nitrefed reactor (Hatamoto et

al., 2014). It was also reported that both DAMO archaea and DAMO bacteria can
survive in NQ and CH conditions, since nitrite accumulation was not observed (Li
et al., 2018).

The effect of nitrite on a DAMO esystem (DAMO bacteria and DAMO archaea)
was investigated in terms of nitrogen removal and microbial community. The short
term studies showed that nitrite concentrations below 100 mg N/L did not inhibit the
co-system (Louwet al., 2019). As the nitrite concentration was increased to 950 mg
N/L, nitrogen removal efficiency was completely inhibited. On the other hand, the
long-term studies illustrated that nitrogen removal performance was completely
inhibited at 650 mg N/L. TiB led to a decrease in the DAMO-sgstem species
abundance and diversity, changing the microbial community strucN@g:
consumption is inhibited by the formation of free nitrous acid (FNA) under acidic

conditions and the ionized form NfO2” under allaline conditions (Lou et al., 2019).

Regarding the DAM@Anammox ceculture, different combinations and
concentrations of N© NO, and NH" feed affect the microbial composition of the
co-culture Table2.2 andTable2.3). Low concentration of N@ was identified as
an important factor in maintaining a high activityMf nitroreducengLuesken et
al.,, 2011b; Zhu et al.,, 2011; Ding et al.,, 2014; Fu et all,7a8QD In addition,

Anammox can outcompetd. oxyferaover NQ since they have a higher NO

38



affinity (0 of 0.1 mgN/Land)  of 0.6 mg N/L respectively (Winkler et al.,

2015; Zhu et al., 2011), while the N@ffinity of M. nitroreducensu is 2.1 mg
N/L (Lu et al., 2019). Therefore, for a successful enrichment of tioelltore, CH

and NQ" should be supplied in excess while keeping the™kncentration limited
(Luesken et al., 2011bln most of the caulture studies, Aammox waseported to

be responsible of the majority of the total N@emoval. Moreovertheoretically
NOs produced by thdnammox bacteria (Equation 2.4) can be completely removed
by M. nitroreducengEquation 2.5) and theO>" is converted ttN> gas byM. oxyfera
(Equation2.6) andAnammox bacteria (Eation 2.4 (Xie et al., 2016).

Hu et al. (2015) investigated the effect of nitrogen source on the removal of nitrogen
and methane by using two separate anoxic reactors, oneitfedN@;" while the

other fed with NG at aloading rate between 103B.4mg N/day along with Nkt

and CH supply to both reactors. The N@ed and NGQ-fed reactors showed the
presence of DAMO archaea composition of 70% and 26%, respeciiaddie.3).

The study claims that the disappearance of DAMO bacteria in both reactors was due
to the competition wittAnammox bacteria. Fu et al. (2017a), on the other hand,
observed the domination BIAMO bacteria in their study conducted in six reactors
with different combinations of N NOs” and NH* (Table2.3). The study claims

that DAMO archaeavere not found in the ceulture under N@-fed conditions,
possibly due to the absence of the microorganisms in the inocula. It was also reported
in another study that the NHfeed leads to an increase in the percentage of
Anammox bacteria in the consortiiand improves the nitrogen removal rate, while

no archaea thrived in the N@ed reactor in contrast to previous studies (Hu et al.,
2009; Hu et al., 2010).

In a coculture study, the NI concentration was gradually increased to 280 mg

N/ LAday whriéeéethennentration was increas
et al., 2011b) Table 2.3). The developed coulture was composed of equal
percentage of DAMO bacteria dm/Anammox bacteria, achieving a N®@emoval

rate of 100 mg N/ LAday (Luesken et al .,
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and NQ' in the feed and enrichedca-culture of DAMO archaea andnammox
bacteria where CHwas intermittently flushed into the headspace. The M@d
NHs r e mov al rates wereayboth about 15 mg

Since DAMO bacteria andnammox bacteria compete for W(the NQ to NHs*

ratio is an important parameter. Xie et al. (2016) used atd®IHs" molar ratio of

1.19 and achieved a NGand NH'r e mo v a | rat e apand 49y mg
N/LAlay, respectively. Furthermora,synthetic wastewater mimicking the effluent

of a mainstream partial nitritation process was used as feed to investigate the
applicability of the ceculture in the treatment of domestic mainstream wastewater,
since this wastewater has lower total nitrogen compared to that of anaerobic
digestion (Xie et al., 2018petting theNO2:NH4" molar ratio in the synthetic feed
within therange of 1.171.55 resulted in a high TN removal range of 994.7%

(Xie et al., 2018). On the other hand, modelling &™N4" molarratio of 1 showed

the highest TN removal with microbial composition of 6B#ammox, 23% DAMO
archaea and 12% DAMO bacteria (Chen et al., 2014). However, further rise in the
molar ratio would eliminate DAMO archaea due to the methane competition with
DAMO bacteria, consequently, causing a decline in TN removal (Chén2014).
Similarly, DAMO and Axammox ceexistence in a single granule was evaluated and

it was found that the NO: NH4" influent molar ratio is critical for the survival of
DAMO microorganisms (Winkler et al., 2015).

It can be inferred that the influentd&dncentration, N source type and NONH4"
molarratio as well as other potential N source molar ratioss(NRO," and NQ' :

NH4") are decisive parameters in the composition of the DAM®ystem and the
DAMO-Anammox ceculture, their activities andN removal. It should be noted

that DAMO archaea anlnammox ceculture may be a seffustaining system since
each of the microorganisms is producing the electron acceptor of the other (Equation
2.4 and Equation 2.5). At balanced molar ratios, high N reheffreiencies might

be achieved. On the other hand, obtaining a balanced ratio, may require the

involvement of pretreatment units such as partial nitritatioAnammox systems.
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Yet, the arrangement of the consortium and its activity might be only podsibé

inoculum contains the microorganisms of concé&un €t al., 2017
Trace Metals

It was revealed tha¥l. oxyferadoes not have genes for pyrroloquinoline quinone
(PQQ) biosynthesis (Wu et al., 2011) that would be necessary for better DAMO
activity. Moreover, Ct" (Copper) is a key element for pMMO enzyme activity
(Glass and Orphan, 2012; Wu et al., 2011; Hatamotal.et2018); therefore,
Hatamoto et al. (2018) tested the additio€af* and PQQ to the medium of DAMO
culture and results showed that wh@wur* and PQQ concentrations were increased
from 0.19 to 0.38 mg/L and 0 to 2 nM, respectively, the nitrite consampate
doubled. Furthenore, the results of the studiesnducted by He et al. (2015a)
investigating the effect of iron (F§ and Cd" showed that an Beand C@"
concentrations of 1.12 mg/L and 0.63 mg/L, respectively, stimulated the activity and
thegrowth of DAMO bacteria in an SBR. €uwconcentrations exceeding 1.57 mg/L
may inhibit the DAMO process (He et al., 2015a). Enzymes responsible for CH
oxidation are activated by &y while enzymes responsible for N®eduction are
activated by F& (He et al., 2015a). Jiang et al. (2018) investigated the effects of
Fe* (0, 10, 50 mg/L), Ctf (0, 1, 5 mg/L) and molybdenum (M9 (0, 1, 5 mg/L)

on the activity of a DAMO and methanogenic bacteriacalbure. The results
showed that F&, Ci** and Md* corcentrations of 50 mg/L, 1 mg/L and 5 mg/L,
respectively, enabled NOremoval, while C&" and M&* concentrations of 5 mg/L

and 1 mg/L, respectively, inhibited microbial activity. Conversely, trace metal
elements such as Mo, zinc (Zn), cobalt (Co), manganese (Mn), and nickel (Ni) had
no significant effect on DAMO specific activity (He et al., 2015a).

Regarding DAMGAnammox ceculture, the effect ofFe* concentration was
investigated (Lu et al., 2018Fe** was found to have an important role in the
competition among BMO bacteria, DAMO archaea andnAmmox bacteria
Anammox activity significantly incread with increasing§e?* concentrations in turn

outcompeting the DAMO bacteria, sincknammox bacteria requir€e?* to
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function. This is evident since they possess an anammoxosome compattatent
stores iron particles (van Niftrik et al., Z)0NOs” production via the Aammox

reaction will improve the growth of the DAMO archaea (Lu et al., 2018).

Chemical Oxygen Demand

Except the one experimental research (Sileaa et al., 2017), the majority of the
studies investigating the effect of COD on DAMO activity are mainly modelling
studies. Silvareira et al. (2017) supplied an integrated DAMO and AMQ@re

anoxic MBR witha synthetic effluent of an diffow anaerobic sludge blanket reactor
(UASBR) containing 35 mg soluble COD/L, 36 mg TN/L of which 34 mg N/L was
ammonia. The results suggest that the COD functioned as an electron donor for
Anammox that were behind a relatiysimall fraction of nitrogen removal in the pre
anoxic MBR.The achieved CHand Nr e mo v a | rates anet5eé 180 mg/ L
mg/ LAday, r edgradaalj201&)l liyandgth®ristudy,aHe et al. (2018a)
established a mathematical model to explagmticrobial processes and interactions
between DAMO bacteria and associated heterotrophic bacteria in an SBR. The
results showed that adding small amounts of organic matter in the influent promoted
the growth of DAMO bacteria, which was highest at 0.34@@P/mg N and24

mg/L COD conditions.This was attributed to the increased excretiorgmiwth
factors by the heterotrophic bacteria, which unexpectedly decreased at those COD
conditions, and to the indirect positive effect of these growth factors on DAMO
bacteria. Yetpversupply of COD decreased the DAMO biomass while improving
the heterotrophic biomass. The stimulation of DAMO bacteria growth compared to
heterotrophic bacteria at low substrate concentrations was also linked to the low
nitrite concentratin due to higher affinity of the former for nitrite. Higher nitrite
concentrations (21 nig N) further weakened the nitrite competition and led to
increased heterotrophic biomass. Apparently, nitrogen source, its concentration and
nitrogen affinity constats should be considered to comment about the COD effect

on a consortium where CO8egraders and DAMO culturgstentiallyco-exist.
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Sulfate

Li et al. (2020a) studied the effect of sulfateNf@>-DAMO process, by testing the
performance and microbistructure of the DAMO bacteria at a sulfate concentration
ranging between-200 mg S@ JL. The activity of themicroorganisms initially
increased and reached a maxi mum denitrif
SO2 JL and was inhibited above thabrcentration. The S®'was proposed to
affect the mass transfer rate of methane and in turn the methane oxidation ef nitrite
DAMO processWhile in a study performed by Lou et al. (2022) to investigiate
effect ofSQs? 'on the DAMO processhe resultsllustratedthat theactivity of the
DAMO systemwas slightly enhanced with the addition &8O up to a
concentration of 40 mg S®JL butthen decreasenly 50% up to concentrations of

80 mg SQ? L. Inhibition of the DAMO process was observed at conedions
above80mg SQ? L. Thesewo studesarethe onlystudiesconducted on the effect

of sulfate on DAMO microorganisms.

In the presence of sulfate, DAMO archaea may couple with sulfate reducing bacteria
(SRB), a process called[3JAMO (sulfatedepenént anaerobic methane oxidation).
The product of methane oxidation, hydrogen, will be utilized to reduce sulfate to
sulfide by the SRB (Knittel and Boetius, 2009; Cui et al., 2015). On the other hand,
sulfatedependent anaerobic ammonium oxidation is eti@athat may occur since

it has a lonesG value €16.6 kJ/mol) but it imot likely to prevailZhang et al., 2009)
since the Anammox and DAMO processes have |@#@f values The nhibitory

effect of sulfide on Aammox was found to be dictated dybstrate and sulfide
levels, as well as expose time. Axammox activity diminished by 50% at a sulfide
concentration of 32 m S/L, while at 160 mg S/L therammox was completely
inhibited. On the other handacclimation of theAnammox was achieved at a
concentration of 8 mg S/L (Jin et al., 2013). In contrast, the effects of sulfide on the

DAMO co-system are yet to be investigated.
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Salinity

The activity of DAMO microorganisms from freshwater sediments was assessed
under increasing salt concentrations @iel., 2015b). It was observed that, in an
inoculum dominant with 60%1. oxyfera the highest specific activity was obtained

at 0 g NaCl/L, while increasing the salt concentration up to 15 g NaCl/L decreased
the specific activity. The increase in cell osmotic pressure led to the inhibition of the
microorganisms (He et al., 2015b). MdethelessM. oxyferacan adapt to high salt
concentrations of 20 g NaCl/L recovering its activity after 90 days of incubation,
which reveals that DAMO process can possibly occur in saline ecosystems (He et
al., 2015b).

Regarding the use of DAM@nammox cecultures, one should consider the salinity
effect onAnammox bacteria. According to various studies conducted toaeghe
effect of salinity on Aammox activity indicated thaAnammox can tolerate
concentrations in the range o0 g NaCl/L (Yi et al, 2011; Jin et al., 2011; Wang

et al ., 2019). At | owAnammopactvityivasdetestedof 15 AC,
below 4 g NaCl/L (Wang et al., 2019). Freshw&eammox bacteria were found to

be able to adapt to 7g NaCl/L concentrations (Yi et all120wnhile the IC50 (50%
inhibition concentration) of freshwaté&nammox bacteria was found to be 9.1 g
NaCl/L (Lin et al., 2020).The Anammox activity of adapted and nradapted
culturesto salt concentrations was compdiréhe results showed that the@nmox
activity of the adapted and naalapted cultures was similar at about 20 g NaCl/L
(Engelbrecht et al., 2019) and 30 g NaCl/L (Jin et al., 2011). Apparently, DAMO
bacteria andAnammox cecultures can adapt to wastewaters with high salinity. The
existerte of the DAMO archaea in this consortium depends on the salinity effect on

DAMO archaea which remains to be investigated.
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2.6.5 Methane Content

The solubility of CH is low, SODAMO processes may be at a disadvantage (Islas
Lima et al., 2004; He et al., 2018)ence, one way to overcome this issue, presented
in nearly all enrichment studies is to supply excess @&dghoebarsing et al., 2006;
Kampman et al., 2014; Luesken et al., 2011b; Chen et al., 2016a). Another approach
is to improve the CHsolubility, through the addition of paraffin oil, where paraffin
oil acts as a second liquid phase increasingsotubility by 25% significantly aided
DAMO activity (Fu et al., 2015). According to Fu et al. (2015) 4Gblubility at 35

AC was 2. 9@ (1.2nmmel/L)Cliktreasing the CHsolubility to 3.96%
(v/v) (1.62 mmol/L) led to an increase in DAMO activity from 0.298 to 0.585 mg
NOsz-N/day, which was caused by the addition of 5% paraffin oil (v/v
paraffin/liquid) (Fu et al., 2015). The consumption ratta DAMO-Anammox ce
culture with 5% paraffin oil (3.18 mg NON/day and 5.14 mg N#i-N/day) were

twice as much as the consumption rates with 0% paraffin oil (Fu et al., 2015).

In the research studies, applied methane flow rate was usually in the f&hd86 o
mL/min (Hu et al. 2014; Hatamoto et al., 2017; Kampman et al., 2012) at 95%:5%
(CH4: COp) (Raghoebarsing et al., 2006; Ettwig et al., 2008; Ettwig et al., 2009;
Luesken et al., 2011a; Bhattacharjee et al., 2016). Increasgub@tdl pressure was
found to improve the AOM activity (Nauhaus et al., 2002; Cai et al., 2018; He et al.,
2013). Similarly, a decline in nitrite and nitrate consumption rates was caused by a
decrease in CHpartial pressure (Ding et al., 201 In a DAMO co-system,the

declinein CHs partial pressure will first affect DAMO archaea due to the lower CH
affinity compared to DAMO bacteria)( of 8 mg CH/L andv  of 0.042 mg
CHa4/L, respectively (GuerrereCruz et al., 2019; Lu et al., 2019).

Chen et al. (2014)n their modeling study with a membrane biofilm beactor

(MBfBR), showed that the Aammox bacteria mainly located on the outer layer of

the biofilm while that of DAMO organisms were close to the membrane surface. In

this respect, low surface methane ioad<0.0001 g/f- hr ) was found to

low fraction of DAMO microorganisms while Aammox being dominant, whereas
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high surface methane loadings (>0.0001 #y/rh r ) caused a DAMO bac
prosperity (Chen et al., 2014). Fu et al. (2019) pointed ousithégar significant

effect of the gaphase transfer of CHon the activity of the granular DAMO

Anammoxcec ul t ure compared to nitrogen compound
that CH: could not be transferred to the interior of the granules and caused the

granules to be disrupted into flocs.

It is claimed that the DAMO cultures and the DAMDammox ceculture are
suitable for processes for the treatment of wastewaters with low C/N ratio, such as
anaerobic digester supernatants (klasa et al., 2004). DAND enrichment studies
reported CH:NO2 molar consumption ratio as 0.38 (Kampman et al., 2012), 0.34,
0.35 and 0.39 (He et al., 2014), while thesMNDs molar consumption ratio as 0.58
(Hatamoto et al., 2014) and 0.54 (Islama et al., 2004). These fintjs are close

to the theoretical stoichiometry ratios of the DAMO reactions (Equation 2.5 and
Equation 2.6), CEHNO, and CH:NOs molar ratios of 0.38 and 0.63, respectively
(IslasLima et al., 2004; Raghoebarsing et al., 2006).

To our knowledge, there Babeen no study so far aimed at testing the effect of
CH4:NH4" ratio. This ratio might be of significance for the arrangement of the
consortia in DAMGAnammox cecultures and in turn the treatment of wastewaters
such as anaerobic digester effluent or ldhidfachate. Theoretically, the GHNH4*
molar consumption ratio should indicate the dominpat®s in the caulture since
Anammox culture consume NHand DAMO cultures consume GHTherefore,
finding the optimal ratias vital for the targetemovalefficiency.

Landfill leachate composition depends on different factors some of which are the
type of waste disposed and the age of the landfill. It has been found that leachate
consists of a COD ranging from 200,900 mg/L, BOD in the range 025,800

mg/L, NHs-N ranging from 0.20.3,000 mg N/L, salinity ranging from 4,040,100

mg NaCl/L and pH between 585, with old landfills containing low COD and BOD
content (Chu et al., 1994; Renou et al., 2008). Moreover, the heavy metal content of

leachate inlcided Fe ranging from 276 mg/L, Mn in the range of 0.028.4 mg/L,
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barium (Ba) between 0.066164 mg/L, Cu between 0.0@678 mg/L, aluminum

(Al less than 2 mg/L and silicon (Si) in the range of 310248 mg/L (Renou et al.,
2008). The heavy metabatent in leachate is low but the effect of some of the metals
such as Ba, Al, and Si on a DAM@nhammox ceculture needs to be further
investigated. However, high salinity of leachate (Diamantis et al., 2013) may cause
a challenge foits applicationto a DAMO-Anammox system. On the other hand, the
anaerobic digester effluent composition is4A1B00-1000 mg N/L, NG 30-70 mg

N/L, CH4 10-25 mg/L, PG* 20-87 mg P/L and COD of 18280 mg/L (Zhang et al.,
2011; Cookney et al., 2016; Liu et al., 20)L6Proviced that nitritation, anaerobic
digestion of organic matter (in the case of young age landfill leachate) and salinity
regulation (in the case of leachate) are performed, the composition and
concentrations of the constituents of leachate, especially oldaageanaerobic

digester liquor seem suitable for treatment by a DAR@mMmox ceculture.
2.6.6 Dissolved Oxygen (DO)

Luesken et al. (2012) and Kampman et al. (2018) tested the effect of DO
concentration on the activity &. oxyfera Chen et al. (2014) and CasBarros et

al. (2017) modelled the effects of DO concentration on DAMO activity in different
DAMO-based integrated systems. It was found that DO concentrations of 0.35 mg
O2/L slightly increased the denitrifying methanotrophic activity which returneg to i
original level after oxygen had been removed, while exposure to a concentration of
1.0 mg Q/L inhibited anaerobic methanotrophs, even after the removal.of O
(Luesken et al., 2012; Kampman et al., 2018). This occurred due to downregulation
of the biosythesis of nucleic acids and proteins, consequently, decreasing cell
division processes iN. oxyfera(Luesken et al., 2012).

Chen et al. (2014) modelled a singkage MBfBR coupling nitritationammox

DAMO for complete nitrogen removal to investigate #ffects of DO concentration
(Chen et al., 2014) and to construct a relation between the oxygen surface loading
rate and the system performance (Chen et al.,, 2015). ThélRestmoval of a

DAMO, AOB and Mammox biofilm ceculture was achieved at a DO centration
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of 0.17 mg/L (Chen et al., 2014). On the other hand, an aerobic granular sludge
reactor with AOB, Anammox, DAMO and aerobic methane oxidizing bacteria
(MOB) was modelled to investigate the effect of DO concentration on the nitrogen
and methaneemoval (Castrdarros et al., 2017). The results indicated that the
effective nitrogen and methane removal can be reached at DO concentrations less
than 0.5 mg/L. Therefore, balance of the microbial consortium and system
performance can be maintained thgbuhe operational control of the oxygen supply
(Chen et al., 2015).

2.6.7 Reactor Configuration

DAMO enrichment was performed in various reactor typedle2.2), such aSBRs
(Ettwig et al., 2009; Hu et al., 2009; Luesken et al., 2011a; Kampman et al., 2012;
He et al., 2014; Hu et al., 2014, Li et al., 281 &ipflow continuous reactors and
batch reactors (Hatamoto et al., 2014), continuous stirred tank reactors (CSTRS)
(Ettwig et al., 2008; Hu et al., 2014), MBRs (Wang et al., 2015; Kampman et al.,
2014), continuous dowflow sponge bioreactor (Hatamoto et al., 2017) and a
magnetically stirred gas lift reactor (MSGLR) (Hu et al., 2014). Moreover, the effect
of different reactor configuration on the specific activities of DAMO
microorganisms wasvestigated Hatamoto et al., 2014; Hu et al., 2014; Fu et al.,
2019).

In enrichment studies, DAMO microorganisms were reported as having a slow
growth rate with a doubling timef @-2 weeks foM. oxyferaand several weeks for

M. nitroreducengRaghoebarsing et al., 2006; Hu et al., 2009; Ettwig et al., 2010;
Luesken et al., 2012; Hatamoto et al., 2014; Kampman et al., 2012; He et al., 2014;
He et al.,, 2015a; Wang et al., 2015;aBhcharjee et al., 2016). As a result of
homogeneous distribution of substrate and biomass;temng reliable operation,

and stability under limiting conditions, SBRs proved to be suitable for the
enrichment ofslowly growing microorganismssuch as Aanmox (Strous et al.,
1999). Thus, in the earlier enrichment studies, SBRs were the common choice of
enrichment reactors (Raghoebarsing et al., 2006; Ettwig et al., 2009; Hu et al., 2009;
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Luesken et al., 2011aplthough SBRs are chosen for their potentignbass
retention in comparison to CSTR®wWeverin comparison to MBRs, enrichment in
SBRs takes longer periods due to evenbiamnasswashout This is evident since

the minimum solid retention time (SRi) of the DAMO and Aammox
microorganisms calculatd  f magismin te order of a few days to a few weeks.

The SRhin of DAMO bacteria was found to be 823.3 days, while that of DAMO
archaea was found to be 29.3 days (Chen et al., 2014; Yu et al., 2017). On the other
hand, the SR¥in of Anammox, wasalculated to be 4:83.9 days (Chen et al., 2014;

Lotti et al., 2014). Therefore, converting the SBR into an MBR by adding a
membrane to increase the biomass retention was tested and resulted in an increase in
the nitrite consumption rate (Kampman et a012). Nevertheless, an enrichment
study carried out with MBRs indicated that limited biomass retention is not the main
reason for the decrease in the nitrite consumption rates (Kampman et al., 2014). The
long-term results showed that the growth was uretabnd that the activity
decreased after a couple of years of operation (Kampman et al., 2014). Internal
recirculation in an MBR is an important parameter that governs methane removal
(S8nchez et -Tarhetal,2DIF)L16; Sil va

In order to understahthe reason behind the SBR limitation in DAMO enrichment,
comparison studies on the effect of different reactor types should be analyzed. Hu et

al. (2014) investigated the effect of three different reactor types (MSGLR, SBR and
CSTR) on the performance af DAMO culture. The MSGLR showed the best
performance with the highest total and specific DAMO activities with a nitrogen
removal rate of 76.9 mg N/ LAday compared
11.4 mg N/ LAday in the Ch&®Twas daentd th&SsBR, r
improvement in the mass transfer of-4jgsiid phases and the mixing of liqu#blid

phases (Hu et al., 2014).

The system configuration employed is important in the successful application of
DAMO-Anammox ceculture. Since both microorgems are slowgrowers,
biomass retention, which is dependent on the reactor configuration, is one of the

factors to be considered. Enrichment of the DAMO Andmmox ceculture was
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first achieved using an SBR (Luesken et al., 2011b; Zhu et al., 201Ionaegal.,

2014). Luesken et al. (2011b) established-awture containing equal amounts of

DAMO and Anammox in one year, which can removesN&hd NQ" at a rate of

816 mgNH*-N/ LAday and-N1QAdemy, NOabepd.cThei vel vy (
membrane biofilm bioreactor (MBfBR) was also employed to establish the co

culture and investigate the specific activity (Shi et al., 2013; Cai et al., 2015; Hu et

al.,, 2015Xi e et al ., 2016 ; -BeBaetah,e®7; Xieeta.] . , 2016 ;
2018). This configuration eliminates potential methane supply problems with respect

to flammaubility, low solubility, and high energy demand when sparging, meanwhile
enhancing lwmass retention and gas transfer (Shi et al.,, 2013). MBfBR
configuration is also reported to be able to withstand NH4" ratio changes in the

influent (Xie et al., 2018). Species distribution of DAMO bacteria, DAMO archaea

and Anammox bacteria in the BfBR was of equal percentages in the microbial

consortia (Shi et al., 2013; Xie et al., 2016). Different microbial composition of 50%

DAMO archaea, 20% DAMO bacteria and 2@%%ammox bacteria was developed

also using an MBfBR (Cai et al., 2015), where 31et more nitrate removal rate

was obtained compared to the previous composition enriched by Shi et al. (2013).
Indeed, one of the highest recorded removal rates for DAMO reactors, namely, 684
mgNG-N/ LAday, s&Ng 4 Andga yN@ n 4-N2 B 8 desegchibivid

with this microbial composition in an MBfBR (Cai et al., 2015al§le2.3).

Hollow-fiber membrane bioreactor (HfMBR) was also employed to establish
DAMO and Anammox ceculture (Ding et al., 20Z, Fu et al., 2017b; Lu et al.,
2018). Ding et al. (200 achieved a ceulture dominated by DAMO
microorganisms by 65% (38.8% DAMO bacterand 26.2% DAMO archaea),
13.8%Proteobacteriaand 6.2%Anammox. While Fu et al. (2017b) also obtained a
co-culture in an HfMBR consisting of 86% of DAMO microorganisms (74.3%
DAMO archaea and 11.8 DAMO bacteria) and 58f&mmox bacteria. In a recent
study aimed to enrich a DAM@nammox ceculture, a novel reactor configuration
namely, the membrane aerated membrane bioreactor (MAMBR) was employed (Nie
et al., 2019).The MAMBR provides efficient CHl distribution via a permeable
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membraneand ultrafiltration membrane that completely retains the biomabe

NRR of the previously enriched microorganisms increased after inoculating the
MAMBR, from 76.7 mg NH*-N/ LAday an ds-Ng najed 12669 mdN O

NHs*-N/ LAday an ds-N/5L8A dBa ym giitriigalerentoamltradelreached

a maximum of 2.5 g N/ LAday in 200 days o

In a comparative study using SBR and HfMBR, the importance of Hgjuase mass
transfer and gaphase mass transfer on theatdture system was investigated (Fu

et al., 209). The SBR was inoculated with granules from an HfMBR system, yet
lower nitrogen removal was observed compared to the HfMBR. The nitrate removal
rate decreased, but then recovered. The methanghgae transfer was claimed to

be the cause of the reduacattogen removal of the system. Moreover, the microbial
morphology was affected through the unbalance of nutrient requirement, which
caused the granules to disrupt into flocs and the microbial interactions were affected

where the DAMO archaea populatioecdeased (Fu et al., 2019).

In summary, biomass retention and methane transfer are the two main factors
dictated by reactor configuration that affect the enrichment of DAMO

microorganisms. Although SBRs support biomass retention, the SBR configuration
doesnot facilitate methane gas transfer. On the other hand, CSTR configuration does
not facilitate biomass retention. Therefore, modifications that improve biomass
retention and gas transfer can be applied to the SBR and CSTR configurations.
Reactor configudons such as MBRs and HfMBRs are superior to other

configurations with regard to supporting biomass retention and facilitating gas

transfer.
2.6.8 Hydraulic Retention Time

Since biomass retention is an important concern regarding the DAMO
microorganisms, HRT isxpected to have a significant effect on the enrichment and
specific activity of those microorganisms. Howevaurposelythe HRT effect on
thenitrogenand CH removal via a DAMGAnammox ceculture was not examined.

Studies conducted on nitrogen and diged methane removal using-calturesin
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various reactor configuratioragpplied different HRTs in the range o8ldays Shi

et al., 2013; He et al., 2014, Cai et al., 204k et al., 2016Ding et al., 2017Fu

et al., 2017b)The studies performed ing SBRs applied higher HRTs than those

employing biofilm reactors in all their form$he effect of a gradual decrease in

HRT from 8 days to 1 day on the complete nitrogen removal of a DAV&@nmmox

MBR was assessed (Xie et al., 2016). A complete nitrog@ioval rate of 1300 mg

N/ LAday was achieved without nitrate buil du
rates reported for sidgtream nitrogen removal processes (Xie et al., 2016).

Kampman et al. (2014) claimed that lowering the HiR& DAMO culturefrom 61

to 1.4 days while maintaining the nitrite loading rate, which was done by decreasing
the influent nitrite concentration, increased the nitrite consumption rate from 8 to 31
mg N/L. Kampman et al. (2014) claims that lower HRT helps wash out intyibito
by-products. Moreover, results show increased nitrite consumption rates at HRTs of
1.3 days (Kampman et al., 2014). The highest nitrite removal rate of 985.6 mg
N/ LAday was achieved by reducing HRT from
2014). On the tner hand, a modelling study illustrated that, in an MBfBR operated
at an HRT less than 5.25 days no major removal of dissolved€idrred, while at

HRT of 5.758 days dissolved CHemoval efficiency reached more than 90% (Chen

et al., 2015). This mayebdue to the washout of the DAMO microorganisms from
the biofilm at lower HRTs (Chen et al., 2015). Moreover, it is found that the optimum

HRT is inversely proportional to the oxygen surface loading rate (Chen et al., 2016b).

Sine the DAMO and Aammox areslow-growing microorganisms, the starting
HRT of enrichment should be long enough in order to accommodate the growth
period of those microorganisms and prevent biomass washout. Once enrichment is
achieved, HRT may be reduced depending on the reamtfiguration. Since MBRs

have a higher capacity of biomass retention than SBRs, HRT reduction will be better

administered in MBR configuration.
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2.6.9 Conclusion

In order to address the current issues regarding GHG emissions and release of
pollutants into the enronment, in a biological treatment perspective, focus should
shift towards anaerobic process@gsarb et al., 2021) Therefore, applying the
DAMO process for wastewater treatment seems to be promising, espediatty
combining it with theAnammox proces@/Nang et al., 2017a; Wang et al., 2017b;

van Kessel et al., 2018Fonsidering the information conveyed herein about the
parameters or factors affecting the DAMO-system and DAM@Anammox ce

culture, nitrogen driven methangidation appears to have amsgicious prospect in
wastewater treatment systems (Wang et al., 2017a). This can be achieved via the
mitigation of nitrate and methane discharged from WWTPs into the environment and
atmosphere. Nitrate is the final main form of nitrogen oxides and monelabt than

nitrite in wastewater and in the natural environment due to WWTP effluents or
agricultural runoff. ThusDAMO ar chaeabds environment al r
and nitrogen cycles should be better defined and investigated. Therefore, a DAMO
ardhaeof Anammox ceculture is likely to be more significant than a DAMO
bacteriuni Anammox ceculture. Nevertheless, a DAM8nammox containing
DAMO bacteria provides an additional degree of freedom making the process more

flexible in terms of the N@: NH4" molar ratio require@Harb et al., 2021)

Consequently, a temperature betweer33® AC and a @FEHardbet weer
required for the enrichment of DAMO microorganisitarb et al., 2021)The

nitrogen source provided, and their ratios play an importaetirochanging the

microbial composition of the DAMO esystem and DAM@Anammox ceculture.

Adjusting the nitrogen molar ratiomay help to provide a stable and balanced
DAMO-Anammox ceculture that can target all the nitrogen species. In addition, the
preence of trace metals such as iron and copper are vital for their enrichment. Mixed
inocula from natural sources and WWTdtsconvenient for the enrichment of the
microorganismsMethane solubility is an important factor in the enrichment of

DAMO microorganisms, therefore increasing the solubility from 1.2 mmol/L to 1.62
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mmol/L may lead to doubling the DAM@nammox activity. In contrast, DO
concentration should remain below theibitory concentration of 1.0 mg A,
preferably at around 0.35 mg2/. Moreover, reactor configurations of MBR,
HfMBR or MAMBR provide the highest activity due to their biomass retention and
gas (methane) transfer characteristics, the two main factoesctbr configuration
regarding the DAMO enrichment. Furthermore, controlling HRT is critical for
preventing washout and allowing enough time for the DAMO enrichment and

activity.

However, the DAMGAnammox system has been only tested orslzdde (Wang et

al., 2017a). Therefore, further studies aimed at assessing the effects of factors such
as CQ and KBS (Wang et al., 2017a), biodegradable organic matter, heavy metals,
salinity, hydraulic shock loadings, NONO3  and CH:NH4" molar ratios should be
condicted since such compounds might be available in potential influent of DAMO
processes such as anaerobic digester liquor or landfill leachate. EAAM@mMox
co-culture has been applied with an origipartially nitrified anaerobic digester
effluentin one stidy up to this date (Lim et al., 202Z}herefore, investigating the
application of a DAMGAnammox system seems critical for understanding the
potentials of this caulture system. Moreover, the DO effect on the growth and
activity of the DAMO microorganiss through the competition with the ammonia

oxidizers has not been studied (van Kessel et al., 2018).

In order to implement fulscale DAMGbased technologies for wastewater
treatmentscaling up is require(Harb et al., 2021)This will give rise to ch#nges

that need to be addressed. Independent of the wastewater type, dissolved methane
concentration and its bioavailability and biomass retention are some of the major
concerns of DAMO and DAM&\nammox systems. These issues may be solved
through the progr reactor selection such HfMBR or MAMBRiarb et al., 2021)

Yet, SBRsare advantageous with respect to cycle time, operational simplicitiy and
low cost in comparison membrane reactffganou et al., 2021)Although the
DAMO-Anammox ceculture exhibits a potential in treating sisiieeam wastewater

such as anaerobic digestor liquaond also landfill leachateretreatment will be
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required to remove potential inhibitory compounds such as heavy metals (Zn, Al),
salinity, COD, sulfide, suspended solids, and provide the necessary nitrite, nitrate,
and methan@Harb et al., 2021)Another challenge for fulbcale implementation is

the long starup time for a DAMGAnammox ceculture. In addition, modelling,
monitoring, andoptimization are required in order to integrate the DAMO process
into the current WWTPs (Wang et al., 2017a) and utilize the benefits this process
presents in terms of GHG mitigation, energy conservation and sustainability.

Further modifications of the DMO-Anammox system might be explored such as
integrating this ceculture with microalgaéHarb et al., 2021)This integration can

target a wider range of pollutants including phosphorus, increase the removal
efficiency of residual ammonium and recover gyerom the consumed methane.
Lab-scale integration of Anammox and microalgae has been performed by
Gutwinski and Cema (2016) and Manser et al. (2016). Thep@@uced from the
oxidation of CH in a DAMO-Anammox system can be further used by microalgae
through photosynthesis, and the microalgae can then be processed and digested in
the anaerobic digester. Sucmavel configuration might close the energy cycle

making it selfsustainable andnergy efficient (Harb et al., 2021)

2.7 Microalgae and Chlorella vulgaris

Incrementing trends of global warming caused by GHG production and
accumulation in the atmosphere, due to the dependence of the world economies on
conventional energy production through fossil fuels, has sparked the research in the
field of carbon sguestration. The major greenhouse gases responsible for the
phenomenon of global warming are £and CH (Singh and Ahluwalia, 2012).
Research on the capture and storage of those gases is becoming a prominent tool to
reduce the power plant gas emissionse basis of mostesearchf not all is the
surrounding natural environment. Since photosynthetic organisms are natural carbon
sequesters or fixers, the promising solution could be using microalgae since they

exhibit superior advantages over higher plahtsugh their fast growth rate (Khan
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et al., 2009)Microalgae have relatively high yield with a minimal land use (Collet

et al., 2010).They can be easilgultivated andencompass the main primary
producers on the planet. In addition, microalgae have a short doubling time and have
a much higher photosynthetic efficiency than terrestrial plaRtsthermore,
microalgae are considered to be a carbon neutral biofuel seyedhpture and store

the atmospheric carbon dioxide (Chisti, 200Figure 2.10 shows the relation

between C@reduction ad other climate changing ges
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Figure2.10 Influence of shortived climate forcers (SLCF) and GOnkage with
varying CQ mitigation (BC: black carbonHFC: hydrofluorocarbongRogelj et
al., 2014).

There are ample advantages ttee microalgae utilization which include their
tolerance to high C@concentration, low light intensity conditions, and being
industrially attractive for investment through theproducts such food supplements,
animal feed, oil extraction, its traesteification into biodiesel, electricity
production by converting the algae to methane anaerobically. Furthermore, it is
possible to produce algal biodiesel at low cost with a significant greenhouse gas and
energy balance benefit over fossil diesel. Howewden scaled up to commercial
production levels, the costs may surpass those for fossil diesel (Kadam, 2001).
Biodiesel from microalgae seems to be the main renewable biofuel that has the

potential to displace conventional transport fuels without negatafédgting the

56



food supply. Moreover, oil crops such as oil palm and bioethanol from sugarcane

cannot match the sustainability of biodiesel from microalgae (Chisti, 2008).

All microalgae species testdthvesimilar amino acid content, araterich in the
essential amino acids, while the polysacchariges/ariable in sugar composition,

but most of the species had high proportions of glucos8724d) (Richmond_2004)

This provides support that the anaerobic digestion of microalgae is preferable option
sine the microalgae contain the basic nutritional content needed for the different
processes of anaerobic digestidinis expected that the combination of microalgae

in AD biogas production and processing methods will enhance the cost efficiency of
the procss, facilitating it to develop economically viable and environmentally
sustainablenergy(Richmond, 2004).

2.7.1 Phylogeny

Microalgae are a biodiverse group that includes about 40,000 described and analyzed
species (Hu et al., 2008). One of the most studied specldasella vulgaris which
belongs to the following classification: DomainEukaryota Kingdom:
Viridiplantae, Phylum: Chlorophyta Class:Trebouxiophyceaérder:Chlorellales

Family: Chlorellaceage Genus:Chlorella, Specie:Vulgaris In 1890, Martinus
Willem Beijerinck first discovered it as the first microalga with a defined nucleus.

C. vulgaris a unicellular ntroalga that flourishes in freshwatés thought to be
present on earth since the fambrian period, 2.5 billion years ago (Safi et al.,
2014).
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Figure2.11 Schematic illustrating the phylogeny of green aldaigert et al.,
2012
2.7.2 Biochemical Reactions and Pathways

C. vulgarislike all green algae undergo oxygenic photosynthesis, where light is
utilized to convert C@into carbohydrates, hence, such orgarsisare known as
photoautotrophgOn the other hand, in the absence of light, respiration takes place,
where the stored carbohydrates are broken down intouSiBg Q as the electron
acceptor. Accading to the presence of light and availability of orgamd inorganic,
green algaean undergo different growth modes that utilize different carbon sources
(Hammed et al., 2016)

The three metabolism modes are autotrophic, heterotrophic and mixofrophic
displayed inTable 2.4. Autotrophic metabolismalso referred to photosynthesis
utilizes light and inorganic carbon mainly in the form of Z@OHCQ;". The captured
CQOqis fixed via the CalvirBenson cycle tproduce carbohydrates necessary for the
growth of the cell (Hildebrand et al., 2018quation2.7 illustrates the autotrophic
metabolism (Park et al., 2020n the other hand, heterotrophic metabolism is a non

photosynthetic, also referred to as dark abetism. This mode of metabolism
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utilizes organic carbon for energy production (More#8schez et al., 2015 .hree
major steps take ate in heterotrophic metabolism; tfiest is the uptake of the
organic carbon source, then this carbon source is medesia glycolysis,
tricarboxylic acid cycle and the glyoxylate cycle pathways. The last step is the
storage or utilization of the metabolites created through these pathways (Morales
S8nchez et al., 2015Equation 28 illustrates the heterotrophic metaisoh (Park et

al., 2021) Simultaneous autotrophic and heterotrophic metabolism is called
mixotrophic metabolism (Wang et al., 2014). Both inorganic and organic carbon
sources are utilized (Kang et al., 2004). This allows for the adaptability &.the
vulgaristo conditions and to the availability of different carbon sources and light
(Liang et al., 2009Min et al., 2011) Equation 2.9 displays the mixotrophic

metabolism.

Table2.4 Modes of microalgae mdialism (PerezGarcia et al., 2011)

Metabolism Mode Energy Source Carbon Source Light Presence
Autotrophic Light Inorganic Compulsory
Heterotrophic Organic carbon Organic Not required
Mixotrophic Light and Organic carbor Both Not compulsory

HCOs + H,OY (Biomassi1/20,+30H é é é é é é ..é é . Equation 27
(1+a) CHO+ QY C ( Bi omas@dyla)HO & €O Equas8i on

bHCOs +cCHO Y (-&))€(Biomass) +3 OH aCQé é ...Equation 2.9

2.7.3 Ultrastructure of C. vulgaris

C. vulgarisis a spherical microscopic cell containing many structural characteristics
similar to plantcells It has a diameter ofi2 0 e m ( Yamamot o
Yamamoto et al., 2005). Like plant cell§, vulgaris contains a cell wall that
pr eser v e s tedrity and pradcts ibagainst mvaders and harsh conditions.
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The thickness of this cell wall is related to the growth phase of the cell and the
environment conditions. At early stages of development, the cell wall is relatively
thin but at maturation reaes 1721 nm in thickness (Yamamoto et al., 2004;
Yamamoto et al., 2005). The cytoplasm contains the internal organelles such as the
nucleus, the mitochondria, vacuoles, a siril®roplastand the Golgi body. The
mitochondrion is responsible of the respiratory activity of the cell by converting
carbohydrates into energy in the form adenosine triphosphate (ATP). While the
chloroplast is where the process of photosynthesis takes placergy @& into
carbohydrates. In addition, during nitrogen stress conditions the cytoplasm and
chloroplastaccumulatdipid globules that will be utilized by the cell as a source of

energy.Figure2.12 shows a schematic of ti@& vulgariscell.

C. vulgarisis a noamotile cell that reproducesaxually. It reproduces rapidlgne
cell in optimal conditions multiplies by autosporulation into four daughedis c
within 24 hours The daughter cells will form their cell walls inside the mother cell
and afte maturation;sthe mother cell wiawill rupture releasing the daughter cells

that will feed on the remnants of the mother cell (Yamamoto et al., 2004; 2005).

Chlorophylllocated in the thylakoids the most abundant pigment@ vulgaris
Moreover, C. vulgaris also contains accessory pigments such as carotenoids to
increase the amount of | i-galoteneistassdciatede d
with the lipid droplets in the chloroplast, and primary carotenoids are associated with
chlorophyll in thylakads where they trap light energy and transfer it into the
photosystem (Safi et al., 2014).
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Figure2.12 Schematic ofC. vulgarisshowing the different organelles present (Safi et al.,
2014).

2.7.4 Factors Affecting the Enrichment of C. vulgaris

There are two categories of factors that affect microalgal grosviironmental
factors (physical) andutritional factors (chemical)Physical factors include pH,
temperature, light intensityllumination period,and aeration. On the other hand,
carbon, nitrogen, phosphorus, silicon, metals such as iron, coppegraindgtamins

are some of the main nutritional facs vital for microalgal growth (Daliry et al.,
2017) The optimum conditionfr the enrichment of. Vulgarisare summarized in
Table 2.5 (Suba ,62022) The conditions to be employed dictate the metabolism
modes of the cultured microalgae araaty depending on the intended application of
the microalgae. The various applications of microalgae are displayed in Section
2.7.5.
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Table2.5 Optimum conditions focC. vulgarisenrichmentModified from( Su b ak € ,

2022)
Parameter Optimum Condition Reference
pH 6.510.0 Deniz (2020
Temperature 152 5AC Falkowski & Owens (1980); Deniz (202(
Growth Metabolism Mixotrophic Daliry et al. (201
Nitrogen Source NH.* Liu et al. (201®)
Phosphorus &irce H.POy Larsdotter (2006
NP Ratio 5-;2/2/9 Aslan and gﬁgia; (02201;);6
Inorganic Carbon Source HCOs and CQ?* Carvalho et al. (2006
Organic Carbon Source Glucose Daliry et al. (2017
Aeration 0.4 vwm Anjos et al. (2018
Light Intensity 50220 Ofmo Khalili et al. (2015; Daliry et al. (201Y
lllumination Period 24:0 (autotrophic) Deniz (2020Q; Subx & (
(light: dark) (hours) 16:8(heterotrophic) Daliry et al. (2017)
NLR 8-42 mg/lday Subx € ( Dénash ¢t al. (2020
PLR 1-5 mg/Uday kent ¢rk and
OLR 36-100 g/LUday Kamyab et al. (2014); Sukae (

Temperature

Microalgae generally operate mperatures between-BBeC. This is due to the

fact thatenzyme activity to perform photosynthesis and cell divissopest within

this range (Falkowski and Owens, 1980). In addition, some studies claim that
temperatures above &5 reduce protein syntBis by the cell (Konopka and B

1978). With respect tG. vulgaris Deniz (2020) states that the optimum temperature
is 25C.
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pH

pH is very vital in dictating the mode of metabolism and the biosynthesis of
secondary metabolites, since the pH levelmeitges the proton concentration in the
water (Khalil et al., 2010). There are ample studies involving the enrichment of
microalgae at pH ranging between -255 (Sakarika and Kornaros, 2016).
Moreover, depending on the intended application of the micqattfferent pH
rangesare employed. For instandeiomass productivity was the highest at a pH
range 0f9.0-10.0 (Daliry et al., 2017Y0n the other handVang et al. (20Q) found

that theoptimum growth ofC. vulgarisoccurred at a pH ranging betweg-7.0.

Light Intensity and Illlumination Period

Light is a vitalparameter sincé is the source of photons that initiate photosynthesis.
Light intensity dictates the cellular activity performed by the microalgae (Daliry et
al., 2017). For instance, microalgae enriched under limited light intensity tend to
convert carbon into amino acids,hile cultures enriched witlsaturatedlight
intensites tend to utilize the carbon to produce sugars, such as starch (Daliry et al.,
2017). Moreover, the optimum light intensity varies with different strains of
microalgae and depends on the culture age (Khalili et al., 2015). The optimum light
intensity forC. vulgariswas found to be 5@000mol/m?.s ( Dal i ry et a l
Since different reactions and metabolism modes occur in the presence and absence
of light, the period of illumination is an important factor to consider while operating

a microalgae culte. Cell growth is the highest during light periods, whdell

division occurs during the dark period. Therefore, cell divisiogl] growth,
chlorophyll production,and lipid and carbohydrate contsnas well as nutrient
removal are affected by illumination periods (Daliry et al., 2017). The optimum
growth rate ofC. vulgariswas found at an illumination period of 24if)light: dark)

(Deniz, 2020)Neverthelesssomestudies wer@erformedat an illumination period

of 16:8hrand 12:12 h¢light: dark)to increase the lipid content (Daliry et al., 2017).
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Cultivation Systems

Different methods of cultivating the microalgae have been utilized such as open pond
or closed photobioreactor (PBR) systems&i¢Biand Ahluwalia, 2012Dpen ponds
come in various shapesdare usually concrete or compactall systemsOpen

pond systemsreideal for largescalebiomassproductionsince they are cheap to
construci(Safi et al., 2014). Open ponds include natwater bodies, such as lakes,
lagoonsand pondsas well asvastewater or artificial pond$o increase the sunlight
exposure, the optimal depth of such ponds is usuat§Ol&mand medium stirring

is requred (Brennan and Owende, 201Dhese ponds hawwme disadvantages that
include environmental control to prevent contamination, water loss by evaporation
and growth of undesired bacterial strains (Safi et al., 2Budcaro et al., 2039
Temperature changes caused by seasonal change as well as dhaQ§@s
concentration pose challenges to manage those pdodsever,mutual beneficial
interactions between the microbial communiteesl the microalgae culture may
arise. These symbiotic relations may improvenbg&ientremoval efficiencieand
microalgal growth (Kumar et al., 2015; Ryu et al., 2014).

Closed PBRweredeveloped to provide a controlled environment where parameters
that were difficult to control in open ponds, especially temperat@®;
concentration and light exposure are managdas technique is more suitable for
the growth of sensitive strains that are not able to compete and flourish in harsh
conditions (Safi et al., 2014). The microalgae arewét CO, through tubesand
fluorescent lights are used in case there is ingafit sunlight exposure. There are
different configurations oPBRsthat include flafplate,tubular,and columnPBRs
(Qiang and Richmond, 1996; Zhang et al., 2001; Molina Grima et al., 2003; Kojima
and Zhang, 1999). The typical diameter of these reatarsually 20 cm or less,
while the thickness is a few millimeters to allow enough light absorption (Chisti,
2007). On the other handsuch systems are costly to construct, possess limited
illumination area and have sterilizing costs (Lee, 2004).addition, biofilm

formation a disadvantage for such systeoajses a decrease in the photosynthetic
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ability of the microalgae culture by preventing light penetration (Zuccaro et al.,
2019).

Aeration

Aeration is another physical parameteatprovides thenicroalgae with the required

CQO; for photosynthesis. However, aeratadaohelps with mixing hence preventing
precipitation of the microalgae in some microalgal systems. This allows for a
homogeneous culture which in turn improves light penetrationripetial., 2017).

Thus the type of microalgal system affects the optimum aeration rate to be provided
(Daliry et al., 2017)In bubble column PBRsAnjos et al. (2013) found that the
optimum CO; concentration anélowrate for CO, biofixation of C. vulgars were

6.5% and).4 vvm (0.044 LLLmin), respectively.

Nutrient Source

NH."and NQ' are both used as inorganic sources of nitrogen by the microBigiae.
NH4" is the preferred source of nitrogesince its uptake requires less energy
compared toNOs (Liu et al., 2016). Moreover, the assimilated N is later
converted to NH via nitrate reductase (NiR|Fernandez and Galvan, 2008;
Guerero et al., 1981).

Regarding posphorusits assimilation takes placgmultaneouslyalong withthe
uptake ofnitrogen via photosynthesis and respiratigMolinuevo-salces et al.,
2019). The preferred phosphorus species areP®, HPQ?, and PQ*
(Solovchenko et al., 2020Moreover,organic phosphorus species assimilated
(Singh et al., 2018)rhe charge and pH of the cell membrane determine the affinity
for different inorganic phosphate spec{€ngh et al., 2018)

Since nitrogen and phosphorus are simultaneously assimiléedjitrogen to
phosphorus (N:P) ratis an importanparameter tbeassessed.he optimum range
of the N:P ratio forC. Vulgaris was found to be between -85 (g N: g P.

Neverthelesghe optimum ratiomayvary dependingon theintendedapplication of
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the microalgae culture in terms bifomass productivitylipid and protein content
(Aslan and Kapdan, 200&hoi and Lee, 2015Anbalagan et al., 2016)

The ntrogen loading rate (NLR)s an essentialparameter sincéhey affectthe
quality of the microalgaeculture in terms of thenutrient and organic removal
efficiencies Danesh et al. (2020) appliedLRs of 10, 20, 32.5, 42 and 63 mg
N/LAlayto mixed microalgae cultur@he nitrogen was fully removed ait loading
rates excepb63 mg N/LAay, where the removal efficiency reached only 68%.
Moreover,it was found that th€. sorokinianaandC. vulgariswere the dominant
species at NLRs of 32.5 and 42 mg Ry, andthehighest lipid and starch content
wasobservedat 42 mg N/l&ay.

The phosphorus loading rate (PLR) is another essential parameteaffdes
chlorophyll,carotenoidand lipid content e nt ¢ r k ,202@).Actoedingité z

kent ¢r k (@020, indreasimthe RLR from 5 to 20 mg/l. d af €. vulgaris

culture improved chlorophyll, carotenqgicénd lipid content, yet the phosphorus

removal efficiency decreased gradualyhereas LovieFragoso et al. (2019) found

thatfor a culture ofC. muelleria PLR of4.5mg/LL. day | ed tmumlker, hi gher ce
while a PLR of 2.25mg/L. day | ed t oell weight cogcengrationcamdy ¢

chlorophylla content.

Carbon Source

During autotrophic metabolisnC. vularis utilize gaseous C®but prefersits
soluble form$HCQOs and CQ? assources oinorganic carboiiCarvalho et al., 2006;
Znad et al., 2012;Sincethe atmospheric C{concentration of about 0.04% may
not be sufficientfor optimum microalgal growth, increased £€ncentration can
be supplied, such as flue gasrsdotter, 2006Singh and Singh, 20}4However
high CQ concentrationslead to a decrease ipH levels causingchemical
precipitation of C@, OH, and P@*, which in turn may cau cell damage
(Carvalho et al., 2006 herefore, pH regulation is required.

During heterotrophicand mixotrophicmetabolism, oganic carbonsourcesare
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utilized such aglucose, starch, sucrose, acetatelglycerol Glucose provides the
maximum specific growth rate since it is readily utilizedbyulgaris(Liang et al.,
2009). Moreover, plementing the microalgae with organic carbon imayease
the biosynthesis of lipids and carbohydrates but at the samedBgrease the
biosynthesis of photosynthetic proteins and pigmeis@ et al., 201). However
increased cell growth ancell density can also be observed in mixotrophic and

heteptrophic cultures (Chinnasamy et al., 2009; Bashir et al., 2019).

Organic loading ratgOLR) is also animportant parameter thaaffects the
enrichmentnd growthof microalgaeKamyab et al. (2014 pplied different OLRs

of 36, 48, 72 and 96 g CGDAlayto a culture ofC. pyrenoidosaThe results showed
an increasén biomass produtvity and specific growth rate meanwhile a decrease

in lipid productivitywas also observed

Solid Retention Time and Hydraulic Retention Time

The SRTdirectly affects the light penetratiomhich in turn influences the nutrient
removal efficiencies. Longer SRA#ill increase the chance of biofilm formation and
hence decrease the light penetratespecially in PBR systems (Xu et al., 2014).

On the other hand, HR@ffects the nutrient loading rate and hence affects the
biomass activity This is because of the HRT effect on the microalgae biomass
concentrationin turn affecting the light penetration (Cromar and Fallowfield, 1997,
Garcia et al., 2000)n addition,the HRT should not exceed the time necessary to
sustain the microalgae growth rgtdolina Grima et al., 1996; Larsdotter, 2006)
According to ample studies conducted, it can be concluded that the optimum HRT
ranges between@days( Lar sdot t ez and Quzws, 2006t lPdsadas et
al., 2014) Hence controlling SRT, HRT and SRT/HRT ratio is criticabwosting

microalgal productivityas well aswutrient remova(Xu et al., 2014).
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2.7.5 Applications of Microalgae

Wastewater Treatment Applications

Since microalgal systems have low operational cost, less sludge formation, low
energy requirements, mitigate GHG emissions and can be harvested feadadae
products, they are considered as advantageous over some conventional wastewater
treatment systems (Cat al., 2013). Moreover, microalgae can remove carbon,
nitrogen, and phosphorus and accumulating heavy metals simultaneously (Rawat et
al., 2011; AbdeRaouf et al., 2012; Cai et al.,, 2013). Therefore, integration of
microalgal systems as a tertiary oatgrnary treatment have been employsadeh

Raouf et al., 2012 Microalgae systems have been employed in the treatment of
different wastewater types, such as domestic, slaughterhouse, swine manure, chicken
manure pharmaceutical, landfill leachate, oliv&ll, agro-industry and wastewater
fromminesGo n z 81 el1897:®¢ Godok et al., 2009; Molinuevgalces et al.,

2010; Rigy o et al . -Raodfethll 2012AGadet dl., 2013; Escapa et al.,
2015; HernafYfdez et al;; | g2d%80lKbanzatlaapri o et
2020; ARJabri et al., 2021Han et al., 2021

Commercial Applications

Due toits protein content, which is about 55% of its dry weightyulgarisis studied

for the possibility of its utilization as an unconventional food source (Safi et al.,
2014).Japan becamibae world leader in utilizing. vulgarisfor medical treatment
since it was found to contain immun@dulating and anttancer characteriss In
addition consuming it can stimulate collagen synthesis for skin rejuvenation (Safi et
al., 2014). ®kmentssuch as phycobiliproteins, carotenoids and chlorophylls found
in microalgae have ample health benefits and can be utilized as a substitute fo

commercial colorant@Rodrigues et al., 2015)

In recent years due to the climate change issue, research has been focused on CO

mitigation. C. vulgaris provides a sustainable option to reduce atmospheric CO

68

ot}



concentrations since it is easily culturedurthermore, since it is capable of
accumulating lipids,C. vulgaris is appropriate for biodiesel production. Many
studies have targeted to assess the potentialailgarisgrowth and harvesting for
biofuel purposesThe extracted oil from microalgae che a source of different
nutrient supplements, emulsifiers, and biofu@harma et al., 2018Different
processes are performed to attain biodiesel, bioethanol, and biogas.
Transesterification of lipids is performed to synthesize biodiesel, while fermentation
of the microalgae produces bioethanol. On the other hand, anaerobic digestion is
conduckd to obtain biogakom microalgagMolina Grima et al., 2003; Pragyd

al., 2013) In addition, the fact that microalgae can grow using low quality water,
removing the pollutants and sequestering @f@vided a cost and energy efficient
alternative forthe conventional methods previously employ€diéti, 2007; Frank

et al., 2013Barreiro et al., 2013Bennion et al., 2005

2.7.6 Conclusion

Microalgae are fasjrowing microorganismgapable of achievingtrient and
carbon removalconcurrentlymitigating GHG emissionsMoreover microalgae
systemdhave relatively low operation and maintenanostsandshort starup time
compared to conventional wastewater treatment procddsasalgd systemscan

be utilized in the treatment of various wawatertypes.Depending on the type of
wastewater intended treatment and application objectiddferent metabolism
modes canbe employed in the growth of microalga®arameterssuch as
temperature, pHight intensity, illumination periodHRT, NLR, PLR andDLR may
affect the enrichment and growth of microalg@e.Vulgaris compared to other
microalgae species, are more robarstiresistanto varyingenvironmental factors,
ade to accumulate high lipidontent.In addition,microalgae harvesting can yield
various valueadded products in many different forms, such as, biofuel, vitamins,
proteinsand drugs, which provide a positive economic perspective to the utilization
of microalgae
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CHAPTER 3

ENRICHMENT OF THE DAMO -ANAMMOX CO -CULTURE AND
ASSESSING THE EFFECT OF VARIOUS PARAMETERS ON THE CO-
CULTURE

3.1 Introduction

The application of theDAMO process for wastewater treatment seems to be
auspiciougparticularlywhenintegratingit with the Anammox process (Wang et al.,
2017a; Wang et al., 2017b; van Kessel et al., 20d@ortant parametetbatshould

be taken into consideratidor the enrichment of a DAM@nammox ceculture
includetemperaturg30-3 5 ),AKC(7.0-7.6), DO concentrationsource of inocula,
reactor configuration, nitrogen source and tlo@irrespondingmolar ratios,trace
metalsconcentrationpHRT and NLR andNH4":CHs molar ratio(Harb et al., 2021)

Due to the slow growth of DAMO and Anammox microorganisms, the HRT applied
during the enrichment should be enough to allow the activity of those
microorganisms and prevent biomass washout. Depending on the reactor
configuration the HRT may be reduced, but this in turn would increase the NLR,
which can play a role in changing thepulation dynamics of the react@tudies
performedon nitrogen and methane remowahploying DAMO-Anammox co-
cultures appliedvarious HRTs ranging from 1-8 daysdepending on the reactor
configuration use@Shi et al., 2013; Hu et al., 2014; Cai et al., 204di;et al., 2016;

Ding et al., 207; Fu et al., 2017b;¥or instance, Hu et al. (2014) employed a SBR
and applied an HRT of 6 days. WhHee et al. (2016) demonstrateldet effect of a
gradual decrease HRT from 8 days to 1 day onmeviously enrichedAMO-
Anammox MBRand the results suggest that@mplete nitrogen removal rate of
1300 mg N/ LAday wWe&saccanuhtiomwhiehdvas eomparablas t
to practical rates reported for sideeamnitrogen removal processdegloreover
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Kampman et al. (2014) claimed that lowering the HRT from 61 to 1.4 days while
maintaining theNO>" loading rate, increased thN€> consumption rate from 8 to 31

mg N/Lin an MBR Moreover, it is claimedhat lower HRTaids in thevash oubf
inhibitory by-productsthat might have accumulated in longer HRT conditions
Meanwhile, he highesNO> r e mo v a | rate of @B&vedy mg
reducing HRT from 4.2 to 2.1 hourscontinuous biofilm reactor@latamoto eal.,
2014).As seen in these studies, a wide range of HRTs applied in various reactor
configurations may have different effects, which remains to be researched for

removal efficiencies.

As well as HRT and, in turn, the NLR parameters, molar ratios of nitrogen species
have a vital effect on the microbial population dynamics and, thus, nitrogen removal
efficiencies.The nolar ratioof NO2 : NH4" ranging between 1.1¥.55wastested

by Xie et al. (208) anda high TN removal range of 91.94.7% was achieed.

While Chen et al. (2014) modelledmicrobial composition of Aammox, DAMOa

and DAMOb of 65%, 23% and 12%, respectivedyd obtained the highest TN
removal at a N@: NH4" ratio of 1 Neverthelessfurtherincreasen the molar ratio
suggested thelimination of DAMOa due to theCHs competition with DAMOD,

consequently, causing a decline in TN removal.

Ample DAMO enrichment studies reporte@rious CH4:NO2 molar consumption
ratio. For instance Kampman et al. (2012) reportecCals:NO;" ratio 0of 0.38,while

He et al. (2014) reporteal CH;:NO>™ ratio 0f 0.34, 0.35 and 0.39hese ratiogre
attributed to DAMOD since the theoretical £NO2" molar ratio is 0.3§Equation
2.5in Section 2.2). However, the effect of the Nf*CHa ratio was not tested so far

on a DAMO-Anammox ceculture.In a DAMO-Anammox ceculture, NH" and

CH4 are the electron donors supporting the Anammox and DAMO activities,
respectively.In addition dissolved CH and its bioavailabilityis critical for the
enrichment and growth of DAMO microorganisritberefore, hesolubility of CHs

is the limiting factor that determinése NH;":CHjs ratios to be appliedjue toits

maximum saturation and dissolution constamtseoretically, theNH4":CHa molar
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consumption ratiovould indicate the dominant species in the-audture since.

Therefore, finding the optimal ratio in terms of removal efficiency is vital.

In this chaptera DAMO-Anammox ceculture was aimed to be enrichiedan SBR
and the effect ofiRT and NLR changes were to be evaluatedanwhile the effect

of F&* and CU?* concentrationsvas also investigatedn addition, the effect of
various NH":CH, ratios on the @riched ceculture was assessed in order to
determine theshift in dynamics in terms of which of the target microorganisms

would dominate the coulture.

3.2 Materials and Methods

The first step of enriching the DAM@nammox ceculture was the enrichment of

the Anammox bacteria. The-ooilture was planned to be enriched using Anammox
bacteria as the seed along with other inocula that may have the potential to contain
DAMO microorganisms. Using Anammox as the base etuwture enrichment
reduces the enrichmeperiod since the Anammox provides nitrate for the DAMO
archaea (shown in Equation 2.4 and, 2rb Section2.3.2 and Section 2.4.2,
respectively (Zhu et al., 2012). Therefore, an Anammox SBR was established to
enrich the Anammox bacteria, and it was aeped throughout the duration of the
research, this ensured the availability of Anammox seed at any point for seeding.
After operating the Anammox SBR for about a year, the DAM@mmox SBR

was establishetb enrich the ceulture and operated for 202ycles (780 days).

Section 3.3.2 discusses the results of the DAM@Mmox enrichment.

The effect of F& and C@* concentrations and HRT and NLR were examined
through the operation of the DAMAnammox SBR by monitoring the reactor
performance using the varioaralytical and molecular methods specifically during
the phases that involve the changes applied. On the other harekpé#rments
evaluatingthe effect of the NH'/CHa ratio were performed in batchreactors
operated for 6 dayfience the shorterm effect of the NH*/CHjs ratio are covered

in this chapter
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3.2.1 Reactor Setup and Operational Conditions

3.2.1.1 Anammox SBR

An air-tight stainlesssteel SBR was used to enrich the Anammox bacteria. The total
reactor volume was 2.4 L while the effective volume wad 2l&aving a headspace

of 0.3 L, shown irFigure3.1. The reactor was operated in al#lr cycle as follows,
reaction period of 25 hoursandsettling of1.5 hours while feeding andiecanting
were performed manually and lasted for few minutes eBol.exchange volume
was 1 L making an HRT of 2.1 dafgekker et al. 2019; 2021

Figure3.1 Anammox SBR

The inoculum used was a mixture of Anammox granular seed ¢bth)ned from

Marmara University Environmental Engineering Departnieigure3.2) andBNR

recycling activated sl uddeévancded Bi@ogicalf r om | st a
WWTP (0.6 L). The Anammoxgranularseed sludgesedhad beerenriched within

the scope of T rogé KacEmemiGBal, PAA&). The enrichment

of this culture started in 20@&ingactivated sludgebtained r om | st anb ul Pakak
Advanced BiologicaWWTP; meanwhile the Anammox bacteria were kept active

throughregular feeding
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The Anammox granular seed containadtal suspended solid$$%S of 1.4 g/L and
volatile suspended solid¥/$9) of 1.3 g/L making a 91% of VSS/TSS percentage,
while the RAS contained a TS&d VSSof 25.5 g/Land 19.3 g/L, respectively,
yielding a VSS/TS percentage of 76%. Before the startup of the reactor, the mixed
seed sludge contained a TSS and VSS of 9.7 g/L and 7.38egftectivelyleading

to a VSS/TSS percentage of 76%.

Figure3.2 Anammox granular sludga the Anammox SBR

The reactor was operated under the following conditions, pH in the rangé.5f 7
temperature of 35AC, DO was kept close t
Ar/CO. mixture (95%:5%) for about 105 min everycycle (Chamchoi and
Nitisoravut, 2007). While the mixing was performed using an orbital shaker at 120

rpm.

The feed consists of the constituents and related concentrations according te Dapena

Mora et al. (2007) and Guerrero et al. (2013), as showralle 3.1. During the

startup period of the Anammox reactor, NHNO; and NQ" were added to the

medium to reach concentrations of 15, 22.5, 20 mg N&pectively, in the reactor

at the beginning of &@.cTheseccgncehtmtiors weree act i o
chosen since the Anammox seed ubad been previouslgcclimated at those
concentrations and the ratio of hH NO> should be 1:1.5 (Chamchoi and
Nitisoravut, 2007). N@was added at the beginningthe enrichment period (first

77 day$ in order to provide the denitrifiers that may be present in the sludge with a
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nitrogen source other than M@hat should be consumdéy the Anammox. Samples

were taken and analyzed, accordingly the removal efficiencies, removal rates and
consumption ratios were calculated, to assess the performance of the system in
comparison to the expected theoretical ratios of Anammox. Furtherraoye,
biomass removed from the reactor after decanting or during sampling was placed
back into the reactor manually, reducing any sludge loss and maxirttizrsplid
retention time (SRT).

The enrichment process proceeded until stedie conditions wereeached. In
order to maintain steaestate conditions, NH and NQ™ analysesvere performed

at the end of each cycle and according to their consumpherrequired amount
was added to the feed to maintain the target initial concentraifdits mg N/Lof
NHs" and 22.5 mg N/lof NO>". Nitrate was not added the feed after the first7
days ofoperation,but it was monitored to check the ratio of the ions to track the
Anammoxactivity. Maintaining an Anammox SBR for seeding would be helpful for
the enrichment of thBAMO-Anammoxco-cultureactivity. Thus, Anammox SBR
was operated foabout 200days. Because the main focus of this thesis study is to
enrich a DAMOAnammox ceculture, theresults of the Anammox SBRvas
summarized the Results and Qission Section (Section 3.3.Yet the detailed
results of the Anammox SBR are shommAPPENDIX A

76



Table3.1 Anammox feed constituents and concentrations (Daptora et al.,
2007; Guerrero et al., 2013)

Compound Concentration (g/L)
NH4CI 0.1314
NaNQ. 0.2543
KNO3 0.1444

KH2POy 0.0272
MgSQs.7H0 0.3
CaCbk2H0 0.18
KHCO3 0.75
Mineral Solution 1 (1 mL/L)
CioH14N2NapOsRH,0O 15
ZnSQ AH20 0.43
CoCb 0.12
MnClAH,O 0.99
CuSQ aH0 0.25
NaMoQy 2H.0 0.22
NiCl2 6H-0O 0.19
NaSeQ 0.1
H3BO3 0.011
Mineral Solution 2 (1 mL/L)
CioH14N2NapOsRH,0O 5
FeSQ &H20 5
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3.2.1.2 DAMO -Anammox SBR

The enrichment of the DAM@nammox ceculture was conducted in an -dight
stainlesssteel SBR Figure 3.3). The SBR has a total volume of 3.3 L, effective
volume of 2.6 L making a headspace of 0.7 L. The exchange volume ratio is 0.5

correspondig to an exchange volume of 1.3 L.

S

Magnetic

o< IESTpRE
s

Peristaltic pump

T &

Gas Purging LInE

Figure3.3 DAMO-Anammox SBR

The DAMO-Anammox SBR was controlled using an automated SCADA system, to
ensure full control and safe operation of the sysiEme. screen is shown Figure

3.4. The electrical solenoid gasd liquidvalvescan be seen numberigdFigure3.3

and their corresponding locations Figure 3.4 were controlled by there
programmedSCADA systemaccording to the cycle period and the safety features
designed tgreventany leakage of CHout of the reactoand any entry of air into

the reactorAr and CH, were purged from the bottom of the reactor using a digital
pressure gauge, electric solenoid gas valves aheek valve rfonreturn valvg to
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ensure the pressure in the gas line was higher than in the reactor at the time of purging

and to prevent any liquid from flowing into the gas lines

The CH; tank was located outside the hot room in a cabinet equipped withya CH
sensor and a suction ventilation systevforeover, a methane sensor was also
installed in the hot room next to the reactor. These sensors were setup according to
thelow explosion limit (LEL)and upper explosion limit (UELfpr methanewhich

are5% and 15%respectivelywith respect to aifThesafety limit for methanset in

the SCADA systemwas 0.2%.Above 0.2%,the systemincluding all electric
solenoid valvesvould stopand a warning SMS would be sent to all the laboratory
staff. If a methane percentage of 0.8%s to bedetectedthe electrity in the hot

room would beshut down keeping only the ventilation systemsrking toaerate

the room

3446 % CH4 000 % CH4

Figure3.4 The initial screen of the SCADA system

The reactor was operated initially in a 7Z¥cle, in the following order feeding and
reaction, settling and decanting periods of 70.5 hr, 1 hr, and 0.5 hr, respectively. This
ensures an HRT of 6 daylsugsken et al., 2011lbje et al., 204; He et al., 2015).

In order to prevent any biomass loss daewvashout, any sludge removed after

decanting or sampling was placed back into the reactor manually, in turn maximizing
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t he SRT. The operation tempxrespectivele and pH
mixing was applied at 150 rpm. DO was maintained clo€enq/L by purging the

reactor with an Ar/C@ mixture (95%:5%) for about-3 min every cycle. The

synthetic wastewater was purged with the Ar{@@xture for 1615 min and its pH

was adjusted to about 7.5, before being fed into the reactor. Then the reasto

purged a few times with a mixture of @HCO, at 95%:5% to flush the Ar out and

the pressure of the headspace was stabilized at 1.5 atm (absolute pressure) at the
beginning of each cycle (Ettwig et al., 2009; Zhu et al., 2012; He et al., 2014, He et

al., 2015a; Zhao et al., 2017). The methane was kept in excess compared tg the NO

and NQ provided.

The DAMO-Anammox SBR was seeded with the previously enriched Anammox

(0.6 L), Anaerobic Digester (AD) sludge frothe return line fromASKI Ankara

Central WWTHN Tatlarvillage, Sincan, Ankardl L) and freshwater sediment from

Eymir Lake, Ankara (1 L)The pH of theAD sludge wasecordedas 7.44 Eymir

Lake is a very eutrophic lake close to the center of AnRdra sediment samples

Eymir Lakewere collected from three different locationisthe lake as shown in

Figure 3.5, at a depth of 30 cm ahallow and still regiongLa- i n, ). The 2 1
corresponding coordinates dfocation 1, Location 2 and Location ®ere
39A48'51.16" N 32A49' 118887BdNd3M;A4P9 AM9 '740."5 N
32A49"' 46. 90" The iH,of each locptiomasracordedasy’ .33, 7.36 and

7.95, respectivelyin addition, the edimentsamples were passed through a 1 mm

sieveto obtaina homogeneous mixturtn order to preventontact with air during

sampling and transportation, the sludge and sediment samples were packed in sealed

bottles without headspacesga The samples were stored at

conditions.Some of the samples were storedaD AC f or wusamalysim mol ecul a
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Figure3.5 Eymir Lake freshwater sediment sampling locatifires i n,) 2021

The seedsludge mixture was thoroughlyashedwith a feed solution lacking any
nitrogen source in order to remove or decrease the concentration of any existing
nitrogen source and COD present in the sludge. This was done to reduce the activity
of denitrifiers that require COD and nitrite or nitra#enong the three sludges, the
lake sediment contained the highest TSS with\P&g8L and a VSS of 18 2 N@L 4
leading to the lowest VSS/TSS pentage of %. The AD sludge comprised of
20.3N 0 g/2 TSS and 98 0 .g/2 VSS malng a VSS/TSS percentage of%47

while the Anammox sludge contained a TSS and VSS & 2.9/Band 2.810 . 3
g/L, respectively, leading to theghiest VSS/TSS percentage of8Moreover, the

mixed initial seed sludge contained a TSS and VSS df 27@/L and 11.%0.8g/L
making a VSS/TSS percentage of 4bhe seed sludges are showrkigure3.6.
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Figure3.6 Different sludge used to inoculate the reactor. (a) Anammox sludge

from the Anammox reactor (b) AD sludge (c) Sediment from Eymir Lake

The DAMO-Anammox SBRwvas operated in five main phasesdescribed iable
3.2where the change in the operational conditions performed in each phase is shown
Initially heterotrophic denitrification was expected to Ibe dominant reaction
taking place in the reactor due to the potential sCOD content, thus\Qke
consumption in thanitial 25cyclescan be attributed to heterotrophic denitrification.
This period was not considered as a phafseperation of the DAM@Anammox
SBR rather defined as heterotrophic denitrification peride initial concentrations

of NO2, NOs and NH" during this period were 15 mg N/L, 15 mg N/L and 7 mg
N/L, respectively (influent N&: NO,” molar ratio of 0.47) (Ettwig et al., 2009;
Luesken et al., 2011; Cai et al., 20IR)e end of this periotharks the beginning of
Phase I[(Cycle 2678) wherethe same initial concentrations as the heterotrophic
denitrification period were applied Limited NH4* was supplied to limit the
Anammox activity in order to support the enrichment of the DAMO microorganisms.
The initial concentrations of NQ NOz" and NH;* were chosen to be 15 mg N/L, 15
mg N/L and 7 mg N/L since theoretically Anammox will consumeN®about 1.5
times the concentration of NH(shown in Equation 2.4, in Section 2.3.2), that is
10.5 mg N/L, so the remaining N@4.5 mg N/L) will be avaable for DAMOD, as
shown in Equation 2.6 in Section 2.4.2. Moreover, the DAMOa will consumg NO
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to produce N@, as illustrated in Equation 2.5 in Section 2.4.2, and that will also be
available for the DAMOb.

In Phase Il, theconcentration of N@ was inceased to 25 mg N/L &ycle 79,

achieving an influent NH: NO>” molar ratio of 0.28, while the concentration of

NOs was increased to 25 mg N/L@ycle 85.In Phase Illthe NH* concentration

was increased to 12 mg N/L @ycle 115, achieving amfluent NHs": NO,” molar

ratio similar to the startup of the reactor of 0.48. The increments in the concentration

were conducted after analyzing the results of the specific activity tests. After
observing a decrease i n DAMEIIIMtod20mmr gani
increase in the concentrations ofFand Céd" was decidediuring Phase IlIThis

was due to the fact that F&* concentrations more than that of the unmodified feed

used by Ettwig et al. (2009), microbial activity was found to lggndni (Lu et al.,

2018). Therefore, aCycle 120, theinitial F&* and C@* concentrations were
increased from 3.75 to 50 ThekquaeddmoOnt 5 t o
of NHz" (as NHCI), NO; (as NaNQ) and NQ" (as KNQ) to be added in the feed

was calculated according to the analyses performed at the end of each cycle to
maintain the target initial concentrations of eaafhthe nitrogen speciesThe
synthetic feedds mi cr o and macr o- nutri e

Anammox ceculture enrichmendre presented ihable3.3.

As seen inTable 3.2, after Cycle 60 of Phase lll, all influent concentrations and
nitrogen molar ratios were kept the samecept the HRT. In order to investigate the
effect of HRT on the DAM@Anammox ceculture, the HRT of 6 days applied at the
beginning of the study, was decreased to 4 days in Phase IV (Cyeli3&B51Due

to the performances that are discussed ifRésults and Discussi@ection (Section
3.3.2), the HRT was increased back to 6 days byeCy89 in Phase V.
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Table3.2 Phase changes of tBAMO-Anammox SBRwith respect to the operational conditions

ohase Cycle NH4* NO2 NOs F~e2+ Ciuz+ HRT Influent Molar Ratio
No. | (mg N/L) | (mg N/L) | (mg N/L) | (OM) | (GM) | (days) [ NH4/ NO; | NH4/NOs | NO2/ NOs
Heterotrophic
Denitrification 1-25 7 15 15 3.75 | 05 6 0.47 0.47 1
I 26-78 7 15 15 3.75 0.5 6 0.47 0.47 1
Il 79-114 7 25 25 3.75 | 05 6 0.28 0.28 1
1l 115160 12 25 25 50 10 6 0.48 0.48 1
vV 161-188 12 25 25 50 10 4 0.48 0.48 1
\% 189205 12 25 25 50 10 6 0.48 0.48 1

* The increase in NOXoncentration from 15 to 25 mg N/L occurred at Cycle 85




Table3.3 DAMO-Anammox feed (Ettwig et al., 2009; Luesken et al., 2011b)

Compound Concentration (g/L%
NH4CI 0.05330.0917
NaNG; 0.14790.2464
KNO3 0.21670.361P
KHCOs 0.5

KH2POy 0.05

CaCbkRH;0 0.3

MgSQAH.0 0.2

Acidic Trace Elements 0.5 mL/L (100 mM HCI)

FeSQlL 7.6 2.085/55.602
ZnSQil- 7.6 0.068
CoChl- 626 0.12
MnClzL 4.8 0.5
CusSQ 0.32/6.384
NiCl2L 626 0.095
H3BO3 0.014
Alkali Trace Elements 0.2 mL/L (10 mM NaOH)
SeQ 0.067
NaWOsl 2.8 0.05
NaMoOg4 0.242

2Thedilution factor of the feed to the initial reactor concentrations
® The incremental increases in N species with respect to the Phas
¢ Modified DAMO-Anammox feed according to Lu et al. (2018)

Specific Activity Tests

Thebatchspecific activity tests were conductemlassess the activity of each of the
microorganism groupthat were targeted to mriched (Anammox, DAMOa and
DAMODb). Batch reactors containing sludge from tb&MO-Anammox SBR
withdrawnat Cycle 75 for Phase |, &ycle 105 for Phase Il and &ycle 145 for
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Phase lliwereprovided with synthetic feed specific for each microorganism group.
Five test reactor typeandtwo control reactortypes were set up. The test reactors
were operated in plicates, divided into the following categorieBAMOD,
DAMOa, Anammox (AMX), DAMOAnammox (DAMX) and denitrifiers (DEN)
(Table 3.4). Each reactor type contained specific synthetic feed that supports the
target microorganism categorihe control reactors contained sludgel nitrogen

free synthetic feed, one of the caitr was provided with methane while the other

was not.

Table3.4 Different reactor types operated for the specific activity test

Reactor type Synthetic Feed Intended Activity
DAMX NHe" NO7. NOs CHy DAMO-Anammox ceculture
Mimicking main reactor
AMX NH4", NOy, NOs Anammox bacteria
DAMOb NO2, CHs DAMO bacteria
DAMOa NOs, CHs DAMO archaea
DEN NOz, NOs Denitrifiers
Control 1 Nitrogenfree, purged with Ar Negative control
Control 2 | Nitrogenfree, purged with CkH| Negative methane control

Each reactor has a total volume of 56 mL, and the operated effective volume was 35
mL, making a headspace volume of 21 (Rigure3.7). Each reactor contained 15

mL of DAMO-Anammox SBRsludge thatwvas previously washed multiple times
with nitrogenfree synthetic feed, to ensure that the concentrations of the nitrogen
species in the sludge were approximately 0 mg N/L. According to the categories
shown inTable3.4, 20 mL of different synthetic fegedorrespondingp thenitrogen
speciegrovidedin Table3.4 and the nutrient solution ihable 3.3 were added to
each reactor. The initi@itrogen speciesoncentrationseflected the values applied

in the DAMO-Anammox SBR for the specific phase in which the activity tests were
preparedTable3.5). The pH values of the sludge and feed were adjusted separately
to 7.5 by purging with Ar and C{before seeding the reactors.
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Figure3.7 The specific activity batch test setup

After seeding the reactors, the AMX, DEN and Control 1 reactor types were purged
with 4 L/min of Ar and 0.05 L/min of C®for 1 min. The reactors were tightly
closed and the headspace was purged for 1 min with Ar and pressurized. The
DAMX, DAMOb, DAMOa and Control 2 reactor types were purged with 4 L/min
of Ar for 4 min and then purged with 0.2 L/min of @HO, gas mixture for 1 min.

The reactors were tightly closednd the headspace was purged for 1 min with
CH4/C(O, gas mixture andngssurized to achieve about atth CH; partial pressure.

By performing this procedure, DO was maintained as low as possible, pH was
adjusted to around 7.5 and the headspace was peesswith CH, the latter only

for the related test and control reactors receiving, @sl shown imable3.4.

The reactors were operated for the duration of a cycle corresponding to 72 hours (3
days) under th@perationalconditions shown ifrable 3.5. Liquid samples were
taken at the start of the experiment and every 12 hours for 72 hours. They were
filltered and analyzed for the different nitrogen species and TOC. Similarly, gas
samples were takeat the same time intervals, but after each GC analysis, the
headspace of the reactors was purged again for 1 min with tHEGHyas mixture

to obtain a CH partial pressure of about 1.14 atm.
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Table3.5 The conditions for the specific activity batch tests

Parameter Condition
Incubation period (day) 3
Total Volume (mL) 56
Headspace (mL) 21
Effective Volume (mL) 35
Inoculum (mL) 15
Medium (mL) 20
Initial NH4" (mg N/L) 77120
Initial NO2" (mg N/L) 15'/ 25"/ 25"
Initial NOz" (mg N/L) 15/25'/ 25"
Total pressure in the headspace (af 1.20
Methane partial pressure (atm) 1.14
pH 7.50
rpm 127

I: Phase | specific activity
II: Phase Il specific activity

lll: Phase Il specifiactivity

Assessin®f the Effect of Fé* and Cl#* on the DAMO-Anammox Ceculture

As aforementionedhe Fé* and Cd* concentrations were increasedCytle 120,

the activity of the three target microorganisms in terms of the removal rates, removal
efficiencies and population dynamics Bhase 11(Cycles79-114) and Phase Il
(Cycles 115160)were compared to assess the effect of the increasé‘infeC3*
concentrations. The initial Feand C4* concentrations were increased from 3.75 to
50 QM and 0.5 to 16M, respectivelyAccording to Lu et al. (2018), the optimum

Fe?* concentration for Anammox, DAMO archaea (DAMOa) and DAMO bacteria
(DAMOb)wasfound¢ o be 80 OM, 80 OM and 20 OM,

also noted that increasing#¥eoncentration over the optimum concentrations does

88

respe



not negatively affect the DAM@nammox ceculture activity. On other hand, the
optimum C@'* concentration for ® AMO bacteria culture was
(He et al., 2015a).

The only other parameter to change from Phase Il to Phase Il was thie NH
concentration, which was increased from 7 to 12 mg N/Cyelke 115. Furthermore,
the results of thdatchspecific ativity tests performed in Phase Il and Phase Il
were compared in terms of the activity of each of the target microorgatasms

evaluate the effect of the #e&and CE* concentrations

Assessinaf the Effect of HRT and NLR on the DAM@Anammox Ceculture

As mentioned previouslyhe effect of HRT and NLR was investigated by comparing
Phase lll, Phase IV, and Phase V. The HRT was 6 days in Phase Il and decreased
to 4 days at Phase 1V, and then increased back to 6 days at Phase V. Changing the
HRT in turnchanged the NLR. The theoretical NLR was 20.7 mgdidl in Phase

lll, and it was increased to 30 mg Nidlay in Phase IV and then decreased back to
20.7 mg N/llday in Phase V. The removal rates, removal efficiencies and population
dynamics of the caulture were assessed during this period to examine the effect of
the HRT and NLR.

3.2.1.3 BATCH SET: Short-term Effect of NH4*/CH4 Ratio on DAMO -

Anammox Activity

The aim of this batch study was to investigate the effect of th€/®H, ratio on

the DAMO-Anammox ceculture.NH4" and CH are the two electron donors in a
DAMO-Anammox ceculture activity.Therefore, the following ratios were chosen

since they represent different activity states of theuwtture. The NH/CHs of 0

only favors the DAMO activity, while the NFYCH4 o f | provides 4 ti
CHa4 than NH*, and the NH/CHs of 1 provides equal concentrations of £ihd

NH4*.
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10 batch reactomsere set upeach with a total volume of 24 mL inoculated with 10
mL of sludge from the DAM@\nammox SBR and 10 mL of ¢el, making a
headspace volume of 4 mL. The sludge was withdrav@yele 194 (Phase V) and
was washed with nitrogefinee synthetic feed to ensure that the concentrations of the
nitrogen species were zero prior to the start of the experimbatreactorsa be
purged with CHwere purged for 5 mins taking into consideration the pH reduction
of the sludge that might be caused by4#CHD, gas mixture. The nitrogen species,
dissolved CH and gaseous Citoncentrations were measured periodically. Each
time the dssolved CHwas measured using the saltoigt method (Daelman et al.,
2012), the sludge was discarded since the procedure requires mixing the sludge with
a salt solution to strip out the GHTherefore, the test reactors decreased in number
throughouthe 6day experiment.

The reactor types are shown Trable 3.6. Moreover, Table 3.7 represents the
conditions applied during this experimeAtl the reactors were supplied withO,"
and NQ each &aninitial concentration o25 mg N/L Thecontrol reactor wasot
supplied with CH, to assess theorrmethanotrophic denitrification activityfwo
testreactors named NOwere not supplieavith NH4*, forming an NH*/CHa of 0.
Threetestreactorslabelled N2supplied with annitial NH4™ concentration odbout
2 mg N/L, creating alNH4"/CHs o f . While four othertestreactors labelled N8
were suppliedwith initial NH4* concentrationof about 8mg N/L, forming an
NH4*/CHs of 1. Oneof thereactos labelled N8vasusedat thestartto measure the
initial dissolved CH concentrationand then discarded.Since only the NH*
concentrationgverechanged in the test reactors to obtain diffeMid;*/CHs ratios,
the TO reactor Table 3.6) reflectal the initial CH: concentration in althe test

reactors.
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Table3.6 Different reactor types operated for the NA€H, ratio batch test

Number of _ o
Reactor type Synthetic Feeq Intended Activity
Reactors
Heterotrophic
Control 1 NOz, NOs o
denitrification
NO2, NOs,
NO 2 DAMOb & DAMOa
CH,
D 2 NH4*, NOy, Anammox, DAMOb &
NOs3, CHs DAMOa
N8 3 NH4*, NO;, Anammox, DAMOb &
NOs3, CHs DAMOa
Intended to measure the
NH4*, NO7, o
TO 1 initial dissolved CH
NOs, CHs

suppliedin the test reactor
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3.2.2

Table3.7 The conditions for the NH/CHjs ratio batch test

Parameter Condition
Incubation periodday) 6
Total Volume (mL) 24
Headspace (mL) 4
Effective Volume (mL) 20
Inoculum (mL) 10
Medium (mL) 10
Initial NH4* (mg N/L) 0'/1.9%/7.7

Initial NO2™ (mg N/L) 25
Initial NO3™ (mg N/L) 25

Initial Dissolved CH (mmol/L) 0.55

pH 7.50

rpm 127

1: NO reactors
2: N2 reactors

3: N8 reactors

Analytical Methods

The activity of the DAMGAnammox SBR was assessed to evaluatetinehment

of the caculture and theomposition of the biomass in terms of theget species

This was performed throughhé assessment of the removal rates, removal
efficiencies, removal molar ratios of the nitrogen species and total nitrogen removal
in comparison to the theoretical values present in the literature. Furthermore,
molecular analysis through Fluorescentsitu Hybridization (FISH) and Next
Generation Sequencing (NGS) 16S Metagenome Analysis were performed to assess
the change in the microbial consortium focusing on the DAMO and Anammox

microorganisms.
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3.2.2.1  Volumetric and Chromatographic Analyses

Anions such as N§ NOs and SG* were analyzed using lon Chromatography (IC)
(IC -Shimadzu Prominence HISP. The IC was operated under the following
conditions highestpressurdimit of 150baroven t emper,andafto@ of
rate of 0.8 mL/min. The analyses werperformed in duplicates or triplicates
depending on the presence of enough sample vollihee calibration curves, the
limit of detection (LOD) and the limit of quantification (LOQ) are shown in
APPENDIXC.

Total Ammonium Nitrogen (TAN as Nft+N + NHs-N) was analyzed using the Hach
Nessler Method (Hach, 2012Jhe analyses were performed in triplicatéhe
calibration curved, OD and LOQare illustrated in APPENDIX.

Soluble chemicaloxygen demandsCOD wasevaluated using medium range Kkits
and low range kits (Hach, 2012)he analyses were performed in duplicates or
triplicates, depending on the presence of enough sample vollne&otal Organic
Carbon (TOCwas analyzed using the TOC analyZére analyse were performed

in triplicates.The calibration, LOD and LOQ of the sCOD and TOC tastsshown

in APPENDIXE.

Total Solids (TS), Volatile Solids (VS), Total Suspended Solids (TSS) and Volatile
Suspended Solids (VSS) were analyzed using Standard MealRytiA{ AWWA,
WEF, 2005).The analyses were performed in triplicates. the other hand, theH

and DO of the feed and the effluent of each reactor was measured usingetgrH
and DOmeter, as well as the temperature of the room was recorded.

CO,, CHs and N gases were analyzed using the Thermal Conductivity Detector
(TCD) equipped in the Gas Chromatograph (GC) (Trace GC Ultra: Thermo Electron
Corporation). The following settings were applied in the GC, injector temperature
80AC, oven t admpercatour & e4dripeC,at ure 80AC,
was Helium (He) maintained at a pressure of 100 KRa.analyses were performed

in triplicates. The calibration andhe LOD and LOQ of thesC analysesvere
performed anghown in APPENDIXF.
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Dissolvedmethane was analyzed by performing the saltingmethod adopted from
Daelman et al. (2012) with some alterations. These alterations were performed after
several trials to optimize the method. Although Daelman et al. (2012) used 20 g of
NaCl for a 60 mLsample, a comparison between 10 g of NaCl and 100 g NaCl/L
solution was performed using 10 mL of AD sludge previously sparged witfOCh

gas mixture for different periods (1 min, 5 mins, 10 mins and 15 mins). It was found
that 100 g NaCl/L solution rege in higher Chlin the headspace while the 10 g of
NacCl resulted in higher COn the headspace. Therefore, 100 g NaCl/L solution was
adopted for the saltingut of CHs. The modified saltingout method used in the

experiments is as follows:

A solution 0f100 g NaCl/L was placed in a 25 mL serum bottle, then a sludge sample
was placed carefully into the salt solution. The bottom of the cap and the top of the
liquid phase was marked on the bottle. The cap of the bottle was tightly closed and
shook vigoroust for 2 minutes. The bottle was left for 1 minute and then the gas
expansion volume was measured using a water displacement device. The headspace
gas composition was analyzed using the GC as described above. The last step was
measuring the headspace of thettle by filling the marked empty bottle with
ultrapure water to the liquid phase mark first and measuring the mass of the bottle
and then to the bottom of the cap and measuring the mass of the bottle. The difference
between the two would signify the hisgpace volume. The headspace volume was
added to the expansion volume and that volume was used along with the GC molar
fraction to find the moles of CHn the headspace by employing the ideal gas law at

3 5 AT@e saltingout analyses were perfoedin duplicates

3.2.2.2 Determination of the Reaction Rate of Each Target Microorganism

The NO2> and NQ'-basedreaction rates of the target microorganisms, namely
Anammox, DAMOa and DAMOb were calculated throughout the operation of the
SBR and the batch test. Thessacation rates were computed accordingthe
stoichiometricEquations 2.4, 2.5 and 2% Section 2.3.2 and Section 2.42u et

al., 2015)Equations 3.1, 3.2 and 3.3 were used to compute the reaction rates of each

microorganism.
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T O = pdaEcO ééééeéééeéé..é..6&. Equation

90 = 0 e Fpd ¢z 0 éé.6 Equation
O

T O = O O é¢.6é Equation

The Anammox and DAMObreaction rates were calculated based on N
consumption. Since  Anammox is the only speciesnong the three target
microorganisms that oxidizes NH the consumed N©@ by Anammox was

computedusingthe measured N¥ consumption rate ), and theNO2 removal
reaction rate of Anammox) ) wascomputedaccordingly asshown in
Equation 3.1The reaction rate of DAMO&Y ) was calculated using the
measured N® (O ) consumption rate, that includes the produceds NO
(T8 Fp® ¢z 0 ) from the Anammox reaction, illustrated Hyuation
3.2. The DAMOb reaction rateQqf ) was calculated using the measured
NO, consumption rate¥ ) by considering the AnammadxO,” consumptiomrate

(o) ) and the DAMOa productiorrate of NO> which is equal to
(o) ) (Hu et al., 2015)as showrin Equation 3.3.

3.2.2.3 Determination of the Contribution of Each Target Microorganism

to the Available Total Nitrogen Remowed

The contribution of each of the target microorganisms to the Total Nitrogen (TN)
removal was assessed éxamine their activity and to further understand the
composition of the consortium in correlation with the molar ratio calculations and
the molecular analysig& sample calculation is displayed in APPENDIXFhe TN
removed by each target microorganismmely Anammox, DAMOb and DAMOa
was calculated by considering the consumed and proditcedenwith respect to
each reaction (Equations 2.4, 2.5 and @&6Section2.3.2 and Section 2.4.2
Equations 3.4.14 were used in the calculations of the peraanitributionof each
microorganism to th&N removed.This was calculated as a percentage from the
availableTN that takes into consideration the produced nitrogen in the intermediate

reactions, which cannot be observed by only considering the initialraidhifirogen
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concentrations.The initial TN was calculated by the summation of the initial
concentrations of the nitrogen species analyzed experimentally (Equationti4).
final TN was calculated by the summation of the final concentrations of theamitrog
species (Equation 3.5).

The available TN is a term used via this thesis study for the first timgaikiis

the summation of the initial nitrogen species and the produced nitrogen species via
the reactions taking place, such ass:Nffbm Anammox and N© from DAMOa
(Equation 3.6). Utilizing the available TN is critical since it allows the calculation of
the actual consumption of each of the target species, otherwise, the real activity of
DAMOa and DAMODb would not be recognized bytjmsonitoring the initial and

final concentrations of the nitrogen species. While the perceategebution to the
availableTN removed %CATNremoved Was computed according to Equatioi. 3.

TNi=[NH4*-N]i+[NO2-N]+[NOs-N]é é 6 6 6 6 6 6 & . ....6 . . Eqg3hati on
TN =[NH4*-N]J+[NOz-NJ+[NOs-NJié 6 6 6 6 6 6 666 6éé. . Eqbati on 3.

TNavailabiee[NH4"-N]i+[NO2-N]i+[NO3z™-N]i+ ¢NO3z-N]amx+ NO2-N]pamoa
...................................................................................................... Equation 36

P#! 4. =4 . /TNavailabid*100é é é .€ é . Equation 3/
where,

TN;: initial TN concentration at each cycle, the sum of the initial concentrations of

all the nitrogen speciegmg N/L)
[NH4*-N];: initial NH4* concentration at each cycle, (mg N/L)
[NO2-N]i: initial NO2" concentration at each cycle, (mg N/L)
[NO3-N]i: initial NO3™ concentration at each cycle, (mg N/L)

TNt final TN concentration at each cycle, the sum of the final concentratialls of
the nitogen speciegmg N/L)

[NH4"-N]s: final NH4" concentration at each cycle, (mg N/L)
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[NO2-N]s: final NO2” concentration at each cycle, (mg N/L)
[NO3-N]s: final NOs™ concentration at each cycle, (mg N/L)

TNavailabie @vailable TN concentration thatavalable for consumptioby the target
microorganismsvhich includesthe summation aéinynitrogen species to be
produced via the target microorganisifmsg N/L)

[ ND]amx: NOs concentratiorio beproducedstoichiometricallypy Anammaox

in each cycleomputed regarding the consumed4WN, (mg N/L)

[ ND]oamoa: NO2 concentratiorio beproducedstoichiometricallypy DAMOa
in each cycle, (mg N/L)

4 . : TN removed by each microorganism calculated in Equations 3.11,

3.12 and 3.14(mg N/L)

P#! 4. : Percentage contribution of each microorganism to the

available TN removal (%)

Since NH" is only consumed by Anammox and the Anammox bacteria were
observed to be the most active of the three microorganisms,WHs choen to be

the starting point of this calculation. The consumedsNby Anammox was
computed (Equation 8). While the corresponding consumed Né@nd produced
NOs by Anammox was then computed, according to EquatiofisaBd 3.0,
respectively. Hence the mumation of the consumed nitrogen species while
deducting the produced nitrogen yields the TN removed by Anammox (Equation
3.11).

AMX:

dNH4"-N]=[NH4*-N]i-[NH4*-N]ié é é ...6 é é é é é é é .é ... Equation B
INO2-NJamx=1 . 3 PNHiN]é ... é .é ..&6 é é é é é é ... Equation D
gINOs-N]amx=0 . 1 INHg-08]+ gNO2-N]amx)é € é é . é ..... Equation 310

4. = NH4"-N]+ dNO2-N]amx-gINOs-N]amx € € ..é ...... Equation 311
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where,

[ N'HN]: NH4" concentration consumed by Anammox in each cycle, (mg N/L)
[ ND]amx: NO2 concentration consumed by Anammox in each cycle, (mg N/L)
4 . : TN concentration consumed by Anammox in each cycle, (mg N/L)

The available N@ for DAMOa consumption includes the initial N@oncentration
and the produced NOby Anammox. Accordingly, the consumed NGy DAMOa
can be computed, and subsequently the TN removed by DAMOa can be computed

as well (Equation 32).

DAMOa:

4 . =0{NOs-N]pamoa=[NO3-N]i-[NOs-N]s+ ¢NOs-N]amx... EQuation 3.2
INO2-N]pamoa= GINO3-N]pamoaé € é é é é é é & é ... ... Eq@Gation
where,

[ ND]oamoa: NOs concentration consumed by DAMOa in each cyeteg N/L)
4 . : TN concentration consumed by DAMOa in each cyateg (/L)

On the other hand, the available N@&r DAMOb consumption is the remaining
NO; after the Anammox reaction, since Anammox has a higher affinity 0 iINO
comparison to DAMODb, and the produced Ny DAMOa. Hence, the consumed
NO2 by DAMODb can be computed, hence, the TN removed by DAM&D e
deduced (Equation 3L

DAMOb:

4 . =gdNO2-N]pamob=[NO2-N]i-gINO2-N] amx + ¢INO2-N]pamoa-[NO2 -

,,,,,,,,,,,,,,,,,,,,,,,,

Nféeééeéeéeeééeeééeecééee..ééeéé. Equation3.a
where
dNO2-N]pamon: NO2” concentration consumed by DAMODb in each cygigg N/L)

4 . : TN concentration consumed by DAMOD in each cyateg (N/L)
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3.2.2.4 Determination of the Stoichiometric Ratio of the Consortium

The different combinations afitrogenratios were examined to further assess the
performance and status of the reactor in teomthe coculture presentln other
words,it was aimed to reveal the potential culture combinations and dominance by
following the theoreticastoichiometricratios of the nitrogen species, which might
be the indicator of the reactions of the target oooganismsFour different ratios
were calculated and compared to #teichiometricmolarr at i o s/, NN O
PN pNH @pNEN@&nd HREND + pN)HThese ratios were
examined undesix different cases of the exultures that might be occurring in the

reactor. The assumptions followed in these casegiven below:

1 The main fourcases are as follows: AMX, AMX & DAMOa, AMX &
DAMODb and DAMX, (Equations 3.3, 3.16, 3.18 and 319);
i. AMX: The SBR only contains Anammox culture.
i. AMX & DAMOa: The SBR contains both Anammox and DAMOa.
iii. AMX & DAMOb: The SBR contains both Anammox and DAMOD.
iv. DAMX: The SBR contains Anammox, DAMOa and DAMOb.
1 For all cases (i.efpr all the potential combinati@of cultures)
i. Each culture is 100% active
ii. Anammox is present since they have been enriched and provided with
thenecessary conditions to thrive.
1 The change of concentratiomeach cyclevas cal cul ated as
Cinitial T Crinal. Therefore, consumption of thetrogen speciess positive,

while production is negative.

The theoreticastoichiometricratios were calculated according to the stoichiometry
present in the reaction equations (Equatiad, 2.5 and2.6 in Section2.3.2 and
Section 2.4.2 For Equatior 2.4, 2.5 and2.6, thelimiting reagent in each reaction
was consideredlhe limiting reagent in each reaction is NHNOs' and NQ' for
Anammox, DAMOa and DAMOb reactions, respectively.cdordingly the

equations were adjusted for 1 molelud specifiedlimiting reagent.
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In addition to the four main cases mentioned abavespecial incidentwhere
DAMOa is able to consumenly the NGQ' produced by the Anammox, was
constructed by equating the motdNOs' consumed to the mole$ NOs' produced
in thetwo casesnamely,* AMX & DAMOa and*DAMX, as displayed in Equations
3.17 and 320, respectivelyIn these two caseshe activity of DAMOa was not
assumedto be 100%. Incorporating this special casenay improve the

characterizatiof the coculture compositiowvia themolar ratio calculation.

All calculations of each culture combinatiasiqcases) are givein Equations 3.8~
3.20 and accordingly, the theoretical stoichiometriolarvalues were obtaineid
Table3.8.

AMX:NH# +1.32NQ'Y 0. 26+1IDI6 éééééé. .. EqBation 3.1
AMX & DAMOa: NH4" +0.32 NQ' + 0.74 NQ' Y 1.02N2£ ....... Equation 3.6

*AMX & DAMOa: NH 4+ + 1.06 NQ' Y 1.02N2€ é é ...é é é . Equation 317

AMX & DAMOb: NH#*+2.32NQ'Y 0. 26+1®0D€€é. .. Eqgl8ati on 3.
DAMX: NH4*+1.32NQ' + 0.74NQ'Y 1.22N£ é é¢é .. éé Equda i on 3.

*DAMX: NH 4" +2.06 NQ'Y 152N éééééééé.... é. EqOation 3.2
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Table3.8 Theoretical stoichiometrimolarratio valuesof nitrogen species fahedifferent consortium cases

Microbial consortium case§ qNH4" | gNO2' | gNO3' | PN & pN'H pN & ( qeN@ N | pN & pN( pN & pNH
AMX 1.00 1.32 -0.26 1.32 -0.11 -0.2 -0.26
AMX & DAMOa 1.00 0.32 0.74 0.32 0.56 2.31 0.74
*AMX & DAMOa 1.00 1.06 0 1.06 0 0 0
AMX & DAMOb 1.00 2.32 -0.26 2.32 -0.08 -0.11 -0.26
DAMX 1.00 1.32 0.74 1.32 0.32 0.56 0.74
*DAMX 1.00 2.06 0 2.06 0 0 0




3.2.3 Molecular Analysis Methods

Two molecular analyses methods were employed in this study, the Fluorescent In
Situ Hybridization (FISH) and the Nefeneration SequencingNGS) 16S
MetagenomeTheFISH method was performed periodically to detect, idendifyl
determine the relative abdance of the target specasongthe wholearchaeal and
bacterialconsortium. On the other hand, the NGS 16S M=tagie method was
performedto determineall the microorganisms present in the consortium and their

relative abundance.

3.2.3.1  Fluorescent In-Situ Hybridization Analysis

The FISH analysesvere performedduring the different phases of operation of the
DAMO-Anammox SBRfor morphological detection andetermiration of the
relative abundance diietargetspecies (Nielsen et al., 2009).

About 5 ml of sample was used where thesupernatantwas separated by
centrifugatiorat 10,000 g for 5 min and theihwas discardedl he remaining sludge
was fixed with an equal volume of 4% parafordedlyde (PFA) in phosphate
buffered saline (PBS)which was then sted overnight at & CThe next day the
sample was centrifuged at 10,000 g for 5 misdparate th®FA, which was then
discarded. The remainingxed biomass waghen dissolved in 5 mLof 1:1
PBS/Ehanol(Daims et al., 2009)The samples were then stored overnighRad A C .
The following day the samples were carefully placed on slides and dehydration of
the samples on the slides was conduclidds wascarried out with sequential
washng with 50%, 80%, and 99% ethan@aims etal., 2009) The next step was
permeabilizatiorof the microbial cells whiclvas performedy incubating the slides
for 1 hr at 3A Gifter the additiorf lysozyme(Daims et al., 2009)

Hybridizationsolutionsof different probesargetingM. nitroreducensM. oxyfera
General Bacteria, General Archaaad Anammox wergoreparedconsideringheir
relative formamidend NaCl concentration$he gringency conditions (formamide
and NaCl concentrationg)ere optimizegrior to the FISH analyses ensure better

results of probe hybridizatiofihe probes used in the scope of these experiments are
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summarized iMable3.9. Five hybridization mixtures were prepared uditifferent
combinations ofthe previously described solutiorf$able 3.10). The mixtures
containing only General Archaea and General Bacteria were counterstained with
DAPI to determine theontent of bacteria and archaea in the microbial consortium.
Five slides were prepared for each biomsasiple analyzed. The hybridization
mixtures were added carefully on the slides and the slides were incubdted AtC

for about5 hr (Daims et al., 200%. After hybridization, the slidesierewashed at

4 8 A C15iio with a washing buffer containing the safmemamide concentration

as thehybridization buffe(Daims et al., 2009)

After washing and drying the slides, imaging can commeRk$H imaging was
performed using Carl Zeiss Axio Vision A1 UV microscopeemslitable filters of

the chosen probeAt least 3 representative microscopy images wkoserfor each

slide The images were analyzed tiee ImageJ softwarelheobtainedmages from

the microscope werthen processed using ImageJ, where the colored areas were
converted to pixel. The pixel areas represent the presence of the probe and hence
the target cellThe average arezccupied by the pixels the three chosen images
and the relative abundance afch slide was computed@hese computations were
conducted in relativeness to the area occupied by the General Bacteria and General
Archaea which were performed in relativeness to DAPI counterstafisignmary

of the steps performed usihgageJ the resiting imagesand the obtained relative
abundance in each slide diastratedin APPENDIX I.
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Table3.9 Sequencedabelsand formamide concentrationschosen FISH probes

Formamide
Target .
_ Probe Label | Concentratior] Reference
Species
(%)
S*-Darc872aA-18 | GFP
M. Hu et al.
_ GGC TCC ACC CGT| and 40
nitroreducens (2015
TGT AGT Cy5
S*-DBACT-0193& | Alexa _
Ettwig et al.
M. oxyfera | A-18CGC TCG CCC| Fluor 40 (2009)
CCTTTG GTC 350
S*-Amx-0368a-A-18 _
General Schmid et al.
CCTTTC GGG CAT | Cy5 20
Anammox (2005
TGC GAA
EUB1
-GCT GCC TCC CGT
AGG AGT
General EUB2 Daims et al.
_ GFP 40
Bacteria | -GCA GCC ACC CGT (200)
AGG TGT
EUB3-GCT GCC ACC
CGT AGG TGT
S-Darc0915a-A-20- .
General Knittel et al.
GTGCTC CCC CGC| GFP 40
Archaea (2005
CAATTCCT
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Table3.10 The hybridization mixture and aim of each slide

Slide| Hybridization mixture content Aim
General Bacteria and DAPI | Determinethe content of bacteria if
! counterstaining the microbial consortium
5 General Archaea and DAPI | Determine the content of archaea

counterstaining the microbial consortium

Determine the abundance Mf
M. oxyfera Anammox and _
3 _ oxyferaand Anammoxelative to
General Bacteria _
General Bacteria

_ Determine the abundance Mt
M. nitroreducensand General . .
4 nitroreducengelative to General
Archaea
Archaea

M. oxyfera M. nitroreducensand | Determine the relative abundance

Anammox the target speciemmong each othe

3.2.3.2 Next-Generation SequencindNGS) 16S Metagenome Analysis

The introduction oNGSor highthroughput sequencirtas transformed the area of

microbial ecology an@llowed major advancesn environmental studie@ulas et

al., 2015) Moreover, thisoundedt he f i el d o f, whichreferaitgteen o mi c s
direct genetic analysis of genomes within an environmental sample without prior

cultivationof clonal culturegOulas et al., 2015)

Primarily, functionaland sequenekased analysis of collective microbggnomes

inan environmentalsample,ef err ed t o as Af uvadappedot gun
This technique allows for full sequencing of the available genomes within a sample,
creating a biodiversity profile that che linkedwith functionalcompositioranalysis

of known and unknown organism lineages (Oulas et al., 2GLB)hermore, the

issues ofvhat microorganisms aggesent in a consortiurtheir function,and their

interactions with one another can be addreskatkr, polymerase chain reaction

-1}

(PCR) amplification ofspecific genes of interest r ef erred to as
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amplificatiomrmétl®@de mo miospadna l Riyled gene o, st
(Oulas et al., 20157 his techniqueallowsachievingataxonomic distbution profile

using PCR amplification and sequencing of the 16S rRNA gheeethetaxonomic

distribution can béinked with environmental databtainedfrom thesampleunder

study (Oulas et al., 2015)Subsequently, varioumetagenomics statisticand

computational toolas well aglatabaseweredeveloped t@ope withthevastinflux

of datacollected Hence, allowing thejuick and detailedieneratiorof a genomic

profile of an environmental sampl@ulas et al., 2015)

Four sludge samples wengthdrawnfrom the DAMO-Anammox SBR atlifferent
cycles stored at-2 0 Aa@id then sent for Next-Generation SequencindNGS)
analysigo be performed by BM LABOSIS hesampling cyclesvere thefirst cycle
(the beginning of the SBR operatipiycle 55,Cycle 130 andCycle 202, each
representing a different phase of the reactor operattmechange in the population
dynamicswas examined at theyclesstated aboveThe NGS 16S Metagenome
Analysis procedurtllowed by BM LABOSIS is the procedure descriligaBoylen
et al. (2019), the summary of which is givenHigure 3.8. The procedure is also

summarized in the following text.
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Figure3.8 NGS 16S Metagenome Analysis procediBeylen et al., 2019)

. Sample preparation: DNA isolation and quality contrd performed to create
libraries.

. Creating a library: The 16S rRNA geisaised with specific primers,hvich were
then replicated and purified. The concentration of libraries generated by real time
PCRIis diluted to 4 nM and normalizatiaa done.

. Sequencing: After the librang prepared sequencing using the synthesis method
is done with each new dNTP added. The added base fluoraseeptically
observed and recorded.

. Raw Data Processing: The data generated after sequ&aimalyzed in FASTA
format.

. Raw Data Quality Control: The quality of the fastqc files (FASTQD2
examned using QIIMEZ2.
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. Determination of Chimeric Readings using DADA2

. Filtering: Reads, primers and barcodes with Phred quality scores less than 20 are
filtered out using DADA2.

. Determination of Taxonomy: Determination of taxonomic species for each
sample usig QIIME2.

. Diversity Analysis: Alpha and Beta Rarefaction Analysis using QIIME&2

performed.
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3.3 Results and Discussion

3.3.1 The Results ofAnammox SBR Operation

TheAnammox SBR was operated throughout the research peraibat 1 yearln
this thesis study, only the first 200 cyclepresented covering the cyclaswhich
the seed Anammox sludge was withdrawn for the DAM@Gammox SBR.
Moreover, the Anammox acttyi during this period was used for comparison with
the Anammox activity in the eoulture in the various reactattsat were established
in this study The operational resultaebriefly summarized in this section to reveal
the state and activity of the Ammox see@Figure3.9, Figure3.10andFigure3.11).

The detailed results are presented in AppeAdix

The Anammox SBRwas p e r a t e,dhe pHof tha iBfledt at the beginning of
each cyclavas maintained betweéh0-7.3 and théHRT of the reactor waset a2
days.The pH of the effluent ranged from 8833throughout the 200 cycleas shown

in Figure Al. Although the pH was set between -7.6 before the start of every
cycle using Ar/CQ@ mixture, the average pldf the effluentduring the first 7 cyles
was 7.73 which can be attributed to the activity of heterotrophic denitrification
(H.D.) in the presence of sCO@igure A2). On the other handhe average pH
from Cycle 7-200 was 7.28The activity ofH.D. can be observed tilycle 32, where
complete removal of N©can be seen iRigure3.9c andFigure A3c.
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Figure3.9 Removal efficiencies of (a)AN, (b) NG and (c) N@Q in each cycle of
the Anammox SBR (the negative values of removal emphasize production or

accumulation; green dashed line at Cycle 115 refers to removal of 0.25 L of sludge

from the reactor; brown dasthéine at Cycle 156 refers to removal of 0.6 L of

sludge for DAMGAnammox SBR seeding
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Figure3.11 The calculated N&-based reaction rate of the Anammox SBR in each

cycle

The initial TAN concentratiorat Cycle 1was found to be 139 mg N/ltherefore
NH." was not added to the feed (Figure34). On the other hand, NOand NQ
wereeachaddedo establish an initial theoreticabncentration of 10 mg N/{Figure
A-3b and Figure A3c). After the 1" cycle, theinitial TAN concentration reached
levels lower than 15 mg N/L in the reagtso NHi*, NO;” and NQ were added in
the feed creatingnitial theoretical concentrations &fHs*, NO; and NQ of 15,
22.5 and 20 mg N/Lrespectivelyup till Cycle 77 After Cycle 77, NQ was not
added in the feesince it became unnecessary due to the extremely IBwnactivity.
Hence, the consequent theoretical NLR was 57g5N/Llday up toCycle 77 and
reduced to 37.5 mg NHtay afterCycle 77.The feed was prepared according to the
consumption offAN and NQ’, to maintain the initial theoretical comteations in
thereactor. These concentrations were chosen since the Anammox seed used was
acclimated at those concentrations and the ratio af NMD» was 1:1.5 (Chamchoi
and Nitisoravut, 2007).

The removal efficiencies, removal rates and consumption ratios wereatadttd
assess the performance of the system in comparison to the exgeatbtbmetric

ratios of AnammoxTAN removal efficiency increased gradually from 35 to 85% in
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the first16 cycles andeache®5-100% by Cycle 32indicating the enrichment of
the Anammox cultureAfter Cycle 32 he averageTAN removal efficiencywas
about98R\B %, (Figure3.9a), while the averag removal ratef TAN was 16.43.3
mg N/LIday (Figure A4a). The average removal efficiency of W@vas 9R12 %
(Figure 3.9b), while the NQ aver age r emov al8mg lilday was
(Figure A4b). On the other hand, NOwas expected to be produced as glyduct
of the Anammox process, as shown in Equation 2.4 in Section Pti3s2s observed
in Figure A-3c, where the concentratiohNOzs™ increased in each cycléhe positive
removal efficiencysignifying the consumiion of NGOz, mainly due toH.D.,
occurred fromCycle 1-32 at an average of R4 % (Figure3.9c). Mearwhile the
negative removagfficiency of NOs, signifying the productionbecame thgeneral
trend after Cycle 32 due to the dominanactivity of Anammox averaginga
productionrateof 2.8N1.8 mg N/LLday as shown in Figure-Ac.

At Cycle 98 due to the low pH of 6.36, tRédN removal ability of the Anammox
was affected great]yheremoval efficiency and removal rate AN was46% and
8mg N/LLday, respectively. After the pH was reguthteithin the desired range, the
Anammox activity increased back to its regular state of aboveddd%N removal

efficiency.

Samples were taken at various cycles for TSS and VSS analysis and reported in Table
A-1. The TSS and VSS analyses were not performed frequently in order not to lose
any biomass since this reactor was planned to be used as a stock reactor to seed the
DAMO-Anammox SBR. In addition, since the Anammox sludge was mainly in
granular form, the TSS and VSS analyses conducted on the susfedgachnular)
biomasswould not have correctly represeetl the actual biomass present in the

reactor.

At Cycle 115, 250 mL bAnammox sludge was removed from the reactor for seeding
purposeswhich reduced th&lO2” removal efficiency to about 70%he removal
efficiency recovered back to above 9@¥Cycle 141 Furthermoreat Cycle 156
600 mL of Anammox sludge was removedé&erd the DAM@Anammox SBRThe

removal efficiency ofTAN was not affected much by the removal of biomase
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removal efficiency of N@ decreased to around 85%. This was expected since the

removed biomass volume was 60% of the total sludge volume.

The NO2>-basedreaction rate of Anammox was calculated as described in Section
3.2.2.4.Figure 3.11 shows the calculated reaction rate of each cycle. The average
NO.-basedeaction rate after Cycle 32 (the end of H.D.) of the Anambaxteria

was found to be 2188.4 mg N/Llday, reaching anaximum of 33.6 mg NAiday at

cycle 71.

Regardi ng t hk pNionsumptianfit wgsNdDdnd tee on average

1.4N 0 . véhith is closeto thetheoreticalconsumptiorratio of 1.32 The results
showed that the reactor activitygs constant at thistio, as seen frorigure3.10a.

On the other hahd( g OpNHasafoundto e bn agehge
0.07\0.05which is closeto thetheoreticalratio of 0.11, as shown irFigure3.10b.

The overall performance of the Anammox can be considered as stable and reached
steady statavith constant removal efficiencies and removal rated with ratios

similar to the theoretical stoichiometric rati@&uation 2.4Section 2.3.2

3.3.2 The Results ofDAMO -Anammox SBR Operation

The DAMO-Anammox SBR was established aiming to enrich the DAMO
Anammox ceculture.Moreover, the effect of HRT and, in turn, NLR and meanwhile
the effect of F& and Cd* concentratioawere to be investigate@he effect of these
parametersvastested on the reactor performance and the population dynamics of
the microbial consortium enriched in the DAM&ammox SBR.The DAMO-
Anammox SBR was operated fabout780 days @02 cycles)and the results are
presented in two main sectiomgmely, theresults ofreactor performance arbe

results ofmolecular analyses

3.3.2.1 Results ofReactor Performance

The results of the reactor performangere divided into two sections, a section
discussing the pH, TOC and TSS and VSS analyses conducted (Section13.3.2.1.
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and a section discussing the results of the nitragpecies analyses (3.3.2.1.2),
including the removal efficiencies, removal rates, TN removal and the contribution

of each of the target speciasd reaction rates of each of the target species.

3.3.2.1.1 pH, TOC and TSS and VSS

The DAMOAnammox SBR was oper at evliletheapHaf t e mp e |
the influent was maintained at a pH702-7.6. The effluent pH ranged from 7706,

throughout 202 cycles, as shownFigure 3.12. The average pH in the different

phases of operation w@s33,7.34, 7.26,/.28 and 7.31, in Phases |, Il, 1, IV and

V, respectively.These pH values were in the range of itt@st commonly applied

pH throughout DAMGAnammox enrichment studies (77/36) (Luesken et al.,

2011; Haroon et al., 2013; Ding et al., 2004, et al., 2015€Cai et al., 2015; Xie et

al., 2016; Fu et al., 201Djng et al., 201Y. This pH range was defined as the optimal

pH range for the enrichment of the DAM&hammox ceculture.

The TOC ofCycle 0 was found to be 24.6 nhgand byCycle 11, the TOC was
measured to be about 12 mgiE this TOC source would have been methanol
(whichwas not aimed and thus was not analyzed$% of the initiaNO, and NQ
concentration would be consumed heterotrophic denitrification (H.D.). This
reveals that the NOand NQ consumed via H.D. only lasted till Cycle 25 and after
that the H.D. activity was minimalhe H.D. refers to denitrification that utilizes
organic carbon excluding the supplied LFhis wadurthersupportedy the results

of the specific activity testgerformed in Phases I, Il and Ill. This was mainly due to
the fact that the mixed sludge was washed multiple times with feed solutions in the
absence of any nitrogen source to diminish the sCOD and irlittd}*
concentrationsHowever, the TOC concentration reached about 5.5 mg/L by Cycle
120. At Cycle 192, the measured TOC was found to be about 14.4 mg/L as shown in
Figure3.13. This reveals that despite no addition of organics in the feed, there was
production of organics. This might be due to the release of extracellular polymeric
substances (EPS) as well as degradation of microorganisms wieich not
supported by the opational conditions. Nevertheless, very low TOC degradation

measured in Cycle 120 indicates that, even if theke D, it is not the main N©
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and NQ removal mechanisngince organic carbon was not added in the feed, the

effluent concentration would deease following the trend shown by the theoretical

effluent concentration line shown gure3.13.
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Figure3.12 pH valuesof the effluent samples of the DAM8nhammoxSBR (red
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Figure3.13 The results oTOC analyse®f the DAMO-AnammoxSBR
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Theini ti al TSS ané@6avhsdS e/l 2efXCy2I@ 72 te2TRS and

VSS decr eabk3adn dt 65 gioAespebtively Table 3.11 and Figure

3.14). Moreover, byCycle 105 the TSS and VSS decreased slightly to rksaehs

of 12.D.6a n d 03g/l7, fespectively. Although the initial concentration of VSS
decreased b@ycle 105, the VSS/TSS percentage increased from 49%%o %his

was due to the washout of decayed microorganisms and suspended particles mainly
found in the lake sediment. A€ycle 129 a decrease in the VS&ncentration

(3.2N0.2 g/L) was observed along with a decrease in VSS/TSS percentage (24%).
While atCycle 160 the VSS wak0ND.02g / L , t hOe2g/fmaBingwa s 5. ]
a VSS/TSS percentaget®%. An increase in TSSandVSSSM.3g / L a©v.d 2. 4 KN
g/L, respectively, was then observegtle 181, making a VSS/TSS percentage of

and

26%. This might be due to the growth of Anammox bacteria during PhasatIV.
Cycle1®2 a d e@6rg/e)arsd &SS (1. TgM Svag ndticed N
which corresponds to a VSS/TSS percentage of 24%.

sl ight

Table3.11 TSS and VSS results of the sludge in the DAM@amMmMOoxSBR

Sludge Phase| TSS (g/L) | VSS (g/L) | VSS/ITSY%)
Mixed initial seed - 2712N0.6 | 11.2N0.8 4
Cycle 2 H.D. 784N 1. | 122N0.3 16
Cycle 72 | 126N1.3 59N0.1 47
Cycle 105 I 122N0.6 5.7N0.3 47
Cycle 129 1T 131N 0 . | 3.2N0.2 24
Cycle 160 1T 5INO0 . 7 1.0N0.02 19
Cycle 181 vV 9.3\D.3 2.4ND.1 26
Cycle 192 Vv 7NO. ¢ 1.9\0.2 24
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Figure3.14TSS, VSS and VSS/TSS percentage of the biomass DAMO-
Anammox SBRred dashed line: increase in fl@oncentration at Cycle 85; green

dashed line: increase in¥and C4* concentrations at Cycle 120)

3.3.2.1.2 Results of Nitrogen Species Analyses

The results of the analyses conducted show tB&MO-Anammox ceculture was
enriched The contribution of each of the target microorganisms to the TN removal,
stoichiometriamolar ratios of the nitrogen species and the reaction rates of the target
microorganisms @re computed The results illustratedAnammox dominance
throughout the operation of the DAM@nhammox SBR, while DAMOband
DAMOa activities fluctuated throughout thafférent operational phases of the
DAMO-Anammox SBRThis is also observed in the specific activity tests that were
performed for Phases I, Il and Mhe specific activity tests were conducted to assess
the activity of each of the target microorganisms, namely, Anammox, DAMOa and
DAMODb, via separate batch reactos@medifferences in the results of the specific

activity tests and the DAM@nammox SBR were observed. This wadtributed to
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the difference in reactor volumehere thebatch testdiad a much smaller reactor
volume. This allowedfor higher contact between the microorganisms and the
medium and dissolved GHmay be more available for the utdizon of the

microorganisms

According to the TOC of the first 25 cyclebl.D (i.e., nonrmethanotrophic
denitrification) was the dominant reaction taking place in the reattwrefore, the
period of the first 25 cyclesasreferred taas the leterotrophiaenitrification (H.D.)
phaseDuring theH.D. phaseof the DAMO-Anammox SBR, NH'" was not added

in the feed since the NfHconcentration existing in the mixed sludge was found to
be 80 mg N/l.higher than the desired initial concentration  NiL) (Figure3.15).
Only NO&; and NQ were addedreating a theoretical initial concentrationldf mg

N/L of each. Once NH concentration reached to levels lower than 7 mg N/L in the
reactor, it was then added to the feed. It took three cycles fbiHheconcentration

to decrease to the desired initial concentratiids”, NO; and NQ" wereadded to
the feedat the beginning of each cydecording taheir consumption to fulfill the
theoreticalnitial targetedconcentratioa

Phase |

After observing a halt in the consumption of NOH.D. dominancen the DAMO-

Anammox SBR was considered to have endaad this marked the beginning of

Phase (Cycle 2678). In Phase I, the theoretical initial concentrationblbif,", NO,

and NQ remained7, 15 and 15 mg N/L, respectiveligure 3.15). The applied

HRT was 6 daysstablishing aheoreticaNL R of 12 . 3, whilgtheN/ L Ad a )
average experimental N (FRure8.46s). Thehveradél . 8 mg
removal efficienisof TAN NO, and NQ~ were94RB % (Figure3.16b), 74N10 %

(Figure 3.16c) and26N\19 % (Figure 3.16d), respectivelyln addition, the average

removal rates of AN NO; and NQ were2.2\0.4 (Hat a ! Bakvuru kayn
ul unamadd®9Hat a! Bakvuru kao andd4R7mag!| unama
N/ L A Bigune3.17d) respectively.
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Figure3.15 Initial and final concentrations of (a) TAN, (b) N&N and (c) NG-N
during each cyclef the DAMO-Anammox SBRred dashed line: increase in BIO
concentration at Cycle 85; green dashed line: increase irafeé C3*

concentrations at Cycle 12the S.D of each measurement was ¥5%
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Figure3.16 (a) Theoretical nitrogen influent concentrations and NLR. The removal
efficiencies of (b) TAN, (c) N@ and (d) NQ in each cycle of the DAMO
Anammox SBR (The negative values emphasize productdmrdashed line:
increase in N@ concentration at Cyel85; green dashed line: increase if&ad

CuU?* concentrations at Cycle 120)

121



Fe? 375 uM ' ospm | BT 50 M Cul 10 M
H.D. THASE 1 PIIASCII  PHASE Il PIIASE IVPTIASE V
HRT :6d HRT:6d HRT:6d TIRT:6d IIRT:4dHRT:6d
— Thecretica\ initial 'dg’ concentration a
30 4 Theoretical initial TAN concentration L 30
Sy — Theoretical initial r 3~ concentration
> — NLR | %
=]
£ 20 — r20 3
5 z
4 E
£ ! =
Q
2 10 4 | 10 Z
o 1
& |
|
04 ! 0
10 - L T
3 :
©
5o | y
= o
® L
2 6 | B}
= | | %
5 : . “g e
T‘; % xa ! }' *2
> o [ gt
IR N AL LIS e
E 2 * T M . a4
° [
= hd |
|<£ 0 : *
| T
= 14 | c
[ | [
5 e ! ‘.'..." 5
= ] Ik
Z 104 | 3 ‘.. > o
£ s8] ! X4 "o
b 1l | U g » -
L 51 o | f’ L] S
A
© . ® | « o
= 480" Y
T 7% . .
S, |t TR
£ 24 o *TI .
[ ¢ Tog | P
1 0 | [} L)
N |
QO .o
z 2 I N
-4 " ;
8 T q
5 |
T 64 ° I k
it
= L | L
%: 4wy 2 '
& LA Y | ¢e ‘ ™
o o |t v, * : = =
[
E 2 : 10.-‘ ":‘E ‘.o :.'. .‘.’
@, [ ] &
T e -‘:-‘av‘amu:,- of s ¥
3 ey o % @ *The’ e 31; o ¥
o b T e o0 o ° i
o | o ® P .' -
) | * YR
[l | L ] L4
S 4 : 2 .
T T T T T T

0 20 40 60 80 100 120 140 160 180 200
Cycle Number

Figure3.17 (a) Theoretical nitrogen influent concentrations and NLR. Removal
rates of (b) TAN, (c) N@ and (d) N@Q in the DAMO-Anammox SBR (The
negative values imply productiored dashed line: increase in Bl@oncentration
at Cycle 85; green dashed line: increase #i &ed Cd* concentrations at Cycle
120)
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The removal efficiencies and removal rates of the nitrggecies illustratthat the
Anammox microorganisms were fully functional and active in the reactule a

fluctuation in the DAMOa and DAMODb activitywas observedThe reason of low
NOs removal rate and efficienayeredue tomasking of the DAMOa aistity by the

Anammox activity wheréheNOs™ productionvia Anammoxmaskshe consumption
of NOs.

Nitrate removal was fluctuating, in some of the cycles a net production ef NO
while in other cycles a net consumption was obsefied. was due to the ability of
DAMOa to consume the producedOsz by the Anammox microorganisms.
Although net productiorwas visible in these cyclesthe net increase iNO3z
concentration was less than tlieeoretically produced N@ amount due to
Anammox. Therefore, DAMOa activity was present but not high enough to
counteract the production of NOvia the Anammox process. The results of the
specific activity batch tests display the activity of each of the target microorganisms
excluding theeffects of the other competitive speci€berefore, thenet change in

all the nitrogen species, especidlyDs, was computed abe final concentration
minus the initial concentratiodccordingly, average consumption and production

rates and efficienes were calculated as showrTiable3.12 andTable3.13.

Considering the influent and effluent concentration differences it can be revealed
that NH4" production was not observed throughout the operation of the DAMO
Anammox SBR(Table 3.12 and Table 3.13). This suggestsha DNRA activity,

which is the reduction of NOto NHs*, was not observable in the reactdhe
frequency of occurrence of net N©@onsumption was about fotwld the occurrence

of net NQ@ production as shown iRigure3.18. Furthermore, the average of the net
NOs production rate during Phase | was 1\8.8 mg N/LAay (Figure 3.19).
Nevertheless, during Phase I, the average net consumatémi NOs was 3.42.7

mg N/LAlay (Figure3.19).
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Table3.12 Consumption and production rates of nitrogen species in each phase

Phase Consumption Rate (mg Niiay) Production Rate (mg Niday)
TAN NOy | NOs | TN® | TAN [ NO; | NOs | TN?2

| 2.2N0 | 3.4N0 .| 3.4.7| 9.0 - - 1.4N0.8 | 1.4

N |2580 ) 50N0. 3.30.7| 108 | - - 1.2.5| 1.2
N [43N1 ] 72N1.46\M9| 16.1 | - 1.5 | 2.3\1.8 | 3.8
IV [6.9N1/10.6N2 |2.7\2.8| 20.2 | - 0.1° | 3.7M1.7 | 3.8
V |48N0 ) 77N1. 3.30R8| 158 | - - | 51N38.6 | 5.1

dCalculated as the sum thferates ofall the nitrogerspecies

bOccurred in 2 cycles in each phase due to the absencesdiNHe feed

Table3.13 Consumption angroduction efficiencies of nitrogen species in each

phase
ConsumptiorEfficiency (% Production Efficiency (%
Phase TAN | NOy | NOs | TN® | TAN | NO7 | NOs | TN
| 94N 8| 74N 1 ( 26N19 | 65 - - 96 3
Il 94N 6| 61IN7 | 13\11 | 56 - - 5K7 2
1 96N 3| 84N 6| 13\12 | 64 - 25 | 8\7 11
V. | 97N1| 77N 9| 100 | 61 - 1° | 16N\8 6
\Y 96N 1| 81N 1 ( 1414 | 64 - - |21\u6| 7

%Calculated as thaverageof theefficienciesof all the nitrogen species
POccurred in 2 cycles in each phase due to the absencesdiNHe feed
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The contribution to TN removal and théO, and NQ™-basedreaction rates

calculations illustrated the dominance of Anammox, while DAMOb and DAMOa

were second and thiid activity, respectivelyln Phasd, the TN average removal

efficiency was calculated &N 1 % while he average TN removed was calculated

to be 6.8l 1 m@ N/LIday (Figure3.20). The average€CATNremovedOf Anammox,

DAMOa and DAMODb were found to be R426, 10N 26 and 18 %%, respectively.

While the averageD , O and O were found to be

20N0OmMe N/ LANBamg N/ OBAda\yl m@anN/ LIAdday, respect.i
(Figure3.22).
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Figure3.20 The initial and final TNconcentrations ithe DAMO-Anammox SBR
(red dashed line: increase in Bl@oncentration at Cycle 85; green dashed line:

increase in F& and Cd* concentrations at Cycle 120)
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Figure3.22 The calculatedNO> and NQ-basedeaction rates of each target
microorganism throughout the operation of the DAM@ammox SBRred
dashed lineincrease in N® concentration aCycle 85;green dashed linéacrease
in F&* and C@* concentrations atycle 120

Phase ISpecific Activity Test

The Phase | specific activity test was conducted using slaggactedfrom the
DAMO-Anammox SBR aCycle 75 The related figures detailing the change in all
nitrogen species in all the reactors with respect to the incubation péi@drs are
given in APPENDIX B Figures B1, B-2, B-3 and B4). The summary of the results

is shown in Table 3.14. The results showed thaamong the three target
microorganisms, Anammox was the most active, while DAMOa was more active
than DAMOh The control reactor types did not show any changes with respect to

liquid and gas analysighe Denitrifiers OEN) reactors, set up to assess th®.
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actvity, thus was not fed with CH displayed negligible activity since N@
concentration did not change and N€bncentration decreasbg about 2mg N/L,

in comparison to the other reactor tygegure Bla)

The nitrogen removal in the DAMX reactor@sembling the DAM@Anammox
SBR(Figure B1c), was similar to thé\nammox AMX) reactos (Figure Ble). As
seen in Figure Hc, the Anammox reaction was occurring dominantly before the
DAMO reactions. Once the NHis depleted, the DAMO reactions becomélent.
Neverthelessan increase ithe NO2” concentratiorwas observedh the last 24 hr,
which is speculated to be due to the DAMOa activjoreover, the N@
concentration further decreased after the consumption af,Nhiswasdue to the
DAMODb activity. In the DAMODb reactorgFigure B1b), the NQ  concentration
decreaseavhile there was aegligible changen the NG concentration. On the
other hand, the results of the DAMOa reactéiigifre B1d) illustrated adecrease
in theNOs™ concentration andnincrease in N@ concentrationin all the previously
mentioned reactors except the DAMODb reactor, the concentration of the thigyet

reached a plateau zone.

The activities of DAMOb and DAMOa in their corresponding specific react@s

more evident than in the DAMX reactors. This is due to the presence of a dominant
Anammox culture that outcompetes the DAMODb for.NEDd its production of N©
masks the activity of DAMOa, therefore Anammox bacteria impose their activity in

the reator during Phase I.

The removal efficiencies and removal rates observed in the specific activity of Phase
| resembled the ones found in the DAM®ammox SBRThe removal efficienes

of TAN, NO; and NQ in the DAMX reactorsdfrom the Phase Ispecific activity

were 100%, 63% and 22%, respectivelln comparison the average removal
efficiencies ofTAN, NO; and NQ™ of the DAMO-Anammox SBR operation were

94N 8%, 74\ 1 @ and26N 1 B, respectivelyThe average removal rates AN,

NO2 and NQ' in the DAMX reactors in comparison to the DAM&ammox SBR
werevery similar. Theaverage removal rate$ TAN, NO,” and NQ" in the DAMX
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reactors were 2.9, 3.7 and 0.5 mg-N/LAday,
Anammox SBR were 20 ,,34N 0 ar@3.4N2 mg N/ LAday, respecti vel

The NO2 and NQ-basedreaction rates of Anammox, DAMOb and DAMOa
obtained from the DAMX reactors of the Phase | specific activity tEgiarne3.23a)
were 3.9, 1.0 and 1.2 mg N/ OAday,, respecti\

o) and O calculated from Phase | operation of the DAMO
Anammox SBRwer@. 90N 0 ,.16N 1,.add 1.1 m@ N/ Lesmbetively.
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Table3.14 Average removal raseandspecific removal ratesbtained via thepecific activity testperformed for Phases I, Il and (Hegative

values represent production)

_ . _ Specific Removal Rates from the
Average Removal Re¢¢ mg N/ LAday) 2Specific Removal Ratdsmg N/ g VSSAda )
Literature( mg N/ g VS
Reactor
TAN NOy NOs TAN NOy NOs NH4* NOy NOg
| 1] I} | 1l I} | 1] I} | 1] Il | 1l ] | Il Il
AMX 25| 19 1.8 4.0 40 | 51 -05 | -0.7| -1.3 1.3 0.5 15 | 21 1.0 4.3 -02|-02| -11
DAMX 29 | 38 | 27 3.7 73| 7.8 05 | -09| 41 1.5 0.9 2.2 1.9 1.8 6.5 02 |-02| 34 S11&12 512 512
123
29
DAMOb - 1.9 22| 26 - - 1.0 0.5 2.2 - - -
315102
40.7-°4.8
1136
DAMOa - -15 | -0.2| -0.1 2.1 0.7 2.6 - -0.8 | -0.04 -0.04 1.1 | 0.2 2.1 - - 233
57.8
DEN - 0.0 0.9 0.7 | -0.7| -1.0 - 0.0 0.2 0.6 04 | -0.2| -0.8 - - -
3Phase | VSS = 1.93 g VSS/Phase Il VSS = 4.11 g VSS/IPhase Ill VSS = 1.21 g VSS/L "The values were removal rates and not specific removal(ratgs N/ L

IRaghoebarsing et al. (2008ju et al. (2009)*Hu et al. (2011)*He et al. (2014)Hu et al. (2015) - No change in concentration was observ
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Table3.15 Summary of the averag¢O. andNOz-basedeaction rates of the specific activigstsin Phases, Il and I

Phase | Phase Il Phase Il
AMX DAMOb DAMOa AMX DAMOb DAMOa AMX DAMOb DAMOa
NOy NOy NOs NOy NOy NOs NOy NOy NOs
Respective reacter
from Specific Activity 3.3 1.9 2.1 2.5 2.2 0.7 2.4 2.6 2.6
(mg N/LAay}
DAMX reactors from
3.9 1.0 1.2 5.0 2.4 0.1 35 9.0 4.8

Specific Activity (mg
N/LAlay)f

aRespective reactors refers to AMX, DAMOa and DAMOb reactors

b DAMX reactors were fed withll the nitrogen sources and ¢H
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Figure3.23 CalculatedNO2 and NQ'-basedeaction rates from the specific
activity batch tests (a) Phase | (b) Phase Il (c) Phas&MK (Anammox),
DAMX (DAMO -Anammox ceculture)

133



Phase I

In Phasell (Cycle 79115), the theoretical initial concentrations of N@nd NG

were increased to 25 mg N/L each, while that oi\Ntdmainedat 7 mg N/L (Figure

3.15). It was aimed to support the enrichment of DAMO microorganisms over

Anammox bacterialThe HRT was kept at 6 dayiscreasing theéheoreticalNLR to

19 mg N/ wAday the average experiment al NLR
(Figure 3.16a). Under these conditionshe average removal efficiencies DAN,

NO, and NQ were 94 6% (Figure3.16b), 61N ®6 (Figure3.16c) and13\11 %

(Figure 3.16d), respectively. In addition, the average removal rateBAN, NO,

andNQ were 25N 0 (H&at a! Bakvur u Kk abyhoND @atk!dd unamadé.
Kvuru kaynaj @and3eiirmg mh 4 BEHadtaayl (Bakvuru kaynaj
b ul un amnespéctively.

Despite the decrease in the N@verage removal efficiency in Phase Il compared to
Phase |, Anammox was still fully functional and active in the reactor since thie NH
did not decrease. Moreovsince thanfluentNH4": NO;™ ratiodecreaseffom 0.47

to 0.28, limited NHs" dictates the Anammox activity. Therefore, N®@emoval
efficiency would decrease if DAMOb cannot sustain the same removal as Anammox.
Furthermore, if the DAMOa activity has increastnd concentration dfiO.” would

be increasing. Similar to Phase I, he frequency of occurrence of net NO
consumption was about fotwld the occurrence of net NOproduction Figure
3.18). While the average of the nBiOs™ productionrate slightly decreased from
1.4N0.8 to 1.2N1.5 mg N/LAlay (Table 3.12). Nevertheless, during Phase II, the
average net consumptioateof NOs” remainedelativelythe same as in Phase | at
3.3R2.7mg N/LAlay

These results illustrate thalthough Anammox removal of NQ decreased, its
activity was still dominant in the reactor. This was due to the limitegf Nidvided.

On the other hand, the actiiof DAMOa slightly decreased, as observed with the
decrease in the NOremoval efficiency This can be atibuted to the increase in
NO2 and NQ concentrations which allowed the DAMODb a competitive advantage

over Anammox and DAMOa. Since the limited NHoncentration prevented
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Anammox from removing the same amount of N&3 in Phase I, and DAMOb has

a higrer affinity to CH: in comparison to DAMOa.

In Phase I, thecontribution of Anammoxto TN removal slightly decreased in
comparison to Phase |, whileat ofDAMODb TN removalremained higher than that
of DAMOa. The contribution to TN removal and the reaction rates calculasidhs
illustrated the dominance of Anammanhile theactivity DAMOb was still higher
than that of DAMOaThe total percentage of TN removed declined mainly due to
the decline in Anammox odribution to the TN removal.lie TN average removal
efficiency was calculated @iN 8% while the average TN removed was calculated
to be8.3N 1 m@ N/LIday Figure3.20). The averag@6CATNremovedOf Anammox,
DAMOa and DAMOb were found to be R3®6, 6\ 26 and 18 3%, respectively.
While the averageD , O and O were found to be
33AN0Omgy N/ 3RMIBamZ N/ LAdaNL.OmganN/ LIAdday, respe
(Figure3.22).

Phase Il Specific Activity Test

The Phase Il specific activity test was conducted using sludge extracte@yoben

105. The results showed tlahong the three target microorganisms, Anammox was
the most active, while DAMOb was more active than DAMDiae detailed results

of the nitroge species analyses are shown in Figu® Bhe control reactor types

did not show any changes with respect to liquid and gas analysis. The DEN reactors,
(Figure B5a) show negligible activity due to heterotrophic compared tather

testreactors.

The AMX reactors Figure B5e), did not show similar activity to the Anammox
activity in the DAMX reactors due to being operated at a low pH of @.8d.low

pH in these reactors occurred due to a slight increase in purging time usinh€O
highest nitrogememoval was observed in the DAMX reactdfgy(ure B5c), where
initially the NG concentratiorecreasednd the N@ concentration increasedue

to the Anammoxeaction Then theNOs™ concentration slightly decreased and the
NO2 concentratiorslightly increasegwhich is speculated to be due to the DAMOa
activity. In the DAMODb reactorsHigure B5b), the NQ" decreased with a negligible
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change in the N® concentration. On the other hand, the results of the DAMOa
reactors Figure B5d) exhibited a decrease in N concentration and a slight

increase in N@ concentration.

The DAMOa activity was less than that in the Phase | specific activity, while that of
DAMODb was higher in the Phase Il specific activity tegthis signifies a shift in
dominance between Phase | and PhadedlIto the increase in N@nd NQ’, while

applying the same NH concentration.

The gas analysis of the DAMX, DAMOb and DAMOa reactors of the Phase |
specific activity showed CHconsumption of about 317, 319 and332 Omo | |,
respectively (Figure B and Figure B7). The CH, consumption in the Phase I
specific activity was2 to 10fold the CH consumption exhibited in the Phase |
specific activity. This suggests that the activity of the methanotrophic
microorganismsincreased immensely from Phase | to Phas@rilthe other hand,

the DAMX and DAMOa reactors illustrated totap Nroduction of abouBl and8
Omol , respec toiandeFigyre B/)FIn ther DAMOLB inexplicably,
showed N consumption ofbout8 O rEeldproduction wastill observed ilPhase

II, suggestinghe existence of methanogenic microorganisms in the consortium.

The removal efficiencies and removal rates observed in the specific activity of Phase

Il resembled the ones found in the DAMMammoxSBR except for N@. The

removal efficiencies of AN, NO;” and NQ' in the DAMX reactors from the Phase

Il specific activity were89%, 72% and-12% respectively. In comparison the

average removal efficiencies BAN, NO, and NQ" of the DAMO-Anammox SBR

operation wered4N 6%, 61N 7% and 13N 1 %, respectivelyNevertheless, the

average removal efficiency of NOfrom the DAMOa reactors in the Phase Il

specific activity(9%) resembled thadf the DAMO-Anammox SBR.The average

removal rate®f TAN, NO, and NQ' in the DAMX reactors in comparison to the
DAMO-Anammox SBR were very similar. Tla@erage removal rate$ TAN, NOy

and NQ' in the DAMX reactors wer8.8, 7.3and-09mg N/ LAday, respect.i
while those of the DAM@Anammox SBR wer@.5N 0 ,.56N 0 ar@i3.3 2 mg

N/ LAday, rWhiepheaverage eeingval ratef NOs in the DAMOa
reactorswa®.7mg N/ LAday. This suggedimmishedhat t he ac«
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in the ceculture, but when provided the opportunityléss competitiveand more
favorable conditions by only providing N@ as the nitrogen sourc&AMOa

becomes prevalent

The averageO , O and O computed fromDAMX

reactors inPhase |1 specific activity test we
respectively Figure 3.230b). In comparison the average , O

and O from Phase Il operation of the DAM@nammox SBR were

3N0,38N1,a8d 1M1 m§ N/ LAday, respectively.
Phase 11l

In Phasdll (Cyde 116160) an increase ithe theoretical initial concentrations of

NH." from 7 to12 mg N/Lwas plannedYet, keeping the concentrations O,

and NQ at 25 mg N/L each(Figure 3.15). The HRT was kept at 6 days,
subsequentiallyincreasing the NLR t020.7 mg N/ Lwhikk athe average
experimental NLR wa §Figiee®.164).\Neverthelessg aftéd/ L Ad a
observinga reduction in activity othe target microorganismespecially DAMOa,

an increase in the concentrations of*Fand Cd" was opted for.The initial
concentrations of Béand Cd*wer e i ncreased from 3.75 to
OM, respectively. The dANNXxqm NQawmeval ef
96N 3% (Figure 3.16b), 84N6 % (Figure 3.16c) and 13\12 % (Figure 3.16d),

respectively. In addition, the average removal rateBAd, NO, and NQ" were

43N1 . (Wat a! Bakvuru kalwaleaMHbuhunBaada.r u |
ynaj é bubuanh4tidddémg N/ LAdwag! (Bakvuru kay
b ul un adneespectively.

The Effect of F&* and C#* on the DAMO-Anammox Caculture

The increased initial Féand Cé* concentrations should improve the activity of the

three target microorganismSincethe optimum F& concentration for Anammox,

DAMO archaea (DAMOa) and DAMO bacteria (
80 OM and 20 @Quetal r2@18)éfterthe incveask in Féand C3*
concentrations, the NOremoval efficiency increased due to favorable conditions

for DAMOa. Nevertheless, these conditions were also favorable for Anammox and
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once again Anammox production of di@ominated over its removalmproved
activity of the three target microorganisms was observed after the increagé in Fe
and Cd* concentrations, however, due to the Anammox dominance the increase in
activity was not observable in DAM@nammox SBR as in the specific activity
tests. he specific activity tests evidently displayed the increase in DAMOb and
DAMOa activity. These results comply with the results shown in the work of Lu et
al. (2018) and Luesken et al. (2011), where highé&rdrel Cd* concentrations were
employed than ifEttwig et al. (2009) and that improved the activity of the DAMO

and Anammox microorganism.

To better differentiate the effect of Fe on Anammox activity, that is if it was due to
an additionaFeammoxactivity or enzymerelated increase in Anammox bacteria,
specific activity tests can be performed with Fe control reactors, which remains to

be investigated.

The average removal efficieies of TAN and NQ" increased from 94 6% to 96\ 3

% and from 61 ®6 to84K6 %, respectivelyfrom Phase Il to Phase (Table3.13).

Meanwhile, the average removal sitef TAN and NQ" increased from 2/ 0 106

431 m@ N/ BrdB®&Q t09.21.3mg N/ LAday, respectively,
to Phase ll(Table3.12). This may be caused by the increase in theoratidal

NH4" concentration from 7 to 12 mg N/L, which improved the.2N®moval by the

Anammox bacteria. Nevertheless, the increase ihdfel CE* concentrations may

havealsoaided the activity of DAMODb.

The frequency of occurrence N3 net production increasdtbm 22%to 49% of

the cycles in Phase IlWhile NOs” net consumptioneache®b1% as shown ifrigure
3.18. However, theaverage N@ consumption rate increased fron3i%.7 mg N/L

in Phase 1l to 4N4.9mg N/L in Phase lllwhich was about double the average net
production rate (2/91.8 mg N/L), as shown ifTable3.12. This signifies that the
ability of NOs removal improved due to the increase in?Fand Cd*
concentrationsThe average removal efficiency of N@emained the samieom
Phase llto Phase lllat 13N 1 1 (Téble 3.13). This was due to the increased
Anammox activity which increased the Bl@roduction.This can be seen in the

averageproduction efficiencyof NOs™ which increased fromN¥ % in Phase Il to
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8N7 % in Phase IllOn the other handjespitethe increasedn the averagéNOs

removal rate fron8.3\2.7mg N/ LAday 4.6U9mMpgadNé LAdayoin P
Il (Figure3.16). When considering only the cycles in whicatNOs” removalhad
occurredtheaverageconsumption rate of NDincreased from 3f.7mg N/ LAday

in Phase llto 4/8.9mg N/ IMa&advehije considering only the cycles where net

NOs" production had occurrethe averageproduction ratencreased as well from

1.205mg N/ LAday i N.8mpabeLAday@abR31Bhase | ||

In Cycle 126, with the absence of MHn the feedthe DAMOa removal of N@

was evident reaching a removal efficiency of 27%. The absence of Anammox
activity during this cycle cleared the masking effect caused on the DAMOa removal
of NOs". Although both NG and NQ" were present in the feed in the same cycle,
DAMOa activity wasprevalentover DAMOD activity sincean increase in N

concentration was observed

The average TN removed Rhaselll was calculatedo be 11.61 2 mg N/L day
(Figure3.20). The total percentage of TN removed increased from Phésekito
the levels observed in Phasealter the increase in NH concentration, which
allowed more nitrogen removal via Anammad#oreover, thencrease irfFe?* and
CU?* concentrations to levels favorabler Anammox and DAMOa might have
increased their contribution to TN removalhel average%CATNremoved Of
Anammox increased to 848 (Figure3.21). However, the averag@CAT Nremoved
of DAMODb decreased to NL5% (Figure 3.21). On the other hand, ¢haverage
%CATNremovea0f DAMOa was relatively the sanasin Phase Iat6 N% (Figure
3.20).

The averag® increased from380 m§ N/ LAday iMl1.Phase |
mg N/ LAday in Phase QI | . shkybtlygdewdasetfomt he av
32N1.m3 N/ LAHageyllta 28 2Pm@ N/ LAday in Phase ||
increased Anammox activity. On the other hand, the aveédage increased

from1AN1m@ N/ LAday i N1mGadléeLAdayoi @.Bhase |
in Figure3.22.
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Phase Il Specific Activity Test

The Phase Il specific activity test was conducted using sludge extracte@yuoben
145.Amongst the three target microorganisms, Anammox was the most active, while
DAMOa and DAMODb were relatively similar in activityhe detailed results of the
nitrogen species analyses are shown in Figu8e Bhe control reactor types did not
show any charep with respect to liquid and gas analysis. The DEN reactors, (Figure
B-8a) show negligible activity due to heterotrophic compared to the other test

reactors.

In the AMX reactors Figure B8e), the NH* and NQ™ concentratioa decreased
throughout the expament. The increase in NQzoncentration which is a gyroduct

of the Anammox proceswas also visible.The nitrogen removal in the DAMX
reactorsigure B-8c) was slightly higher than the AMX reactors. The concentration
of NO> in the DAMX reactors decreased to levielwer than in the AMX reactors
which suggestshat DAMOb was responsible for this difference between DAMX
and AMX reactorsThe NQ& concentration increased due to the Anammox process
by the 38" hour but then decased due to the DAMOa activitFifure B8c). In the
DAMODb reactors Figure B8b), the NQ decreasedwhile a negligible changeas
observed irthe NG concentrationOn the other hand, the results of the DAMOa
reactorqFigure B8d) illustrateda decrese in NQ concentrationThe gas analysis

for the Phase lll specific activity test was not conducted due to the malfunction of

the GC machine during the run of the experiment.

The removal efficiencies and removal ra®®3 AN observed in the specific activity
of Phasdl| were lower than those foumd the DAMO-Anammox SBRWhile the
removal efficiencies and removal rates of N@and NQ from the specific activity
were higher than those observed from the DAM@MMoOx SBR opeton. The
removal efficiencies of AN, NO; and NQ' in the DAMX reactors from the Phase
[l specific activity were71%, 79% and 45%respectively. In comparison the
average removal efficiencies AN, NO; and NQ™ of the DAMO-Anammox SBR
operation wer@6N 3%, 84N 8 and13N 1 %, respectively. The average removal
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rates ofTAN, NO; and NQ' in the DAMX reactors in comparison to the DAMO

Anammox SBR were very similar. The average removal rat@AdF, NO;” and

NOs in the DAMX reactors wer@.7, 7.8and4.1mg N/ LAday, respect.i
those of the DAM@Anammox SBRwerd. 3N 1 ,.70N 1 ang4.64 m§ N/ LAday,
respectively. Thishowsthat the activity ofAnammoxwas lower in theDAMX

reactorsn comparison to thBAMO-Anammox SBR, while the activity ®AMOa

was very similar in both the DAMX reactors from the specific activity test and the
DAMO-Anammox SBR

The Phase Il specific activitaverageO , 0 andO

from the DAMX reactors were 3.5, 9.0 and
from Figure 3.23c. In contrast, the averag® , O and

o) in Phase Il operation of the DAM@nammox SBR weré&.5N 1, 5

2802 a1 N1 mg N/ LAday, respectively.

Theresults attained from theO> and NQ™-basedreaction rate calculations from
the specific activity batch tests performed in Phase Il and Phase Il clearly illustrated

an increase in th® in the DAMOa batch reactors |
Phase ||l to 2.6 (rogurds.2d. Maeaver, thed Phaise | | |
the DAMX batch reactors i ncreased from (

N/ LAday i n P h aHRgare3123 On theatter hardott@n i n

in the AMX batch reactordightyd ecr eased from 2.5 mg N/ LA«
mg N/ LAday diero tHe low gHeppliedlinl Phase Il specific activitys

shown inFigure3.23. In addition, theD decreased in the DAMX batch
reactors fromn5Phamg NILAdag.5 mg N/ LAday
in the DAMX batch reactors the reaction rate increased about fdald

from 2.4 mg N/ LAday in Phase |1 to 9.0
calculatedO in the DAMOD batch reactors showed comparatively a
smaller increase from 2.2 mg N/ LAday in
(Figure3.23).

The maximum spefic removal rates of Nk, NO,” andNOs™ achieved by Hu et al.
(2015) were 12, 12 and 18g N/ g , respestivalya Tthe specific average
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removal rates calculated from the specific activity batch tests in this study were lower
than the values found the literature The removal rates found in the literature were
of reactors inoculated with penriched sludge that contained much higher DAMOb
and DAMOa content compared to the sludge used in this study. Nevertheless, the
reaction rates from Hu et al. (P®) were comparable with the reaction rates

calculated in this study.
Phase IV

In Phase IV (Cycle 161188) the initial theoreticalNHs", NO2; and NQ

concentrationsvere kept at 12, 25 and 25 mg NXetthe HRT was decreased from
6toddayssubsequential ly i ncr eawhileithgaverage NL R t o =
experi ment al NLR i ncr ea¢Fgae3iléa) TBe2avePaed . 8 mg N/
removal efficieny of TAN slightly increased to N 1 % (Figure 3.16b). Despite

the slight increase in the averalg&N removal efficiency, the NPaverage removal

efficiency decreased to7K9 % (Figure 3.16c). This decrease in NOaverage

removal efficiency may be associated with a decrease in DAMOb actiwity.

addition, theaverageNOs removal efficiency decreased 16R9 % (Figure 3.16d).

Likewise, theaverageT AN removal rate increased to 814 m§ N/ (Hatd! 8 y

akvur u kayn ajbeaftds thd incneasenratiledLR. Despite the decrease

in the averag®& O, removal efficiencyin Phase 1V, thaverageNO, removal rate

increased to 992 .mgy N/ LHadtaay! Bakvéer bukag.amade.

addition, the average removal rate of N@ecreased t8.7\2.8mg N/ LHatdlay (

Bakvuru kayna@ée bul unamadé.

In Phase IV, thérequency ofet productiorof NOs” became mor@rominent than

the frequency ofiet consumption of Nas shown ifrigure3.18. The consumption
efficiency and consumption rate diOs decreased to N® % (Table 3.13) and
2.72.8mg N/ LTAblea.3R), réspectively, after the reduction in HRT. Oe th
other hand, the production efficiency and production@téOs increased to 168

% (Table3.13) and 3.R1.7mg N/ LTAtde&.12), respectively. This signifies
thatthe productia of NOs” by Anammoxbacteria were able to cope with the increase
in NLR, which caused a decrease in DAMOb activity due to the competition.
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Mearwhile DAMOa was not able to cope with the increa$é@s production by

Anammoxunderan HRT of 4 days.

In orderto clearly observe the DAMOa activityy Cycle 183NH4" and NQ" were
not addedn the feed, while in Cycle 184 only NHwas not added in the feelh

both Cycle 183and Cycle 184 th&lO3” concentration decreased while that\Ngd,”

remained relatively the samebdut 7 mg N/L ofNOz” was consumeth Cycle 183
and about 3 mg N/L was consumed in Cycle 184.

The average TN removed calculated in Phaswdg15.7\6.4 mg N/LAlay Figure
3.20). Moreover the average TN removal percentage decrefreed 4N 1 @ in
Phase llto 47N 198in Phase IVafter the decrease in HRT to 4 daybe®verage
%CATNremovedof Anammox increased froduN 86 to 3N 1 %. While theaverage
%CATNremoved Of DAMODb and DAMOa diminishedto 8N 7% and 4N 4%,
respectivelydue to the reduced HRT of 4 dayhis outcomendicates that the cycle
period of 2 days was not adequate for the DAMO activitycomparisa to the

Anammox activity. Meanwhile, he averageO reached 9.8 2 .mg
N/ L Ad a ythe awerageg e andO decreased to 2863 mg

N/ LAdayNilam@ N/ 1Aday, afterthe qe@eade invHRT fyom 6
days to 4 days.

After observing aclear increase in Anammox activity on behalf of the DAMO
microorganismsan increase of HRT back to 6 days was opted for, wiigint aid
the activity ofthe DAMO microorganism&nd increastheir contribution to the TN

removal.
Phase V

In Phase V (Cycle 189202) the initial theoretical Nk, NO2 and NQ
concentrations were kept at 12, 25 and 25 mg N/L. Yet the HRT was increased back

to 6 days from 4 dayim Phase IV subsequentialldecreasinghe theoreticalNLR

and the average expmental NLR backto 20.7mg N/ lahAdlay23. 5N2. 6
N/ LAday, (Feysre3el6a). iThe eavesage removal efficighof TAN

slightly decreasedack to the same level as Phase Il dt 96% (Figure 3.16b).

The NG average removal efficiency increased tdN8IL % in Phase V after the
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increasein HRT back to 6 daygFigure 3.16c). While the averageNOs removal

efficiency further decreased 1dN14 % (Figure3.16d). Likewise, heaveragelAN
removal rate decreasedtoM.8 mg N/ LAday, back to Phase |11
inHat a'! Bakvur u Kk ab) oratheeothdr hahdytimeeenageNDE r.

emoval rate increasedto A md N/ LAday HahaPh&8sevMr (g kaynaj
b ul u n acynMedndvhilg the averagdlOs removal rateemained a8.3\2.8 mg

N/ LAHatya Bakvuru kadfnajé bulunamadeé.

Although the N@ average removal efficiencgnd average removal rate was
14N14% and3.3\28 mg N/ L Ad ay, inPrasepVe which wmdichtes,an
average net production of NOThe consumption efficiency Oz increased from

10N % in Phase Mo 14\14 % in Phase V Table 3.13). While the consumption

rate ofNOs increased from 282.8mg N/ InRhihseyVto3@.8mg N/ LAday
in Phase VTable3.12)

In Phase V, thérequency ohet productiorof NOs” remained more prominent than

the frequency ohet consumption of N©asin Phase IV Figure3.18). However,

both the consumption efficiency and puation efficiencyof NOs™ increased to

14N14 % and 2N16 %, respectivelyTable3.13). Likewise, the consumption rate

and production rate of N increased to 3/2.8 and 5.83.6 mg N/ LAday,
respectively(Table3.12).

The average TN remalratewas calculated in Phase V was 12D mgN/L day.
The averageercentagelTN removed increased to K18% in Phase VA slight
increasewas observedn DAMOa and DAMOb contribution to the TN removal
shownin Figure 3.21. The averag@oCATNremoved Of Anammox, DAMOa and
DAMOD, in Phase V, were 46 %, 4\ 46 and N 3%, respectivelyMeanwhile in
Phase V, the averag® witnessed a decrease to reachN611l.mQ

N/ LAday, whi De t hand@ v er adeereased slightly to
262 my N/ LAdAg ma@ndl/ LAday, respectively.

The Effeck of HRT and NLR on the DAMGAnammox Coeculture

The Anammoactivity increased with the increase in NLR (decrease in HR1g

DAMODb activity, on the other hand, decreased due to the compédditi@nammox
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overNOy. Furthermore, the increased Anammox agtigaused an increase in hO
production that DAMOa could not cope wiith the shorter cycle perigdhencea

decrease in DAMOa activityas observed

Theaverage TN percentage remowdidplayed a declinfom 49%in Phase Il to

47% in Phase IVWNeverthelesshie averag@CATNremovedOf Anammox to the TN

removal, it increaskfrom 346 in Phase 1l to 37% in Phase.l@n the other hand,
theaverag€oCATNremoved0f DAMOb and DAMOa decreased from % in Phase
Il to 8% in Phase Nand from 6% in Phee Il to 4 % in Phase IV, respectively.

With the decrease in HRThe dominance of Anammox waksoevidentthrough the

average N@ and NQ-based reaction rate calculatiofitie averag®

increased from 5.5 mg N/ LAday i.whil@hase |
the averag® andO decreased from 2.8 mg N.
1l to 2.6 mg N/ LAday in Phase |V and 1.5
in Phase IV, respectively.The main reason behind the decreasé¢hm average

o) andO compared to the average was that they

did not have enough reaction time during théa® cycle period.

After the increase in HRT back to 6 days in Phasth¥ average TN removed rose
to 51%. The averag8o CATNremovedOf Anammoxincreased to 406 while that of
DAMOb and DAMOawere9 % and 4%, respectively. fie averag®

experienced a decrease@. 1 mg N/ LAday, Owhil andt he av
o) remainedrelatively the same & . 6 mg N/1L 2Ad anyg aNvdL Ad a

respectivelyln Phase Vthe contribution to the TN removal and tH®,  and NQ

-based reaction rates seemedeteertgradually to levels achieved in Phase lll.

In comparison to the Anammox SBR, thAN average removal efficiency in the
DAMO-Anammox SBR wassimilar, nevertheless, the average N®emoval
efficiency in the Anammox SBR (9%) was higher than that of tHeAMO-
Anammox SBR81 %). Moreover, theTAN and NQ" average removal rates in the
Anammox SBR15.3and22.7mg N/ kedpeciivelywere higher thathe that
of the DAMO-Anammox SBR6.9and9.9mg N/ Jlresmkctively)This indicates
that the Anammox bacteria were more active in the Anammox SBR. Thidugas
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to the fact that the Anammox SBR was supplied with adequatg Kir the
Anammox consumption dfiOz", while in the DAMO-Anammox limited NH" was
suppliedand theNO> removal was shared by Anammox and DAM®uoreover,
the highesD in the DAMO-Anammox SBR was found to be 12.1 mg

N/ LAday in Phase |V. ©Dhis wiateAnammsnsx t han t he
SBR, which was 21.7 mg N/ LAday.

In comparison tosimilar studies performed in the literatuthe removal rates
achievedin this study were lower than those foundHe et al. (2014)Hu et al.
(2015)and Fu et al. (2017ahevertheless, they were relatively comparable despite
the microbial consortiunof the previously mentionedontained higher content of

M. nitroreducenandM. oxyferathan inthis thesis.

He et al. (2014)setupthree SBRs inoculatedwith different seed sourceeach

containingM. oxyfera Methanogenic sludgepaddy soil and freshwater sediment

wereused The reactors were provided witO, (7-21 mg N/L) andbperated at an

HRT of 6 days.The NO, removal rateachieved wabetween 0.4 . 8 mg N/ LAday

which is comparable to the DAMOb average removal ratbgeved in this study.

Two SBRs were established biy et al. (2015)one fed withNH4* (0.21 g N/L)

NO; (6.6-20 mg N/L) andCHa while the second was fed with NH(0.21 g N/L)

NO3(0.21 g N/L)andCHa. The reactors were operated at an HRT1? daysThe

removal rates of NiH and NQ™ achieved in the first reactor were 13.3 and 13.1 mg

N/L day, respectively. On the other hand, the removal rates af Bkl NQ

attained in the second reactor were 11.7 and 13.0 mddayl respectively.

Furthermore, lie calculated average andO from the first

reactor were found to be 15.4 mg N/ LAday an
negligible activity was observed for DAMODb after 80 days of operation. On the other

hand, the calculated anagyed andO from the second reactor

were found to be about 24 mg N/ LAday and 4.
of DAMOb was about 8.75 mg N/ LAday up to Day
decreased to become negligible by&5
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In addition Fu et al. (2017a3eta batch reactor fed witNH4" (50 mg N/L) NO;
(20 mg N/L)and NQ (50 mg N/L) operated at an HRT @0 days Theachieved
NH4", NO, and NQ removal ratesvere28, 37 and 41 mg Niday, respectively.

Furthermore, the denitrification rate was calculated using the VSS was found to be
6.3 mg N/ g VSSAday. These denifoldlesEi cati o
than the denitrification rate found in Hu et al. (2015) and two orders of magnitude

lower than the denitrification rates attainable using methanol (Nyberg et al., 1996).

Themainreasos behind lower removal rates attained in this study compared to the
literature were the content tfe DAMO microorganisms in thaoculumto begin

with and he reator configurationwhich plays an important role in the ¢H
availability to the DAMO microorganismdn addition, the applied HRT in the
mentionedstudiesabovewas much higher than that applied in this study. This
permitted more time for the DAMQ@uctivity. It should be also noted that the

mi croorgani sms, in particular, t he DAMO
studies, which requires to reveal the specific rates. However, because the content of

the DAMO in the population is not known, one sltbbe careful while comparing

the data because the VSS concentration would not totally reveal the DAMO

abundance.

3.3.2.1.3 Determination of the Stoichiometric Ratio of theMicrobial

Consortium

The theoretical and experimentablarratios were calculated accorditg Section
3.2.24 and the results are shownhigure 3.24. The reactor status in terms of the
composition of the caeulture was assessed by compgrithe experimental
stoichiometric ratio obtained in the reactor to the theoretical ratios of the different
consortium case$n each ratio graptithere are three general zones, one dominated
by AMX or AMX & DAMODb, another dominated by AMX & DAMOa and aitt

zone lying in between the DAMX and *DAMX ratios representing thewture

with various combinations of microbial composition.
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@N & o N*Hnolar ratio

Accordi ng 2t qpNinoler ratpp NHQure 3.24a), the reactor had less
fluctuation in Phases |1, [ Il ¥ and V <co
| gpN'Hexperimental ratio in Phase | was 1.64, which indicates that tealtoe

was in the region AMX or DAMXand *DAMX. This illustratesthat Anammox

activity was highethan the activity of the DAMO microorganisms and that DAMOa

and DAMODb activity were rettively similar, as the results of the removal

efficiencies and removal rates of Section 3.3.2.1.2 verifids is alsambservedn

the results of the TN removal contributionSection 3.3.2.1.2During Phase ]Jithe

aver agée gpipNDlarratio was2.11. This ratio signifies that the microbial

consortium was between AMX & DAMOb and *DAMX, which means a decreasing

DAMOa dominance in comparison with DAMOAIthough both NG and NQ"

concentrations were both increased in Phase II, DAMOb proliferationnvoas

prominentthan DAMO& ur t her mor e, i n PhhaoiHhnblarl, the av.
ratio decreased to 1.68 going back to the same region of Phase I. In Phise 1V

av er age gipNabo decreased to 1.58 and then increased slightly to 1.60 in

Phase V. The microbial consortium stayed in the same region as in Phase IIl and

Phase |
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N &  ( spN OpMN)Hholar ratio

Regarding thepN &  ( gpN O pN)Hnolar ratio, shown irFigure 3.24b, the

reactor also appeared to experience less fluctuation in Phases II, Ill, IV and V
compared to Phase | . Tha/ofgoNOpNasla |, the a
ratio was 0. 15, This indicates tHhat the mi

( NG  N)Hholar ratio in the region of *DAMX or *AMX & DAMOa, and

DAMX, suggesting a constum containing all three microorganisms where the

activity of DAMOa and DAMOb were relatively similar without the absolute

domi nance of one over thegshotheNOpNH Phase |
molar ratio trend was found to be 0.11, which iitated the consortium remained in

the same region as in Phase |. O/ the other
( NG  pN)Hnolar ratio decreased to 0.06, signifying that the conosortium

remained in the same region as Phases | and I, yetgd@uction by Anammox is

becoming more prominent that i1its eonsumpti o
I ( gpN OpN)iholar ratio further decreased-th04and later decreased slightly

to -0.05by Phase V. In Phase IV and Phase V, the microbial consartiterms of

t he 3¢pNQOQ gpN OgN)Hnolar ratio, was in the region between *DAMX or

*AMX & DAMOa, and AMX & DAMOb which shows a further decrease in

DAMOa activity since the production of NOby Anammox seems to be more

prominent than its consumption

N & N Golar ratio

As f or 3t tpR Ohobedratio, illustrated irFigure3.24c, less fluctuation can

be observed compared to t/heN@daraoinr ati os. T
Phase | was found to be 0.29, corresponding to the region between *DAMX or

*AMX & DAMOa, and DAMX, signifying a coculture containing the three

microorganisms. In Phase, il he av e g/aggNOndpN&io decreased to

0.17, remaining in the same region as Phase I. On the other hand, in Pltase Il

aver ag# obplr&dio decreasedot-1.21, corresponding to a microbial
consortiumwhere production of N® by Anammox and its accumulation is much

more prominent that its consumption, hence a reduction in DAMOa acfihty
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aver agsé gpbpiholarratio later increased t®.05 inPhase IV but slightly
decreased te0.07 in Phase V. In Phase IV and Phaséhe microbial consortium
was in the region AMX & DAMOb and *DAMX or *AMX & DAMOa.This
signifies an improvement in NOconsumption by DAMOa in comparison to Phase
lll, yet DAMODb activity seems to be higher than that of DAMQ@ahich is also
verified in the results of the %CATHhovedof Section 3.3.2.1.2

N & o N*Hnolar ratio

The g NgNHmolar ratio, shown inFigure 3.24d, exhibited a microbial

consortium in the region *DAMX or *AMX & DAMOa and DAMX or AMX &

DAMOa in Phase | and P/hgaMNHatiolinlPhaseTllarel aver ¢
Phase Ilwas 0.38 and 0,35 r especti vely. Il n sPtp™Ee | 11,
molarratio decreased to 0.09, corresponding to a microbial consortium close to the
*DAMX and *AMX & DAMOa cases. But in Phase IV and Phase V, the average

N & oN'Hinolarratio decreased t®.07 and0.13, respectivelyCorresponéhg

to the region between *DAMX or *AMX & DAMOa and AMX or AMX &

DAMODb, which signifies that DAMOactivity decreasedince the production of

NOs by Anammox became more prominent thansN&@nsumption by DAMOa.

This may have been caused by the decrease in theagRiEdin Phase IV.

These results show that the@dlture enriched was fluctuating between composition
percentages of the target species, showiriige majority of the phaséise presence

of the thredarget specied.his was also verified via the molecular analy&esction
3.3.2.3. The resultof the %CATNremovedby each species can be correlated to the
results presented by the stoichiometric molar ratio calculafi¢reshigh fluctuations
observedin almost all stoichiometric ratios illustrated kigure 3.24 decreased
towards the end of Phase Il and becameoth by Phase INyhich remained similar

in Phase IV and Phase Vhis reveals that the microbial consortium became more
stable in terms ofpercentages. This was also revealed by the TN removal

contribution percentages of each target microorganism.

Observing he DAMO-Anammox ceculturetransition under all the stoichiometric

molar ratos described abovegne can notice that the -colture wascloser to the
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theoretical ratiosf *DAMX and *AMX & DAMOa . This signifies that the DAMOa
activity was not high enough t@mowe the provided N© and rathercapble of
remonng the portion produced by the Anammox reactibnis might bedue to the
location of the DAMOa cells in the emulture suggesting that they were in close
proximity to Anammoxand probably within a granule, presenting a difficulty for the

access to the provided NGn the feed.

The resultofthes t oi chi omet r iG/ mogdt OpNH tain abks qdd D

/| PN'ver e similar in terms of the change in t
dynamicsYet,si nce the theoretical ss1 piNedhi ometri c
the different cases were overlapping with one another difficult to attribute the

change in the experimental molar ratios to one case or the bthemtdition the
theoretical st oi c ha/ apN€of the casesmPdX@MX &r at i o @NO
DAMOD, *DAMX and *AMX & DAMOa were very close to one another, asgags

the change in the target microodngcami Smsod poj
use the mol aft pNitnido $HNADf o) b describe the

presence of the DAM@nammox ceculture and the potential combinations of the

targetspecies.

3.3.2.2 Molecular AnalysesResults

3.3.2.2.1 FISH Analyses Results of DAMGAnammox SBR

Sludge samples from the DAM@nammox SBR were taken periodically to perform

the FISH analysigp observe the changé the microbial composition existing in

the reactor with respect to time. The target cellere identified with the
corresponding probegven inTable3.9 that can visually distinguiskll. oxyfera M.
nitroreducensand Anammox. General bacteria, general archaea and DAPI probes
were used to quantify the relative abundance of the target spedigs lieactor.

Hence, the enrichment progress was tracked by assessing the composition change of
the consortium. Samples fro@ycles 2, 16, 34, 55, 75, 100, 130, 150, 175, 190 and
202 were analyzed and the microscope images are shdwgure. These images
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were analyzed using ImageJ to evaluate the relative abundance of the target
microorganisms in each phase and the results are reportégure 3.26. It is
noticeable fronkigure that afterCycle 130the proximity ofAnammox and DAMOa
wasrelatively closer to one another compared to DAM&bbablysinceDAMOa

consumes the NOproduced by the Anammox
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VST

AMX -368- general Anammox AMX -368- general Anammox DBACT-193- M. oxyfera

Phase (orange) and DARCH72- M. (orange) and DBACTL93- M. (blue) and DARCHB72- M.
(Cycle No.) nitroreducenggreen) oxyfera(blue) nitroreducenggreen)
H.D. (2)
Seed sludge
H.D. (16)

Figure3.25 FISH images of DAM@Anammox SBR sludge samples withdrawn at Cycle 2 to 202
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AMX-368- generalAnammox AMX -368- general Anammox DBACT-193- M. oxyfera

Phase
(orange) and DARCHB72- M. (orange) and DBACTL93- M. (blue) and DARCHB72- M.
(Cycle No.) , '
nitroreducenggreen) oxyfera(blue) nitroreducenggreen)
| (34)
| (55)

Figure 3.25 FISH images of DAM@nammox SBR sludge samples withdrawn at Cycle 2 to 202 (Continued)
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AMX-368- general Anammox  AMX-368- general Anammox DBACT-193- M. oxyfera

Phase
(Cycle No) (orange) and DARCH72- M. (orange) and DBACTL93- M. (blue) and DARCHB72- M.
cle No.
Y nitroreducenggreen) oxyfera(blue) nitroreducenggreen)
| (75)
Il (100)

Figure 3.25 FISH images of DAM@nammox SBR sludge samples withdrawn at Cycle 2 to 202 (Continued)
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AMX-368- general Anammox AMX-368- general Anammox DBACT-193- M. oxyfera

Phase
(Cycle NoJ) (orange) and DARCH872- M.  (orange) and DBACTL93- M. (blue) and DARCHB72- M.
cle No.
Y nitroreducenggreen) oxyfera(blue) nitroreducenggreen)
[ (130)
IV (175)

Figure 3.25 FISH images of DAM@nammox SBR sludge samples withdrawn at Cycle 2 to 202 (Continued)



84T

AMX -368- general Anammox AMX -368- general Anammox DBACT-193- M. oxyfera

Phase
(orange) and DARCH72- M. (orange) and DBACTL93- M. (blue) and DARCHB72- M.
(Cycle No.) _ _
nitroreducenggreen) oxyfera(blue) nitroreducenggreen)
V (190)
V (202)

Figure 3.25 FISH images of DAM@nammox SBR sludgsamples withdrawn at Cycle 2 to 202 (Continued)



The abundance of the three target species increased significantly from @gde 2
Theimages andrigure3.26 show Anammox dominance in the-colture throughout

the operation of the SBRNevertheless, thamagesalso illustrate that the relative
abundance of the DAMO microorganisms increased throughout the operation of the
DAMO-Anammox SBR.This outcome was also verified ke nitrogen mass

balance and the stoichiometnwlarratios calculations.

2+ +
Fe2:3.75 M o osuM |5 som e il0m

H.D. PHASE 1 PHASENl  PHASENI PHASE IV PHASE V

HRT: 6 d HRT:64d HRT:6d  HRT:6d HRT:4d HRT:6d

100

| Anammox
E M. oxyfera
O M. nitroreducens

80 -

60 -

40 A

20 A

O' T ¥
0 20 40 60 80 100 120 140 160 180 200

Relative Abundance of Target Species (%)

Cycle Number

Figure3.26 The relative abundance of target species with respect to each other in
the DAMO-Anammox SBR. Increase in N@oncentration aCycle 85 (red
dashed line); increase inFand Cd* concentrations atycle 120(green dashed

line)

The initial sludge constituted of AD sludge, lake sediment and granular Anammox
sludge. For that reason, the average relative abundance of Anammox to the target
microorganisms was high (8B %) in the H.D. phasgCycle 2 and 16)Figure3.26).

On the other hand, the average relative abundancél.ofoxyfera and M.

nitroreducensvas found to be 1B % each.
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In Phase (Cycles 34, 55 and 750he averageelative abundance of Anammabad
decreased to $65% but remainedhigher than that ofM. oxyfera and M.
nitroreducens Yet, the average relative abundance ™. oxyfera and M.
nitroreducensncreasd andwas similar a22N % (Figure3.26).

In Phase II(Cycle 100),with the increase in N©and NQ concentrations, the
relative abundance of Anammox remained relatively the sameéNa®57while the
relative abundance dfl. oxyferaincreased to about 897% and that ofM.
nitroreducensdecreased to about Nl41% (Figure3.26). Theincrease in N@ and
NOs initial concentrationswhile maintainingthe initial NHs* concentrations,
allowedM. oxyferaan advantage ov®. nitroreducensThechanges in the relative
abundance oM. oxyferaand M. nitroreducenscomply with the results of the

nitrogen species analyses dissed in Section 3.3.2.1.2.

At the start of Phase I(Cycle 130) therelative abundance of Anammaw, oxyfera
andM. nitroreducensvas3 5 N2 %, 3 4 N %, reépectively Figdir23%6).

Yet, towards the end of Phase(l@ycle 150) the relative abundance of Anammox,

M. oxyferaand M. nitroreducensc hanged to 42KN6 %,
respectivelyFigure3.26). The average relative abundance of Anammvbgxyfera
andM. nitroreducensve r e cal cul at ed as 3r@dudctivély,
in Phase Il1.This illustrated that the increasefe’* and C4* concentrationgave
M. nitroreducensan advantageat the beginningDespite, the improvement ihe
relative abundance ofl. nitroreducenst the start of Phase I, it could rmimpete
and stay in a dominant state in theaudture These resultslsocomply with the
resultsof Section3.3.2.1.2.

Although a slight increase ihe averageelative abundance of Anammox toNiG
% was observeih Phase IV (Cyclel75), the relative abundance ™. oxyfera
witnesseda slightincrease to 38 5%, while that of M. nitroreducensslightly
decreasetb 24 N% (Figure3.26). It should be noted thahe results of the nitrogen

31N3

32N3

species analysidiscussed in Section 3.3.2.1.2 illustrate an increase in Anammaox

activity, meanwhile a decline in DAMOb and DAMOa activitywas expected to
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see an increase in Anammox composition, and a decrells@Kyferacomposition

in Phase IV at an HRT of 4 dayBhe composition obtained at Cyd&5 might be

the resultant of a delayed effect of thel® HRT of Phase Ill. Thefore, the
composition obtained in Phase V, CytR0 might better reveal the effect of the 4

day HRT because the sampling was doneguttte very beginning of Phase V. Thus,
Cycle 190 samples are much better indicators of Phase 1V, idgy4HRT effect.
Indeed, it is seen ifrigure 3.26 at Cycle190 that Anammox composition in the
sludge increased t 6 BbSvhileM. oxyferadecreased t8 3 @M. nitroreducens
composition, on the other hand, slightly increase@ tb Bb5Also considering the
removal efficiency results indicating the negative effect of lowering HRT on DAMO
microorganisms, it can be concluded that HRT of 4 days might have a lower negative
effect on DAMOa microorganisms compared to DAMOD. This might be duege clo
proximity of DAMOa cells to Anammox cells and thus thed\&durce. On the other
hand,DAMODb is already in competition for NOwith Anammox bacteria. Thus, at
HRT of 4 days where mainly Anammox bacteria was supported, the negative effect

on the DAMOb was more evident.

In Phase Cycle 202) the relative abundance of Anammox V&6, while the
relative abundance oM. oxyfera deageasedto about 31% and that ofM.
nitroreducensncreasedo about31% (Figure3.26). This suggests that shifting the
HRT back to 6 dayprovidedan advantage for thil. oxyferaagain while the
Anammoxbacteria decreased slightly compared to C$6l@ yet still close t82%.
Therefore, it can be said that the change in Hifein 6 to 4 dayslid not affect the
Anammoxnegativelyas much it did the BMO microorganismsHRT of 4 days
even improved the Anammox activity, yet DAMO microorganisms \ierered at
the 6day HRT. 4day HRT negatively affected the DAMO microorganisms,
especially the DAMODb.
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3.3.2.2.2 NGS 16S Metagenome Analyes Results of DAMO-Anammox SBR

Theresults involving the target microorganisarsd their relative target phyleere
analyzed at the genus levelhile the general results of the samples analyzed were
discussedt the order level withespect to the main metabolic activities detected in
the DAMO-Anammox SBR. These activities include methanotrophic,
methylotrophic, denitrification, and nonmethanotrophic anaerobic

chemoorganotrophieactions.

The results of the NGS analysis illustratéisat the target phylanamely,
Planctomycetota NC10 and Euryarchaeota were present in the microbial
consortium.Anammox belong to the phyluflanctomycetotawhile M. oxyfera
(DAMOD) belong to phylum NC10 anMl. nitroreducensbelong to the phylum
EuryarchaeotaFigure 3.27 illustrates the actual percentages of the target phyla at
different cycles of the DAM@\Anammox SBRThe initial cycle, thais the microbial
consortium in the seed sludge, contained (Ré&actomycetota2% Euryarchaeota

while NC10 was not detected. At Cycle 55 (Phas@lgnctomycetotaNC10 and
Euryarchaeotacomposed of 5%, 0.02% and 0.03%, respectively. In Phase IllgCycl
130), NC10 was not detected, on the other hand, the microbial composition consisted
of 3% Planctomycetotand 0.3%EuryarchaeotaFurthermore, at Cycle 202 (Phase

V), PlanctomycetotaNC10, andeuryarchaeotawere found to be 8%, 0.5%, and
0.16%, respeotely, of the microbial consortiunThis illustrates that the percentage
abundance of the target phythanged and usually displayed an increasing trend
throughout the operation of the DAM@hammox SBR The changes in their
abundance with respect to the changes implemented at each phase concurs with the

removal efficiency and removal ratesults exhibited in Sectidh3.2.1.2.
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Figure3.27 The actual perceage of the target phyla in the DAM@nhammox
SBR

The results of the NGS analysis illustrated the existence of species from the classes
CandidatusBrocadiae Phycisphaera@andPlanctomycetiain thePlanctomycetota
phylum (Figure 3.28). These classes were represented at different percentages in
each cycle. The Anammox SBR was the source ofCGhadidatus Brocadiae
anammoidans belonging to the clas€andidatusBrocadiae (Kocamemi et al.,
2018. Since the initial seed sludge of the DAMKhammox SBR composed of AD
sludge (38% by volume), freshwater sediment (38% by volume) and granular
Anammox sludge (24% by volume) and thetial sample taken was mainly
suspended sludge, the abundance of species belongithg tcdassCandidatus
Brocadiaewas found to be as low as 3% from thleylum PlanctomycetotaThe
percentage o€andidatus Brocadiaecreased from 3% at the initial dgcto 33%

at Cycle 55, 58% at Cycle 130 and reached 60% at Cycle 202. This shqwsthiat

the phylumPlanctomycetotaCandidatusBrocadiae became the most dominant
class throughout the operation of the DAM@ammox SBRFigure3.28).
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Figure3.28 The percentage of each class in the phyRlanctomyceita from the
DAMO-Anammox SBR

Within the Euryarchaeotaphylum, there are various classes that consist of
methanotrophic, methylotrophic hydrogerdependent methylotrophic,
hydrogenotrophic, aceticlastic, alkanotrophiand methanogenic archaea.
Methanomicrobia Methanobacteria Candidatus Methanasktidiosia and
Thermoplasmatare classes within the phyluguryarchaeotahat were detected in
the DAMO-Anammox SBRFigure3.29). The classMethanomicrobiancludesthe
generaCandidatus Methanophagaleend Candidatus Methanoperedens/hich
includes the speciesMethanoperedens nitroreducend&vans et al.,, 2019).
Nevertheless, the many methanogenic species belong to th#¥lellssomicrobia

At the initial cycle,Euryarchaeotawas distributed as 93%lethanomicrobia 3%
Methanobacterial% Candidatus Methanofastidiosiand 2%T hermoplasmataas
shown inFigure3.29. The majority of the species detected in the initial cycle were
methanogenic, especially that the seed inoculum was from AD siMégen the
Phase | samplEycle 55) all theEuryarchaeotaletected wafund to becomposed

of MethanobacteriaMethanobacteriamainly contain hydrogenotrophic, aceticlastic
and methylotrophic microorganisms (Evans et al., 2019). The presence of organic
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carbon (excluding CH in Phase (Figure 3.13) and the production of hydrogen
through methane oxidation allowed the prosperity of this group of microorganisms.
Yet, with the decrease in organic carl{ercluding CH) by Phase Il[(Cycle 130),

the abundance d¥lethanobacteriavithin the phylumEuryarchaeotadecreasedot

27%. The composition ofEuryarchaeotain Phase lllwas distributed as 51%
Methanomicrobia 27% Methanobacteriaand 22%ThermoplasmataFinally, by
Phase V (Cycle 202) the composition of Euryarchaeota became 73%
Methanomicrobiaand 27%MethanobacterigFigure3.29).

I Methanomicrobia I Candidatus Methanofastidiosia
[ Methanobacteria EEE Thermoplasmata

100 i
O T T T i T
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Figure3.29 The percentage of each class in the phyliuryarchaeotdrom the
DAMO-Anammox SBR

ThegeneraNGS analyses result$ the consortium is presentatthe phylum level
in Figure 3.30, Figure 3.31, Figure 3.32 and Figure 3.33. Proteobacteriawas the
dominant phylum in the initial mixed sludge, followed b§hloroflexota and
Bacteroidota(Figure 3.30). At Cycle 55 representing PhaseFirmicuteswas the
dominant phylum followed biroteobacterieandBacteroidotaFigure3.31), while
Planctomycetotavas the fifth mosabundanphylumreachng 5% of the microbial

consortium Furthermore,in Phase Ill (Cycle 130) Firmicutes remainedthe
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dominant phylum, followed biroteobacteriawhile Planctomycetotaemainedhe

fifth most abundantphylum found in the microbial consortium at 4%, as seen in
Figure3.32. On the other handhe sample fronPhase V Cycle 2@) Chloroflexota
was the most dominant phylum followed Byoteobacteriaand Aciddbacteriota
Planctomycetotavas the fourthdominant phylum reaching 8% of the microbial
consortium, as illustrated Figure3.33. A clear increaseniPlanctomycetotaontent

of the microbial consortiuns visible from the NGS results

Cloacimonadota Others

3%

10%

Proteobacteria

Synergistota 27%

3%

Firmicutes
8%

Candidatus
Patescibacteria

0,
8% Chloroflexota

0,
Bacteroidota 22%

14%

Figure3.30 Phylum level composition of the DAM@nammox SBRsludgeat

Cycle 0 (seed sludgéCandidatus Patescibacteria a superphylum
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Figure3.31 Phylum level composition of the DAM@nammox SBRsludgeat
Cycle 55 (Phase HCandidatus Patescibacteria a superphylum

Candidatus Chloroflexota Others

Patescibacteria 2% 6%

3%
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3%

Firmicutes

Planctomycetot 37%

4%

Actinomycetota
8%

Bacteroidota
8%

Proteobacteria
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Figure3.32 Phylum level composition of the DAM@nammox SBRsludgeat
Cycle 130 Phase lll)* Candidatus Patescibacteria a superphylum
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Figure3.33 Phylum level composition of the DAM@nammox SBRsludgeat
Cycle 202 (Phase WWCandidatus Patescibacteria a superphylum

In the context of the study, tlgeneralresults of the NGS analysigere interpreted
anddescribed withinwo main metabolic groupthat were the highest in abundance.
The two main metaboliggroupsare methanotrophic and methylotrophéand non

methanotropic anaerobic chemoorganotrophic.

Apart from themethanotrophic and methylotrophgpecies belonging to the phyla
NC10 andEuryarchaeota speciesbelonging to the phyldroteobacteriaand
Verrucomicrobiota were also detected in the DAME@Anammox SBR.
Verrucomicrobiotaare considered as thermoacidophilic methanotrophs (Op den
Camp et al., 2009while Proteobacteriaor now known as®’seudomonadotevas

one of the most dominant phyla detected in the DAM@mMmMox SBR. This
phylum is one of the largest phynd is a diverse phylogenetic division that
constitutes of Gramegative bacteria. Some of the numerous methanotrophic and
methylotrophic species in the phylufroteobacteria belong to the orders
Hyphomicrobiales Rhodobacterales Nitrosomonadales Burkhdderiales and
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MethylococcalesThese species act as denitrifying methylotrophs in the absence of
oxygen (Chistoserdova et al., 2018yphomicrobialeandRhodobacteraleselong

to the classAlphaproteobacteriawhile Burkholderialesand Nitrosomonadales
belong to the clasBetaproteobacteriaand Methylococcaledbelongs to the class

Gammaproteobacteria

Despite the absence of any COD in the feedp-methanotrophicanaerobic
chemoorganotrogh were detected in the DAM@nammox SBR This group
includes species from the phylaProteobacteria Firmicutes Bacteroidota
Chloroflexota Actinomycetota and Acidobacteriota The reason behind the
proliferation of this group of microorganisms is the possibility that GOieleased
by either dying biomass an the form of acetate and succinate syme of the

microorganisms

The anaerobic chemoorganotrophic spetigbe phylumProteobacteriabelongto
the ordersBurkholderiales NitrosomonadalesRhodocyclalesPseudomonadales
Enterobacterales Myxococcales and Syntrophobacterales Burkholderiales
NitrosomonadaleandRhodocyclalebelong to thelassBetaproteobacteriavhile
PseudomonadaleandEnterobacterale®elongto the classsammaproteobacteria
On the other handMyxococcalesand Syntrophobacteralebelong tothe class

Deltaproteobacteria

Firmicutes now known asBacillota, are mainly anaerobic chemoorganotrophic
heterotrophs andanperform dissimilatory sulfate or sulfiteduction(Boone et al.,
2005). Theclassesletected wer€lostridia, Bacilli, andNegativicutesMeanwhile,
the Bacteroidota detected in the DAM@\nammox SBR wees anaerobicor
facultatively anaerobicsaccharolytic microorganisms thate known toperform

fermentatiorproducingmainly succinate and acetgdoone et al.2005.

In addition,Anaerolineae, Chloroflexiegnd Dehalococcoidiaare the mairtlasses
detected from theChloroflexota phylum. Microorganisms from the class
Anaerolineaeare anaerobic chemoorganotrophs®hloroflexiacan perform nitrite

oxidation. Microorganisms from the classesctinomycetesand Acidimicrobiia
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belonging to the phylumi\ctinanycebta were detected in the DAME@\nammox
SBR These nitroorganismsare either strictly or facultatively anaerobic and are
mainly chemoorganotroph¢Boone et al 2005) Species from the classes
Acidobacteriig Holophagae and Thermoanaerobaculifrom the Acidobacteriota
phylumwere found in the DAM@Anammox SBRSuch microorganisms are mainly

anaerobic chemoorganotrophic heterotrofdmone et al., 2005)

A small portionof heterotrophiadenitrifiers was detectedwhich include species
from the phylumProteobacteria Such species belong to the ordRtsizobiales
Burkholderiales Nitrosomonadales Rhodocyclalesand PseudomonadalesThe
order Rhizobialesbelorgs to the clas&lphaproteobacteriaand Burkholderiales
NitrosomonadaleandRhodocyclalebelong to the clad8etaproteobacteriawhile
the orderPseudomonadalebelongs to the clas&ammaproteobacteriaTheir
activity as discussed in Section 3.3.2.4&s low in comparison to the activities of

the targetmicroorganisms

Microorganisms from the superphylu@andidatus Patescibacterialso known as
candidate phyla radiation (CPR) were detected in the DAAM@mmox SBR. These
microorganisms belong to varisuhyla such agandidatusMicrogenomates
CandidatusGracilibacteria, CandidatusParcubacteria CandidatusPacebacteria

ABY1, Candidatus Komeilibacteriand CandidatusSaccharibacteriaThe species

from the phylumCandidatus Parcubacteriare capable oproducing H, SO
reduction and N@ reduction however, the majority of the microorganisms
belonging to the other phyla are obligate fermenters that use heterolactic
fermentation pathways, such as glycolysis and the pentose phosphate pathway but
lack the tricarboxylic acid cycle and release fermemmtatby-products such as
acetate, lactate, and formate (Danczak et al., 2017; Chaudhari et al., 2021; Hosokawa
et al., 2021; Fuijii et al., 2022).

AS mentioned aboveh¢ results obtained from the NGS analysis show an Anammox
dominance over the DAMOa and DAMXCduring the operation of the DAMO

Anammox SBR. Moreover, the NGS Metagenome analysis illustrates that DAMO
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along with other denitrifying methanotrophs and methylotrophs belonging to the
phyla Proteobacteria Verrucomicrobiotaand archaeal classddethanolacteria,
Candidatus Methanofastidiosand Thermoplasmatavere responsible for methane
removal in the DAMGAnammox SBR. In addition, the nitrogen removal was
performed mainly by Anammox, DAMO and species from Breteobacteria

phylum.

Ding et al. (20Z) achieved a microbial consortium 089% NC10, 26%
Euryarchaeota 14% Proteobacteria 6% Planctomycaita and 4%Chlorobi after
420 days of enrichmentAn HfMBR inoculated with surface sediment of a
freshwateriver located in SuzhquChing was operated at NF{ NO,” and NQ
initial concentrations 020-100, 10 and20-200mg N/L, respectively, at an HRT of
4-12 days Moreover, the microbial consortium of thanoculum had relative
abundances adfibout 0.6%, 3.5%, 20%, 1.8%, and 4%Ni£10, Euryarchaeota
Proteobacterig Planctomyceaita, and Chlorobi, respectively.The percentage of
NC10 andEuryarchaeotavere much higher than iBing et al. (20Z), mainly due
to thehigher abundancef these microorganisms in the initial inoculwompared
to this thesis Yet, the percentage dPlanctomycetotaand Proteobacteriaare

relatively similar to the percentages foundCycle 202.

Fu et al. (2017a) set a batch reactioppliedwith NHs* (50 mg N/L), NQ" (10 mg
N/L) and NQ& (50 mg N/L)andoperated at an HRT of 90y The inoculurmused
was sedimenfrom a freshwater lakie Suzhou, Chinalhe microbial consortium of
the reactor fed with NH, NO,” and NQ" contained 51% NC10, 7%andidatus
Brocadiaeand 3%Proteobacteriawhile DAMOawereunexpectedlyot enriched
A small proportion ofarchaeg0-5%) was detected in the inoculusnd DAMOa
were not detected in the enriched cultures. This signifiat DAMOa were not
present in the inoculupnather tharthe enrichment periodr operational conditions
werenot sufficent.Fu et al. (2017ajlaimsthatDAMOaare more difficult to enrich
than DAMQb andthestudies that claim enriching tiBBAMOamay beunusuakince
similarly they have usedriginal mixed inoculathat includefreshwater sediments,

anaerobic digester sludge, methanogenic sludge, and activated $Maigget al.
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(2016) could not enrich DAMOa from an inoculum of freshwater sediment under
nitrate and methanafter 13 months of operatioifhese resultsuggest tht the

choice of inoculum is criticab successfully enrich DAMOa.

3.33 Results ofBATCH SET: Short-term Effect of NH4*:CH4 Ratio on
DAMO -Anammox Activity

The experiment was aimed at assessing the ratitHaf to dissolvedCHa, since
both are the electron dors dictating the activity of the three target microorganisms
in a DAMO-Anammox ceculture.NH4" is only consumed by Anammox and £l
consumed by the DAMO microorganisms, thesNte dissolved CHratio illustrates
the balance between the Anammox and DAMO microorganistageover, due to
the limitation of CH dissolution, this ratio plays a key role in determining which of

the microorganisms will display dominance.

Sludge was extracted from the DAMAnammox SBRat Cycle 194 (Phase VINO,

N2 and N8 represetie differenttestreactorswith differentNH4":CHa ratios The
initial CH4 content, inboth the gas and liquid phase, was kept the same in all the
reactor typesMoreover, the dissolved GHwvas used in the calculation of the
NH4":CHjs ratio sincat is considered as the available £tdncentrationNO reactors
contained nd&NH4" forming a NH":CHaratio of 0, N2 reactors contained about 2 mg
N/L of NH4" forminga NH":CHsr at i o o f ctors aontdinedNa®outr 8eng
N/L of NH4" forming a NH":CHs ratio of 1. All reactors contained 25 mg N/L of
NO2 and NQ each.TheControl reactor was only provided with 25 mg N/L of NO

and NQ each as the nitrogen source and was not supplied with any CH

The results of the saltirgut method show that there is decrease in the dissolved CH
content in the test reacto(figure 3.34). At the same timethe headspace gas
analysisof the test reactors displey a decrease in the amount of £ the
headspaceFgure 3.35). It can beinferred that CH consumption occurredince

less gaseousCHs was available in the headspaaed thesolude concentration
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diminished. The initial dissolved GHtoncentration was 0.56 mmol/L and reached

a concentration of 0.32, 0.24 and 0.29 mmol/L in W& N2 and N8reactors,
respectivelyThe consumption of the dissolv€iHs in all the reactor types followed
azero-order reactionTheconsumptiomate constaisin NO, N2 and N8eactor types
werefound asl.6, 21 and1.9 OM/hr, respectivelyAlthough NH* was added to the

N2 and N8 reactor types, which stimulated Anammox activity and by that allowing
for competitionover NQ” with DAMOD, dissolved CHwas consumed the fastest

in N2 reactor types, while N8 and NO reactor types were the second and third,

respectively.
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Figure3.34 The dissolved methane concentration in each dfetsteeactor types

Sincethere was a limited amount of Gkh the headspace, the amount of dissolved

CHs would decrease as it is consumed by the microorganiEmesconcentration of

gaseou<Hs in the test reactors decreased while the condentraf N increased

in the headspaaaf the test reactord.he N2 reactors consumed the highest amount

of CHs compared to the other reactor types and hence had the lowest dissolved CH

by the end of the experiment. After 6 days the reactors N@hN2, and N8
consumed 460. 7 abmoU 07564 OmodOmolr Bigupe ct i v el
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3.35. N2 production occurred in the test reactors but not in the control ré&ggore

3.353), revealing that there is no heterotrophic denitrificatidine N2 reactors
produced the highest amount o Bs7 2. 7 Omo | NO awchMB teactors h e
produced 61.2 Omoyrespedidely.@3e.CHn therheadspaced N
decreased in the test reactors during the first 20 hours and then remained rather
constant throughout the remaining duration of the experiritshortem effect

of the NH;":CH4 showed that the N2 reactors with an Ji@H, ratio of 1/4 was
slightly better tharNO and N8 reactors witthe ratis of O and 1 respectivelyjn

terms of N production rate and CHtonsumption rate.
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The initial TN concentrations in the Control, NO, N2 andrs&ctorswere53, 53
57 and 64 mg NI/L, respectivelythe TN concentradin in the Control reactor
relatively did not change throughout the duration of the experimkeich signifies
that no heterotrophic denitrification activity was detec@®a the other hand, among
the test reactorsheé lowest TN removal (17.8 mg N/L) wabserved in the NO
reactor types, while the N2 and N8 reactor types showedaz@30.4 mg N/L,
respectively Figure 3.36). These correspond to a TN removal percentage of 34%,
36% and 32% in the NO, N2 and N8 reactors, respectibegpite therelatively
higher NH" concentration in the N& comparison to th&l2 reactors therefore
supporting the Anammox activityhe highesamount of TN removal anchighest
TN removal percentag@ereachieved in the N2 reactorBhis might be due to the
limited production of N@ by the Anammaobacteria sincéheir activity wa limited

in the N2 reactors.
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Figure3.36 TN concentration in each reactor type
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The reactors with NH showed Anammox activity through NQproduction that
was observed in the first 20 houRsdure 3.37b), which was not the case iine NO
reactors as expected due to the absence af.Mtfter the consumption of most of
the NH" (Figure 3.37c), DAMO activity was observed by the decrease in
concentration of N@ and NQ". In the N8 reactors DAMOa activity was more
visible sincethe concentration of NDincreased from the #8hour till the end of
the experimenfFigure3.37a). The lowesftinal NOs" and NQ" concentrations were
observed in th&lO and N2reactorsin N8 reactor types, the@ghest consumptioof
NO> can be observedlVhile the second highest N@onsumption was observed in
the NO reactor types, which can be attributed to the DAM@bthe other hand,
NH4" was consumed according to fumtder reaction in N2 and N8 reactor types
with rate constants 0.019 and 0.021} hrespectively As expected igher NH;*
resulted in slightly higher rat&he NOs” consumption rates were similar in the N2
and N8 reactors, despite the Anammox activity in the N8 reacitnrs NOs
consumption followed a zerarder reactionKigure3.37b), thus independent of the
initial NO3™ concentration. The rate constantsN#dsz” consumptionn NO, N2 and
N8 reactorswere 0.028, 0.055 and 0.055 “hrrespectivelyMoreover, the N@
consumption in the three test reactor types followed a@&ler reaction. The rate
constants of N® consumption in NO, N2 and N8 were 0.098, 0.089 and 035 hr
respectively. However, the NQoroduction observed in N8 reactors frétour 48

to Hour 144 followed a zer@rder reaction with a rate constant of 0.068. fthis
was relatively similar to the rate constant of ;N€@nsumption in the N8 reactors
(0.055 hrh), therefore, we can attribute the production of ,N® the DAMOa
activity.

177



NO>2™ concentration (mg N/L)

5-
0 T T T T T T T
35
b
3 30
pa .- \w:
2 25 1
=
S 20 -
©
= —e— Control
o 15 - —a— NO
2 —=— N2
S 10 1 —v— N8
IO’)
g s
0 T T T T T T T
8

TAN concentration (mg N/L)
N

0 20 40 60 80 100 120 140
Time (hour)

Figure3.37 The concentrations of (a) NOb) NOs” and (c) TAN in the batch

reactors

178



The NO2 and NQ-basedreaction rates of each target microorganism were
calculated for the different reactor types, as showrignre 3.38. At higherNH4*

concentration th® increasedas also stated abave N8 reactor type,
the highesO of 1.6 mg N/L day was observedvhile O

was 04 and 0 mg N/Ldayin N2 and NO reactor typesespectivelyMoreover,in

N2 and NO reactor type® wasthe highest at 2.8 and 2.9 mg Nhday,
respectively while in N8 reactor typgsthe O was found to be 1.3 mg
N/LLlday. O wasthe lowest at 2 mg N/LLdayin the N8 reactorsyhile in

the N2 and NO reactor typesthe O was 09 and 0.7 mg N/L day,
respectively. Due to the high@Hjs affinity of DAMOb compared to DAMOa and
the limited available dissolved GHDAMOb outcompeted DAMO@an all reactor
types On the other hand, due to the higher.Ng¥inity of Anammox compared to
DAMODb, once enough NH was available for the Anammogtoichiometry
Anammoxbacteriaoutcompeted DAMObn N8 reactor typesBetween the three
NH4":CHjs ratios, the NH":CHa ratio of 1 displayed a more balanced activity of the
three target meroorganisms compared to the NMCHar at i os dtfshould and O.
be noted that this parameter also needs to be tested to assesstesnoatject on

the culture and nitrogen removal.

The addition of NH" supported the activity of Anammox bacteria, which in turn,
triggered or improved the DAMOa activity. Yet, a dominant Anammox activity,
may end up with N@ buildup if limited NHs" is present as observed in the N8

reactors.
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3.34 Conclusion

Two different reactors were operated to enriddbAMO-Anammox ceculture The

first reactor was the Anammox SBR which was dsthéd to enrich an Anammox
culture that would be used as a seed sludge to inoculate the later established DAMO
Anammox SBR. The DAM@Anammox SBRvasthe main reactor to enrich the-co
culture. This reactor was subjectftee phases where various paramstauch as
influent nitrogen concentrations, HRT and NLR and influent* Fend C@§*

concentrationsverechangedn each phase during the operation of this reactor.

DAMO-Anammox ceculture was enriched in the DAMAnammox SBRwhere
Anammox was the most dominant of the three target microorgamgiostding to
the NGS analysiBlanctomycetotaNC10, andeuryarchaeotavere found to be 8%,
0.5%, and 0.16%, respectively, of the microbial consortiline. enrichment of the
DAMO-Anamnox co-culture was verified viathe results of thespecific activity

tests, %CATNmovegcalculations, stoichiometric molar ratios calculatidw®, and
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NOs-basedreaction rates calculations, FISH analysis and NGS Metagenome
analysis performed at differeperiods of the DAM@Anammox SBR operatiorin

order to understand the true yields of the target species, the concept of Y%kaReliN

by each target microorganism was developktbreover, the best indicatory
stoichiometricmolar ratiosfor a DAMO-Anammox co-culture areqpN & NH
and £HNQ gpN OpN)kb describe the presence of the DAM@ammox ce
culture and the potential combinations of the target species.

The highest TN removal rate of the enriched DAM@ammox ceculture was
achieved under theperational conditions of HRT 6 days and NLR of 21 mg
N/LAlay, in Phase V. The initial concentrations of TAN), and NQ" were 12, 25

and 25 mg N/L, respectively, while the initial¥and Cé* concentrations were 50

and 100 M, r e s pkhe averageTAM,. NO2-N and NQ-N removal
efficiencies were 981 3 8%,1 0 % d4 %, respédively, while the TN
removal was c¢al c uNOaremoual effisency tvd$ Sow 8ince imT h e
some of the cycles net production was observed, thus its removal efficiency was
calculated excluding the cycles where net production had occurred. Nevertheless,

NOz production and consumption may be occurring simutiasky.

The average TANNO:> and NQ  removal rates under these opgrna&l conditions
were4.8N 0 .77 ,7 faidd.3.3\2.8 mg N/LAlay. The influentTN concentration of
the DAMO-Anammox SBRoperated at 50% volunexchange ratevas141N15mg
N/L and this TN concentration was removed with an efficiency &\& %.
According to theinfluent concentration the calculated TN removal ratsas
35.4\6.1 mg N/L Alay.

Redution in theinfluent NH4*/NO2 or NH4*/NOsz" molar ratios from 0.47 to 0.28
reduced the %CATNmovet Of Anammox to an average of M3®. This change in
the influentmolar ratics reduced th86CATNremovedof DAMOa by about 4% butlid
not cause any changethe %CATNemovedof DAMOD. Although due to the reduced
Anammox activity and hence in TN removBIAMO microorganismsvere more

stableand active
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Since Anammox was dominant over the DAMO microorganisms, the decrease in
HRT from 6 to 4 daysnd simultaneously the increaseNLR, negatively affected

the activity of the DAMO microorganismghile the Anammox activity increased

With the increase in HRTback to 6 daysthe activities of the three target
microorganismsevertedo levels relatively similaprior to thedecrease HRT.An

HRT of 6 days was better than 4 days for the enrichedultare in erms of

performance of the three target microorganisms.

The increase inthe Feand Cd*i ni t i al concentrations from 3.
to 10 &M, respectivel vy, i mproved the activi
Nevertheless, due to the dominance of the Anammox bacteria this improvement was

not observable as in the specific activigsts. The specific activity tests clearly

illustrated the increase in the DAMOb and DAMOa activity

From this enrichment study it can be deduced thamnthin reasons behind lower
removal rates attained in this studycomparisorto the literature were the content
of the DAMO microorganisms in the inoculum and the reactor configutatioich

plays acritical role in the CH availability to the DAMO microorganisms.

Since NH* and CH are the electron donors of the Anammox and DAM@&xctions
respectivelythe NH4* to dissolvedCHs ratio would illustrate the balance between
the Anammox and DAMO microorganisnisis ratiowould determinavhich of the
microorganisms will display dominanae the ceculture The ratiosevaluatedn

batch reactorare r e 0, forlaperiadof@days At ratios of 0 and 1
was the dominant microorganism of ttieee sincet has higher affinity to Chl
compared to DAMOaAt the ratio of 1, balanced activity of the DAM@ammox
co-culture wa observed. The Anammox activity increased due to the increased
presence of NH, this limited the activity of DAMOb since Anammox has higher
affinity to NOy". Furthermore, thiallowed the increasa DAMOa activity. A longer
period should alsde assessedo observe the effect of this parameter on the

performance of the eoulture.
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CHAPTER 4

ASSESSINGTHE EFFECT OF DIFFERENT NITROGEN SOURCES
ON THE ENRICHMENT OF DAMO CULTURE SAND DAMO -
ANAMMOX CO -CULT URES

41 Introduction

The nitrogen source provided, and th@rrespondingatios playa significant role
in changing the microbial composition of the DAMO-gystem and DAMO
Anammox ceculture. Achieving a stable and balanced DAMKDiammox ce

culture that can target all the nitrogen spegigghtbe done by@justing the nitrogen

molar ratios

Some enrichment studies assessed the effect of suppling various nitrogen feeds on
the resulting microbialcomposition of DAMO microorganisms andAMO-
Anammox ceculture(Hu et al., 2011Hu et al, 2015; Fu et al., 2017aMaintaining

a high activity of M. nitroreducensrequired alow concentration of N in
comparison to N© (Luesken et al., 2011b; Zhuat, 2011; Ding et al., 2014; Fu et
al., 2017a)Hu et al. (2011) demonstratétht a culture provided with NOshowed
DAMODb domination over DAMO=20n the other handju et al. (2015¢laimed that
in the presence of Anammox bactefAMODb disappeared du® the competition
over NG, while DAMOa proliferatedHu et al. (2015%tudiedthe effect of nitrogen
source on the removal of nitrogen and methbpsettingtwo reactorsBothreactors
were supplied with Nk and CH, onewasfed with N&” while thesecond waged
with NO;™ at a loading rate between 1884 mg N/day.DAMOa was present in
both reactors at percentages of 70% and 26%eilNt -fed and N@'-fed reactors

respectively
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Fu et al. (2017a) researched the effect of different nitrogenescorabinations on
DAMO microorganisms and Anammox bacteB reactorseeded witlireshwater

lake sedimentvere setums follows:N1 (NHs", NOy, NO3 and CH), N2 (NHs",

NOs and CH), N3 (NGO and CH), N4 (NHs*, NOz and CH), N5 (NO; and CH)

and a control reactofhe initial concentrations of Nf{ NO;” and NQ were 50, 10

and 50 mg N/L, respectively, and the reactors were operated at an HRT of 90 days.
On the contrary to the previous studies mentioned, Fu et al. (2017a) observed the
domirance of DAMODb in their study, while DAMOa were not found in the co

cultures, probably due to their absence in the inocula.

The results exhibited the highest and second highest TN renateadere achieved

by N1 and N4 reactors, respectively. In additinb, achieved the third highest TN
removalrate while the TN removal rate in N2 and N3 was lower than 2 mdoAL
This signifies thaprovidingNO2", NOs” and NH" as the nitrogen sources diminished
the enrichment tim&om 75 to 30 dayandenhancedhetotal nitrogen removaFu

et al., 2017a)Indeed it took Raghoebarsing et al. (2006) 480 days to enrich a
DAMO culture wherprovidingNOz andNOs’, while He et al. (2015binanaged to
enrich DAMO bacteria i500 daysby only providingNO.". WhereasHaroon et al.
(2013)enriched DAMO archaea 850 dayssupplying NQ andNH4", instead of

the nitrogen sources

Therefore the nitrogen source typ&s well agnfluent nitrogenconcentratioa and
the correspondingnolarratios areimportantfactorsin determiningthe composition
of a DAMO co-system anda DAMO-Anammox ceculture, by dictating the

activitiesof the three target microorganisms.

The aim in this part of the thesis is to investighie effect of providing different
nitrogen sourcesn theenrichment of DAMO cultuand DAMO-Anammox ce
culture This was performed by establishing two new reactors aimed at enriching the
DAMO microorganisms, which were provided with different nitrogen sources. The
first reactor was aimed at enriching a DAMO-system (DAMO bacteria and
DAMO archaea) called DAMO SBR. This reactor was provided with” NlOz”
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and CH as the feed sourc&he second reactor aimed at enriching DAMO archaea
and Anammoxand possibhDAMODb, called DAA SBR, was provided with NH
NOs and CH. Due to the potential DAMOa activity, it might be still possible to
observe DAMOD in this DAA SBR, despite of the Anammox activity consuming
NO: like DAMODb.

It should be noted that this study was performed towards the end of the studies
revealedn Chapter 3 of this PhD thesis, where the DAM@ammox SBR sludge

was decreasingince the biomass concentration in the DAM@ammox SBR was
gradually decreasing and the concern of not having enough sludge to perform the
following experiments of this rearch was arising, the DAMO microorganism to be
enriched in the DAMO SBR and DAA SBR along with the sludge from the DAMO
Anammox SBR would also serve as a seed sludge source for the reactor to be
established in Chapter 5.

4.2 Material and Methods

Two reactorsvere establisheandoperatedinder similar conditions with variation

in the nitrogen source. DAMO SBR was supplied vitD," and NQ', while DAA
SBR was supplied witNH4* and NQ". The performances and microbial of the two
reactors were compared withe another as well as withe DAMO-Anammox SBR

to assess the effect of supplying different nitrogen sources omsulbsequent
enrichedculture.

In both the DAMO SBR and DAA SBR, excess N@as providedn comparison

to NHs" and NQ', in order tofacilitate a competitiveadvantagéor DAMOa. Since

DAMOa convers NOs™ into NO;” (Equation 2.5, Section 2.4,2fs activity was

considered to set thmate ofreaction in both reactar§ he r eact or sdé perf
were monitored using the varioasalytical and molecular methotisevalate the

resulting enriched culture with respect to thiferent nitrogen sources provided.

Section 4.3 discusses the results of both the DAMO SBR and DAA SBR.
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42.1 Reactor Setup and Operational Conditions

4.2.1.1 DAMO and DAA SBRs

DAMO SBR was a air-tight stainlesssteel SBR with total volume of 3.0 Eigure

4.1a) used to enrich DAMOb and DAMO@&n effective volume of 2.5 L was
established creating a headspace volume of O[RAA SBR was als@n airtight
stainlesssteel SBR with total volume of Ol4(Figure4.1b) used to enricAMOa

and Anammoxand possibly DAMObas well An effective volume of 0.3 L was
established creating a headspace volume of 0Tlhé.exchange volume ratio for

both reactors was set at 0.5 corresponding to an exchange volume of 1.25 L for the
DAMO SBR and 0.15L for the DAA SBRhe cycle period for botheactors was

48 hr, making an HRT of 4 day$his was decided since these SBRs were run in
parallel to the DAMGAnammox SBR study.

Figure4.1 (a) DAMO SBR: (b) DAA SBR

The DAMO SBR was inoculated with ADuglge from ASKI Ankara Central WWTP
in Tatlar village, Sincan, Ankara (2 L), showrHigure4.2. The pH of the AD sludge
was recorded as 7.5@hile the DAA SBR was inoculated with 0.2 L of the same
AD sludge used for the DAMGSBR. Before inoculation, the AD sludge was

thoroughly washedvith a feed solution lacking any nitrogen source in order to
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remove or decrease the concentration of any existing nitrogen source and COD
present in the sludge. This was performed to reduce the activity of denitrifiers that
require COD and nitrite or ndte. The TSS and VSS of the initial sludge was 36.1
g/L and 15.1 g/L, respectively, yielding a VSS/TSS percentage of 42%.

Unlike the DAMOAnammox SBR, the DAMO SBR and DAA SBR were
inoculated only with AD sludge and not with freshwater lake sediment. 8% T
concentration found in the freshwater lake sediment was very Righ N§ing / L
comparison to the AD sludg2 0 . 3 N  an@ thigwould increase the acclimation

period of the reactot® washout the unwanted suspended solids.

Y 1 — - S

Figure4.2 AD sludge used to inoculate the DAMO SBR and DAA SBR

The operation temperature and pilues wer@ 5 A C -A5) rdspettivelyMixing
was done using an orbital shaker at 120 rpm. DO was maintained close to 0 mg/L by
purging the reactor with an Ar/COmixture (95%:5%) for about-8 min at the

beginning ofevery cycle.

Thefeed solutiorwas purged with the Ar/COmixture for 1015 min and its pH was
adjusted, before being fed into the reactor. Then the reactor was pwithed
mixture of CH: CO, at 95%:5% to flush the Ar out and the pressure of the headspace
was stabilized at 1.5 atm (absolute pressure) at the beginning of each cycle (Ettwig
etal., 2009; Zhu et al., 2012; He et al., 2014, He et al., 2015a; Zha®61i.&)., The
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methane was kept in excess compared to the &@ NQ providedin the DAMO
SBR as well as in excess compared to the @ NH;* provided in the DAA SBR.

Thefeed solutiorsupplied to the caulture is as shown ihable4.1 with the addition

of NO2” and NQ initial concentrations of 10 mg N/L and 25 mg N/L, respectively
in the DAMO SBR(Ettwig et al., 2009; Lusken et al., 2011; Cai et al., 201bhe
samefeed solutiorwas supplied to the DAA SBR but with the addition of Né&hd
NH4" at initial concentrations of 25 mg N/L and 12 mg N/L, respectiviétyseen in
Table4.1, thisfeed solutiorwas modified from theolutionshown inTable3.3 and
would provide the reactor with initial concentrations of‘femd C3* of 200 M a n d
250M, r e s plaesda values lartower than thatapplied in the DAMG
Anammox SBRSince the optimum & DAMO bacteria (DAMODb) was found to
be2 0 OM, adorwenteation the astivity of DAMOb decreased without any
obvious inhibitory effect (Lu et al., 2018n the DAMO SBR it was intended to
supply NQ at a higher concentration than N@ order to provide DAMOa an edge

over DAMODb, since DAMODb has a higher affinity to € = 0.042 mg CHIL)

than DAMOa (0 = 8 mg CHI/L) (GuerrereCruz et al., 2019; Lu et al., 20019

Moreover, NQ  is the outcome of the DAMOa reactiand so the DAMOa activity

will be the ratedetermining for nitrogen removal in this reactdevertheless, in the
DAA SBR,NO> was not supplied and was expected to be provided by the DAMOa
reaction. This in turn would initiate the Anammox reaction sindg'é supplied in

the feed. In addition, the DAMOa activity will be the raetermining for nitrogen

removal in this reactor as well.
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Table4.1 Modified feed solution oDAMO and DAA SBRs(Ettwig et al., 2009;
Luesken et al., 2011)

Compound Concentration (g/L)
KHCO3 0.5
KH2POy 0.05
CaCbkRH;0 0.3
MgSQAH:0 0.2
Acidic Trace Elements 0.5 mL/L (100 mM HC
FeSQL 7.6 22.24
ZnSQl. 7.6 0.068
CoCkhl 6.6 0.12
MnClzL 4.6 0.5
CuSQG 1.596
NiCl2L 6.6 0.095
H3BO3 0.014
Alkali Trace Elements 0.2 mL/L (10 mM NaOH
SeQ 0.067
NaWOsl: 2.8 0.05
NaMoOg4 0.242

4.2.2 Analytical Methods

The activitesof the DAMO SBR and the DAA SBRereassessed to evaluate the
composition of the biomass in terms of the microorganisms. This was performed
through the assessment of the removal rates, removal efficiencies, removal molar
ratios of the nitrogen species and total nitrogen removal in compasdtime
theoretical values present in the literature. Furthermore, molecular analysis through
FISH analysiswas performed to assess the change in the microbial consortium

focusing on the DAMO and Anammox microorganisms.
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4.2.2.1 Volumetric and Chromatographic Analyses

Anions such as N§ NOs and S@* were analyzed using IC (IGShimadzu

Prominence HIESP). The IC was operated under the following conditions, highest
pressure | imit of 150 bar, oven temperature
The analyses were performed in duplicates or triggsadepending on the presence

of enough sample volume. The calibration curves, the limit of detection LOD and

LOQ are shown in APPENDIX C.

TAN (NH4*-N + NHz-N) was analyzed using the Hach Nessler Method (Hach,
2012). The analyses were performed in triggsa The calibration curves, LOD and
LOQ are illustrated in APPENDIX D.

sCOD was evaluated using medium range kits and low range kits (Hach, 2012). The
analyses were performed in duplicates or triplicates, depending on the presence of
enough sample volum&OC was analyzed using the TOC analyzer. The analyses
were performed in triplicates. The calibration, LOD and LOQ of the sCOD and TOC
tests are shown in APPENDIX E.

TS, VS, TSS and VSS were analyzed using Standard Method (APHA, AWWA,
WEF, 2005). The anades were performed in triplicates. On the other hand, the pH
and DO of the feed and the effluent of each reactor was measured usingetgrH

and DOmeter, as well as the temperature of the room was recorded.

CO,, CHs and N gases were analyzed using @D equipped in the GC (Trace GC

Ultra: Thermo Electron Corporation). The following settings were applied in the GC,
injector temperature 8O0AC, oven temperature
the carrier gas used was He maintained at a presst@® &Pa. The analyses were

performed in triplicates. The calibration and the LOD and LOQ of the GC analyses

were performed and shown in APPENDIX F.
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4.2.2.2 Determination of the Reaction Rate of Each Target Microorganism

The NO2> and NQ-basedreaction rates othe target microorganisms, namely
Anammox, DAMOa and DAMOb were calculated throughout the operation of the
SBR and the batch test. These reaction rates were computed according to the
stoichiometric Equations 2.4, 2.5 and 2.6 in Section 2.3.2 and Secti@n(Hu et

al., 2015). Equations 4.1, 4.2 and 4.3 were used to compute the reaction rates of each

microorganism.

T O = pdaeO éééeéeéeéeé. .. e... 6. Equat.i
90 = 0 e Fpd ¢z 0 éé..é Equation 4
T O =0 O o é¢...é¢é Equation

The Anammox and DAMODb reaction rates were calculated based on thie NO
consumption. Since Anammox is the only species among the three target
microorganisms that oxidizes NH the consumed NO by Anammox was
computed using the measured Nidonsumption rate ), and the N@ removal
reaction rate of Anammox) ) was computed accordingly, as shown in
Equation 4.1. The reaction rate of DAMQOa ( ) was calculated using the
measured N® (O ) consumption rate, that includes the produceds NO
(T8 Fpd ¢z 0 ) from the Anammox reaction, illustrated in Equation
4.2. The DAMOD reaction rated( ) was calculated using the measured
NO2 consumption rate ) by consideringhe Anammox N@ consumption rate

(o) ) and the DAMOa production rate of NMOwhich is equal to

(o) ) (Hu et al., 2015), as shown in Equation 4.3.

4.2.2.3 Determination of the Contribution of Each Target Microorganism
to the Available TN Remowed

The contribution of each of the target microorganisms to the TN removal was

assessed to examine their activity and to further understand the composition of the
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consortium in correlation with the molar ratio calculations and the molecular
analysis. A samplecalculation is displayed in APPENDIX Hhe TN removed by

each target microorganism, namely Anammox, DAMOb and DAMOa was
calculated by considering the consumed and produced nitrogen with respect to each
reaction (Equations 2.4, 2.5 and 2.6 in Section22aBd Section 2.4.2). Equations
4.44.14 were used in the calculations of the percent contribution of each
microorganism to the TN removed. This was calculated as a percentage from the
available TN that takes into consideration the produced nitrogen inténmediate
reactions, which cannot be observed by only considering the initial and final nitrogen
concentrations. The initial TN was calculated by the summation of the initial
concentrations of the nitrogen species analyzed experimentally (Eqdat)oihe

final TN was calculated by the summation of the final concentrations of the nitrogen

species (Equatioa.5).

The available TN is a term used via this thesis study for the first timgaiddNis

the summation of the initial nitrogen species ar@ghoduced nitrogen species via

the reactions taking place, such as3Nf@dm Anammox and N& from DAMOa
(Equatiord.6). Utilizing the available TN is critical since it allows the calculation of
the actual consumption of each of the target species, dffeertive real activity of
DAMOa and DAMODb would not be recognized by just monitoring the initial and
final concentrations of the nitrogen species. While the percentage contribution to the

available TN remove®6CATNremoved Was computed according to Equatiid.
TNi=[NH4"-N]i+[NO2-N]i+[NOs-N]¢ ¢ 6 ¢ é éé . é¢é. . . . . . . 44 é. . Equat
TN=[NH4"-N]++[NO2-N]++[NOs-N]jf¢ 6 é ¢ é . é 6 ééééé. . Eg4muati on

TNavailables[NH4™-N]i+[NO2-N]i+[NOs-N]i+ p[ N avx+ p[ Npavoa
....................................................................................................... Equatiod.6

P#! 4. =(4 . /TNavaiabld * 1 00€ééé. éé. 4d4Equation

where,
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TNi: initial TN concentration at e& cycle, the sum of the initial concentrations of

all the nitrogen species, (mg N/L)
[NH4*-N];: initial NH4" concentration at each cycle, (mg N/L)
[NO2-N]i: initial NO2" concentration at each cycle, (mg N/L)
[NO3z-N]i: initial NOs™ concentration at eaatycle, (mg N/L)

TNs: final TN concentration at each cycle, the sum of the final concentrations of all
the nitrogen species, (mg N/L)

[NH4"-N]s: final NHs" concentration at each cycle, (mg N/L)
[NO2-N]s: final NO;” concentration at each cycle, (mg N/L)
[NO3-N]s: final NOs” concentration at each cycle, (mg N/L)

TNavailable available TN concentration that is available for consumption by the target
microorganisms which includes the summation of any nitrogen species to be

produced via the targaticroorganisms, (mg N/L)

[ ND]amx: NOs concentration to be produced stoichiometrically by Anammox

in each cycle computed regarding the consumed™ MK (mg N/L)

[ ND]oavoa: NO2 concentration to be produced stoichiometrically by DAMOa
in each cycle, (mg N/L)

4 . : TN removed by each microorganism calculated in Equations 4.11,

4.12 and 4.14,mg N/L)

P#1! 4. : Percentage contribution of each moigrganism to the

available TN removal (%)

Since NH" is only consumed by Anammox and the Anammox bacteria were
observed to be the most active of the three microorganisms,Ws chosen to be
the starting point of this calculation. The consumedsNby Anammox was

computed (Equation 4.8). While the corresponding consumegd &@ produced
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NOsz by Anammox was then computed, according to Equations 4.9 and 4.10,
respectively. Hence the summation of the consumed nitrogen species while
deducting the producedtrogen yields the TN removed by Anammox (Equation
4.11).

AMX:
@[ NPNJS[NH4N]-[NHS/N)6 6 6 . . . . . .  66666666é.6... Equatic
P NOlawx=1. 32 *4NINH. . . . . . 66é..6é. .. 6666666. ... Eq

4 . = [ N-N] + pb-N]ux-p[ ND]amxé é. . . é. .. ... Equation
where,

[ N'HN]: NH4* concentration consumed by Anammox in each cycle, (mg N/L)

[ ND]amx: NO2 concentration consumed by Anammox in each cycle, (mg N/L)

4 . : TN concentration consumed by Anammox in each cycle, (mg N/L)

The available N@® for DAMOa consumption includes the initial N@oncentration
and the produced NOby Anammox. Accordingly, the consumed NGy DAMOa
can be computed, and subsequently the TN removed by DAMOa can be computed

as well (Equation 4.12).

DAMOa:

4. = [ NNIbavoa=[NO3-N]i-[NOz-N]++ p[ KN)avx... EQuation 4.12

[ ND]oamoa= P[ NWpamoalt € € €€ ééé. éé. . . . .. ¢é413. Equatio
where,

o[ ND]pamoa: NO3” concentration consumed by DAMOa in each cyeteg N/L)

4 . : TN concentration consumed by DAMOa in each cyeteg (/L)
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On the other hand, the available N@r DAMOb consumption is the remaining
NO; after the Anammox reaction, since Anammox has a higher affinity 0 iINO
comparison to DAMODb, and the produced Ny DAMOa. Hence, the consumed
NO2 by DAMODb can be computed, hence, the TN removed by DAMOb can be
deduced (Equation 4.14).

DAMODb:

4 . =p[ NN]oamob=[NO2-N]i-p[ ND]amx+ P[ N pamoa-[NO2-
Niéééééééééééeéééeééeéeéeé. .. ééééé... Equation
where,

[ N'D]oamob: NO2 concentration consumed by DAMOD in each cygieg N/L)

4 . : TN concentration consumed by DAMODb in each cyateg (N/L)

4.2.2.4 Determination of the Stoichiometric Ratio of the Consortium

DAMO SBR

Since the target microorganisms for this reaet@DAMOa and DAMOb and no
NH4" was added, the theoretical cases considered diéferent than the DAMO
Anammox SBR. Only onstoichiometric molaratio was considered amliscussed,
namely,pN & o N O'hemolarratio was examined under four different cases that
might be occurring in the reactor. The assumptions followed in tasss are given

below:

1 The cases are as follows: DAMOa, DAMOb and DAMEquations 4.15,
4.16 and 4.17)
i. DAMOa: The SBR contains only DAMOa.
ii. DAMOb: The SBR contains only DAMODb.
iii. DAMO: The SBR contains both DAMOb and DAMOa.

1 For allcases(i.e., for all thepotential combinations of cultures)
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1 The change of concentratiameach cyclevas cal cul ated as foll
Cinitiat T Crinal. Therefore,consumption of the nitrogen species is positive,

while production is negative.

The theoretical ratios were calculated according to the stoichiometry present in the
reaction equations (Equations 2.5 and 2.6 in Section 2.3.2 and Section 2.4.2). For
Equations 2.5 and 2.6, the limiting reagent in each reaction was considered. The
limiting reagent in each reaction MO3s' and NQ' for DAMOa and DAMOb
reactions, respectively.o&ordingly, the equations were adjusted for 1 mole of the

specified limiting reagent.

In addition to the three main cases mentioned above, a special incidedly,
*DAMO where DAMODb activity is double the DAMOactivity, as displayed in
Equation 4.18In this case the activity of DAMOa was not assumed to be 100%.
Incorporating this special case may improve the characterization of tttace

composition via thenolar ratio calculation.

All calculations of each culture combination (four cases) are giMequationgt.15-
4.18 and accordingly, the theoretical stoichiometriolar values were obtaineid
Table4.2.

DAMOa:NGO' Y NGB éééééééééééééééé. Equagd i on 4.1
DAMODb:NO Y 05N éé ¢ éé¢é. .. éééééééé Eqéation 4.1
DAMO: NOZ + NO'Y NO+05NE € éééééé. . ééé. Eqadation 4.1

*DAMO: 2 NOZ +NO'Y NO+N£ ¢ éééé. .éééé. Equald8ion 4.1
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Table4.2 Theoretical stoichiometrimolarratio calculations ofitrogen speciefor
thedifferent consortium cases in the DAMO SBR

Microbial consortium case ¢iNO;' giNO3' PN pNO
DAMOa 1 -1 -1
DAMOb -1 0 b
DAMO 0 -1 0
*DAMO -1 -1 1

DAA SBR

The consortium cases utilizedSection3.2.2.4of the DAMO-Anammox SBRwas

also employed for the DAA SBR. The reactor performance was assessed in
comparison to the theoreticaholar ratios. Four differentmolar ratios were
calculated and compared to the theorets@michiometric molarr at i o g, N O
/I N'H @M HpNO @N@NG@nd ¢ eN@NH o\ These ratios

were examined under nine different cases that migbtberring in the reactor. The

assumptions followed in these cases are given below:

9 The nine cases are as follows: AMX, DAMOa, DAMOb, AMX & DAMOa,
AMX & DAMODb, * AMX & DAMOa, DAMX, *DAMX, and DAMO
(Equations 4.19, 4.20, 4.22, 4.23, 4.25, 4.26 and 4.27);

I. AMX: The SBR only contains Anammox culture.

il. DAMOa: The SBR only contains DAMOa culture.

iii. DAMODb: The SBR only contains DAMODb culture.

iv. AMX & DAMOa: The SBR contains both Anammox and
DAMOa.

2 AMX & DAMOb: The SBR contains both Anammox and
DAMODb.

Vi. DAMO: The SBR contais both DAMOa and DAMODb.

vil. DAMX: The SBR contains Anammox, DAMOa and DAMODb.
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For all caseqji.e., for all the potential combinations of cultures)
The change of concentratiomeach cyclevas cal cul ated as foll c
Cinitar T Citinal. Therefore, consumipi of thenitrogen speciess positive,

while production is negative.

The theoretical ratios were calculated according to the stoichiometry present in the
reaction equations (Equati®f.4, 2.5 and 2.&n Section 2.3.2 and Section 2.14.2

For Equatios 2.4, 2.5 and 2.6he limiting reagent in each reaction was considered.
The limiting reagent in each reaction is NHNQOs' and NQ' for Anammox,
DAMOa and DAMODb reactions, respectivelfwccordingly, the equations were
adjusted for 1 mole of the specifikohiting reagent.

Similarly, to the DAMGAnammox SBR, a special incident was added to the seven
main cases mentioned above, where DAMOa is able to consume only the NO
produced by the Anammox, was constructed by equating the moles #f NO
consumed to thenoles of N@Q' produced in the two cases, namef3MX &
DAMOa and*DAMX, as displayed in Equations 4.21 and 4.24, respectivaly
these two cases, the activity of DAMOa was not assumed to be 100%. Incorporating
this special case may improve the charaation of the ceculture composition via

the molar ratio calculation.

All calculations of each culture combination (nine cases) are givéguations
4.19-4.27 and accordingly, the theoretical stoichiometniclarvalues were obtained
in Table4.3.

AMX:NH4s +1.32NQ'Y 0. 26+1RADL ¢ ééé. . éé. Eql®ation 4.

AMX & DAMOa: NH4*+0.32 NQ' +0.74NQ' Y 1.02N¢ . . . é Eq@Oation 4.2
*AMX & DAMOa: NH 4" +1.06 NQ'Y 1.02N£ é ééééé. . Equhation 4.2

AMX & DAMOb: NH*+2.32NQ'Y 0. 2:6+182N£ . . . é Eq@ation 4.2
DAMX: NHs*+1.32NQ' +0.74NQ'Y 152N ééé é. . . é. Edquation 4.2

*DAMX: NH 4"+ 2.06 NQ' Y 1.52N.6 é é é é é é é é é . . Equation 4.2
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Table4.3 Theoretical stoichiometrimolarratio calculations ofitrogen specietr thedifferent consortium cases in the DAA SBR

Consortium cases| gNHs* | gNO2' | gNOs' | PN & NH| ( PNO®PNH / @N| N pNC pNEH/ NG
AMX 1 1.32 -0.26 1.32 -8.92 -5.08 -3.85
AMX & DAMOa 1 0.32 0.74 0.32 1.78 0.43 1.35
*AMX & DAMOa 1.06 0 1.06
AMX & DAMOb 2.32 -0.26 2.32 -12.77 -8.92 -3.85
DAMX 1 1.32 0.74 1.32 3.14 1.78 1.35
*DAMX 1 2.06 0 2.06
DAMOa 0 1 -1 -1 -1 0
DAMOb 0 -1 0 undefined
DAMO 0 0 -1 0 0 0




4.2.3 Fluorescent In-Situ Hybridization Analysis

The FISH analyses were performed during the operation of the DAMO&ER
DAA SBR for morphologicabletection and determination of the relative abundance

of the target species (Nielsen et al., 2009).

About 5 ml of sample was used, where the supernatant was separated by
centrifugation at 10,000 g for 5 min and then it was discarded. The remaining sludge

was fixed with an equal volume of 4% PFA in PBS, which was then stored overnight

at 4AC. The next day the sample was cent
the PFA, which was then discarded. The remaining fixed biomass was then dissolved

in 5 mL of 11 PBS/Ethanol (Daims et al., 2009). The samples were then stored
overnightat2 0 AC. The following day the sampl ec
and dehydration of the samples on the slides was conducted. This was carried out

with sequential washing wit50%, 80%, and 99% ethanol (Daims et al., 2009). The

next step was permeabilization of the microbial cells which was performed by
incubating the slides for 1 hr at 37AC a
2009).

Hybridization solutions of diffent probes targetinigl. nitroreducensM. oxyfera
General Bacteria, General Archaea and Anammox were prepared considering their
relative formamide and NaCl concentrations. The stringency conditions (formamide
and NaCl concentrations) were optimized prior to the FISH analyses to ensure better
results ofprobe hybridization. The probes used in the scope of these experiments are
summarized iMable4.4. Five hybridization mixtures were prepared usinfedent
combinations of the previously described solutiomgb{e 4.5). The mixtures
containing only General Archaea and General Bacteria were cdairtets with

DAPI to determine the content of bacteria and archaea in the microbial consortium.
Five slides were prepared for each biomass sample analyzed. The hybridization
mi xtures were added carefully on the sli

for about 5 hr (Daims et al., 2009). After hybridization, the slides were washed at
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48AC for 15 min with a washing buffer cont ai
as the hybridization buffer (Daims et al., 2009).

After washing and drying the slides, iniag can commence. FISH imaging was
performed using Carl Zeiss Axio Vision A1 UV microscope under suitable filters of
the chosen probes. At least 3 representative microscopy images were chosen for each
slide. The images were analyzed via the ImageJ softWhesobtained images from

the microscope were then processed using ImageJ, where the colored areas were
converted to pixels. The pixel areas represent the presence of the probe and hence
the target cell. The average area occupied by the pixels in tleedioeen images

and the relative abundance of each slide was computed. These computations were
conducted in relativeness to the area occupied by the General Bacteria and General
Archaea which were performed in relativeness to DAPI counterstaining. A symmar

of the steps performed using ImageJ, the resulting images and the obtained relative
abundance in each dé are illustrated in APPENDIX |
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Table4.4 Sequences, labels and formamide concentrations of ckéSehprobes

Formamide
Target .
_ Probe Label | Concentratior] Reference
Species
(%)
S*-Darc872aA-18 | GFP
M. Hu et al.
_ GGC TCC ACC CGT| and 40
nitroreducens (2015)
TGT AGT Cy5
S*-DBACT-0193& | Alexa .
Ettwig et al.
M. oxyfera | A-18CGC TCG CCC| Fluor 40 (2009)
CCTTTG GTC 350
S*-Amx-0368a-A-18 .
General Schmid et al.
CCTTTC GGG CAT | Cy5 20
Anammox (2005)
TGC GAA
EUB1
-GCT GCC TCC CGT
AGG AGT
General EUB2 Daims et al.
_ GFP 40
Bacteria | -GCA GCC ACC CGT (2009)
AGG TGT
EUB3-GCT GCC ACC
CGT AGG TGT
S-Darc0915a-A-20- .
General Knittel et al.
GTG CTC CCC CGC| GFP 40
Archaea (2005)
CAATTCCT
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Table4.5 The hybridization mixture and aim of each slide

Slide | Hybridization mixture content Aim
1 General Bacteria ardAPI Determine the content of bacteria
counterstaining the microbial consortium
5 General Archaea and DAPI | Determine the content of archaea
counterstaining the microbial consortium
Determine the abundance Mf
M. oxyferga Anammox and _
3 _ oxyferaand Anammox relative to
General Bacteria _
General Bacteria
_ Determine the abundance Mt
M. nitroreducensand General . .
4 nitroreducengelative to General
Archaea
Archaea
. M. oxyfera M. nitroreducens | Determine theelative abundance o
and Anammox the target speciemnong each othe
4.3 Resultsand Discussion

43.1 The Results ofDAMO SBR Operation

The DAMO SBR was established aiming to enricBAMO co-system (DAMO
bacteria and DAMO archaed)his reactor would alsgrovide a source of inoculum
for the reactor described in ChapterThe DAMO SBR wasinoculated with AD
sludge andsupplied withonly NO> and NQ’, as the nitrogen sourcef initial
concentrations 0of0 and25 mg N/L, respectivelyat anHRT was 4 daysLimited

NO2 was supplied in comparison O3 to provide the DAMOa a competitive
advantage since thean beoutcompeted by DAMObT hereactor performance and
the population dynamics of the microbial consortium enriched in the DAMO SBR
were evaluated throughout the operation of the readioe DAMO SBR was
operated for about80 days 89 cycles) and the results are presented in two main

sectionspamely,results of reactor performance and results of molecular analyses.
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4.3.1.1 Results of DAMO SBR Performance

The pH of the influent was maintained at a pH of 7.2 The effluent pH ranged
from 7.388.03 throughouB9 cycles,as seen ifrigure4.3. The average pldf the

89 cycles of operation was7N 0 .. TBe pH values werslightly higherthanthe most
commonly applied pH throughout DAM@nammox enrichment studies (773%)
(Luesken eal., 2011; Haroon et al., 2013; Ding et al., 2014; Ding et al., 2017; Cai
et al., 2015; Xie et al., 2016; Fu et al., 2017; Hu et al., 201®)pHtnigher than 7.6
signifies that there might be heterotrophic denitrification taking place, although no
souce of COD was supplied in the feetlevertheless, this heterotrophic

denitrificationdid not seento beoccurring in all the cycles of the DAMO SBR.

8.1

8.0 - ®
7.9 - ®

7.8 A ® o

®e
7.7 A P

pH

76 1@ & ®
75{ o® @

7.4

0 20 40 60 80

Cycle Number

Figure4.3 pH results of the effluent samples of the DAMO SBR

The TOC of Cycle 0 was found to be 309 mmgherefore denitrification activity
was expected to occur until the TOC was consu(regure4.4). At Cycle 1Q the
initial TOC was measured to be 168 mgyihile at the end othat cycle it was
measured as 119 mg/At theCycle 22 the initial TOC concentration was 121 mg/L
while the final concentration othe same cycle was 113 mg/L. The TOC
concentration at Cycle 80 reached 12 mdflggre4.4). It seems from the pH and
TOC results that heterotrophic denitrification kept occurring till around Cycle 70,
due to the presence ofganic carbon, which seemed to be produced in the reacto

since it was not supplied in the fedfixperimental TOC concentrations do not
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comply with the theoretical effluent concentration trend line, which was produced
considering only the hydraulics of the SBR operation wittamyt biological TOC
degradationOn the other hand, cyclic analysis on Cycle 22 and G3&leveal that
there is no TOC production and thes neglibile TOC degradation.
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Figure4.4 TOC results of the DAMO SBR

The TSS and VSS of the DAMO SBR was measured at the initial inoculation and at
Cycle 80. The results show that the TSS and VSS decreased abefaidobut the
VSS/TSS percentage stayed approximately the same, as sé&abléw.6. This
suggestghat the relevant active microorganism#h respect to the conditions
provided might haveremained in the reactor whildhe otherswere degraded.
Furthermore the degradation of these cells might hagkased organic carbon

explaining the TOC content in the samples withdrawn from the SBR.

Table4.6 TSS and VSS results of the sludge from the DAMO SBR

Sludge TSS(g/L) | VSS (g/L) | VSS/TSS(%)
Mixed initial sludge| 361N 10 | 15.INO . 42
Cycle 80 94NO0 .| 38NO. 40
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4.3.1.1.1 Nitrogen Removal Performance of DAMO SBR

The reactor was operated at initial concentrations of Bi@ NQ™ of 10 and25 mg

N/L, respectively, to provide DAMOa an advantage over DAMSibce DAMOb

has higher CHkaffinity compared to DAMOathereforea lower concentration of

NO; is required tesustaina high activity oDAMOa (Luesken et al., 2011b; Zhu et

al., 2011; Ding et al., 2014; Fu et al., 2017a)this regard, DAMOa would be the
ratedetermining step in providing the extra BN@r DAMOb to consumeThe
theoretical NLR was 17.5 mgheNDAMASBRY t hr ol
corresponding to the applied HRT of 4 day$e average experimental initial
concentrations of N® and NQ during the operation of the DAMO SBR were
10.1N2.5 and 24.2N5.3 mg N/L, respecti v,
17 . 1N3. 5ayang th\influeAtd@N concentrationwdas8 . 5N14 mg N/ L.

The NH;* concentration at cycle 0 was found to be 250 mg N/L and decreased to a
concentratiorof 0 mg N/L at the end of the #&ycle Figure4.5a). No NHs* was
produced at any of the cyclafter Cycle 17this signifies that there was no DNRA
activity. This means that any NQor NOs” was not converted thiH4*, concluding

that the oxidized forms of nitrogen (NQ and NQ’) wereremovedby other like

means such @&AMO and heterotrophic denitrification.

The removal efficiencies, removal rates and consumption ratios were calculated to
assess the performance of the system in compatsdhe theoretical ratios of
DAMOa and DAMOb.From Cycle 117, the DAMO SBR experienced fluctuations

in terms of nitrogen species removal efficiencies and removal rates. With the
consumption of Nk, NO,” and NQ" removal efficiencies and removal rates became
more stabléFigure4.6 andFigure4.7). This period can be referred to an acclimation
period. The average removal efficiency of N@Cycle 1889) was calculated as

78 N 1 8Figre4(6b). While the average removal efficiency of NQCycle 1889)

wasf ound t o% (Bigure®68).Nhelaverage removal ratef NO; and NQ'
(Cycle 1889)wasf ound t o mge N4 LFA&&YE dnd 116N 2 m§

N/ L ABigqure4.7¢), respectively.
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Figure4.5 Initial and final concentrations of (a) TAN, (b) NEN and (c) N@G-N

during each cycle of the DAMO SBhe S.D of each measurement was <5%)
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Figure4.6 Removal efficiencies of (a) TAN, (b) NCand (c) N@Q in the DAMO

SBR (The negative values emphasize production)
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The average TN removeitom Cycle 1889 was found to be 318 6 .mg N/L
(Figure 4.8). and theaveragepercentage of N removed of the same period was
cal cul at &dTheATNSwNdoRtheintendedarget microorganisms

be enriched in the DAMO SBR were calculat&hce noNH4" was added in the
feed, the Anammox activity was not considered in the calculation. For the DAMO
SBR, only DAMOa and DAMOb contributions were calculated from the available
nitrogen species namely, N@nd NQ". The averag@CATNremovedwas found to

b e 398 Whle that of the DAMOb was computed to .28 6 Figure@.9). This
suggests that DAMOb exhibited dominance over the DAM@maughout the
operation of the DAMO SBR.
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Figure4.8 Initial and final TNconcentrationsf the DAMO SBRin each cycle
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Figure4.9 The%CATNremovedin each CyCle othe DAMO SBR

TheNO>- and NQ-basedeaction rates of each of the target microorganisms were
calculatedand displayed irFigure 4.10. Since noNHs" was added and it was
completelyconsumed byCycle 18, and was not produced after that, the Anammox
activity was not visibleThe average and O (Cycle 1889)

were 15.8N3. 2 mg n\y LNAd.aAyd aayy, ds séefsifpgale2t .i 2v e |
4.10. The results show that the average was about 1.5old thanthe

averageO , Whichis in accord with the resultsf the contributionto the

availableTN removed.
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Figure4.10 The calculatedNO> and NQ-basedeaction rates of each target

microorganism throughout the operation of the DAMBR

4.3.1.1.2 Determination of the Stoichiometric Ratio of theMicrobial
Consortium in DAMO SBR

Since onlyNO> andNOs” were supplied in the feetheexperimentastoichiometric
molar ratio, &aNO>/adNOs” was computed and compared to the theoretical natio
four differentpossiblescenariomassumed to occur the DAMO SBR, as illustrated
in Figure4.11. Since thesNO,/aNOs ratio of the DAMODb case isgeial tob, it
was not shown irFigure 4.11. The higher thesNO,/aNOs™ ratio, the morethe
DAMOD is dominant in theulture From Cycle 117 the cyclicedNO>/aNOs™ ratio
was fluctuating in the acclimation, however, after Cycle 18 the cgli0,/adNO3
ratio stabilized and it can be said that steady state was achidneedverageyclic
aNO,/aN O3 ratio of the DAMO SBRrom Cycles 189was calculated to be3pb.
This indicates that the culture contagdtboth DAMOb and DAMOa, but DAMOAt
about 1.5fold the DAMOa. This result concurs with the result of the contribution

percentage of each microorganism
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Figure4.11 ThecycliccpN & g N @tio achievedn the DAMO SBR compared
to the theoretical ratio of each case

4.3.1.2 FISH AnalysesResultsof DAMO SBR

Sludge samples from the DAMO SBR were taken at different inteataSycle Q

(the initial seed sludgeat Cycle 50 anl atCycle 80 to perform the FISH analysis.

This was performed to observe the change in the microbial composition existing in
the reactor with respect to time. The target cells were tested with the corresponding
probes fronTable4.4 that can visually distinguiskl. oxyfera M. nitroreducensand
Anammox. General bacteria, general archaea and DAPI probes were used to quantify
the relative abundhe of the target species in the reactor. Hence, the enrichment
progress was assessed. The samples were analyzed, and the microscope images are

shown inFigure4.12.
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Figure4.12 FISH images of DAMO SBRludgesampleswithdrawn atCycles 0, 50 and80 (a) Orange:AMX -368- general Anammaox
andgreen:DARCH-872- M. nitroreducengb) Orange AMX -368- general Anammox anolue: DBACT-193- M. oxyfera(c) Blue:
DBACT-193- M. oxyferaand green:DARCH-872- M. nitroreducens



TheFISH results of thénitial sludge samplélustrated that the relative abundance
of Anammox,M. oxyferaandM. nitroreducensvere 33 6, 23N 26 and 40! 3%,
respectivelyFigure4.13). By Cycle 50the relative abundance of Anammox anhd
nitroreducensdecreasedo 21N 5% and 30! 2%, respectively, while that dfl.
oxyferaincreased to 49 7%. Moreover, at Cycle 8Ghe relative abundanaoef
Anammox,M. oxyferaandM. nitroreducenslid not change mugland reache@4N 1
%,4 4 N2 a n d %3r@spettivelyThe resultslisplayedthat theM. oxyferawas
the dominant species of the three target microorganisms reachiaguadance
relatively 2fold the abundance &f. nitroreducengrom Cycle 0 to 80, as shown in
Figure4.13. This is in accordance with the resutisthe %CATNemovedand the
stoichiometric molar ratio of the microbial consortium Section 4.3.1..1 and
Section 4.3.1.2.
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Figure4.13 The relative abundance of target species with respect to the total

microbial consortium in the DAMO SBR

The major outcome is that both DAMO are enriched. Despite the 2.5 fold higher
influent NG to NO> concentration, higher DAMOb abundance was observed in

comparison to DAMOa. This resulted in
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TN removal rate (Cycle 189) of 15.7\ 3 m@ N/LAay, while the average removal
rates of N@ and NQ were foundtobe 4. 2N1.2 mg N/ LAday
N/ LAday, respectively.

Although NH;* was absent in the feed, yet Anammox bacteria were detected in the
DAMO SBR. This might be due to the release ofs\¥a cell degradation that might
have sustained the remaining Amaox in the reactor. Nl was not detected in the

effluent of the DAMO SBR so it might have been consumed by Anammox.

4.3.2 The Results ofDAA SBR Operation

The DAA SBR was established aiming to enfihMO archaea and Anamma@nd
possiblyDAMODb to improve the arichment process of the DAM@nammox ce
culture and investigate the effect of the different nitrogen sources on the enrichment
of the coculture. Moreover, this reactor would ajs@vide a source of inoculum for

the reactor described in Chapter 5. TheAD®BR was supplied with only®y* and

NOz, as the nitrogen source, at initial concentrations dfathd 25 mg NIL,
respectively, at an HRT was 4 day$erefore, HRT and the NOconcentration

were the same as those applied in the DAMO SBR study, as well as BAMO
Anammox SBR (Phase IV)Limited NH4" was supplied in comparison to N@o
provide the DAMOa a competitive advantage since they can be outcompeted by
DAMODb. The reactor pgormance and the population dynamics of the microbial
consortium enriched in the DWASBR were evaluated throughout the operation of
the reactor. The DA SBR was operated for aboutddays (& cycles) and the
results are presented in two main sectiorsylte of reactor performance and results

of molecular analyses.

4.3.2.1 Results of DAA SBR Performance

The pH of the influent was maintained at a pH of7.2 The effluent pH ranged
from 7.0-7.93 throughout & cycles,as seen ifrigure4.14. The average pH of the
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82 cycles of operation was32N 0 .. The pH values wer@ the range ofhe most
commonly applied pH throughout DAM@nammox enrichmenttsdies (7.37.5)
(Luesken et al., 2011; Haroon et al., 2013; Ding et al., 2014; Ding et al., 2017; Cai
et al., 2015; Xie et al., 2016; Fu et al., 2017; Hu et al., 2015). This pH range was

defined as the optimal pH range for the enrichment of the DAM@mnox co

culture.
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Figure4.14 pH results of the effluent samples of the DAA SBR

The TOC concentrationof Cycle 0 was found to be 309 mg/L; therefore,
denitrification activity was expected to occur until fTh@C is consumedFigure

4.15). At cycle 1Q the initial TOC was measured to be 196 mg/L and the at the end
of the same cycle it was measured as 129Lmndt Cycle 22, the initial TOC
concentration was 11Ivg/L while the final concentratioof the same cyclevas 116

mg/L. Experimental TOC concentrations do not comply with the theoretical effluent
concentration trend line, which was produced considemhgtbe hydraulics of the

SBR operation without any biological TOC degradation. This result reveals that there
might be TOC production during the operation. This might be dusther the
production ofEPSor thedegradation of cellthat are not favorenh the conditions

provided in the reactoOn the other hand, cyclic analysis on Cycle 22 and Gile
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reveal that there is almost no TOC production and there is neglibile TOC
degradation. Nevertheless, TOC concentration decreased dowvh4tong/L by

Cycle 80.1t can be concluded that, although it was not observed through the cycles
where initial and final TOC analyses were performed TOC concentration decreased
through the operational period of Cycles&f This was attributed to heterotrophic
denitrification. The TOC results of the DAA SBR were similar to the DAMO SBR,
yet heterotrophic denitrification activity was less evident in the DAA SBR in

comparison to the DAMO SBR terms of pH increase, as seelfrigure4.14.
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Figure4.15 TOC results of the effluent samples of the DAA SBR

The TSS and VSS of the DAA SBR was measured at the initial inoculation and at
Cycle 80. The results show that the TSS and VSS decreased abelaidh,tit the
VSS/TSS percentagagayed approximately the sami@able4.7). This signifies that

the relevant microorganisms with the respect to the conditions provided remained in
the reactor while the others degrad&te degradation of these cells midgtave
released organic carboand that may have caused slower decrease in TOC
concentratiorthe hydraulics of the SBR operatitimoughout the operation of the

DAA SBR.
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Table4.7 AverageTSS and VSS results tife sludge from the DAA SBR

Sludge TSS (g/L) | VSS (g/L) | VSSITSY%)
Mixed initial sludge| 36IN1 .| 15.INO . 42
Cycle 80 48N0 .| 2.0NO. 41

4.3.2.1.1 Nitrogen Removal Performance of DAA SBR

The reactor was operated at initiadoreticaktoncentrations of NiH and NQ™ of 12

and B mg N/L, respectively, while the theoretidd. R was 18. 5Themg N/ LAday
DAMOa in this reactor would also be the raetermining step in providing NO

for possible Anammox or DAMODb activitfhe experimental analyses revealed that

the average initiaNH4* concentration (Cycle-6 2) was 1 3.THefMB* mg N/ L
concentration at Cycle 0 was found to be 250 mg N/L and decreased to a
concentration of 17 mg N/L by the end of tHedycle Figure4.16a). At Cycle 6

and onwards, NH was added to the feed to fulfill the theoretical initial AH

concentration.

NO> was detected in the reactor but at Cycle &8 dyclic initial and final

concentratios of NO> reached 0 mg N/L and did not change throughout the

operation of the DAA SBR so its removal efficiency and removal rate were not

calculated after Cycle 18igure 4.16b). At Cycle 18 the IC was in a period of

maintenance, therefore, the initial concentration okMéached levels higher than

the desiredheoretical concentration of 25 mg N&othe initialNOs™ concentrations

were considered in three different phases, Cydé,1Cycle 1759 and Cycle 6682

andwere2 0 5@ N7 . 2482 43. 4N6. 3 mg NTheexperinestgect i vel y.
influent TN concenr ati on were 67. 1RN86,4 1n8y8 .Ns/N1 6f.ofr mQy
N/LforCycle17Z59 and 85. 9 N1 3. 882rilge edpérimenfadNtR Cy cl e 60

in Cycle 616, Cycle 159 and Cycle6@ 2 wer e cal cul ated as 16. 8

and2 1 . 5M@ . b/ LreSpketiyelyThe increased initial N©did not negatively
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affect the performance of the reactor, on the contrary; i@oval was high during

this period.

The average removal efficiency BAN wa s 6% friC9cle2059and 26 N2 0

% for Cycle 6682 (Figure 4.17a). While the average removal rate ©AN was
3.6N0.9 mg N/ LAd®ayanfdor2.aWdl. & 2y -8N/ LAday
(Figure4.18a). The removal efficiency and removal rateNiDsz did not experience

any fluctuation as observed wiMH4" throughout the operation of the DAA SBR.

The average removal efficiency BOs” was @N7 % for Cycle 11 6, 95K8 % f o
Cycle1759 and 97 N6 -3 (Figwed.176).yleelawerade @emoval rate

of NOs was found to be9.6\N2.8mg N/ foAQyaeyrl 6, 27. 2N4.7 mg N
forCycle1Z59 and 11. 9N3. 4 m@2@igureddecny for Cycl

During Cycle 2059, he TAN removal effie@ncy was more than doulilee remeal
efficiency achievedn Cycle 6082. Two possiblespeculationg€an be made, either
the Anammox bacteria was consumM@s” instead ofNO2', or that the production

of NO2 by DAMOa increasegbroviding Anammox aompetition advantage over
the other species consuming N@ the reactor, in turfacilitating the removal of
NH4" via Anammox.The latter seems more plausible since the TAN removal
efficiency declined after the decrease in the initiakN@Cycle 6082. Therefore,

high NO3z™ concentration above the need of a potential heterotrophic denitrification
(determined by the available organic carbon) might have favored the DAMOa

activity and in turn the Anammox.
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Figure4.16 Initial and final concentrations of (a) TAN, (b) NEN and (c) N@-N

during each cycle of the DAA SBfhe S.D of each measurement was <5%)
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Figure4.17 Removal efficiencies of (a) TAN, (b) NQand (c) NQ@ in the DAA

SBR (The negative values emphasize production)

223



14
glz-. a
8 10 1
—
2> 87
° °
g 67 o °o,
o 41 e O.Owow.. 4"'41’ ® o0
T 5. do ® o
= ® o S
© ® P &
S 0 AmPe
(@)
E -2 -
o
=z 4
= s
8
16
> 1.4 -
.g ()
= 1.2
< °
g 10 o o
O]
"é 0.8 A )
© i ()
g 0.6
[
£ 04 ®
= °
N
O o2 _®
Z o o ° ®
0.0 ® M
40
_ ° i ¢
> 35 1 Y
: Y
2 30 1 ® ... ... .“
o ] Poeo Po
E ‘O... o ¢
L 5 ¢ °
s ° e o
= (]
S 15 - i o
3 P o S
S e © L e
g 10 oo P QJ‘
o * 9 o o
O 58 °®
b
O T T T
0 20 40 60 80

Cycle Number

Figure4.18 Removal rates of (a) TAN, (b) NCand (c) N@ in the DAA SBR
(The negative vales imply production)
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The averageyclic TN removed in the DAA SBR waz2.2\6.4 mg N/L for Cycle
6-16, 61.5N 9 .m8 N/L for Cycle 1759 and 28.8l 8 .mg N/L for Cycle 6682
(Figure4.19). While theaverage percentage of TN removed wag N 1 r CYtle
6-16, 88\ ®b for Cycle 1759 and 66l 1 % for Cycle 66882 of the DAA SBR
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Figure4.19 Initial and final TNconcentrationsf the DAA SBR

The %CATNemoved Of €ach of the target microorganisms in the DAA SBR was
calculated as described in Section2.2.3 For Cycle 616, the average
%CATNremoved Of Anammox wasfluctuating between 0% and 32%, while the
%CATNremoved0 f DA MOb and DAMOa were found to
respectively. For Cycle 139, the average %CATRhovedOf ANammox was more
stabl e at 1tHe Naverageh % CATEnbveh & DAMOb and DAMOa
increased ta3 4 N5 % and 4 3 N4For%ycle 6a82, the average e | vy .
%CATNremoved Of Anammoxremained roughly the same with slight increase in
fluctuat i,wmereasthe dvardg® %CATENvesof DAMOb and DAMOa
decreased t@3\6 % and31N6 %, respectively Kigure 4.20). This suggests that
DAMOa exhibied dominance over Anammox and BI®b throughout the
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operation of the DAA SBROAMODb actvity was higher than that of Anammadxe
to the limitedNH4" added in the feed, causing the Anammox activity to be lower
than that of DAMOa and DAMOb.
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Figure4.20 The %CATNremovedin the DAA SBR

TheNO2 and NQ-basedeaction rates of each of the target microorganisms were
calcubtedand the results were revealedrigure4.21. Due to the fluctuations in the
TAN removalrates and removal efficienciethe O for Cycle 616

fluctuated bet ween. Wil the dvera®@®8 mgantl/ LAday

o) were 9.5N4.0 mg N/ LAday and 10.3N2.9 n
Cycle 616. For Cycle 1759, the average th® , O and

o were calculated as 4.6N1.4, 23.5N4.38
respectively.For Cycle 6682, the average theO , O and

o were calculat e®4%ksd 222N N N/ LAday,

respectively Although NO>” was not added in the feed the activity of DAMOb was
higher than tat of Anammox due to the limithHs" in feed and the average

@] was the lowest othe three target microorganism#/hereasthe
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averaged was higher tha® . The results show that the average

reaction rate of DAMOa was the highest but that of DAMOb was relatively close,

which is in accordncewith the %oCAT Nremovedresults
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Figure4.21 The calculatedNO> and NQ-basedeaction rates of each target

microorganism throughout the operation of the DAA SBR
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4.3.2.1.2 Determination of the Stoichiometric Ratio of the Microbial
Consortium in DAA SBR

The stoichiometric ratios were calculated according to SeéthB.4and the results

are shown irrigure4.22. F o r 2t hped'Hopldréatio (Figure4.22a), the DAA

SBR was generally following he r ati o of 03/ goNHatewasr age t he
0.03. The closest theoretical ratio was that of the AMX & DAMOa case which is
0.32. This indicates that the culture had more DAMOa than Anammox and DAMOD.
Mor eover, t het+t agMH apiN@io ( @N @/ N @tio were

0.17 and 0.01, as shown Fkigure 4.22b and Figure 4.22c, respectively. Both
experimental ratios were closest to the thecaktiatio of DAMO which is 0 for both
ratios. This suggests that the culture contained both DAMOa and DAMOb. As for
t he 4thNpHY Qatio, shown inFigure 4.22d, the average ratio during the
operation of the DAA SBR was 0.16. This experimental ratio follows the cases of
DAMOa or DAMOb or DAMO, hence signifies the presence of both DAMOa and
DAMOD. Despite that the results of all the ratios exhibit thegimee of three target
microorganisms, DAMOa demonstrates dominance over the other two
microorganisms in terms of the stoichiometric ratios. Moreover, DAMOD is second
and Anammox is the least of the three target microorganisms. The results from the
%CATNremoved by each species concur with the results presented by the

stoichiometric molar ratio calculations.

228



6¢¢

4 2.0
a C
3 I 1.5 A
1] 1.0 A
2 4
+
<t “ T | 05 A
jan) 1 {—H il 8 '
Z & Z 00 TP
0 me (N i i
~ ~-05 —&— Experimental Ratio
N —@— Experimental Ratio @) —— AMX
% -1 1 AMX or DAMX Z 10 4 AMX-& DAMOa
Z —— AMX & DAMOa < —— AMX & DAMOb
-2 —— AMX & DAMOb 15 4 DAMX
*AMX & DAMOa DAMOa
-3 1 TDAMX 20 DAMO
-6.0/( ‘
-4 T T T T T T T T 9.0 +
4 2
b d
I, 31
>
Z 2 B
=
2 Lhaa Al g
as <
% 0 == = s e — == = +:r 0 1 g o=
+ 1 —@— FExperimental Ratio jas)
| — AMX Z —@— Experimental Ratio
N —— AMX & DAMOa < —— AMX or AMX & DAMOb
o AMX_& DAMOb -1 AMX & DAMOa or DAMX
% -10 A DAMX DAMOa or DAMOb or DAMO
~ —— DAMOa
212 A DAMO -3
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Figure4.22 Thecyclic( a )

Cycle Number

2pHAHD)( PNCG  PN)DN ©,
DAA SBR compared to the th

7

Cycle Number

(c)/ gupNaDn d ( d)pN@hkatibs achieveih the

eoretical ratio of each case



4.3.2.2 FISH AnalysesResultsof DAA SBR

Sludge samples from the DAA SBR were taken at the following interaiaSycle

0 (the initial seed sludgeatCycle 50 and aCycle 80 to perform the FISH analysis,

to observe the change in the microbial composition existing in the reactor with
respectad time. The target cells were identified with the corresponding probes from
Table4.4 that can visually distinguiskl. oxyfera M. nitroreducengand Arammox.

General bacteria, general archaea and DAPI probes were used to quantify the relative
abundance of the target species in the reactor. The samples were analyzed, and the
microscope images are showrFigure4.23.
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Figure4.23 FISH images of DAA SBR sludge samples withdrawn at Cycles 0, 50 afa) 80ange: AMX368- general Anammox and
green: DARCH872- M. nitroreducengb) Orange: AMX368- general Anammox and blue: DBAEIP3- M. oxyfera(c) Blue:
DBACT-193- M. oxyferaand green: DARCFB72- M. nitroreducens



The FISH results of the initial sludge sample illustrated a relative abundance of
Anammox, M. oxyferaand M. nitroreducensof 35N 1%, 23 2%, and 4® 3%,
respectivelyThis is the same sludge used in the DAMO SBRy{re4.13). At Cycle

50, the relative abundance of Anammaecreased to 2B %, while that oM. oxyfera
andM. nitroreducensncreasedo 3 Sofdutd 48l R4, respectivelyNevertheless, by
Cycle 80, the relative abundancedh a mmox sl i ght | y% Orethber eased t o
other hand, the relative abundanc&lobxyferaandM. nitroreducenslightly increased

to 38 N1 9% 449® despectively.The relative abundance of the target species
presented inFigure 4.24 shows M. oxyferaand M. nitroreducensdominance over
Anammoxwhich concurs with the results 8CATNremovedof DAMOa and the N@-

based DAMOa reaction rate Bection 4.3.2.2 andthe results of the stoichiometric

molar ratio inSection 4.3.2.2.
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Figure4.24 The relative abundance of target species with respect to the total microbial
consortium in the DAA SBR
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Although NH;* was provided to the DAA SBR and absent in MO SBR feed, at
Cycle 80, the Anammox relative abundance was slightly higher in the DAB® S

24KN1 %) than in the DAA SBR waslaBsB2inttie . On

DAA SBR feed, yet the relative abundancé/bfoxyferaandM. nitroreducensit Cycle
80 in both reactors was relatively similar, slightly higher abundankk okyferain the
DAMO SBR and a slightly higher abundancevbfnitroreducensn the DAA SBR.

4.3.3 Comparison of the DAMO-Anammox, DAMO and DAA SBRs

In this section he DAMO SBR (Cycle 1839) and the DAA SBR(Cycle 60682)
performances ammpared with Phase IV of theAMO-Anammox SBR since the HRT
during this phase was the same in all reactors (4 days). The initial concentrations of
NH4", NO, and NQ, influent molar ratiosNLR and influent TN concentratioms the

three reactorduring the mentioned periodseshownin Table4.8.

Among the three SBRs operated in this thesis study so far, the highest percentage of
influent TN removed was achieved by the DAMO SBBN 6 %) , whi |l e t hat
SBR was the second highé80N 1 6 %) .  Percentabecofirdlisent TN removed

was achieved by the DAM®@nammox ¢ 3 N 7 Taklp4.9X

RegardingNOs, the highest average removal efficien®y 1 N § anéloremoval rate
(11. 9N3. 4 )was obdséntedin theyDAA SBR, while the DAMO SBR was not

C

farbehindwitt 3N11 % and 11. 6N2. 3 Tabegd9NThdldwdsay , r es

NOsr emoval efficiency Q@MNE®NSB %%)g o d Ardearyg v ava

in the DAMO-Anammox SBR Table4.9). This indicates that the DAMOa activity in
the DAA SBR and DAMO SBR was much higher than that in the DAM@mmox
SBR.

The NOz removal efficiencies achieved ihne DA MO S B ®) afd7DAMNCG 8
Anammox S BY% wdre/similad, yet theNO2 removal rate in the DAMO

Anammox SBR (9.9N2.6 mg N/ LAday) was mor e
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(4. 2N1. 2 rigbleM9), beBadse the initO, concentration of the DAMO
Anammox SBR is more than 2.5 fold higher than that of the DAMO SBR.

RegardingTAN, the averageaemoval efficiencyand removal rate in th®AMO-

Anammox SBR (97N15 % and 6.9N1.6 mg N/ LAday,
that of the DAA SBR (26N20 % @dahled92Thid N1. 5 mg N
indicates that the Anammox activity was much lower in the DAA SBR wactbe

attributed to thebsence of NOZn the DAA SBR feed.
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Table4.8 The initial concentrations of NP, NO, and NQ7, NLR and influent TN concentrations in the DAMO, DAA
and DAMO-Anammox SBRs

s Initial Concentrations (mg N/L) Influent Molar Ratios NLR Influent TN
eactor
NH4* NOy NOs | NH4/NO2 | NHs/NOs | NO2/NOs | (mg N/ L| (mgNI/L)
DAMO SBR . -
0 10.1(124. 2 0 0 0.4 17.1N| 85. 9N
(Cycle 1889)
DAA SBR . -
13. 0 24 . 4 - 0.5 0 21. 5N 68. 5N
(Cycle 60682)
DAMO-
Anammox SBR | 13.N 4 .| 26.3N 7 | 25.0N 2 0.5 0.5 1.1 32.2N/128.9

(Phase IV)
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Table4.9 The removal efficiencies, removal rates and percentage of influent TN removed of the DAMO, DAA and
DAMO-Anammox SBRs

R Removal Efficiency (%)| Removal Raterfig N/ L| Percent influent TN
eactor
TAN | NOx» NOs TAN NO> NOs remo\al (%)
DAMO SBR (Cycle 1889) 0 [78N|93N71 o0 4.2N11.6 94N 6
DAA SBR (Cycle 6082) 26 N| 0 97N|2. 1 0 11.9 80N 1 6
DAMO-Anammox SBR (Phase M 97 N| 77N 10N|6. 9N9. 9N 272 73N 7




Regarding the calculated avera@@ATNremoved In the three reactors, the highest

average %CATNmoved Of Anammox, expectedly, was calculated in the DAMO
Anammox SBR3 7 N1 3 %) , wh%CA&Netolas@ Areamneok ia theeDAA

SBR was found to bé& 1 N 8 Tabte 4(10). On the other hand, the highest average
%CATNremovedOf DAMOa was computed in the DAMOBR B3 9 N4 %) , whi |l e t
the DAA SBR was cl osel y %WCATINimpedof DABIQaNS %) . T
the DAMO-Anammox SBR was the lowest of the three reactbrSl @ T#ble4.10).

Whereas, the higheatverage %CATMNmovedof DAMOb was found in thé© AMO SBR

(5 3 N §andthe second highasasobserved in the DAA SBR 3 N 5. Th#average
%CATNremoved Of DAMODb was the lowest in the DAM@nammox SBR aB N7 %
(Table4.10).

Similarly, the highestiverageD was observed in the DAASBR 2 . 5iNg .

N/ L A, dvhilg the second highest and the lowaserageO were observed

inthe DAMO SBR 1L 1. 6 N2 . 2 )nagd thé DAMGArmymox SBR1. 3 N1. 3
mg N/ LAday) Whileteeshigheshveiage® | y . was calculated in the

DAMO SBR 5. 8N3.2 mg N/ LAdMay) .in thehAA SBRer ag e
9. 9N3. 4 rheas Mowde fhahahat in the DAMO SBRvhile the DAMG

Anammox SBR experienced the lowesterageO of the three reactors

( 3. 0@ NO L AdTahle) 4.10). Regarding Anammox activity, the highest
Anammox activity was observed in the DAM&Ahammox SBR with an average
o) of83mg N/ LAday, whi | e tintheDAABRRwWasy e

found to be4 . 6 Ninfy N/BAay(Table4.10).
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Table4.10 The %CATNemoved@NdNO> and NQ-based reaction rates of the DAMO, DAA @bAMO-Anammox SBRs

%CAT Nremoved(%0) NO> and NQ'-based reaction ratesing N/ L

Reactor - < <

AMX | DAMOb | DAMOa | O O O
DAMO SBR (Cycle 1889) 0 53Nf§ 39NA4 0 15. 8N 11. 6N2
DAA SBR (Cycle 6082) 11Nl 23N5 31N 4.6N1| 9.9N3 12.5N3

DAMO-Anammox SBR o - . N N .
37N] 8N7 4 N4 8. 3N3| 3. 0N2 1.3N1.
(Phase V)




The highest DAMODb activity was olrsed in the absence of Anammox activity, in the
DAMO SBR, and the N@ removal efficiency was nearly the same as in the DAMO
Anammox SBR. Moreover, the presence of a highly active Anammox coégegively
affected the removal of NO Theoretically the production of N© by Anammox can
support the activity of DAMOa, if 8nDAMOa content in the sludge is not sufficient to
begin with, its activity will be masked. It seems that the enrichment of a DAMO culture
in the DAMO and DAA SBRs was achieved in a shorter time waatt higher
efficiencies compared to DAM®@nammox SBR.The reason is that the DAMO
composition in the initial sludge was low, so the DAMOb could not compete with an
enriched Anammox culture and the DAMOa could not overcome the masking effect
imposed by the Anammox. On the other hand, in theradesof Anammox #ir activity

was more evident. This outcome contradicts the findings of Zhu et al. (2012) which
claimsthat using Anammox as the base of a DAM@ammox ceculture enrichment
reduces the enrichment period. Enriching the DAMO cultures and Anammox culture

seprately using multiple nitrogen sources seems to reduce the enrichment period.

The results were comparew a similar study performed byru et al. (2017a)
investigatingthe effect of providing different combinations of nitrogen sourtrethe
study, a reactor namebl1, wasprovided withNH4", NO;", NOs” and CH resemhhg
the DAMO-Anammox SBRin this thesis study (Chapter3yhile the N2 reactowas
supplied with NH*, NOs” and CH resemblinghe DAA SBR ReactorsN3 (NOs; and
CHa), N4 (NHs*, NO, and CH), N5 (NO and CH) were also setup in the scope of the
study conducted by Fu et al. (2017E)e initial concentrationsf NH4*, NO, and NQ
were 50, 10 and 50 mg N/L, respectivelyhe initial concentrations arithe influent
molar ratiosappliedand the removal rates achieviadhe study performed by Fu et al.
(2017a) are shown ihable4.11.
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Table4.11 Influent concentrations, influemholar ratiosand removal rates frofu et al. (2017a)

Initital Concentrations (mg N/L

Influent Molar Ratio

Reactors TN removal raterig N/LAlay)
NH,* NO> NOs NH4*/NOz | NH4/NOs | NO2/NOs
N1 50 10 50 5 1 0.2 107
N2 50 50 - 1 <2
N3 0 50 - 0 <2
N4 50 10 0 5 - - 97
N5 0 10 0 0 - - 33




TheN1 reactorachieved the highest TN removate(107mg N/LAlay) with the shortest
enrichment periodwhile theN4 reactorachieved the second highest TN remaahé

with 97 mg N/LAlay, while the N5 reactor achieved the thiighest TN removal rate at

33 mg N/LAlay. The N2 reactor, which was provided with Ntand NQ" as the nitrogen
source, thus resembling the DAA SBR, achieved the lowest TN removal rate along with
the N3 reactor (<2 mg NAay). The addition of NIt in theN1 and N4 reactors led to

an increase in Anammox bacteria dominance, which allowed for a higher TN removal
rate. Nevertheless, unlike the DAM@ammox SBR, DAMOD still dominated in the

reactors.

Similar to the results attained by Fu et al. (201Te) DAMO-Anammox SBR achieved

a higheraverageTN removal rate(15. 5 . 4  nitpy) tKanlin the DAA SBR
(14N 4 . 2 nAay). Méwever, the average TN removal rate in the DAA SBR
(143N 4 . 2 rlgy) was rhuch higher than that of the N2 rea@#iMOa wasnot
detected in any of the reactors establishe&uet al. (2017a), due to the@bsence in

the inoculum.The DAMO SBR achieved an average TN removal rate f183.7 2 mg
N/LAlay) similar to that achieved in the DAM@hammox SBR.

Fu et al. (2017a) found &h the TN removal rates for DAMO cultures enrichading
multiple nitrogen sources were generally higher than faglsi nitrogen source
enrichmentYet, the highest DAM® activity was observed in the N5 reactor which was

providedwith NO; as the sole nibgen sourceQ of 33mg N/ ), whilea y
o) from the N1 and N4 reactors were 12 andii§ N/ LAday, respe
TheO calculated from the DAA and DAMO SBRs were relatively comparable

tothe Nland Ndreactord( 9N318. 8N8. 2 mg N/ LAday, respe
Anammox activity, he O calculated from the N1 and N4 react¢?$ and

43mg N/ L Aday ) weredaunmeocbe highgh&nyn the DAA and DAMG
AnammoxSBRs4 . 6 N1. 4 and 8. 30N higheNH4" dohcengrationa s d u e
by Fu et al. (2017a).
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Considering the influent molar ratios applied in this thesis stadipw influent
NH4*/NO2 molar ratioof 0.5, applied in the DAM@&nammox SBRthe consortium
enriched contained a dominant Anammox culture over DAM@,. ata much higher
influent NH4*/NO2" molar ratioof 5, applied in the N1 reactar culture dominated by
DAMODb was enriched (Fu et al., 2017&his outcome does not seem intuitignce
theoretically, Anammox has a higher affinity to Nan DAMOb and a higher influent
NH4"/NO2 molar ratio would favor Anammox over DAMOb. The only plausible
reasoning would be that the composition of the initedculum is dominated by
DAMOb.

434 Conclusion

Although, the removal efficiency and removaleof NOsz” wasvery similarin both the
DAMO SBR and the DAA SBR, the percent influent TN removed in the DAMO SBR
(94N 6  Was hgher than that achieved in the DAA SERN 1 6 . Both reactors
exhibited DAMOb and DAMOa activity, nevertheless, the DAMO SBR illustrated
higher DAMObactivity while theDAA SBR illustrated higher DAMOa activifyas seen
in the results of the N©Oand NQ-based reaction rates, stoichiometric molapsaand

FISH analysis.

In comparison to the DAM@nammox SBR, DAMO activity was higher in the absence

of a dominantAnammox culture. Enrichment of a DAMO culture in the absence of a
dominant Anammox culture occurred in a shoperiod yet Anammox was dected

in both the DAMO SBR and DAA SBR, but its activity was much lower than that of the
DAMO-Anammox SBR. This signifies that different combinations of the nitrogen
sources, their influent concentrations and corresponding influent molar ratios play a

critical role in the enrichment of a DAM@nammox ceculture.

When contrasting the results obtained from the DARK@MmMox, DAMO and DAA
SBRs with the results from Fu et al. (2017hg followingoutcomesould bededuced

Cultures enrichedith multiple nitrogen sourceseem tdhave generally higher removal
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ratesthancultures enriched usingsingle nitrogen sourc&urther investigation othe
effect of different combinations of influent nitrogen molar ratios the reactor
performance anthe microbial communitys required Yet, to enrich the three target

microorganisms the choice of inoculum to remains very critical.
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CHAPTER 5

DAMO -ANAMMOX CO -CULTURE TREATMENT OF A NAEROBIC
DIGESTER EFFLUENT AND ITS INTEGRATION WITH MICROALGAL
CULTURE

51 Introduction

Investigating the application of a DAM@nammox system on real wastewater is
critical for understanding the potential applications of thiswalure systemLim et al.
(2021) the first and onlyto employ on a lafscale, a DAMGAnammox MBIR for the
treatmenf original AD effluent Lim et al. (2021) investigates the treatment of main
stream and sidstream effluents using a DAM@nammox ceculture. The source of
mainstream wastewater was tledfluent of aHRAS, where three scenarios were
studied.In Scenario |nitritationwas applied to the HRAS effluethitenthe effluent was
sent to thdAMO-Anammox MBfR operated at an HRT of 1 d&§cenario lincluded
partial nitritation then a DAM@Anammox MBfR,which was operatedtan HRT of 1
day,while in Scenario Il] partial nitritationand Anammoxwas performed prior to the
DAMO-Anammox MBfR operatecitan HRT of 0.5 daysThe mainstream scenarios
wereperforredat a t e mp e rOatheother hand, AD2iQuér @as used a side
stream wastewater and studied under Scenario IV. In this scaghar®D effluent was
partially nitrified and then provided to a DAM@®nhammox MBfR operatedat a
temperature i3 5 Au@ HRT of 2 daysTable5.1illustrates the influent concentrations,
removal rates, microbial compositioand NO>" and NQ™-basedreaction rates of

Anammox, DAMOa and DAMODb achieved in each scenario.
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Table5.1 Influent concentrations, removal rates, microbial composition and reaction
rates achieved ithe DAMO-Anammox MBIfR ineach scenarifLim et al., 221)

Scenario
I Il 1l v
NH4* 13 20 5 | 455
Influent Concentration (mg N/L) NO2 62 | 31 | 05 | 590
NOs 8 6 11 | 10
NH4* 12 16 4 | 225
Removal Rate (mg N/Alay) NOy 62 | 31 | 1 | 290

NO3 1-22 | 0-14| 14 -
DAMOa 29 29 22 | 20
Microbial composition (%) DAMODb 11 6 12 5
Anammox | 1 1 1 12

DAMOa 10 8 15 | 52
DAMOb 56 | 22 9 32
Anammox | 15 17 5 | 270

NO, and NQ-basedReaction Rate
(mg N/LAlay)

The influent NH*/NO; ratio to the DAMGAnammox MBfR was in the range of 6.2

0.3 in Scenario |, 0:8.6 in Scenario Il, 0-8.6 in Scenario Il and in 0:@.8 Scenario

IV. In all the scenariotheeffluent TNconcentration was at mdsimg N/L.The relative
abundance of DAMOa the microbial consortium was 29% in both Scenarios | and I,
22% in Scenario Il and 20% in Scenario IV. The relative abundance of DAMOD in the
microbial consortium was 11% Scenario,|6%in Scenario 11,12% inScenario 11l and

5% in Scenario IV Whereas, the relative abundance Ariammoxwas about1% in
Scenarios |, Il and Ikachand12% in Scenario IVRegarding the sidestream treatment,
up to 96% of the TN concentration was removed at a rate of 500 Ay The study
performed by Lim et al. (1) illustrateshe applicability of using DAMO-Anammox

MBIfR for the treatment aboth maingeam and sidestream wastewater.
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Modifications of a DAMO-Anammox system might be explordd achieve the
treatment ophosphorusas well for instanceintegrating this ceculture withmicroalgae
(Harb et al., 2021gan target phosphoruSuch an integrated system might evemease
the removal efficiency of residual ammoniumMicroalgae are fasgrowing
microorganisms capable of achieving nutrient aadban removaivhile concurrently
mitigating GHG emissionsMicroalgal systemshave relatively low operation and
maintenance costs and short stgrttime compared to conventional wastewater
treatment process¢€ai et al., 2018 Depending on the type ofastewaterintended
treatment and application objective different metabolism modes can be employed in the
growth of microalga¢Hammed et al., 20)6Hence, lhey can be utilized in the treatment
of various wastewater typeNlevertheless, grameters such asmperature, pH, light
intensity, ilumination period, HRT, NLR, PLR ar@LR may affect the enrichment and
growth of microalgaeln comparison to other microalgae specteésyulgarisare more
robust and resistant to varying environmental factarsl they arecamble of
accumulang high lipid content Furthermore microalgae harvesting can vyield
numerous/alueadded products, such as, biofuel, vitamins, proteins, and.@ugsk a
configuration might close the energy cycle making it -saltainhle and energy

efficient

In this chapter the capability of the DAM@nammox ceculture enriched would be put
to the test of treating an original AD effluent which would be done in two Stées.
first step was performing a batch test where differentiditgtof the AD effluent and
their correspondingynthetc wastewaterWW) equivalents were testeéd determine

a favorable dilution to apply to the SBRhe secondtepwas applying tB chosen
dilution on an established SBR and monitoring the reactooipeaincen treating the
AD effluent along with thechanges inthe population dynamsc Furthermore, the
effluent of this SBR was provided tdCa vulgarisPBR for further treatmentn this step
the applicability of an integrated DAM@nammoxMicroalgaeto treat AD effluent
was assessed.he established SBR, namely DAMMOX SBR, was inoculated with
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sludge from the three reactors, DAMEammox SBRn Chapter 3 and DAMO SBR
and DAA SBRin Chapter 4.

5.2 Materials and Methods

5.2.1 Reactor Setup and Operational Conditims

5.2.1.1 BATCH SET: SWW VersusAD Effluent Application

It was aimed in this batch reactor study to investigate the effect of AD effludrttion

the removal performance and microbial consortium BAMO-Anammox ceculture,

in comparison to synthetic feed applion. The AD effluent would contain a matrix
that is not provided in the synthetic feed, which can prove beneficial to the growth of
the microorganisms. On the other hand, AD effluent does have many different microbial
groups that may affect the enrichesic u | t u r e diectlyaoc indirectly Thys, it

is worth investigating the feed type effect.

The AD effluent was obtained froASKI Ankara Central WWTP, Tatlar. It was settled

to retrieve the supernatant which was then centrifuged at 13,000 grfon 16 remove

the suspended solids that may affect thewturethroughintroducing new unwanted
microorganisms. After analysis of the AD effluent, it was observed that minute amounts
of NO2” were present but no NOwas found, the characteristics of the AD effluent are
displayed inTable5.2. The pH of the AD effluent was found to be 7.53.
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Table5.2 AD effluent characteristics after supernatant extraction and centrifugation

Compound Concentration (mg/L)
TAN-N 750N\
NOz-N 4. @IN
NOs-N 0 §.03
PQO®*-P 40.08N
SO 6946 N
TOC 9 2 3N
tCOD 568N 8
sCOD 43N 3
Volatile Fatty Acids (VFA) (mM)
Acetic Acid 1.069N 0. 00
Propionic Acid 0368N 0. 00
Iso-butyric Acid 0231IN 0.00
Butyric Acid 0.309N 0. 00
Iso-valeric Acid 0269N 0. 00
N-valeric Acid 0311IN 0. 00
Iso-caproic Acid 0351N 0. 00
N-caproicAcid 038N 0.00

Eight batch reactor types, each run in triplicate, were setup (24 readtab$d %.3).
Four reactor types (12 total) were operated with real AD effluent subject to different
dilution factors, while the other @ reactor types (12 in total) were operated with
correspondingNH4" concentrations, as that of the AD effluent reactors yet this time with
synthetic fed(Table5.6). The dilution factors chosen at#&, 1/8, 1/20 and 1/40able

5.3), which include oné1/40)that corresponds to the curréMitls" initial concentration
provided to the DAM®@AnammoxSBR in Phase ¥12mg N/L). These dilution factors

were chosen, whilst takininto consideration the R®concentration and the TN/P ratio
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that will be available to the microalgae. Since at a later stage (Section 5.2.1.3) the

effluent of the DAMMOX will be supplied to a microalgae PBR.

Table5.3 Different reactor types operated in the batch reactor study

Reactor type Nitrogen Content in Each Reactor Type
NH4* (mg N/L) | NO2 (mg N/L) | NOs (mg N/L)
AD 1/4 153N1 95N4 5. 2NO0
AD 1/8 71.1N17 50.6N1 3.8NO
AD 1/20 27.5N0 23.3N1 0 6NO.
AD 1/40 13.2N0 29.6N4 20. 7N
SWW 1/4 152N1 96 N4 0. 4NO
SWW 1/8 77.1N0 49.4N1 0 4NO
SWW 1/20 28.9N17 23.3N1 3.1NO
SWW 1/40 14.5N0 27.6N1 23.3N3

As seen inTable5.2, NO> was not present in the AD effluent at concentrations that
create a N@:NH4" ratio between -2, which is preferential for the Anammox process.
Such a ratio might be achieved afpartial nitritation by ammonium oxidizing bacteria
(AOB), which converts half of the NfHto NOz', thus making Anammox possible. In
this thesis study, the treatment of the AD effluent without any pretreatment, such as
Anammox, was to be assessed. Theeefidwas decided to supplement Néxternally

to each reactor type. However, since the Anammox activity in theultare was
dominant, the option of providing improved conditions for the Anammox bacteria may
cause further imbalance in the currently elneid ceculture which may lead to the loss

of the remaining DAMODb. Therefore, instead of ad\NH4" ratio of 1.32, favoring the
Anammox reaction, a lower ratio of 0.5 applied to all the reactors, soWwd3 added
accordingly Table5.3). On the other hand, NOwas not added, except for reactors AD

1/40 and SWW 1/40, since the aim of the experiment was to treat AD effluent with no
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pretreatment and minimal changblsreactorsAD 1/40 and SWW 1/4NO2 and NQ

were added at concentrations similar to the DAKMGaMMOXSBR in Phase V

Each batch reactor has a total volume of 56 mL, and the operated effective volume was
35 mL, making a headspace volume of 21 mL. Each reactor was inoculated with 15 mL
of DAMMOX SBR initial mixed sludge that was previously washed multiple times with
nitrogenfree synthetic feed, to ensure that the concentrations of the nitrogen species in
the sludge were approximately 0 mg N/L. The DAMMOX SBR initial mixed sludge
consisted of a mixture of sludge from the DAM®@ammox SBR (Phase V), discussed

in Chapter 3,ie DAMO SBR (Cycle 80) and the DAA SBR (Cycle 80), discussed in
Chapter 4. The details of the sludge charcteristich as TSS and VSS concentrations

are displayed in Section 5.2.1.2.

The pH values of the sludge and feed were adjusted separately topufging with
Ar and CQ before seeding the reactofdter inoculatingthe reactorgheywere purged
with 4 L/min of Ar for 4 min and then purged with 0.2 L/min of £E0, gas mixture
for 1 min. The reactors were tightly closed, and the headspace wgedfor 1 min
with CH4/CO, gas mixture and ressurized to achieve about 1.4#m CH; partial
pressure. By performing this procedure, DO was maintained as low as possible, pH was

adjusted to around 7.5 and the headspace was pressurized with CH

The reactas placed on an orbital shaker at an rpm of 127 \wack operated for the
duration of 7days(168 hours)under the operational conditions shownTiable 5.4.
Liquid samples were takeat the start of the experiment, the"4®ur (29 day), 120"
hour (3" day) and 168 hour (7" day). The samplesere filtered and analyzed for the

different nitrogen species. Similarly, gas samples were taken at the same time intervals
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Table5.4 Theoperationatonditionsof thebatchreactor study

Parameter Condition

Operationperiod (day) 7
Total Volume (mL) 56
Headspace (mL) 21
Effective Volume (mL) 35
Inoculum (mL) 15
Medium (mL) 20

Total pressure in the headspace (g 1.20

Methane partial pressure (atm) 1.14

Initial pH 7.50

rpm 127

5.2.1.2 DAMMOX SBR

The aim of setting such a reactor was to proceed wittinehment of anaerobic digester
effluent, where the effluent of the DAMMOX SBR was supplied to a culture of
microalgae. The aim was to investigate the effect of AD effluent on the microbial
consortium of the enriched DAM@nammox ceculture. It was alsoiaed to treat the
effluent of DAMO-Anammox system sequentially with a microalgae PBR to test the
applicability of a novel integrated DAM@nammoxMicoralgae system to treat

nitrogen and phosphorus nutrients of an original AD effluent, as a proof of concept

The DAMMOX SBR was operated after the DAMEBR and DAA SBR in Chapter 4.
After observing improved activity in the DAMO and DAA SBR$\&v reactgrnamely
the DAMMOX SBRwas set up using the sludge of i@MO-Anammox, DAMO and
DAA SBRs The DAMMOX SBR was inoculated with 0.2 L of sludge, 0.1 L from the
DAMO-Anammox SBR, 0.05 L from the DAMO SBR and 0.05 L from the DAA SBR.
Before inoculation the sludge mixture was washed with nitrégenfeed, in order to
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remove any residual Nf{ NO," and NQ" from the previous reactorshe TSS and VSS

of the sludge from each of the reactors (DAM@ammox, DAMO and DAA) was
analyzed Table5.5) before seeding the DAMMOX SBR and accordingly the volume
of each sludge was decided. The initial VSS/TSS percentage in the DAMMOX SBR

was found to be 35%.

Table5.5 TSS and VSS results of the sludges use@é¢o he DAMMOX SBR

Sludge obtained from related reacfory TSS (g/L) | VSS (g/L) | VSSI/TSS %
DAMO-Anammox SBR (Cycle 192) | 7. 9 N( 1. 9 N( 24
DAMO SBR (Cycle 80) 9. 4N( 3. 8N( 40

DAA SBR (Cycle 80) 4. 8N( 2. 0N( 41

DAMMOX SBR (initial seed sludge) | 5. 9 N( 2. 1 N( 35

aCycles at which the sludge was withdrawnifaculation ofDAMMOX SBR

The DAMMOX SBR was an air-tight stainless steekactorwith total volume of 0.4 L
(Figureb.1). Theeffective volume was 0.3 L creating a headspace volume of THel.
exchange volume ratifor the DAMMOX SBRwas set at 0.5 corresponding to an
exchange volume of 0.15L. The cycle peraddhereactor was2 hr, making an HRT
of 6 days.

Figure5.1 DAMMOX SBR
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The operation temperature aimitial pH were set as3 5 A C .&h5d respectively;
mixing was done using an orbital shaker at 120 rpm. DO was maintaorsedo 0 mg/L

by purging the reactor with an Ar/G@ixture (95%:5%) for about-8 min every cycle.

The synthetic wastewater was purged with the A@&ture for 1615 min and its pH

was adjusted, before being fed into the reacthen the reactor wapurgedwith a
mixture of CH;: CO, at 95%:5% to flush the Ar out and the pressure of the headspace
was stabilized at 1.5 atm (absolute pressure) at the beginning of each cycle (Ettwig et
al., 2009; Zhu et al., 2012; He et al., 2014, He et al., 2015a; Zhao et al., 2017).

The reactor wamitially fed with the same feed constituents as the DAM@mMMox
SBR(Table5.6) including the same concentrations of N2 mg N/L), NQ (25 mg

N/L) and NG (25 mg N/L) as in Phase V (Cycle 18®2)(Ettwig et al., 2009; Luesken

et al.,, 2011; Cai et al., 2015pncesteady state conditions in terms of the removal
efficiencies were observede second phase (Phask) Atarted with the gpication of

a 1/10diluted AD effluent establishing initial concentratioms the DAMMOX SBR
similar to those of the AD 1/20 batch reactors in the batch test. In Phase A2 the dilution
to the AD effluent was reducetb 1/5 dilution in turn increasing thenitial

concentrationsTable5.7).

The AD effluent used in the batch study
Therefore, bfore administrating the diluted AD effluent, the characteristics were
measured agairtp ensure the consistency of the constituents. All the constituents
remained the same as showmable5.2, except for the TAN concentration which was

was found tobe 6L4N6 mg N/L. The dilutions to the AD effient were accordingly

adjusted
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Table5.6 Modified DAMO-Anammox feed (Ettwig et al., 2009; Luesken et al., 2011b;
Lu et al., 2018).

Compound Concentration (g/L)
NH4CI 0.0535
NaNQ. 0.1479
KNO3 0.2167
KHCO3 0.5
KH2POy 0.05

CaCbkRH;0 0.3

MgSQ:AH:0 0.2
Acidic Trace Elements 0.5 mL/L (100 mNCI)
FeSQL 7.6 55.602
ZnSQL. 7.6 0.068
CoChl- 626 0.12
MnClzL: 4.6 0.5
CuSQ 6.384
NiCl2L 626 0.095
H3BO3 0.014
Alkali Trace Elements 0.2 mL/L (10 mM NaOH)
SeQ 0.067
NaWOsl: 2.6 0.05
NaMoOg4 0.242

255



9G¢

Table5.7 Operational details anchpse changes of the DAMMOX SBR with respect toféleel source

Cycle Influent Influent Influent Influent Molar Ratio
Phase Feed Source No. NHe NOz NO: NH4"/NO2" | NH4"/NOs" | NO2/NOs
(mg N/L) | (mg N/L) | (mg N/L)
S SWW 1-10 24 50 50 0.48 0.48 1
Al AD 1/10 11-24 60 30 0 2 - -
A2 AD 1/5 25-28 120 60 0 2 - -




5.2.1.3 C. vulgarisPBR

A semicontinuousB800 mLmicroalgae PBR wasstablishe@ndoperated for at least 1

month prior to the start of the experiments in this section, namely, microalgae seed
culture PBR (MSC PBR{Figure5.2). The MSC PBR contained an axer@c Vulgaris

culture, previously enriched from a culture obtained fram st anb ul Mi cr o
Bi otechnol ogi es Research and Devel opment C
cultivated in the 800 mL PBRinder sterile conditioniquid 3Fol d Bol dbés Ba
Medium with vitamins (3N BBM +V) in accordance with the recommendation of
AUTEX Cul tur e CoTables8)t ThoMSC #BR wad opexated at &n

HRT of 4 days, which was previously established as the optimum HRT of the culture,
considering the highest nitrogen and phosphorus removal efficienciex (80p).

Moreover, according t&uba €022) e optimum influent TN/P ratio applied to this

C. vulgarisculture was 8 g N/ g P, in the range e1%5g N/ g P (Aslan and Kapdan,

2006). Therefore, the theoretical influent TAN andsP©@oncentrations of the MSC

PBR were 32 mg N/L and 4 mg P/L, respeely.

Figure5.2 The MSC PBR shown on the left and the TM PBR shown on the right
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Table5.8 3N-BBM + Vitamins synthetic wastewater prepared for MSC PBR (UTEX

Culture Collection of Algae)

Compound Concentration (g/L)
NH4CI 0.122
KH2POy 0.018
KoHPOy 0.008
CaCbkRH;O 0.025
MgSQAH:0 0.075
NacCl 0.025
NaHCG 2.5
P-IV Metal Solution 6 mL/L
NaE DT A A 125
FeCkAH,0 16.17
MnCl.4H,0 6.83
ZnCl, 0.83
CoCh&H:0 0.33
Na:MoOsRH,0 0.67
Vitamins 1 mL/L for each
Biotin 0.025
Thiamine HCI 0.335
Cyanocobalamin 0.135

A new test microalgae PBR (TM PBR) was establisfiédure 5.2), inoculatedwith
135 mL of culturdrom the MSC PBRDay 23) The effective volume of the TM PBR
was 180 mL, while the exchange volume was 45 roasresponding to an exchange
volume ratio of 0.25. The TM PBR was supplied wathly the DAMMOX effluent
running under diluted AD effluentThe MSC PBR was operated throughout the
operation of the TM PBR as aosk for the microalgae culture and for comparison
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between the two reactors in terms of removal performavoeeover, similar to the
MSC PBR, the TM PBR wsoperated at an HRT of 4 days.

Both PBRswere operated with a PAR of 1200 PAR using an 18 W ccalhite,
fluorescent lamps (OSRAM, L 18W/685). The operation temperature was419 C ,
while the aeration was applied using an air pump (RESUN Air Pum®@02) at a
flowrate of 0.5 L/min (2.8 L/L/min, vwm)Filters withO . 4 5por® sizgHydrophobic
Minisart Syringe Filter) were mounted at the ends of the air inlet and outlet tubings to

avoid contamination.

TheDAMMOX SBR effluent was provided to tHEM PBR after beindfiltered through

0 . 2 fil®rm(Sartorius). Each DAMMOX SBR cycle effluefit50 mL)was dvided

after filtrationandprovidedasinfluent for the TM PBR for 3 day4&5 mL were used for

the various analyssonducted45 mL were supplied in the first day, whiles remaining

90 mL were stored at 4AC for the next 2

Parameters such as pteémperature, TAN, N®, NOs, PQ?, dry cell weight, optical
density were monitored throughout the operation of the PBRalinity provided to
the MSC PBR in the form diaHCG;, however, since the TM PBR was to be supplied
with the effluent of the DAMMOX SBRhetotal alkalinity of this effluent wasassessed

to ensure that it would be in the desired range.

The total alkalinity supplied to the MSC PBR was about 1500 mg @&Ci@ the form

of NaHCQ:. On the other hand, the total alkalinity of the DAMMOX SBR effluent was
measured, in case it was necessary to supply an external source of alkalinity. The
alkalinitiy wasfound to be 355 mg CaGQ in the form of HCQ@,, which was suftient

for the operation of th€. vulgaris
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Table5.9 DAMMOX SBR(Phases Al and A®ffluent characteristichat were
supplied to the TM PBR

Compound Concentration (mg/L)
TAN-N 20.947.7
NO2-N 0-5.6
NOsz™-N 0-34.5
PQ*-P 4.79.6

Alkalinity (CaCQs) 355365 (HCQ)
TN/P (g N/g P) 3.612.6
pH 7.07.63
sCOD 89.9454.9
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5.2.2 Analytical Methods

The activity of the DAMMOX SBR was assessed to evaluatmtbebial composition.

This was performed through the assessment of the removal rates, removal efficiencies,
removal molar ratios of the nitrogen species and total nitrogen removal in comparison
to the theoretical values present in the literatlilee conentrations of sSCOD and
phosphate were monitored to follow the change in their concentrations pejfeiging

the effluent to the TM PBRrurthermore molecular analysis through FISH aN&GS

16S Metagenome Analysis were performed to assess the charlge microbial

consortium focusing on the DAMO and Anammox microorganisms.

The performance of the TM PBR was assessed through the assessment of the removal
rates and removal efficiencied the nitrogen speciephosphateand sCOD. The
performancef the TMPBR was compared to the MSC PBRerms of optical density

and dry cell weight to determine tb&ect of AD effluent on the microalgae culture in

comparison to SWW.

5.2.2.1 Volumetric and Chromatographic Analyses

Anions such as N NOs; and SQ* were analyzed using IC (IGShimadzu
Prominence HIESP). The IC was operated under the following conditions, highest
pressure | imit of 150 bar, oven temperatur
analyses were performed in duplicates or tripisatdepending on the presence of

enough sample volume. The calibration curves, the limit of detection LOD and LOQ are
shown in APPENDIX C.

TAN (NH4"-N + NHs-N) was analyzed using the Hach Nessler Method (Hach, 2012).
The analyses were performed in triptesx The calibration curves, LOD and LOQ are
illustrated in APPENDIX D.
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The soluble orthghosphate (SOP) was measured using a spectrophotometer at a
wavelength of 880 nm (HACH. DR 2800), according to the Ascorbic Acid Method

indicated in the Standard Meitis 4500P (APHA, AWWA, WEF, 2005). All samples

were filtered using 0.20 em filters (Sartori
performed as triplicates. The calibration results, LOD and LOQ are displayed in
APPENDIXG.

sCOD was evaluated using meah range kits and low range kits (Hach, 2012). The
analyses were performed in duplicates or triplicates, depending on the presence of
enough sample volume. TOC was analyzed using the TOC analyzer. The analyses were
performed in triplicates. The calibratiodnOD and LOQ of the sCOD and TOC tests are
shown in APPENDIX E.

TS, VS, TSS and VSS were analyzed using Standard Method (APHA, AWWA, WEF,
2005). The analyses were performed in triplicates. On the other hand, the pH and DO of
the feed and the effluent cfieh reactor was measured using arpeter and D@neter,

as well as the temperature of the room was recorded.

CO,, CHs and N gases were analyzed using the TCD equipped in the GC (Trace GC

Ultra: Thermo Electron Corporation). The following settings were applied in the GC,
injector temperature 8O0AC, oven temperature 4
carrier gas used wade maintained at a pressure of 100 kPa. The analyses were

performed in triplicates. The calibration and the LOD and LOQ of the GC analyses were

performed and shown in APPENDIX F.

Regarding the analyses performed for the PBR setup, the photosynthetitially ac
radiation (PAR) was measured using a PAR meter (Light SCOIWE) optical density
was measured using the HACH spectrophotometer DR 2800 witinlight path at the
optimum wavelength of 680 nm which was previously determined for the eniihed
Vulgaris culture. Moreover, the dry cell weight (DCW) was measured according to the
Standard Method (APHA, AWWA, WEF, 2005), where 10 mL of microalgae samples

were filtered onto 1.2 Om porous filters, pla

262



overnight.Theanalyses were performed in triplicat€éhetotal alkalinity of the effluent
of the DAMMOX SBR was assessdyy titrating sulfuric acid as described the
Standard Metho@320(APHA, AWWA, WEF, 2005).

5.2.2.2 Determination of the Reaction Rate of Each TargeMicroorganism in
DAMMOX SBR

The NQ and NQ-based reaction rates of the target microorganisms, namely
Anammox, DAMOa and DAMOb were calculated throughout the operation of the SBR
and the batch test. These reaction rates were computed according tacthiersgdric
Equations 2.4, 2.5 and 2.6 in Section 2.3.2 and Section 2.4.2 (Hu et al., 2015). Equations

5.1, 5.2 and 5.3 were used to compute the reaction rates of each microorganism.

T O = pdaEO éééeééeéeé. .. e...6. Equati o
e =0 ] Fpd ¢z 0 é€é..é& Equation 5.
T O = 0 O O é¢...éé Equation 5.

The Anammox and DAMOb reaction rates were calculated based on the NO
consumption. Since Anammox is the only species among the threet targe
microorganisms that oxidizes NH the consumed NOby Anammox was computed
using the measured NHconsumption rate(¥ ), and the N@ removal reaction rate

of Anammox O ) was computed accordingly, as shown in Equation 5.1. The
reactionrate of DAMOa QO ) was calculated using the measuredsNO )
consumption rate, that includes the produced N@& @Fp® ¢z O ) from

the Anammox reaction, illustrated in Equation 5.2. The DAMOb reaction rate
(o) ) was calculated using the measured N@onsumption rated ) by
considering the Anammox NOconsumption rate( ) and the DAMOa
production rate of N® which is equal to@ ) (Hu et al., 2015), as shown in

Equation 5.3.
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5.2.2.3 Determination of the Contribution of Each Target Microorganism

Contribution to the Available TN Removed

The contribution of each of the target microorganisms to the TN removal was assessed
to examine their activity and to further understand the composition of the cansorti
correlation with the molar ratio calculations and the molecular analisgample
calculation is displayed in APPENDIX HThe TN removed by each target
microorganism, namely Anammox, DAMOb and DAMOa was calculated by
considering the consumed and gwoed nitrogen with respect to each reaction
(Equations 2.4, 2.5 and 2.6 in Section 2.3.2 and Section 2.4.2). Equati@$bwere

used in the calculations of the percent contribution of each microorganism to the TN
removed. This was calculated as acpetage from the available TN that takes into
consideration the produced nitrogen in the intermediate reactions, which cannot be
observed by only considering the initial and final nitrogen concentrations. The initial
TN was calculated by the summationtoé initial concentrations of the nitrogen species
analyzed experimentally (Equation 5.4). The final TN was calculated by the summation
of the final concentrations of the nitrogen species (Equation 5.5).

The available TN is a term used via this thesis sfadyhe first time. TNyailableiS the
summation of the initial nitrogen species and the produced nitrogen species via the
reactions taking place, such as Nfiom Anammox and N©from DAMOa (Equation

5.6). Utilizing the available TN is critical sinceallows the calculation of the actual
consumption of each of the target species, otherwise, the real activity of DAMOa and
DAMOb would not be recognized by just monitoring the initial and final concentrations
of the nitrogen species. While the percentegaribution to the available TN removed

(%CATNremoveg Was computed according to Equation 5.7.
TNi=[NH4"-N]i+[NO2-N]i+[NOs-N]¢ ¢ 6 ¢ é éé . é¢é. . . . . . . . . é. . Equati c

TN=[NH4"-N]++[NO2-N]++[NOs-Nji¢ 6 ¢ 6 é . ¢ 6 ééééé. . Equation 5.5
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TNavailables[NH4"-N]i+[NO2-N]i+[NO3z-N]i+ qp[ N avx+ [ Npamoa
............................................................................................................. Equation 5.6

P#! 4. =4 . ITNavaiabid * 100 € é €. é é. Equation
where,

TN;: initial TN concentration at each cycle, the sum of the initial concentrations of all

the nitrogen species, (mg N/L)
[NH4*-N];: initial NH4" concentration at each cycle, (mg N/L)
[NO2-N]Ji: initial NO2™ concentration at each cycle, (mg N/L)
[NO3-N]i: initial NO3z” concentration at each cycle, (mg N/L)

TNs: final TN concentration at each cycle, the sum of the final concentrations of all the

nitrogen species, (mg N/L)
[NH4*-N]s: final NH4* concentration at each cycle, (mg N/L)
[NO2-N]s: final NO> concentration at each cycle, (mg N/L)
[NO3z-N]s: final NOs™ concentration at each cycle, (mg N/L)

TNavailabis @vailable TN concentration that is available for consumption by the target
microorganisms which includes the summation of any nitrogen species t

produced via the target microorganisms, (mg N/L)

o[ ND]amx: NOs concentration to be produced stoichiometrically by Anammox in

each cycle computed regarding the consumed N (mg N/L)

[ ND]pavoa: NO2 concentration to be produced stoichionuetlly by DAMOa in
each cycle, (mg N/L)

4 . : TN removed by each microorganism calculated in Equations 5.11,
5.12 and 5.14mg N/L)
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P#! 4. : Percentage contribution of each microorganism to the available

TN removal (%)

Since NH" is only consumed by Anammox and the Anammox bacteria were observed
to be the most active of the three microorganisms;"Ns chosen to be the starting
point of this calculation. The consumed NHby Anammox was computed (Equation

5.8). Whilethe corresponding consumed N@nd produced N by Anammox was

then computed, according to Equations 5.9 and 5.10, respectively. Hence the summation
of the consumed nitrogen species while deducting the produced nitrogen yields the TN

removed by Anammoxgguation 5.11).

AMX:

@[ NHN]=[NHA-N]-[NH#-NJé é é . . . ... é6é66é6éé&66. Equation 5.8
P NOlamx=1. 32 *4pNIN&H. . . . . . éé. .é...6666666. ... Equ
[ ND]aux=0. 1 1 * 0] WEpp-Njfux) ¢ ééééé. .. .. Equation 5.
4 . =p[ N'EN] + opb-N]fux-op[ ND]amxé é . . ....& Equation 5.11

where,

[ N'EN]: NH4* concentration consumed by Anammox in each cycle, (mg N/L)
[ ND]amx: NO2 concentration consumed by Anammox in each cycle, (mg N/L)
4 . : TN concentration consumed by Anammox in each cycle, (mg N/L)

The available N®@ for DAMOa consumption includes the initial N@oncentration and
the produced N© by Anammox. Accordingly, the consumed NGy DAMOa can be
computed, and subsequently thH Temoved by DAMOa can be computed as well
(Equation 5.12).

DAMOa:

4 . = [ NEbavoa=[NO3-N]i-[NO3-N]i+ p[ B amx. .. Equation 5.12
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@[ NDl]pamoa= P[ NWpavot € 6 66 €éé. éé. ... ..¢é... Equati
where,

[ NDN]oavoa: NOs concentration consumed by DAMOa in each cygieg N/L)

4 . : TN concentration consumed by DAMOa in each cyateg (/L)

On the other hand, the available N@r DAMOb consumption is the remaining NO

after the Anammox reaction, since Anammba&s a higher affinity to N© in
comparison to DAMODb, and the produced NIty DAMOa. Hence, the consumed NO

by DAMOb can be computed, hence, the TN removed by DAMOb can be deduced
(Equation 5.14).

DAMODb:

4 . =p[ ND]oamob=[NO2-N]i-o[ N D]amx+ p[ NK)pamoa-[NO2-N]

¢ . 6éééééééééééccééeeecceéée. ..  ééééé... Equatio
where,

[ ND]pamvob: NO2” concentration consumed by DAMOD in each cy@ieg N/L)

4 . : TN concentration consumed by DAMODb in each cyaieg (N/L)

5.2.2.4 Determination of the Stoichiometric Ratio of the Consortiumin
DAMMOX SBR

The different combinations of nitrogen ratios were examined to further assess the
performance and status of the reactor in terms of theaitore present. In other words,

it was aimed to reveahé potential culture combinations and dominance by following

the theoretical stoichiometric ratios of the nitrogen species, which might be the indicator

of the reactions of the target microorganisms. Four different ratios were calculated and
compared toth st oi chi omet r i pholl apNgNadt i P8O @NO
I pN@nd HNQ gpN OpN)HThese ratios were examined under six different
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cases of the coultures that might be occurring in the reactor. The assumptions followed

in these cases ageven below:

9 The main four cases are as follows: AMX, AMX & DAMOa, AMX & DAMODb
and DAMX, (Equations 815, 5.16, 5.18and 519);
j.  AMX: The SBR only contains Anammox culture.
v. AMX & DAMOa: The SBR contains both Anammox and DAMOa.
vi. AMX & DAMODb: The SBR containdoth Anammox and DAMOD.
vii. DAMX: The SBR contains Anammox, DAMOa and DAMODb.
1 For all cases (i.e., for all the potential combinations of cultures)
J.  Each culture is 100% active.
iii. Anammox is present since they have been enriched and provided with
the necessargonditions to thrive.
T The change of concentration in ®ach cycl e
i Cina. Therefore, consumption of the nitrogen species is positive, while

production is negative.

The theoretical stoichiometric ratios were caledafccording to the stoichiometry
present in the reaction equations (Equations 2.4, 2.5 and 2.6 in Section 2.3.2 and Section
2.4.2). For Equations 2.4, 2.5 and 2.6, the limiting reagent in each reaction was
considered. The limiting reagent in each reactisnNHs*, NOs' and NQ' for
Anammox,DAMOa and DAMOb reactions, respectivelyc@ordingly, the equations

were adjusted for 1 mole of the specified limiting reagent.

In addition to the four main cases mentioned above, a special incident, where DAMOa
is ableto consume only the N produced by the Anammox, was constructed by
equating the moles of NDconsumed to the moles of NQproduced in the two cases,
namely,* AMX & DAMOa and *DAMX, as displayed in Equationsl¥ and 520,
respectively In these twaases, the activity of DAMOa was not assumed to be 100%.
Incorporating this special case may improve the characterization of tbeltace

composition via the molar ratio calculation.
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All calculations of each culture combination (six cases) are givequationss.15-5.20
and accordingly, the theoretical stoichiometric molar values were obtaingabla
5.10.

AMX:NHz*+1.32NQ'Y 0. 26+10INc é ¢ é ¢ éé . .. EfIbati on
AMX & DAMOa: NHs*+0.32NQ' +0.74NQ' Y 1. 82 éN.... Equatiorb.16
*AMX & DAMOa: NH 4 +1.06 NQ'Y 1. @2 éN . ¢ €& .. EqGlati on
AMX & DAMODb: NH4*+2.32NQ'Y 0. 236+ 182N€ € é . ... Equatiorb.18

DAMX: NHs*+1.32NQ' +0.74NQ'Y 1. %2 eéNéé. . éé Eqhdati on

*DAMX:NH s +206NQ'Y 1. B2 éNéEcéeéé.é. .. .. ¢é.528quatio
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Table5.10 Theoretical stoichiometrimolarratio calculations ofitrogen species fdhe differentmicrobial consortium cases

Conl\s/l;:tr;:alases qNHz" | gNOZ' | gNOs' | (pN & NH N & ( qpN@N:H | pN & pNC N & pNH
AMX 1.00 | 1.32 | -0.26 1.32 -0.11 0.2 -0.26
AMX & DAMOa | 1.00 | 0.32 | 0.74 0.32 0.56 2.31 0.74
*AMX & DAMOa | 1.00 | 1.06 0 1.06 0 0 0
AMX & DAMOb | 1.00 | 2.32 | -0.26 2.32 -0.08 -0.11 -0.26
DAMX 1.00 | 1.32 | 0.74 1.32 0.32 0.56 0.74
*DAMX 1.00 | 2.06 0 2.06 0 0 0




5.2.3 Molecular Analysis Methods

Two molecular analyses methods were employeatiigistudy, thé=ISH and the NGS
16S Metagenome. The FISH method was performed periodically to detect, identify, and
determine the relative abundance of the target specremgthe whole microbial
consortium On the other hand, the NGS 16S Metagenome method was performed to

determine all the microorganisms present in the consortium and their relative abundance.

5.2.3.1 Fluorescent In-Situ Hybridization Analysis

The FISH analyses were performed during diféerent plases ofoperation of the
DAMMOX SBR for morphological detection and determination of the relative

abundance of the target species (Nielsen et al., 2009).

About 5 ml of sample was used, where the supernatant was separated by centrifugation

at 10,000 g for 5 min and then it was discarded. The remaining sludge was fixed with

an equal volume of 4BFAINnPBS whi ch was then stored ove
daythe sample was centrifuged at 10,000 g for 5 min to separate the PFA, which was

then discarded. The remaining fixed biomass was then dissolved in 5 mL of 1:1
PBS/Ethanol (Daims et al., 2009). The samples were then stored overrlgbt & C. T h e
following day the samples were carefully placed on slides and dehydration of the
samples on the slides was conducted. This was carried out with sequential washing with

50%, 80%, and 99% ethanol (Daims et al., 2009). The next step was permeabilization

of the microbih cel |l s which was performed by incu

after the addition of lysozyme (Daims et al., 2009).

Hybridization solutions of different probes targetiMg nitroreducens M. oxyfera
General Bacteria, General Archaea and Anammoe vpeepared considering their
relative formamide and NaCl concentrations. The stringency conditions (formamide and
NaCl concentrations) were optimized prior to the FISH analyses to ensure better results

of probe hybridization. The probes used in the scope¢hese experiments are
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summarized inrable5.11. Five hybridization mixtures were prepared using different

combinations of the previously describedlusions (Table 5.12). The mixtures

containing only General Archaea and General Bacteria were counterstained with DAPI

to determine the content of tada and archaea in the microbial consortium. Five slides

were prepared for each biomass sample analyzed. The hybridization mixtures were

added carefully on the slides and the slides
et al., 2009). After hybridz at i on, the slides were washed a°
washing buffer containing the same formamide concentration as the hybridization buffer

(Daims et al., 2009).

After washing and drying the slides, imaging can commence. FISH imaging was
performed usig Carl Zeiss Axio Vision A1 UV microscope under suitable filters of the
chosen probes. At least 3 representative microscopy images were chosen for each slide.
The images were analyzed via the ImageJ software. The obtained images from the
microscope werenen processed using ImageJ, where the colored areas were converted
to pixels. The pixel areas represent the presence of the probe and hence the target cell.
The average area occupied by the pixels in the three chosen images and the relative
abundance of ea slide was computed. These computations were conducted in
relativeness to the area occupied by the General Bacteria and General Archaea which
were performed in relativeness to DAPI counterstaining. A summary of the steps
performed using ImageJ, the rdsug images and the obtained relative abundance in
each slile are illustrated in APPENDIX |
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Table5.11 Sequences, labels and formamide concentrations of chosen FISH probes

Formamide
Target :
_ Probe Label | Concentratior] Reference
Species
(%)
S*-Darc872aA-18 | GFP
M. Hu et al.
_ GGC TCC ACC CGT| and 40
nitroreducens (2015)
TGT AGT Cy5
S*-DBACT-0193& | Alexa .
Ettwig et al.
M. oxyfera | A-18CGC TCG CCC| Fluor 40 (2009
CCTTTG GTC 350
S*-Amx-0368a-A-18 .
General Schmid et al.
CCTTTC GGG CAT | Cy5 20
Anammox (2005)
TGC GAA
EUB1
-GCT GCC TCC CGT
AGG AGT
General EUB2 Daims et al.
_ GFP 40
Bacteria | -GCA GCC ACC CGT (2009)
AGG TGT
EUB3-GCT GCC ACC
CGT AGG TGT
S-Darc0915a-A-20- .
General Knittel et al.
GTGCTC CCC CGC| GFP 40
Archaea (2005)
CAATTCCT
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Table5.12 The hybridization mixture and aim of each slide

Slide | Hybridization mixture content Aim
General Bacteria and DAPI | Determinethe content of bacteria i
! counterstaining the microbial consortium
5 General Archaea and DAPI | Determine the content of archaea

counterstaining the microbial consortium

Determine the abundance Mf
M. oxyferga Anammox and _
3 ) oxyferaand Anammox relave to
General Bacteria _
General Bacteria

. Determine the abundance Mt
M. nitroreducensand General . .
4 nitroreducengelative to General
Archaea
Archaea

M. oxyfera M. nitroreducensnd | Determine the relative abundance

Anammox the target speciemamnong each othel

5.2.3.2 Next-Generation Sequencing 16S Metagenome Analysis

PCR amplification of specific genes of intere
geneo allows achieving a taxonomic distribut
rRNA gene. The taxonomic distributican be linked with environmental data obtained

from the sample under study and subsequently, allowing for a quick and detailed

generation of a genomic profile of that environmental sample (Oulas et al., 2015).

Two sludge samples were withdrawn from thANIMOX SBR at the initial cycle

(Cycle 0) and at Cycle 24, each representing a different phase of the reactor operation.

The samples were stored-&t0 AC and then sent for NGS anal ys
BM LABOSIS and he change in the population dynamieas examined at the cycles

stated above. The NGS 16S Metagenome Analysis procedure followed by BM
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LABOSIS is the procedure dashed by Boylen et al. (2019) andssmmarized in the

following text.

1. Sample preparation: DNA isolation and quality control peeformed to create
libraries.

2. Creating a library: The 16S rRNA gene is used with specific primers, which were
then replicated and purified. The concentration of libraries generated by real time
PCR is diluted to 4 nM and normalization is done.

3. SequencingAfter the library is prepared sequencing using the synthesis method is
done with each new dNTP added. The added base fluoresces are optically observed
and recorded.

4. Raw Data Processing: The data generated after sequencing is analyzed in FASTA
format.

5. RawData Quality Control: The quality of the fastqc files (FASTQC) are examined
using QIIME2.

6. Determination of Chimeric Readings using DADA2

7. Filtering: Reads, primers and barcodes with Phred quality scores less than 20 are
filtered out using DADA2.

8. Determination of Taxonomy: Determination of taxonomic species for each sample
using QIIME2.

9. Diversity Analysis: Alpha and Beta Rarefaction Analysis using QIIME2 is

performed.
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53 Results and Discussion

5.3.1 Results of BATCH SET: SWWVersusAD Effluent Application

The initial TN concentrations in the reactprevidedwith AD effluentweresimilar to
their equivalent reactorgovidedwith SWW, as shown ifrigure5.3. The TN removal
and removal efficiency in each reactor type are showrabie5.13. SWW 1/4 reactor
type exhibited the highest TN removal of71&hg N/L corresponding to a removal
efficiency of 51% meanwhile its counterpart AD 1/4 exhibited a TN removaldahg
N/L, which corresponds to the lowest removal efficiency of 33WW 1/8 reactor
types remove@7 mg N/L TNat a removal efficiency of 53%, lowranits counterpart
AD 1/8, which removed 79 mg N/L TN at a removal efficiency8%. Similarly, AD
1/20 removed slightly higher TN at a higher removal efficiency than S\VW/ On the
other handSWW 1/4Q which was provided with similar concentrations as the DAMO
Anammox SBRachieved a higher TN removal of 46 mg N/L corresponding to 71%

than its counterpart AD 1/40, which remow&tdmg N/L corresponding to 58%.

300 —e— SWW 1/4
—v— SWW 1/8
T 250 @— SWW 1/20
> —— SWW 1/40
o) —a— AD 1/4
£ 200 1 —e— AD 1/8
P —e— AD 1/20
2 AD 1/40
© 150 A
GC) 3
2 100 -
o
(@]
£ 508
04 . ]
0 2 4 6
Time (day)

Figure5.3 The TN concentrations in each reactor type
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Table5.13 TN removed and removal efficiency in each reactor type

SWW | SWW | SWW | SWW |AD |AD | AD | AD
1/4 1/8 1/20 | 1/40 | 1/4 | 1/8 | 1/20| 1/40
TN removed (mg N/L) | 127 67 31 46 79| 79| 33 | 37
Percent of TN removal
(%)

Reactor Type

51 53 57 71 | 31| 63| 64 | 58

The removal efficiency of SWW 1/40 was the highest amongst all reactor Types.
second and third highest reactor types in terms oferhbval efficiencywere AD 1/20

and AD 1/8, respectively, whichdicatesthat the constituents of the AD effluent
suppored the coculture activity better than their counterparts SWW 1/20 and SWW
1/8. On the other handhe differencan TN removalbetween SWW 1/4 andD 1/4

may be due tthe presence afbout 173 mg/L of Sg¥ in AD 1/4 reactor types. AD 1/8,

AD 1/20 and AD 1/40 containeabout 87, 35 and 17 mg $O/L, respectively The
percenfTN removal in reactors AD 1/8, AD 1/20 and AD 1/40 were close to one another,
yet the percent N removal in AD 1/4 reactors was evidently lower, this might have been
due to theeffect of thehigh SQ:* concentration as suggestedibyet al. (2020a), where

the highest denitrification ratsf DAMO microorganismsvas observed at 80 n®(>

/L while concentrations above that inhibited the DAMO process.

RegardingAD 1/40, the TN removal efficiency achieved was higher than SWW 1/8 and
SWW 1/20but could not matcthat of SWW 1/40AD 1/20 and AD 1/8eactor types
This was probably causdxy the limited availability of vital components present in the

feed die to the higher dilution factor appliedthe AD 1/40 reactor types

According to the results found ammalelling study performed bie et al. (2018akg
COD concentration of 24 mgOD/L forming aCOD/N ratio of 0.34 mg COD/mg N
achieved the highest DAMOCudctivity. The release of growth factors by heterotrophic
denitrifiers indirectly supported the activity DAMOD. Theinitial SCOD concentration

in AD 1/4, AD 1/8, AD 1/20 and AD 1/40 wd<€9, 54, 22and 1L mg/L, respectively.
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Respectively, theCOD/TN ratioof the AD1/4,AD 1/8 and AD 1/20eactor typesvas
043, while the sCOD/TNratio of AD 1/40 was0.17. Hence the results of the TN
removal efficiency that show higher removal efficiency in AD 1/20 and ADed8tor
typesthan AD 1/40 and AD 1/4oncur with the result from He et al. (2018a).

Due to the high sCOD and $0concentrations present in AD 1/4 reactor typkibited
Anammoxactivity is evident Figure 5.4b) in comparison to SWW 1/4 reactor type
(Figure5.4a). Anammoxbacteriawas able to remove mofiéAN in SWW 1/4(49 mg
N/L) than in AD 1/4(31 mg N/L)(Figure5.4a). On the other hand, NOremoval was
lowerin SWW 1/8 (Figure5.4c) in comparison t&AD 1/8 (Figure5.4d) from Day 2 to
Day 7. In addition, the N@ removal in SWW 1/4@Figure5.4g) was higher thal\D
1/40(Figure5.4h).
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In all reactor types Anammox wesspondile of removing most of the TNF{gureb.5).

The O was higher thanO and O in all reactor types
(Figure5.6). The difference in Anammox activity between SWW 1/4 and AD 1/4 is
evidentin Figure5.5 andFigure5.6. In SWW 1/4 the %CATNremovedOf ANammox was
56% and theO attained wa9.2 mg N/lUday. On the other hand, the
%CATNremovedof Anammox andD in AD 1/4 reactor type wad6% (Figure

5.5) and 5.8 mg N/lday (Figure5.6), respectively. As mentioned above, the presence
of SO at such high concentrations may have negatively affectedAtiaanmox

activity, resulting in almost 50% decrease inJAN®moval rate and removal efficiency.

In the reactorsupplied withNOs', that is SWW 1/40 and AD 1/40the highest
%CATNremoved Of DAMOa was observe@18% and 1%, respectively)followed by
SWW 1/20 and AD 1/20(13% and 1%, respectively) Nevertheless, the highest
o) , 1.8 mg N/llday, was observed in the SWW 1/40 reactor tyewever,

the second and third highe&st were observed in AD 1/@.1 mg N/Uday)and
SWW 1/20 (0.8 mg\/Llday), respectivelyRigure5.6).

The highes#CATNremovedof DAMOb was observed ireactor types SWW 1/280%),

AD 1/20 (3®%). Yet the highestO was observed irBWW 1/4 (3.7 mg
N/Llday), followed by AD 1/8 (3.Ing N/Llday), then SWW 1/402(3 mg N/LLday)

and AD 1/4 (2.2 mg N/lday).In terms of the NG and NQ™-basedeaction rates SWW
1/40 showed the most balanced actidatpongthe three target microorganisniis

also leads to the highest TN removal of 7186. Anammox %CATNemovedOf about

40% might be advantageous for supporting the activity of DAMOa. Yet, an Anammox
%CATNremoved above 50% as in SWW 1/dnd AD 1/8,is unbalancing the DAMO

activitythus leading to a decrease in the TN removal.
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In regard to CHconsumption, all reactor types exhibited similar consumption trends, as

shown inFigure5.7. Although CH4 was generally consumed, yatv#s also produced

due to the presence of methanogenic archaea in the sludge. The highest net consumption

was observed in AD 1/40 reactors (211 Omol e)
reactors the highest consumpadaysintern8od 6 Omol e)
N2 production, the highest production was exhibited in SWW 1/4, while the lowest

production was observed in SWW 1/483 illustrated ifFigure5.7a. The N> production

in SWW 1/8(Figure5.7c) and SWW 1/2{Figure5.7e) were alikeand lower than their

counterparts AD 1/&Figure5.7d) and AD 1/20(Figure 5.7f), which had similalN;

production On the other hand\l> production inAD 1/4 (Figure5.7b) and AD 1/40

(Figure5.7h) reacor types was second to SWW 1M4.addition, the C@production

all reactor typegxhibited similar production trends, as showikigure5.7.
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5.3.2 DAMMOX SBR

The DAMMOX SBR was established aiming tteat anaerobic digestehD) effluent
usingthe DAMO-Anammox cecultureenriched in the DAM@Anammox, DAMO and
DAA SBRs discussed in Chapter 3 and Chaptdihé DAMMOX SBRwas operated
with synthetic wastewater (SWW) in PhaséCycle 110), then with 1/10 diluted\D
effluent in Phase A{Cycle 1124)andfinally with 1/5 dilutedAD effluent in Phase A2
(Cycle 2528), (Table 5.7). The effect of AD effluent applicationon the reactor
performance and the population dynamics of the microbial consonasrassessed
the DAMMOX SBR. The DAMMOX SBR was operated for abb85 days (8 cycles)
and the results are presented in two main sectioasjely, results of reactor

performance and results of molecular analyses.

5.3.2.1 Results of DAMMOX SBR Performance

The results of the reactor performansere divided into two sections, a section
discussing the pH, TOC and TSS and VSS analyses conducted (Se&20h.1) and a
section discussing the results of the nitrogen species anaby3451(.2), including the
removal efficiencies, removal rates, TN @mal and the contribution of each of the

target species and reaction rates of each of the target species.

5.3.2.1.1 pH, TSS and VSS

The DAMMOX SBR was operated at a temperature
was maintained at a pH of #726. The effluent pHanged from 7. 4¥.63, throughout 28

cycles, as shown iRigure5.8. The average pH in the different phases of operation was

740N 0 ., 128N 0 . ahdb751N O ., i Phases, Al and A2 respectively. These pH

values were in the range of the most commonly apppH throughout DAMO

Anammox enrichment studies (7738) (Luesken et al., 2011; Haroon et al., 2013; Ding

et al., 2014; Ding et al., 2017; Cai et al., 2015; Xie et al., 2016; Fu et al., 2017; Hu et al.,

284



2015). This pHange was defined as the optimal @thige for DAMGAnammox ce
cultureactivity. Due to the initial pH of the AD effluent, 7.53, the application of the AD
effluent did not have an effect on the pH of the DAMMOX SBR effluent.

Phase S Phase Al Phase A2

7.9
7.8 1
7.7 1
7.6 - 1

9
7.4 1
7.3 1
7.2 1
7.1 1

7.0 A
6.9

pH

(0] 5 10 15 20 25 30
Cycle Number

Figure5.8 pH results of the effluent samples of the DAMMOX SBR

Before mixing the sludge from the three reactors the TSS and VSS were measured,
(Table 5.14), andaccordingly the volumes to be used of each of the sludges were
determined. The initial TSS and VSS of the DAMM@BRwere5 . 9 fud2 2 1 NO . 1
g/L, respectively, corresponding to a VSS/TSS ratio of 36%y&te 28 the TSS and

VSS reached concentrations®f 9 fdl 1 6 Ny, .respectively, corresponding to

a VSS/TSS ratio of 204.

285



Table5.14 TSS and VSS®oncentrationsf the sludge in the DAMIOX SBR

Sludge TSS (g/L) | VSS (g/L) | VSS/TSY %)
DAMO-AnammoxSBR (Cycle)| 7.90NO0. ( 1.9N0. | 24
DAMO SBR (Cycle ) 94NO. 4 38NO. | 40
DAA SBR (Cycle ) 48N0. 4 20NO. ! 41
Mixed initial DAMMOX seed 50N0. ] 2INO. | 36
DAMMOX SBR Cycle 28 39N 0 . 1.6N0 . ! 42

5.3.2.1.2 Results of Nitrogen Specieénalyses

The results of the analyses conducted stiomactivity of the DAMO-Anammox ce
culture fed with SWW feed and AD effluentThe %CATNremoved€ach of the target
microorganisms, stoichiometric molar ratios of the nitrogen species amCtheand
NOzs-basedreaction rates of the target microorganisms were computedresultof
Phase S were comparetth the results of the other SBR performaste interpret the
status of the DAM®@Anammox ceculture before thapplication of the AD effluent.
Phase Slustratedtheactivity of the three target microorganismasth the least activity

shown by the Anammox bacteria.
Phase S

Phase Scorresponds to the first 10 cycles whe3®/W was supplied at initial
concentrations of NFH, NOy and NQ of 1 3 . 2 K6l.. 0NBd.26 8 Nidg ML,
respectively as shown inFigure 5.9. These concentrationsiere similar to the
concentrations applied to the DAMEGhammoxSBRduringPhass Il andV. It should
be noted thatthe corresponding influent concentrations of ;NHNO,  and NQ" were
26. 4N1. 9, 52. 9niyN/LOrespectidelysinde.thiz Ex¢har@ye volume to
effective volume ratio was 0.%5he applied HRT was 6 dayshich was thédRT of the
DAMO-Anammox SBR during Phaséll andV, consequently, the NLRwas1 . 8 N2 .
mg N/ LTRAedagesage removal efficieies of TAN, NO; and NQ during Phase S
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were 8A 0 % (Figure5.10a), 90N 0 .%0(Figure5.10b) and 94N 0 % (Figure5.10c),
respectivelyWhile the average removal ratef TAN, NO; and NQ during Phase S
were3.6N0 .m5 N/ LFgdra5/11ay 8. 0 Ning 1 N/ LFAgdra5/11b) and
8. 0 Nrhg 4N/ LFlyareb.gic),(respectively.

The HRT, NLR and initial N&, NO,; and NQ@ concentrations applied to the

DAMMOX SBR duringPhase Svere similar to Phase lll and Phase V of the DAMO

Anammox SBR, discussed in ChaptefTBe attainedaverage removal efficiency and

average removal ratg TAN during Phase S of tirBAMMOX SBR were lower than

that of the DAMGAnammox SBR in Phase Ill (863% and 4811 mg@ N/ LAday) an
Phase V (98 1 % and 4.810 mg N/ L Maleaver)they were higher than that

achieved in the DAA SBRCycle 6082)(2 6 N2#&nd2% 1 fng. N/ LAday), di s
in Chapter 40n the other hand, the average removal efficiearay average removal

rateof NO>" achieved in the DAMMOX SBRh Phase Svere higher than that achieved

by the DAMO-Anammox SBR in Phase [IB4N 8band7.2N1 . 3 mg N/ LAday) a
VEBIN1®and7./N1mg N/ LAday) and t 7aN®BDaéd . t2h\el .PAMO
mgNLAday) , di s c u Rdatvdly lower TANyeat IpigheNO> ©emoval

efficiencies and rates might reveal a relatively lower Anammox activity yet higher
DAMODb activity in the DAMMOX SBR.Since the initial TOC concentration in the

intialk cycle (Cycle 0) of the DAMMOX SBR was
main mechanisms of NOremoval can be attributed to the activities of Anammox and

DAMODb. Nevertheless, this does not mean that heterotrophic does not occur, rather its
activity can be considered neglibile compared to the activity of the DAAM@MMOX

co-culture.

The average removal efficiency and average removalofaléOs™ in Phase f the
DAMMOX SBR reached much higher levels than that of the DARM@2MmMox SBR

during Phase 13N 1 ® and4.6N4 m§ N/ LAd ay) 148 hod andBIBas.e8 V (
mg N/ LAday) . H oavweeageeremovalt effi@enc\N i@hase S ofthe
DAMMOX SBR was slightly lower than in the DAA SBycle 60682) (9 7 [N and

higher than that of the DAMO SBR (3 {l%). The NQ average removal rate in the
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DAMMOX SBR was lower than both the DAMO SBR (L . 6 iN@ . 8/ LAday) and th
DAA SBR (Cycle 6082) (1 1 . 9iN@ . M/ L d kignemMNO, andNOs removal
rates inDAA and DAMO SBRs compared the DAMMOX SBRwas mainlyattributed
to the shortercycle periodand thus shorter HRT (4 dayapplied in theDAA and

DAMO SBRs
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Figure5.9 Influent, initial and final concentrations of (a) TAN, (b) MOl and (c)
NOs™-N during each cycle of the DAMMOX SBR he values given at the top of the
figure reveal the influent concentratiotise S.D of each measurement was <5%)
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