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Abstract

The side-treatment of reject water has emerged an attractive option over the past years due to its
potential for relieving nutrient loading of the main-stream processes, while removing nitrogen at
a reduced cost. This is achieved by the suppression of Nitrite Oxidizing Bacteria (NOB) due to
the high Free Ammonia (FA) concentrations that characterize reject waters and the
implementation of the nitritation/denitritation pathway, which compared to conventional
nitrification/denitrification, has a lower demand in oxygen and carbon. While these conditions
are beneficial for nitrogen removal, this is not the case for enhanced biological phosphorus
removal (EBPR), as polyphosphate accumulating organisms (PAOs) have been reported to be
severely inhibited by nitrite accumulations. More specifically, free nitrous acid (FNA), which is
the protonated form of nitrite, has been revealed to be the actual inhibitor of PAOs, meaning
that the severity to which PAOs are inhibited by nitrite increases significantly at lower pH. The
degree to which PAOs have been reported to be inhibited by FNA itself varies in the literature,
as does the tolerance of each respiration pathway (aerobic/anoxic), with contradictory
conclusions. In addition, it has recently come to light that FA is also an inhibitor of PAOs,
although research on this matter is rather limited as of this point. Regardless, the conditions of
nitritation/denitritation appear to be hostile for PAOs and the application of EBPR, raising the
question if the coupling of these processes is feasible.

The goal of this dissertation is to provide an answer to this question. To this end, the following
objectives were established: First was an extensive assessment of the inhibitory effect of FNA on
PAOQOs, both under aerobic and anoxic conditions, with consideration to biomass acclimation to
the inhibitor. This aims to settle disputes in the literature but also determine the mode of
inhibition which has yet to be established. Second was to determine the effect of FA on PAOs
along with its respective mode of inhibition, for which little information is available. Third was
to assess the combined effect of FNA and FA on PAOs and develop a unified inhibition model.
Fourth was the assessment of the effect of FNA and FA on the main antagonistic microbial
group towards PAOs, namely glycogen accumulating organisms (GAOs). This assessment is of
value, as a possible higher tolerance of GAOs to these inhibitors could indicate that PAOs face
the danger of washing out even in relatively mild inhibitory conditions. Fifth was to develop
strategies for the proliferation of PAOs and the suppression of GAOs under inhibitory
conditions, and sixth was to optimize conditions for the prevalence of PAOs in high nitrogen
loading systems and assess the limits of EBPR under these conditions, ultimately completing the
aim of this work.

In order to investigate the effects of FNA and FA on PAOs and GAOs, a laboratory-scale
sequencing batch reactor (SBR) was set-up in the Sanitary Engineering Laboratory of the School
of Civil Engineering, NTUA for their cultivation. The SBR operated from September 2017 to
April 2021 with several resets and intermediate breaks, depending on the investigation phase.
The SBR’s configuration was altered for each experimental period based on the specific goals of
that phase but was generally based on the alternation of an anaerobic phase, at the start of which
feed would enter via pump, an aerobic phase, achieved via air pump and an anoxic phase. While
these phases were automated, settling and decanting was carried out manually, once per day.
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Feed consisted of synthetic wastewater, that was prepared on a daily basis, the composition of
which was specific to each investigation. During each experimental period, once the reactor had
displayed a steady performance, a series of ex-situ batch experiments were conducted on sludge
retrieved from the SBR. The effect of FNA and FA on PAOs was determined based on their
effect on the aerobic and anoxic phosphorus uptake rate (PUR) of the biomass. In the case of
GAO:s, the effect of FNA and FA was evaluated based on their effect on the maximum growth
rate of the biomass. This required the development of a very highly GAO-enriched biomass
(>90% of the total microbial population). In addition to the ex-situ experiments, a series of
strategies, based on the choice of substrate and the SBR configuration, for the promotion of
PAOs over GAOs, were evaluated in-situ.

The investigation regarding the effect of FNA on PAOs revealed that both aerobic and anoxic
PUR are significantly inhibited by FNA and to the same degree (meaning that FNA affects
PAOs regardless of the respiration pathway). For an acclimated biomass, FNA was found to
inhibit PUR by 50% at the concentration of 1.5 pg N/L and by 100% at a concentration just
over 13 pg N/L. PUR inhibition by FNA was determined to be best described by a non-
competitive inhibition model with an inhibition constant of Kipna=1.5 ug N/L.

The investigation regarding the effect of FA on PAOs concluded that FA is also a strong
inhibitor of PAOs, with PUR being inhibited by more than 90% at the FA concentration of 30
mg N/L. Similatly to the case of FNA, FA appeated to inhibit the aerobic and anoxic pathway to
the same degree. PUR inhibition by FA was determined to be best described by an
uncompetitive inhibition model with a Kiea in the range of 8-10 mg N/L. In the case of anoxic
PUR inhibition, the inhibition model proposed by Levenspiel gave the most satisfactory fit with
the experimental data.

The simultaneous presence of FA and FNA has a much more adverse effect on PUR compared
to when PAOs were exposed to a single inhibitor. An enzymatic inhibition model was developed
to describe simultaneous inhibition of PUR by FNA and FA, based on the separate inhibition
models that were established. The combined inhibition model gave very satisfactory predictions
when FNA and FA were assumed to be capable of binding to the same enzyme-substrate
complex, and less accurate predictions when FNA and FA were assumed to be incapable of
binding to the same complex. This inhibition model may be used to predict the performance of
PAOs throughout a specific set of conditions (NH4 & NO; concentrations, pH and temperature)
but also determine an optimum variation of pH for PUR throughout the processes of nitritation
and denitritation.

The investigation regarding the effect of FNA on GAOs revealed that GAOs are also inhibited
by FNA, although generally to a lesser extent than PAOs. Interestingly, the effect of FNA on the
growth of GAOs appears to be pH dependant, with FNA affecting GAOs significantly more at
higher pH values (At pH=7, GAO growth was inhibited by 50% at the FNA concentration of 10
ug N/L, while at the pH of 8, the same degtree of inhibition was obsetved at the concentration
of 3 ug N/L). In compatrison to PAOs, GAOs appear to have a significantly higher tolerance to
FNA at low pH, while at relatively high pH (8), the tolerance of the two microbial groups to
FNA are similar. However, the investigation on the effect of FA on GAOs revealed that GAOs
were not affected by the inhibitor, up to a concentration of 16.3 mg N/L, which was the highest
FA concentration studied. It may therefore be concluded that the prevailing conditions in high
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nitrogen loading systems may provide a significant advantage to GAOs, endangering the
sustainability of PAOs.

A series of feeding strategies that were examined revealed that strategies that have been applied
successfully for the suppression of GAOs and the proliferation of PAOs, may not hold up under
the inhibitory conditions of nitritation/denitritation systems. However, one strategy that proved
most successful was the promotion of PAOs via the denitritation pathway, using propionate as
the sole carbon source. The strategy relies on the fact that all known GAOs appear incapable of
reducing nitrite with propionate and is achieved by providing PAOs priority in the utilization of
nitrite over common heterotrophs. At a volumetric nitrogen loading rate (VNLR) of 0.1 kg N/m’
d, this strategy achieved a highly PAO-enriched biomass (approximately 50% of the total
microbial community), in which the population of GAOs was significantly low. The biomass
displayed a steady capacity for excellent P-removal both under aerobic and anoxic conditions,
petforming at an average PUR of 25 and 10 mg P/g VSS h under aerobic and anoxic conditions,
respectively. However, a downside of this strategy is that due to the relatively slow denitritation
rates of PAOs, its application may require greater anoxic retention times, limiting the potential
for treatment of high vINLRs. In a second stage of operation, the increase of the vINLR from 0.1
to 0.15 kg N/m’ d, resulted in the biomass petforming at half its former capacity.

Based on the combined inhibition model, a series of mathematical simulations were performed
in order to evaluate the potential for EBPR alongside nitritation/denitritation in high nitrogen
loading systems. The theoretical configuration that was examined was optimized with regard to
appropriate alteration of aerobic and anoxic conditions, as to prevent nitrite accumulation and
retain a relatively high pH at relatively high wvalues, providing PAOs with an exclusive
denitritation period (as to employ the GAO suppression strategy) after the rapid removal of a
significant nitrite portion by common heterotrophs which may be achieved by providing a
regulated carbon dose, and the quality of the treated effluent. The viability of EBPR was
evaluated for several vNLRs up to 0.3 kg N/m’ d, considering the overall inhibition of PAOs,
the adequacy of the GAO suppression strategy, the necessity for pH control as to minimize
PAO inhibition and the effective achievement of NOB shunt. Based on the results of the
simulations and their evaluation, it was concluded that a vNLR of 0.2 kg N/m’ d could allow
sufficient and relatively safe EBPR without the need for pH manipulation. Higher vINLR’s, may
allow EBPR with some pH control which is costly, while vNLR’s above 0.3 kg N/m’ d likely
forbid the application of EBPR, as the inhibitory conditions alone would severely compromise
the sustainability of PAOs.

In conclusion, the side-stream treatment of reject water with EBPR alongside
nitritation/denitritation is feasible, although its application faces certain challenges and requires a
series of prerequisites. For one, the GAO-suppression strategy demands the supply of
propionate, which would likely need to be provided via fermentation of primary sludge under
specific conditions. In general, the implementation of this treatment should only be considered
when EBPR in the main treatment facilities is challenged due to a low carbon content of the
wastewater. In this case, the simultaneous removal of nitrogen and phosphorus with the same
carbon source in order to minimize the demand for external carbon, is a viable option.
Otherwise, the limitations of operating at a low vINLR, such as the need for greater reactor
volumes, may outweigh the benefits of this approach.
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BIOAOI'IKH ATTIOMAKPYNXH ®QXPOPOY ME
TTAPAAAHAH NITPQAOITOIHXH-
ATTONITPQAOITOIHXH XE XY>XTHMATA
EITEEEPTAXIAY. YTPQRNAITOBAHTQN ME
XAMHAO AOT'O ANOPAKA TIPOX AZQTO

Extetapévy mepiindn

1. Ewaywyn

H anoteleopotiny encfepyaoioc Twv aoTmev ALpATwy moty 11v Swbecy) toug otoug LdATVOLG
XMOOENTEG AMOTEAEL AMXEALITNTY] TEOVTOOEGY] Yo TNV SLXCYAALGY] TG UAANG TOLOTYTAG TWV LOXATWV.
H Bokoymn emc€epyaoia otig eynataotdoelg ensfepyaocioag Avpdtwv (EEA) otoyedet npwtiotwg
OTNY ATORAXELYGY] TOL BLOATOSOUYGLULOL OPYAVIMOD POETIOL TWV ALUATWY, TOL OToloL 7] Sibeon
UTOEEL Vo TEONXAECEL TEORBANUXTH XTOELYOVWGYG GTOV ATOSENTY), XAAE %ol OTNV ATOUEXQLVCY|
Boemtinev (alwtov not Popdeov), Twv omolwv 1 avekéreyntn Sidbeon pmopet va odnynoer oe
PALVOLEVE EVTOOPLGHUOD.

H Bokoymn amopaxpuvon tov al®TOL EMTUYYAVETHL XATH HXVOVE UECW TWV  OLEQYACLKV
vitpornoinong xut amovitponoinone. Kot v witpomoinoy, pia  #atnyopix  auTOTQOQUGY
upoopyaviopwy, yvwot) g AOB (Ammonium Oxidizing Bacteria), ofeidwver apywa to
XU pwVIInO alwTo, TO OO0 ATOTEAEL TV GNUAVTIUOTEQRY] LOEYT] alWTOL OTa aveneEEQYNOTA ADUATA,
npog tEwdeg alwto (VMTEWSOTOINGoY). 211 OLVEYELX, MU OEDTEQY UATNYOPLA KLTOTEOPWY
Bantnpiwy, yvwot wg NOB (Nitrite Oxidizing Bacteria), o€etdwvet 10 mapayopevo vitowdeg alwto
Tpog vited alwto (vtpromoinon). Or dbo avtég emueépoug dtepyaateg auvbétovy ™V dtadtracio
TG VITQOTONONG, 7] OTola aTALTEL TNV TXEOY7 O&LYOVOL. TNV CLVEYEWX, XTOoLcix O0&LYOVOU,
ETEQOTOOPIOL-0QYAVOTOOPHOL KOO YAVIGUOL AELOTIOLOLY TX VITOMK WG ATOOEXTY] NAEXTOOVIWY
Yl v OFeldwan Al ATOPGMELVCY] TOL OQYAVIXOD QOETIOL, UE TNV TUEXAAMAN ovoywyy| ot

XTOPAUQELYGY] TOL alWTOL (ATOVITEOTOINGY)).

H Bokoyinn amopdxnouver Tov QuoPOEOoL EMLTUYYAVETAL KE TNV ETAOYY] MUIAG GLYXEUQLUEVNG
NUTYYOELOG IXQOOQYAVIGU®Y, T OTtola elvart YvwoTd wg Tolvpwopopwa Baxtnowr (Polyphosphate
Accumulating Organisms — PAOs). Onwg vnodniovel 1 ovopasia Toug, T TOAQOCPOQINY
Boutnpla ouvbetouy vPMAéc TOcOTNTEG EVBONLTTAEME ATTODNUELUEVLY TOALYPWGYPORIMOY KAVGISWY,
LG OToleg LEPOADOLY XATW ATO avaeEOPteg ouvONMeg Yl ™V Tapaywyy evépyelac. H evépyela avt
o€LOTIOLELTAL YLt TNV GLVTYEYOY] TWV ULTTAOWV, GAAG Xt Yot TNV OECHELGY] SLIALTMY OQYAVIXWY
EVWOEWY XTO Ta ADPaTX %ol Ty amofxevo?) toug evdonuTTaEIMd WG TOADUEQEY]. 211V GUVEYELX,
TEOLGLAL ATOSENTY] NAEXTEOVIWY, TA TOALPWCYPOEIME SLUGTOLY Tor amobMELEVE PaUEOUOQL Kot
YOYOLLOTOLOLY TNV TUQAYOUEVY] eVEQYel Yl %LTTaEY] obvbeon ot ™V aVaXTANEWOY TwY
TOAVPWGPORIUOY TOLG AAVGLOWY, ATOPAXELYOVTAG TUEUAAAX POOoYoEo amo Ta Abpat. Etot, pe
™V Satadn prag avaepoflag deapevng avavty twv Broloywmwy deapevwy, Sivetal TEOTEQULOTNTX
o1 Séapevon Tou StaAvtol opyavinod avbpaxa and T PAOS, pe anotélecpo T0ov EUTAOLTIORO TG
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thoog pe avtd. H Brokoyinn amopdunpuvor uopdpou emtuyydvetar TEAXA e TV XTOUAXQLVET] TG
TEQlOCELNG EUTAOVTIGUEVYS LADOC.

H tehur Sudbeon g meplooelog thhog mpobnobetet pia oelpd and emuepoug encéeyaoieg pue oTOY0
™V otabeponoiney] g uot ™y pelwon Tov vddTvou mepteyopevoL e Kata ta épya g tAdog,
mapayovtat  otEayyidte Tt omola  yxpoutnetloviar and vdniéc ouvyrevipwoels alwTov %Al
Pwopoeou, xabng emiong nat and évay oyetnd Yaunio Aoyo avbpuxa mpog dlwto (C:N). Tumng,
QXUTG T PELUATA AVAXLXAOPOQEOLVTAL GTNV 1LEWL PO emeepyaoiag, avEAvovTag TV YOETLOY TG
Brohoymng Babuidac. To tehevtala ypovia, 1 YwELoTY encéeQyaoiar ALTWY TWY PELUATWY TELY TNV
OVALUAOPOPLAL TOUG HEAETATOL ELEEWS WG Wit TOAD LTOOYOWEVY] TEOXTNY. AoYyw ™S LVPNANS
OLYHEVTOWOYG APPWVIAOD alwTOL ToL YoEaxntNEilet T oTEaYYidLX apLERTWONG (WG ATOTERETA
™e avaepofag ywvevong) xabog xo touv vnrod pH), o otEayyidix meptéyovy  vPNAEg
ovyrevipnoelg eiedbepne appwviog (Free Ammonia — FA), n omnolo eivar yvwot yix v
VOYXLTIOTINTY] TG ETUOQNOY O Wi Oelpa amd  wEoflanés SpuotnElOTtes. Avdueon 6TOULG
UIXEO0YVIGPODG TToL avaryotilovtat amod v elebbepn appwvio elvar o ot vrevbuvol yro v
depyaoia g witpomoinong. L2ot600, 1 ehedbeon appowvia avayotiler 1@ NOB oe mold
ueyaAdtepo Babuo and ta AOB, nabiotwviag epu) v mopaxapdrn me vitpwonoinong. Ymo
avolinég ouvbnueg, o VITEWS UToEOoLY vor avayBovy pe v ISt euMOALX XTO TOLE ETEPOTEOPHOLS
UIXQOOQYAVIGLODG %Al UALOTA PE UIUQOTEQY] UXTAVAAWGY] 0pYavinoL avBpoxa. [Tapdiinie, pe v
anLEWGY] TOL SeHTEEOL GTABLOL TNG VITEOTOINGNG, 1] {1101 0&LYOVOL HelVETAL OYUaVTIXd (TERITOL
not 25%0), HELWVOVTAG TNV ATUITYOY] O AEQIGUO MAL XATX TOOEUTATY] TO KOGTOG TG eneéeQyATlaC.

[Tapodo mov 1 amoviTEWSOTOINGoY ATaLTEl ALyOTEQO 0EYVIXO avbpoxa cLYXELTMG He TNV TAYOY
anovitponoinon (mepimov nxtd 40%), o yapnidog Adyogc C:N mouv yopontnpeilet ta otpayyidia,
nabwg nar 7 yaunin mepextnd™Td Toug oe ebuoia PBlodtaomactpo opyovind avbpoxa, xabiotd
anaait Ty TV TEOoGHNUY piag e€wtepwng TyYg Stadvtod opyavixol dvbpaxax. To yeyovog awtd oe
OLUVOLACPO HE TNV ATAITNGY] Y XTOUEUELYGY TNG ONUAVIINNG TOCOTNTAG PWOPOEOL  TWV
otpayyLdlwy, ®ablotody v epapuoyn g BLOAOYIYG ATOUAXELYGYS PWEPOEOL TUOIAANAX e TNV
AmOpenELYEY ToL alrTOoL pEcw ViTEwdoToinonc/anovtpwdonoinong we Demtn emhoyn, nabog
al{wTO %Al POOYOEOS UTOEOLY VX aATOpaxELVOODY YENOLLOTOLWVTAG TNV (Blx TNy 0EYAVLMOL
avBpana.

Qot6o0, oL owbnueg mov yapontnellovy T ovotpata VTEwdonoinong /anovitpwdonolnong,
evOEYETOL VoL U1V ETULTEETIOLY T1V BLOAOYINY] ATIOUAXQLVGEY] PWOPOEOL, *XOWS LTIAEYOLY AVAPOEES OTL
T VITEWOT avay o Ti{ovy TG SEACTNELOTNTES TWV TOAMPWOPORULY BonTnEiwy. LLYXEXQIUEV, TO
ehedlepo vitpwdeg 0€h (Free Nitrous Acid — FNA), 10 omoio anotekel v TOWTOVIOWEYY] LOEYY
T0L VITEWAOLG alwWTOoL, 1 THEOLGlA TOL OoTolov cuvoeltal oe yaunia pH, avayaitilet oe onpaviino
Babuo tc Aettovpyieg twv PAOs (Zhou et al, 2007). O avagepopevog Babuoc otov omnoio
avaryartiloviar 1 PAOs mowmiket oty Bloyoagla nor pmogel va Stx@épel wg mEOG TOV
eyrhpotiopd oto FNA nobog now v 086 mov ennpedletan (xepofio/ovolinn). Xe dheg g
TIEQITTWOELG, 7] CLUGCKMEELGY] VITOWOWY TOL AVXUEVETTAL Phe BAOY TIC GLYAEVIQWOELS TV XU UWVIXHUWY
Tov amatToLYVTHL Y TNV averyxition twv NOB, mbavotata Bo  avactédovy cofapd ™)
dpaototomta  twv PAOs ot evdéyetar vo amayogebovy Ty e@oouoyy e ProAoyinyg
ATOPUAHELYCTS YWapOEOL Ge aLTES Tig cuvinres. Emnpocbhétwe, umapyovy npodoypateg avapopes Ot
0 FA eniong avayotiler 1o PAOs (Yang et al., 2018), av xot 1 oyetny épevve eivar mOAD
Teploptopevn peyot ottypne. Eve to FA evvoeiton oe vynio pH, 10 mocooto twv vitpwdwv oty
nope? tov FNA avfavetoar avtifeta pe to pH. Kot 1 vitpwdomoinen, 0 petatpony, tov
appwvianod alwtov oe vitpndeg alwto cuvodebetat pe po Broynuny ttwon tov pH, avédvovtag
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£TOL ONMavVTIHd Ty oLyxevTEwo tou FNA xatd v Swpxeta g Stadinaociog. Ot cuvONueg yor to
PAOs Bektiwvoviar xate ™y amovttpwdomoinoy xabong anopaxpbvoviar Vtowdy, eve LTAEYEL
Broymuin avénon tov pH. Qotoco, 1 cvvdvaopévy enidpaon tov FA xow tov FNA ota PAOs
%ot TV StdErel TG aeEOBLAG PAONG UTOEEL Var NV EMLTEETEL T7] BLwotUOTNTA TOLG OE Vet TETOLO
ovompa. H xatdotaon ye ta PAOs yivetoar axopn mo Logepn av ovaloylotel xavelg Tov
AVTAYWVICUO TOUG Pe (L GAAN XVTaywvLaTNy] inEofBoanyn xovotta, yvwot) wg GAOs (Glycogen
Accumulating Organisms). Opotwg pe 1 PAOs, 1o GAOs pnopodv va mpociapBdvovy Stadutd
avbpona vO avaeEOPieg cuvHNrEg YwELS var GLUBAAROLY BTNV ATOUAUELYGY] TOL PWGPOEOL, K bng
7 ATOUTOLHEVY] EVEQYELX OTNV TEQRIMTWGY TOLG TAEEYETAL HEOw TNG YAunoAvong. Emopévwg, oe
ouvBNreg VYNALY CLOCKWEEDOEWY APLUWVIAXOD Kt VITEWSO0VG alwTov, 1 enidpacy Twv FNA »oat FA
ote GAOs eivar eniong onpoviny, xabwg wo vnroTepn avoyrn oe avtés g ovateg Oa elye wg
anotéheopo v mbavy emmpdtnon touvg évavtt twv PAOs xar v amotuyia tov Broloynng
XTOPUAAQLYCTG PLCPOQOL.

AopBavoviag vmodn 1o THEATAVL, Elval CapES OTL 1] EMTLYNG EPAQUOYN NG Broroynung
ATOPENELVONG  POPOEOL o  cuoTNpota  WTpwdonolnone/anovitpwdonoinong, —yor v
amoteleopatiny]  emeéepyacia otEayydlwy, aviipetwnilet onpavuxeg mpoxincee. H @option
alwtov nat to pH elvan mapapetpor daitepng onpactag, pe g ouyrevtpwoets twv FNA st FA va
emnpealovy Oyt povo v embopnm avayaition tov NOB, aldd nor tov aviaywviopd ueta€d twv
PAOs now GAOs natd ti¢ Stepyasieg ViTpwd0omoineng ual anovitowdonoinone o8 SLHPOEETILO
BaOuo, pe evdeyOueves aEVNTIES GLVETEIES GTNV ATOB0GY. 7] AUOUY XAl TNV BlwcthoTNTo g
BLoloynyg aTOUEXELVOTG PWOPOEOL G AVTEG TLG GLYOTMEC.

2. Egsvvntixol otoyol

Me Baon v avaivon g Stebvoig BrBAtoypapiog nat To epevvn TG %eVA Tov emonuavinuay oe
vtV xabopicbnmne 1o aviireipevo g Stdantopng SwtEPrg 10 omoio eivar 1 StepeLyron TS
duvatoTTag eTiTELENG BLOAOYMYG ATIOUAHUELVOYG YWOYPOEOL GE GLOTHHUATA ETEEEQYAOLAG LYQWY
anmoPAnTwy pe yaunio Aoyo avbpara mpog alwto péow VITEWSOTOMONG — ATOVITEWSOTONGTC.
[Tooretpeévouv va emtevybel o otoyog avtog nplbnue onompo va anavinbovv pla oelpd and
EQELVYTING EQWTNUATA UECW TwV anOAoLbwY Stepeuvnoewy:

= Slepebvnon ™G avayatTloTine 6pdong touv ededbepou vitpwdoug o€éog nat g eiedbepng
AppViaG 0Ty SpUOTNELOTNTA TWV TOAPWoYoEMKY Boxtnplwy oe acpofleg uot ovolinég
ouvOnreg nabog xa 7 avdmTLEY TWY CYETUOY UXONUATIMOY LOVTEAWY avoryaiTLoN,

= melpapotiny] xot padnpotiny] TEOcOMolweY e ouvdvaouévre emidpaonc tou eledbepov
vitpwdoug 0€eog nat g eleLbeEng appwviag 0T 80T TWV TOAPWCPORUKY BaxTnolwy,

= Sleebvnon G avayalTloTung 8paonc tov ehebbepov vitpwdoug o€éog ot g eheLlepng
X pwviag 6TV SEaoTNEIOTNTX TwY BaxTrplwy GLECWEELGTS YALXOYOVOL Kabwg Kot 1 avanTLEén
TOV OYETUWY LoONpaUTH®mY LOVTEAWY avaryaiTiomng,

= Slepebvnon ¢ enidEaong TOL &ldoLE TOL OEYAVIXOL LIOGTOWHUATOS GTOV AVTIXYWVIOUO TWY
TOAPWOYPOEIMOY  BoxTNOLOY HXl TwY BarTnElwv GLECWEELGNC YALXOYOVOL GE GLGTYUATX
VITEWSOTOIN GG — ATOVITEWSOTOIN GG,

= avantln otpamymey  Beltiotonoinong e Bloloywng  amOpAxQELVONG  YwoPOEOL e
OLOTNUXTA VITOWBOTOIN GG — ATOLITEWOOTOLYOYC.

X



3. Atepedvnon g emiduomng Twy VITEWS®Y xut NG eAedsNg appwviag oty xS sot
avo€ixy 600N TV TOAPWGPOEMY PoxTrEiwy

H Stepedvnon g enidpaong twv wtewdny oty tayLTTa TEOCAYNG PwopopoL ce aepOBLeg
ouvBnureg mpaypatonombnne péow metpapdtwy batch oe eyMUATIOUEVN HoL UN-EYUMUATIOUEYY]
Bropala 1 onota naAhepynbnue oe epyanotnotand avitdpaotnoa SBR. Xoppwve pe 1o metpapating
anoteréopata Stamotwbnue OTL pe ™) pelwon tov pH tov avapTou LYEOL aviivetat 1 avayaition
™G Stadmaaiog yix Ttg idteg ovyrevtpwaoelg tpwdnv (Xynua 1). Katd ocvvénetoa not AapBavoviog
LTOYN TN YMUELX TOL CLOTNUATOS TWY VTEWOWY SLATIGTOVETAL OTL 1] BoOIHY] AVXYXULTLIOTINY] OLGLX
elvar 10 ehedbepo witpwdeg 0€d (FNA). Onwg paiveton avohuting 010 Xynua 2, pio ouyreviowon
ehebOepov vitpwdouvg oféog e téne twv 1,5 ug N/L odnyel os 50% avayaition tov puOpod
TEOOMING  pwpopov oe  aeEOPleg ouvbnreg, eve TANENG  AVOYAITION  UATXYQRPETAL VLol
ovyrevtpwoels eredlepov vitpwdoug o€éog g taéng Twv 13 pg N/L.
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Zynpe 1. Enidpaon touv vitpwdoug alwtov  Zynpe 2. Enidpaon tov ekebbepov  vitpmdoug
otov aepofLo puiuod mtEocANYng Ywopdpov.  alwtov ctov aeEoBo PLHUO TEOCANYNS PwoOEo
%L GOYXQELOT] e JAAEG EQELVEG.

2OUPWVN e ATOTEAECPATH GTOYELUEVWY EQYXOTYOLUNMY TELOAUXTWY TEOEXLYE OTL 7] VXY XULTION
o ELipoL mEOCANYNG Ywoydpov ce acEoPleg cuvbnres Aoyw Touv ehedbbBepov vitpwdovg oféog
TIEQLYQRPETAL IXAVOTIONTIMG ATO Eva non-competitive povtéro, 1 BeAtot) poabnpatiny nepryooyn
TOL OTIOLOL ETUTLYYAVETAL ATO TO ATAOG non-competitive LOVTELO avayxiTiong g oyéong 1.

Kirna

PUR = PUR
" Sena + Kipna

(D

omov Kimna eivar 7 otabepa avayaitiong n omola aviiotoryel ot cuynévipwon touv ekevbepou
vitpwdoug 0€éog yo Ty omoia xatayedpetat 50% avayaxition tov pubpod TEOCANING YwawdEoL oe
aeeOfteg ouvhnmeg, Skna elvar 71 cuyrévtpwon tou ekebBiepov VitpwSoug oééog oToV AVTLSEACTNEX
not PURmay elvat 1 péytot oyt mpocAndng puopoeon oe cuvbnmneg amouciog avoryxiTioTinon

TLEAYOVTAL.

e avtotolyla Pe T aveTéw Otepeuvninure emiong 7 avayatTioTiny] SPAGY TwWY VITEWS®V GTNY
oavoln 5pAoY TwV TOALYWOPOEMGY PBoxTnElwy xxt ednOTEQX GTNV  TayLTNTX TEOCANYNC
pwopopov oe avolineg ovvinree. H Siepedvnon moaypatonombnmre péow melpapdtwv batch oe

Bropala mov uolepynbnre oe avudpaotnoa SBR. Ta anoteréopata TwV OYETIMOY TELQXUATWY



AATABEMYDOLY OTL OTWG AL OTNV TEQINTWOY] Twv ®eEOBtwy cuvbnuwy, étot xout oTg avolinég
owvOnreg 1 avayatttoTny] ovata eivar o ekebbepo vitpwdeg 0€L maEd Tor itEWdY (XyNpata 3-4).
Baoet twv anoteleopatwy, yapniés ovyxevtpwaoetg eledbepouv vitpwdouvg oééog g taéng twv 1,5 ug
N/L progel av 0dnynoovy oe avayaition tov puipod TedcAndng wwopdov oe avoinés cuvbyreg
notd 50%, yeyovog mov vmodNAWVEL OTL 1] AVOYY] TWV TOAPWOPOQIUGY KIXQOOQYAVIGUKOY OTNV
ncpovata Tov eledfiepov witpwdoug o€éog TOc0 ot aeEPOPleg 600 xat oe avolinég ouvbnmeg eivat
noepopotx. Téhog emBefatwbnue 611 0 pnyaviopog avayaitiong axolovbel o non-competitive

UOVTENO AL GTNV TEQITTWGY] TwV avOEnwy cuviNueV.
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= = o
2 g £ 50 b
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= ERRY o
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20 4
© NO2-N=30 mg/L pH=8 10
10
0
0 . . . , 0 2 4 6 8 10

0 100 200 300 400 FNA concentration (ug N/L)
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Zynpe 3. Emidpaon tov wtpwdovg alotov  Zympe 4. Enidpaon tov ekevbepov witpwdoug
otov avoéind pubpo TEOGANYNS PwapoEovL. alwtov  otov  avofwmo  pubpd  mEOoAndNg
PWOPOEOUL.

H 8tepebvnorn g emidpaong tov appoviaxod alnTov otV TaybINTa TEOCANYNS YWoPoEoL o
aepofteg owvbnues mpaypatomobnmue péow mewpapdatwyv batch o eywhpotiopévn wor urn-
eyrAtpatiopevy) Bropwala 1 omola xakkepyninxe oe epyaotrolond avitdpaotnoa SBR. Zdppwva pe
T TELEAPATIXG amoTeléopata Swmotwbnue Ot pe ™y avénon tov pH tov avdumtov vyEod
aw&avetan 7 avoryaition ¢ Sladmaotag y Tig IBIEC CLYHEVTOWOELG A UwYLaX0L almwTou (XyNua 5),
YEYOVOG ToL LTOSMAWVEL pe convelx OTL 7 Boowy] avayxLTloTiny] ovoix ¢ Stepyaotag eivat 1
ehedbepn appwvia. Onwg paivetar 610 Xynuo 6 pioe cvyrevIpwo eredbepne appwviog g Taéng
twv 8 mg N/L 08nyet oe 50% avoyaition tov puipod npdoindne pwpdeov oe aepdfleg ouvbixeg,
eV TANONG AVOYXLTIOY GVOUEVETAL Yl GLYXEVTOWOELS edebfepne appwviag ™¢ Tdéng Twv 40 mg
N/L.
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Zynpe 5. Emidpoon tov appwviexod  Zynpe 6. Enidoacrn g ehedbepne appwviag
alwtov otov aepodfto pubud mEocAndne otov agpoBio pLHud TEOGANYNC Ywapdpov.
PWOPOEOL.
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[Tepaitépw, amd AMOTEAEOUATH GTOYELUEVWV TELQUUATWY ELEEGYC TOL KOVIEAOL OVOYXITIGNG
dramotodnue o1t 1 emidpaoy g ehebbepng appwviag atov aeEofo pLipd TEOcANYNS PwoodEoL
TeELyOdpeTat and v un-competitive povtédo avoryxitiong, 1 BeAttoty uabnpatiny mpocouoiwon

TOL oTolov Sivetat and T oyéon 2.

S

S-(1+%)+KS

PUR = PUR 4y 2)

omov Kira elvor 7 otabepd avoryaitiong, Spa elvar 71 ovynévipwor ¢ eiedbepne appwviog otov
aVTLOEAOGTNEA, S EIVAL 1] CLYKEVTOWET] TWY PWOYPOEILWY GTOV avTdpaotnea, Ks eivar o cuvtedeotyg
Nut-noeecpol yo T puopopd not PURma elvat o péyotog pubuog mpocindne ywoypopouv oe
aepOBLec ouvbNMeg aToLGlN AV YALTIOTIXOD THEAYOVTA.

AvTioToryo TELRRPATA EQYXOTNLIMNG MMpanag Teaypatonominuay yio vo extun el 7 enidpaon
™e eheLbepng appwviag otV SEACTNEIOTNTX TV TOALPWOYPOEIMLY PBoxTnolwy oe avogiueg
ouvOnurec. Xduypwva pe T amoteréopata 1 emidpaon g eiebbepng appwviag oty ToryLTN T
TEOCANYNG YwopopoL oe avolmes ouvbNueg elvar avtioTtolyn avuTig oe xeEOfleg cuvOTMec.
Edinotepa, ovynevipwoelg eheblepne appoviag peyaidrepes and 30 mg N/L umopovv va
odnynoouvy oe TANEY avayxition ™g ddactiog (Xynux 8). Teéhog Stumotwbnue OTL 0 unyaviouoOg
VALY UTIONG TV BPAGYS TWV TOAYWaPOoEIH®Y Baxtnplwy oe avolinég ouvbnueg axolovbet évor un-
competitive povtého avaryaitiong, 1 BEATLOTY Teplypap?] TOL OTOloL SlveTat ATO TO XTAO UOVTELO
avaryaitiong g Levenspiel mov meprypgpetar and ) oyéon 3:

Sra

PUR = PUR, gy (1 — 5,.s

" (3)

omov Spa  elvar 1 ovyrévipwon g ehedbepng appwviag o6Tov avidpaoTtion Yl TV omoix

avaryontiletar TANEwS 1) Stepyaoiag xot n eivat pia epmetp] otabepa.
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Zynpe 7. Emidpoon touv appovioxod  Zynpe 8. Emidpaon g ehedbeprnc appwviog
alwtov oTov avolwmo Eubud mEooAndne otov avoéind ELbpo TEOGANYNC YPwapoEoUL.
PWOPOEOL.

Me Bdon to amoteréopota OAwV TV avVOTEQW Olepevvioewy Otamotwbnxe Ot Spdon Twv
TOAPWCYPOEIMOY BanTneiwy 1000 ot aeEOPieg 000 nat oe avoéneg ouvbnmreg ddvatal va emneeacbet
oe mokb onpovtnd Babuo and ™y mapovacta eledBepov vitpwdoug oéeog nat ehedbepne appwviag
1ot GLVETILG 7] Tty Tov pH pmopet va nabopioet 11 SuvatdTTar emitevéng BroAoynng ATOUANELYONG
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PWOPOPOL GE GLOTHIATX VITEWBOTOLYOYG-ATOVITEOWSOTOINONG. 26 YapNAES Tthés Tov pH evvoeitan
7 mopovsia Tov eedlepov ViTpwdoug 0€Eog 1ot TOL AP pVIHKOL almMTOL, eV o ALENUEVES TLUES TOV
pH evvoolbvtar vYmAdtepeg ovyxevipwoelg vitpwdwy xar ekeLbepng appwviag. Me Bdon o
EMPEQOLG HOVTEAX avaryaitiong nataouevaotnue 1o Zynua 9 oto onolo anotvnwvetar o Babpog
VY XLTIONG AVAAOYXL E TNV THEOLCLX EXAOTNG avayULTLoTMNG ovolag. L't mopddetypor ylor pioe
ovyxevtpwo alotov ¢ téng twv 200 mg N/L oe ouvbireg tooppomiog xat BEAToTg TLUNG TOL
pH, n Brokoymn amopaxpuvon tov Ywopopov avapévetar vo avoyatttobel nata 50% Aoyw
npovoiag ekedbepov vitpwdoug ofeog nat 50% Aoyw ¢ mapovsiag g ededbepng appwviag. H
UEAETNG TNG oLVOLACTIXNG ETIOEAGTNS TwY BLO ovalwY pereTNOnue oe endpevn evotnta. LoT0O00, e
Bdon 1o amoteléopator ALTE SLATLOTOVETAL OTL 7] EMLTELEY] BLOAOYINNG ATOUANQLYGTC PWCPOPOL GE

OLGTNULXTA VITOWSOTOINGYG — ATOVITOWOOTOINGYG ATOTEAEL EVX UAALOV SVGHOAO EYYELONUA.
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Zynpa 9. ITpoPrenopevn avayaition tov pubpod Séopevang pwapdeov, pe Bdon ™y PoETIoY Tov
alwtov xxt o pH, and 10 vitpwdeg dlwto (***) xat and 10 appoviano alwto (--), otoug 20°C (o

oLYUEVTE®OELS alwTov 6ToLG d€oveg eppavilovtat oe AoyoEtOUNY wAlpoxa).

4. TlIgooopoiwsy g cLVSLaoPEéVYg emtidoaong Tov shedbegov vitewdovg oggog xut g
eAs0leonG appwVing 6Ty 6QAGY TV TOAPWGPOEIKKY PuxTnEiwY
[Tooxstpévou va peretnlel 0 enidpaon g TawTOYEOVNGS Trpovaiag ekevbepov vitpwdoug o€og nat
ehedbepnc appwviag otV 8pRoY TwWY TOALYWOPOEIWY Baxtnelwy TEayuxtonomnxe pio oelpax
TELQAPATWY EQYXOTYQLANNG UALLOHAG Yot (idt OELOG CLUYOLACUWY CLYUEVTOWOEWY VITOWOWY (UETHED
25-120 mg/L) nou appovianod alwtou (petald 110-700 mg/L) oe npéc pH oto ebdpog touv 7,3-8,2.

Onwg gaivetar 010 Zynpoa 10 1o mepapating amotedéopata Bpioxoviar e TOAD MAVOTOLNTINY)
OLPLPWYIX UE TA ATOTEAEGUATA TNG EQUOIOYNG TNG OYEGNS 4, 1] OOl TEOUDTITEL UE GUVSLACUO TWV
pabnpaTinoy poviedwy avoyaitiong mov npoexvday Yo v xdbe ovoia ywELoTd.

Inhpyagra =1 — (1 — Inhpya) X (1 —Inhp,)  (4)
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Zynpe 10, Xvoyétion twv metpapatinmy Sedopevey pe v TEoPAenopevy avayaiton (héow g
2yeong 4) ywx v notvy] enidpacr tov eredfiepou vitpwdoug o&éog xat ¢ ehebbepng appwviog oToV
ovbpo TEOGANPNS YwopdEovL.

210 TAXIOIO TG TEOCOHUOIWGYG TOL  QUUVOUEVOL TG  OLVOLUOTINNG  AVAYALITIONG  TWV
TOAYLoYoEeY  Banteiwv and v ekeblepn appwvia xat 10 ehedbepo  vitpwdeg 0D
ovantoyOnxay dvo pabnpatind poviéha Baotlopevo oe ev{bpiny avedAvoY T OTOLX ATOTLTWYOVTOL

oTIg oYeoelg 5-6.

- [SFNA]) ( [Senal [SFA]>
Ks (1 T Kina) IST{L+ Kirna * Kra
K; S
PUR = PUR gy X LN A < (6)
Sena t Kipna ¢ (1 + ﬂ) +Ks
Kira

H Baown Siwpoponoinoy twv SV0 POVIEAWY GPOER GTNY IXAVOTNTA 7] K7 €VvOG non-competitive
vyt TtoTxoL  mopayovia (shebbepo vitpwdeg 0€D) va mpocdebel oto ovpmhono evlbpov-
LTOCTEWPATOS OTO OTnolo Eyet N1 mpocdebel évag un-competitive avoryatTLoTINOG TXOXYOVTOG
(ehebbepn appwvia) %ot aviiotpopa. And ) cLYXELEY TwY SDO POVTEAWY EVAVTL TWV UETOYHUEVLY
TIUWY TIEOEXLYE OTL TO TEOTOTOMUEVO eVILUIKO MWVNTIXO HOVIEAO TNG o)éong 6 UmoEel va
TeQYEael TOAD UOVOTOTING TO QUUVOUEVO TNG OLVOLACTINNG AVXYXITIONG TNG OEAONG TWY
TOAPWOYPOEIMOY Boutnelwy anod To ehebbepo vitpwdeg 0€D xat v ehedbepn appwvia (Xype 11).
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Zynpe 11. Xvoyéton twv nelpapatiney Sedopévwy pe v TEOBAeTOUEY] avayaition péow Tou
TEOTOTONPEVOL VDXL HOoVTEAOL (Xyéom 6) Yo TNV novy| enidpaor Tov ekebbepouv VITEWSOoULG

oééog nat g eheLbepg appwviag otov ELOLO TEOGANPNG YwopdEoUL.

To tpomomompevo evlopnd poviého (Xyéon 6) pmopet v oéromombet yw vo mpoBiédet v
ouvoAny] avaryaition tou Babuod mpocAndng pwoywodeoy yu pa oelpd cuvinuwy (cLyrEVTEWOELS
appwvianod xat itpwdoug alwtov, Bepponpacia xar pH), adlka xar yix t0ov mEOGS00I6UO TOL
Béktiotou (yu ta mohvywopopwda) pH avddoyo pe Tov natapeQlopd Tov almTOL O XUUWVLIAA Kot
vtowdr. Me Bdon avtd, 10 poviého ddvatat va tpoadiopicet v Béltiot) pvbutan tov pH xatd 11g
dlepyaoieg  VITOWOOTOINGNG %Al ATOVITOWSOTONGYG, TOL  O8MYyel OTNV  EAAYLOTY] GUVOALXY|
avayattion. To oynpoa 12 napovoialet 1o aTOTEAEGUATA PLLAC TEOCOUOLWGYS XVTWY TWY SLEQYATLHY
Yt dapopeg ouyrevtEnoelg alwtov. ‘Onwg paivetat, 7 anotekeopatiny pvbuorn tov pH dvvatar va

S7ULOVEYYOEL EVX TAXATO GTYY GLYOMNUY| AVAYALTIOT] TWY TOAPWTPOQILWY.
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Zynpa 12, TTpofredn e ovvolnng avayaitiong tov Euipod Séopevong PwopdEoyL %ATE TG
dlepyaoieg VITOWSOTOINGNG %Al ATOVITEWSOTOINGNG Y Slapopes opTicels alwtov vrd BérTioTo
pH otoug 20°C (n i tou 8.5 éxet optotel wg ™V avwtep anodexty yto 1o pH).
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5. Atwegedvnon g emidoaong Twv WOV xut TG ehedbepng appwviag oty
0QUaTNELOTNTA TV PUXTNEIWY GLGGMEEVEYG YALHOYOVOD

[Tooxetpévouv va Stepevvnbet 7 enidpaoy Twv WTEwdwy xat g ehevbepne appwviag oTny
SaoTNELOTNTA TwV PanTNEIWY GLGGMEELGYG YALXOYOVOL TIOL ATOTEAOLY XAl TOUG GYUAVTIXOTEQOULG
AVTAYWVLOTEG TWYV TOALYwooEtwy PBoxtnelwy, Aettodpynoe avudpactneac SBR otov omoio
avartdyOnxe Bropala n onola anotedobtay xate 90% and Competibacter spp.

X1 ovvéyewa, 1 Bropale avt yenotponomOnue oe mepdpata batch pétpnong g péytotg etdung
TYOTNTAG AVATTLENG TwY BaxTnElwY CLOCWEEVLGYC YALXOYOVOL Yiot OLUPOPETIMEG GLYXEVTQWOELS
vTEwdwy nat Stapopetind pH.

ZOUPWVO HE T ATOTEAECHATA LTV TwV TElpapdtwy (Xynuoate 13-14) Sumotwbnre ot t0
ehedfepo vitpwdeg OEL elvar 0 %DELOG AVAYATIOTINOG TapayovTag. Emmiéov mpoeuve Ot Ta
Boutnpla oLEGWEELENG YALXOYOVOL elvar T avlextind oty mapovaia Tov eiedBepov VitpwSoug
oééog and 1o molvpwopopwa Bautnowx oe pH xovid 610 7 eve 1 avbextindTa TOLG pEtwvETaL oE
vYmAdTepeg Ttpég Tov pH.
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Zynpe 13. Enidpoon touv witpwdovg alwtov XZynpe 14, Emnidpaon tov  ehevbepov

oV avantuén twv GAOs. vtpwdouvg alwtov oty avantuén twy GAOs
%o GLYXQELOY] Pe TNV EMSEAoY] Tov GTov ELOUO
déopevong Ywopoeov twv PAOS.

ATO ™V 0€lOAOYNOY] EVIAOATINGY LOVTEAWY XVOYAUTIONG, 7] BEATIOTY] TEQLYQUPY] TOL QALVOUEVOL
VO XLTIONG TNG ToYLTNTAC AVATTUENG TwY BaKTNElWY CLCCWEELGYG YALXOYOVOL GCLVXQTYOEL TYG
OLYUEVTEWGYS ToL ededbepov iTpwdoug o&éog nat Tov pH Sivetar amd v oyéon 7.

10,142-¢~ 0,203 PH

_ Kirna
U= Umax 1014200203 pH
SFNA

7)
10,142- —0,203'pH (
+Kirna €

Tehog 1o AMOTEAECUATA TV TELQAUATWY SLEEELVYGNG NG ETSEAONG TG ehebbepng appwviag 6TV
T DTN AVATTUENG TV BanTnElwy GLECWEELGNC YALXOYOVOL XA TESEEXY OTL Ol UIXQOOEYAVIGUOL
awTol etvat ToAh avBexntinol oty napovsio ¢ elebBeEg AU UWVING ANOUX KA GE CLYUEVTOWOELS TG
16éng twv 16 mg N/L ot onoleg mpoxakody avayaition peyoddtepn and 50% g Spaotnotomtog
TV TOAPWOPORUKY BoxTyolwy.
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6. Meléty g eTibEUONG TOL EIBOLG TOL OEYAVIXOD LTTOGTOWUATOG GTOV UVTAYWVIGUO TWY
TOMQWOPOOIXRY  Baxtnouwy xut Twv  Paxtroiny oLGCWEELEYS YALXOYOVOL oF
CLOTHPATA VITEWBOTIOINONG — ATOVITEWSOTOIN NG

210 mAaioto ¢ SteEebvnomng g enidpaog Tou elebiiepou ViTpwSoug 0EEog GTOV AVTAYWILOUO TwY
PAOs xout GAOs, avamtoyOnmnoay 3 Stoupopetinds nohhépyeteg yua v Sleedvnor] ¢ emidEaong
TOL OEYAVIUOL LTOGTEWUATOG oe oLV e oueowEELoNC ViTEWSOoLE alwTov. Xe nabe avtidpaotnon
EMXQUTOVOAY THEOUOLEG oLVONMEG ViTPwdoTOoINoNG %ot anoviTEwdoTnoinong ne To eAedbepo
vtpwdeg o€ var ovoowpevetat éwg 0,5 ug N/L xotd v aepdfi gaon (pe plo péon npy twv 0,35
ug N/L, mov éyer Bpebet vo avaryoutiler too PAOs xata mepinov 15%). To opyovind vrootodpoto
mov e€etdotnray NTav: o) o€wd ofh, B) piypa ofod xuwt mpomovirod oféog (50%-50%), wan v)
TOUUTINY] EVAAAXYY] AVAUECH OE TROTILOVIXO ot 0o 0€D. H mavotnta g Bropalag var amopopvvet
PwooEo TaEaxokovfobTay TaNTING HATA 1V SLXEKELX TVG AELTOLEYIXG UL Tor TEOYIA Tov ELOUODL
XTOPUAAUQLYCTNS E TNV TGOS0 TOL YEOVOL Tapovctaloviat oto Xynue 15. Onwg elvar eppaveg, 1
yonomn oémod oféog xat Tov Piypatog ofimov-teomtovinod dev wyéknoay ta PAOs, twv omoiwv 1
dpaotelomTa TeppatioT e pecx oe poMg 30-40 pépeg amd ™V eunivnon g xaAAépyetag. H
TOUTINY] eVOAAYT] UEeTaéD 0oL %ol TEOTLOVIMOL OEEOG ATO T1V GAAY emETEEYE TNV THEOLGLA TOLG
Yoo oEueTd peyokbtepo Stdotnpe, xalwg meptoptoe v empatnon twv GAOs. Qotdoo, 1
XTOUANQLYCY] PWOPOEOL Ntay aEuetd aotabng, evew pe uxbe evaddayn toogng 7 avauopdrn tov
ovbpob Seopevarg NTAY OLOEVX Kot IUEOTEQY).
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Zynpe 15. Metofoly] tov puipod amopdxEuveng YwopdEon notd Ty SLdExElX AELTOLEYING TWY
OLOTNPATWY HE LTOCTEWUX &) O&mO 0FDL, B) miypux o€moL %ot mEOTLOVIXOL O€E0g, Y) evaAAay?]
o&woL not TEOTLOVIXOL OEEG.
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7. Avantogn otoatnywev Peltiotonoinoyg g BloloyiMNg ATOUEXQUVONG PWCPOQOL G
OLOTPATA VITEWOOTOINOYG — ATToLTEWS 0T oG,

Eve 7 anoteheopatiny pdOpon tov pH pmogel va Stevxoldver v Spaotnototia twv PAOs, 7
Biwotpo™ta Toug o cLVOKES AV ALTIONG ATXULTEL GTOATYYIUES Yot TNV ETUUQATNGY] TOLG ATEVAVTL
otg avtaywvotineg opddes twv GAOs. M otpatnymy mov epappdotine not anodeiybnue
1Ol TEQU ATMOTEREOUOLTING NTAV 7] TEOAYWYY TNG XVATTLENG TOUG HECW ATOVITEWSOTONGNG HE
LTOOTEWRA TO TEOTOVO 0&D. H nébodog ompiletan oty advvapio twv GAOs va afiomotnoouvy
T VITEWY WG AMOSEUTY MAEXTEOVIWY OTay 10 TEOTOVIXO OFD amOTeAel TNV povadny] mny1
avbpoxa. 'Etot, Sivoviag mpotepadttae witpwdonoinong ot PAOs amévavit otoug #0otvodg
ETEQOTEOYOVG, UATL TOL EMLTVYYAVETAL e TNV U1-TEOCHNUY 0EYavNG TEOYYG %aTd TNV avogny)
oo, Steopaliletar yior aLTOLG EVAC ATOUAELOTINOG Y EOVOS AVATITUENC.

H epappoyn outng g OTEXTNYMNG O Evav aVTLOQXOTNEX TOL  AELTODEYYNOE HE QYOETLON
appoviaxod aldtov ton pe 0,1 kg N/m’ d, elye wg amotéheopo 1y avdmtuln piog onpaviiud
epumhovtiopevng Bropdlag oe PAOs (oe mocoato 50% eni Twv GUVOMXGY [LIXQOOQYAVIGU®MY), EVE ]
nopovoio twv GAOs Ntav apelntéa. H Bropalo avédetée otabepodc nor onpaving vdpniodg
ovlpodg amopdnELYETS Ywopdpov, TOco oe aeEOPteg 0oo uat oe avolinég ouvbnrec. O péoog
uéytotog aepofrog pulpods anopdxpuvong Yuopdeouv Ntav 25 mg P/gVSS h, eve o avtiotoyog
avoéinde pubpog frav 10 mg P/gVSS h (Eynpa 16), odnywviag oto cvpnépaopa Ot 1 avolmn
ATOUANELYCY] Pwopdpoy meaypatonoteitar oto 40% g TaydMTAG ™G avTioToy NG ®XeEOPIag

XTOUANQLYCYG.

PUR (mg P/gVSS h)
[ [ [ N W w
o w o w o w
b 1 1 1 1 J
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Zympe 16. Avoxdpavon acpdfov xar avofinod Eubpod omopenELYOYNS PWoPOEOL %ATE TNV
AELTOLEYLX TOL GLOTNUATOC.

H Xettovpyia tou avtidpaction oe bPnLdTEEY POETION appeviaxod alwtov (0,15 kg N/m’ d), eiye
WG ATOTEAECUA TNV pelwon ¢ anddoang ¢ Bropalag xatd nepimov 50%, Aoyw g GLEGOEELYG
vnAoTepwY ouyxevipwoewy FNA mov égravay 1 pg N/L. H ntoon avth ogeiletar 1060 610V
U1EOTEE0 TANOLOUO TWY TOALPWCYPORIUOY, AOYW AVAYALTIGNG TNG XVATTLENG TOLG, OGO XAl TNV
XUEDY] AVAYXLTIOY TNG AELTOLEYIXG TOLG. XE METETELTA PYaoy|, e€eTdoTnME 1] BLwothOTTd TOLG O

xviil



oLvONreg TOAD vYNAmv cuyrevtipwoswy FNA (ou éptovay to 8 ug N/L), péow g pvOpons pH oe
YOUNAN Tt Xe avtés TG ouvinueg, 1 Broloywy anopdxpuver aoctdOyNoe, wotdco ot TAnbuopot
wv GAOs oty Bropala TuEEUevay TEAXTIUG AVOTUOXTOL.

210 mhadoto ¢ Bektiotonoinong, mpoyuatonominue pa oelpd UabdnpaTiney TEOCOUOLWCEWY
npoxetpevou  vo  aftohoynbel 1 ouvOvaouevy] BloAoywy]  AMOPAMELVOY]  PLWOYPOEOL Ko
vitpwdonoinone/anovtpwdonoinong oe cuothpata VYNNG PoETLong alwtov. H Oewontiny Setaén
nov efetaotue PBedntotonombnue docov aopd: 1) TV evalkayn Twv aeEOBtwy ot avoéinmy
owvOnrev, WoTe Vo ATOTEATEL 1] GLEEMEELEY VITEWSWY 1ot var Statnenlel to pH oe oyetna vPniég
TUEG, 1) TV TEoYN evOg ATOAELoTHOL YEOVOL amovtpwdonoinone ot PAOs, petd v
ATOUEHQLYCT] PLAG ONUOVTIXNG TOCOTNTAG VITEWOWY ATO TOLG XOWVOLG ETEQOTEOYOLS, UECL MLOG
docoloynuévng mpoctnung opyavinod avlpaxa, 6T0 TAXICLO TG GTEATNYUNG UXTXGTOANG TWV
GAOs xnor iil) v motd™ta twv eneéepyaopévey Apdtwy. H Biwotpomrta g Broloymng
amopdnpuvong afohoyninue yioo popticelg appwvionod albtov arnd 0,1 dwg 0,3 kg N/m’ d,
gyovtag LoYn: ®) T cvvolwy avayaition Twv PAOs vrd tig ouvbnueg nabe oevapiov, 1060 wg
npog T Stnenoy tov TAnbuopod Tovg 6o uXL WG TEOG TNY ATOB0GY] TOVG, B) TNV ENMAEXEIX TNG
oteaywng xataotolg wv GAOs oe nabe oevapto, y) ™y avayratdmta yoe Lo tov pH ya
™V ehaytotonoinon g avaryaitiong twv PAOs nat 8) v amotedeopatiny nataotodn) twv NOB.
Me Baorn 1o ATOTEAECUATA TWV TOOCOUOLOOEWY %ol TNV XELOAOYYOY] TOUG, CUUTEQAIVETAL OTL [LX
poeTioN aldtov g 8éeng twv 0,2 kg N/m’ d 6o propodoe vo emtpéder emapun xou oyetiud
XOQPAAY| ATOUAQLYCT] PWOPOEOL YwEIG TNV avaynn ywx evbpon tov pH. H Asttovpyia oe
LYNAOTEPES POETIOELG EVOEYOUEVIE VX ETETOETE ENMUOXT] XTORAUQLYGY] PLCPOEOD, av uat ThavoToTa
Bo amattodoe namow EOOULeN Tov pH Tov eivan Samavney, eve eivar aféBato av B eéaopaitloTay 1
enEdtnon twv PAOs évavtt twv GAOs. Xvunepaopotind, 7 enitevéy BloAOYIUNG ATOUEXQLVEYG
pwopooy oe opticelg albtov dw twv 0,3 kg N/m’ d gaiveton efoupetnd amibovn, nabog ot
owvbnreg avayaitiong and poveg tovg Bo éBalav oe coPapd uivduvo ™ BwotpoTTa TWY
TOAPOCPORIUOY BaTnolwV.

8. Zovpmepaopouta
To udpla cuPTEEATUATA TNG TXEOLOAS StaATELRNG PToEoLY Vo suvodrtabodv wg eéng:

= To ekeblepo vitpwdec 0L avayautilel oNUavIHd TV SEAOTNELOTNTA TWV TOALPWCPOOLUDV
Boaxtnplwy 1000 e acpofleg 6o nat oe avolwmeg ouvvinueg, pe tov ELOUO amopdxpuveng
popdeov vo avaryartileton xate 50% oe ovyrévtowon 1,5 pg HNO,-N/L (10 mg NO,-N/L
oe pH=7, 50 mg NO2>-N/L oe pH=8, otoug 20°C) »ouw xata 100% oe ovyxevipnoelg g
taéng twv 13 pg HNO,-N/L (100 mg NO,-N/L oe pH=7, 500 mg NO»-N/L oe pH=8,
otovg 20°C). O umyoviopodg avoryaltiong meptyodypetor BEATIoTa wg non-competitive yto
Kirna=1,5 pg N/L xou etvor ave€& 1108 T00 amodexty nhentoovioy.

= H ekevlepn appwvia amodelylnre 6T eniong anotekel ONRoVTINT VOYXITIOTINY OLCLX Yo Ta
PAOs oe aepdfeg now avolimég ovvOnueg, mporahwvtag 50% avayaition touv Eubpod
ATOUAHQELVOTS PwopoEoL oe ouyxevtpnoets 8-10 mg NH;3-N/L. O pnyoviopog avayaitiong
TIEQLYQRPETAL IXAVOTIONTIUX XTO €V un-competitive JOVIEAO avayxiTiong, He TNV avolu
avayaition ano FA va nepiypapetor naddtepa and 1o poviédo g Levenspiel.

= O Babpog avayaitong twv molvgwopopnwy Boxtnolwy eite and T TEwdY eite and 10
appwviand alwto e€uptatar amd 1o pH mov ekéyyet g avtioToryes popwes tov eredbepou
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vtpwdoug oféog xat g ehevbepnc appwviag. 2e Opoug almwTov, T VITEWSY ATOTEAOLY TOV
toyLEOTEEO avayatTtaty) Otay 0 pH eivar uatw amd 8,2 meplmov, eve Tar APWVIANE XTOXTOLY

™V peyaddTepr Bapdtnta Oty to pH vrepBaivet avtiy v TLUY.

H sown enidpaon tov ekevbepov vitpwdouvg oféog xat g ehevbepne appwviag pmogel vo
TEQLYQAPEL TOAD IXAVOTIOTIUE ATO TO TQOTOTONUEVO EVILIIUO WOVIEAD oVXYXLITIGNG TOL
avantoybnue oto mhaioto g St ITpodobeta, o poviého Svvatat va Tpocdiopioet v
Bektiot Sramdpaver tov pH xatd i Stepyasicg vitowdomoinong xat anovitpwdonoinong, yla
™V elaytoTonoinen g avayaitong 1wy PAOs.

To FNA Swmotwdnure eniong ot avaryortiler 1o GAOs, av xot yevind oe mupotepo Babuod
and ot 1 PAOs. H enidpaon tov FNA oty avantén twv GAOs gaivetar va eéaptatar and
70 pH, pe 1« GAOs va avayartiovtar neptoaotepo oe vdnid pH (50% avayaition and 10 pg
HNO>-N/L oto pH touv 7 xat and 3 pug HNO»-N/L oto pH 1tov 8). Xe obyxpton pe ta
PAOs, t« GAOs paivetor va gyovy onpavind vynrotepn avoyy oto FNA oe yopnio pH (7),
evo oe oyetnd vYnio pH (8) 7 avbextmotnta twv SVo pxpoflanwy opddwy umogel vo
Oewpnbet ovyxplopn. €2¢ ex tovTov, évar LYNAO pH pmopel va wyeknoer ta PAOs, oyt povo
HELOVOVTAG TNV TepexTinoTta o FNA, adhd uot ehayloTOTOIOVTING TOV AVIXYWVIORO TV
GAOs. Qotooo, 1@ GAOs epgpavilouy peydhn avoyn oto FA, upévovtag mpontind
avennEeaoTa amd gL oLY%EVTEWoT ¢ taéews Twv 16 mg NH;-N/L (ovyxévipworn mov, éyet
Bocbel ot avaotéddet o PAOs xata mepimov 60%). L2¢ ex toLTow, o vYNAéc cLYXEVTEWOELS
FA mov emxpatoby oe ocvotipate vdning @optone al®tov WUROEEl Vo ToEEYOLY Eva
avtaywviotnd mheovéntpua ota GAOs, anvpwvovtag 10 Ogelog g Aettovpylag oe vYnio pH
nov evvoel ¢ PAO wg mpog 1o FNA. H emidpaon tov FNA oty avantén twv GAO
TIEQLYQRPETAL IXAVOTONTUA aTtO hovTEho avayaitiong tomov Hill, pe Kipna too pe 9,2 o 3 pg
N/L yee T pH tou 7 %o 8 avtiotorye, now évay ovvtedeot Hill oty tun tov 2,45 now 2 yua
o0 pH tov 7 no 8 avtictorya.

H mpoaywyn twv PAOs péow g amovitpwdonoineng pe ) Y0107 TEOTLovinod 0€E0g wG
povaduy) Tyy avbpara, anodeiybnre 7 TO ATOTEAEOUXTINY OTOATNYMUY VL& TNV AATXGTOAN
v GAOs now v emitevén otablepNg nat aNOTEAEOUATING ATORAKQLVGYG PLGPOQOL GE
ouvBnmeg avayaittone. H otpatnyw Baoiletar oty mapoyn e anoxietotung aflomoineng
v ViTpwdwy and T PAOSs yx éva dteotpa OTou govo awtd pmoEobyv vo avamtuybody.
Koabwg opwe, ot pubpol anovitpwdonoinong twv PAOs sivar onpoavtind yoapuniotepot and toug
aVTIOTOLYOLG  TWV  TUTXWY ETEQOTOOPINWY  UIMQOOQYUVICU®Y, 7] EPAQUOYY] QLTINS NG
otpatnywng meobmobéter vdPnAOTEPOLS AVOEMODE YEOVOLS TaEAUOVYS, TeEtoEllovTag TNy
ene€epyaoio pe LYNAES YopTioelg alwtov. Mabnuatinn Tpocopolwoy| evog TETOLOL GLOTHATOS
edetke ot " Brohoywn XTOUANQLYOY] PWoPOEOL oe ouvOnreg
witpwdonoinong/anovitpwdonoinong, elvon emtedéipn yio poptioeg alwtou dug 0,2 kg N/m’
d ywpic v avaynn ebOutong tov pH, eve Stapaivetan advvatn y poprticelg navew and 0,3 kg
N/m’d.

H  epoppoyn  wmc  PBoloywig  amOMAXELVGNG  QWOPOEOL  GE  GULOTYUATA
vitpwdonoinorne/anovitpwdonoinong eivar eputy], wotdoo TEoLTOOETEL evdeyoutvwg TNV
dwxbeotpomta mpomovinov oféoc. H mpopnbetor pumopet var yiver péow g vOEOALGNS TG
TEwToRAOUAG IADOG e ASLTOLEYIX TOL GTOYELEL OTYY HEYLOTOTONGY] TOL YAXOUXTOG TOL
TEOTLOVIXOD ETL TOL GLVOMUOL TaEAYOUEVOL StahvTol avbpona. Xe cvotnuata enefepyactiog
LYE®WV ATORANTWY ToL YxEauTrellovtar and evay oyetnd Yapnio Aoyo C:N, 7 tavtoyeovr
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ATOUANELYGY alWTOL %L YwoYoEoL pe TNy Bt Tyn avbooxa eivor Oepety. Xe ndbe
TEQIMTWOY OPWS, 7] BLoAoyy] AMORAUELYGY] PLoYOEOL ot auTég Tig ouvOnueg Oo amattet
UEYAADTEQOLG OYUOLG AVTISEACTYOWY GE GYECY| e TIC AVTIOTOLYES ATAULTYOELS VLo XTOUAXQLYGY
alwtov.
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Chapter 1: Introduction

The present chapter introduces the problem to be addressed in the thesis. It discusses the goals
of this work, its methodology and, finally, presents the thesis outline.

Following the industrial revolution, the significant economic development and restructuring of
society was accompanied by a major shift in humankind’s relationship with the environment.
Indeed, for many years, concerns regarding the adverse ecological impact of industrialization
took a backseat in the emergence of the modern capitalist economy. The powering of the newly
developed industries with the burning of fossil fuels along with the massive throughput of
materials, resulted in the increasing pollution of air, water and soil, while also putting a strain on
the Earth’s natural resource reserves. Furthermore, population growth and urbanization created
additional problems, with the generation of significant domestic waste sources, which in the
absence of appropriate sanitation, lead to devastating outbursts of water-borne diseases such as
cholera and typhoid. These occurrences necessitated the suitable handling and treatment of
domestic wastes and mobilized the development of sewage collection systems and wastewater
treatment plants (WWTPs), which in turn lead to the development of a new scientific branch;
that of sanitary engineering. In the years since, wastewater treatment has progressed to not only
safeguard public health, but also minimize the adverse environmental effects of waste disposal.
In the aftermath of the significant ecological crisis that followed the rapid development of
industrialization, the emergence of new treatment technologies along with the acquisition of
knowledge and experience in the field of wastewater treatment and pollution prevention and
management in general, has sparked efforts to eliminate the anthropogenic footprint on the
environment. This endeavour is an ongoing, cumulative process for the rectification of past
mismanagement and the preservation of the natural state, the Earth and its resources, for future

generations.

The treatment of municipal wastewater, prior to its disposal, primarily involves removal of the
organic carbon content of the wastewater along with the removal of nutrients (namely,
ammonium and phosphorus), while other pollutants of interest include heavy metals,
microplastics, as well as certain organic micropollutants (e.g., emerging contaminants). Disposal
of heavy organic carbon loads to the aqueous recipient may significantly enhance microbial
growth, which in turn may deplete oxygen levels and lead to the death of aquatic fauna. Disposal
of significant amounts of nutrients on the other hand, may enhance algal bloom (an occurrence
known as eutrophication) which apart from disrupting the natural ecosystem in its own right,
may also indirectly affect the availability of oxygen for aqueous life. Carbon removal in WWTPs
is typically achieved via aeration of the wastewater, for its consumption by heterotrophic
microorganisms for energy and microbial synthesis. The removal of nutrients may be carried out
by either biological or physicochemical means. In general, biological removal of nutrients is the
preferred method, where applicable, as it limits the treatment cost, both in terms of capital and

environment, since it does not require addition of chemicals.

Biological removal of ammonium is typically performed via nitrification followed by
denitrification. Under aerobic conditions, an autotrophic microbial group known as ammonium
oxidizing bacteria (AOB) oxidizes ammonium to nitrite, which is then further oxidized to nitrate
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by another autotrophic group known as nitrite oxidizing bacteria (NOB). The combination of
these two biological reactions constitutes the nitrification process. In the absence of oxygen, the
produced nitrate may then by utilized by heterotrophic organisms for the oxidation and removal
of carbon, reducing nitrate to inert nitrogen gas in the process. Biological removal of phosphorus
on the other hand, is achieved by promoting the growth of a specific microbial group known as
polyphosphate accumulating organisms (PAOs). PAOs have a capacity for intracellularly storing
polyphosphate chains, which may be used as an energy source in the absence of an electron
acceptor (e.g., oxygen, nitrate). Under anaerobic conditions, PAOs hydrolyse their stored
polyphosphate chains, releasing phosphorus in the process, and use the energy provided to take
up soluble carbon and store it as macromolecules known as polyhydroxyalkanoates (PHAs).
Once in the presence of an electron acceptor, PAOs oxidize their stored PHAs and replenish
their polyphosphate chains, removing phosphorus from solution. Therefore, implementation of
an anaerobic tank upstream of the aerobic and anoxic processes provides PAOs with a priority
over common heterotrophs in the utilization of carbon, thereby promoting their growth. As
PAOs are capable of storing significant amounts of phosphorus, its removal is achieved along
with the removal of the excess PAO-enriched sludge. This process is known as the Enhanced
Biological Phosphorus Removal (EBPR) method.

Prior to its disposal, the excess sludge that is produced in WWTPs requires a series of treatments
aimed to reduce its water content, followed by sludge stabilization processes. Throughout the
sludge treatment processes (particularly during dewatering), a series of reject water streams are
generated, which possess a high carbon and nutrient content that require treatment. As such,
these streams are typically recycled to the inlet of the WWTP. Due to their significantly high
nutrient content, the recirculation of these streams to the main WWTP treatment stream may
increase nitrogen and phosphorus loading by up to 20%, limiting the treatment capacity of the
mainstream facilities. In addition, reject water is generally characterized by a relatively low C:N
ratio, which will lower the overall C:N ratio of the influent upon re-entry. As effective
denitrification requires the availability of carbon, nitrogen removal may prove insufficient under

these circumstances.

In recent years, the side-stream treatment of reject water prior to its recirculation to the main-
stream has been gaining popularity, as it may lessen the burden on the overall operation of the
WWTP. Due to the high pH that typically characterizes reject water from the sludge treatment
processes, a significant percentage of the ammonium content of the reject water is in the form of
Free Ammonia (FA), which is a known inhibitor of various microbial processes. Notably, FA
inhibits both AOB and NOB, although it affects the growth and performance of NOB to a
significantly higher extent than it affects AOB. Therefore, due to the high nitrogen content of
the reject water, its treatment in a side-stream Sequencing Batch Reactor (SBR) with an
appropriate loading rate, which would allow the presence of high FA concentrations, could
forbid the presence of NOB without severely affecting the performance of AOB. With this, the
second stage of denitrification is excluded and during aeration, nitrite is not further oxidized to
nitrate. Under anoxic conditions, nitrite may then be reduced by common heterotrophs, similatly
to nitrate. This short-cut nitrification/denitrification process (nitritation/denitritation) has
proven quite beneficial, as nitrogen removal may be achieved at a reduced aeration demand (by
approximately 25% compared to full nitrification) and a reduced demand in carbon (by
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approximately 40% compared to denitrification). As such, the side-stream treatment of reject
water may reduce the overall treatment cost and ensure effective nitrogen removal.

While the effectiveness of the side-stream treatment of reject water has been adequately
documented in regard to nitrogen removal, the side-stream removal of phosphorus has
presented certain challenges. As mentioned, the recirculation of phosphorus to the WWTP’s
inlet could severely increase its loading rate, thereby compromising adequate phosphorus
removal. Effective EBPR for higher phosphorus loads would require a greater PAO population
within the microbial community. This in turn would require a greater availability of soluble
carbon in the influent, which may be taken up during the anaerobic phase. Depending on the
composition of the wastewater, the available carbon may be insufficient, meaning that an
external carbon source could be required to supplement the needs of PAOs. As the side-stream
treatment of reject water generally requires the addition of an external carbon source for the
denitritation process, the implementation of EBPR alongside nitritation/denitritation is a
desirable option, as both nitrogen and phosphorus may be removed by the same carbon source.
However, the accumulations of nitrite that occur in such systems have been found to have a
significantly adverse effect on PAOs. More specifically, nitrite in the form of Free Nitrous Acid
(FNA) has been reported to be a strong inhibitor of PAOs, affecting both their growth and
performance. The reported degree of severity for FNA-induced PAO inhibition varies in the
literature and may differ in regard to acclimation to FNA as well as the pathway that is affected
(acrobic/anoxic). In all cases, the nitrite accumulations that would occur with respect to the
ammonium loadings that would be required for NOB shunt and the implementation of short-cut
nitrification/denitrification, would likely severely inhibit PAO activity and may possibly forbid
the application of EBPR in these conditions. Moreover, it has recently come to light that FA is
also an inhibitor of PAOs, although research regarding the extent of its effect is very limited as
of this point. While FA is more abundant at high pH, the percentage of nitrite in the form of
FNA increases adversely to pH. During nitritation, the conversion of ammonium to nitrite is
accompanied by a biochemical drop in pH, thereby significantly increasing the FNA content of
the reject water throughout the process. Conditions for PAOs improve during denitritation
along with the removal of nitrite, which is accompanied by a biochemical increase of pH.
However, the combined effect of FA and FNA on PAOs during the aerobic phase may not
allow their sustainability in such a configuration. The situation for PAOs under these conditions
becomes even more bleak when considering that they may be outgrown and washed-out by an
antagonistic group known as Glycogen Accumulating Organisms (GAOs). Like PAOs, GAOs
may also take up soluble carbon under anaerobic conditions but do not contribute to
phosphorus removal, as the required energy in their case is provided via glycolysis. Therefore, in
conditions of high ammonium and nitrite accumulations, the effect of FNA and FA on GAOs is
also of importance, as a higher tolerance to these inhibitors would result in their possible
proliferation over PAOs and the failure of EBPR.

Considering the above, it is clear that the successful application of EBPR, coupled with
nitritation/denitritation, for the effective side-stream treatment of reject water is challenging at
the very least. The matter is a complex one, with nitrogen loading and pH being of significant
importance and FNA and FA accumulations affecting not only the desired NOB shunt, but also
the PAO/GAO competition throughout the nitritation and denitritation processes to different
extents and ultimately the performance, or even feasibility, of EBPR under these conditions. The
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focus of the present work is to assess the inhibitory effects of FNA and FA on PAOs, as well as
on competitive GAOs, develop strategies for the proliferation of PAOs in these hostile
conditions, and to evaluate the potential for effective EBPR with regard to nitrogen loading in
the side stream treatment of low C:N reject water streams. The results of this investigation may
provide helpful guidelines for the application of side-stream EBPR and also improve the hitherto
accumulated knowledge on the microbial processes of WWTPs, as a modest steppingstone in the

ongoing effort for environmental preservation.

Following the present introduction (Chapter 1), Chapter 2 presents and discusses the relevant
and up to date research that has been reported in the literature, focusing on the general
principles of EBPR and wastewater treatment for phosphorus in general, the PAO-GAO
competition and factors that affect it, including inhibitors such as FNA and FA, and the
particularities of EBPR for the side-stream treatment of reject water. In consideration of the
available information on the subject matter, or lack of it, Chapter 3 lists the main objectives and
areas of investigation of the present work. These mainly concern the determination of the degree
of inhibition by FNA and FA on PAOs and GAOs, strategies for GAO suppression, and
optimization of conditions for EBPR with special regard to pH and nitrogen loading. Chapter 4
presents the materials and methods that were utilized in the investigation while the experimental
and mathematical modelling results are presented and critically discussed in Chapter 5. Finally,
the main conclusions that derive from this discussion are presented in Chapter 6.
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Chapter 2: Literature review

2.1 Phosphorus speciation and sources

Phosphorus (P) is a chemical element which is essential for sustaining life, largely through its
presence in the form of phosphates (compounds of the phosphate ion, PO4>"). Phosphates are a
component of DNA, RNA and ATP, as well as phospholipids, which are complex compounds
that are fundamental for the function of cells. Phosphorus is not found free in nature, but within
a wide variety of minerals, usually as phosphates. Its concentration in the Earth’s crust is
approximately 1 g/kg, which is relatively high (compared to copper for example, which has a
concentration of approximately 0.06 g/kg). Phosphorus minerals are mined mainly for their
consumption as fertilizers, with other commercial applications including the use of
organophosphorus compounds in detergents, pesticides, and nerve agents. Inorganic phosphate
rock, which partially consists of apatite (generally as pentacalcium triorthophosphate fluoride
(hydroxide)), is the main commercial source of this element. The demand of phosphorus as a
fertilizer is due to the fact that low phosphate levels constitute a very serious limitation to plant
growth. This is also true for aquatic systems, in which high phosphate levels may boost microbial
and plant growth and lead to eutrophication phenomena.

Nowadays, the largest depositions of phosphorus in aquatic ecosystems are mainly due to
anthropogenic activities and less to natural processes. The deposition of agricultural phosphorus-
rich fertilizers, the disposal of untreated municipal wastewater as well as runoffs of livestock
waste are the most important sources of phosphorus release into the aquatic environment. In the
case of municipal wastewater, estimated phosphorus loads are at 0.6 kg/kg of human waste/yeat,
0.3 kg/kg of laundry detergents/year and 0.1 kg/kg of household detergents and other cleaners/
year (Sedlak, 1991). Phosphorus in aqueous systems can be distinguished as soluble or insoluble
according to its physical form, and as organic or inorganic according to its chemical state.
Inorganic phosphorus is almost always in the form of soluble phosphorus, including
orthophosphates and polyphosphates (Tarayre et al., 2016; Li et al., 2021). In urban wastewater,
it is found mainly in inorganic form as orthophosphate radicals (PO,°, HPO,?, H,PO") and
polyphosphate chains, with several reports indicating that over 80% of total phosphorus in
wastewater is in inorganic form (Ge et al., 2015; Andrés et al., 2018; Carrillo et al., 2020). The
form in which orthophosphates are found is pH dependant as shown in Figure 2.1, with HPO,”
and H,PO* being the most relative species for the typical pH range of wastewaters.

The main sources of phosphorus in wastewater are human secretions and household detergents,
with household detergents accounting for approximately 30-50% of the total phosphorus load.
Industrial use of phosphorus is quite limited and as such, industrial wastewater contribute little
to phosphorus loading. Some notable industrial contributors are the food, textile, fertilizer and
detergent industries (Kroiss et al., 2011; Sengupta and Pandit, 2011). In urban wastewater, the
phosphorus load per inhabitant usually ranges from 2.5 - 4.0 g/d.
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Figure 2.1. Speciation of orthophosphate ions expressed as mole fraction of total P in solution as a
function of pH (Figure adapted from Hinsinger, 2001).

2.2 Phosphorus removal processes

2.2.1 Chemical removal

The use of chemical flocculants to remove phosphorus in WWTPs via precipitation began in
Switzerland in the 1950s as a solution to the growing problem of eutrophication and is now
widely used in many countries around the world (Morse et al., 1998). Chemical precipitation is
essentially a physicochemical process, which involves the addition of a flocculant that reacts with
the soluble inorganic phosphorus content of the effluent to form solid phosphorus compounds,
which precipitate and are removed along with the excess sludge. The most common flocculants
are lime (Ca(OH)) and alum (Al) and ferrous (Fe) salts which are added in the form of chlorides
ot sulphates (Morse et al., 1998; Li et al., 2021). The effectiveness of this method depends on the
type of flocculant, the pH of the wastewater, as well as mixing conditions (Thistleton et al.,
2001). Chemical precipitation is the most commonly used method for phosphorus removal and
more than 90% of the phosphorus content of the wastewater can be removed this way
(Thistleton et al., 2001).

The addition of chemical flocculants to the wastewater may be carried out at three stages of the
overall treatment process and as such, chemical removal of phosphorus is distinguished into
removal via pre-precipitation, removal via simultaneous precipitation and removal via post-
precipitation. In the pre-precipitation process, chemicals are added to the primary sedimentation
tank and the phosphorus precipitate is removed along with the primary sludge. During
simultaneous precipitation, chemicals are added to the biological reactor and the sediments are
removed along with the secondary sludge. Finally, the post-precipitation method relies on the
addition of chemicals after secondary clarification, with the precipitates being removed in a
separate sedimentation tank or sand filters (Morse et al.,, 1998). The degree of phosphorus
removal depends on the point at which the chemicals are added, with 70-90% remowval achieved
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via pre-precipitation, 80-95% removal achieved via simultaneous precipitation, and
approximately 95% removal achieved via post-precipitation. The addition of chemical flocculants
is preferably done at points of intense mixing conditions to achieve a uniform dispersion
throughout the liquid. In the case of pre-precipitation, chemicals may be added to the pumping
station or the flow measuring configurations in open channels.

Phosphorus removal by pre-precipitation (Figure 2.2) has the advantage of assisting the settling
of suspended solids and may be combined with simultaneous precipitation for a higher degree of
removal. However, sewage in the primary treatment stage contains significant amounts of
polyphosphates and organic phosphorus that need to be hydrolyzed prior to chemical removal.
As such, greater quantities of flocculants are required for effective removal compared to the
requirements of secondary or tertiary treatment. The addition of flocculants during biological
treatment, in addition to being more economic with chemical usage, has the added advantage of
assisting secondary clarification, thereby improving the quality of the treated effluent. One
disadvantage of this method is the lack of intense mixing points in the biological reactors for the
effective dispersion of the flocculant. When significantly low total phosphorus concentrations
(<1 mg/L) are demanded for the treated effluent, it is recommended that secondary
precipitation is combined by pre-precipitation or followed by post-precipitation. While
significant phosphorus removal may be achieved by post-precipitation, this method is generally
not preferred due to the formation of a tertiary sludge (Morse et al., 1998).

]
Sludge o Processing

Figure 2.2. Schematic diagram of chemical precipitation applied during primary and secondary
treatment (adapted from Morse et al., 1998).

In general, chemical precipitation is a commonly used, cost effective method for phosphorus
removal which can be easily applied to existing WWTPs and achieve phosphorus concentrations
in treated effluents below 1 mg/L (Morse et al, 1998; Wilfert et al., 2015). However, the
associated cost of this method is high compared to biological phosphorus removal, due to large
quantities of chemicals that are demanded, while it may also lead to the production of pollutants,
such as chloride and sulphate ions. In addition, it also requires the disposal of the chemical
sludge that is generated (Altundogan and Tumen, 2002; Xia et al., 2021). In the case of pre-
precipitation, the addition of chemicals may increase primary sludge production by 50-100%,
while the addition of flocculants during secondary treatment may increase the excess sludge by
30-40%. As a result, the burden of sludge treatment and disposal processes increases with
consequent financial and environmental burden (Johansson, 1994).
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Chemical precipitation of phosphorus with calcium hydroxide (slaked lime)

Chemical precipitation with calcium hydroxide was the first applied precipitation method, with
which up to 90-95% of phosphorus may be removal. According to this method, Ca(OH); reacts
with soluble orthophosphates (HPO4*) for the formation of insoluble calcium phosphate
compounds, such as hydroxyapatite (Ramasahayam et al., 2014). Calcium hydroxide reacts with
the effluent’s alkalinity (HCO3) to form calcium carbonate precipitates, respectively, which is

removed from solution:
Ca(OH,) + HCO3; 2 CaCO3 ! +H,0

The consumption of alkalinity results in a rise in pH that assists the reaction of the excess
calcium ions with orthophosphates according to the following reaction:

10Ca?* + 6HPOZ™ + 80H™ 2 Cayo(P04)s(OH), | +6H,0

The higher the pH, the lower the solubility of the calcium phosphate compounds and therefore
the better the precipitation and removal of phosphorus. In general, in order to achieve high
phosphorus removal, the pH must be greater than 10 (Li et al.,, 2021). Due to the significant
increase of pH, the addition of calcium hydroxide is preferably carried out prior to the biological
stage, as high pH creates favorable conditions for the nitration processes.

Calcium hydroxide used to be one of the main chemicals utilized for the removal of phosphorus,
but is no longer used to a significant extent. Due to its reaction with the alkalinity of the
wastewater, the required chemical dosage is generally independent of the phosphorus content
and mainly depends on the alkalinity of the effluent. As such, the required dose is determined to
be approximately equal to 1.5 times the alkalinity of the wastewater (as mg CaCOs/ L), which is
tantamount to increased treatment costs. In addition, this method results in an increased
production of chemical sludge, while there are also problems regarding the handling of chemicals
as well as the operation and maintenance of the related distribution equipment (Hruschka, 1980).
Also, the effective removal of phosphorus requires significantly high pH values (with the
optimum pH value of 11) which may be unsuitable for the subsequent biological processes.

Chemical precipitation with alum and ferrous salts

Chemical precipitation with alum or ferrous flocculants relies on the reaction of the dissolved
aluminum and iron ions with orthophosphates for the formation of insoluble phosphorus

compounds, as described by the following reactions:
A3t + H,PO3™™ 2 AIPO, | +nH*
Fe3* + H,PO3™ 2 FePO, | +nH"

The reactions above are influenced by a number of factors such as the pH and alkalinity of the
effluent, as well as the many competing reactions that occur. As such, the required dosage may
not be estimated by the stoichiometry of said reactions but is instead determined by scale
experiments. Figure 2.3 displays the equilibrium of the insoluble AIPO, and FePO, compounds
with regard to pH. The constant lines indicate the concentration of the residual soluble
phosphate (Metcalf and Eddy, 2003). In order to maximize phosphorus removal, the optimum
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pH range for the alum and ferrous salts are 6-7 and 5-5.5, respectively. Although it is a simple
process that achieves good phosphorus removal, the large influence of pH results in increased
operating costs (Li et al., 2021).

AP FePOy(s)
|

A

-4}

1

™ Al(POZ)(x-3)13 (OH)x(S)

log molar soluble phosphorus

log molar soluble phosphorus

=7 | -7

pH value pH value

Figure 2.3. Alum and ferrous phosphate concentrations in equilibrium with soluble phosphate
(adapted from Metcalf & Eddy, 2003).

In general, the ratio of the amount of flocculant required to the amount of phosphorus to be
removed increases as lower phosphorus concentrations in the final effluent are demanded
(Figure 2.4). As shown in Figure 2.4, two areas may be distinguished depending on the required
concentration of soluble phosphorus in the treated wastewater: the stoichiometric area and the
equilibrium area. The stoichiometric region is observed when relatively high phosphorus
concentrations are accepted in the treated effluent and phosphorus removal is directly
proportional to the amount of the added flocculant. The equilibrium area is observed when low
phosphorus concentrations are demanded, where a significantly higher amount of flocculant is
required for the necessary removal, an amount that increases exponentially for lower residual

phosphorus concentrations.

Ferrous salts are not as effective as alum salts but are relatively inexpensive in comparison and
react in a short time. Iron in the form of Fe (II) in particular has significant cost benefits, while
in highly oxygenated environments, it can be converted to Fe (III), which forms a strong
complex with phosphates (Ramasahayam et al., 2014; Wilfert et al., 2015).
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Figure 2.4. Required Al/P and Fe/P ratios for different concentrations of soluble phosphorus
in the treated effluent (Adapted from Sedlak, 1991).

Chemical adsorption of phosphorus

Phosphorus removal via chemical adsorption is a method that has been gaining popularity over
the past years. The process relies on the transfer of phosphorus from the liquid phase to an
adsorbent with which it is removed from solution. The method is a sequence of two processes, a
relatively fast, reversible adsorption process and a relatively slow, practically irreversible
precipitation process (Arias et al., 2006). The mechanism of adsorption is either mechanical (i.e.
Van der Waals) or to a lesser extent chemical. An important benefit of this method is the
possibility of phosphorus recovery from the adsorbents via desorption (Ramasahayam et al.,

2014).

Various simple materials, industrial by-products or cheap metals, such as quartz, slag, fly ash,
activated carbon, etc. can be used as adsorbents (Xia et al., 2021). Extensive research regarding
the potency of these materials is being performed and many researchers are working to develop
modified adsorbents to improve phosphorus removal efficiency at a reduced cost and successful

phosphorus recovery (Ramasahayam et al., 2014 ; Gu et al., 2021).

The use of fly ash in particular has been extensively studied in recent years due to its
effectiveness as an adsorbent. Fly ash is a residue resulting from the combustion of coal in power
plants. Its abundance and availability make it a cost-effective material for phosphorus removal.
Ugurlu (1998) reported very high phosphorus removal (>99.8%) with the use of fly ash, and that
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even relatively small amounts of fly ash resulted in significant removal. Arias et al. (2000) studied
phosphorus adsorption on quartz particles with ferrous and alum hydroxide coatings. In both
cases there was a high adsorption capacity for phosphorus, although the alum oxide particles
achieved significantly greater phosphorus removal, providing an excellent material for a pre-
absorption system, which would act as a complementary filtration system for reducing
phosphorus levels in wastewater. The use of slag has also been studied and, while having some
capacity for phosphorus removal from wastewater, it is not as significant compared to other
materials (Ramasahayam et al., 2014).

Adsorbents have the advantages of low cost, simple equipment requirements for their
application and reduced sludge production. In addition, the materials used are readily available
with a wide range of sources from which they can be obtained. However, to date phosphorus
removal via adsorption has not proven very effective, while the cost of replacing the adsorbent is
very high. Also, the regeneration process results in the production of an additional wastewater
stream that requires treatment (Ugurlu, 1998; Li et al., 2021).

Ion exchange

Phosphorus removal via Ion exchange is a process in which phosphate ions replace flexible ions
of a suitable ion exchanger (resin), which contains heavy organic matter, and are thus removed
from solution. The immobilized particles of a metal cation form the exchange base, called the
exchanger, into which selective phosphate nanoparticles (e.g., iron oxide) are placed (Zhao and
Sengupta, 1998). Phosphate ions alternate between the effluent and the exchanger, providing
simultaneous removal and recovery of phosphorus (Martin et al., 2009). The exchange capacity
of the resin is relatively stable and remains high even after many regenerations (Li et al., 2021).

Several studies have shown that the pH of the solution plays an important role in the removal of
phosphates and that a higher pH is beneficial for the removal of phosphorus. However, the
presence of certain ions, such as Cl, COs*and SO4*, negatively affects phosphorus removal (Li
et al.,, 2021). Although the addition of phosphate nanoparticles in the resin theoretically causes
the selection of phosphate anions over competing ions, such as sulphate or chloride, in practice,
this is not easily achieved due to the relatively low abundance of phosphates in wastewater
compared to that of the competing species (Bunce et al., 2018).

Ton exchange systems have the advantage of providing phosphorus recovery through post-
processing. While high rates of phosphorus removal have been achieved at a laboratory scale,
full-scale application has been limited due to the poor selectivity of phosphorus ions over other
ions, pH sensitivity, low efficiency in the neutral pH range, and high operating costs. Additional
problems are the high cost of the synthetic resin, the high cost of regeneration, the low
regeneration efficiency and the high sensitivity of the resin to organic pollutants. As such,
phosphorus removal via ion exchange is considered impractical (Zhao and Sengupta, 1998;.
Bunce et al ., 2018; Li et al., 2021).

2.2.2 Enhanced Biological Phosphorus Removal (EBPR)

EBPR is a method that has been gaining ground in recent years (Nielsen et al., 2019). The
method was first described in detail by James Barnard in South Africa in the 1970s (Barnard et
al., 1976). The method relies on the selective growth of a particular microbial group that has the
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capacity to take up and intracellularly store significant amounts of phosphorus, that are much
higher than the typical metabolic requirements (Sperling, 2007). These organisms are known as
Polyphosphate Accumulating Organisms (PAOs). While Ordinary Heterotrophic Organisms
(OHOs) have a phosphorus content of 2% - 3%, PAOS can absorb phosphorus up to a
percentage of 12% (Li et al., 2021).

The first documented research on EBPR was carried out by Levin & Shepiro (1965), who
conducted full-scale experiments on activated sludge. They observed an increase in phosphorus
when the biomass was subjected to anaerobic conditions and a decrease in phosphorus under
aerobic conditions. In fact, the addition of organic substrate (urban wastewater) under anaerobic
conditions favoured the following aerobic removal of phosphorus. The aerobic removal of
phosphorus was greater than the anaerobic release, resulting in a clear removal of phosphorus
from the urban wastewater.

The bacterial community originally thought to be responsible for EBPR was Acinetobacter, that
include the genus Tetrasphaera, which has been observed in some WWTP facilities (Oehmen et
al., 2010a). However, further research on the microbiology of these organisms has shown that
they do not meet the necessary conditions and this activity is now attributed to
Betaproteobacteria and more specifically the genus Candidatus Accumnlibacter phosphatis (hereafter
referenced as Accumulibacter) (Mino et al., 1998).

Under anaerobic conditions, PAOs can hydrolyze their intracellular polyphosphate chains,
releasing phosphorus in the process and use the energy produced to take up Volatile Fatty Acids
(VFASs) and store them intracellularly as polyhydroxyalkanoates (PHAs). Once in the presence of
an electron acceptor, PAOs oxidize the stored PHAs, which serve as both the carbon and energy
source for the uptake of phosphate and the reformation of their polyphosphate chains. As such,
the inclusion of an anaerobic phase in which feed is made available prior to aerobic/anoxic
conditions promotes the growth of PAOs since they have priority over OHOs in the utilization
of carbon. With this, a PAO-enriched biomass is developed which may absorb a significant
amount of phosphorus. Thus, phosphorous removal is achieved via the net removal of the
enriched excess sludge.

In typical WWTPs, EBPR is achieved by including an anaerobic reactor at the start of the
biological treatment processes. There, the recycled PAO-enriched sludge comes into contact
with the influent wastewater which is rich in easily biodegradable organic matter (Carvalheira et
al.,, 2014a). The anaerobic hydraulic retention time should be such as to maximize the
consumption of organic substrate by the polyphosphate bacteria. This also depends on the
composition of the wastewater. If the wastewater contains high concentrations of volatile
organic acids, then a short retention time is sufficient because the consumption of VFAs occurs
at a very fast rate. However, if the effluent does not contain high concentrations of VFAs, then
the required retention time and consequently the required volume of the anaerobic tank should
be greater as to allow fermentation in the anaerobic zone and VFA production. In general, a
retention time of 1.5 hours is considered sufficient even at temperatures as low as 13.6°C
(Randall, 1992). Long anaerobic retention times (over 2.5 hours) should be avoided, as hydrolysis
of the intracellular polyphosphate chains of PAOs will occur in order to provide necessary
energy for cell maintenance rather than VFA uptake (Henze et al., 2008) have shown that
anaerobic phosphorus release and COD removal follow first-order kinetics. It is therefore
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recommended that the anaerobic tanks are designed to simulate a piston flow for the
achievement of a high Food to Microorganisms (F: M) ratio at the tank inlet. An added bonus of
this approach is the prevention of filamentous organism growth which is responsible for bulking
problems in WWTPs.

Following the anaerobic uptake of COD, PAOs enter either an aerobic or an anoxic tank,
depending on the WWTP’s configuration (anaerobic/oxic system — anaerobic/anoxic/oxic
system). Once in aerobic conditions, PAOs oxidize their stored PHAs and take up phosphorus
for the replenishment of their polyphosphate chains. Some PAOs are also capable of using
nitrate or nitrite as an electron acceptors (known as denitrifying polyphosphate accumulating
organisms — DPAOs). As such, in anaerobic/anoxic/oxic systems that aim for the biological
removal of both phosphorus and nitrogen, phosphorus may be removed via denitrification.
PAOs that do not possess the capacity to utilize nitrate, may continue to take up carbon during
the anoxic phase and remove phosphorus in the subsequent aerobic phase. Figure 2.5 presents a
simplified schematic of the anaerobic/oxic and anaerobic/anoxic/oxic systems (Henze et al.,
2008). Due to the presence of nitrate in the recycled sludge, it is common practice to include a
secondary anoxic tank for its removal via endogenous respiration in order to ensure proper
anaerobic conditions in the anaerobic tank. More detailed EBPR configurations are discussed in
section 2.3.

(a) , ,
Anaerobic Aerobic
reactor reactor
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Figure 2.5. Schematic representations of the anaerobic/oxic system (a) and the
anaerobic/anoxic/oxic system (b) (Figure adapted from Henze et al., 2008).
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When applied correctly, EBPR is an effective, relatively inexpensive and environmentally friendly
method, and is considered to be the most sustainable technology in wastewater treatment to
meet increasingly stringent nutrient rejection limits (Guerrero et al.,, 2011; Zeng et al., 2017), with
removal rates reaching 80% -90% (Ramasahayam et al., 2014; Xu et al., 2018). Its benefits over
chemical phosphorus removal technologies are even more apparent when tertiary treatment is
required to meet extremely low effluent limits (Li et al.,, 2019). Among its advantages are the
significantly lower operating costs, the reduced sludge production, the elimination of the salinity
problems of the wastewater that occur during the chemical removal of phosphorus and the
higher reuse potential of the produced sludge (Blackall et al., 2002). In addition, this method is
very popular, as the demand for achieving low phosphorus concentrations in the effluent
without the addition of chemicals, and consequently the formation of chemical precipitates, is
increasing (Nielsen et al., 2019). The excess sludge obtained by this method is rich in phosphorus
that may undergo anaerobic digestion to produce a waste with a high concentration of soluble
phosphorus, suitable for use as a fertilizer (Petriglieri et al., 2022). Compared to chemical
phosphorus removal, the biological method is a good choice when high levels of phosphorus
removal are desired along with phosphorus recovery from wastewater, mainly because
phosphorus is a limited, non-renewable, highly useful resource (Acevedo et al., 2017; Nielsen et
al., 2019).

However, EBPR is not without problems, as failures and disturbances can occur, even in
conditions seemingly ideal for its implementation, while there are fluctuations in its performance
(He and McMahon, 2011 ; Bunce et al., 2018). Such cases may lead to the deterioration of the
efficiency of the method, causing prolonged periods of insufficient phosphorus removal, and a
failure to conform to the corresponding effluent limits. Some examples of the conditions that
may disrupt EBPR are heavy rainfall, excessive nitrate recirculation to the anaerobic reactor, or a
lack of nutrients (Oechmen et al., 2007). Other factors that have been observed to affect the
efficiency and stability of the method are the carbon to phosphorus ratio, the substrate type, the
solid residence time (SRT), the hydraulic residence time (HRT), temperature and pH (Li et al.,
2019). Also, the existence of another group of microorganisms that compete with PAOs for
intracellular storage of organic food, glycogen acuumulating organisms (GAOs), is another cause
of failure. GAOs metabolize fatty acids or other carbon compounds in a manner similar to
PAOs, but do not bind phosphorus, and therefore can cause a reduction in the microbial
community of PAOs with consequent reduced phosphorus removal (Bunce et al., 2018).

In general, the main challenge posed by the simultaneous removal of nitrogen and phosphorus
via biological methods concerns the adequacy of the carbon source, as PAOs, GAOs and OHOs
compete for substrate from municipal wastewater, that is generally considered low in organic
content (Kapagiannidis et al., 2013; Wang et al., 2019). Particularly in cases where the wastewater
is characterized by a low C/N ratio (where there is an increased carbon demand for denitritation
purposes), the addition of an external readily biodegradable carbon source at the anaerobic stage
may be required. Since EBPR may be unreliable at times due to periodic disruptions, phosphorus
removal during these periods may be supplemented with chemical addition.

2.3 Configurations implementing EBPR

From its humble beginnings in the 1970’s, biological nutrient removal has come a long way and
is still being optimized to this day. Biological phosphorus removal was pioneered by James L.
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Barnard who 1is recognized for developing the BARDENPHO Process (BARnard
DENitrification and PHOsphorus temoval), as well as the Phoredox (AO and A*O) system.
These processes have since been modified to a variety of extents and applied with various
degrees of efficiency. In their work, Henze et al., (2008) gathered and presented the most
commonly applied EBPR configurations, which are discussed in this section.

Phoredox or anaerobic/oxic (A/QO) system

The A/O system (Figure 2.6) is the simplest configuration for the biological removal of
phosphorus. The method relies on the implementation of an anaerobic reactor which receives
the influent and the recycled sludge, upstream of an aerobic reactor in which carbon and
phosphorus are removed. This configuration does not achieve biological removal of nitrogen via
nitrification/denitrification. Instead, the sludge age and aerobic tank are designed and controlled
to prevent nitrification. While this configuration has the benefit of being operated at low sludge
retention times (as low as 2-3 days), the requirements for nitrogen removal prevent its
implementation (Henze et al.,, 2008). In addition, there have been reports of difficulties in
preventing nitrification at temperatures above 20°C, even at sludge ages as low as 3 days (Burke
et al., 1986 ; Henze et al., 2008). Consequently, the recirculation of nitrate and nitrite to the
anaerobic tank along with the recycled sludge could have an adverse effect on the selective
growth of PAOs and EBPR.

Anaerobic Aerobic  Wwaste
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Influent t cettler Effluent
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Figure 2.6. Schematic of Phoredox (A/O) configuration for EBPR (Figure adapted from Henze
et al., 2008).

Anaerobic/anoxic/oxic (A*0) system

Also known as the 3-stage Bardenpho process, this method is similatr to the A/O system, in that
it relies on a sequence of anaerobic and aerobic zones for the selective growth of PAOs, where
sludge is recycled to the anaerobic tank which receives the carbon-rich influent. The key
difference is that this configuration includes an anoxic zone, to which the mixed liquor from the
aerobic tank is recycled (Figure 2.7). As such, nitrogen removal via nitrification/denitrification is
achieved alongside EBPR. Due to denitrification taking place, nitrate and nitrite concentrations
in the sludge that is recycled to the anaerobic tank are relatively low. However, these quantities
may be sufficient in adversely affecting EBPR, as the VFA content of the influent may be
utilized by OHOs, reducing its availability for PAOs (Henze et al., 2008).
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Figure 2.7. Schematic of the 3-stage Bardenpho configuration (A*O) for EBPR (Figure adapted
from Henze et al., 2008).

A modified configuration of the A’O system is the 5-stage Bardenpho system, also known as the
(A*O)? system, which includes an additional anoxic tank and a re-aeration reactor (Figure 2.8).
This method achieves lower nitrogen concentrations in the treated effluent while also ensuring
minimum recirculation of Nox to the anaerobic tank. As limited biodegradable carbon will
remain available in the secondary anoxic reactor, denitrification at this stage will mostly occur via
endogenous respiration (which requires an increased reactor volume).

Anaerobic Primary Aerobic Secondary  Reaeration
reactor anoxic reactor anoxic reactor
reactor reactor
Mixed liquor Waste

recycle a flow
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Influent >. I . . O > uent

Sludge recycle s

Figure 2.8: Schematic of the 5-stage Bardenpho configuration for EBPR (Figure adapted from
Henze et al., 2008).

ohannesbureg (JHB) svstem

The repositioning of the secondary anoxic zone of the 5-stage Bardenpho system from the
mainstream flow to the underflow recycle stream (which eliminates the necessity for a re-aeration
tank), results in a 4-stage system that has become known as the Johannesburg (JHB) system
(Figure 2.9). The repositioning of the secondary anoxic reactor to the underflow stream allows
lesser denitrification requirement (and consequently a lower carbon demand), since, contrary to
the 5-stage Bardenpho system where nitrate and nitrite need to be removed from the entirety of
the effluent, their removal is only required for the recycled stream. This, in addition with the
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increased density of the recycled stream, allows decreased reactor volumes for secondary
denitrification (Henze et al., 2008). Denitrification in the secondary anoxic zone takes place via
endogenous respiration and the effective removal of NOx is dependent on the endogenous
respiration rate, the sludge thickening degree and the retention time. In general, approximately
10 mg/L of nitrate can be removed this way at varying retention times of 0.5-2 hours (Izadi et
al., 2020).
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Figure 2.9. Schematic of the Johannesburg (JHB) configuration for EBPR (Figure adapted from
Henze et al., 2008).

University of Cape Town (UCT) system

The UCT system is a development of the A*/O configuration, in which the returned activated
sludge (RAS) is recycled to the primary anoxic reactor instead of the anaerobic zone (Figure
2.10). A further recycle draws mixed liquor from the primary anoxic reactor and discharges it to
the anaerobic reactor, while mixed liquor is also recycled from the aerobic tank to the anoxic
tank. With appropriate internal recirculation of the mixed liquor from the aerobic to the anoxic
zone, nitrate concentration in the anoxic reactor can be controlled to be negligible. As such, no
nitrate is recycled back to the anaerobic reactor, allowing the maintenance of proper anaerobic
conditions in the tank, regardless of the nitrate concentration in the treated effluent. The
configuration prevents the consumption of the influent’s readily biodegradable COD by OHOs,
giving priority for its utilization to PAOs.
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Figure 2.10: Schematic of the UCT configuration for EBPR (Figure adapted from Henze et al.,
2008).

Certain variations of the UCT system have been proposed, such as the Virginia Initiative Plant
(VIP) (Daigger et al., 1987), which mostly concern the use of multiple series of mixed reactors
and operation at specific SRTs. The main modification however that results in what is known as
the modified UCT system, is the separation of the anoxic zone into two compartments (Figure
2.11). In this system, the return activated sludge is recycled to the first anoxic compartment while
the mixed liquor from the aerobic zone is recycled to the second compartment. The anaerobic
zone receives mixed liquor from the first anoxic compartment where the little nitrate that is
returned with the sludge is rapidly reduced. As such, the anaerobic zone is protected to a greater
extent from the recirculation of nitrate.
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Figure 2.11. Schematic of the modified UCT configuration for EBPR (Figure adapted from
Henze et al., 2008).

While the UCT processes achieve good EBPR, a disadvantage of this method is its requirement
for large additional internal recycling systems (more so in the case of the modified UTC process)
and also large anaerobic reactor volumes (Metcalf and Eddy, 2003).
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Biological-chemical phosphorus removal (BCES system)

The BCES system is a further adaptation of the modified UCT system that was developed to
support EBPR with phosphate stripping and potential recovery in the main line, optimizing the
sludge settling properties and the control of nitrogen removal (Henze et al,, 2008). In this
system, a third recycle is added from the aerobic zone to the first anoxic compartment, in order
to maximise denitrification and provide the option of aerating the second anoxic compartment
during peak flows (Figure 2.12). Biological phosphorus removal can be supplemented by
addition of precipitants to the anaerobic tank where phosphate concentrations are high (though
dosing should be performed carefully as PAOs require the availability of phosphate in the
subsequent zones). In the BCEFS process, a small baffle is placed at the end of a plug flow
anaerobic tank. The sludge locally settles back into the anaerobic tank and a clear supernatant
can be withdrawn for phosphate precipitation. This way, the accumulation of chemical sludge in
the mixed liquor can be prevented, while phosphorus can then be recovered (Barat and van
Loosdrecht, 2006 ; Henze et al., 2008).

Anaerobic 1st Primary  2nd Primary  Alternated  Aerobic
reactor anoxic anoxic aerobic reactor
reactor reactor reactor

r-recycle a-recycle Waste
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Figure 2.12. Schematic of the BCFS configuration for EBPR (Figure adapted from Henze et al.,
2008).

PhoStrip system

The PhoStrip system is a side-stream process that combines chemical and biological removal of
phosphorus. The process consists of an aerobic reactor with a clarifier, from which a side-stream
of the underflow is driven to an anaerobic stripping tank, where the sludge settles and
phosphorus is released (Figure 2.13). The stripped sludge is returned to the aerobic tank while
the supernatant undergoes chemical precipitation for the removal of P in a precipitation tank.
The supernatant from this tank is then returned to either the influent or the effluent flow (Henze
et al., 2008).

While the original PhoStrip system was not designed to remove nitrogen via
nitrification/denitrification, it may be modified to include an anoxic tank upstream of the aerobic
reactor with internal recycling from the aerobic tank to the anoxic tank.
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Figure 2.13. Schematic of the PhoStrip configuration for EBPR (Figure adapted from Henze et
al., 2008).

EBPR with sequential batch reactor (SBR) systems.

The SBR system is essentially a fill and draw activated sludge system where all biological
processes, along with sludge settling and decanting, occur in a single reactor at different
timeframes. A typical SBR cycle begins with a filling period, where influent is introduced to the
reactor. The application of EBPR requires an initial anaerobic phase under mixing conditions for
a duration that is comparable to the anaerobic HRT in continuous flow systems. This is followed
by a period of aeration, during which PAOs take up phosphorus. If nitrogen removal is required,
the aerobic phase is followed by an anoxic period for the removal of nitrate and nitrite. The
sludge is then allowed to settle and the effluent is drawn.

While good EBPR may be achieved with SBR systems, a downside of this configuration may
present itself when nitrogen removal is required. This is due to the fact that, unlike conventional
continuous flow systems which have the option of placing the anoxic zone upstream of the
aerobic zone, due to the nature of the SBR configuration, the anoxic phase may only follow the
aerobic phase. As such, the biodegradable COD content of the influent may be significantly
reduced during aeration, leaving less available for the needs of denitrification. As such, the
addition of an external carbon source may be required for sufficient nitrogen removal.
Furthermore, the capacity of PAOs to denitrify becomes of greater importance, as the anoxic
phase is the last stage prior to effluent withdrawal. This is because regardless of the performance
of PAOs during the aerobic phase, an inability to utilize nitrate and nitrite in the subsequent
anoxic phase could lead to the release of phosphorus, which would end up in the effluent. This,
in addition to the possible need of an external carbon source for denitrification could prove
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extremely problematic. As such, the successful application of EBPR in SBR systems relies
heavily on the capacity of PAOs for anoxic P-removal.

A benefit of the SBR system is the possibility for treating influents with a high nitrogen content
via the short-cut nitrification/denitrification pathway. This is achieved by NOB inhibition due to
high ammonium concentrations (something that may not be applied in continuous flow systems.
As such, the SBR configuration is an attractive option for the side-stream treatment of influents
with high ammonium concentrations (such as reject water from sludge treatment processes), as
nitrogen may be removed at a lower oxygen and carbon demand.

2.4 Microbial community in EBPR systems

2.41 PAOs

Polyphosphate accumulating organisms (PAOs) are the microbial group that is responsible for
the biological removal of phosphorus. As their name suggests, these microorganisms have the
capacity to accumulate significant amounts of polyphosphate chains within their cells. They may
be classified as heterotrophic chemosynthetic organisms, i.e. use organic compounds as a carbon
source and as an electron donor and receive the necessary energy from chemical reactions.

Unlike most microorganisms, PAOs have the ability to take up simple carbon compounds,
without the presence of an external electron acceptor (e.g. oxygen or nitrate/nitrite), and store
them intracellularly (Mino et al., 1998; Seviour et al., 2003). Under anaerobic conditions PAOs
take up dissolved carbon in the form of volatile fatty acids (VFAs) and store them as
polyhydroxyalkanoates (PHAs). The energy for this transfer and conversion as well as for cell
maintenance is provided by the hydrolysis of their intracellular polyphosphate chains (Mino et al,
1998). During this reaction, adenosine-tri-phosphate (ATP) is converted to di-phosphate (ADP)
and phosphate is released in the liquid phase (Mino et al, 1998 ; Panswad et al., 2003). Although
it has been suggested that the organic compounds are transported within the cell via passive
diffusion, the predominant view is the active transport with energy offered by the hydrolysis of
poly-phosphate chains mentioned above. However, part of the energy is provided via glycolysis
(hydrolysis of glycogen). The mechanisms that have been proposed for the hydrolysis of
glycogen by PAOs are the Entner-Doudoroff (ED) pathway and the Embden, Meyerhof and
Parnas (EMP) pathway (Oehmen et al., 2007), with many references supporting the involvement
of both methods (Hesselmann, 2000; Acevedo et al., 2012; Tarayre et al., 2016). It should be
noted that the production of ATP via the ED pathway is lower compared to its production
through the EMP pathway. However, the determining factor for energy production is the
hydrolysis of the polyphosphate chains, making the difference in ATP production between the
two pathways of lesser importance (Oehmen et al., 2010).

PHA synthesis requires the production of a reducing agent in the form of Nicotinamide Adenine
Dinucleotide (NADH) (Seviour et al., 2003). PAOs mainly use glycolysis for NADH production
(Mino et al., 1994). However, when they are low in polyphosphate, glycolysis is used to produce
the ATP required for the synthesis of PHAs. It is possible that using the glycolysis pathway to
meet ATP needs generates excess NADH, which is used to convert acetyl-CoA and propionyl-
CoA to PHAs (Acevedo et al., 2012). Glycolysis was generally considered to be the source of the
reducing power, but now there are many references to the Krebs cycle (or TCA cycle) in the role
of this source (Comeau et al., 1986; Brdjanovic et al., 1998), while others argue that both
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glycolysis and the Krebs cycle (and the glyoxylic acid pathway) are active in the anaerobic
metabolism of PAOs (Schuler et al., 2003; He et al., 2011). Zhou et al. (2009) reported that in
cases of limited glycogen, PAOs were able to use the Krebs cycle for the production of NADH
via increased hydrolysis of polyphosphate chains to compensate for the additional ATP
requirements. The involvement of the Krebs cycle depends on the availability of degradable

glycogen.

Mino et al. (1998) proposed the following mechanism for the polymerization of the absorbed
VFAs (their conversion to PHAs): The hydrolysis of the intracellular polyphosphate chains and
stored glycogen provide the energy needed for the uptake of VFAs and their transport within the
cell. The compounds are then converted to acetyl-CoA and Propionyl-CoA coenzymes, which
are the precursors of PHAs. These conversions are carried out via glycolysis and by the electro-
propionate method respectively. Glycolysis, as mentioned above, provides the redox potential,
while the electro-propionate method consumes it. However, as some carbon dioxide release is
observed, the potential contribution of the TCA cycle cannot be neglected. Further studies have
suggested that the TCA cycle (or part of it) definitely contributes to the production of redox
potential (Oehmen et al., 2007). Figure 2.14 displays a schematic of the mechanism proposed by
Mino et al. (1998).
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Figure 2.14. Anaerobic conversion of VFAs to PHAs (Figure adapted from Mino et al., 1998).

Under aerobic conditions PAOs oxidize their stored PHAs, which are both the soutce of carbon
and energy for a range of processes, such as cell growth and maintenance, glycogen
replenishment, orthophosphate uptake, and polyphosphate chain formation (Mino at al., 1998;
Filipe et al., 2001; Lopez-Vazquez et al., 2009b; Pijuan et al., 2009). The mechanism for the
aerobic metabolism of PAOs is the Krebs cycle (TCA cycle) (Oehmen et al., 2007).
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Figure 2.15. Anaerobic and aerobic metabolism of PAOs (Figure adapted from Tarayre et al.,
2016)
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Some PAOs are also capable of using nitrate or nitrite as electron acceptors, meaning they can
remove phosphorus via denitrification. These are commonly referred to as denitrifying
polyphosphate accumulating organisms (DPAOs) and their existence has been reported since the
late 1980s (Comeau et al.,, 1987; Gerber et al. 1987). The growth of DPAOs requires the
alteration of anaerobic and anoxic conditions, where carbon is made available during the
anaerobic phase. In general, PAOs may be classified into three groups according to their affinity
for electron acceptors. These are PAOs that may only use oxygen as an electron acceptor, PAOs
that may use both oxygen and nitrate, and PAOs that may use oxygen, nitrate and nitrite. The
last two groups make up the DPAO community (Hu et al., 2003).

The selective growth of DPAOs can not only reduce oxygen demand in the aerobic zone for
PHA oxidation, but also reduce carbon demand since both nitrogen and phosphorus are
removed with the same carbon source (Lee and Yun, 2014; Zieliniska et al., 2016). According to

23 | Page



Chapter |2

Brdjanovic et al. (1998), DPAOs are capable of removing 4-5 g NO;-N per g of P removed,
using their stored PHAs. As such, the presence of DPAOs may reduce aeration and carbon
demands, resulting in a reduced overall operation cost (Oehmen et al., 2007).

The selective growth of DPAOs requires their prevalence over common heterotrophic
denitrifying bacteria, as the latter display faster denitrification rates. The main factor influencing
the emergence of DPAOs has been shown to be the nitrate load in the anoxic reactor, which
must surpass the denitrification potential of conventional heterotrophic organisms (Hu et al,,
2002).

It is generally accepted that most abundant PAO group in WWTPs is the genus Candidatus
Accumulibacter phosphatis of the Betaproteobacteria microbial community (Mino et al., 1998;
Oechmen et al.,, 2007; Shen and Zhou, 2016) although this is not always the case (Stokholm-
Bjerregaard et al, 2017). This genus is not an individual group but is composed of many
individual strains with different morphological and qualitative characteristics. According to
analysis of the polyphosphate kinase gene (ppkl), which is thought to be primarily responsible
for poly-P synthesis in bacteria, the genus can be classified into two main subgroups:
Accumulibacter type I (PAO I) and Accumulibacter type II (PAO 1II), each of which is further
subdivided into individual strains (Flowers et al., 2009). In terms of morphology, PAO I have
been observed to possess a bar-shaped cell, while PAO II have a granular form (Carvalho et al,,
2007; Oehmen et al., 2010b; Zeng et al., 2016b).

A significant difference between the two main PAO groups is their ability to utilize nitrite and
nitrate as an electron acceptor. Guisasola et al. (2009) developed a PAO-enriched biomass at a
laboratory scale that was capable of removing phosphorus via nitrite and examined their capacity
to reduce nitrate. The authors reported that the biomass could not reduce nitrate, even after a
period of acclimatization. Also, Carvalho et al. (2007) developed two separate PAO cultures with
acetic acid as the carbon source for one group and propionic acid for the other and observed
that only the latter could use nitrate as an electron acceptor. These findings support the
hypothesis of the existence of two different types of PAOs and have been validated by the
postgenomic analysis by Martin et al. (2006), which showed that the PAO II type does not
possess the necessary enzyme for reducing nitrate in contrast to PAO I, while both types have
the ability to reduce nitrite. Therefore, the PAO I type can utilize oxygen, nitrite and nitrate,
while PAO type II may only utilize oxygen and nitrite (Oehmen et al., 2010). In contrast with
this, Rubio-Rincén et al. (2017) argued that neither type of PAOs has the potential to reduce
nitrate. The authors suggested that nitrate is first reduced to nitrite by another microbial group,
known as Glycogen Accumulating Organisms (GAOs) and that the produced nitrite may then by
utilized by PAOs for the removal of phosphorus.

Acevedo et al., (2012) reported that the PAO II type has a greater ability to adapt to changes in
polyphosphate storage conditions, possibly because they are able to use different metabolic
pathways, while PAO I cannot use the glycolysis pathway and the Krebs cycle as effectively. As
such, under low phosphorus conditions the PAO I type which does not have the corresponding
flexibility is disadvantaged and gradually eliminated. In general, there are many reports that claim
that not all strains possess the required enzymes for the utilization of all metabolic pathways. For
example, Martin et al.,(2006) reported that type IIA contains enzymes for the EMP pathway but
not for ED, while other strains are capable of utilizing both pathways (Oehmen et al., 2007). The
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existence of different strains with different characteristics may explain the discrepancies in the
literature regarding the metabolic pathways and the use or not of the Krebs cycle.

There are 5 known strains for PAO I (IA-IE) and 9 known strains for PAO II (IIA-III) although
there is evidence that suggests a greater abundance (Song et al.,, 2019). Each type and their
individual strains differ in their ability to utilize nitrate and nitrite as electron donors, as well as
their tolerance to different conditions, such as limited phosphorus concentrations, high
temperatures, the presence of inhibitors etc. In conditions of limited oxygen, the predominant
strains were PAO IID and PAO IC (Camejo et al, 2016), while in conditions of high
temperatures the strain PAO IIF displayed the highest resistance (Ong et al., 2014). Slater et al.
(2010) observed that the PAO IA strain was capable of proliferating over competitor GAOs
while the PAO IIC strain was incapable of competing. The PAO IIC strain, while sensitive to
nitrite, predominates in anoxic phosphorus uptake when nitrite concentrations are low (<8
mg/L), whereas the PAO IID strain appears to be the most tolerant to high nitrite
concentrations, while also being capable of surviving at conditions of limited carbon supply and
oxygen concentration (Zeng et al., 2016a ; Zeng et al., 2017).

2.4.2 GAOs

Glycogen Accumulating Organisms (GAOs) are a microbial group that is often present in EBPR
systems and are the main competitor of PAOs. Like PAOs, this bacterial group possesses the
ability to take up carbon under anaerobic conditions and store it intracellulary as PHAs, but does
not contribute to the removal of phosphorus (Oehmen et al., 2007). This is because, unlike
PAOs, GAOs do not form intracellular polyphosphate chains which may be hydrolized for
energy. Instead, the required energy for the anaerobic uptake of VFAs is provided entirely via
glycolysis (Mino et al., 1998; Dai et al., 2007). The proliferation of GAOs over PAOs in EBPR
systems is considered as the bottleneck of operation.

GAOs have the capacity to store increased amounts of glycogen which may be hydrolized under
anaerobic conditions for energy. The redox potential for the uptake of VFAs is provided by
glycolysis and to a lesser extent via the Krebs cycle (TCA) (Mino et al., 1998; Oechmen et al.,
2007). The mechanisms that have been proposed for the hydrolysis of glycogen by GAOs are
similar to those of PAOs; specifically, the Entner-Doudoroff (ED) pathway and the Embden,
Meyerhof and Parnas (EMP) pathway (Oehmen et al., 2007), although some have suggested that
GAOs may not utilize the ED pathway (Filipe et al., 2001b). The mechanism for VFA
conversion to PHAs via glycolysis is as follows: Glycolysis provides the required amount of
energy for the intake of VFAs and their transport inside the cell. There, the VFAs are converted
to acetyl-CoA and Propionyl-CoA coenzymes, which are the precursors of PHAs. These
conversions are carried out through glycolysis and the electro-propionate method, respectively.
Glycolysis produces the redox potential for the electro-propionate method (Mino et al., 1998). A
fraction of the redox potential is provided by the TCA cycle (Oehmen et al., 2007; Acevedo et
al., 2015).

Under aerobic conditions GAOs oxidize their stored PHAs for glycogen replenishment, cell
maintenance and growth. Glycogen replenishment is carried out through gluconeogenesis via the
ED pathway (Oehmen et al., 2007) (Figure 2.16). The process is the same regardless of the
electron acceptor. (Oehmen et al., 2010).

25| Page



Chapter |2

Acetate

J

=
o
=)
o
o
>
o

Glycogen

Anaerobic conditions Aerobic conditions H20

Figure 2.16. Schematic diagram of the metabolism of GAOs under anaerobic and aerobic
conditions (Figure adapted from Dai et al., 2008).

To date, several microorganisms have been identified as GAOs. The most important of these are
Candidatus Competibacter (hereafter referenced as Competibacter) of the Gammaproteobacteria
microbial community, and Defluviicoccus vanus and Sphingomonas of the Alphaproteobacterial
community (Oehmen et al., 2007; Oehmen et al., 2010; Shen and Zhou, 2016). Both Competibacter
and Defluviicoccus vanus have often been observed in laboratory-scale systems but also in full-scale
applications, to a lesser extent (Saunders et al., 2003; Meyer et al., 2006; Burow et al., 2007).
Competibacter 1s favoured when acetate is the carbon source, for which it has a strong affinity,
while Defluviicoccus vanus is favoured when the carbon source is propionate (Oehmen et al., 2005b;
Ochmen et al., 2005c¢).

Competibacter are composed of at least 7 different sub-groups (GB 1-7) (Kong et al., 2002) while
Deflnviicoccus vanus are composed of at least 4 different clusters (Mcllroy and Seviour, 2009).
These sub-groups of each organism have varying denitrification capabilities (Kong et al., 2000;
Burow et al., 2007; Wang et al., 2008). For instance, subgroups 1,4 and 5 of Competibacter are
capable of reducing nitrate but not nitrite, while subgroups 3 and 7 are incapable of using either
electron acceptor. As for Defluviicoccus vanus, groups DFI and DFII have been studied to some
extent. Reportedly, neither group is capable of utilizing nitrite, while only DFI can reduce nitrate
(Wang et al., 2008 ; Oehmen et al., 2010).

2.5 Achievement of EBPR in nitrogen removal systems

2.5.1 Peculiarities of EBPR coupled with nittitation/denitritation for low C/N
wastewater treatment systems

2.5.1.1 Physicochemical characteristics of sludge liquors

The disposal of the excess sludge that is produced in WWTPs requires the decrease of its water
content. This is achieved by a series of sludge treatment technologies that include thickening,
dewatering and drying. These processes result in the production of several reject water streams
with different quality characteristics which are typically recycled to the main wastewater
treatment line. The variability of the reject water’s properties is highly dependent on both the
characteristics of the influent, and the sludge treatment configuration (e.g., the existence or
absence of a primary treatment unit, a digestion unit, etc.).

26 | Page



Chapter |2

Reject water from the anaerobic digestion process in particular contains significantly high
ammonium concentrations that may reach 1500 mg N/L (Aslan and Dahab, 2008). During
anaerobic digestion, organic nitrogen (mainly in the form of amines/proteins) is broken down
and hydrolysed, producing ammonium, while the organic content of the sludge is consumed by
heterotrophic methanogens. This results in the production of a sludge liquor with a low COD :
N ratio (Ahn, 2006; Gustavsson, 2010). In addition, reject water from this process also contains
a significant amount of phosphorus, which has been reported to reach concentrations of up to
250-300 mg P../L, with approximately 84% of it being in the form of soluble phosphates
(Battistoni et al., 2006). As such, the recirculation of this stream to the WWTP’s inlet may
significantly increase nutrient loading and reduce the influent’s COD : N and COD : P ratio,
thereby reducing the efficiency of the biological nutrient removal processes which require a
biodegradable carbon source.

Although there are some reports on the quality characteristics of reject water, there is a general
lack of systematic study regarding the characterization of all reject water sources. In their recent
study, Noutsopoulos et al. (2018) presented a detailed and systematic characterization of the
quality characteristics of several reject water sources of the WWTP of Psyttalia (which is the
largest WWTP of Greece). A layout of the sampled WWTP can be seen in Figure 2.17. The
wastewater treatment line consists of a pre-treatment unit, primary sedimentation tanks and an
activated sludge unit for the biological removal of organic carbon and nitrogen. Sludge treatment
facilities consist of gravity thickeners for primary sludge (PS), mechanical thickeners for waste
activated sludge (WAS), a thermal hydrolysis unit (in which almost 50% of the thickened WAS is
processed), anaerobic digesters that process a mixture of 50% of the thickened primary sludge
(PST) and the thickened WAS (WST), anaerobic digesters that process the mixture of the
remaining half of the PST and the thermally hydrolyzed WAS, a dewatering unit and a thermal
drying unit. The reject water streams that are generated during each stage of the sludge treatment
process are depicted in Figure 2.17.

The authors reported that the reject water from the primary sludge thickening units (PST-RW)
presents a neutral pH, high total COD and TSS concentrations (with average values of 4,244
mg/L and 1,863 mg/L respectively), a high VSS/TSS ratio (87%) and a low soluble COD
content (at 22% of the total COD). The ammonium nitrogen content of the reject water (average
concentration of 66 mg/L) accounts for 67% of the total nitrogen content, while 42% of total
phosphorus is in the form of soluble phosphates (with an average concentration of 10.5 mg PO,-
P/L).

Reject water originating from the WAS mechanical thickening unit (WST-RW) exhibits a
significantly lower COD, TSS, and nutrient content (with average concentrations of 184 mg
COD./L, 159 mg TSS/L, 21.5 mg TN/L and 5 mg TP/L), with a VSS/'TSS ratio of 73%, and a
soluble fraction of total COD equal to 20%. Ammonium nitrogen accounts for merely 15% of
the total nitrogen content (as a result of nitrification in the activated sludge unit), while 60% of
TP is found as phosphates.

The quality characteristics of reject water from the dewatering unit are significantly different
from the respective ones of all other reject water types. Both SD-CON-RW and SD-HYD-RW
are characterized by high pH values (in the order of 8.4-8.5), very high conductivity and
alkalinity, moderate COD and TSS concentrations (with average concentrations between 1,956-
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2,800 mg COD,/L and 919-943 mg TSS/L) and a very high ammonium nitrogen content (with
average values between 1,128-1,491 mg NH,-N/L).
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Figure 2.17. Layout of the sampled reject water (RW) according to source include: primary
sludge thickening unit (PST-RW), wastage sludge mechanical thickening unit (WST-RW),
dewatering unit following conventional anaerobic digestion (SD-CON-RW), dewatering unit
following thermal hydrolysis — anaerobic digestion process (SD-HYD-RW) and drying sludge
unit (DS-RW) (Figure adapted from Noutsopoulos et al., 2018).

Reject water from the drying process (DS-RW) is characterized by moderate conductivity and
alkalinity wvalues, as well as moderate organic carbon, suspended solids and nutrient
concentrations (with average values of 688 mg COD,./L, 533 mg TSS/L, 117.4 mg TN/L and
18.7 mg TP/L). The VSS/TSS ratio is relatively low (62%), while soluble COD accounts for only
16% of the total COD. Ammonium nitrogen accounts for 59% of the total nitrogen content,
while merely 27% of TP is in the form of phosphates.

According to the results, the PST-RW contains the highest easily biodegradable fraction (almost
23% of total COD), while WST-RW exhibits the lowest (practically zero, as a result of the
wastewater treatment in the activated sludge unit). The two reject water types (SD-CON-RW and
SD-HYD-RW) produced in the dewatering process, are characterized by a low easily
biodegradable organic content (in the order of 5-10% of total COD) and an appreciable slowly
biodegradable COD fraction (amounting to 37-47% of total COD). Both reject water types
originating from the WAS mechanical thickening process (WST-RW) and the drying process
(DS-RW) contain low total biodegradable fractions (SS and XS) and very high inert particulate
organic carbon fraction (in the order of 65% and 72% respectively).
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Table 2.1. Results from the qualitative characterization of several reject water sources —
physicochemical characteristics, organic carbon and solids (average values * standard deviation)
(adapted from Noutsopoulos et al., 2018).

Reject water pH Conductivity Alkalinity COD: COD; TSS VSS
source (uS cm-1) (mg L) (mg L) (mg L) (mg L) (mg L7)
PST-RW! 7+0.4 2324+336 699+170 4244%2100  916%570  1863%1100  1621£1008
WST-RW?2 7.540.1 15334242 201419 184%140 36+14 159490 117483
SD-CON-RW* g 4+01 95724410 45924367 1956+597 7324165 9434452 6691318
SD-HYD-RW*  g5401 113254573 5806444 28004316 1375150  919+384 7284300
DS-RW? 81402  1876%198 478%40 688244 113£19 5334198 330+127

IPST-RW: reject water from primary sludge thickening unit, 2WST-RW: reject water from wastage sludge thickening
unit, 3SD-CON-RW: reject water from digested sludge following conventional anaerobic digestion process, “SD-
HYD-RW: reject water from digested sludge following thermal hydrolysis — anaerobic digestion process, >DS-RW:
reject water from drying sludge unit

Table 2.2. Results from the qualitative characterization of several reject water sources —nitrogen
and phosphorus (average values * standard deviation) (adapted from Noutsopoulos et al., 2018).

Reject  water NH,-N NO»-N TKN TN PO,-P TP
souree (mg L) (mg L) (mg L) (mg L) (mg L) (mg L)
PST-RW! 66.6+17 0.77+0.3 98.3+42 99+42 10.5%5 25+15
WST-RW? 32742 2.35%1 19%17 21.5+17 3+1 5427
SD-CON-RW? 1128+141 2.09+0.2 1312+161 1314161 322416 722419
SD-HYD-RW* 1491+141 6.55%1.1 1601£136 1608137 16.1£10 54+13
DS-RWs 69.129 4.84%1.6 112.6%36 117.4%36 5.13%1 18.7+5

IPST-RW: reject water from primary sludge thickening unit, 2WST-RW: reject water from wastage sludge thickening
unit, 3SD-CON-RW: reject water from digested sludge following conventional anaerobic digestion process, “SD-
HYD-RW: reject water from digested sludge following thermal hydrolysis — anaerobic digestion process, >DS-RW:
reject water from drying sludge unit

2.5.2 Factors affecting EBPR in high nitrogen loading systems
2.5.2.1 Type of substrate

The application of EBPR requires the inclusion of an anaerobic phase in which Short Chain
Fatty Acids (SCFAs) are made available to be taken up by PAOs. The type of substrate affects
not only the anaerobic uptake rate of SCFAs, but also the type of PHAs into which are
converted and consequently the performance of PAOs in the subsequent aerobic/anoxic phase.
More importantly, the type of substrate may influence the antagonism between PAOs and
GAOs, as the microbial populations that make up these two groups may possess a different
affinity for a specific substrate. Some of the carbon sources that have been examined in the
literature are acetic acid, propionic acid, glucose, alcohols, as well as more complex organic
compounds, such as glycerol and other organic wastes (Shen and Zhou, 2016). The most
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commonly used substrates are acetic and propionic acid, while glucose was found to favour
GAOs (Wang et al., 2010).

The type of intracellular polymer in which the taken-up carbon is converted to has an effect on
the phosphorus uptake rate of PAOs (Randall and Liu, 2002). In general, PAOs convert acetate
to form poly-hydroxybutyrate (PHB) (Randall and Liu, 2002), while propionate is converted to
form poly-hydroxyvalerate (PHV) and poly-beta-hydroxy-2-methylvalerate (PH2MV) (Oechmen
et al., 2005a). Similarly, acetotrophic GAOs have been found to convert acetate to PHB, but
also to PHV at a lesser extent (Randall and Liu, 2002). Pijuan et al. (2009) developed two
different microbial populations in separate reactors, with propionate being the carbon source for
one reactor and acetate being the carbon source for the other reactor. The propionate-fed rector
displayed high phosphorus removal compared to the acetate-fed reactor, indicating a higher
abundance of PAOs. Analysis of the biomass from the propionate reactor revealed great
quantities of intracellular stored PHV and PH2MV. When the feed for this reactor was changed
to acetate, analysis showed great quantities of PHB. The acetate-fed biomass, which possibly
included a significant GAO population, displayed a large percentage of PHAs in the form of
PHB and a low percentage in the form of PHV. According to Randall and Liu (2002), aerobic
phosphorus uptake (per mol C) is greater for PHB compared to PHV when the PHA form is
exclusive, but the storage of multiple forms of PHAs complicates the matter.

The choice of substrate also affects the microbial composition of the biomass due to the diverse
affinity of PAO and GAO subgroups (or even individual strains) for a specific carbon type.
Particularly in the case of GAOs, the two main subgroups are the Gammaproteobacterial GAOs
(namely the Competibacter spp.) and the Alphaproteobacterial GAOs (with Defluviicoccns vanus being
the most representative species). According to Ochmen et al. (2010), Competibacter are incapable
of metabolizing propionate, while Alphaproteobacterial GAOs cannot utilize acetate. Oehmen et
al. (2000) observed that Competibacter would proliferate over PAOs in an acetate-fed reactor even
when high phosphorus concentrations were made available. However, in a propionate fed
reactor, PAOs prevailed over GAOs when high phosphorus concentrations were made available,
while Defluviicoccus vanus prevailed when phosphorus concentrations were low. In addition, Vargas
et al. (2011) observed a wash-out of Defluviicoccus vanus in an anaerobic/anoxic reactor when the
feed was changed from propionate to acetate. However, Dai et al. (2007) suggested that
Defluviicoccus vanus may take up both acetate and propionate but have a higher affinity for
propionate, while Wang et al. (2008) were successtul in developing Defluvizcoccus vanus with acetate
as the carbon source. In the case of PAOs, Ochmen et al. (2010) reported that they displayed no
particular preference between acetate and propionate whereas Carvalho et al. (2007) suggested
that the choice of substrate could select specific PAO strains.

It is evident that the choice of substrate (mainly acetate vs propionate) plays a key role in the
selective growth of PAOs, for the application of effective EBPR. However the matter is complex
not only due to contrasts in the literature, but also due to the effect of others parameters such as
pH and the presence of inhibitors on the selected microbial communities. In general, it would
appear that propionate is the preferable VFA for stable EBPR performance. This is mainly due
to the fact that PAOs are more capable of competing with Defluvizcoccus vanus for propionate
compared to competing with Competibacter for acetate (Oehmen et al., 2006). The stability of
EBPR with propionate as the carbon source was also demonstrated by Pijuan et al. (2004) while
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Wang et al. (2010) observed a higher phosphorus removal efficiency when propionate was used
compared to when glucose, acetate and a mixture of acetate and propionate was used on a PAO-
enriched biomass developed with acetate.

It should be noted however that Oehmen et al. (2005b) were successful in obtaining a stable
EBPR performance in an acetate-fed reactor despite the presence of Competibacter. Carvalheira et
al. (2014) reported that a mixture of feed (75% acetate, 25% propionate) provided PAOs with an
advantage over GAOs. In agreement, Oechmen et al. (2014) suggested that propionate can
provide PAOs with a competitive advantage even when the propionate fraction of the influent is
relatively low and reported the achievement of good EBPR with the use of a combined feed
(75%0 acetate, 25% propionate).

The choice of substrate may also select the growth of specific organisms differently depending
on the reactor’s configuration, specifically the alteration of anaerobic/aerobic ot
anaerobic/anoxic conditions. This is due to the different capacity of each species to utilize
electron acceptors for the oxidation of the stored PHA form. In the case of anoxic phosphorus
removal, the use of acetate appears problematic. Carvalho et al. (2007) observed that when the
anaerobic/aerobic configuration of an acetate-fed reactor was altered to anaerobic/anoxic, it
resulted in failure of EBPR. However, the propionate-fed reactor was capable of adapting to
such a change after a brief period of acclimation. On the other hand, Vargas et al. (2011)
observed a steady EBPR performance in a reactor, altering anaerobic and anoxic conditions and
following a switch to acetate, the reactor continued to perform although with a lower removal
efficiency.

The capacity of the various PAO and GAO types to utilize nitrite and nitrate differs According
to Ochmen et al. (2010), PAO I may reduce both nitrate and nitrite, whereas PAO II may only
reduce nitrite. While most Competibacter may reduce both nitrate and nitrite, all known strains of
Defluviicoccus vanus may only reduce nitrate. The inability of Defluviicoccus vanus to reduce nitrite was
also demonstrated by Wang et al. (2008). As such the application of EBPR via denitritation with
propionate as the sole carbon source could possibly exclude all GAO groups from the process
since Competibacter may not utilize propionate while Defluviicoccus vanus may not reduce nitrite. The
effectiveness of such a configuration was demonstrated by Taya et al. (2013) who subjected a
highly Defluvitcoccus vanus-enriched biomass (70%) to these conditions and observed a shift in the
biomass, in the favour of PAOs that ended making up approximately 85% of the total microbial
population.

It should be noted that the capacity of PAOs (specifically the PAO I type) to reduce nitrate has
been disputed in the literature with some reports suggesting that nitrate is reduced to nitrite by
GAOs and that PAOs reduce the produced nitrite in a synergistic fashion. This is supported by
the findings of Rubio-Rincon et al. (2017) who developed a PAO I culture and a mixed PAO I
and GAO culture. Following acclimation of the biomasses to an anaerobic/anoxic/aerobic
configuration, it was observed that the PAO I culture could only reduce nitrite while the mixed
culture could also reduce nitrate. This synergistic cooperation was also observed by Wang et al.
(2014), who reported that the prevalent PAO type in a reactor where nitrate was the electron

acceptor was PAO II, which does not possess the required enzyme for nitrate reduction (Martin
et al., 2000).
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As PAOs reportedly have no particular preference for acetate or propionate while GAOs are
divided into two groups, one of which can only take up acetate while the other has an affinity for
propionate, it is likely that a regular rotation of acetate and propionate could prevent the
development of GAOs. However, while propionate-fed PAOs can readily adapt to acetate, this
does not appear to be the case for acetate-fed PAOs when the feed is changed to propionate.
Based on the observations of Oehmen et al. (2005b) on a PAO-enriched biomass that was
developed with acetate, PAOs were capable of anaerobically taking up propionate at a similar
rate as acetate. However, phosphorus removal in the subsequent aerobic phase was less, most
likely due to PHV and PH2MYV being the new stored PHA types, for which some acclimation
may be required (Oechmen et al., 2004; Oehmen et al., 2005b). As while the regular rotation
between acetate and propionate may be beneficiary for PAOs, their performance may not be
stable when the shift is made from acetate to propionate.

The availability and abundance of substrate during the anaerobic phase is also an important
factor. Carvalheira et al. (2014b) developed separate PAO and GAO cultures and observed their
behaviour under limited feeding conditions. The authors reported that the decay rate of GAOs
was almost 4 times that of PAOs which appeared more economical with their stored PHAs.
However, Vargas et al. (2013) reported that the complete absence of substrate affected PAOs to
a greater extent than GAQOs, as the intracellular polyphosphate chains of PAOs were exhausted
more rapidly than the stored glycogen of GAOs. In addition, Tu and Schuler (2013) examined
differences between rapid and slow addition of feed during the anaerobic phase in a reactor
operating at low pH (that generally favours GAOs, as will be discussed). They reported that the
slow addition of feed (maintaining the substrate concentrations low) provided an advantage to
PAOs, while the rapid addition of feed (providing an abundance of substrate) would result in the
proliferation of GAOs and the wash-out of PAOs.

2522 pH

The biological processes of all microorganisms are affected by the pH of the medium and each
organism can only sustain within a specific range of pH. As such the pH range of the medium
may control microbial populations and provide advantages to a specific group or species over
others. The pH value may also control the concentration of certain inhibitors (e.g. FNA and FA)
which affect microbial processes, though this will be specifically discussed in a following
subsection. In regard to PAOs and GAOs, the effect of pH concerns 1) their anaerobic
processes (carbon uptake — phosphotus release/glycogen consumption) and 2) their processes in
the presence of an electron acceptor (oxidation of intracellular PHAs — phosphorus uptake and
polyphosphate formation/glycogen formation). However, it is generally accepted that PAOs
overly benefit from high pH values while GAOs prevail at lower pH.

The effect of pH on the anaerobic processes of PAOs and GAOs was studied by Filipe et al.
(2001), who reported that GAOs were inhibited at higher pH whereas PAOs were practically
unaffected. In particular, the rise in pH resulted in a higher energy demand for the uptake of
carbon by GAOs, leading to a greater consumption of stored glycogen. Adversary, low pH
values (<7.5) lowered energy demands and the consumption of glycogen, resulting in a faster
uptake of carbon. The authors concluded that pH values above 7.5 during the anaerobic phase
benefited PAOs.
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The effect of pH on the aerobic processes of PAOs was also studied by Filipe et al. (2001) who
developed separate PAO and GAO cultures at the pH range of 7.2-7.6 and 6.8-7.1 respectively.
Following steady-state conditions, a series of experiments was performed on samples from each
reactor, initially maintained anaerobically at the pH of 7, after which the pH was set at the values
of 6.5, 7 and 7.5 for each culture. The samples were then aerated for a period in which
phosphorus uptake, glycogen consumption, PHA oxidation and microbial growth were studied
for each pH. The authors observed that pH had a negligible effect on the processes of GAOs,
whereas PAOs performed poortly at the pH of 6.5 and best at the pH of 7.5. At the pH of 7,
GAOs performed better than PAOs both in terms of PHA consumption and microbial growth.
As such, pH values below 7.5 could provide an advantage to GAOs. This is also supported by
the findings of Oehmen et al. (2005b) who studied the long-term effect of pH in the antagonism
between PAOs and GAOs in an acetate-fed reactor and a propionate-fed reactor. Initially, both
reactors performed at the pH of 7, during which phosphorus removal was particularly poor in
both reactors (even more-so in the acetate-fed reactor) which displayed an abundance of GAOs.
The pH of each reactor was then set to 8 which ultimately resulted in the suppression of GAOs
and the proliferation of PAOs in both reactors. Notably, the proliferation of PAOs occurred
faster (over 2 weeks) in the propionate-fed reactor compared to the acetate-fed reactor (over 4

weeks).

2.5.2.3 Temperature and SRT

Temperature affects all metabolic processes of microorganisms and is an important parameter in
the selection of certain organisms over others. In nitritation/denitritation systems that employ
EBPR, temperature may play a key role in the population dynamics of AOB and NOB, limiting
full nitrification, and also the antagonism between PAOs and GAOs. The role of temperature is
directly linked to the SRT of the treatment system. As temperature affects the growth and
maintenance of the various species of microbial communities disproportionately, there is a
critical SRT for each species, under which it cannot sustain. In the case of antagonistic groups
(e.g. PAOs vs. GAOs), a range of SRT and temperature combinations may allow the presence of
one group, but not the other.

Based on their capacity to grow and sustain under different temperature conditions, organisms
may be divided into the following categories; psychrophiles, that are capable of growth and
reproduction in temperatures as low as -10 °C, with an optimum growth rate around 15 °C,
mesophiles which have an optimum growth range between 20 and 45 °C, and thermophiles
which thrive under higher temperatures and are not relevant in conventional treatment systems.
The effect of temperature on the specific growth rate of a microorganism is usually expressed by
the Arrhenius equation:

Wt = Wmr* X ek(T_T*)

where pmr is the maximum specific growth rate at T temperature, pnr™ is the maximum specific
growth rate at the reference temperature of T* and k is a constant.

Figure 2.18 displays the temperature dependency of the maximum growth rates of AOB and
NOB according to several studies (Chaim De Mulder, 2016). As is evident, while the effect of
temperature on the growth of AOB appears consistent within the three studies presented, its
effect on the growth of NOB appears to vary, likely due to differences in acclimation. In all cases

33| Page



Chapter |2

however, the growth rate of AOB is enhanced to a greater extent with the increase of
temperature and at some point surpasses the growth of AOB. Therefore, high temperatures
could enhance partial nitrification while a critical SRT could allow sufficient nitritation but not
nitration, owing to the wash-out of NOB. According to Philips et al. (2002), the growth rates of
NOB are greater than those of AOB at temperatures below 20°C, whereas at temperatures above
25°C, the growth rates of AOB surpass them.

35
—— AOB (Wyffels et al. (2003))
8 —— ADB (Knowles et al. (1965]) r /
—— ADB (Gujer (1977)) S
25 - - ~NOB (Wyffels et al. (2003}) ey
== -NOB (Knowles et al. (1965)) ,’! . ’
2 - - ~NOB (Jenkins (1969)) o P

==
in

Maximum growth rate [dA-1]

0.5

0 5 10 15 20 25 30 35 40

Temperature [°C]

Figure 2.18. Arrhenius temperature dependency of maximum growth rate of AOB and NOB, as
determined by several authors (Figure adapted from Chaim De Mulder, 2016).

It is generally accepted that PAOs are psychrophilic while GAOs are mesophilic, meaning that
PAOs benefit from temperatures below 20°C, while greater temperatures provide an antagonistic
advantage to GAOs. Lopez-Vazquez et al. (2009) who studied the antagonism between PAOs
and GAOs in regard to temperature, pH and the carbon source reported that PAOs proliferated
at the temperature of 10°C, regardless of the other factors, while the same was observed for
GAOs at the temperature of 30°C. In agreement with this, Panswad et al. (2003) reported that
raising the temperature above 20°C influenced the antagonism in the favour of GAOs and at
30°C no PAO activity was observed.

Temperature affects the anaerobic and aerobic/anoxic processes of PAOs and GAOs to a
different extent, with the anaerobic processes being the most critical (Lopez-Vazquez et al.,
2008). At temperatures below 15°C the process of glycolysis is fully inhibited, meaning that
GAOs are incapable of acquiring the energy demanded for them to take up carbon, providing a
full advantage to PAOs (Lopez-Vazquez et al., 2009a). In temperatures between 20 and 30°C, the
anaerobic uptake rates of both PAOs and GAOs appear unaffected. However, as temperature
rises, the energy requirements for cell maintenance of PAOs increases, limiting the available
energy required for growth. This would provide an advantage to GAOS, which can withstand
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temperatures up to 35°C where glycolysis is again inhibited (Lopez-Vazquez et al., 2008; Lopez-
Vazquez et al., 2009a).

The short-term effect of temperature change on the metabolism of PAOs and GAOs has also
been studied. Lopez-Vazquez et al. (2007) reported that an increase in temperature above 20°C
clearly influenced the antagonism in the favour of GAOs, while at the temperatures of 10°C and
40°C the processes of both microbial groups were fully inhibited. The maximum growth rates for
PAOs and GAOs were observed at the temperatures of 20°C and 30°C respectively (Lopez-
Vazquez et al.,, 2008). It should be noted that while PAOs benefit from lower temperatures in
respect to their antagonism with GAOs, a sudden drop in temperature may inhibit their activity
and a period of acclimation could be required for them to resume proper function (Ren et al.,
2011).

Lopez-Vazquez et al. (2009) modelled the influence of carbon source, temperature and pH on
the competition between PAOs and GAOs for substrate uptake and the influence of these
parameters is shown in Figure 2.19. In all cases, PAOs prevail at temperatures below 18°C.
However, at greater temperatures, a higher pH is required to provide PAOs with an advantage
(Carvalheira et al., 2014b).
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Figure 2.19. Combined temperature and pH effects on the maximum substrate uptake rates of
Accummlibacter, Competibacter and Alphaproteobacteria-GAO for (a) acetate and (b) propionate.
Black solid line: Accumulibacter; grey solid lines: Competibacter; and, black dotted lines:
Alphaproteobacteria-GAO. Maximum substrate uptake rates of Accumulibacter are insensitive to
pH changes. Figure adapted from Lopez-Vazquez et al., (2009)
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As mentioned, the adoption of an appropriate SRT with respect to temperature may select the
growth of one microbial group and limit or forbid the growth of another. Whang and Park
(2000) developed a PAO-enriched biomass at the temperature of 20°C and the SRT of 10 days.
After raising the temperature to 30°C, they observed a decrease in PAOs, having been overtaken
by GAOs. However, after lowering the SRT to 3 days, EBPR recovered. The minimum required
aerobic SRT for the cultivation of PAOs or GAOs is dependent on the PHA oxidation rate of
each group (Filipe et al.,, 2001a). Lopez-Vazquez (2009) studied the minimum required aerobic
SRT for PAO and GAO (specifically Competibacter) cultivation with regard to temperature, the
results of which are depicted in Figure 2.20. For temperatures below 20°C, relatively high SRTs
may be adopted that would prohibit the growth of GAOs while securing PAO growth. For
temperatures above 20°C, a low aerobic SRT is demanded to prohibit the growth of GAOs,
although PAOs themselves face the danger of wash-out.
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Figure 2.20. Minimum aerobic solid retention times of PAOs (Figure adapted from Lopez-
Vazquez et al.,(2009)

2.5.2.4 FA and FNA

The application of the nitritation/denitritation pathway requires the shunt of NOB, which in the
case of side-stream treatment of reject water is achieved by the high ammonium content of the
influent. Free Ammonia (FA) is a known inhibitor of various microbial processes (including
those of AOB, NOB, Anammox and others) and accounts for a percentage of the total
ammonium concentration. The percentage of ammonia in this form increases at high pH values
and may be calculated using the equation proposed by Levenspiel (1980):

[NH," — N + NH; — N] x 10PH
6344
P73+

[NH; — N] =
10PH + ex
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Figure 2.21 presents the FA content versus the ammonia nitrogen concentration for pH values
between 6-9. Based on the equilibrium, at 20°C, an ammoniacal concentration of 500 mg N/L
corresponds to 2 mg NH;3-N/L at a pH of 7 while the respective value at the pH of 8.5 is 55.8
mg NH;-N/L. The FA content increases with temperature (2.8 mg NH3-N/L at the pH of 7 and
76.2 mg NH;-N/L at the pH of 8, for the same ammoniacal concentration, at 25°C).

—pH=6 = pH=6.5 pH=7 pH=7.5 = pH=8 pH=8.5 wmmmmpH=5

FA{mg/L)
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Figure 2.21. FA concentration at different NH4+-N and pH values at 20°C.

NOB shunt is achieved due to the fact that AOB are much more resilient to FA than NOB. The
reported tolerances of these microbial groups to FA differ in the literature with acclimation to
the inhibitor being an important factor. For instance Vadivelu et al. (2006) reported that NOB
were fully inhibited at the FA concentration of 6 mg N/L while Jiang et al. (2021) reported that
NOB were capable of acclimatizing to FA concentrations up to 715.3 £ 47.3 mg N/L. The
authors observed that this was due to a shift of the dominant NOB genus from Nitrospira to
Nitrolencea. They also noted that Nitrosomonas could sustain its activity at FA concentrations
up to 62.1 £ 0.1 mg N/L. Park and Bae (2009) determined AOB and NOB inhibition by FA to
be best described by an uncompetitive inhibition model with an inhibition constant of 4-22.4 mg
N/L for AOB and 0.6 mg N/L for NOB.

In recent years, some studies have reported that PAOs can also be inhibited by FA (Zheng et al.,
2013; Yang et al., 2018). These studies have focused mainly on the growth of PAOs under the
prolonged influence of FA. Zheng et al. (2013) reported an FA threshold concentration of 17.76
mg N/L for PAO growth and obsetrved that the PAO population had detetiorated significantly
after exposure to said FA concentration while the population of GAOs had increased. Similarly,
Yang et al. (2018) observed a severe inhibition of PAOs (by over 90%) following a 24 hour
exposute to 16 mg NH;-N/L. The results of these studies would suggest that the presence of FA
may provide a competitive advantage to GAOs.

Another known inhibitor of many microorganisms is Free Nitrous Acid (FNA), which is the
protonated form of nitrite. Contrary to FA, the percentage of nitrite in the form of FNA
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becomes greater adversely to pH and can be calculated with the following equation (Levenspiel,
1980):

[NO,” — N]
[HNO, — N] = 2 5300
1077 x exp (=733 7)

Figure 2.22 illustrates the FNA content versus the nitrite nitrogen concentration for pH values
between 6-9. Based on the equilibrium, at 20°C, a 200 mg NO,-N/L corresponds to 51.3 pg
HNO>-N/L at a pH of 7 while the respective value at the pH of 8.5 is merely 1.6 pg HNO»-
N/L.

1)

FNA (e

Figure 2.22. FNA concentration with respect to nitrite and pH values at 20°C

FNA is also an inhibitor of AOB and NOB and generally affects NOB to a greater extent. Park
and Bae (2009) determined AOB and NOB inhibition by FNA to be best described by a non-
competitive inhibition model with an inhibition constant of 168 pg N/L for AOB and 23.8-95.2
ug N/L for NOB. As such, the accumulation of FNA due to nitrite production in nitritation
systems along with the biochemical drop of pH that accompanies it could further promote NOB

shunt.

However, FNA has also been found to inhibit PAOs (Zhou et al., 2007). The exact mechanism
of PAO inhibition by FNA is not clear as of this point. Zhou et al. (2007) suggested that the
enzymes involved in the uptake of phosphorus are directly inhibited by FNA. Poly-P is
synthesized by poly-P kinases (PPK), which reversibly transfer the phosphate residue from a
high energy donor to the poly-P chain (Keasling et al., 2000). Increasing FNA concentrations
have been found to positively correlate with reduced intracellular adenosine triphosphate (ATP)
levels (Zhou et al., 2010) while also inhibiting phosphorus uptake which is likely the result of
harm to PPK (Wang et al., 2011).
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The effect of FNA on PAOs has been studied in regard to the uptake of phosphorus, growth
and PHA oxidation with the severity of inhibition varying in the literature. Saito et al. (2004)
reported that the aerobic uptake of phosphorus was fully inhibited at the FNA concentration of
1.5 pg N/L, while Pijuan et al. (2010).reported that the aerobic phosphorus uptake rate (PUR)
was inhibited by 50% at 0.52 pg N/L and by 100% at 4 pg N/L. Zhou et al. (2012) investigated
the effect of FNA on an acclimated biomass and observed that aerobic phosphorus uptake was
fully inhibited at the FNA concentration of 10 ug N/L, while anoxic phosphorus uptake was
fully inhibited at the FNA concentration of 5 pg N/L, suggesting that the anoxic pathway is less
tolerant to FINA. This would contradict the findings of Zhou et al. (2010) who reported that
anoxic P-uptake ceased at the FNA concentration of 37 pg/L. Pijuan et al. (2010) also studied
the effect of FNA on the growth of non-acclimated PAOs and reported 50% and 100%
inhibition at the FNA concentrations of 0.36 ug N/L and 7 pg N/L respectively. Zhou et al.
(2012) studied the effect of FNA on PAOs that were acclimated to an FNA concentration of 0.9
ug N/L and reported that both aerobic and anoxic cell growth were fully inhibited at the FNA
concentration of 10 pg/L. Regarding the effect of FNA on the catabolic processes of PAOs,
Pijuan et al. (2010) observed that the PHA oxidation rate was slowed by up to 40-50% at the
FNA concentration of 2 pg N/L but did not decrease further at greater FNA concentrations. In
agreement, Zhou et al. (2010) reported that the anoxic PHA oxidation rate remained constant at
60% of its original rate for FNA concentrations between 20 and 70 ug N/L.

The differences in acclimation of PAOs to FNA may be attributed to the composition of the
group. In general, the PAO 1II type appears to display a higher tolerance to FNA than the PAO I
group. The most resistant strain to FNA accumulation has been identified to be PAO IID,
which is the most abundant in nitrification systems (Zeng et al., 2016a).

FNA has also been found to inhibit GAOs. Ye et al. (2010) studied the effect of FNA on the
growth of Competibacter and reported that the growth rate was inhibited by 50% under the FNA
concentration of 1.5 pg N/L and by 100% at 7 pg N/L. After comparing the effects of FNA on
glycogen production by GAOs and P-uptake by PAOS, the authors suggested that FNA
inhibition may provide a competitive advantage to GAOs.
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As discussed in Chapter 2, the application of EBPR in short-cut nitrification systems poses
certain challenges. The difficulties associated with this, mainly concern the significantly high
ammonium and nitrite concentrations that characterize such systems. As seen, the inhibition of
NOB for the promotion of the nitritation/denitritation pathway requires significant ammonium
concentrations. As such, the removal of nitrogen will result in great accumulations of nitrite
during aeration. Nitrite in the form of FNA, that is more abundant at lower pH, is a known
inhibitor of PAOs. However, its reported impact on the activity of PAOs differs in the literature.
This is more pronounced for the anoxic activities of PAOs, as reports regarding the tolerance of
phosphorus removal via denitritation compared to aerobic P-removal appear contradictory. A
reliable way of assessing the effect of FNA on PAOs is by observing its effect on the
phosphorus uptake rate (PUR) of PAOs. PUR is a direct indicator of the performance of PAOs
and is proportionally associated with all anabolic processes of PAOs. The highest reported
tolerance of aerobic PUR inhibition by FNA is a threshold of 10 pug HNO,-N/L (the
concentration above which PUR is fully inhibited), while the same study reports a threshold
concentration of 5 pg HNO2-N/L for anoxic PUR. This would indicate that anoxic P-removal is
less tolerant to FNA than aerobic P-removal. However, another study has reported a much
higher threshold for anoxic PUR (at 37 pug HNO,-N/L), while others report much lower
threshold concentrations for aerobic PUR. These contradictions may be due to differences in
acclimation to FNA of the PAO-enriched cultures that were studied. As the portion of nitrite in
the form of FNA is dictated by pH, the variation of pH may play a key role in the performance
of PAOs under these conditions.

In addition to the challenges posed by nitrite accumulations, there have been recent reports that
ammonium, specifically FA, is also an inhibitor of PAOs. Information regarding the effect of FA
on PAOs is significantly limited as of this point, as the relevant few studies are mostly focused
on the prolonged exposure of PAOs to the inhibitor. As FA is required for NOB shunt, PAOs
may face increasingly adverse conditions in high nitrogen loading systems. The concentration of
FA is also dependent of pH, however unlike FNA, FA is more abundant at higher pH values. As
such, while controlling pH at a high value may lessen the inhibitory effect of nitrite on PAOs, it
would increase the inhibitory effect of ammonium. In light of this, the proper assessment of the
effect of FA on PAOs could provide valuable information regarding pH manipulation for the
optimum conditions for PAOs.

Based on the above, it becomes clear that nitrogen loading and pH are of great importance for
the application of EBPR. As discussed in Chapter 2, reject water is generally characterized by
high pH values, that transcend to high FA concentrations. As ammonium is converted to nitrite
through nitritation, lower pH values result in higher overall PAO inhibition. This is problematic
by itself since nitritation is accompanied by a natural biochemical drop of pH. Conditions for
PAOs may improve during denitritation, as nitrite is removed along with a rise in pH. However,
the residual ammonium content may prove to have a significant effect on PAOs as pH increases.
In all cases, the inhibitory conditions for PAOs are governed by the combined presence of nitrite
and ammonium with special regard to pH. The proper assessment of the combined effect of FA
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and FNA on P-removal requires not only information regarding the effect of either FNA or FA
on PAOs, but also the mode of inhibition for each inhibitor. To date, the mode of FNA
inhibition on PAOs has not been established, more so for the case of FA inhibition, for which
basic information is limited. In addition, experiments regarding the combined effect of FNA and
FA on PAOs have not been conducted, since the adverse effect of FA has only recently come to
light. Research focusing on the modes of inhibition and the combined effect of both inhibitors
could help establish a combined inhibition model for PAOs, which would provide valuable
information regarding nitrogen loading and pH manipulation for the effective application of
EBPR.

While high nitrogen loading conditions appear threatening to EBPR in themselves, PAOs may
face a higher threat from the growth and prevalence of GAOs. As the growth and performance
of PAOs is negatively affected by the combined presence of FNA and FA, the tolerance of
GAOs to these inhibitors is also of importance, as a higher resilience to these inhibitors may
promote their differential growth over PAOs, leading to the deterioration of EBPR. While there
are some reports on the effect of FNA on GAOs, information is rather limited, while no
information exists on the effect of FA. Information regarding the effect of FNA and FA on
GAOs and comparison with their effect on PAOs would assist in examining the feasibility of
EBPR in conditions of high nitrite and ammonium accumulations. In addition, the development
of strategies aiming at the suppression of GAOs are of great importance for the successful
application of EBPR. Various studies have reported on such strategies with special consideration
to the carbon source, pH manipulation, temperature, the SRT, as well as the capacity of each
group to use nitrite as an electron acceptor. However, most strategies have been tested in
systems that are closer to the characteristics of typical mainstream WWTP’s, rather than systems
that are characterized by high nitrogen loading. Therefore, the examination and development of
such strategies in conditions of higher nitrite accumulations could help the assessment of their
effectiveness for full-scale applications.

In light of the above, the overall aim of this study is to investigate the optimum conditions for
the achievement of successful EBPR in high nitrogen loading systems, namely for the side-
treatment of reject water that is characterized by a low C/N ratio. The study focuses on the
inhibitory effect of FNA and FA on PAOs and GAOs, the development of strategies for GAO
suppression and PAO proliferation, and the optimization of EBPR under these conditions.
Specifically, the goals of this work may be summed up as follows:

e Determination of the effect of FNA on PAOs along with the mode of inhibition. The
investigation involves a series of experiments on a PAO-enriched biomass that is
developed under laboratory conditions and focuses on the effect of various nitrite
concentrations at different pH values on the aerobic and anoxic PUR of PAOs. The
investigation is performed in order to cleatly assess the effect of FNA on PAOs, which
as mentioned, shows inconsistency in the literature. The experiments aim to develop an
inhibition model for the effect of FNA on PAOs, which may be used to assess the
performance and growth of PAOs in conditions of high nitrite concentrations, with
regard to pH.

e Determination of the effect of FA on PAOs along with the mode of inhibition. Similarly
to the investigation of the effect of FNA, this assessment involves a series of
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experiments on a PAO-enriched biomass, developed under laboratory conditions, and
focuses on the effect of various ammonium concentrations at different pH values on the
aerobic and anoxic PUR of PAOs. The experiments aim to provide valuable new
information regarding the effect of FA on PAOs, which is almost non-existent, and to
develop an inhibition model for the effect of FA on PAOs, which may be used to assess
the performance and growth of PAOs in conditions of high ammonium concentrations,
with regard to pH.

Determination of the combined effect of FNA and FA on PAOs and optimization of
pH. The investigation involves a series of experiments regarding the combined effect of
ammonium and nitrite on the PUR of PAOs. The results of these experiments are used
to validate a combined inhibition model, that is based on the models developed for FNA
and FA, which is developed by an enzymatic approach based on the simultaneous
presence of both inhibitors. The combined inhibition model is used to determine the
optimum pH variation for EBPR throughout the nitritation and denitritation processes.

Determination of the effect of FNA and FA on GAOs and their respective modes of
inhibition. The investigation involves a series of experiments that focus on the effect of
FNA and FA on the growth of a highly GAO-enriched biomass, developed under
laboratory conditions. The investigation aims to provide new information regarding
GAO inhibition by FNA and FA and to develop an inhibition model for GAOs. The
results of this investigation are compared to the results regarding PAO-inhibition. The
derived models provide valuable information in assessing the possible wash-out of PAOs
in conditions of high FA and FNA accumulations.

Development of strategies for the proliferation of PAOs over GAOs in conditions of
high FNA accumulations. This investigation revolves around the examination of various
configurations, with special regard to the carbon source and the anoxic/aerobic retention
time, for the in-situ suppression of GAOs and the promotion of PAOs. The
investigation aims to examine the effectiveness of various strategies for the proliferation
of PAOs under inhibitive conditions.

Optimization of EBPR under high ammonium and nitrite accumulations and proposals
for full-scale operation of side-stream reject water treatment systems. This investigation
utilizes the combined inhibition model and assesses the capacity for EBPR at various
nitrogen loading rates (NLRs), via a series of mathematical simulations. The simulations
examine the effect of ammonium and nitrite on aerobic and anoxic PUR throughout the
nitritation and denitritation processes, both at an uncontrolled pH variation and at a pH
variation that is optimized for EBPR. The examined configurations also take into
account the developed strategies for GAO suppression. The evaluation of EBPR at
various NLRs is performed with respect to the PAO population and their performance
under these conditions, along with the required phosphorus removal based on the P/N
ratio of the reject water, while also considering their possible wash-out by GAOs. The
investigation aims to propose optimized EBPR configurations that may achieve stable
and sufficient phosphorus removal at the highest possible NLR, with and without pH

manipulation.
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Chapter 4: Materials and methods

4.1 Experimental set-up

As stated in Chapter 3, the investigation of the inhibitory effect of FNA and FA on PAOs and
GAOs along with the development of strategies for GAO suppression and PAO proliferation
under conditions of nitritation/denitritation, required the development of these microbial
communities under laboratory conditions. To this end, a Sequencing Batch Reactor (SBR) was
set up in the Sanitary Engineering Laboratory of the Department of Water Resources and
Environmental Engineering (School of Civil Engineering, National Technical University of
Athens). The system’s configuration has seen variation for each experimental period, depending
on the goals of the investigation, but generally consisted of the following equipment (Figure 4.1).

Feed timer Aeration timer

Figure 4.1. Experimental setup

The reactor was a 14 L rectangular tank, made of plexiglass. The removable cap had a suitable
hole drilled down the middle, that allowed the application of a mechanical stirrer. The mixer’s
propeller reached a satisfactory depth (around 30 cm from the tank floor) which allowed
effective mixing conditions in the reactor. Aeration was carried out through commercial air
stones that were attached to the bottom of the tank and connected to an air pump via thin
plastic tubes. The air pump was put in motion at the appropriate time periods, based on the
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SBR’s configuration, with the use of a timer. A second timer was used to activate a screw pump,
at the selected time periods, that would provide feed to the SBR, via a connected plastic tube.
Feed consisted of synthetic wastewater for the most part, the composition of which was specific
to the objectives of each operational period.

The use of the SBR may be divided into 10 operational periods, depending on its configuration
and its targeted development. At the start of each operational period, the SBR was reset and
provided with a new inoculum from the WWTP of Psyttalia. The configurations employed are
listed below.

SBR1

SBR1 was setup in order to develop a PAO-enriched biomass that was used to fuel a series of
ex-situ batch experiments regarding the effects of FNA and FA on the aerobic PUR of PAOs.
During the start-up period the SBR operated on 2 daily cycles each consisting of an anaerobic
phase, an aerobic phase and an anoxic phase, while settling and decanting was carried out once
per day over a 2-hour period, manually. Initially the first cycle consisted of a 3-hour anaerobic
phase followed by a 7-hour aerobic phase and a 2-hour anoxic phase, while the second cycle
consisted of a 2-hour anaerobic phase followed by a 6 hour aerobic phase and a 2 hour anoxic
phase. Following a period of approximately 15 days, both daily cycles were modified to consist
of a 3-hour anaerobic phase followed by a 6-hour aerobic phase and a 1-hour anoxic phase.

Feed consisted of a concentrated mixture of acetate, ammonium and phosphorus that was
introduced at the beginning of each anaerobic and each anoxic phase. The volume of each dose
was 250 mL. Prior to decanting, the SBR contained 10.5 L of liquor. Following the removal of
5.5 L of effluent, 5.5 L of water was added to the SBR bringing the mixed liquot’s volume to
10.5 L. Under mixing conditions, 1 L of mixed liquor was removed in order to achieve a SRT of
around 10 days. Thus, with the daily addition of 1 L. of the concentrated feed, the SBR’s working
volume averaged at 10 L simulating a HRT of around 2 days.

The addition of a carbon source at the beginning of the anaerobic phase would provide PAOs
with an advantage over common heterotrophic organisms, giving them priority in the utilization
of COD. During the aerobic phase, the sufficient DO concentrations (>3 mg/L) would allow
PAOs to develop by oxidizing their stored PHAs, while residual acetate would be rapidly
removed by other heterotrophs. Since some nitrification is expected during the aerobic phase,
following the cease of aeration, feed is reintroduced to the SBR in order to allow the rapid
removal of any produced nitrate or possibly nitrite via denitrification prior to the next anaerobic
phase. In essence, this nominal anoxic phase is mostly anaerobic and is to ensure strictly
anaerobic conditions at the beginning of the next cycle.

The daily dose of COD was gradually increased from 5 g/d to 8 g/d over a period of
approximately 20 days. The dose of 8 g COD/d was regulated with respect to the aerobic SRT
(=6 days) in order to achieve a biomass concentration of around 2,500 mg VSS/L. The reason
for the lower early dosages was primarily in order to avoid accumulations of COD that could
cause bulking problems and secondarily to hasten the shift in the biomass from a mostly
common heterotrophic community to a PAO-enriched sludge. More specifically, since the seed
sludge contained a very low PAO population, practically all of the acetate introduced at the start
of the anaerobic phase would be available at the aerobic phase. This abundance of a readily
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biodegradable source of COD could in short time deteriorate the quality characteristics of
biomass and lead to bulking problems, causing a strain on the system’s operation. Additionally,
while PAOs would always have priority over common heterotrophs in the utilization of acetate,
it is possible that the presence of a large heterotrophic community could prove antagonistic in
the utilization of nutrients and the availability of oxygen, slowing the growth of PAOs.

The daily dose of ammonium was gradually increased up to 600 mg N/d over a period of
approximately 20 days, similarly to the dose of COD. This strategy was primarily selected in
order to ensure an adequate source of nitrogen for biomass growth and also to allow some
nitrification. During the start-up period, ammonium concentrations in the effluent were
monitored on a daily basis and the daily dosage was modified in order to maintain effluent
concentrations lower than 10 mg NH4-N /L to prevent accumulation of ammonium in the SBR.

The daily dose of phosphorus was 200 mg PO4-P/d, a dose much greater than the stoichiometric
demand for growth of heterotrophs in order to selectively promote the growth of PAOs. This
dosage would also compensate for the phosphorus that is removed via chemical precipitation,
allowing the availability of an adequate phosphorus source to be taken up by PAOs throughout
the aerobic phase. Access to phosphorus under aerobic conditions is important for PAOs as it is
required for them to reform their intracellular polyphosphate chains. Inability to do so would
result in a failure to take up acetate during the following anaerobic phase as no energy can be
produced from the hydrolysis of these chains. Consequently, if the phosphorus released
anaerobically by PAOs were to be removed from solution due to chemical precipitation
(primarily by the formation of struvite due to an increase in pH), this would most likely result in
a shift in the biomass in the favour of GAOs which do not require phosphorus and ultimately
the wash-out of PAOs from the system. Since great increases in pH were observed during
aeration for reasons described below, providing the SBR with a significant dosage of phosphorus
was of strategic importance for the growth and maintenance of PAOs.

Having concluded the series of experiments on what was considered a non-acclimatized biomass,
nitrogen loading of the SBR was gradually increased, while the SRT was lowered in an attempt to
raise nitrite concentrations during the aerobic phase. Specifically, ammonium loading in the SBR
was gradually increased from 0.06 kg NHs~N/m’ d to 0.15 kg NH,~N/m’ d over a period of 30
days, while the SRT was lowered to 8 days. The new aerobic SRT of 4.5 days would limit the
presence of NOB in the biomass, resulting in less nitrite being converted to nitrate during
aeration.

Following the transitional period of 30 days, the SBR was maintained under the new conditions
for 15 days, after which four additional batch experiments similar to the original series were
conducted. The objective of these experiments was to determine if the biomass would exhibit a
stronger tolerance to FNA due to acclimation to greater FNA concentrations in the SBR.

SBR2

SBR2 was setup in order to examine the tolerance of PAOs to FNA when developed under
conditions of minimum FNA presence. The SBR’s configuration remained identical to that of
SBR1 with the only difference being that the ammonium loading rate was lowered to 0.03 kg
NH4-N/m’ d compared to the 0.06 kg NH4-N/m’ d loading rate of the previous configuration
during steady state operation. This ammonium loading would just about satisfy the
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stoichiometric demand for microbial synthesis and significantly limit nitritation, ultimately
leading to the washout of AOB from the SBR.

SBR3

SBR3 was setup in order to develop a PAO-enriched biomass that was used to fuel a series of
ex-situ batch experiments regarding the effects of FNA and FA on the anoxic PUR of PAOs (via
denitritation). During the start-up period the SBR operated on 4 daily cycles each consisting of
an anaerobic phase, an aerobic phase and an anoxic phase. Settling and decanting occurred once
per day over a 2-hour period due to technical limitations. Each cycle initially consisted of a 1-
hour anaerobic phase followed by a 3-hour aerobic phase and a 1.5 hour anoxic phase.

Feed consisted of reject water from the dewatering unit of the WWTP of Psyttalia that was
appropriately diluted and enriched with sodium propionate, potassium phosphate and in time
ammonium chloride. Each day 800 mL of the mixture were pumped into the SBR in 8 doses (2
per cycle) of 100 mL. Dilution of the reject water was carried out in order to achieve the desired
ammonium concentration in the feed that was dictated by the ammonium loading of each step.
Prior to decanting, the SBR contained 10.4 L of liquor. Following the removal of 5.4 L of
effluent, 5.4 L of water was added to the SBR bringing the mixed liquor’s volume to 10.4 L.
Under mixing conditions, 1 L. of mixed liquor was removed in order to achieve a SRT of around
10 days. Thus, with the daily addition of 800 mL of the concentrated feed, the SBR’s working
volume averaged at 10 L simulating a HRT of around 2 days.

The addition of a carbon source at the beginning of the anaerobic phase would provide PAOs
with an advantage over common heterotrophic organisms, giving them priority in the utilization
of COD. During the aerobic phase, the sufficient DO concentrations (>3 mg/L) would allow
PAOs to develop by oxidizing their stored PHAs, while the residual propionate would be rapidly
removed by other heterotrophs. With the cease of aeration and the rapid depletion of the
remaining DO (within 5 minutes), the SBR was left without the addition of a carbon source
during the first hour of the anoxic phase. This was in aim of providing PAOs with a competitive
advantage over common heterotrophs. As no propionate remained available by the start of the
anoxic phase, PAOs would always have priority in the utilization of nitrite and nitrate. Feed was
reintroduced 30 minutes prior to the beginning of the next cycle in order to remove any
remaining nitrite and nitrate, thus ensuring proper anaerobic conditions at the start of the next
phase.

Over the first 30 days of the start-up period, the daily dose of COD was gradually increased
from 5 g/d to 7 g/d, while the daily dose of ammonium was gradually increased from 400 to 800
mg N/d. The daily dose of phosphorus was 500 mg PO.-P/d, a dose much greater than the
stoichiometric demand for growth of heterotrophs in order to selectively promote the growth of
PAOs. This dosage would also compensate for the phosphorus that is removed via chemical
precipitation, allowing the availability of an adequate phosphorus source to be taken up by PAOs
throughout the aerobic and the subsequent anoxic phase. The COD and ammonium
concentrations in the feed were regularly modified with regard to concentrations in the effluent
in order to avoid their accumulation in the SBR.

The primary main objective of this initial period was to allow the growth of PAOs capable of
denitritation and their acclimation to low FNA concentrations. This would require the presence
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of nitrite during the anoxic phase in order to allow denitritation by PAOs but not at a
concentration that would significantly inhibit their growth due to the related FNA presence
during both the aerobic and anoxic phase. The relatively low aerobic SRT of 5 days would
provide some suppression of NOB making nitrite available for the anoxic phase and its
concentration regulated by the ammonium load. It is possible that the cultivation of PAO species
with a capacity for denitritation may also be achieved via the availability of nitrate. As of this
point it is not clear if PAOs have the capacity to directly reduce nitrate or if the presence of
GAOs is required to first reduce nitrate to nitrite that can then be utilized by PAOs in a
synergistic denitrification process. However, it is certain that this would enhance the presence of
GAOs in the biomass which could endanger the growth of PAOs.

At this point the SBR’s configuration was altered so that each cycle now consisted of a 1 hour
anaerobic phase, a 2 hour aerobic phase and a 2.5 anoxic phase with feed being introduced at the
start of the anaerobic phase and 1.5 hours into the anoxic phase. The lower aerobic SRT would
allow further NOB suppression resulting in greater nitrite concentrations within the SBR. This in
turn would promote the anoxic growth of PAOs via denitritation. As it has been reported that
GAOs are incapable of denitritation with propionate as the sole carbon source this would
provide PAOs with a significant advantage, ultimately leading to the wash-out of GAOs from
the SBR.

Under the new configuration the daily dose of COD was gradually increased up to 8 g/d, while
the daily dose of ammonium was gradually increased up to 1000 mg N/d over a period of 30
days and was maintained under the new conditions for a further 30 days prior to the beginning
of the experiments.

SBR4

SBR4 was setup in order to investigate the combined effect of FNA and FA on PAOs. The
SBR’s configuration and performance was practically identical to that of SBR3. The re-setting of
this configuration was in order to examine the mechanism of the combined FNA and FA
inhibition both under conditions in which the biomass was not yet acclimatized, and upon
acclimation to these inhibitors.

SBR5
SBR5 was setup for the development of a significantly highly GAO-enriched biomass, in order
to investigate the effect of FNA and FA on GAOs.

During the start-up period the SBR operated on 4 daily cycles each consisting of a 1 h anaerobic
phase, a 3 h aerobic phase and a 1.5 h endogenous phase. Settling and decanting occurred once
per day over a 2-hour period due to technical limitations.

Feed consisted of a concentrated mixture of acetate and ammonium that was introduced at the
beginning of each anaerobic phase. The volume of each dose was 250 mL. Before decanting, the
SBR contained 10.5 L of liquor. Following the removal of 5.5 L of effluent, 5.5 L. of water was
added to the SBR bringing the mixed liquor’s volume to 10.5 L. Under mixing conditions, 1 L. of
mixed liquor was removed in order to achieve a SRT of 10 days. Thus, with the daily addition of
1 L of the concentrated feed, the SBR’s working volume averaged at 10 L. simulating a HRT of 2
days.
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In order to prevent the growth of PAOs, the concentration of phosphorus in the SBR was
routinely monitored and kept below 1 mg/L with the occasional addition of a potassium
phosphate solution to provide for the growth of GAOs. A thiouria solution was added daily
following the refilling of the SBR as to maintain a concentration of 20 mg/L for the suppression
of both AOB and NOB. The addition of a carbon source at the beginning of the anaerobic
phase would provide GAOs with an advantage over common heterotrophic organisms, giving
them priority in the utilization of COD. During the aerobic phase, the sufficient DO
concentrations (>3 mg/L) would allow GAOs to develop by oxidizing their stored PHAs, while
residual acetate would be rapidly removed by other heterotrophs. With the cease of aeration, the
SBR remained without the addition of a carbon source for 1.5 h for the endogenous removal of
the dissolved oxygen prior to the following anaerobic phase. Over time, by the end of the
anaerobic phase less and less acetate would remain available to be oxidized by common
heterotrophs, leading to the development of a practically pure GAO culture.

The daily dose of COD was 7 g/d, regulated with respect to the aerobic SRT (=5 d) in order to
achieve a biomass concentration of around 2,000 mg VSS/L. The daily dose of ammonium was
300 mg N/d in order to ensure an adequate source of nitrogen for biomass growth. Ammonium
concentrations in the effluent were monitored on a daily basis and the daily dosage was modified
in order to maintain effluent concentrations lower than 10 mg NHsN /L to prevent
accumulation of ammonium in the SBR.

SBR6, SBR7 and SBRS

SBRs 6,7 and 8 were set up in order to investigate the role of the carbon source in the PAO-
GAO competition under conditions of nitritation/denitritation. The 3 operational systems
shared the same configuration, with the type of carbon in the feed being the only difference.
SBRO6 operated with acetate as the sole carbon source, SBR7 operated with a 50-50 mixture of
acetate and propionate, while SBR8 operated with the regular rotation of acetate and propionate
as the sole carbon source.

In each case, the SBR operated on 3 daily cycles each consisting of a 1.5 h anaerobic phase, a 3.5
h aerobic phase and a 2.5 h anoxic phase. Settling and decanting occurred once per day over a
1.5 h period due to technical limitations. Feed consisted of a concentrated mixture of VFAs,
ammonium and phosphorus that was introduced at the beginning of each anaerobic and each
anoxic phase. The volume of each dose was 200 mL. Prior to decanting, the SBR contained 10.6
L of liquor. Following the removal of 5.6 L of effluent, 5.2 L. of water was added to the SBR
bringing the mixed liquot’s volume to 10.2 L. Under mixing conditions, 0.8 L. of mixed liquor
was removed in order to achieve a SRT of 8 d. Thus, with the daily addition of 1.2 L of the
concentrated feed, the SBR’s working volume averaged at 10 L simulating a HRT of 2 d.

The addition of a carbon source at the beginning of the anaerobic phase would provide PAOs
with an advantage over common heterotrophic organisms, giving them priority in the utilization
of COD. During the aerobic phase, the sufficient DO concentrations (>3 mg/L) would allow
PAOs to develop by oxidizing their stored PHAs, while residual acetate would be rapidly
removed by other heterotrophs. Following the cease of aeration, feed was reintroduced to the
SBR in order to allow the rapid removal of nitrate and nitrite that was produced during the
aerobic phase via denitrification prior to the next anaerobic phase.
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The daily dose of COD was gradually increased from 5 g/d to 8.5 g/d over a period of
approximately 20 days. The dose of 8.5 g COD/d was regulated in order to achieve a biomass
concentration of around 2,500 mg VSS/L. The daily dose of ammonium was gradually increased
from 0.6 to 1.8 ¢ NH4-N/d over a petiod of approximately 20 days, similatly to the dose of
COD. The dose was regulated in order to allow the gradual increase of nitrite concentrations in
the SBR. This would be achieved by the partial suppression of NOB due to the relatively low
aerobic retention time (3.5 d). Ammonium concentrations in the effluent were monitored on a
daily basis and the daily dosage was modified in order to maintain effluent concentrations lower
than 30 mg NH4-N /L to prevent accumulation of ammonium in the SBR. The daily dose of
phosphorus was 200 mg PO4+P/d, a dose much greater than the stoichiometric demand for
growth of common heterotrophs in order to selectively promote the growth of PAOs. This
dosage would also compensate for the phosphorus that is removed via chemical precipitation,
allowing the availability of an adequate phosphorus source to be taken up by PAOs throughout
the aerobic phase.

The results of the investigations conducted are presented in section 5.6.1.

SBRY

SBR 9 was set up in order to examine the extent of the effect that FNA had on the shift in the
biomass towards the proliferation of GAOs, as observed in SBR6 (in which acetate was the sole
carbon source). The system’s configuration remained as that of SBR6-8 with acetate as the only
type of catbon in the feed, but with a lower ammonium loading rate (0.6 g NH,N/d)
throughout operation. Ammonium concentrations in the effluent were monitored on a daily
basis and the daily dosage was modified in order to maintain effluent concentrations lower than
10 mg NH4-N /L to prevent accumulation of ammonium in the SBR. With this, nitrite (and
therefore FINA) concentrations in the SBR were expected to be significantly lower than the ones
observed throughout the operation of SBR6. The performance of PAOs over time in SBR9 was
then compared to that observed in SBRO, for the assessment of the role of FNA in the PAO-
GAO competition. The results of this investigation are presented in section 5.6.2.

SBR10

SBR10 employed the same configuration as SBR3 and SBR4 which was found to be the
optimum configuration for the development of PAOs under laboratory conditions. Following its
stable performance at the vNLR of 0.1 kg N/mj3 d, nitrogen loading was raised to 0.15 kg N/m;
d in order to evaluate and compare the biomass’s capacity for EBPR under the new conditions.
Following this second phase of operation, the system was set to perform at a lower pH (6.5) in
order to determine the sustainability of PAOs under high FNA accumulations without the need
of increasing nitrogen loading. To achieve this, the HRT was increased to 10 days (by decanting
1 L of effluent every day, which was just enough for the 1 L of feed that would enter daily) in
order to limit the renewal of the medium’s alkalinity. With this, the effect of carbon stripping
during aeration was minimal and the pH levels gradually dropped over a period of 7 days,
reaching a value of 6.5 that would remain practically constant throughout each cycle. Following
this, the SBR was operated under this constant pH for a period of 10 days, after which the
system’s performance was evaluated. The results of these evaluations are presented throughout
section 5.6.3.
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4.2 Experimental series

4.2.1 Experimental investigations regarding the activities of PAOs

A series of experimental investigations were conducted on the PAO-enriched biomasses
discussed in section 4.1. These investigations concern the effect of FNA and FA on the aerobic
and anoxic PUR of PAOs. The PUR displayed by PAOs is the most direct indicator of their
performance, as it measures their capacity to remove phosphorus and, as discussed in chapter 2,
factors that affect PUR have shown to proportionately affect the growth rate of PAOs (Mamais
1991; Pijuan et al.,2010; Zhou et al. 2012). This is of importance, as obtaining a significantly
(practically pure) PAO-enriched biomass has proven extremely difficult due to the ever-present
GAO populations that may sometimes exist even symbiotically with PAOs. As such, valid
experiments regarding the effects of the aforementioned inhibitors on the growth rate of PAOs
are hard to conduct, as the biomass’s performance would not be fully representative of PAOs.
While common heterotrophs (OHOs) may also take up phosphorus under various conditions
for microbial synthesis, their respective uptake rates are significantly lower than that of a highly
PAO-enriched biomass and may be considered negligible. Therefore, PUR inhibition by FNA
and/or FA is an effective measure for the potency of these inhibitors both in terms of PAO
performance and their growth.

4.2.1.1 Routine experiments for evaluating PUR

In order to properly evaluate the biomass’s capacity to remove P in conditions of high DO
concentration without the interference of precipitation phenomena, during each investigation
period, regular ex-situ experiments were conducted under constant pH on sludge retrieved from
the SBR. Typically, these experiments were conducted following feed of the SBR, where 500 Ml
of sludge were retrieved and placed into a container of similar working volume and stirred under
anaerobic conditions for a period of 1 hour. Following this phase, the reactor was aerated for a
period of up to 3 hours over which samples were retrieved every 30 minutes and analyzed for
phosphorus content. Throughout the experiments, pH was controlled at its initial value with the
regular addition of a 0.1N sulfuric acid solution.

PUR may be calculated as:

PUR ( Pyss h) Pl @1
— =——x— (4
mIy 2t “vss 4D

where:
AP: the removal of phosphorus within a specific time period (At)

VSS: the volatile suspended solids of the examined sludge

Figure 4.2 displays the results of a typical experiment for the determination of PUR. As shown,
phosphorus removal by PAOs appears to be linear throughout the experiment (which is usually
the case for most experiments, especially in the absence of inhibitors). Since the biomass
typically presents negligible growth within the brief time period of the experiment, PUR was
generally determined based on the trendline of the experimental results for phosphorus during
steady removal as:

P 1
PUR (mgP/gVSSh)=——XxX—— (4.2)
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Figure 4.2. Typical ex situ batch experiment for determining aerobic PUR

In order to evaluate the biomass’s capacity to remove P via denitritation, similar experiments
(Figure 4.3) were routinely conducted on the sludge retrieved from the SBR. In these
experiments however, following the 1 hour anaerobic period, rather than aerating the sample, an
appropriate amount of a sodium nitrite solution was added in order to create an initial nitrite
concentration of 10 mg N/L. This concentration was maintained at 10 £ 2 mg N/L throughout
the experiment with the frequent addition of the sodium nitrite solution. The maintenance of
this low concentration is due to the fact that FNA is an inhibitor of PUR, therefore greater
nitrite concentrations would result in an inhibited observed PUR, especially at low pH values. As
such, these routine experiments were carried out at the relatively high pH of 8. More information
on the development of this experimental protocol may be found in section 5.2.2.1. When both
aerobic and anoxic PURs were evaluated, both samples were maintained at the pH of 8
throughout the experiment.

90
_ 808
~ :
B 70
E e,
c
S 60
S 50 P
=
8 40 e .-
g . y=-25.32x+78.767
a “e. R2-09871
' -_..
Q 20 y-67.4x+80733 ™. -0
2 _
10 R2=0.9878
0
0 05 1 15 2 25 3

time (h)
@ aerobic P-removal @ anoxic P-removal

Figure 4.3. Typical ex situ batch experiment for determining aerobic and anoxic PUR
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4.2.1.2 Experiments investigating PUR inhibition

The following experimental series were conducted on the developed PAO-enriched biomasses:
e Investigation of the effect of FNA on aerobic PUR (SBR1, SBR2)
e Investigation of the effect of FNA on anoxic PUR (SBR3)
e Investigation of the effect of FA on aerobic PUR (SBR1)
e Investigation of the effect of FA on anoxic PUR (SBR3)

e Investigation of the combined effect of FNA and FA on aerobic PUR (SBR4)

Each series involved multiple ex-situ batch experiments, each testing the effect of a specific
inhibitor concentration on PUR. In each experiment, sludge was retrieved from the SBR and
distributed into 3 containers of equal working volume (0.5 L)). One container served as a control,
while the others were used to test a single FNA or FA concentration as duplicate reactors. The
only exception to this is the experimental series in which the combined effect of FNA and FA
were investing, wherein sludge was distributed into 4 reactors: one serving as a control, one
testing a specific FNA concentration, one testing a specific FA concentration, and one
containing the former concentrations of both inhibitors. Following feed and maintenance under
a 1 h anaerobic period, the reactors were then either aerated or fed an appropriate amount of
sodium nitrite solution in order to investigate the effects of each inhibitor concentration under
cither aerobic (as seen in Figure 4.4) or anoxic conditions (as seen in Figure 4.5). Throughout
each experiment temperature was kept constant within a = 1°C range, via the regular appliance
of ice packs to the reactors (As captured in Figure 4.5).

Figure 4.4. Samples during the acration phase of a typical experiment investigating aecrobic PUR.
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Figure 4.5. Samples during the anoxic phase of a typical experiment investigating anoxic PUR.
At this instance, ice packs have been applied to the reactors to keep temperature within the
desired range.

The performance of each reactor was then compared to that of the control’s in each case. The
degree of PUR inhibition due to each specific inhibitor concentration was established as:

PUR, + PURy
2
PUR,

PUR, —

Inhibition (%) =

x 100% (4.3)

where
PURc: The PUR displayed by the control reactor (essentially PUR )
PUR4, PURg: The PURSs displayed by the duplicate reactors

Figure 4.6 displays the results of a typical batch experiment investigating a specific inhibitor
concentration. As shown, the control reactor performed at a better removal rate than the other
reactors. While phosphorus removal in the control was stable from the beginning of aeration, the
entry of the inhibitor in the other reactors would often cause a slight disturbance, resulting in a
diminished PUR during the first 30-60 minutes of the experiment compared to their
performance after. This may be due to a combination of a disturbance in the water chemistry
and possibly a brief adaptation period of the biomass to the new conditions. Following this
period, the reactors displayed a steady PUR up until the remaining phosphorus became
significantly low or the capacity of the biomass to take up phosphorus had been largely saturated.
In all cases, the PUR of each reactor was established for the duration where a stable performance
was observed. As the VSS of each reactor were the same, the degree of inhibition could be
calculated directly by the slopes of the removed phosphorus.
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Figure 4.6. Phosphorus removal and determination of PURs of a typical batch experiment

For a better understanding of the methodology employed, an example of a typical batch
experiment is provided in the results section (chapter 5) for each specific investigation. The
results regarding the effect of FNA on the aerobic PUR of PAOs are presented in section
5.2.1.2.

4.2.1.3 Experiments investigating the mode of PUR inhibition

A modification of the direct linear plot method proposed by Eisenthal and Cornish-Bowden
(1974) was adopted to derive the mode of inhibition from the experimental results. Based on the
linear plot method, the Michaelis-Menten equation is fitted for PUR as follows:

PUR = PUR;FP. (4.4)

Kn? +S
where

PUR: the phosphorus removal rate measured in the batch experiments

S: the initial phosphate concentration at the beginning of the experiments
PURma™: the maximum apparent PUR

Ku™" : the half saturation apparent concentration respectively,

The linear transformation of the above equation results in the following rearrangement:

PUR
PURPE. = TK,‘,‘?” + PUR (4.5)

For example, In the case of non-competitive inhibition the degree of inhibition depends only on
the concentration of the inhibitor so an increase of the inhibitor concentration will result in a
decreased PUR. ™" whereas K,'*P will remain the same (Figure 4.7).
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Figure 4.7. Different types of inhibition using the modified direct linear plot method

In order to examine the type of inhibition of FNA and FA on aerobic PUR, three series of batch
experiments were performed for each inhibitor. In the batch experiments studying the effect of
FNA, the first batch run was carried out with zero FNA presence for three different initial PO4-
P concentrations and its results were compared to the other two batch runs carried out with
FNA concentrations of 2.8 pg/L and 4.6 pug/L respectively (each batch run was repeated for
three different initial PO4+P concentrations). The same methodology was applied for batch
experiments examining the effect of FA on aerobic PUR. In the first batch run the aerobic PUR
was measured for three different initial PO4-P concentrations in the absence of FA, while the
other two runs were implemented for an initial FA concentration of 2 mg/L and 3.5 mg/L
respectively.

Similarly, three series of batch experiments were performed for each inhibitor (FNA and FA) in
otrder to examine the type of inhibition of FNA and FA on anoxic PUR. In the case of FA, in
the first batch run the anoxic PUR was measured for three different initial PO4-P concentrations
in the absence of FA, while the other two runs were implemented for an initial FA concentration
of 3.2 mg N/L and 12.5 mg N/L respectively. Accordingly, in the case of FNA, the first batch
run was carried out with zero FNA for three PO4P initial concentrations and its results were
compated to the other two batch runs cartied out with FNA concentrations of 1 ug N/L and 3.1
ug N/L respectively.

Upon setting up axes Kmapp and PURmaxapp as the familiar x-y axes, for each batch
experiment, the measured PUR and the initial S are known and therefore creating a straight line
with a slope of PUR/S and an intercept equal to PUR. By applying the same methodology for
each replicate of each batch runs (each run corresponds to a certain FNA or FA concentration
and different PO,-P initial concentrations) three straight lines are produced (each corresponding
to different initial PO4-P concentration) which theoretically should intersect at a common point,
whose coordinates gives the best fit values for PURmaxapp (y-axes) and Kmapp (x-axes) for
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each inhibitor concentration. However, almost always, there isn’t any unique intersection point
due to errors. In such cases it was proposed to use the median value of the apparent values of
PURmax and Km instead (Eisenthal and Cornish-Bowden, 1974). In order to minimize the
errors in the reading of the apparent values, the above procedure was combined with a simple
statistical best fit determination of Kmapp value which resulted in the least sum of square errors
between the calculated values of PURmaxapp for each batch experiment and the average
PURmaxapp of the three batch tests in each run.

4.2.2 Experimental investigations regarding the activities of GAOs

The inhibition of FA and FNA on GAOs was evaluated based on their effect on their growth
rate. For this, a significantly highly GAO-enriched culture was demanded (as developed by
SBR5). This was in order to ensure that the effect of either FNA or FA on GAOs was
accurately representative of the specific group and not influenced by the presence of other
species. The high percentage of GAOs in the developed biomass that was required for a proper
assessment was primarily verified by FISH analysis throughout the experimental investigation,
but also by some routine experiments that were carried out throughout operation.

4.2.2.1 Routine experiments for evaluating the presence of GAOs

Similarly to the SBR configurations that focused on the development of PAOs, regular ex-situ
batch experiments were performed to evaluate the biomass’s capacity for phosphorus removal.
This was in order to supplement verification from FISH analysis that PAOs were practically
absent from the biomass. In addition, the anaerobic consumption of COD (along with the
possible release of phosphorus) was regularly monitored in situ. By ensuring the absence of
PAOs, the ratio of COD consumed anaerobically to the COD consumed throughout an entire
cycle could provide a minimum ratio of the GAOs/Total heterotrophs of the biomass (as GAOs
may also utilize COD under aerobic conditions). Nitrite and nitrate concentrations in the SBR
were also regularly monitored throughout operation to ensure that NOB and AOB had been
suppressed by the addition of Thiourea. All this information provided a clearer picture of the
dominance of GAOs in the developed biomass, allowing the experimental data from the
investigation of the effects of FNA and FA on the biomass, to be representative of their effects
on GAOs.

4.2.2.2 Experiments investigating GAO growth inhibition

Having established a highly GAO enriched sludge, a series of batch experiments was conducted
in order to investigate the effect of FNA on the growth rate of GAOs. In each experiment,
approximately 450 Ml of biomass was retrieved from the SBR and divided equally into 3
containers, each with a working volume of 1 L. The containers were then diluted up to
approximately 500 M, after which an appropriate amount of acetate, in the form of a sodium
acetate solution, ammonium, in the form of a ammonium chloride solution and phosphorus, in
the form of a potaSSium phosphate solution were added. The sludge was then further diluted up
to a volume of 1 L And kept under stirring conditions. The pH of was set to the desired value
and kept constant throughout the experiment. The targeted initial concentrations of each
parameter were: 300 mg VSS/L, 3000 mg COD/L, 300 mg NH,-N/L and 50 mg PO4P/L. The
high F:M ratio of 10 along with the abundance of nutrients would provide maximum growth
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conditions (Stasinakis et al., 2003). In this respect, the initial concentration of ammonium was
chosen to be at 10% of the initial COD and phosphorus at just above 1.5%, which would

correspond to the typical stoichiometric demands for microbial growth.

In each experiment, one of the reactors served as a control, while an appropriate amount of
nitrite, in the form of a sodium nitrite solution was added to the other reactors in order to
achieve the targeted FNA concentration that was to be examined, in accordance to pH. The
reactors were aerated over a period of 26 hours under constant pH and temperature (25°C). The
VSS of each reactor were measured on an houtrly basis while samples were routinely retrieved

and analyzed for nitrite to ensure a constant concentration.

Figure 4.8 presents the variation of VSS for a typical batch experiment in the absence of
inhibitors. During the exponential growth phase, microbial growth may be described by the
following equation (Kappeler et al., 1992):

X
In [X—O] = (umax — Kd) xt (4.6)

where

X: the concentration of VSS at t time
XO0: the concentration of VSS at the start of the exponential phase
umax: the maximum microbial growth rate

Kd: the microbial death rate
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Figure 4.8. Variation of VSS in typical batch experiment.
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In the presence of an inhibitor, the exponential net growth is diminished, due to a lower growth
rate but also possibly due to a higher death rate:

In [%] = (ui— Kdi) xt (4.7)

where

ui: the (otherwise maximum) growth rate in the presence of a specific inhibitor concentration
Kdi: the microbial death rate in the presence of the specific inhibitor concentration

As such, the degree of inhibition is determined by its effect on the net growth of the culture, and
may be estimated by comparing the slopes during the exponential growth phase.

4.3 Analytical methods
4.3.1 Analysis of total and volatile suspended solids (TSS — VSS)

Determination of Total Suspended Solids (TSS) and Volatile Solids (VSS) was performed
according to method 2540 D of Standard Methods for the Examination of Water and
Wastewater, 22° Edition, 2012. This method is applicable for water and treated or untreated

wastewater.

The basic techniques for solids determination are separation by filtration, evaporation,
combustion and weighing. Initially, during filtration, a separation is made between the
suspended, non-permeable solids and the dissolved, permeable solids. Whatman GF / C layered
filters with a pore size of 1.2 um were used for this application. These filters hold the particles
along their mattress, trapping them in a mesh of inorganic fibers. The filter is first placed in an
oven at 550°C (Figure 4.9d) for at least 15 minutes in order to completely remove possible
moisture, whereafter it is left to cool in a dryer (Figure 4.9b) and is weighed on a precision scale
(Figure 4.9a) prior to filtration. The sample is stirred effectively in order to homogenize its
content and is applied to the filter under vacuum. The selected volume of the sample depends on
the density of the liquor.

Following filtration, the filter is placed in an oven, that is maintained at 103-105°C (Figure 4.9¢),
for at least 1 hour, for the complete removal of moisture (evaporation stage). After it is left
briefly to cool in the dryer, the filter is then weighed once again. With this, the TSS
concentration of the sample may be determined as:

MSl - Mf
sample

where:
M.i: the filter’s weight after the evaporation process
Mg: the filter’s weight prior to filtration

Vample: the volume of the filtered sample
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After determining the TSS of the sample, the filter may be then placed in the oven set to 550°C
for a period of at least 15 minutes, for the removal of the volatile solids (combustion stage).
After allowing the filter to return to room temperature in the dryer, the filter is once again
weighed and the VSS concentration of the sample may be determined as:

Msl - Msz
sample

where:

M the filter’s weight after the evaporation process
M the filter’s weight after the combustion process

Vample: the volume of the filtered sample

Figure 4.9. Appliances for TSS and VSS analysis. (a): precision scale, (b): dryer, (c): evaporation
oven, d): combustion oven
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4.3.2 Analysis of phosphorus

The method for the determination of total phosphorus and its various fractions was performed
based on the standard method 4500-P E. Ascorbic Acid of Standard Methods for the
Examination of Water and Wastewater, 22° Edition, 2012.

Phosphorus in urban wastewater is found either in inorganic form as orthophosphate radicals
(PO,>, HPO.?, HoPOx) and polyphosphate chains or in organic form. The determination of
organic phosphorus and polyphosphates first requires their hydrolysis to orthophosphates. For
this reason, the determination of total phosphorus that includes all three forms of phosphorus
(orthophosphate, polyphosphate and organic phosphorus) is performed in two stages. In the
first stage, organic phosphorus and polyphosphates are digested with the aim of converting them
into orthophosphate radicals and in the second stage, the total phosphorus is determined as
orthophosphates (PO,-P).

The amount of organic phosphorus can be determined in most samples, where chemical
precipitation is not expected to occur, as the difference between the total phosphorus of an
unfiltered sample and the total phosphorus concentration of the same sample after filtration
through membrane type filters (0.45 um). By bypassing the digestion step and directly filtrating a
sample through a 0.45 um membrane, it is possible to determine the orthophosphate radicals in
the sample by applying the ascorbic acid method. By digestion of a filtered sample and then
application of the ascorbic acid method, the total of orthophosphate radicals and polyphosphate
chains is determined.

During the digestion step, the sample is heated to boiling point in the presence of sulfuric acid
and a catalyst (ammonium persulfate). Under these conditions the organic matter is oxidized to
CO; and H>O, while the phosphorus contained in the organic matter and in the polyphosphate
chains is hydrolyzed to orthophosphates. The orthophosphate concentration can then be
determined by various spectroscopic methods.

The concentration of orthophosphates was determined according to the ascorbic acid method. A
mixture of ammonium molybdate ((NHs)sMoO.) and potassium-antimony tartrate
(K(Sb)CsH4O¢) is used, which reacts with the orthophosphates under acidic conditions,
producing ammonium phosphomolybdate according to the following reaction:

PO;3® + 12(NH,),M00, + 24H* - (NH,)sP0,.12M00; + 21NH} + 12H,0

Then, in the presence of ascorbic acid, the molybdenum contained in the ammonium
phosphomolybdate complex is reduced to free molybdenum, giving a strong blue tint to the
solution. The hue of the solution is proportional to the orthophosphate concentration (for
values between 0.1 and 1.0 mg P/L) which may be determined spectrophotometrically at a
wavelength of 890 nm.

Following their filtration, samples were diluted appropriately in 50 mL volumetric flasks, based
on the expected phosphorus concentration (within the respective limits) and transferred to
conical flasks. Then, 8 mL of mixed reagents (mix) were added to each flask and allowed to react
for a period of 10 minutes, in which the reaction becomes complete. The mix consists of 50 mL
5N sulfuric acid, 5 60ypothesiium antimonyl tatrate, 15 ml. ammonium molybdate and 30 mL
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ascorbic acid. The samples would undergo spectral analysis within the following 20 minute
period as to not allow discoloration.

Figure 4.10. Samples prepared for spectral analysis for the determination of orthophosphates

4.3.3 Analysis of ammoniacal nitrogen

The process for the determination of ammoniacal nitrogen (NH4-N + NH3-N) is based on the
4500-NH3 C. Nesslerization Method (Direct and Following Distillation) of the Standard
Methods for the Examination of Water and Wastewater, 18" Edition, 1992.

The method involves distillation in a BUCHI K-314 apparatus (Figure 4.11), where under
alkaline conditions water vapor is introduced into the sample. Under these conditions the

ammonia is released as follows:

heat
NH,— NH; T+ H*

A concentrated NaOH solution is first added to the sample in order to raiSE pH close to 9.5,
while the ammonia gas is collected in an acidic boric acid solution, where it retakes the form of
ammonium.

NH; T + HsBO; — NH} + H,BO3

Upon completion of the distillation, the distilled solution is transferred to a 50 mL volumetric
flask, after appropriate dilution, where 2 ml of the Nessler reagent are added. The Nessler
reagent is a mixture of potassium iodide and mercuric iodide, which react with ammoniacal
nitrogen under alkaline conditions to give a brownish-yellow colloidal solution (Figure 4.12),
according to the following reaction:

2K,Hgl, + NH; + 3KOH —» Hg,IONH, + 7KI + 2H,0
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The reaction of the diluted sample with the Nessler reagent requires around 10 minutes to be
complete. Upon completion, the concentration of the ammoniacal nitrogen may be determined
using a spectrophotometer at 425 nm, as the hue of the solution is proportional to the
concentration of ammonium. Analysis was performed within 30 minutes from the completion of

the reaction to avoid discolouration of the samples.
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Figure 4.12. Samples prepared for spectral analysis for the determination of ammoniacal
nitrogen.
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4.3.4 Analysis of nitrate nitrogen and nitrite nitrogen

Analysis for nitrate nitrogen was performed by the HACK LCK339 method, which is based on
the reaction of nitrate anions with 2,6-dimethylphenol to form 4-nitro-2,6-dimethylphenol, in a
solution containing sulfuric and phosphoric acid. Following filtration and appropriate dilution, 1
mL of the diluted sample was added to a vial of LANGE LCK 339 reagent along with 0.2 ml of
the accompanying reagent supplied with the vial. After 15 minutes the reaction is complete, and
the nitrate concentration is measured using a spectrophotometer at a wavelength of 345 nm. The
range of measurement is within 0.-3 - 13.50 mg NO;-N / L.

Analysis for nitrite nitrogen was performed with the HACK 5807 Nitrite method, which is based
on the reaction of nitrite with sulfanilic acid to form a nitrogenated sulfanilic salt, which reacts
with chromotropic acid to produce a pinkish color. Following filtration and appropriate dilution
of the sample, a HACK Nitriver 3 reagent is added to 10 mL of the diluted sample. The sample
is then stirred lightly and left over a period of 20 minutes for the completion of the reaction.
Following this, the sample is analyzed spectrophotometrically at a wavelength of 507 nm. The
range of measurement is within 0.002 and 0.300 mg NO»-N / L.

4.3.5 Analysis of COD

Analysis of soluble chemically required oxygen (COD) was performed according to the 5220 D
"Closed Reflux Colorimetric Method" of Standard Methods for the Examination of Water and
Wastewater, 22° Edition, 2012.

COD is defined as the chemically required oxygen for the oxidation of organic and inorganic
compounds in a sample. It is essentially the amount of potassium dichromate (Kr.CrOr)
consumed during this oxidation. Through its measurement, the biodegradable or non-
biodegradable organic load of the wastewater is determined.

A strongly acidic environment (50% H.SOy) is required to measure COD. A sample is digested
with a strong acid solution and a quantity of potassium dichromate at a temperature of 150°C for
a period of 2 hours, while Ag,SOy is added as a catalyst for the more efficient oxidation of some
organic compounds, such as volatile organic acids which, due to their volatility, are not oxidized
as efficiently. The organic compounds under these conditions are oxidized to CO,, H.O, NH4",
PO,”, SO4?, while the Cr (VI) dichromate anion is reduced to Cr (III). These two oxidation
states of chromium are characterized by orange and green colours respectively, and are absorbed
at specific wavelengths(400 nm for Cr (VI) and 600 nm for Cr (III) ).

For the application of the method, ready-made reagents of the company HACH were used.
These reagents are contained in vials depending on the measuring range. HACH LCK314 vials
are used for a measuring range of 15-150 mg / L and HACH LCK114 vials ate used for a
measuring range of 150-1000 mg / L. The digestion at 150°C was carried out in a compatible
digester device (Figure 4.14) of the same company. The measurement of the wavelength was
done in a spectrophotometer of visible light type HACH DR2800.
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Figure 4.13. HACK vials for COD analysis.

Figure 4.14. COD digester.
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4.3.6 Measurement of DO, pH and temperature

Measurement of DO, pH and temperature, both in the SBR as well as during the ex-situ batch
experiments, was carried out with the use of a portable pH meter 3110 (Figure 4.15) and a Multi
3510 portable oxygen meter (Figure 4.16) of the company WTW (both accessories possessed a

specialized probe for the measurement of temperature).

Figure 4.15. Portable pH meter 3110 manufactured by WTW.

Figure 4.16. Multi 3510 portable oxygen meter, manufactured by WIW.

4.3.7 Fluorescent In Situ Hybridization (FISH) analysis

The in-situ identification and quantification of PAOs and GAOs was carried out through FISH
analysis, as detailed in Amann (1995). As mentioned, the quantification of GAOs was a
prerequisite for the validity of the experiments regarding the effect of FNA and FA on their
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growth, as they needed to account for a significantly high percentage (>90%) of the total
microbial community of the biomass.

FISH analysis is a molecular cytogenetic technique which uses fluorescent probes that only bind
to specific parts of a nucleic acid sequence, with a high degree of sequence complementarity. The
method is based on the uniqueness of the oligonucleotide sequence in the ribosomal ribonucleic
acid (tfRNA) of each microbial species. As such, identification of specific microbial groups is
achieved based on the genotype, and not from the phenotype of the microorganism. The
fluorescent probe consists of a short oligonucleotide chain (known as the tracker) which is
attached to a fluorescent substance. The probe penetrates the microbial cell and hybridizes with
its complementary RNA sequence, where present. Probes that do not attach, due to the absence
of the complementary RNA sequence, are thereafter removed during the purification step,
leaving only the attached probes. The fluorescent substance on the edge of the attached tracker
produces a signal under fluorescent light, enabling identification of the targeted microorganism.

The trackers can identify the strains which make up a particular microbial group and may be
designed to target a specific family, genus or even species (Amann, 1995). While the sequence
length of the tracker offers excellent control of its specificity, the method has several restrictions
and a margin of error, as it is possible that some trackers may bind to other microorganisms with
a similar oligonucleotide sequence, while some of the targeted microorganisms may not be
reached by the trackers.

The samples that are prepared for FISH analysis as are also stained with 4',6-diamidino-2-
phenylindole (DAPI) that attaches to the entirety of the microbial population. DAPI is a
fluorescent stain that is excited with ultraviolet light and is detected through a blue/cyan filter.
Images captured under the microscope with the use of a cyan filter (showing total
microorganisms) may then be compared to the associate images captured with the use of the
probe-specific filter (showing the targeted group). By creating composite images, with the use of
an appropriate program, the common area of the overlapping images may be calculated and
compared to the area of the image captured under the cyan filter. As such, the percentage of the
targeted group towards the entire microbial community may be expressed as the ratio of these
two areas. An increased number of images is required for a proper assessment.

Throughout the various investigations of this work, FISH analysis was regularly used to verify
the existence of PAOs in the biomass. In addition, 2 major extensive quantification analyses
were undertaken for 2 specific investigations. These concern SBR5, in which a significantly
highly GAO-enriched biomass was demanded, and SBR10, which operated under the optimum
conditions for PAOs. Fach quantification was based on a total of 64 pairs of FISH images.
Specifically, in each analysis, 2 separate samples were retrieved from the SBR and prepared for
FISH, out of which 2 duplicate samples were examined under the microscope for each original
sample. Then, 16 pairs of images were obtained for each sample under the microscope. The
samples were observed under a Nikon microscope Eclipse 80 under fluorescence with the
appropriate filter and the images were processed with the use of the program Image-Pro, which
was used to calculate the percentage of the target group towards all microorganisms (%o target
group / DAPI).

In each investigation, the targeted groups and the probes that were used were the following:
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PAOs were identified with the use of Cy3-labelled PAOMIX probes, in accordance with Crocetti
et al. (2000). PAOMIX consists of equal quantities of PAO462, PAOG651 and PAO846 trackers
which target most _Accumnlibacter.

Competibacter, the main acetotrophic GAO, was identified with the use of Cy3-labelled GAOMIX
probes (equal quantities of GAOQ989 and GB_G2 trackers), in accordance with Crocetti et al.,
2002).

Deflnviicoccus vanus, the main alphaproteobacterial GAO, was identified with the use of Cy3-
labelled DF1IMIX probes (equal quantities of TFO_DF218 and TFO_DF618 trackers) targeting
Defluviicoccus vanus Cluster 1 and Cy3-labelled DF2MIX probes (DF988, DF1020 plus helper
probes H966 and H1038) targeting Defluviicoccus vanus Cluster 2 (Wong et al., 2004).

In the experiments regarding the effect of FNA on GAOs (presented in section 5.5), additional
FISH analyses were carried out in order to ensure their validity. In each experiment, samples
were obtained from each reactor at the start and upon completion of the experiment and put
through FISH analysis for Competibacter. For each sample, 16 pairs of images were captured,
processed and quantified. This was to ensure that the highly GAO-enriched culture had not been
contaminated by a shift in the biomass throughout the duration of the experiment, ensuring that
the growth rates observed were specific to GAOs.
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Chapter 5: Results and discussion

5.1 Introduction

The application of EBPR in high nitrogen loading systems that are based on
nitritation/denitritation appears challenging. As discussed in chapter 2, free nitrous acid (FNA)
which is the protonated form of nitrite, has been reported to be a strong inhibitor of PAOs. In
addition, there have been recent reports that free ammonia (FA) is also an inhibitor of PAOs. As
the percentage of nitrite in the form of FINA increases adversely to pH, while the percentage of
ammonium in the form of FA increases with pH, the conditions in said systems generally appear
hostile for the development of PAOs. While FNA and FA are known inhibitors of PAOs, the
degree to which they inhibit EBPR is not clear as well as their mode of inhibition. The effect of
FNA on PAOs has been studied to some extent, yet conclusions on its severity differ in the
literature, particularly in the case of the anoxic processes of PAOs. The effect of FA on the other
hand has only been observed in cases of prolonged exposure to the inhibitor. Furthermore, the
combined effect of FNA and FA on PAOs has not been studied as of this point. An
investigation of this could provide valuable information regarding the application of EBPR in
conditions of high ammonium and nitrite accumulations, with pH control playing a key role.
While the performance of PAOs is threatened under these conditions, so is their sustainability
since GAOs, which are the main antagonists of PAOs, may possess a stronger tolerance to these
inhibitors. As such, the effective application of EBPR should consider the inhibition of PAOs
under said conditions, the inhibition of GAOs, and strategies to promote the proliferation of
PAOs. In the following sections the results of the present study are explicitly presented and
analyzed.

Section 5.2 presents the investigation of the effect of FNA on PAOs. The investigation focused
on the effect of FINA on the phosphorus uptake rate (PUR) of PAOs under aerobic and anoxic
conditions for which a series of experiments was conducted on a PAO-enriched sludge that was
developed under laboratory conditions. The results were used to construct an inhibition model
for the effect of FNA on PAOs. Accordingly, section 5.3 presents the investigation of the effect
of FA on PAOs. The investigation focused on the effect of FA on PUR under aerobic and
anoxic conditions, while also examining its effect on the anaerobic processes of PAOs. The
investigation was supported by a series of experiments conducted on a PAO-enriched biomass
that was developed under laboratory conditions. Based on the results an inhibition model was
developed to simulate the effect of FA on PAOs. Section 5.4 presents the investigation of the
combined effect of FNA and FA on PAOs. The investigation was supported by a series of
experiments conducted on a PAO-enriched biomass and adopted the results of sections 5.2 and
5.3 for the development of a combined inhibition model.

Section 5.5 presents the investigation of the effects of FNA and FA on GAOs. The investigation
focused on the effect of FNA and FA on the growth of GAOs under aerobic conditions, while
also examining the effect of FA on the anaerobic processes of GAOs.

Section 5.6 presents the investigation of strategies to promote EBPR in conditions of
nitritation/denitritation, with focus on the antagonism between PAOs and GAOs. The
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investigation was undertaken by examining the effectiveness of various laboratory configurations
and substrates for the sustainability of PAOs.

Finally, section 5.7 presents the assesment of optimizing conditions for EBPR in high nitrogen
loading systems. The investigation is supported by a mathematical simulation model that was
developed based on the findings of section 5.4 and the viability of EBPR is examined for various
nitrogen loadings with the utilization of optimum strategies that were evident in section 5.6.

5.2 Inhibition of PAOs due to free nitrous acid

It has been well established that nitrite has a significant inhibitory effect on EBPR. However, the
severity of this inhibition appears to vary in the literature. It is generally accepted that the
protonated form of nitrite (FNA) is the actual inhibitor, meaning that pH strongly influences the
effect of nitrite on PAOs. To put this into perspective, the FNA content of a specific nitrite
concentration at the pH of 7 for example, is 10 times the content of the same NO;
concentration at the pH of 8. FNA has been found to inhibit both the aerobic and anoxic
activities of PAOs to varying degrees. While the exact mechanism of PAO inhibition by FNA
has not been determined as of this point, it is hypothesized that it is due to the direct inhibition
of the poly-P kinases (PPK) enzyme which is responsible for the synthesis of poly-P chains by
transferring the phosphate residue from a high energy donor to the poly-P chain (Zhou et al.,
2007). As such, FNA directly influences the uptake of phosphorus by PAOs, which in turn
affects their growth. In high nitrogen loading systems, where high nitrite accumulations may be
expected, the sustainability of PAOs could be threatened by the FINA content, while their
performance under the effect of this inhibitor may limit the effectiveness of EBPR. Therefore,
information on the degree to which FNA inhibits PAOs is important in the determination of the
viability of EBPR in such systems.

In this section, the effect of FNA on PAOs is examined both under aerobic and anoxic
conditions, focusing on the inhibition of the phosphorus uptake rate (PUR). In each
investigation, a PAO-enriched biomass was developed under laboratory conditions, which was
used in a series of batch experiments, to study the effect of various nitrite concentrations on the
PUR of PAOs at different pH. Upon determining the degree of PUR inhibition by FNA,
additional experiments were carried out to determine the mode of inhibition and provide kinetic

parameters for the construction of an inhibition model.

5.2.1 Investigating the inhibitory effect of FNA on aerobic PUR

The effect of FNA on aerobic PUR has been well documented in the literature, although the
degree of inhibition appears to vary. For instance Saito et al., (2004) reported that aerobic PUR
was 100% inhibited by the FNA concentration of 1.5 pg N/L, whereas Pijuan et al., (2010)
reported that the process was completely inhibited at the concentration of 4 pg N/L. This may
be due to differences in acclimation to FNA, even though in both cases biomass was reported as
non-acclimatized. Zhou et al., (2007) studied the effect of FNA on an acclimatized biomass and
reported a threshold of 10 ug HNO>-N/L (which at 20°C would cotrespond to 39 mg NO,-N/L
at the pH of 7, or 390 mg NO»-N/L at the pH of 8).

As the reports regarding the degree of inhibition by FNA are in disagreement with each other, a
comprehensive investigation regarding the effect of FNA on aerobic PUR became necessary.
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Since acclimation to FNA greatly affects the tolerance of PAOs to the inhibitor, an effort was
made in this investigation to determine what constitutes an acclimated biomass, in terms of
prolonged exposures to FINA accumulations.

5.2.1.1 Performance of the experimental system

A lab scale SBR system was operated continuously for a period of approximately 8 months to
provide a PAO-enriched biomass that was used in a series of aerobic batch experiments to study
the inhibitory effect of FNA on aerobic PUR.

5.2.1.1.1  Start-up period

During the start-up period the SBR operated on 2 daily cycles each consisting of an anaerobic
phase, an aerobic phase and an anoxic phase. Settling and decanting occurred once per day over
a 2 hour period due to technical limitations mentioned in the materials and methods section.
Initially there was a slight difference between the operational cycles. The first cycle consisted on
a 3 hour anaerobic phase followed by a 7 hour aerobic phase and a 2 hour anoxic phase, while
the second cycle consisted of a 2 hour anaerobic phase followed by a 6 hour aerobic phase and a
2 hour anoxic phase. Following a brief period of approximately 15 days, both daily cycles were
modified to consist of a 3 hour anaerobic phase followed by a 6 hour aerobic phase and a 1 hour
anoxic phase.

Feed consisted of a concentrated mixture of acetate, ammonium and phosphorus that was
introduced at the beginning of each anaerobic and each anoxic phase. The volume of each dose
was 250 mL. Prior to decanting, the SBR contained 10.5 L of liquor. Following the removal of
5.5 L of effluent, 5.5 L of water was added to the SBR bringing the mixed liquor’s volume to
10.5 L. Under mixing conditions, 1 L of mixed liquor was removed in order to achieve an SRT
of around 10 days. Thus, with the daily addition of 1 L. of the concentrated feed, the SBR’s
working volume averaged at 10 L simulating a HRT of around 2 days.

The addition of a carbon source at the beginning of the anaerobic phase would provide PAOs
with a competitive advantage, over common heterotrophic organisms in the utilization of COD.
During the aerobic phase, sufficient DO concentrations (>3 mg/L) would allow PAOs to
develop by oxidizing their stored PHAs, while residual acetate would be rapidly removed by
other heterotrophs. Since nitrification is expected during the aerobic phase, following the cease
of aeration, feed is reintroduced to the SBR in order to allow for rapid removal of any produced
nitrate or possibly nitrite via denitrification prior to the next anaerobic phase. In essence, this
nominal anoxic phase is mostly anaerobic and is to ensure strictly anaerobic conditions at the
beginning of the next cycle.

The daily dose of COD was gradually increased from 5 g/d to 8 g/d over a period of
approximately 20 days. The dose of 8 ¢ COD/d was regulated with respect to the aerobic SRT
(=6 days) in order to achieve a biomass concentration of around 2,500 mg VSS/L. The teason
for the lower early dosages was primarily in order to avoid accumulations of COD that could
cause bulking problems and secondarily to hasten the shift in the biomass from a mostly
common heterotrophic community to a PAO-enriched sludge. More specifically, since the seed
sludge contained a very low PAO population, practically all of the acetate introduced at the start
of the anaerobic phase would be available at the aerobic phase. This abundance of a readily
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biodegradable source of COD could in short time deteriorate the quality characteristics of
biomass and lead to bulking problems, causing a strain on the system’s operation. Additionally,
while PAOs would always have priority over common heterotrophs in the utilization of acetate,
it is possible that the presence of a large heterotrophic community could prove antagonistic in
the utilization of nutrients and the availability of oxygen, slowing the growth of PAOs.

The daily dose of ammonium was gradually increased up to 600 mg N/d over a petiod of
approximately 20 days, similarly to the dose of COD. This strategy was primarily selected in
order to ensure an adequate source of nitrogen for biomass growth and also to allow some
nitrification. During the start-up period, ammonium concentrations in the effluent were
monitored on a daily basis and the daily dosage was modified in order to maintain effluent
concentrations lower than 10 NH,-N mg/L to prevent accumulation of ammonium in the SBR.

The daily dose of phosphorus was 200 mg PO4-P/d, a dose much greater than the stoichiometric
demand for growth of heterotrophs in order to selectively promote the growth of PAOs. This
dosage would also compensate for the phosphorus that is removed via chemical precipitation,
allowing the availability of an adequate phosphorus source to be taken up by PAOs throughout
the aerobic phase. Access to phosphorus under aerobic conditions is important for PAOs as it is
required for them to reform their intracellular polyphosphate chains. Inability to do so would
result in a failure to take up acetate during the following anaerobic phase as no energy can be
produced from the hydrolysis of these chains. Consequently, if the phosphorus released
anaerobically by PAOs were to be removed from solution due to chemical precipitation
(primarily by the formation of struvite due to an increase in pH), this would most likely result in
a shift in the biomass in the favour of GAOs which do not require phosphorus and ultimately
the wash-out of PAOs from the system. Since great increases in pH were observed during
aeration for reasons described below, providing the SBR with a significant dosage of phosphorus
was of strategic importance for the growth and maintenance of PAOs.

5.2.1.1.2 Steady-state operation

The SBR was successful in developing PAOs that displayed notable activity as early as 3 weeks
from the commencement of operation. Following a period of adjustments in the feed and
configuration of the SBR, already described, during the first 20 days of operation, the SBR had
reached steady-state operation by day 60. The strong presence of PAOs was documented by
FISH analyses and was also validated by the observed anaerobic COD consumption coupled
with anaerobic P-release and aerobic P-uptake that characterize the biomass.

During steady state operation, MLVSS averaged at 2,500 £ 200 mg/L while MLSS averaged at
2,800 £ 200 mg/L. The biomass concentration that was maintained in the SBR is a direct result
of the chosen COD loading rate and SRT. The high MLVSS to MLSS ratio of approximately
90% is due to the use of synthetic wastewater that contained little to no solids.

The pH ranged from 7.5 to 8.5. Following decanting and re-filling of the SBR, pH would drop to
7.5 and would remain unchanged during the following anaerobic period. During aeration, pH
would rise significantly due to carbon dioxide stripping and reach 8.4 during the first daily cycle
and 8.5 during the second cycle. Nitrification was limited as intended and could not compensate
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for this rise in pH. For the same reason, pH remained practically unaffected by denitrification

during the anoxic phase.

As mentioned, feed entered the SBR at the start of each anaerobic and anoxic cycle over a 2
minute period. Fach dose provided the biomass with 2 g COD, 150 mg NH,-N and 50 mg PO,-
P that would raise the respective concentrations in the SBR by 200 mg COD/L, 15 mg NH4-N
/L and 5 mg PO,-P/L. At the beginning of the anaerobic phase, after feed, COD concentrations
in the SBR averaged at 240 * 20 mg/L, while phosphorus concentrations averaged at 25 £ 5
mg/L.

Under anaerobic conditions, COD dropped below 100 mg/L while the concentration of
phosphotus rose to 60 + 10 mg/L as shown in Figutre 5.1, indicating strong PAO activity in the
SBR. Both COD uptake and P-release appear to occur faster during the first hour of the
anaerobic phase with P-release rates averaging at 9.5 * 1 mg P/g VSS h and average acetate
utilization rates of 30 + 5 mg COD/g VSS h. This would correspond to a COD uprake/ Prctease tatio
of 3. However, during the remaining anaerobic period, the P-release rate dropped to merely 0.15
mg P/g VSS h. This would indicate that the capacity of PAOs to release phosphorus has been
largely saturated by this point. The acetate utilization rate also dropped after the first hour,
petforming at about half its initial rate. The much highet CODpuke/ Pretease tatio that characterizes
this period most likely indicates that the uptake of acetate is now achieved via glycolysis from
cither PAOs that have exhausted most of their intracellular polyphosphate chains, or far more
likely by GAOs and specifically Competibacter. That have a high affinity for acetate and often
accompany PAO communities. In any case it would appear that the extension of the anaerobic
HRT for periods longer than 1 hour, provide little in terms of P-release and may provide an

antagonistic advantage to GAOs.
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Figure 5.1. Typical variation of PO4-P and COD concentrations in the SBR during the
anaerobic phase of the first daily cycle.
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During the aerobic phase, most of the phosphorus was removed within the first 2 hours of
aeration, while acetate that remained after the anaerobic phase was rapidly removed within the
first 30 minutes of aeration. Figure 5.2 displays the typical variation of COD and phosphorus
during the first daily operational cycle. As is evident, the concentration of phosphorus is halved
within the first hour of aeration and at 25% of its initial concentration by the end of the second
hour of aeration. By the end of the aerobic phase, practically all phosphorus has been removed
from solution. The concentration of COD remains unchanged after the first 30 minutes of
aeration, averaging at 25 + 3 mg/L. This would indicate that all biodegradable COD has been
removed with almost 75% of it being taken up during the anaerobic phase and the remaining
25% being rapidly consumed by common heterotrophs very early in the aerobic phase.
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Figure 5.2. Typical variation of PO,-P and COD in the SBR during the anaerobic and aerobic
phase of the first daily cycle.

As evidenced, the biomass displayed high P-release rates coupled with COD consumption
during the anaerobic phase and good P-removal during the aerobic phase with an average initial
PUR of 10 + 1 mg P/g VSS h during the first hour of aeration. However, as previously
mentioned, phosphorus removal may also be influenced by precipitation reactions that occur due
to changes in water chemistry, specifically the formation of struvite due to an increase in pH.
Struvite is least soluble at the pH of 8 to 10, displaying the same solubility within this range, and
at is most soluble at the pH of 6.5 and below. Figure 5.3 displays the removal of phosphorus
during the aerobic phase with regard to pH. Within the first 30 minutes of aeration, pH is raised
from 7.6 to 8 due to carbon dioxide stripping and continues to rise throughout the aerobic
phase. It is likely that this initial rapid rise of pH may have contributed significantly to
phosphorus removal via precipitation, especially when considering that phosphorus removal in
the SBR appears to be more rapid during the first hour of aeration.
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Figure 5.3. Typical variation of PO,-P and pH in the SBR during the aerobic phase of the first
daily cycle

In order to propetly evaluate the biomass’s capacity to remove P in conditions of high DO
concentration without the interference of precipitation phenomena, regular ex-situ experiments
were conducted on sludge retrieved from the SBR, under controlled pH. Following feed, 500 mL
of sludge were extracted and placed into a container of similar working volume and left stirring
under anaerobic conditions for a period of 1 hour. Following this, the reactor was aerated for a
period of up to 3 hours over which samples were retrieved every 30 minutes. Throughout the
experiment pH was controlled at its initial value (7.6 * 1).

Phosphorus removal appeared to be linear in the controlled ex-situ experiments, as shown in
Figure 5.4, making the determination of PUR more reliable.
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Figure 5.4. Phosphorus removal in a typical ex-situ batch experiment.
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Figure 5.5 shows the profile of the oxidized forms of ammonia (nitrite and nitrate) in regard to
the concentration of ammonium during the aerobic phase. Nitrification in the SBR was limited
with NO,-N concentrations reaching just above 3 mg/L at the end of the 7 hour aerobic phase.
Ammonium concentrations dropped steadily during aeration, primarily due to growth
requitements of the biomass and secondatily due to nitrification. In total, 15 £ 2 mg/I. NH4-N
were removed during each aerobic phase, meaning an average daily removal of 30 mg/L. As 3
mg-NH,-N/L are ultimately converted to nitrate duting each aerobic phase, the remaining 24
mg/L are utilized for the daily growth of the biomass. This would cotrespond to roughly 10% of
the 2500 mg of biomass produced each day, which is a typical stoichiometric analogy.

Nitrite concentrations in the reactor were very low throughout operation and were noticeable
only during the first hour of aeration, reaching an average peek of around 0.5 mg N/L after 30
minutes of aeration. The maximum nitrite concentration observed was just below 1 mg N/L.
With regard to temperature and pH, this would mean that at no point was the biomass exposed
to an FNA concentration greater than 0.08 pg N/L.
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Figure 5.5. Typical variation of NH4-N and Nox-N in the SBR during the aerobic phase of the
first daily cycle.

Figure 5.6 displays the concentrations of P, COD and Nox-N during the anoxic phase. As
shown, the little nitrate produced during the aerobic phase is reduced very fast and the
conditions throughout this phase can be mostly considered as strictly anaerobic. A large portion
of the acetate entering with the feed at the start of this phase is rapidly oxidized by common
heterotrophs, removing both the remaining DO and nitrate. This is why the COD concentration
at the start of this phase appeats to be relatively low (at about 60 mg/L) with regard to the feed.
The remaining COD is taken up by the PAO-GAO community, accompanied with the release of
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P. Within the first hour of this phase, all acetate has been utilized and the concentrations of P
and COD remain unchanged for the remainder of this phase.

Anoxic phase
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Figure 5.6. Typical variation of PO,-P, COD and NOx-N in the SBR during the anoxic phase
of the first daily cycle.

In essence, this phase may be considered as an additional 2 hour anaerobic phase that occurs
prior to the 3 hour anaerobic phase before aeration. As such, the P-release rate is much higher
than the one observed during the second anaerobic petiod, reaching 30 mg P/g VSS.h during the
first hour. This is the reason for the high phosphorus concentration observed after decanting at
the start of the 3 hour anaerobic phase. The COD that is made available to PAOs following the
removal of DO and NOx is about 1/3 of the COD that it is made available during the next
anaerobic phase. As such, the capacity of PAOs to take up acetate is not saturated by the end of
this phase.

5.2.1.1.3 Evaluation of the PAO-enriched sludge

The SBR configuration was successful in developing a biomass with all the characteristics of a
strong PAO community, displaying anaerobic P-release rates of up to 30 mg P/g VSS.h and
good P-removal both in the SBR and under controlled conditions with an average aerobic PUR
of 7 £ 1 mg P/g VSS.h. The strong presence of PAOs was also verified by FISH analysis (Figure
5.7).
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Figure 5.7. In situ identification of PAOs using Cy-3 labelled PAOMIX (PAOs depicted in red
in a and c, all microorganisms stained with DAPI presented in blue in b and d).

5.2.1.2 Experimental assessment of the effect of nitrite on aerobic PUR

Having established a strong and stable PAO community, a series of ex-situ batch experiments
was conducted in order to investigate the effect of FNA on the aerobic PUR of PAOs. A total of
18 batch series were performed for various nitrite concentrations at the pH values of 7, 7.5 and
8. According to the experimental protocol, a minimum of four batch series were performed at
each pH. The nitrite concentrations for each series were chosen as to provide a satisfactory range
of inhibition degrees at each pH with regard to the relative FNA concentration and the reported
degrees of inhibition in the literature. The nitrite concentrations examined for each pH are
presented in Table 5.1.

Table 5.1. Nitrite concentrations examined at each pH

pH NO>-N (mg/L)
7 5,10, 25 50

75 10, 15, 20, 25, 30, 35, 45, 55, 70
8 10, 25, 50, 150, 250

At the beginning of each batch series, sludge was extracted from the SBR prior to feed and
divided equally into 3 bioreactors, each with a working volume of 0.5 L. An appropriate amount
of acetate, in the form of sodium acetate solution, was added to each of the reactors in order to
obtain an initial COD concentration of 200 mg/L. The pH of each container was adjusted to the
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targeted value just after feed addition and was kept stable for the remainder of the experiment.
The reactors were then left stirring under anaerobic conditions over a 1 h period. Following the
anaerobic phase, the reactors were then aerated over a period of 3—4 h. One of the bioreactors
served as a control, while the other two reactors were fed with an equal amount of nitrite, in the
form of a sodium nitrite solution at the start of aeration. Thus, each batch series examined the
effect of a specific nitrite concentration on the duplicate reactors with respect to the control one.
Nitrite was introduced to the duplicate reactors after a brief aeration period of 10 minutes at
which point the initial samples were obtained. This was to ensure sufficient DO concentrations
in the reactors prior to their spiking with nitrite as to not allow its removal via denitritation.

The methodology for calculating PURs and the inhibitory effect of a specific FNA concentration
is detailed in the following typical batch experiment. Figure 5.8 displays the results for the nitrite
concentration of 10 mg N/L at the pH of 7. As is obvious, the control reactor performed at a
better removal rate than the reactors containing the nitrite concentration. While phosphorus
removal of the control was at a stable rate from the beginning of aeration, the entry of nitrite in
the other reactors would often cause a slight disturbance, resulting in a diminished PUR during
the first 30-60 minutes of the experiment compared to their subsequent performance. This may
be due to a combination of a disturbance in the water chemistry and possibly a brief adaptation
period of the biomass to the new conditions. Following this period, the reactors displayed a
steady PUR up until the remaining phosphorus became significantly low or the capacity of the
biomass to take up phosphorus had been largely saturated.

As is made clear in Figure 5.8b, the PUR of each reactor was established for the duration where
a stable performance was observed. In this particular experiment, the concentration of VSS in
each reactor was 2,200 mg/L. Based on the slopes of the experimental data, the control’s PUR
could be calculated as 7.7 mg P/g VSS h, while the PUR of the nitrite-containing reactors
averaged at 3.85 mg P/g VSS h. The nitrite concentration of 10 mg N/L at the pH of 7 was
therefore found to inhibit aecrobic PUR by 50%.
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Figure 5.8. P-removal and determination of PURs for typical batch experiment (NO»-
N=10mg/L, pH=7)
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The results of this series of experiments are presented in Figure 5.9 and Figure 5.10. As is shown
in Figure 5.9, nitrite appears to inhibit aecrobic PUR significantly more at lower pH values. This is
to be expected of course as FINA has been established to be the actual inhibitor and the
concentration of FNA increases inversely to pH for a specific nitrite concentration. For example,
the nitrite concentration of 50 mg N/L was found to fully inhibit P-removal at the pH of 7,
while at the pH of 8 it was found to inhibit the process by 50%. This is because the
concentration of FNA at the pH of 7 is 10 times greater than its concentration at the pH of 8 (13
ug N/L at pH=7 as opposed to 1.3 pg N/L at pH=8). Aerobic PUR was found to be inhibited
by 50% by a nitrite concentration of 10 mg NO,-N/L at the pH of 7, by 20 mg NO»-N /L at the
pH of 7.5 and by 50 mg NO>-N /L at the pH of 8.
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Figure 5.9. The inhibitory effect of nitrite on aerobic PUR.

The FNA concentration for each experiment was then calculated with regard to the relative
nitrite concentration, pH and temperature. The inhibitory effect of FINA on aerobic PUR is
presented in Figure 5.10. It is apparent that FNA practically inhibits PUR to the same degree at
each pH although inhibition at the pH of 7 appears to be slightly lower than the observed
inhibition at the pH of 8, while the inhibition levels at the pH of 7.5 appear to be characterized
by a greater dispersion compared to the other pH values.

PUR was found to be completely inhibited by 13 pg HNO>-N /L and inhibited by 50% at the
FNA concentration of 1.5 pg HNO>-N/L. The degree of inhibition in relation to FNA appears
to follow a logarithmic trend, similarly to the trends observed in relation to nitrite at different
pH. As such, at FNA concentrations lower than 1.5 pg N/L (the concentration that inhibits the
process by 50%), the addition of FNA would inhibit the process severely more than it already is
compared to the effect the same amount would have when added to a concentration greater than
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that. For instance, a margin of 4-6 pg HNO>N/L practically equally inhibits PUR by 80 %
while just 0.25 pg HNO,-N/L is enough to inhibit the process by more than 10%.
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Figure 5.10. The inhibitory effect of FNA on aerobic PUR.

One point of interest is that the inhibitory effect of FNA observed seems consistent with those
observed in studies where experiments were performed on a biomass that was acclimatized to
the presence of nitrite. Table 5.2 presents the various degrees of acrobic PUR inhibition reported
in the literature for different FNA concentrations. Saito et al. (2004) reported phosphorus
removal to be fully inhibited by the FNA concentration of 1.5 pg N/L for a non-acclimatized
biomass. In the present study the same FNA concentration was found to inhibit the process by
50%. Pijuan et al. (2010) reported 50% inhibition occurring for the FNA concentration of 0.52
ug/L and 100% inhibition for the FNA concentration of 4 pg/L. The relative FNA
concentrations of this study are much higher for these degrees of inhibition for a non-
acclimatized biomass as the process was found to be fully inhibited just under 13 pg/L.
Interestingly, Zhou et al. (2012) reported phosphorus removal by a biomass that was
acclimatized to the presence of FNA to be fully inhibited by 10 pg HNO,/L. This would
indicate that the biomass of this study displayed a slightly higher tolerance to FNA than that of
the acclimatized biomass. Yoshida et al. (2006) reported that the FNA concentration of 0.7pg/L
inhibited the aerobic PUR of a non-acclimatized biomass by 72% and the aerobic PUR of an
acclimatized biomass by 20%. In this study, the specific FNA concentration was found to inhibit
PUR by 30% which would suggest that the biomass’s tolerance to FNA is closer associated with
that of an acclimatized biomass.
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Table 5.2. Comparison of studies on the effect of FNA on aerobic PUR

PUR
Stud PAO FNA
oy ° inhibition
Saito et al., 2004 non-acclimatized 100% 1.5 pg/L
non-acclimatized 72% 0.7 ug/L
Yoshida at al., 2006 —
acclimatized 20% 0.7 ug/L
50% 0.52 pg/L
Pijuan et al., 2010 non-acclimatized
100% 4 pg/L
Zhou et al., 2012 acclimatized 100% 10 pg/L
50% 1.5 pg/L
This study non-acclimatized?
100% 13 pg/L

By all accounts it would appear that the biomass used in these experiments displayed a tolerance
to FNA that is characteristic of an acclimatized biomass. As mentioned, nitrite concentrations in
the SBR were particularly low and only observed during the first hour of aeration. The maximum
nitrite concentration observed was just below 1 mg NO,-N/L. With regatd to the associate pH
and temperature of the SBR, this would mean that the biomass was never exposed to a FNA
concentration to the order of 0.08 pg N/L. According to the experimental results of this study,
this FNA concentration would not inhibit PAO activity. This raises the question: Can the
biomass of this study be considered acclimatized to FNA? If so, this would suggest that PAOs
become acclimatized to FNA at very low concentrations.

In order to further investigate the effect of FNA on PAOs, a second series of experiments was
conducted on a biomass that was acclimatized to a ten-fold greater nitrite concentration than
that of the first series of experiments.

Having concluded the series of experiments on what was considered a non-acclimatized biomass,
nitrogen loading of the SBR was gradually increased, while the SRT was lowered in an attempt to
raise nitrite concentrations during the aerobic phase. Specifically, ammonium loading in the SBR
was gradually increased from 0.06 kg NH~N/m’ d to 0.15 kg NH,~N/m’ d over a period of 30
days, while the SRT was lowered to 8 days. The new aerobic SRT of 4.5 days would limit the
presence of NOB in the biomass, resulting in less nitrite being converted to nitrate during
aeration.

Following the transitional period of 30 days, the SBR was maintained under the new conditions
for 15 days, after which four additional batch experiments similar to the original series were
conducted. The objective of these experiments was to determine if the biomass would exhibit a
stronger tolerance to FNA due to acclimation to greater FNA concentrations in the SBR.

Under the new configuration, nitrite concentrations in the SBR increased significantly reaching
15 mg NO,-N/L while nitrate nitrogen represented a fraction of 1/4 - 1/3 of total NOx-N.
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Figure 5.11 displays a typical variation of NO»-N and NOx-N during aeration, while Figure 5.12
shows the variation of pH and the respective FNA concentrations. According to this, the
biomass was regularly exposed to FNA concentrations up to 0.35 pg/L. Based on the results of
the experiments previously conducted, this FNA concentration would inhibit aerobic PUR by
15-20%. The highest FNA concentration observed was 0.7 ug/L (10 mg NO,-N/L at pH=7.0),
a concentration almost tenfold the maximum concentration observed in the SBR during the first
series of experiments and one that was found to inhibit PUR by more than 30%.
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Figure 5.11. Typical variation of NO>-N and NOx-N in the SBR during the aerobic phase of the
first daily cycle
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Figure 5.12. Typical variation of FNA and pH in the SBR during the aerobic phase of the first
daily cycle
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While the SBR achieved a relatively steady performance in regard to nitritation/denitritation, this
was not the case for phosphorus removal. Following the 15 day maintenance of the SBR under
the new conditions, the 4 additional batch experiments were performed within 7 days. During
this time, the biomass’s capacity for phosphorus removal steadily dectreased from 6.5 mg P/g
VSS h to 3 mg P/g VSS h. After the conclusion of the fourth batch experiment, the biomass
displayed little to no phosphorus removal indicating that PAOs were likely washed out of the
system.

The nitrite concentrations examined in each experiment were 40, 70, 120 and 300 mg NO,-N/L
at the pH of 8. The respective FNA concentrations for each experiment were 1.1, 1.7, 2.7 and
8.35 ug HNO,-N/L. The results of these experiments are displayed in Figure 5.13 and are
compared to the results of the previous experimental series. As shown, the biomass appeared to
display the same tolerance to FNNA in terms of PUR inhibition as it had under the initial
conditions of the SBR, meaning that exposure to much greater FNA concentrations had not

improved its resilience.
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Figure 5.13. Experimental results on the effect of FNA for the first and second series of
experiments.

It should be noted that the 15 day period may not be considered a sufficient length of time to
achieve new steady-state conditions and consequently may not be enough time to observe
changes in acclimation. However, as the sludge was exposed to a gradual increase of FNA
concentrations over 40 days prior to this, by the time of the experiments some difference in
FNA tolerance could be expected. While exposure to greater FNA concentrations had no effect
on the degree of inhibition on PUR, the growth of PAOs in the SBR suffered as a result. Since
their tolerance of FNA did not improve, the PAO population decreased over time as their
inhibited growth could not compensate for their removal with the excess sludge. This inhibition
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also provided an advantage to GAOs that are known to possess a higher tolerance to FNA, thus
shifting the biomass populations in favour of them over time, hastening the wash-out of PAOs.
By day 24 under the new conditions, all PAO activity had ceased while there was a strong
presence of GAOs (Competibacter) that was observed by the anaerobic intake of acetate without

simultaneous P-release and documented by FISH analysis.

The results of this series of experiments would suggest that PAOs had already reached their
maximum tolerance to FNA during the first series of experiments and therefore may be
considered acclimated to FINA. This would be in agreement with other studies on the effect of
FNA as the degree of inhibition observed seems to be consistent with those observed for an
acclimatized biomass (Figure 5.14). Based on this, it is possible that PAOs are acclimatized to

FNA at relatively low concentrations.
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Figure 5.14. Comparison of studies on the effect of FNA on aerobic PUR.

In order to examine the tolerance of PAOs to FNA when developed under conditions of
minimum FNA presence, a new series of experiments was conducted. The SBR was re-set and a
new seed sludge from the WWTP of Psyttalia was used to develop PAOs. The SBR
configuration was as described in section 5.2.1.1 with one major difference; the ammonium
loading rate was lowered to 0.03 kg NH4-N/m’ d compared to the 0.06 kg NH4-N/m’ d loading
rate of the previous configuration during steady state operation. This ammonium loading would
just about cover the stoichiometric demand for microbial synthesis and significantly limit

nitritation, ultimately leading to the washout of AOB from the SBR.

After 37 days of operation, the SBR had already successfully developed PAOs with phosphorus
removal being observed both in the SBRs performance and in ex-situ batch experiments under
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controlled conditions. At this point, nitrite concentrations in the reactor were very low
throughout operation (<0.1 mg NO,-N/L), enabling an FNA-free environment for the growth
of PAOs.

On day 37, an experiment similar to the ones described previously was conducted on sludge
from the SBR, investigating the effect of 45 mg NO,-N/L at the pH of 7.5 (3.58 pg HNO;-
N/L). The control performed at a PUR of 8.41 mg P/g VSS h, while the PUR of the reactors
containing the nitrite concentration averaged at 1.17 mg P/g VSS h. This meant that PUR was
inhibited by this nitrite concentration by approximately 86%, whereas the previous series of
experiments found this concentration to inhibit PUR by approximately 64% at the same pH. It
would appear that nitrite was affecting PAOs noticeably more than previously.

On day 44, the effect of 35 mg NO,-N/L at the pH of 7.5 (2.7 pg HNO>-N/L) was investigated
in a similar manner. While the control performed with a PUR of 6.9 mg P/g VSS h, phosphorus
removal in the other reactors was found to be fully inhibited. On day 52, the concentration of 16
mg NO,-N/L at the pH of 7.5 (1.22 ug HNO,-N/L) was found to inhibit PUR by 95%. By day
63, a mere 6 mg NO,-N/L at the pH of 8 (0.14 ug HNO,-N/L) was found to inhibit PUR by
more than 90%.

It became evident that under these conditions, PAOs were losing their tolerance to FNA over
time. Interestingly, by the end of this series of experiments, the biomass was displaying very
good P-removal with PURs of up to 17.6 mg P/g VSS h, as shown in Figure 5.15.
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Figure 5.15. Variation of PUR throughout operation.

A possible explanation for this is the following. PAO populations are made up from individual
strains that possess different characteristics such as the affinity for a specific carbon source, the
capacity to utilize nitrite or nitrate and their tolerance to inhibitors. In that respect, each
individual strain may be characterized by a specific kirna or inhibition constant that corresponds
to the FNA concentration that inhibits its aerobic metabolism by 50%. Under conditions were
FNA is present, strains with a higher kirva will persevere over strains with a low kirna whose
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growth will be inhibited to a greater extent. Under developing conditions, this shift in the
biomass will be accompanied by a higher observed overall kimna.

Under developing conditions where FNA is practically absent however, strains with a higher
kirna lose this advantage, allowing other strains that are less tolerant to FNA to grow. These
strains may also possess certain advantages over others such as faster growth rates, leading to the
wash-out of the more FNA-tolerant strains. A shift in the biomass in their favour would be
accompanied by a lowering of the observed overall kirna of the biomass.

In further investigation (presented in section 5.2.1.3), the effect of FNA on PAOs was
determined to be best described by a non-competitive inhibition model. Therefore, the PURs
under the effect of FNA and in its absence observed in these experiments may be correlated
accordingly:

kiFNA

PUR = PUR oneror X (5.1)

kirna + Sena

where Spna is the FNA concentration of the reactor and kiena is the half saturation inhibition

constant of the overall biomass.

As the biomass loses its tolerance to nitrite over time, so does the kimna drop. The kirna in each
experiment can be determined as:

i _ PUR X Spyg
YNA T PUR coneror — PUR

(5.2)

Figure 5.16 displays the change in the overall ki, of the biomass over time from the day of the
first experiment of the series. As is apparent the biomass loses its tolerance to FNA over time as
less tolerant PAO strains become prevalent and displace the more resilient strains. The high
PUR rates observed by the end of the series may explain this shift in the PAO population as it is
indicative of higher growth rates.
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Figure 5.16. Diminishment of overall Kiena over time.
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The results of the experimental series that have been presented so far indicate that PAOs could
be acclimatized to FNA at concentrations as low as 0.08 pg HNO,-N/L, as PAOs that were
developed in conditions of FNA accumulations up to 0.35 pg HNO,-N/L possessed no greater
tolerance to the inhibitor. Both biomasses were found to be inhibited by 50%, in regard to PUR,
by an FNA concentration of 1.5 pg HNO,-N/L, and displayed practically identical degrees of
inhibition over the range of the FNA concentrations that were examined. On the other hand,
PAOs that were developed in the absence of FNA were found to be severely inhibited (>90%)
by an FNA concentration of only 0.14 pug HNO>-N/L. Therefore, it is likely that the
development of PAOs in conditions of even greater FNA accumulations, may not improve their
tolerance to the inhibitor. As such, the effect of FNA on aerobic PUR that has been presented
may concern an acclimated biomass. However, it is possible that more tolerant PAO strains may
be in existence but could not be developed under the conditions of the experimental system.

Having established the inhibitory effect of FNA on aerobic PUR, it was questioned if PAOs had
the capacity to recover from an acute exposure to FNA. In order to examine the recovery
potential of PAOs, an additional experiment was carried out. This experiment was conducted
upon completion of the first experimental series, with a similar protocol that differed as follows:
The effect of a nitrite concentration of 35 mg N/L on aerobic PUR was examined, and
compared to a control, over an aerobic period of 2 h at the pH of 7.8 * 0.1. After aeration, the
original amount of acetate (which would provide 200 mg COD/L) was once again added in
order to remove the nitrite concentration via denitritation and the reactors were maintained
under stirring conditions for an anoxic/anaerobic petiod of 2 h. Following this, the reactors were
once again aerated for a period of 2 h. The performance of the reactors during the second

aerobic phase was then compared to that of the control to determine the recovery potential of
PAOs.

The results of the experiment are presented in Figure 5.17. During the first phase of aeration, the
reactor containing the nitrite concentration of 35 mg NO,-N/L petformed pootly in comparison
to the control reactor, as expected. However, following the anoxic removal of nitrite and the
anaerobic release of phosphorous, the reactor appeared to remove phosphorus at an almost
identical rate (5% difference) to that of the control reactor, during the second aerobic period.
This would indicate that the capacity of PAOs to take up phosphorus had fully recovered from
the presence of FINA. As such, it may be concluded that FNA has no acute toxic effect on PAOs
and EBPR may recover quickly from nitrite shock loads, that have a short duration.

5.2.1.3 Modelling aerobic PUR inhibition due to FNA

The exact inhibitive mechanism of FNA on PAOs has not been well evidenced yet. There atre
reports referring to the decrease of energy generation rate (i.e. ATP production) (Zhou et al.,
2010 ; Zhou et al., 2011), while others report on its negative impact on the action of some crucial
enzymes and more specifically on the —PPK (Saito et al., 2004; Zhou et al., 2007; Wang et al.,
2011).
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Figure 5.17. Phosphorus removal under the effect of 35 mg NO,-N/L and after its removal.

By applying the modified direct linear plot method described in Materials and Methods (chapter
4), the values of PURm.™" and K™ were calculated for all experimental runs. According to the
results PURy"*? decreased from 21.9 mg PO4-P/g VSS h at the zero FNA experiment to 7.3 mg
PO4+P/g VSS h and 6.2 mg PO4-P g VSS h for the experiments performed with an FNA content
of 2.8 pg/L and 4.6 pg/L respectively. Furthermore, K" value for all experiments was almost
constant presenting an average value equal to 4.5 mg/L and a relative low coefficient of vatiation
(6%). The decrease of the PURw.™ with the increase of FNA concentration and the steadiness

of K" value clearly indicates a non-competitive mode of inhibition.

A possible inhibition mechanism of FNA on PAOs activity may be described by the ability of
FNA to bind equally well to both the PPK enzyme and the enzyme-substrate complex. In non-
competitive inhibition it is assumed that both bindings occur at a site distinct from the active
binding site that is being occupied by the substrate (allosteric site). The binding of FNA to the
allosteric site results in a conformational change to the active site of the enzyme thus resulting in
the decrease of product formation and therefore the decrease of PUR.."", while the affinity of
the enzyme for phosphates (substrate) is practically unaffected as FNA does not compete with
phosphates for the active site. Similarly, the effect of FNA on AOB and anammox activities has
been regarded to follow the non-competitive inhibition model (Jiménez et al., 2012; Puyol et al.,
2014).

In order to model FNA effect to aecrobic PUR the non-competitive inhibition kinetics were

adopted:

KiFNA
PUR = PUR gy —22 (5.1)
max SFNA + KiFNA
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where Kirna is the inhibition constant corresponding to the FNA concentration that inhibits the
process by 50%, Spna is the FNA concentration in the tank and PURuay refers to the maximum
aerated PUR at conditions with zero inhibition (practically refers to the PUR measured at the
control system of each experimental batch series).

The ability of the aforementioned non-competitive inhibition model was also compared with the
model proposed by Levenspiel (1980) (equation 5.3), the Andrew’s inhibition model (Andrews,
1968, equation 5.4) and the model proposed by Zhou et al. (2007) to describe FNA effect on
anoxic PUR (equation 5.5). It is emphasized that both Andrews’s and Levenspiel’s models are
substrate inhibition models which are widely used due to their simplicity. In the present study
both models are used only for comparison with the simple non-competitive model.

S
PUR = PURpyy (1 — S,F&

FNA *

)" (5-3)

where Spna’ is the critical FNA concentration in the tank at which PUR is completely inhibited

and n is a constant.

PUR = PUR,,,, S (5.4)
Ks+ Spna + K?:NA
iFNA
PUR = PURmaxﬂ eaSENA (5.5)
Ks + Skna

where Spna’ is the critical FNA concentration in the tank at which PUR is completely inhibited,
Ks is the affinity coefficient constant and n, a constants.

The Nash-Sutcliffe efficiency coefficient (NSE) and the percent bias (PBIAS) were used as
statistic indices to evaluate models’ performances as proposed by Moriasi et al. (2007).

Performance criteria used to accept each model’s predictivity were NSE > 0.8 and PBIAS within
+ 20%.

Models parametric values were calculated by performing best fit analysis to the experimental data
in order to obtain the least sum of square errors (SSE). Based on this methodology an FNA
inhibition constant of 1.5 ug/L was calculated for the simple non-competitive model (eq. 5.1).
Accordingly, by using a Sena” value of 13 pg/L (based on the experimental results), an n value
equal to 4.4 gave the best fit of this model. Both Andrews’s and Zhou’s models were applied by
adopting a Ks value of 0.031 pg/L as proposed by Zhou et al. (2007), while in Andrews’s model,
Kirna best fit value was equal to the value calculated for the simple non-competitive inhibition
model (1.5 pg/L). Under best fit conditions the four models SSE were equal to 696, 1,627, 807
and 1,038 for the simple non-competitive, Levenspiel’s, Andrews’s and the model proposed by
Zhou et al. (2007) respectively, thus highlighting that the former kinetic model is the more
accurate one (eq. 5.1). The same conclusion can be drawn upon considering the other statistical
indices as well (Table 5.3).

89|Page



Chapter |5

Table 5.3. Statistic indices for the FNA inhibition models examined for aerobic PUR

Statistical Non- Levenspiel Andrews Zhou et al.,
Index competitive (1980) (1968) (2007)
SSE-FNA 696 1627 807 1038
NSE-FNA 0.92 0.81 0.90 0.88
PBIAS-FNA 0.42% 0.44% -0.59% -1.07%

Figure 5.18 illustrates the graphical comparison between the experimental results and the non-

competitive model’s output.
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Figure 5.18. Comparison of experimental and predicted results regarding the inhibitive effect of
FNA on aerobic PUR.

5.2.2 Investigating the inhibitory effect of FNA on anoxic PUR

The effect of FNA on anoxic PUR has been studied to a lesser extent compared to its effect on
aerobic PUR and the reports in the literature appear to be in disagreement. For instance, Zhou et
al. (2010) reported that anoxic PUR was inhibited by 100% at the FNA concentration of 37 pg
N/L (a concentration significantly higher than the threshold reported for aerobic PUR), whereas
Zhou et al. (2012) reported that full inhibition was observed at the concentration of 5 pg N/L
(half the threshold for aerobic PUR). In the absence of definitive information regarding the
degree of anoxic PUR inhibition and the tolerance of the anoxic pathway in comparison to the
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aerobic pathway, an SBR was set-up to develop PAOs that were capable of denitritation, in order
to fuel a series of experiments that focused on anoxic PUR inhibition by FNA.

5.2.2.1 Performance of the experimental system

5.2.2.11 Start-up period

During the start-up period the SBR operated on 4 daily cycles each consisting of an anaerobic
phase, an aerobic phase and an anoxic phase. Settling and decanting occurred once per day over
a 2 hour period due to technical limitations mentioned in the materials and methods section.
Each cycle initially consisted of a 1 hour anaerobic phase followed by a 3 hour aerobic phase and
a 1.5 hour anoxic phase.

Feed consisted of reject water from the dewatering unit of the WWTP of Psyttalia that was
appropriately diluted and enriched with sodium propionate, potassium phosphate and in time
ammonium chloride. Each day 800 mL of the mixture were pumped into the SBR in 8 doses (2
per cycle) of 100 mL.. Dilution of the reject water was carried out in order to achieve the desired
ammonium concentration in the feed that was dictated by the ammonium loading of each step.
Prior to decanting, the SBR contained 10.4 L of liquor. Following the removal of 5.4 L of
effluent, 5.4 L. of water was added to the SBR bringing the mixed liquor’s volume to 10.4 L.
Under mixing conditions, 1 L of mixed liquor was removed in order to achieve a SRT of around
10 days. Thus, with the daily addition of 800 mL of the concentrated feed, the SBR’s working
volume averaged at 10 L simulating a HRT of around 2 days.

The addition of a carbon source at the beginning of the anaerobic phase would provide PAOs
with an advantage over common heterotrophic organisms, giving them priority in the utilization
of COD. During the aerobic phase, the sufficient DO concentrations (>3 mg/L) would allow
PAOs to develop by oxidizing their stored PHAs, while the residual propionate would be rapidly
removed by other heterotrophs. With the cease of aeration and the rapid depletion of the
remaining DO (within 5 minutes), the SBR was left without the addition of a carbon source
during the first hour of the anoxic phase. This was to provide PAOs with a competitive
advantage over common heterotrophs. As no propionate remained available by the start of the
anoxic phase, PAOs would always have priority in the utilization of nitrite and nitrate. Feed was
reintroduced 30 minutes prior to the beginning of the next cycle in order to remove any
remaining nitrite and nitrate, thus ensuring proper anaerobic conditions at the start of the next
phase.

Over the first 30 days of the start-up period, the daily dose of COD was gradually increased
from 5 g/d to 7 g/d, while the daily dose of ammonium was gradually increased from 400 to 800
mg N/d. The daily dose of phosphorus was 500 mg PO4P/d, a dose much greater than the
stoichiometric demand for growth of heterotrophs in order to selectively promote the growth of
PAOs. This dosage would also compensate for the phosphorus that is removed via chemical
precipitation, allowing the availability of an adequate phosphorus source to be taken up by PAOs
throughout the aerobic and the subsequent anoxic phase. The COD and ammonium
concentrations in the feed were regularly modified with regard to concentrations in the effluent
in order to avoid their accumulation in the SBR.
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The main objective of this initial period was to allow for the growth of PAOs that were capable
of denitritation and their acclimation to low FNA concentrations. This would require the
presence of nitrite during the anoxic phase in order to allow denitritation by PAOs but not at a
concentration that would significantly inhibit their growth due to the related FNA presence
during both the aerobic and anoxic phase. The relatively low aerobic SRT of 5 days would
provide some suppression of NOB making nitrite available for the anoxic phase and its
concentration regulated by the ammonium load. It is possible that the cultivation of PAO species
with a capacity for denitritation may also be achieved via the availability of nitrate. As of this
point it is not clear if PAOs have the capacity to directly reduce nitrate or if the presence of
GAOs is required to first reduce nitrate to nitrite that can then be utilized by PAOs in a
synergistic denitrification process. However, it is certain that this would enhance the presence of
GAOs in the biomass which could endanger the growth of PAOs.

After 30 days of operation the biomass started displaying noticeable PAO activity with aerobic
PUR rates of up to 7.5 mg P/gVSS h observed. In addition, some phosphotrus removal via
denitritation was observed as phosphorus removal continued during the anoxic phase along with
the removal of nitrite and nitrate.

While it became clear that the cultivated PAOs were capable of removing phosphorus via
denitritation, examination of their capacity to do so was limited in the SBR conditions due to the
following factors:

1. Phosphorus concentrations at the end of the aerobic phase were relatively low in order
to accurately examine anoxic P-removal.

2. The presence of nitrate may cloud an accurate assessment of P-removal via denitritation
as it may or may not be reduced, fully or partially, by other organisms.

3. While the range of pH during the anoxic phase is likely to have little effect on
precipitation reactions, or the percentage of nitrite in the form of FNA, a proper
assessment requires the study of anoxic P-removal under a constant pH.

Thus, the examination of P-removal via denitritation demanded regular ex-situ experiments
under controlled conditions in which phosphorous and nitrite were made available. In order to
form an experimental protocol, the following batch test was conducted at this point.

Following feed, 500 mL of sludge was extracted from the SBR and placed into a container of
similar working volume and left stirring under anaerobic conditions for a period of 1 hour.
Following this, an appropriate amount of nitrite, in the form of sodium nitrite was added in
order to obtain an initial NO, concentration of 40 mg N/L. From then after, samples were taken
every 30 minutes for a period of 3 hours and were analysed for phosphorus and nitrite.
Temperature and pH were kept constant throughout the experiment at 22 £1 °C and 7.65
respectively. The concentration of VSS was 2.2 g/L.

The results of this pilot experiment are displayed in Figure 5.19. As shown, phosphorus is
removed steadily throughout the experiment, while nitrite is reduced at a much higher rate
during the first hour of the experiment. This is because at this stage, not all of the propionate is
taken up by PAOs anaerobically, leaving a residual concentration that may be utilized by
common heterotrophs in the presence of nitrite. With the residual carbon source having been
used, denitritation thereafter occurs at a slower rate and can be attributed mainly to PAOs, which
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continue to take up phosphorus at a steady pace. The denitritation rate for heterotrophs
alongside PAOs is 7.9 mg N/g VSS h, while the denitritation rate for PAOs alone is 2 mg N/g
VSS h, accompanying a PUR of 2 mg P/g VSS h.
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Figure 5.19. Variation of PO4-P and NO,-N during the ex-situ batch experiment

While the removal of phosphorus here may appear limited, it should be noted that the initial
nitrite concentration with regard to temperature and pH of the reactor would result in an FNA
concentration of 2.3 pg N/L. According to the experiments regarding the effect of FNA on
aerobic PUR (section 5.2.1), this concentration would inhibit PAOs by more than 50%.
Therefore, in order to accurately assess the capacity of PAOs for denitritation, FNA
concentrations in the ex-situ batch tests are required to be at a minimum. This would require a
high pH and a relatively low yet abundant nitrite concentration.

The examination of P-removal via denitritation was hereafter examined in similar ex-situ batch
tests in which the nitrite concentration was kept constant at 8 £ 2 mg N/L with the frequent
addition of a sodium nitrite solution. The pH of each experiment was kept constant at the value
of 8, a relatively high pH that would limit the concentration of FNA. According to the
experiments regarding the effect of FNA on aerobic PUR, this concentration would inhibit
PAOs by less than 10%.

At this point the SBR’s configuration was altered so that each cycle now consisted of a 1 hour
anaerobic phase, a 2 hour aerobic phase and a 2.5 anoxic phase with feed being introduced at the
start of the anaerobic phase and 1.5 hours into the anoxic phase. The lower aerobic SRT would
allow further NOB suppression resulting in greater nitrite concentrations within the SBR. This in
turn would promote the anoxic growth of PAOs via denitritation. As it has been reported that
GAOs are incapable of denitritation with propionate as the sole carbon source this would
provide PAOs with a significant advantage, ultimately leading to the wash-out of GAOs from
the SBR.
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Under the new configuration the daily dose of COD was gradually increased up to 8 g/d, while
the daily dose of ammonium was gradually increased up to 1000 mg N/d over a period of 30
days and was maintained under the new conditions for a further 30 days prior to the beginning
of the experiments.

5.2.2.1.2 Steady-state operation

Following a period of adjustments in the feed and configuration of the SBR already described
during the first 60 days of operation, the SBR had reached steady-state operation by day 90. The
SBR was successful in developing a strong PAO population as was documented by FISH
analyses and validated by the observed anaerobic COD consumption coupled with significant
anaerobic P-release and aerobic P-uptake that characterize the biomass. In addition, the biomass
maintained a capacity for anoxic P-removal that was noticeable as early as 30 days from the
commencement of operation. Over time, the anoxic/aerobic PUR ratio displayed by the biomass
increased and remained constant from day 80 onwards.

During steady state operation, MLVSS averaged at 2,500 £ 300 mg/L, while MLSS averaged at
2,800 + 400 mg/L. The biomass concentration that was maintained in the SBR is a direct result
of the chosen COD loading rate and SRT. The pH ranged from 7.5 to 8.3. Following decanting
and re-filling of the SBR, pH would drop to 7.5 and would remain unchanged during the
following anaerobic period. During aeration, pH would rise due to carbon stripping and reach
8.2 £ 0.05 by the end of the aerobic phase. During the anoxic phase, pH rose up to 8.3 due to
denitrification.

As mentioned, feed entered the SBR at the start of each anaerobic cycle and 1.5 hours into the
anoxic cycle over a 2 minute period. Each dose provided the biomass with 1 g COD, 125 mg
NH,-N and 62.5 mg PO.-P that would raise the respective concentrations in the SBR by 100 mg
COD/L, 12.5 mg NH4-N /L and 6.25 mg PO,-P/L. At the beginning of the anaerobic phase,
after feed, COD concentrations in the SBR averaged at 170 * 20 mg/L, while phosphorus
concentrations averaged at 22 + 4 mg/L.

Under anaerobic conditions, COD concentration dropped to values less than 100 mg/L, while
the concentration of phosphorus rose to 70 = 10 mg/L as shown in Figure 5.20, indicating
sttong PAO activity in the SBR. The average P-release rate was 22 £ 2 mg P/g VSS h, while the
average propionate uptake rate was 44 + 5 mg COD/g VSS h. This would cotrespond to a
COD pake/ Pretease ratio of 2.

During the aerobic phase, the residual biodegradable COD was rapidly removed over the first 30
minutes of aeration, while phosphorus concentrations dropped dramatically during the first hour
of aeration, displaying a PUR of 22 + 3 mg P/g VSS h. It is possible that the removal of
phosphorus may have been assisted to some extent by the formation of struvite due to the rise
of pH, especially during the first 30 minutes of aeration (Figure 5.21). By the end of the aerobic
phase, the remaining phosphorus concentration was 5 * 2 mg P/L. After the cease of aeration,
the remaining phosphorus was taken up by PAOs by reducing the nitrite produced during the
aerobic phase. In this case it is unlikely that chemical precipitation contributed to phosphorus
removal as the solubility of struvite remains unchanged at pH above 8. Furthermore, the re-entry
of feed 4.5 hours since the beginning of the cycle did not result in P-release
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Figure 5.20. Typical variation of PO,-P and COD in the SBR during the first daily cycle.
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Figure 5.21. Typical variation of PO4-P and pH in the SBR during the aerobic phase of the first
daily cycle.

Figure 5.22 shows the profiles of nitrite, nitrate and ammonium nitrogen during the aerobic
phase. At the end of the aerobic phase the concentration of total NOx-N was 15 = 3 mg/L with
nitrite representing 2/3 of this amount. This was due to the intended NOB shunt that was
partially achieved by the low aerobic retention time. During the 1.5 hour period after the cease of
aeration approximately 80% of both nitrite and nitrate was removed by PAOs (and possibly by
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other heterotrophs via endogenous respiration), taking up P in the process. The remaining NOx
were rapidly removed with the re-entry of feed. Ammonium concentrations dropped steadily
during aeration due to oxidation and secondary due to the growth requirements of the biomass.
In total, 21 + 4 mg/L NH4N were removed during each cycle, meaning that an average of 6 mg
N/L per cycle or 24 mg N/L per day were utilized for the daily growth of the biomass. This
would correspond to roughly 10% of the 2,500 mg of biomass produced each day, which is a
typical stoichiometric analogy.
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Figure 5.22. Typical variation of ammonium, nitrite and nitrate in the SBR during the first daily
cycle.

Figure 5.23 displays the typical variation of FNA in the SBR during the aerobic phase of the first
daily cycle with regard to pH. As shown, for most of the duration, PAOs were exposed to an
FNA concentration greater than 0.1 pug N/L which would peak with the completion of
nitritation at a concentration of just below 0.16 pg N/L. According to the results of the
experimental series regarding the effect of FNA on aerobic PUR (section 5.2.1), concentrations
of this magnitude would have little effect on PAOs but may be considered adequate for their
acclimation to FINA.

As mentioned, in order to propetly evaluate the biomass’s capacity for phosphorus removal
under both aerobic and under anoxic conditions, regular batch experiments were conducted on
sludge samples retrieved from the SBR. In each experiment, 1 L of sludge from the SBR was
divided equally into 2 containers each with a working volume of 500 mL. The pH of each reactor
was set to 8 and kept constant throughout the duration of the experiment. Aerobic PUR was
examined as previously described in section 5.2.1.1., while anoxic PUR was evaluated according
to the experimental protocol developed during the start-up period.
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Figure 5.23. Typical variation of FNA and pH in the SBR during the aerobic phase of the first
daily cycle.

The biomass displayed phenomenally high aerobic PURs of up to 29 mg P/g VSS h and anoxic
PURs up to 13 mg P/g VSS h throughout operation. Figure 5.24 displays the results of a routine
batch experiment. The concentration of VSS was 2,460 mg/L and based on the slopes of the
experimental data, the aerobic PUR could be calculated as 27.4 mg P/g VSS h and the anoxic
PUR (via nitrite) as 10.3 mg P/g VSS h (approximately 38% of the aerobic PUR).
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Figure 5.24. Phosphorus removal under anoxic and aerobic conditions of the typical ex-situ

batch experiment.
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Figure 5.25 displays a comparison of the aerobic and anoxic PURs observed in the routine batch
experiments throughout operation. The aerobic PUR averaged at 25 £ 4 mg P/g VSS h, while
the anoxic PUR averaged at 10 + 3 mg P/g VSS h. The anoxic/aerobic PUR ratio appeared
relatively steady throughout operation with anoxic PUR being observed to occur at
approximately 40% of the aerobic PUR. It is possible that not all PAOs were capable of
denitritation although, given the SBR’s configuration and its stable performance it is more likely
that all PAOs had this capacity and that anoxic P-removal is thermodynamically considerably
slower than aerobic P-removal. Based on this finding it is anticipated that upon modelling
biological phosphorus removal processes, a nnox coefficient of around 0.4 can be used to
simulate anoxic phosphorus removal with respect to the respective aerobic process. This value is
lower than the one proposed in ASM2d (0.6) to simulate biological phosphorus removal in
conventional activated sludge systems (IWA, 2000).
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Figure 5.25. Variation of anoxic and aerobic PUR throughout operation.

5.2.2.1.3 Evaluation of the PAO-enriched sludge

The SBR configuration was successful in developing a biomass with all the characteristics of a
strong PAO community, displaying very good phosphorus removal both under aerobic and
anoxic conditions with an average aerobic PUR of 25 + 4 mg P/g VSS h and an average anoxic
PUR of 10 £ 3 mg P/g VSS h. The strong presence of PAOs was also verified by FISH analysis
(Figure 5.20). Quantification of 4 samples revealed that Accumulibacter (the main PAO group),
accounted for approximately 48% of the total microbial population.
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Figure 5.26. In situ identification of PAOs using Cy-3 labelled PAOMIX (PAOs depicted in, all
microorganisms stained with DAPI presented in blue).

5.2.2.2 Experimental assessment of the effect of nitrite on anoxic PUR

Having established a strong and stable PAO community, a series of ex-situ batch experiments
was conducted in order to investigate the effect of FNA on the anoxic PUR of PAOs. A total of
6 batch series were performed for various nitrite concentrations at the pH of 8. The nitrite
concentrations investigated were 25, 35, 75, 170, 270 and 350 mg NO>-N/L. The respective
FNA concentrations are 0.58, 0.82, 1.82, 4.73, 7.12 and 8.51 ug HNO,-N/L. At the beginning of
each experiment, sludge was extracted from the SBR prior to feed and divided equally into 3
bioreactors, each with a working volume of 0.5 L. The pH of each reactor was set to 8 £ 0.05
and kept constant over the duration of each experiment. Each reactor was fed with readily
biodegradable organic carbon, in the form of a sodium acetate solution, in order to obtain an
initial COD concentration of 100 mg/L and was stirred for 1 h under anaerobic conditions.
Following the anaerobic phase, nitrite in the form of a sodium nitrite solution was added to the
bioreactors in order to study phosphorus removal via denitritation. In each experiment, one of
the bioreactors served as a control and received an initial nitrite concentration of 10 mg NO,-N/
L. Throughout the experiment, the control’s nitrite concentration was kept constant at 8 + 2 mg
N/L by regular addition of the sodium nitrite solution. In each experiment, the effect of a
specific NO,-N concentration on anoxic PUR was evaluated in duplicates over a 3 h period.

After the completion of the series of experiments described above, the following supplementary
batch tests were conducted:

e In order to examine any possible differences in the inhibitory effect of FNA on anoxic
PUR with regard to the type of carbon source, a similar experiment was conducted with
sodium propionate instead of sodium acetate being added to provide the initial 100
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mg/L. COD concentration. The nitrite concentration in the duplicate reactors for this
experiment was 50 mg NO,-N/L and the pH throughout the experiment was kept stable
at 8 = 0.05.

e In order to confirm the effect of FNA on anoxic PUR at lower pH, a similar experiment
was carried out in which the performance of a control reactor, as described above, was
compared to that of two bioreactors under the same NO»-N concentration of 30 mg/L
at the different pH values of 7 and 8. The experiment was replicated twice to ensure
repeatability.

e In order to accurately compare the effect of FNA on anoxic PUR with its effect on
aerobic PUR, an additional experiment was conducted on the same biomass. In this
experiment, following a similar 1 h anaerobic phase, the reactors were aerated for a
period of 3 hours. One reactor containing no nitrite served as a control, while the other 2
bioreactors obtained a nitrite concentration of 50 mg NO,-N/L. This experiment was
conducted to ensure that the biomass used in this series of experiments had the same
acclimation to FNA with the biomass on which the experiments focusing on aerobic
PUR had been conducted (section 5.2.1.2).

The methodology for calculating PURs and the inhibitory effect of a specific FINA concentration
is detailed in the following typical batch experiment. Figure 5.27 displays the results for the
nitrite concentration of 170 mg N/L at the pH of 8. As shown, while phosphorus removal
generally occurred at a steady rate, the entry of sodium nitrite in the reactors would often cause a
slight disturbance, resulting in a diminished PUR during the first 30 minutes of the experiment
compared to their subsequent performance. This may be due to a combination of a disturbance
in the water chemistry and possibly a brief adaptation period of the biomass to the new
conditions. Following this period, the reactors displayed a steady PUR up until the remaining
phosphorus became significantly low or the capacity of the biomass to take up phosphorus had
been largely exhausted.

As it is made clear in Figure 5.27, the PUR of each reactor was established for the duration
where a stable performance was observed. In this particular experiment, the concentration of
VSS in each reactor was 2,140 mg/L. Based on the slopes of the experimental data, the control’s
PUR could be calculated as 6.1 mg P/g VSS h, while the PUR of the other reactors averaged at
2.15 mg P/g VSS h. The nitrite concentration of 170 mg N/L at the pH of 8 was therefore
found to inhibit anoxic PUR by 65%.
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Figure 5.27. PURs for a typical batch experiment (NO,-N=170 mg/L, pH=28)

While the nitrite concentration in the control reactor was kept constant at 8 + 2 mg N/L, there
was no replenishment of nitrite in the duplicate reactors in order to study the denitritation rates
under these conditions. Figure 5.28 displays the variation of nitrite in the duplicate reactors for
the typical batch experiment mentioned above. As shown, the reactors performed at a practically
identical denitritation rate (6.2 mg NO,-N/g VSS h) with nitrite being reduced from an initial
concentration of 175-180 mg NO,-N/L to 145-150 mg NO,-N /L by the end of the experiment.
In this range of concentrations, nitrite would have practically the same effect on PAOs.
Generally, it was accepted that the initial nitrite (or rather the associated FNA) concentration
affected the process throughout the experiment as it was considered unlikely that PAOs were
capable of recovering directly along with the removal of nitrite in this short period of time. This
would be backed up by the fact that both phosphorus and nitrite removal in each experiment did
not appear to improve over time with the removal of nitrite and displayed steady rates.
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Figure 5.28. Denitritation in the typical batch expetiment (NO>-N=170 mg/L, pH=8).
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Figure 5.29 and Figure 5.30 present the results of the experiment investigating the effect of
nitrite on anoxic PUR at 2 different pH values (30 mg NO,-N/L at the pH of 7 & 8). As
expected, nitrite inhibited anoxic PUR significantly more at the low pH of 7 due to the higher
FNA content (tenfold the concentration compared to the pH of 8). This can be observed not
only by the diminished PUR but also by the slower denitritation rate at the pH of 7.
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Figure 5.29. Variation of phosphorus during the typical experiment.
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Figure 5.30. Variation of nitrite during the typical experiment.

In order to propetly assess the experimental data, several considerations must be taken into

account. In particular:
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e Nitrite concentrations appear to drop at a higher rate during the first 30 minutes of the
experiment. This is most likely due to the presence of some residual carbon that was not
taken up anaerobically and was made available for common heterotrophs with the
introduction of nitrite. Nitrite removal during this step also appears to be much less
affected by pH which seems to validate the above hypothesis. Therefore, this period of
time should not be taken into consideration when evaluating the denitritation rates of
PAOs. This, however, does not affect the PURs of PAOs.

e Nitrite in the reactor with pH=8 drops to very low concentrations after 1.5 hours. This
not only affects the denitritation rate of PAOs but also their PUR. Therefore, no data
after this point should be used to determine removal rates for this reactor.

e Phosphorus concentrations in the control reactor become lower than 10 mg/L after 2
hours which could affect PUR as phosphorus is not in abundance. Therefore, the
control’s PUR should derive from its performance during the first 2 hours of the
experiment.

e Both phosphorus and nitrite, in the reactors containing the initial 30 mg NO,-N/L,
appear to be removed at a steady rate, despite the removal of nitrite (with 15 mg NO,-
N/L remaining after 1 h at the reactor of pH=8 and after 2 h at the reactor of pH=7).
This would validate the assumption that PAOs do not recover immediately along with
the removal of nitrite and that for short-time experiments such as the present ones, the
degree of PUR inhibition may be attributed to the initial nitrite concentration of 30 mg
N/L.

In view of the above, the denitritation and phosphorus uptake rates were established according
to the data presented in Figure 5.31 and Figure 5.32. With regard to the VSS concentration
(2,550 mg/L), the PUR of the control reactor was calculated at 12.2 mg P/g VSS h, while the
PUR of the reactor containing 30 mg NO,-N/L at the pH of 8 was found to be 8.16 mg P/g
VSS h. The PUR of the reactor at the pH of 7 was calculated at 2.23 mg P/g VSS h when taking
into account the first hour of the experiment and at 2.66 mg P/g VSS h when disregarding it.
These values would correlate to inhibition degrees of 78-82% compared to the control’s
petformance. The average value of 2.45 mg P/g VSS h was determined to best represent the
reactors performance, meaning that the concentration of 30 mg HNO,-N/L at the pH of 7 was
found to inhibit anoxic PUR by 80%. At the pH of 8, the same concentration was found to
inhibit anoxic PUR by 33%.

The denitritation rate was 5.51 mg N/g VSS h at the pH of 8 and 2.77 at the pH of 7. While the
performances in denitritation do not directly correlate to the respective performances in
phosphorus removal, this is to be expected as it is likely that a portion of nitrite is denitrified by
other heterotrophic organisms present via endogenous respiration.
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Figure 5.32. Determination of the denitritation rates for the ex-situ experiment.

The results of this series of experiments are presented in Figure 5.33 and Figure 5.34. The FNA
concentrations in each experiment were calculated with regard to the relative nitrite
concentration, pH and temperature. As expected, FNA appears to be a strong inhibitor of the
anoxic metabolism of PAOs with 50% inhibition of the anoxic PUR being observed at the FNA
concentration of 1.8 pg HNO,-N/L (75 mg NO,-N/L at pH=8).
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The degree of inhibition due to FNA in the experiment at the pH of 7 seems to correlate well
with those observed at the pH of 8, as could be expected, since temperature and pH control the
percentage of nitrite in its protonated form. Therefore, the inhibitory effect of nitrite at low pH

may be accurately predicted accordingly.

When propionate was used instead of acetate as the carbon source, the control reactor
performed at a very similar PUR to the ones observed when acetate was used and the degree of
PUR inhibition observed for the nitrite concentration examined appears to be in agreement with
the results of the previous experiments. As such, it would appear that the effect of FNA on the
anoxic metabolism of PAOS is the same in the case of propionate and acetate.

In the experiment examining the inhibition of aerobic PUR, the concentration of 50 mg NO»-
N/L at the pH of 8 was found to inhibit the process by 49%. In the seties of experiments
investigating the effect of FNA on aerobic PUR (section 5.2.1.2), the same concentration was
found to inhibit PUR by 50%. As such, the biomass in this series of experiments possesses the
same tolerance to FINA as the biomass used in the aerobic experiments. Therefore, the effect of
FNA on the anoxic metabolism of PAOs as observed in this series of experiments may be
compared with that on the aerobic metabolism observed in the previous series of experiments.
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Figure 5.33. Effect of nitrite on anoxic PUR.
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Figure 5.34. Effect of FNA on anoxic PUR.

Figure 5.35 displays the inhibitory effect of FNA on anoxic PUR compared to its effect on
aerobic PUR. Interestingly, the inhibitory effect of FNA on anoxic PUR was found to be very
similar to that observed on aerobic PUR. At first glance it would appear that anoxic phosphorus
removal has a slightly greater tolerance to FNA than aerobic P removal. However, it should be
pointed out that the control reactors in the experiments examining anoxic inhibition maintained
a nitrite concentration of 8 + 2 mg NO»-N/L in order to allow sufficient denitritation. At pH=8
at room temperature, this nitrite concentration has been found to inhibit aerobic PUR by
approximately 10%. Assuming that the anoxic pathway has the same tolerance to FNA as the
aerobic pathway, the inhibitions observed in the anoxic experiments may be corrected as so:

If the control reactor is inhibited by Controliun, then the PUR observed is:
PUR; = (1 — Controly,p) X PUR,q,  (5.6)
where PURnm. is the theoretical anoxic PUR in the complete absence of FNA.

The inhibitions for the various FNA concentrations in this series of experiments were
determined based on the performance of the control reactor as so:
PUR; — PURp,

Inhibition,pserpeqd = PUR (5.7)
C

where PURiw is the PUR of the duplicate reactors containing the examined nitrite
concentrations. The real inhibitory effect of each FINA concentration is:
PURax — PURnp

Inhibition = PUR. (5.8)
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Therefore:

(1 = Control;pp) X PURygx — PUR R
(1 = Control;pp) X PUR 0

G6) .
(5.7) = Inhibition,pserveq =

= PUR;p, = (1 — Controlin) X PURpax X (1 — Inhibition,pservea) (5.9)

PUR;up (59
(5.8) = Inhibition = 1 — ——2 =5
PURax

Inhibition = 1 — (1 — Controliyy) X (1 — Inhibitionspserpea) =
= Inhibition = Control;,, + (1 — Control;,,) X Inhibition,yserpeq

or

Inhibition(%) = 10(%) + 0.9 X Inhibition,pserpeq(%) (5.10)

Figure 5.36 displays the modified anoxic inhibition values in comparison with the aerobic ones.

The results strongly suggest that FINA inhibits aerobic and anoxic PUR to the same degree.
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Figure 5.35. Comparison of anoxic PUR inhibition with aerobic PUR inhibition.
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Figure 5.36. Comparison of modified anoxic PUR inhibition with aerobic PUR inhibition.

5.2.2.3 Modelling anoxic PUR inhibition due to FNA

According to the method described in Chapter 2, the values of PURm."™ and K.,"™ were
calculated for all experimental runs. Based on the results, PURm."" decreased from 11.9 mg
PO4P/gVSS h at the FNA=0 experiment to 9.8 mg PO4P/gVSS h and 2.9 mg PO,-P/gVSS h
for the experiments performed with an FNA content of 1 pg/L and 3.1 pug/L respectively. The
Ku"" value for all experiments was almost constant presenting an average value equal to 6.4
ug/L and a low coefficient of variation (2%). These results (decrease of the PURumy™ and
constant K*) clearly point to a non-competitive inhibition model. Similar findings are recorded
regarding the effect of FNA on AOB and anammox activities as well (Jiménez et al., 2012; Puyol
et al., 2014).

The non-competitive inhibition kinetics can be mathematically described as follows:

Kirna
PUR = PUR 4« Sovn + Koo (5.1)
where Kirna is the inhibition constant corresponding to the FNA concentration that inhibits the
process by 50%, Spna is the FNA concentration in the mixed liquor and PURu.. refers to the
maximum anoxic PUR at conditions with zero inhibition (practically refers to the PUR measured
at the control system of each experimental batch series). In order to conclude on the
mathematical expression that optimally describes the inhibition phenomenon, the simple non-
competitive model described in equation (5.1) was compared with the model proposed by
Levenspiel (1980) (equation 5.3), the Andrews inhibition model (Andrews, 1968, equation 5.4),
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the Hill-type model (Prinz, 2010, equation 5.11) and the model proposed by Zhou et al. (2007) to
describe FNA effect on anoxic PUR (equation 5.5):

S
PUR = PUR,y, (1 — —24 ym (5.3)
SFNa *
PUR = PUR SN (5.4)
Ks+ Spna + KLFFAI(II:
K‘ n
PUR = PUR,4 Lna (5.11)

n n
Spna t+ Kipna

SFNA

max Y 1 < eaSFNA
Ks + Skna

PUR = PUR (5.5)
where Spna” is the critical FNA concentration in the mixed liquor at which PUR is completely
inhibited, K is the affinity coefficient constant, m, a are constants and n is the Hill coefficient

representing the number of bound ligands.

The Nash-Sutcliffe efficiency coefficient (NSE) and the percent bias (PBIAS) were used as
statistic indices to evaluate performance of each model, as proposed by Moriasi et al. (2007).

Performance criteria used to accept each model’s predictivity were NSE > 0.8 and PBIAS within
+ 20%.

The values of models’ parameters were calculated by performing a best fit analysis against to the
experimental data in order to obtain the least sum of square errors (SSE) for each inhibition
model. Based on this methodology, an FNA inhibition constant of 1.6 pg N/L was calculated
for the simple non-competitive inhibition model (eq. 5.1), a value which is practically identical to
the one found for the case of FNA inhibition on aerobic PUR (1.5 ug N//L). Accordingly, by
using a Spna’ value of 12.8 pg/1. (based on the experimental results), an m value equal to 4.5 gave
the best fit for Levenspiel’s model. Both Andrews’s and Zhou’s models (equations 5.4, 5.5) were
applied by using a Ks value of 0.031 pg/L as proposed by Zhou et al. (2007), while in Andrews’s
model, best fit analysis resulted in a Kipna value of 1.6 pg/L, equal to the value calculated for the
simple non-competitive inhibition model. The optimum fitting of the dose-response Hill-type
model (equation 5.11) was achieved for a Hill coefficient value of 1.15 which approximates the
simple non-competitive inhibition model (n=1) and indicates noncooperative (independent
binding). The statistics of the five inhibition models are presented in Table 5.4.

Table 5.4. Statistic indices for the FNA inhibition models examined for anoxic PUR

Statistical Simple non- Levenspiel Andrews Hill-type Zhou et al.
Index competitive (1980) (1968) (Printz, (2007)
2010)
SSE 162 1154 168 160 034
NSE 0.95 0.65 0.95 0.95 0.81
PBIAS -0.12% -4.45% -1.56% 0.43% -1.90%
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Under best fit conditions, the simple non-competitive model and the dose response Hill-type
model can equally describe the FINA inhibition on anoxic PUR very satisfactorily as evidenced
from the statistical indices (Table 5.4).

Figure 5.37 provides a graphical comparison between the experimental data and the simulation
values based on the simple non-competitive model.
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Figure 5.37. Comparison of experimental and predicted results regarding the inhibitive effect of
FNA on anoxic PUR

5.3 Inhibition of PAO activities due to free ammonia

Recently there have been reports that PAOs can also be inhibited by free ammonia (FA) (Zheng
et al., 2013; Yang et al.,, 2018). The studies conducted up to this point mainly focused on the
prolonged effect of FA on the growth of PAOs. Zheng et al. (2013) reported that the FA
threshold concentration for PAOs was 17.76 mg NH;-N/L and that analyses before and after
treatment with such FA content showed that the PAO population had deteriorated significantly,
while the GAO population had increased. In agreement to this, Yang et al. (2018) reported that
PAOs werte significantly inhibited (by over 90 %) after a 1-day exposure to 16 mg NH;-N/L.
However, detailed information on the inhibition of PAOs by FA is limited, especially in regard
to its effect on PUR. In addition, EBPR under high nitrogen loading conditions would likely be
inhibited by the simultaneous presence of FA and FNA. Therefore, assessing the applicability of
EBPR for such systems would require knowledge of the mode of inhibition by FA, in order to
determine the severity of the combined inhibition of PUR.

In view of the above, a series of experiments was conducted to investigate the effect of FA on
aerobic and anoxic PUR along with the effect of FA on the anaerobic processes of PAOs.
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5.3.1 Investigating the inhibitory effect of FA on aerobic PUR
5.3.1.1 Experimental assessment of the effect of free ammonia on aerobic PUR

Parallel to the series of experiments investigating the effect of nitrite on aerobic PUR, a second
series of ex-situ batch tests was conducted to investigate the effect of ammonium on the aerobic
PUR of PAOs. All batch experiments were performed with the PAO — enriched biomass
developed in the experimental system which has already been described in section 5.2.1.1. A total
of 19 batch experiments were performed for various ammonium concentrations at the pH values
of 7, 7.5, 8 and 8.5. According to the experimental protocol, a minimum of four batch tests were
performed at each pH and the ammonium concentrations for each series were chosen as to
provide a satisfactory range of inhibition degrees at each pH. The ammonium concentrations
examined for each pH are presented in Table 5.5.

Table 5.5. Ammonium concentrations examined at each pH

pH NHN (mg/L)

7 80, 180, 300, 450, 740
7.5 190, 350, 680, 980

8 80, 170, 350, 450, 420
8.5 45,85, 110, 165

At the start of each experiment, sludge was retrieved from the SBR and divided equally into 3
containers, each with a working volume of 0.5 L. Each container was then fed an amount of
acetate in order to obtain an initial COD concentration of 200 mg/L. and was left stirring under
anaerobic conditions over a 1 h period. One of the bioreactors served as a control while the
other two reactors were fed with an equal amount of ammonium, in the form of an ammonium
chloride solution to obtain the desired ammonium concentration that was to be investigated. The
pH of each container was adjusted to the targeted value just after feed and was kept stable for
the remainder of the experiment. The reactors were then aerated over a period of 3-4 h. Each
batch test examined the effect of a specific ammonium concentration on the duplicate reactors
with respect to the control.

Figure 5.38 displays the variation of phosphorus throughout a typical experiment in which PUR
inhibition is examined for the ammonium concentration of 85 mg N/L at the pH of 8.5. In
addition to the aerobic uptake of phosphorus, the anaerobic release under the effect of
phosphorus is also examined. One point of interest is that the initial PO4P concentration in the
control reactor at the start of the anaerobic phase appears to be lesser than its concentration in
the duplicate samples that were fed ammonium at this point. In addition, phosphorus release
during the anaerobic phase appears to be greater in the presence of ammonium. This may be due
to a combination of the following reasons:

= The introduction of the ammonium chloride influences precipitation/dissolution reactions
involving phosphorus.
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= The high FA concentration (approximately 14.3 mg N/L) that was introduced to the
duplicate reactors had an acute toxic effect on a variety of microorganisms, resulting in their
demise and the subsequent release of phosphorus in the medium.

= The capacity of PAOs to take up VFAs is inhibited by FA meaning a possible greater energy
demand for the process. As this energy is provided via the hydrolysis of their intracellular

polyphosphate chains, there is an increased release of phosphorus.

The effect of ammonium on the anaerobic activity of PAOs is discussed in section 5.3.3. While
there are some implications regarding the growth of PAOs in conditions where FA is present
during anaerobic VFA uptake, aerobic PUR appears to be influenced by FA regardless if it was

present prior to aeration.

The control reactor performed at a higher PUR as expected (Figure 5.39). Upon the second hour
of aeration, the control’s capacity to remove phosphorus appeared to be largely exhausted. The
duplicate reactors on the other hand performed steadily at a diminished PUR throughout the
duration of the experiment. The PUR for each reactor was established for the duration where a
stable performance was observed. Based on the slopes of the experimental data, the control’s
PUR could be calculated at 7.5 mg P/g VSS h, while the PUR of the ammonium-containing
reactors averaged at 2.8 mg P/g VSS h. The ammonium concentration of 85 mg N/L at the pH
of 8.5 was therefore found to inhibit aerobic PUR by 63%.
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Figure 5.38. Phosphorus variation for typical batch experiment (NH4-N=85 mg/L, pH=8.5)
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Figure 5.39. Aerobic PURs for typical batch experiment (NH4-N=85 mg/L, pH=8.5)

The results of the batch experiments regarding the inhibitory effect of ammonium on aerobic
PUR are shown in Figure 5.40. Based on the results it appears that elevated ammonium
concentrations inhibit PUR significantly more at higher pH values. At the pH of 7, PUR was
inhibited by 10% for the NH4+N concentration of 300 mg/L, while at the pH of 8.5, PUR was
inhibited by 50% for the relatively low NH4-N concentration of 45 mg/L. At the pH of 7, this
concentration would likely have no effect on the process as the ammonium concentration of 80
mg/L was observed to have minimum impact on PUR at this pH. The role of pH in the severity
of the inhibitory effect of ammonium on aerobic PUR is clearly of great significance as
approximately 85% inhibition occurs for 165 mg NH4-N/L at the pH of 8.5, 620 mg NH,-N/L
at the pH of 8 and around 1000 mg NH,-N/L at the pH of 7.5.
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Figure 5.40. The effect of ammonium nitrogen on aerobic PUR inhibition for the pH of 7, 7.5,
8 and pH=8.5.
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The correlation of the degree of inhibition to pH would suggest that FA rather than ammonium
is the actual inhibitor of the process, as FA is more abundant at higher pH values. The FA
concentrations for each experiment were calculated with regard to the ammonium concentration,
pH and temperature and the associated PUR inhibitions observed are displayed in Figure 5.41.
As shown, the inhibitions observed at all examined pH seem to correlate very satisfactorily with
the associated FFA concentrations, indicating that FA rather than ammonium is the actual
inhibitor of PAOs. This could be anticipated as FA is a known inhibitor of various microbial

processes and is the main suppressor of NOB in high nitrogen loading systems.
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Figure 5.41. The effect of FA on aerobic PUR inhibition for the pH of 7, 7.5, 8 and 8.5.

According to the results it is concluded that the aerobic PUR of PAOs is inhibited by 50% under
a FA concentration of 8 mg NH3-N/L, while FA concentrations above 30 mg/L appear to
severely inhibit the process by more than 90%. This would be in agreement with the findings of
Zheng et al. (2013) and Yang et al. (2018) who observed that EBPR would completely
deteriorate after a prolonged exposure to FA concentrations greater than 18 mg NH3-N/L.
Based on the results of this series of experiments, concentrations of this magnitude would inhibit
aerobic PUR by 70-80%. The diminished PUR observed under these FA concentrations would
most likely support these observations when taking the exposure time into account, alongside a
possible greater resilience to FA by other antagonistic microbial groups.

While it is clear that FA inhibits aerobic PAO activity, it is a much less strong inhibitor than
FNA in terms of nitrogen (with 6400 pg N/L FA having the same effect as 1.5 pg N/L FNA).
However, this in no way constitutes the effect of FA as of unimportant significance since in the
typical pH range of the treated media, the percentage of ammonium nitrogen in the form of FA
is much higher than the percentage of nitrite nitrogen in the form of FNA. For example, at the
pH of 8 at 20°C, approximately 4.7% of ammonium nitrogen is in the form of FA while a mere
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0.0026% of nitrite nitrogen is in the form of FNA. As the percentage of ammonium nitrogen in
the form of FA rises exponentially with rising pH while the percentage of nitrite nitrogen in the
form of FNA rises exponentially adversely to pH, there are certain implications for high nitrogen
loading systems that rely on nitritation/denitritation. These implications are discussed extensively
in section 5.4 where the combined effect of FNA and FA on EBPR is also examined.

5.3.1.2 Modelling aerobic PUR inhibition due to FA

The exact mechanism of FA inhibitive effect on PAOs activity is practically unknown. There are
studies reporting on the effect of FA in intracellular pH (Liu et al., 2019) and therefore in either
the potassium availability for enzyme production or in the increase of maintenance energy
requirements, thus slowing down process kinetics (Dai et al., 2017; Rajagopal et al., 2013). Other
studies reporting low enzyme activity in many processes taking place during anaerobic
metabolism (e.g. hydrolysis, acetate production, methanogenesis) due to the effect of FA (Wang
et al., 2018; Zhao et al., 2018). Park and Bae (2009) studied the kinetics of FA inhibition on AOB
and NOB activity. According to the authors, FA inhibition in both bacterial groups can be
predicted by the uncompetitive model. However, all of these studies were focused on the
inhibitive effect of FA on anaerobic microorganisms (mostly methanogens) or nitrifiers rather
than on PAOs activity. Therefore, the type of FA inhibition on PAO has not been documented
yet.

By applying the modified direct linear plot method described in Chapter 4, the values of
PUR.w.™" and K" were calculated for all experimental runs. According to the results PUR . "
decreased from 21.9 mg PO4-P/g VSS h at the zero FA experiment to 18.8 mg PO4P/gVSS h
and 18 mg PO,-P/g VSS h for the experiments petformed with an FA content of 2 mg N/L and
3.5 mg N/L respectively. Furthermore, the increase of FA resulted in a gradual decrease of the
K™ value, from 4.5 mg N/L in the control experiment to 4.2 mg N/L and 3 mg N/L for the
experiments performed with an FA content of 2 mg N/L and 3.5 mg N/L respectively. The
decrease of both apparent values of PURm. and K., is a clear indication of an uncompetitive
mode of inhibition. According to the general principles of uncompetitive inhibition, a possible
rational regarding the effect of FA to aerobic PUR is the following: FA binds only to the
enzyme-substrate complex (ES) rather than directly to free enzyme. As a result, the advanced
enzyme-substrate-inhibitor complex (ESI) cannot end up to products thus decreasing the
PURL"P. At the same time, following Le Chateliet’s principle, as the ESI is constantly produced
and ES is rather depleted, in order to maintain equilibrium between ESI and ES the reaction
moves towards ES formation thus improving ES affinity and ultimately decreasing the Kqn*".
The uncompetitive inhibition model has also been proposed as the most appropriate to simulate
the inhibitory effect of FA to nitrifiers (AOB and NOB) by Park and Bae (2009).

In order to model FNA effect to aerobic PUR the uncompetitive inhibition kinetics were
adopted:

S

S-(1+%)+KS

PUR = PUR,

(5.12)

where Kira is the inhibition constant, Spa is the concentration of FA in the tank, S is the
concentration of PO4-P in the tank, Ks is the half saturation coefficient for PO4-P and PUR .
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refers to the maximum aerated PUR at conditions with zero inhibition (practically refers to the
PUR measured at the control system of each experimental batch series). The predictive capacity
of the aforementioned inhibition model was tested against to the model proposed by Levenspiel
(1980) and described by the following equation:

Sra
Spa *

PUR = PUR 4, (1 — )i (5.13)
where Spa” is the critical FA concentration in the tank at which PUR is completely inhibited and

n is a constant.

As already explained each model’s parametric values were calculated by performing best fit
analysis to the experimental data in order to obtain the least SSE. Based on this methodology an
FA inhibition constant (Kia) of 10 mg N/L was calculated for the simple model (eq. 5.12).
Accordingly, by using a Spa” value of 40 mg/L (based on the expetimental results), an n value
equal to 2.3 gave the best fit of this model. By comparing the statistical indices of the two
models it is concluded that the conventional un-competitive model described by equation 5.11
exhibits better fit to experimental data than Levenspiel’s model. Both performance indices
examined (NSE and PBIAS) showed very satisfactory values; NSE was equal to 0.90 while
PBIAS was equal to -0.71% (Table 5.06).

Table 5.6. Statistic indices for the FA inhibition models examined

Statistical Uncompetitive Levenspiel
Index (1980)
SSE-FA 1465 1624
NSE-FA 0.90 0.88
PBIAS-FA -0.71% 1.53%

Figure 5.42 illustrates the satisfactory comparison between the experimental results and the
model’s output. Therefore, it is anticipated that equation 5.12 can provide for an accurate
simulation of the inhibition of FA on the aerated PUR of PAOs.
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Figure 5.42. Comparison of experimental and predicted results regarding the inhibitive effect of
FA on aerobic PUR.

5.3.2 Investigating the inhibitory effect of FA on anoxic PUR
5.3.2.1 Experimental assessment of the effect of free ammonia on anoxic PUR

Parallel to the series of experiments investigating the effect of nitrite on anoxic PUR, a second
series of ex-situ batch tests was conducted to investigate the effect of ammonium on the anoxic
PUR of PAOs. All batch experiments were performed with the PAO-enriched biomass
developed in the experimental system which has already been described in section 5.2.2.1. A total
of 8 batch series were performed for various ammonium concentrations at the pH values of 8
and 8.5. The ammonium concentrations for each series were chosen as to provide a satisfactory
range of inhibition degrees at each pH. The ammonium concentrations examined for each pH

are presented in Table 5.7.

Table 5.7. Ammonium concentrations examined at each pH

pH NH4-N (mg/L)
8 140, 360, 530
8.5 70, 100, 130, 180, 240

At the start of each experiment, sludge was retrieved from the SBR and divided equally into 3
containers, each with a working volume of 0.5 L. One of the bioreactors served as a control,
while the other two reactors were fed with an equal amount of ammonium, in the form of an
ammonium chloride solution in order to obtain the targeted ammonium concentration that was
to be examined. The pH of each reactor was then set to the targeted value and remained
constant over the duration of the experiments. The reactors were then kept under stirring
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conditions for 1 h prior to the addition of feed. This was in order to limit the influence of the
added ammonium chloride that was observed in the experiments regarding aerobic PUR (section
5.3.1.1). Each container was then fed an amount of acetate in order to obtain an initial COD
concentration of 100 mg/L and was stitred for 1 h under anaerobic conditions. Following this 1
h anaerobic period, nitrite in the form of a sodium nitrite solution was introduced to the
bioreactors in order to achieve an initial nitrite concentration of 10 mg NO,-N/L that was kept
constant at 8 = 2 mg N/L over the duration of the expetiment with the frequent addition of
sodium nitrite every 15 minutes. The anoxic removal of phosphorus was studied over a period of
2.5 hours.

Figure 5.43 displays the variation of phosphorus throughout a typical experiment in which the
effect of ammonium on anoxic PUR is examined for the ammonium concentration 100 mg N/L
at the pH of 8.5. The control reactor displayed a slightly higher release of phosphorus during the
anaerobic phase compared to the duplicate reactors and a clearly higher PUR during the anoxic
phase.
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Figure 5.43. Phosphorus vatiations for typical batch experiment (NH4-N=100 mg/L, pH=8.5)

The PUR for each reactor was established for the duration where a stable performance was
observed. Based on the slopes of the experimental data, the control’s PUR could be calculated as
12.7 mg P/g VSS h, while the PUR of the ammonium-containing reactors averaged at 6.1 mg
P/g VSS h. The ammonium concentration of 100 mg N/L at the pH of 8.5 was therefore found
to inhibit anoxic PUR by 52%.
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Figure 5.44. PURs for typical batch experiment (NH4-N=100 mg/L, pH=8.5)

The results of the batch experiments regarding the inhibitory effect of ammonium on anoxic
PUR are shown in Figure 5.45. In agreement with the observations regarding the effect of
ammonium on aerobic PUR, anoxic PUR is inhibited by elevated ammonium concentrations
significantly more at higher pH values, suggesting that FA is the actual inhibitor of PAOs.
Anoxic PUR is inhibited by approximately 50% by a NH4-N concentration of 360 mg/L at the
pH of 8, while at the pH of 8.5 the process is equally inhibited by a mere 100 mg NH,-N/L.
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Figure 5.45. The effect of ammonium on anoxic PUR for pH=8 and pH=8.5.

The FA concentrations for each experiment were calculated with regard to the ammonium
concentration, pH and temperature and the associated PUR inhibitions observed are displayed in
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Figure 5.46. As shown, the inhibitions observed seem to correlate very satisfactorily with the
associated FA concentrations, indicating once again that FA rather than ammonium is the actual
inhibitor of PAOs. Anoxic PUR was observed to be inhibited by 50% under the FA
concentration of 10 mg N/L, while the process was found to be inhibited by over 90% under
the FA concentration of 26 mg N/L.
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Figure 5.46. The effect of FA on anoxic PUR for pH=8 and 8.5.

Figure 5.47 displays a comparison of the effect of FA on anoxic PUR with its effect on aerobic
PUR. It appears that P-removal via denitritation shows no greater tolerance to FA than that
displayed in the case of aerobic P-removal. It should be pointed out that in nitritation-
denitritation systems, most of the ammonium is converted to nitrite during aeration and
therefore the inhibitory effect of ammonium on EBPR mainly concerns the aerobic pathway.
However, the residual ammonium at the beginning of the denitritation phase may prove to have
a considerable adverse effect on anoxic P-removal as well, especially if the medium’s pH is high.
Therefore, while a high pH may be beneficial in lowering the FNA concentration due to the
significant nitrite content at the start of the anoxic phase, the residual ammonium concentration
should also be taken into consideration.
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Figure 5.47. Comparison of anoxic PUR inhibition with aerobic PUR inhibition by FA.

5.3.2.2 Modelling anoxic PUR inhibition due to FA

By applying the method described in Chapter 4, the values of PURm™ and K. were
calculated for all experimental runs. Based on the results the increase of FA concentration from
0 to 2.5 mg N/L and 12.5 mg N/L resulted in a dectease of PUR "™ from 11 mg PO,-P/g VSS
h to 6.1 mg PO4P/g VSS h and 4.5 mg PO4-P/g VSS h respectively and a gradual decrease of
the K**? value, from 5.6 mg/L to 5.0 mg/L and 3.2 mg/L respectively. The decrease of both
apparent values of PURm. and Ky, with the increase of the inhibitor (FA) is a clear indication of
an un-competitive mode of inhibition. Therefore, in order to model FA effect to anoxic PUR the

simple un-competitive inhibition model was adopted (equation 5.12):

S

PUR = PUR (5.12)

S-(1+g;‘:)+1(5

where Kipa is the inhibition constant, Spa is the concentration of FA in the tank, S is the
concentration of PO4-P in the tank, Ks is the half saturation coefficient for PO4-P and PUR,..
refers to the maximum anoxic PUR at conditions with zero inhibition (practically refers to the
PUR measured at the control system of each experimental batch series). The predictive capacity
of the aforementioned inhibition model was tested against to the model proposed by Levenspiel
(1980) and described by equation (5.13) and the dose-response Hill-type model described by
equation (5.11) by substituting Sena, Sena” and Kipna with Spa, Sea” and Kipa

Based on the methodology followed in the case of FNA the calculation of models’ parameters
was performed by employing best fit analysis to the experimental data in order to obtain the least
SSE. According to the results, an FA inhibition constant (Kira) of 8 mg N/L was calculated for
the simple model (eq. 5.12), a value very similar to the one that was calculated for the case of FA
inhibition on aerobic PUR. In the case of Levenspiel’s model, an Sgs” value of 37 mg/1. and an
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n value equal to 2.5 gave the best fit of this model. For the Hill-type model an n coefficient of
1.5 resulted to best fitting thus suggesting positively cooperative binding. The SSE values of the
three models were equal to 1053, 678 and 734 respectively, while the NSA and PBIAS values
were equal to 0.70, 0.80 and 0.79 and 2.2%, 0.42% and -0.37% respectively, suggesting that the
predictive capacity of Levenspiel’s model is better than the one of the simple un-competitive

model and the dose-response model.

Figure 5.48 presents the satisfactory comparison between the experimental results and the

predicted values based on Levenspiel’s model.
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Figure 5.48. Comparison of experimental and predicted results regarding the inhibitive effect of
FA on anoxic PUR

5.3.3 Investigating the effect of FA on anaerobic PAO activity

Parallel to the series of experiments investigating the effect of ammonium on aerobic PUR, a
number of experiments were conducted focusing on the effect of FA on the anaerobic processes
of PAOs, specifically the anaerobic phosphorus release rate and COD uptake rate. The biomass
used in these experiments was developed as described in section 5.2.1.1.

Initially two series of batch experiments were conducted. The first investigated the effect of 85
mg NH-N/L at the pH of 8.5 (14.3 mg NH3-N/L), while the second assessed the effect of
ammonium concentration of 165 mg N/L (28.1 mg NH3-N/L) in anaerobic rates. In each series,
sludge was retrieved from the SBR and divided equally into 3 containers, each with a working
volume of 0.5 L. The pH of each reactor was set to 8.5 = 0.05 and kept constant for the duration
of the experiment. Each reactor was fed with readily biodegradable organic carbon, in the form
of a sodium acetate solution, in order to obtain an initial COD concentration of 200 mg/L. One
of the bioreactors served as a control while the other two reactors were fed with an equal
amount of ammonium, in the form of an ammonium chloride solution to obtain the desired
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ammonium concentration that was to be investigated. The reactors were maintained under
anaerobic conditions for a period of 1 hour in which the release of phosphorus and the uptake
of COD were studied.

The FA concentration of 14.3 mg N/L was found to inhibit the anaerobic uptake of COD by
24%. The control performed at a rate of 112 mg COD/g VSS h, while the reactors under the
presence of FA performed at 85 and 86 mg COD/g VSS. Interestingly, phosphorus release
appeated slightly greater in the duplicate reactors (13.1 and 13.4 mg P/g VSS h) compared to the
control reactor (11.5 mg P/g VSS h).

The FA concentration of 28.1 mg N/L was found to inhibit the anaerobic uptake of COD by
56%. The control petformed at a rate of 99.2 mg COD/g VSS h, while the reactors under the
presence of FA performed at 40.6 and 40.7 mg COD/g VSS. This time, the phosphorus release
rate of the duplicate reactors (4.5 mg P/g VSS h) was considerably lower than that of the control
(10.1 mg P/g VSS h).

According to the experimental results it would appear that FA inhibits the anaerobic uptake of
carbon, though its influence on phosphorus release is not clear. This may be due to the fact that
not enough time was given after the addition of ammonium chloride and the setting of the new
pH prior to the addition of COD which may have influenced precipitation/dissolution reactions
involving phosphorus. Additionally, it is unclear if the diminished COD uptake rate regards only
PAOs or if it involves GAOs as well. However, further experiments highlighted that ammonium
concentrations lower than 140 mg NH4-N/L at the pH of 8.5 had minimal effect on the COD
uptake rate of GAOs (section 5.5.2), suggesting that the inhibitions observed here mostly

concern PAOs.

An additional experiment was conducted, investigating the effect of the ammonium
concentration of 280 mg N/L at pH=8.5 (44 mg NH;-N/L) on the anaerobic phosphorus
release rate and COD uptake rate. In this experiment however, following the setting of pH and
the addition of ammonium chloride, the reactors were kept stirring under anaerobic conditions
for a time period of 1 h prior to the addition of sodium acetate. The reactors were then
maintained under anaerobic conditions for a period of 1.5 hour in which the release of
phosphorus and the uptake of COD were studied. The COD uptake rates, and phosphorus
release rates were established for the first hour following the addition of acetate. The extension
of the anaerobic period by 0.5 h was in order to ensure that the capacity of PAOs to take up
carbon and release phosphorus had not been exhausted.

The results of this experiment are presented in Figure 5.49 and Figure 5.50. It would appear that
under these conditions, ammonium has a negligible effect on both the uptake of COD and
phosphorus release. The experiment was later replicated on the biomass developed according to
section 5.5.2.1 to similar results, with the control reactor performing at a COD uptake rate of 38
mg COD/g VSS h and a phosphorus release rate of 21 mg P/g VSS h, and the duplicate reactors
petforming at an average of 38 mg COD/g VSS h and 20 mg P/g VSS h.
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Figure 5.50. The effect of ammonium on the anaerobic P-release of PAOs.

The FA concentration in these experiments was 42.5 mg NH3-N/L, a concentration which
according to the results of section 5.3.1 would practically fully inhibit the aerobic and anoxic
activity of PAOs. Therefore, it can be concluded that on a practical scale, FA has no effect on
the anaerobic activity of PAOs.

However, as it was noticed in the first batch experiments, an ammonium shock load may have a
brief negative effect on the anaerobic processes of PAOs which require some time to recover. As
is evident from the follow-up experiments, PAOs were capable of making a full recovery within

1 hour. The implications for this observation are discussed below.
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Experiments regarding the effect of the anaerobic retention time that are discussed in section
5.6.2, showed that when acetate and/or propionate was used as the carbon source, the extension
of the anaerobic retention time beyond the duration of 1 h had little beneficiary effect on
anaerobic P-release and the subsequent PUR during aeration. Therefore, an optimal
configuration would rely on an anaerobic retention time of 1 hour. However, if a high
ammonium load was to enter this phase, it could jeopardize PAOs since under these conditions
their anaerobic activity would be delayed.

EBPR in high nitrogen loading systems mainly concerns the treatment of reject water produced
during the sludge anaerobic stabilization processes and the subsequent dewatering process. In
addition to high ammonium and phosphorus concentrations, these sludge liquors also contain an
appreciable concentration of COD. Therefore it may seem like an attractive option to load the
reject water at the beginning of the anaerobic phase as to allow PAOs to take up the organics
present, minimizing the requirement for an external carbon source. As it has been demonstrated
though, the high ammonium concentration could shortly inhibit PAOs, revealing the
requirement for longer anaerobic detention times.

In light of the above, the following optimal strategies may be employed:

e The first option would be to base the growth of PAOs solely on an external readily
biodegradable carbon source (acetate or propionate) that is added at the start of the
anaerobic phase, and to load the reject water at the beginning of the aerobic phase. This
would allow low anaerobic retention times, due to VFAs being the carbon source which
can be easily taken up by PAOs, and the absence of high ammonium concentrations
during this phase. In addition, this allows the employment of certain strategies centred
around the type of carbon source that may give PAOs an antagonistic advantage over
GAOs (e.g. the promotion of anoxic EBPR with the use of propionate that is discussed
in section 5.6.7). While the biodegradable organic content of the reject water is not
utilized by PAOs, it is reduced by common heterotrophs whose growth is a requirement
anyway. The low COD/N ratio that characterizes reject water generally necessitates the
external addition of carbon. The downside of this strategy is the elevated cost of the
external carbon that is to be taken up by PAOs.

e The second option would be to introduce the reject water at the start of the anaerobic
phase and employ longer anaerobic retention times. While anaerobic PAO activity may
be delayed due to the ammonium shock load, the increased anaerobic retention time
would secure their proper function and could also allow effective hydrolysis and
fermentation of the organic content of the reject water, producing more VFAs that can
be taken up by PAOs. This strategy may also employ the use of cheap by-products such
as glycerol as an external carbon source added at this phase that can be fermented to
produce VFAs. As VFAs are slowly produced and subsequently taken up by PAOs, their
concentration in the reactor would be minimal throughout the anaerobic phase. This may
provide an antagonistic advantage to PAOs as it has been reported that PAOs prevail
over GAOs in conditions of scarcity (Tu and Schuler, 2013). The downside of this
strategy is the requirement for longer anaerobic times, meaning greater reactor volumes
for a given influent load.
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e A final option may be to load the reject water at the beginning of the anaerobic phase
and maintain a low anaerobic retention time by effectively lowering the pH during this
phase, minimizing the FA content of the medium. While this approach provides no
significant benefit compared to the aforementioned strategies, since an external readily
biodegradable carbon source would likely still be required, it is a viable option especially
since a relatively low pH at the start of aeration may be deemed necessary to combat the
effect of ammonium on aerobic PUR.

In general, the preferred strategy will depend on the characteristics of the reject water, limitations
and associated costs of the installation and maintenance of the reactors, and the supply and
associated costs of the required external carbon source.

In conclusion, while ammonium may have a short-term inhibitory effect on the anaerobic
processes of PAOs which should be considered, it constitutes no significant challenge for EBPR
under high nitrogen loading conditions.

5.4 Assessment of the combined effect of FNA and FA and validation of the
inhibition models

As demonstrated in sections 5.2 and 5.3, it appears that both nitrite and ammonium can inhibit
EBPR based on their effect on PUR. Since FNA and FA seem to be the actual inhibitors, pH is
of great importance as it dictates the percentage of nitrite in its protonated form along with the
portion of ammonium as FA. For a given nitrite concentration, the concentration of FNA
increases inversely to pH, while the FA content for a given ammonium concentration increases
along with pH increase. Therefore, manipulation of pH in an effort to combat the effect of one
inhibitor would result in enhancing the effect of the other.

Figure 5.51 displays the predicted inhibitions of PUR due to either nitrite or ammonium with
respect to pH for the temperature of 20°C. The corresponding inhibitions on PUR by nitrite
were predicted with the use of a non-competitive inhibition model that was found to best
describe inhibition by FNA using a Kigna of 1.5 pg N/L (Section 5.2.2.3). Accordingly, inhibition
by ammonium was predicted by a simple uncompetitive model that was found to best describe
inhibition by FA using a Kira of 10 mg N/L and an abundance of phosphorus (S>>K,) (Section
5.3.1.2). According to this nomograph, operating under a high pH could tackle EBPR inhibition
due to FNA, but the process would be inhibited by the high concentrations of FA. Nitrogen
loading is a key factor as high FA concentrations are practically required to stimulate the NOB
shunt and therefore the achievement of the nitritation-denitritation process, but at the same time
may hinder EBPR due to the high FA and/or FNA content. Raising pH during the nitritation
process may assist EBPR as ammonium is oxidized to nitrite. When the residual concentration of
ammonium nitrogen becomes equal to the concentration of nitrite nitrogen, the optimal pH of
operation is just over 8.2. The adjustment of pH would have to combat the biochemical drop of
pH during nitritation. Therefore it seems that the use of an on-line monitoring strategy is
urgently needed to avoid severe inhibition effect on PAOs activity in nitritation-denitritation
systems. However even with the application of this optimal approach, nitrogen concentrations
that are typically present in sludge liquors may prove to limit EBPR under these conditions. For
instance, according to the diagram, a nitrogen concentration of 200 mg/L. (a concentration much
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less than the concentrations generally found in sludge liquors) would mean that when nitrite
nitrogen and ammonium nitrogen are at equilibrium under optimal pH, EBPR would be
inhibited by 50% by the presence of FNA alone and that the presence of FA alone would inhibit
the process also by 50%. The combined effect of both inhibitors will be studied in the following
section. However, it is very likely that EBPR would be severely deteriorated under these

conditions.
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Figure 5.51. Predicted effect of nitrogen loading on aerobic PUR with respect to pH and
distribution between nitrite () and ammonium (---) nitrogen at T=20°C (Nitrogen
concentrations for both nitrite and ammonium are presented in logarithmical scale).

5.4.1 Experimental assessment of the combined effect of FNA and FA on aerobic PUR

In order to investigate the combined effect of FNA and FA on PUR, the SBR was reset and
provided with a new inoculum. The SBRs configuration and performance was practically
identical to that described in section 5.2.2.1. This was in order to examine the mechanism of the
combined FNA and FA inhibition regardless of biomass acclimation. As such, the series of
experiments focusing on the combined effect of FNA and FA on PUR started 30 days from the
beginning of operation when noticeable PAO activity was displayed.

At the beginning of each experiment, 2 L of sludge was extracted from the SBR prior to feed and
divided equally into 4 bioreactors, each with a working volume of 0.5 L. An appropriate amount
of acetate, in the form of sodium acetate solution, was added to each of the reactors in order to
obtain an initial COD concentration of 200 mg/L.. The pH of each container was adjusted to the
targeted value just after feed and was kept stable for the remainder of the experiment. The
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reactors were then left stirring under anaerobic conditions over a 1 h period. Following the
anaerobic phase, the reactors were then aerated over a period of 3 h. The first reactor served as a
control (NO>-N=0 mg/L, NH4,-N=10 mg/L). The second reactor was fed with a sodium nitrite
solution at the start of aeration in order to achieve a desired initial nitrite concentration to be
examined (NO>-N=X mg/L, NH+-N=10 mg/L). The third reactor was fed with an ammonium
chloride solution at the start of aeration in order to achieve a desired initial ammonium
concentration to be examined (NO>-N=0 mg/L, NH4,-N=Y mg/L). Finally, the fourth reactor
was fed both amounts of ammonium chloride and sodium nitrite in order to achieve the nitrite
concentration of reactor 2 and the ammonium concentration of reactor 3 (NO»-N=X mg/L,
NH4-N=Y mg/L). Thus, each batch seties examined the effect of a specific nitrite concentration
and a specific ammonium concentration on PUR both separately and in combination at various
pH. At total of 9 experiments were performed. The various combinations of nitrite and
ammonium concentrations examined at different pH are presented in Table 5.8.

Table 5.8. Conditions for batch experiments.

# pH NO:-N (mg/L) NH4N (mg/L) FNA acclimation
1 7.3 25 700 YES
2 7.3 50 250 YES
3 7.5 20 250 YES
4 7.7 120 250 YES
5 7.7 30 300 NO
6 7.9 50 150 NO
7 7.9 60 150 NO
8 8.2 65 110 NO
9 8.2 90 110 NO

The methodology for estimating the combined inhibitory effect of nitrite and ammonium is
detailed in the following typical batch experiment investigating the effect of 50 mg NO.-N/L
and 250 mg NH,-N/L at the pH of 7.5. Figure 5.52 displays the evolution of phosphate-
phosphorus concentration in all reactors throughout the duration of the experiments. As it is
apparent, the addition of the external solutions in the reactors other than the control, resulted in
the release of phosphorus early in the experiment. This may be attributed to either a disturbance
in the water chemistry that caused the dissolution of phosphorus-containing compounds, or an
initial shock experienced by the PAO population due to the rapid change of conditions. This is
especially apparent in the reactor where both solutions were added. As such the PUR of each
reactor was established for the period after which conditions had settled.
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Figure 5.52. Experimental results of typical batch experiment

The PUR of each reactor was calculated according to Figure 5.53 with respect to VSS (2,480
mg/L). The control reactor performed at a PUR of 19.2 mg P/g VSS h, while the reactor
containing 50 mg NO,-N/L performed at 3.7 mg P/g VSS h, the reactor containing 250 mg
NH4-N/L petformed at 12.5 mg P/g VSS h and the reactor containing both nitrite and
ammonium performed at 2.4 mg P/g VSS h. As such, the specific nitrite concentration was
found to inhibit PUR by approximately 81% and the specific ammonium concentration by
approximately 35%. When both were present, the process was inhibited by approximately 87%.
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Figure 5.53. Determination of PURs for typical batch experiment
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As the performance of the reactors containing either solely FNA or FA may be compared to that
of the controls by:

PURpyy = PURcontrol(1 - InhFNA) (5'14’)

PURg, = PURcontrol(1 - InhFA) (515)
where Inhpna and Inhpa are the degrees of PUR inhibition for the specific FNA and FA

concentrations, it is likely that the performance of the reactor containing both inhibitors may be
described as:

PURpnagra = PURcontrot X (1 — Inhpya) X (1 — Inhgy)
or:
Inhpyagra = 1 — (1 = Inhpyy) X (1 — Inhgy)  (5.16)
In the case of this experiment:
Inhpyagra =1 — (1 —0.81) x (1 — 0.35) =
Inhpyagra = 0.877 or 87.7%

This would be in satisfactory agreement with the degree of inhibition observed in the reactor
containing both inhibitors (87%).

Figure 5.54 displays a comparison of the experimental inhibition values observed for the
simultaneous presence of nitrite and ammonium with the predicted values according to eq. 5.16,
using the data from the respective experiments. As it is evident, the dual effect of FNA and FA
may be predicted to a satisfying degree by equation 5.16.
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Figure 5.54. Correlation of the experimental and the predicted inhibition values for the
simultaneous presence of FNA and FA.
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5.4.2 Validation of the inhibition models

The experiments detailed in sections 5.2.1.3 and 5.3.1.2 regarding the nature of PUR inhibition
by FNA and FA found aerobic PUR inhibition by FNA to be best described by a non-
competitive inhibition model, while inhibition by FA was best described by an uncompetitive
inhibition model. Therefore, in the presence of a single inhibitor, PUR may be estimated by the
following equations:

S KiFNA

PUR = PUR X X
TS+ Ky Sena + Kipna

(5.17)
in the case of FNA and:

PUR = PUR gy X

in the case of FA, where S: the concentration of PO4-P in the medium, Ks: the half-saturation
constant for PO,-P, Spna&Sra: the concentrations of FNA and FA respectively, Kima&Kira: the
inhibition constants for FNA and FA respectively.

Based on the results of the experiments described in section 5.4.1 in which the simultaneous
effect of FNA and FA was investigated, it is likely that under the effect of both inhibitors, PUR
may be estimated as:

Kirna S
PUR = PUR,,, X x - (5.19)
Sena + Kipna g (1 + LA) + Ks
Kipa

For an acclimatized biomass, a good estimate for the inhibition constants based on the
experiments described in sections 5.2.1.2 and 5.3.1.1 are: Kipna=1.5 pg/L and Kira=10mg/L. As
mentioned, the experiments presented in the previous section that investigated the dual effect of
FNA and FA, commenced prior to the achievement of steady state conditions in the SBR in
order to test the mechanism of simultaneous inhibition on PUR regardless of the degree of
acclimation to either inhibitor. As a result, eq 5.19 may not accurately describe PUR inhibition
for the experiments conducted under non-acclimatized conditions. Instead, the empirical model
(eq. 5.19) was evaluated for the experiments conducted after day 85 of operation, where a steady
performance had been reached and the biomass was well-acclimatized to the presence of both
FA and FNA. A total of 4 experiments were conducted after this time. The combined nitrite and
ammonium concentrations along with the respective FNA and FA concentrations, the pH and
the degree of inhibition observed for each experiment are shown in Table 5.9.

Table 5.9. Conditions of batch experiments for acclimatized biomass

# pH NO»-N NH,-N HNO,-N NH;-N Inhibition (%)
(mg/L) (mg/L)

1 7.3 25 700 3.21x103 5.48 82%

2 7.3 50 250 6.43%x10-3 2.10 87%

3 7.5 20 250 1.67x103 2.87 68%

4 7.7 120 250 6.48x10-3 4.19 89%
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According to the empirical model (eq. 5.19), the inhibition of PUR may be estimated as:

. Kirna S
Inhibition(%) = 1 — X S x 100% (5.20)
Sena + Kipna (1 + SFA ) +Ks
Kira

For each experiment, the predicted inhibition for the associated FNA and FA concentrations
was calculated using a Kima of 1.5 pg/L and a Kia of 10 mg/L which best describe an
acclimated biomass (sections 5.2.2.3 and 5.3.1.2) . A Ks of 45 mg/L was used which is
considered a good estimate, although the significantly high PO4-P concentrations of the
experiments (>80 mg/L) deemed it of lesser importance.

The results of the simulation are compared to the inhibition of PUR observed in the experiments
and presented in Figure 5.55. As shown, the simple model was successful in estimating the
combined inhibitory effect of FNA and FA on PUR to a very satisfactory degree.
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Figure 5.55. Comparison of simulated and experimental inhibition for various FNA and FA

combinations.

As mentioned, the exact inhibitive mechanism of FNA on PAOs has not been well evidenced
yet although it has been reported that its negative effect most likely concerns the proper function
of the ppk enzyme. The effect of FNA on aerobic PUR was found to be best described by a
non-competitive inhibition model indicating that perhaps FNA is capable of binding equally well
to both the ppk enzyme and the enzyme-substrate complex. As previously stated, in non-
competitive inhibition it is assumed that both bindings occur at a site distinct from the active
binding site that is being occupied by the substrate (allosteric site). The binding of FNA to the
allosteric site results in a conformational change to the active site of the enzyme thus resulting in
the decrease of product formation, while the affinity of the enzyme for phosphates (substrate) is
practically unaffected as FNA does not compete with phosphates for the active site. Aerobic
PUR inhibition by FA on the other hand was found to be best described by an uncompetitive
model. According to the general principles of uncompetitive inhibition, the inhibitor binds only
to the enzyme-substrate complex (ES) rather than directly to the free enzyme (E). It does not
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interfere with the binding of substrate (S) to the active site but prevents the dissociation of the
enzyme-substrate complex. The exclusivity of the compound’s binding to the ES complex, may
be due to a conformational change of the enzyme upon substrate binding, which creates or
modifies a neomorphic pocket for inhibitor interactions. As the inhibitory effect of FA on PAOs
has only recently come to light, information regarding the exact mechanism of the process is
nonexistent as of this point.

5.4.2.1 Examination of an enzyme kinetic model (model 1) to describe the combined
effect of FNA and FA on PUR

While the exact mechanisms of the effects of FNA and FA on PAOs are not clear, an attempt to
model their combined effect on PUR may be made by following the general principles of non-

competitive and uncompetitive inhibition. The model described in this section is derived from
the work of Park and Bae (2009) on the combined effect of FNA and FA on AOB and NOB.

The formation of the enzyme-substrate complex may be described by the following reaction:

E+SeES K—w (5.21)
C [ES] '
where: [E]= unoccupied enzyme concentration per unit biomass, [S]= concentration of substrate
(PO4+P) and [ES]= enzyme-substrate complex concentration per unit biomass.

The attachment of a non-competitive inhibitor to the allosteric site of the enzyme may be
described as:

[E](],]
[ELL]

E+1,oEl, , K,= (5.22)

where: [In]= concentration of non-competitive inhibitor, [EIn]= concentration of enzyme sites
occupied by inhibitor per unit biomass. The binding of a non-competitive and an uncompetitive
inhibitor to the enzyme-substrate complex may be described by the following reactions:

£ _ [ES]TL]
S+ In < ESIn , Knl = W (523)
n
ES||I
ES+1, o ESL, , K, = % (5.24)
u

where: [lu]= concentration of uncompetitive inhibitor, [ESIn]|,|[ESIu]= enzyme-substrate

complex occupied by either inhibitor concentration per unit biomass.

By the definition of non-competitive inhibition: K,=K,i. Therefore, from equations (5.21) and
(5.22):

[E][I,]  K[ES] [I,]
[EL,] = K = 5] K. (5.25)

The total concentration of enzyme sites is:

[E.] = [E] + [ES] + [EL,] + [ESL,] + [ESL,] (5.26)
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By rearranging equations (5.21),(5.23) and (5.25):
K,[ES] [ES]L] [ES]IL,]

E|l = 27 ESL,| = —— 2 ESL)| = —— .29
[E] 5] (5.27), [ESL] K, (5.28), [ESL] K, (5.29)
By applying equations (5.25), (5.27), (5.28) and (5.29) to equation (5.26) and rearranging for [ES]:
AN
[ES] = ™ LE:]15] T 530
n n u
KS(1+K_n) + [S] (1+K_n+K_u)
By definition:
d[S]
———=q =k)|E 31
= =kylES] (531)
Gmax = k2[E¢] (5.32)
Therefore:
S
n n u
K5<1+K_n>+ [S](1+K_n+K_u>
In the case of PUR inhibition by FNA and FA:
PUR S
PUR = max 5] (5.34)

K (1 + fgeal) + 1 (1 + el + Geal)

According to equation 5.34, the degree of PUR inhibition by a combination of FNA and FA may
be estimated as:

S
Inhibition(%) = | 1 — 5] X 100% (5.35)

K (1+ fgeal) + 5 (1 + [l 4 )

For each experiment, the predicted inhibition for the associated FNA and FA concentrations
was calculated using a Kipna of 1.5 pg/L and a Kira of 10 mg/L similarly to the empirical model
(equation 5.19). The predicted inhibitions are compared to the experimental results alongside to
the results of the empirical model and are presented in Figure 5.56 and Figure 5.57 . While the
enzyme kinetic inhibition model does provide some agreement with the experimental data, it
appears that the empirical model provides more satisfactory results.
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Figure 5.56. Comparison of simulated and experimental inhibition for various FNA and FA

combinations (empirical vs enzyme kinetic model).
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Figure 5.57. Comparison of simulated and experimental inhibition for various FNA and FA

combinations

5.4.2.2 Examination of a modified enzyme kinetic model (model 2) to describe the
combined effect of FNA and FA on PUR

While model 1 could be considered satisfactory in describing combined inhibition on PUR, there
is a certain aspect that should be addressed. According to the methodology applied in the case of
model 1, it is assumed that a non-competitive inhibitor may not bind to an enzyme-substrate
complex that is already occupied by an uncompetitive inhibitor and vice-versa. This would mean
that the attachment of one inhibitor causes a conformational change to the complex that
disallows the binding of the other. However it might be possible that FNA has the affinity to
bind to an enzyme-substrate complex that is already occupied by FA and vice-versa. In this case,

the reactions may be described as:
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_ [ES][L]
ESIn +1, o ESInIu , Ky = W (536&)
niu
[EST][1n]
ESL,+ 1, © ESLI, , Ky, =——— (5.36b
u n u'n n2 [ESIuIn] ( )

Assuming that the attachment of one inhibitor doesn’t affect the binding of the other:

Kno=Ku=K, , Ku=K. , [ESLIL]|=[ESLL,]

/(5.24) [ESTI,][1,]

5.23
(5.36a)/(5.36b) LY [ESI,1,] = (5.37)
KnKy

In this case, the total concentration of enzyme sites is:

[E.] = [E] + [ES] + [EL,] + [ESL,] + [ESL,] + [ESL,I,] (5.38)
By applying equations (5.25), (5.27), (5.28), (5.29) and (5.37) to equation (5.38) and rearranging
for [ES]:

[ES] =

[E][S]
— 7 (539

KS<1+[II(—’:})+[S]<1+%+K—Z+W>

By applying equations (5.31) and (5.32) and adjusting for PUR and the inhibitors in question:

K (1 n [SFNA]> +[S] (1 n [Sknal n [Sral n [SFNA][SFA]>
$ Kirna Kirna = Kra  KipnaKira
= PUR
K; S
— PURmax lFNA[ ] [S ] —
Ks(Kipna + [Senal) + [S] <KiFNA + [Senal + KLF‘:(KiFNA + [SFNAD>
_ Kirna
= PUR = PUR,, X k (5.19)
Sena + Kipna g (1 + DFA ) +Ks
Kira

which is the same equation referred to as the empirical model in the previous sections. As was
presented in Figures 5.56 and 5.57, model 2 provides a more satisfactory desctiption of the
combined effect of FNA and FA compared to model 1. This would suggest that FNA or FA
may bind to a complex that is already occupied by the other inhibitor, resulting in an increased
degree of inhibition. This is because of the increased availability of complexes for either
inhibitor. As inhibitors attach and detach to the complexes, a complex that is occupied by both
inhibitors would still be rendered inactive if one of them were to detach. As more complexes are
available for either inhibitor to bind, the probability of a complex being occupied by at least one
is increased, resulting in a more severe overall inhibition. The implications of this behavior may
also concern the combined effect of FNA and FA on AOB, NOB, as well as other
microorganisms.
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While model 2 appears to describe combined inhibition to a very satisfactory degree, there are
still some limitations. For instance, it is assumed that, in the case of non-competitive inhibition,
the occupation of 50% of the enzyme sites ([E]+[ES]) also inhibits the process by 50%
(Ko=Kirna). Similarly, in the case of uncompetitive inhibition, the assumption is that the
occupation of 50% of the enzyme-substrate complexes (ES), translates to 50% inhibition
(Ku=Kira). This would suggest that as long as an enzyme or enzyme substrate complex is
occupied, it is incapable of yielding products. In reality, it is possible that an enzyme substrate
complex that is occupied by an inhibitor may still yield products but at a reduced rate. In other
words, the process is governed not only by [ES] but also by [ESI,| and [ESL,], to a lesser extent.
In the case of a single inhibitor this is not problematic in terms of modelling, as the adopted Kj
would still directly correlate to the percentage of occupied sites. When both inhibitors are
involved however, since the occupied complexes may yield products at different rates, the
process is complex and may not be described accurately without knowledge of the energies
involved. The complexity increases considering that the dual presence of FNA and FA may have
a cumulatively effect on the enzyme, meaning that [ESi,l.] complexes could provide products at
a more reduced rate than the complexes occupied by a single inhibitor. This may explain the
slightly higher inhibition observed in the experiments compared to the model’s prediction.
Despite these limitations, from a practical standpoint, the combined effect of FNA and FA on
PUR may be described by model 2 to a very satisfactory degree.

5.4.3 Implications for full-scale applications according to the unified inhibition model

With the use of the combined inhibition model (eq. 5.19), the combined effect of all
combinations of FNA concentrations (up to 20 pg/L) and FA concentrations (up to 40 mg/L)
on PUR was predicted and is presented in Figure 5.58.
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Figure 5.58. PUR inhibition under the combined presence of FNA and FA
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It has been demonstrated that pH is of significant importance in regard to PAO activity as it
dictates the percentage of nitrite in the form of FNA and that of ammonium in the form of FA.
Figure 5.59 presents the combined effect of nitrite and ammonium on PAOs for various pH, as
predicted by model 2. For a clearer image, PAO activity is represented by PUR/PURmax (or: 1-
Inhibition) which represents the fraction of their inhibited PUR to their uninhibited capacity to
remove phosphorus. The simulation was done for ammonium and nitrite concentrations up to
500 mg N/L which may likely occur in high nitrogen treatment systems. A shown, at low pH,
the activity of PAOs is almost completely dictated by the concentration of nitrite and is
practically unaffected by the ammonium concentrations of this range. As pH rises, the effect of
ammonium becomes more significant while the effect of nitrite decreases. At pH=8.2 the effect
of nitrite comes to an equilibrium with that of ammonium and PAO activity appears to be
greater in general. At the pH of 8.5, PAOs are inhibited to a greater extent by ammonium than
by nitrite.
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Figure 5.59. PAO activity under the combined effect of nitrite and ammonium at the pH of 7
(a), 7.5 (b), 8 (c), 8.2 (e) and 8.5 (d).
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While Figure 5.59 is useful in providing some insight into the dual inhibition of PAOs by nitrite
and ammonium, a perspective of the combined inhibition with regard to the processes of
nitritation and denitritation is of greater value. To this end, a mathematical simulation model
based on the combined inhibition model was developed to predict PAO inhibition during
nitritation and denitritation for various nitrogen loadings. In each simulation, an initial
ammonium concentration was steadily converted to nitrite at a pace of 0.1 mg N/L. At each
step, the concentrations of FNA and FA were calculated with respect to NH4-N, NO,-N,
temperature and pH. Then, the combined inhibition of FNA and FA on PUR was calculated for
pH values of 6.5 up to 8.5 at a pace of 0.005 and locked the pH value that resulted in minimum
inhibition. This way, the simulation would predict PUR inhibition throughout nitritation under
optimum pH conditions. Once the ammonium had been completely depleted, the nitrite
concentration was steadily reduced at a pace of 0.1 mg N/L to represent denitritation, with the
degree of inhibition being calculated at each step. Since, in the absence of ammonium, there is

no limit for optimum pH, the pH of 8.5 was chosen as the maximum value.

Figure 5.60 displays the results of the simulations for the initial NH4 concentrations of 100, 200,
400 and 800 mg N/L at T=20°C and optimum pH (<8.5). The conversion of ammonium to
nitrite during nitritation and from nitrite to nitrogen gas during denitritation is expressed as a
fraction of the processes’ completion for a better comparison of the different nitrogen loadings
and to also be independent of specific nitritation/denitritation rates. This way, the optimum pH

displayed in the diagram is the same for every nitrogen load.
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Figure 5.60. Simulated PUR inhibition during nitritation and denitritation under different

ammonium loads at T=20°C and optimum pH
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The optimum pH for EBPR is shown to rise above 8 relatively early during nitritation (upon
25% completion) and becomes greater as nitritation progresses. As pH naturally drops during
nitritation, operating EBPR under optimum pH would be a costly and possibly impractical
option. As shown, even under optimum conditions, PUR would be significantly inhibited even
for the lowest nitrogen loading of the simulated scenarios. During denitritation, the overall
inhibition appears less significant although it would require a high pH value from the start of the
process. Since pH rises naturally during denitritation, EBPR may be assisted. It is also worth
noting that during the very early stages of nitritation, PAOs may benefit from a pH that is
considerably lower than that of what would be expected from a reject-water treatment facility
(owing to the generally high pH of sludge liquors and the high pH at the end of the denitritation
stage). In view of the above, one might conclude that PAOs benefit from a pH variation that
directly opposes the natural variation of pH during the nitritation/denitritation processes.

Assuming that nitritation and denitritation occur at a steady rate (which is plausible for the
greater part of the process), the overall inhibition of PAOs may be calculated by the areas under
the formed curves of each scenario. The overall inhibition of PAOs under the aerobic and
anoxic conditions of the simulation is presented in Figure 5.61. As shown, the overall aerobic
inhibition of PAOs for the lowest ammonium load tested is just above 45%. This would suggest
that the growth of PAOs under aerobic conditions is almost halved, raising concerns about their
sustainability under these conditions, especially when considering the threat of a more resilient
GAO culture. The growth of PAOs under anoxic conditions seems less threatened, with the
overall PUR inhibition standing at 20%. It should be noted, however, that PAOs remove
phosphorus at a significantly slower rate under anoxic conditions (approximately 40% of the
aerobic PUR). Therefore, the benefits from the better conditions during denitritation are not as
important both in terms of PAO sustainability and in P-removal.
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Figure 5.61. Overall inhibition of PAOs under aerobic and anoxic conditions for various initial
NH,4-N concentrations at optimum pH.
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Overall, it would appear that EBPR is at the very least challenging under nitritation/denitritation
conditions. Even under optimum pH control, the sustainability of PAOs is questionable for
nitrogen concentrations as low as 100 mg/L (or 0.1 kg NH4+N/m’ per cycle). The main
questions concerning the viability of coupling EBPR with nitritation/denitritation are the
following:

e  While EBPR may be feasible for low ammonium loadings, would this prevent NOB shunt
and cancel the benefits of the short-cut nitrification/denitrification process?

e As the natural pH variation during denitritation is hostile to the activities of PAOs, what can
be done to minimize the need for pH control?

e While PAOs may be able to persevere under high nitrogen conditions, can their
sustainability under such conditions be threatened by a more resilient GAO population?

These concerns are addressed in section 5.7.

5.5 Assessing the inhibitory effect of FNA and FA on GAO activity

As demonstrated through sections 5.2-5.4, both FNA and FA have been found to inhibit PAO
activity. As such, the development of PAOs in systems under high nitrogen loading that utilize
the nitritation/denitritation pathway may be severely diminished. The adaptation of a high SRT
could allow the maintenance of an adequate PAO population under these conditions for
phosphorus removal, but likely at the expense of partially allowing full nitrification to occur since
it would also allow the presence of a greater NOB population. However, this may not be the
case, as the growth of GAOs, the main antagonist group of PAOs, under these conditions may
be affected to a lesser extent. If this were so, the differential growth of GAOs would ultimately
lead to the wash-out of PAOs from the system. Therefore, determination of the viability of
EBPR in such systems should not only consider the effect of FNA and FA on PAOs, but also
their respective effect on GAOs whose growth may prove to be the bottleneck of EBPR in
many cases.

In order to investigate the effect of FNA and FA on GAOs, an SBR was set up aiming to
develop a highly GAO-enriched biomass, unacclimatized to FNA and FA. Upon achievement,
the biomass fuelled a series of experiments focusing on the effect of FNA and FA on the growth
rate of GAOs. The operation of the SBR and the experiments conducted are analysed in the
following subsections.

5.5.1 Performance of the experimental system
5.5.1.1 Start-up period

During the start-up period the SBR operated on 4 daily cycles each consisting of a 1 h anaerobic
phase, a 3 h aerobic phase and a 1.5 h endogenous phase. Settling and decanting occurred once
per day over a 2 hour period due to technical limitations mentioned in the materials and methods

section.

Feed consisted of a concentrated mixture of acetate and ammonium that was introduced at the
beginning of each anaerobic phase. The volume of each dose was 250 mL. Before decanting, the
SBR contained 10.5 L of liquor. Following the removal of 5.5 L of effluent, 5.5 L. of water was
added to the SBR bringing the mixed liquor’s volume to 10.5 L. Under mixing conditions, 1 L of
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mixed liquor was removed in order to achieve an SRT of 10 days. Thus, with the daily addition
of 1 L of the concentrated feed, the SBR’s working volume averaged at 10 L simulating an HRT
of 2 days.

In order to prevent the growth of PAOs, the concentration of phosphorus in the SBR was
routinely monitored and kept below 1 mg/L with the occasional addition of a potassium
phosphate solution to provide for the growth of GAOs. A thiouria solution was added daily
following the refilling of the SBR as to maintain a concentration of 20 mg/L for the suppression
of both AOB and NOB. The addition of a carbon source at the beginning of the anaerobic
phase would provide GAOs with an advantage over common heterotrophic organisms, giving
them priority in the utilization of COD. During the aerobic phase, the sufficient DO
concentrations (>3 mg/L) would allow GAOs to develop by oxidizing their stored PHAs, while
residual acetate would be rapidly removed by other heterotrophs. With the cease of aeration, the
SBR remained without the addition of a carbon source for 1.5 h for the endogenous removal of
the dissolved oxygen prior to the following anaerobic phase. Over time, by the end of the
anaerobic phase less and less acetate would remain available to be oxidized by common
heterotrophs, leading to the development of a practically pure GAO culture.

The daily dose of COD was 7 g/d, regulated with respect to the aerobic SRT (=5 d) in order to
achieve a biomass concentration of around 2,000 mg VSS/L. The daily dose of ammonium was
300 mg N/d in order to ensure an adequate source of nitrogen for biomass growth. Ammonium
concentrations in the effluent were monitored on a daily basis and the daily dosage was modified
in order to maintain effluent concentrations lower than 10 NHs-N mg/L to prevent
accumulation of ammonium in the SBR.

5.5.1.2 Steady-state operation

The SBR was successful in developing a highly GAO-enriched biomass over the course of
approximately 90 days after which a stable operation was observed. The pH of the reactor
ranged from 7.5 to 8.2 throughout operation, while temperature was kept constant at 20 = 2 °C.
Due to the suppression of AOB and NOB by thiourea, nitrite concentrations in the SBR did not
exceed 0.5 mg NO.-N/L, while nitrate was non-detected. Figure 5.62 displays the typical
variation of COD in the SBR during the first daily cycle. As shown, the vast majority of acetate is
taken up anaerobically, leaving approximately 15 mg/L to be readily oxidized duting aeration.
This, along with the fact that no phosphorus was released anaerobically or was taken up during
aeration, which is indicative of PAO activity, demonstrates the presence of a strong GAO
population. The strong presence of GAOs was also verified by FISH analysis (Figure 5.63). As
expected, the Competibacter spp. that possesses a high affinity for acetate dominated the biomass
composition. Quantitative analysis of composite FISH images revealed that Competibacter made
up for more than 90% of the total biomass. Therefore experiments regarding the effect of nitrite
or ammonium on the biomass developed here may provide accurate information on their effect
on GAOs.
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Figure 5.62. Typical variation of COD in the SBR during the first daily cycle.
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Figure 5.63. In situ identification of GAOs using Cy-3 labled GAOMIX. All microorganisms
stained with DAPI presented in blue (column a), GAOs depicted in red (column b), composite

images in purple (column c).
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5.5.2 Experimental assessment of the effect of FNA on GAO activity

Having established a highly GAO enriched sludge, a series of batch experiments was conducted
in order to investigate the effect of FNA on the maximum growth rate of GAOs. In each
experiment, approximately 450 mL of biomass was retrieved from the SBR and divided equally
into 3 containers, each with a working volume of 1 L. Water was added to each container
bringing the volume of the diluted sludge to 500 mL, after which an appropriate amount of
acetate, in the form of a sodium acetate solution, ammonium, in the form of a ammonium
chloride solution and phosphorus, in the form of a potassium phosphate solution were added.
The sludge was then further diluted up to a volume of 1 L and kept under stirring conditions.
The pH of each reactor was set to the desired value and kept constant throughout the
experiment. The targeted initial concentrations of each parameter are presented in Table 5.10.

Table 5.10. Initial concentrations of main parameters in each reactor

VSS (mg/L) 300
COD (mg/L) 3000
NH,-N (mg/L) 300
PO,-P (mg/L) 50

As described in detail in the Materials and Methods Section, the high F:M ratio of 10 along with
the abundance of nutrients would provide maximum growth conditions (Stasinakis et al., 2003;
Noutsopoulos, 2002). In this respect, the initial concentration of ammonium was chosen to be at
10% of the initial COD and phosphorus at just above 1.5%, which would correspond to the
typical stoichiometric demands for microbial growth.

In each experiment, one of the reactors served as a control, while an appropriate amount of
nitrite, in the form of a sodium nitrite solution was added to the other reactors in order to
achieve the targeted nitrite concentration that was to be examined. The reactors were aerated
over a period of 26 hours under constant pH and temperature (25°C). The VSS of each reactor
were measured on an hourly basis, while samples were routinely retrieved and analyzed for nitrite

to ensure a constant concentration.

In total, 4 experiments were conducted at the pH of 7, and the nitrite concentrations examined
were 20, 40, 60 and 120 mg NO»-N/L. The respective FNA concentrations with regard to pH
and temperature were 4, 8.5, 13 and 27 pg HNO,N/L. In each experiment the slopes for VSS
concentration evolution during the exponential growth phase were calculated, determining the
net growth rates (umax-b) in each reactor. The growth rate of the control reactor was then
compared to that of the reactors containing nitrite, establishing a degree of inhibition for each
nitrite concentration. The methodology for determining the inhibitory effect of nitrite on the
growth of GAOs is analysed in the following typical experiment.

Figure 5.64 and Figure 5.65 display the experimental results for the growth of GAOs under the
nitrite concentration of 40 mg NO»-N/L. More specifically, Figure 5.64 shows the variation of
VSS concentration in the control reactor throughout the course of the experiment. During the

first 8-10 hours of the experiment practically no growth was observed as the biomass was getting
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acclimated to the new conditions (lag phase). Following this, the biomass grew exponentially
over time (exponential phase) and would generally reach a peak towards the end of the
experiment (stationary phase). As growth in the reactors containing nitrite was diminished,

biomass growth did not reach the stationary phase in these cases.
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Figure 5.64. Typical example of VSS evolution in control reactor.

Microbial growth during the exponential phase may be described as:

dX B) X X
a—(umax— ) X =

= X =X, x elumax=bt (5 3g)
where X is the concentration of VSS.

Figure 5.65 displays the variation of VSS during the exponential growth phase in all reactors. In
accordance with equation (5.38), the net growth of the biomass in each reactor may be
determined by the exponent of the exponential trend line for VSS. Therefore, the net growth
rate of GAOs in the control reactor was found to be 1.14 d, while the net growth rate under the
presence of 40 mg NO,-N/L averaged at 0.65 d'. Consequently, it was determined that the
specific nitrite concentration inhibits the net growth of GAOs by approximately 43%. Following
the same methodology, the inhibition in GAOs maximum growth rate at all tested nitrite

concentrations were calculated and the results are presented in Figure 5.66.

In order to examine any possible effect of pH on the inhibitory function of FNA on GAOs
growth, additional experiments based on the experimental protocol already detailed were
petformed at the pH of 8 for nitrite concentrations equal to 35, 70 and 140 mg NO,-N/L. The
respective FINA concentrations with regard to pH and temperature were 0.8, 1.6, and 3.1 pg
HNO,LN/L. The results of the additional experiments are also included in Figure 5.66.
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As evidenced in Figure 5.66 the increase of nitrite concentration resulted in an increase of the
inhibition which also seems to be amplified at the pH of 7. Definitely the nitrite-fna chemistry
rules the inhibitive effect recorded with the lower pH values supporting higher FNA values.

Control NO,-N=40 mg/L NO,-N=40 mg/L
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% 600 Y = 204,37el1436x 450 . 450 .
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Figure 5.65. Determination of the net growth rates of GAOs in each reactor
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Figure 5.66. Inhibition of GAO growth with regard to nitrite nitrogen concentration.

Figure 5.67 displays a comparison of the inhibitory effect of FNA on PAOs, as established in
section 5.2.1 and GAOs (as calculated here). Interestingly enough, the increase of pH from 7 to
8 resulted in significantly higher inhibition of GAOs growth. Evidently, an FNA concentration
of 4 pg HNO,-N/L emerge an inhibition of 11% at the pH of 7, while an FNA concentration of
3.1 ug HNO,-N/L produced an inhibition of 55% at the pH of 8. Therefore, it is anticipated
that FNA, although the primary, is not the exclusive parameter affecting the GAOs growth. The
adverse effect of high pH values on GAOs activities has also be documented by Filipe et al.
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(2001) and Lopez-Vazquez et al. (2009). As postulated by the authors the rise in pH at 8 results
in a higher energy demand for the uptake of carbon by GAOs, leading to a greater consumption
of stored glycogen. Similar pH-dependence of FNA effect has also been reported by Stein and
Arp (1998) for AOB activity. The authors provide experimental evidence highlighting that in the
presence of high nitrite concentrations the effect on ammonia oxidizing activity gradually
increases with the increase of pH from 7 to 8, thus concluding that the interactions between
nitrite and pH should be more complex than the ones being described by the traditional nitrite
chemistry. It needs to be underlined that the maximum net growth rate measured at control
experiments at both pH values of 7 and 8 were almost identical (1.13 % 0.02 d" at the pH of 7
and 1.10 + 0.06 d" at the pH of 8) thus highlighting that the effect of pH in the absence of
nitrite is practically minimal.

Based on the results, it is evidenced that for a pH of 7, an FNA concentration around 10 pg
HNO,-N/L halves GAOs growth, while complete growth inhibition takes place at FNA
concentration around 27 ug HNO»-N/L. These concentrations are almost identical to the ones
reported by Ganda et al. (2016). The authors present experimental results showing that GAOs
growth was inhibited by 50% at an FNA concentration of 10 pg HNO,-N/L, while
microorganisms' activity ceased at an FNA concentration of 25 pg HNO,-N/L. The authors
(Ganda et al.,, 2016) further report that the acetate uptake rate by GAOs was decreased by 50%
at an FNA concentration of 7.5 pg HNO»-N/L while the maximum inhibition measured was
70% for an FNA value as high as 80 pg HNO»-N/L. It should be mentioned that the
aforementioned study was performed for various pH values between 6.5-8 but the FNA
concentrations of the experiments at the pH of 8 were very low (<1.8 pg HNO,-N/L).
Furthermore, the study was conducted without having performed control tests at every pH value
examined. Lower values than the ones of the present study have been reported by Ye et al.
(2010) who presented half and complete inhibition at FNA concentrations of 1.5 pg HNO>-N/L
and 7.1 pg HNO,-N/L respectively. According to the authors at the highest FNA content
glycogen production decreased by 40%, while PHA consumption was inhibited by 50%. Again,
the experiments were performed at pH values between 6.5 and 8 but the experiments targeted to
the pH of 8 were conducted with rather low FNA content. In any case according to the results,
an FNA concentration of 1.88 pg HNO,-N/L at the pH of 8 caused an inhibition around 60%,
veryclose to the value of the present study for an FNA content of 3 ug HNO,-N/L. It should be
emphasized though, that the experimental protocol followed by the authors of the previous
studies was completely different from the one of the present study. We assess the effect of FNA
on GAOs activity by direct measurement of the maximum specific growth rate, while in the
other studies this was implicitly accounted by monitoring the ammonium nitrogen utilization rate
of biomass.

Figure 5.67 also highlights GAQO’s increased resilience to FNA compared to PAOs at least for
the pH of 7; for instance, for the pH of 7, the concentration of 4 pg HNO,-N/L was found to
inhibit GAOs by just above 10% and PAOs by approximately 75%. As such, the presence of
FNA may strongly influence the PAO-GAO competition in the favour of GAOs. This might
not be valid when pH rises to values around 8 where both PAOs and GAOs seem to be
comparably affected by FNA. Therefore, it is anticipated that controlling the pH in an EBPR
system treating wastewater with low C/N content might be a promising strategy towards the
competition of PAOs and GAOs.
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Figure 5.67. Comparison of the effect of FNA on the aerobic PUR of PAOs and the growth of
GAO:s.

5.5.3 Mathematical modelling of the inhibitory effect of FNA on GAO activity

The exact inhibitive effect of FNA on GAOs activities has not been well understood yet. Few
studies report rather controversial hypotheses on FNA effect on GAOs. Some reports refer to
the decrease of the VFAs uptake rate during the anaerobic processes (Ye et al.,, 2013), while
others report on its negative impact on both anabolic and catabolic processes (i.e. PHA
degradation, glycogen production, bacterial growth) (Ye at al, 2010; Ganda et al., 2010).
However, the exact inhibitive mechanisms have not been studied yet nor the type of inhibition.

Most studies as of today have proposed the non-competitive inhibition function to best describe
FNA effect on several groups of microorganisms. Based on the results of the present study, it
was evidenced that PAOs aerobic activity both in aerobic and anoxic conditions was affected by
FNA according to a non-competitive inhibition model. Accordingly, several studies report the
non-competitive mode of inhibition as the optimum function to describe the FNA effect on
AOBs and anammox bacteria (Wett and Rauch, 2003; Van Hulle et al., 2007; Jones et al., 2007,
Park and Bae 2009; Jimenez et al., 2012; Pujol et al., 2014).

Equation (5.1) has been widely proposed to simulate non-competitive inhibition kinetics

inhibition as already be analyzed.

_ Kirna 51
W= Pmax 50— (5.1)

where Kirna is the inhibition constant corresponding to the FNA concentration that inhibits

GAOs growth rate by 50%, Srxa is the FNA concentration in the tank, p is the relative growth

rate and pma Is the non-inhibited maximum growth rate of GAOs (practically refers to the

growth rate measured at the control system).
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The value of Kirna was calculated by performing best fit analysis to the experimental data in
order to obtain the least sum of square errors (SSE). However, both in the case of pH of 7 and 8
no single Kirna value to establish a satisfactory correlation between experimental and simulated
data could be obtained. This was due to the pH-related FNA inhibition of the maximum specific
growth rate of GAOs which is clearly illustrated in Figure 5.67. Therefore, separate Kirna values
rather than a common one were calculated for each pH. Based on these results, the Kirna is equal
to 9.2 ug HNO,-N/L for the pH of 7, while this value drops to 3 pg HNO,-N/L for the pH of
8 due to the significant lower GAOs resilience at the increase pH conditions.

The ability of equation 5.1 to provide a satisfactory simulation of FNA inhibition on GAOs
activity was tested against the Andrew’s inhibition model (Andrews, 1968, equation 5.4), the Hill-
type model (Prinz, 2010, equation 5.11) and the model proposed by Zhou et al. (2007) to
describe FNA effect on anoxic PUR (equation 5.5):

S
H = Hmax e 52 (5.4)
Ks+ Spna + K?:NA
iFNA
Kipna"
H=pu (5.11)
T Spna” + Kipna"
U=pu _ Sena__ e@SFNA (5.5)
™ Ks + Spna

where Spna” is the critical FNA concentration in the mixed liquor at which growth is completely
inhibited, K is the affinity coefficient constant, a is a constant and n is the Hill coefficient
representing the number of bound ligands.

The aforementioned methodology was applied separately for the experiments conducted at a pH
of 7 and 8. The Nash-Sutcliffe efficiency coefficient (NSE) and the percent bias (PBIAS) were
used as statistic indices to evaluate models’ performances as proposed by Moriasi et al. (2007).
Performance criteria used to accept each model’s predictivity were NSE > 0.8 and PBIAS within
+ 20%.

By adopting an FNA inhibition constant of 9.2 pg HNO>-N/L and 3 pg HNO,-N/L for the pH
of 7 and 8 respectively (calculated for the simple non-competitive inhibition model) (eq. 5.1), the
optimum fitting of the dose-response Hill-type model (equation 5.11) was achieved for a Hill
coefficient value of 2.45 and 2 for the pH of 7 and 8 respectively, thus indicating positively
cooperative binding at both cases. Both Andrews’s and Zhou’s models (equations 5.4, 5.5) were
applied by using a Ks value of 0.031 pg/L as proposed by Zhou et al. (2007), while in Andrews’s
model, best fit analysis resulted in Kima values identical to the ones calculated for the simple
non-competitive inhibition model. The statistics of the four inhibition models examined for each
pH are presented in Table 5.11.
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Table 5.11. Statistic indices for the FNA inhibition models examined

Statistical Index Simple non- Andrews Hill-type Zhou et al.,
competitive (1968) (Printz, (2007)
2010)
SSE (pH=7) 1066 1081 118 440
NSE (pH=7) 0.74 0.74 0.97 0.89
PBIAS (pH=7) 1.90% 1.65% -2.21% 0.32%
SSE (pH=8) 465 577 118 378
NSE (pH=8) 0.69 0.62 0.92 0.75
PBIAS (pH=3) -25.18% -29.26% 5.37% -13.95%

Based on the results it is evidenced that the simple non-competitive model cannot provide for a
satisfactory simulation of FNA inhibition on GAOs activity. On the contrary, the dose-response
Hill-type model, described by equation 5.11, presents sufficient statistics and is able to simulate
the inhibition process very effectively for both pH values examined.

The variation of the Hill coefficient with pH (in the range between 7 and 8) can by approximated
by the following exponential function:

n = 10.142 - e 0203PH (5 40)

By incorporating equation (5.40) into the conventional dose-response model of equation (5.11),
the following expression was resulted:
10,142-¢~ 0,203 PH

_ Kirna
U= Umax 10142.¢-0.203pH
SFNA

5.41)
10142 0.203pH .
+Kirna €

Figure 5.68 illustrates the comparison between the experimental data and the simulation results
by adopting equation (5.41) for all experiments (pH=7 and 8).
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Figure 5.68. Comparison of experimental and simulated values for FNA inhibition in GAOs
growth

As evidenced in Figure 5.68 equation 5.41 can be effectively adopted to simulate the FNA effect
on GAO growth kinetics.

5.5.4 Experimental assessment of the effect of FA on GAO activity

Following the series of experiments investigating the effect of FNA on the aerobic growth of
GAOs, an additional experimental series was carried out in order to examine the possible
inhibitory effect of FA on GAOs. In this experiment, approximately 600 mlL of sludge was
retrieved from the SBR and divided equally into 4 containers, each with a working volume of
1 L. Similatly to the experiments regarding the effect of FNA, acetate, ammonium and
phosphorus were added and the sludge was diluted up to a volume of 1 L in order to obtain the
initial concentrations presented in Table 5.10. The pH for two of the reactors was set to 7, while
the pH of the other reactors was set to 8 and kept stable throughout the duration of the
experiment. The temperature of all reactors was kept stable at 25 £ 1 throughout the experiment.
As the initial ammonium concentration in each reactor was 300 mg N/L the initial
concentrations of FA could be calculated as 1.63 mg N/L for the reactors at the pH of 7 and
16.13 mg N/L for the reactors at the pH of 8. The reactors were aerated over a petiod of 26
hours under and the VSS of each reactor were analyzed on an houtly basis.

The net growth rates of GAOs in each reactor were established according to the methodology
described in section 5.5.2 and compared in Figure 5.69. The net growth rates averaged at 1.13 *
0.02 d" at the pH of 7 and at 1.10 £ 0.06 d" at the pH of 8. This would indicate that FA has a
negligible effect on the growth of GAOs as growth under the concentration of 16.13 mg NH:-
N/L was practically the same as it was under almost a tenth of this concentration. To put things
into perspective, FA concentrations of this magnitude have been found to inhibit PAOs by more
than 50%. As such, in addition to FINA, the presence of FA may strongly influence the PAO-
GAO competition in the favour of GAOs. This finding is also supported by the experimental
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results of Zheng et al. (2013) who report that FA concentrations to the order of 18 mgN/L can

significantly influence the microbial consortium of an EBPR system in favour to GAOs.
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Figure 5.69. Comparison of the net growth rates of GAOs under the FA concentration of 1.7
mg NH;s-N (pH=7) and under the FA concentration of 16.1 mg NH;-N (pH=3)

5.5.5 Investigating the effect of FA on the anaerobic activity of GAOs

Parallel to the series of experiments investigating the effects of nitrite and ammonium on the
growth of GAOs, a number of additional experiments were conducted focusing on the effect of
FA on the anaerobic processes of GAOs, specifically the COD uptake rate.

Initially two series of batch experiments were conducted. The first investigated the effect of 140
mg NH,-N/L at the pH of 8.5 (20.84 mg NH;3-N/L), while the second assessed the effect of the
ammonium concentration of 270 mg N/L at the pH of 8.5 (39.62 mg NHi-N/L) on the
anaerobic uptake rate. In each series, sludge was retrieved from the SBR and divided equally into
3 containers, each with a working volume of 0.5 L. The pH of each reactor was set to 8.5 £ 0.05
and kept constant for the duration of the experiment. Each reactor was fed with readily
biodegradable organic carbon, in the form of a sodium acetate solution, in order to obtain an
initial COD concentration of 100 mg/I.. One of the bioreactors served as a control, while the
other two reactors were fed with an equal amount of ammonium, in the form of an ammonium
chloride solution to obtain the desired ammonium concentration that was to be investigated. The
reactors were maintained under anaerobic conditions for a period of 1 hour in which the uptake
of COD was studied.

The FA concentration of 20.84 mg N/L was found to have practically no effect on the anaerobic
uptake of COD with the control performing at a rate of 51.53 mg COD/g VSS h, while the
reactors under the presence of FA performed at 51.74 and 50.06 mg COD/g VSS h. The FA
concentration of 39.62 mg N/L on the other hand was found to inhibit the anaerobic uptake of
COD by approximately 53%. The control petformed at a rate of 33.25 mg COD/g VSS h, while
the reactors under the presence of FA performed at 15.79 and 15.55 mg COD/g VSS h.
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An additional experiment series was conducted, investigating the effect of the ammonium
concentrations of 100, 200 and 300 mg N/L at the pH of 8.5 on the COD uptake rate of GAOs.
The corresponding FA concentrations were 15.55, 30 and 46.12 mg NH3;-N/L. In this
experiment however, following the setting of pH and the addition of ammonium chloride, the
reactors were kept stirring under anaerobic conditions for a time period of 1.5 h prior to the
addition of sodium acetate. The targeted initial COD concentration for this experiment was 200
mg/L. The reactors were then maintained under anaerobic conditions for a petriod of 1.5 hour in
which the uptake of COD was studied. The experiment was replicated to ensure repeatability.

The results of this experiment are presented in Figure 5.70. As shown, with the exception of the
reactor containing the highest FA concentration, all other reactors performed similarly
throughout the experiment. While there is an apparent lag in the uptake of COD during the first
30 minutes of the experiment for all reactors, this lag period appears to be slightly extended in
the case of the reactor containing 300 mg NH,-N/L. Ultimately however, by the completion of
the experiment, in all reactors practically the same amount of acetate was removed. The COD
uptake rates over the 1.5 h anaerobic period are presented in Table 5.12. It would appear that
under these conditions, ammonium has a negligible effect on the anaerobic uptake of COD by
GAOs. However, as it was noticed in the first batch experiments, an ammonium shock load may
have a brief negative effect on the anaerobic processes of GAOs which require some time to
recover. The recovery time may be extended for greater FA concentrations as shown in Figure
5.70. It is worth noting that PAOs appear to be affected by FA shock-loads to a greater extent
than GAOs, as demonstrated in section 5.3.3.
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Figure 5.70. The effect of ammonium on the COD uptake of GAOs
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Table 5.12. COD uptake rates of all reactors

Control
Reactor: NH,-N=100 NH4-N=200 NH4N=300
cactor: (NH+-N=5 mg/L mg/L mg/L
mg/L)
COD uptake rate
(mg COD/g VSS 90 91.1 90.2 90.8
h):

5.6 Evaluating alternative operational strategies for promoting EBPR

5.6.1 Investigating the role of the carbon source in the PAO-GAO competition

It is understood that the viability of EBPR in high nitrogen loading systems depends not only on
the tolerance of PAOs to FNA and FA but also on the resilience of the competitive GAO
community to these inhibitors. As mentioned, GAOs can take up VFAs under anaerobic
conditions and store them intracellularly as PHAs similarly to PAOs. Unlike PAOs, however,
they do not possess polyphosphate chains and the energy required for the reception and storage
of VFAs is provided via the hydrolysis of intracellular glycogen followed by glycolysis of the
produced glucose. The most prominent GAOs are the Gammaproteobacterial Candidatus
Competibacter and the Alphaproteobacterial Defluviicocens vanns (Oehmen et al., 2007; Oechmen et
al., 2010; Shen and Zhou, 2016). A key difference between these two groups is their preference
in carbon. Competibacter have a high affinity for acetate, while being practically incapable of
utilizing propionate. On the opposite, Defluviicoccus vanus have a higher affinity for propionate but
are reportedly capable of taking up acetate at a similar rate to Competibacter.

Table 5.13 presents a comparison of the anaerobic acetate and propionate uptake rates reported
in the literature for various PAO and GAO species. As shown, PAOs appear capable of taking
up both VFAs at practically the same rate. Competibacter appear to have an affinity for acetate that
is similar to that of PAOs but a severely limited affinity for propionate. Although the preference
for propionate of Defluviicoccus vanus and Alphaproteobacterial GAOs in general is clear, the
extent of their capacity to take up acetate is questionable. While the acetate uptake rate of
Defluvicoccns vanus is reportedly identical to that of Competibacter, in systems that utilize an
anaerobic/aerobic configuration with acetate as the sole carbon source the main GAO species
that prevails appears to be Competibacter and the Defluvicoccus-related organisms are either not
detected or present only in low abundance (<1%) (Oehmen et al., 2005). As such, the type of
substrate strongly influences the competition between the different PAO and GAO populations.

As the type of carbon source plays a key role in controlling population dynamics for the effective
implementation of EBPR, many studies have investigated its influence on the PAO-GAO
competition and proposed various strategies. The types and effectiveness of these strategies vary
in the literature and often contradict each other. In addition, while the use of acetate, propionate
or a mixture of both and their influence on the EBPR-related microbial communities has been
discussed extensively, their effectiveness in promoting EBPR under conditions where PAOs and
GAOs are inhibited to a different extent (by FA and/or FNA) has not been thoroughly
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investigated. For instance, an effective strategy based on the utilization of acetate may prove to
be most ineffective under these conditions due to the strong tolerance of Competibacter to FNA.

Table 5.13. Comparison of anaerobic acetate and propionate uptake rates by PAOs and GAOs

PAOs (Accumulibacter) (Filipe et al., 2001) 0.19
GAOs (Filipe et al., 2001) 0.24
Acetate Competibacter (Leng et al., 2003) 0.17
Deflnviicoccus 1 anus (Dai et al., 2007) 0.17
Alphaproteobacterial GAOs (Oehmen et al., 0.08

2005) '
PAOs (Accummulibacter) (Oehmen et al., 2005) 0.18
Competibacter (Oehmen et al., 2004) 0.01
Propionate Deflnviicoccus 1 anus (Dai et al., 2007) 0.25
Alphaproteobacterial GAOs (Oehmen et al., 018

20006) '

In order to further investigate the role of the carbon source in the implementation of EBPR in
nitritation/denitritation systems, an SBR was set-up and operated over 3 different periods for the
following combinations of feed:

e Acetate as the sole carbon source
e Mixture of acetate and propionate (50%-50%)

e Regular rotation of acetate and propionate as the sole carbon source

With the exception of the type of organic substrate, the SBRs’ configuration was the same for
each investigation and is detailed in the following subsection.

5.6.1.1 Performance of the experimental system

The SBR operated on 3 daily cycles each consisting of a 1.5 h anaerobic phase, a 3.5 h aerobic
phase and a 2.5 h anoxic phase. Settling and decanting occurred once per day over a 1.5 h period
due to technical limitations mentioned in the materials and methods section. Feed consisted of a
concentrated mixture of VFAs, ammonium and phosphorus that was introduced at the
beginning of each anaerobic and each anoxic phase. The volume of each dose was 200 mL. Prior
to decanting, the SBR contained 10.6 L of liquor. Following the removal of 5.6 L of effluent, 5.2
L of water was added to the SBR bringing the mixed liquor’s volume to 10.2 L. Under mixing
conditions, 0.8 L of mixed liquor was removed in order to achieve an SRT of 8 d. Thus, with the
daily addition of 1.2 L. of the concentrated feed, the SBR’s working volume averaged at 10 L
simulating an HRT of 2 d.
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The addition of a carbon source at the beginning of the anaerobic phase would provide PAOs
with an advantage over common heterotrophic organisms, giving them priority in the utilization
of COD. During the aerobic phase, the sufficient DO concentrations (>3 mg/L) would allow
PAOs to develop by oxidizing their stored PHAs, while residual acetate would be rapidly
removed by other heterotrophs. Following the cease of aeration, feed was reintroduced to the
SBR in order to allow the rapid removal of nitrate and nitrite that was produced during the
aerobic phase via denitrification prior to the next anaerobic phase.

The daily dose of COD was gradually increased from 5 g/d to 8.5 g/d over a period of
approximately 20 days. The dose of 8.5 g COD/d was regulated in order to achieve a biomass
concentration of around 2,500 mg VSS/L. The daily dose of ammonium was gradually increased
from 0.6 to 1.8 ¢ NH4-N/d over a petiod of approximately 20 days, similatly to the dose of
COD. The dose was regulated in order to allow the gradual increase of nitrite concentrations in
the SBR. This would be achieved by the partial suppression of NOB due to the relatively low
aerobic retention time (3.5 d). Ammonium concentrations in the effluent were monitored on a
daily basis and the daily dosage was modified in order to maintain effluent concentrations lower
than 30 NHs-N mg/L to prevent accumulation of ammonium in the SBR. The daily dose of
phosphorus was 200 mg PO4P/d, a dose much greater than the stoichiometric demand for
growth of common heterotrophs in order to selectively promote the growth of PAOs. This
dosage would also compensate for the phosphorus that is removed via chemical precipitation,
allowing the availability of an adequate phosphorus source to be taken up by PAOs throughout
the aerobic phase.

5.6.1.2 Acetate as the sole carbon source

The SBR was successful in developing PAOs that displayed notable activity as early as 10 days
from the commencement of operation. MLVSS averaged at 2,500 + 300 mg/L, while MLSS
averaged at 2,800 *+ 300 mg/L. The biomass concentration that was maintained in the SBR is a
direct result of the chosen COD loading rate and SRT. The high MLVSS to MLSS ratio of
approximately 90% is due to the use of synthetic wastewater that contained little to no solids.
The pH ranged from 7 to 8.2, while temperature was controlled at 20 = 2°C. Following
decanting and re-filling of the SBR, pH would drop to 7.5 and would remain unchanged during
the following anaerobic period.

In order to propetly evaluate the biomass’ capacity to remove phosphorus without the
interference of precipitation phenomena, regular ex-situ experiments were conducted on sludge
retrieved from the SBR under controlled pH. Following feed, 500 mL of sludge was extracted
and placed into a container of similar working volume and left stirring under anaerobic
conditions for a period of 1 hour. Upon completion of this, the reactor was aerated for a period
of up to 3 hours over which samples were retrieved every 30 minutes. Throughout the
experiment pH was controlled at its initial value.

Figure 5.71 displays the performance of the biomass in terms of PUR throughout the duration of
operation. As shown, the biomass displayed increasing capacity for phosphorus removal during
the first 2 weeks of operation, reaching a PUR of 12.7 mg P/g VSS h by day 14. Following this
period however, the performance of the biomass gradually declined and by day 32 no
phosphorus removal was observed. The anaerobic P release rate along with the COD uptake rate
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were also analysed throughout operation and are presented in Figure 5.72. While the P release
rate seems to follow the variation of the aerobic PUR as would be expected, the COD uptake
rate remained at a high value (~40 mg COD/g VSS h) following the decline of PUR and P-
release. This is most likely indicative of the proliferation of GAOs in the biomass. It is therefore
plausible that the deterioration of EBPR observed here was due to the prevalence of GAOs and
the wash-out of PAOs from the system.
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Figure 5.72. Variation of the anaerobic phosphorus release rate and COD uptake rate
throughout operation

The SBR was also successful in partially shunting NOB activity. Over time as the nitrogen
loading increased, so did the NO,-N/NOs-N ratio in the SBR during aeration. Figure 5.73
displays the variation of NO, and total NOx concentration in the SBR at the end of the aerobic
phase throughout operation. As shown, by day 18 nitrite concentrations throughout operation
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had stabilized at around 11 £ 1 mg N/L by the end of aeration. Figure 5.74 presents the
variation of nitrite and total NOx throughout the first daily cycle of day 18. The nitrite and
nitrate produced during aeration were rapidly removed in the subsequent anoxic phase, ensuring
strict anaerobic conditions for the start of the next cycle.
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Figure 5.73. NO; and total Nox concentrations at the end of the aerobic phase over time.
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phase of the first daily cycle (day 18).

In accordance to Figure 5.74, the concentration of FNA throughout the aerobic phase was
calculated with regard to the concentration of nitrite, temperature and pH. The variation of pH
and FNA are presented in Figure 5.75. During the first 30 minutes of aeration there is an
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increase in pH that may be attributed to carbon stripping due to the intensity of aeration. As
more DO becomes available nitrification intensifies, leading to a drop in pH. Following this, pH
rises again due to carbon stripping and is mostly stable for the remainder of the aerobic phase.
Throughout most of the aerobic phase, the concentration of FNA is greater than 0.2 ug HNO,-
N/L with an observed maximum of 0.5 ug HNO,-N/L, a concentration that has been found to
inhibit aerobic PUR by approximately 25%. Therefore, it is likely that the FINA content of the
SBR during the aerobic steps may have contributed to the deterioration of EBPR. The fact that
the highest observed FNA concentration appears relatively early during aeration mostly due to
the lowering of pH, would support this as the performance of PAOs would possibly be affected
for most of the aerobic phase. In addition, as demonstrated in section 5.5, acetotrophic GAOs
(specifically Competibacter) appear to have a significantly stronger tolerance to FNA at low pH
than PAOs. It is therefore likely that FNA influenced the PAO-GAO competition in the favour
of GAOs.
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Figure 5.75. Variation of pH and the concentration of FNA during the aerobic phase of the first
daily cycle (day 18).

Based on the performance of the SBR, it may be concluded that the use of acetate as a sole
carbon source in systems where FNA concentrations as low as 0.5 pg HNO,-N/L are produced,
is not a viable strategy for the implementation of EBPR as it promotes the proliferation of
GAOs. The extent of FNAs’ influence on the PAO-GAO competition for acetate is further

investigated in section 5.6.2.

5.6.1.3 Mixture of acetate and propionate (50%-50% Hac-HPr)

As Competibacter appear to be a strong competitor of PAOs in the uptake of acetate, several
studies have suggested that propionate may be a more suitable substrate than acetate for
enhancing phosphorus removal in EBPR systems. Ochmen et al. (2000) also suggested that
propionate can provide PAOs with a competitive advantage even when the propionate fraction
of the influent is relatively low and reported the achievement of good EBPR with the use of a
combined feed of acetate and propionate (75-25% Hac-HPr). In order to examine the
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effectiveness of this strategy in conditions where FNA is present, after the completion of the
former investigation on the use of acetate, the SBR was reset and provided with a fresh seed-
sludge. The carbon source of the feed in this investigation was a mixture of acetate and
propionate at a COD ratio of 1:1.

The SBR was successful in developing PAOs that displayed notable activity as early as 8 days
from the commencement of operation. Similatly to the previous investigation, MLVSS averaged
at 2,500 + 300 mg/L, while MLSS averaged at 2,800 £ 300 mg/L. The pH ranged from 7.3 to
8.2 and temperature was controlled at 20 * 2°C. Following decanting and re-filling of the SBR,
pH dropped to 7.5 + 1 and remain unchanged during the following anaerobic period.

In order to propetly evaluate the biomass’ capacity to remove phosphorus without the
interference of precipitation phenomena, regular ex-situ experiments were conducted on sludge
retrieved from the SBR under controlled pH. Following feed, 500 mL of sludge was extracted
and placed into a container of similar working volume and left stirring under anaerobic
conditions for a period of 1 hour. Following this, the reactor was aerated for a period of up to 3
hours over which samples were retrieved every 30 minutes. Throughout the experiment pH was

controlled at its initial value.

Figure 5.76 displays the performance of the biomass in terms of PUR throughout the duration of
operation. The performance was very similar to the one observed when only acetate was used.
As shown, the biomass displayed increasing capacity for phosphorus removal during the first 2
weeks of operation, reaching a PUR of 11.5 mg P/g VSS h by day 13. Following this period
however, the performance of the biomass gradually declined and by day 39 no phosphorus
removal was observed. While the fraction of propionate in the feed slightly extended the
performance of EBPR compared to the previous strategy, there was no significant benefit.
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Figure 5.76. Variation of aerobic PUR throughout operation

The SBR configuration was once again successful in partially shunting NOB activity. Figure 5.77
displays the variation of NO, and total NOx concentration in the SBR at the end of the aerobic
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phase throughout operation. Figure 5.78 presents the variation of nitrite and total NOx
throughout the first daily cycle of day 20, after which nitrite concentrations in the SBR were
consistent over time. The nitrite and nitrate produced during aeration were rapidly removed in
the subsequent anoxic phase, ensuring strict anaerobic conditions for the start of the next cycle.
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Figure 5.77. NO; and total NOx concentrations at the end of the aerobic phase over time.
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The respective concentrations of FNA throughout the aerobic phase were calculated with regard
to the concentration of nitrite, temperature and pH and are presented in Figure 5.79 along with
the variation of pH. While there is an initial increase in pH due to carbon stripping, it is followed
by a drop in pH due to nitrification. Throughout most of the aerobic phase, the concentration of
FNA is greater than 0.2 ug HNO,-N/L with an observed maximum at 0.5 pg HNO>-N/L, after
2 hours of aeration. As such, the variation of FNA during the aerobic phase is comparable to
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that observed in the previous investigation on acetate as the sole carbon source. It is therefore
possible that FNA may have inhibited the growth of PAOs while having little effect on both
Competibacter and the alphaproteobacterial GAO species present, leading to the wash-out of
PAOs from the system.

0.6
8.2

05 I
2
PH g =
8
04 =2
7.8 ™
-
o
03 o
1.6 a
=]
02 &
7.4 al
e
=

7.2 0.1

7 0

0 0.5 1 1.5 ) 2.5 3 35

time (h)

—o—pH —e—FNA

Figure 5.79. Variation of pH and the concentration of FNA during the aerobic phase of the first
daily cycle (day 20).

Based on the performance of the SBR, it appears that the fraction of propionate in the feed did
not improve EBPR as could be expected. This may be due to the suppression of PAOs by FNA.
As  Competibacter have demonstrated a high tolerance to FNA, it is possible that the
alphaproteobacterial GAOs that have a high affinity for propionate are characterized by a similar
resilience. Therefore, in systems where FNA concentrations as low as 0.5 pg HNO,-N/L are
produced, it is likely that the use of a mixture of acetate and propionate in the feed would result
in the development of both GAO groups at the expense of PAOs. As such, it is likely not a
viable strategy for the implementation of EBPR in these conditions.

5.6.1.4 Rotation of propionate and acetate as the sole carbon source

Following the completion of the former investigation on the use of a mixture of acetate and
propionate in the feed, the SBR was reset and provided with a fresh seed-sludge. This time the
strategy employed was based on the regular rotation between propionate and acetate as the sole
type of carbon in the feed. As mentioned, PAOs are reportedly capable of taking up both acetate
and propionate at similar rates. As such, a change in the type of VFA of the feed would likely
have little effect on them. Competibacter on the other hand have a high affinity for acetate but are
practically incapable of utilizing propionate. Therefore, if a significant Competibacter population
were to be developed with the use of acetate, the change of the substrate to propionate would

result in their suppression and ultimately their wash-out from the system. During this period, the
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use of propionate would enhance the growth of the alphaproteobacterial GAOs that possess a
high affinity for it. This may be combated with the switch back to acetate once the Competibacter
population has diminished to provide the advantage back to PAOs. Therefore, the regular shift
in the substrate type could possibly combat both GAO groups.

Due to the alphaproteobacterial GAOs having some affinity for acetate that is not entirely clear,
the rotation of the substrate type was not regulated in regard to the SRT but was based on the
observed performance of the SBR. When the biomass displayed a declining PUR that dropped
below 2-3 mg P/g VSS h, the switch was made.

The SBR was successful in developing PAOs that displayed notable activity as early as 7 days
from the commencement of operation. MLVSS averaged at 2,700 + 300 mg/L, while MLSS
averaged at 3,000 * 300 mg/L. The pH ranged from 7.2 to 8.2 while temperature was controlled
at 20 * 2°C. Following decanting and re-filling of the SBR, pH dropped to 7.5 * 1 and remained
unchanged during the following anaerobic period.

In order to propetly evaluate the biomass’ capacity to remove phosphorus without the
interference of precipitation phenomena, regular ex-situ experiments were conducted on sludge
retrieved from the SBR under controlled pH. Following feed, 500 mL of sludge was extracted
and placed into a container of similar working volume and left stirring under anaerobic
conditions for a period of 1 hour. Following this, the reactor was aerated for a period of up to 3
hours over which samples were retrieved every 30 minutes. Throughout the experiment pH was
controlled at its initial value.

Figure 5.80 displays the performance of the biomass in terms of PUR throughout the duration of
operation. The initial type of substrate in the feed was propionate as this could provide
additional information regarding its use as the sole carbon source. As shown, phosphorus
removal rose steadily during the first 24 days of operation, reaching a maximum PUR of 7.7 mg
P/g VSS h on day. It would appear that PAOs develop at a slower rate with propionate than
with acetate which would be in agreement with other studies (Oehmen et al., 2010). However,
over the following days PUR declined, dropping to 2.8 mg P/g VSS h by day 35. This could be
due to the development of alphaproteobacterial GAOs in the SBR. At this point the substrate
was changed to acetate.

The change of the carbon type was successful in the renewal of phosphorus removal and within
8 days, a PUR of 9.4 mg P/g VSS h was recorded. This rise in PUR is a direct result of the
increased growth of PAOs likely due to the fact that they can compete more effectively for
acetate in the absence of Competibacter. However, PUR began to decline once again, likely due to

the development of GAOs. On day 58, the biomass’ PUR had dropped to 0.9 mg P/g VSS h and
the change was made to propionate.

Within a week the PUR of the biomass had risen to 2.8 mg P/g VSS h indicating that the change
of carbon was successful in renewing PAO activity due to the suppression of Competibacter. On
day 69, PUR reached a peak of 3.9 mg P/g VSS h before declining again to 2.6 mg P/g VSS h
over the following 4 days. By this point, propionate had been used as a substrate over the past 17
days (a period of just over 2XSRT). It was therefore likely that the Competibacter. population had
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diminished significantly during this time and considering the new decline in P-removal, the shift
was made back to acetate.

Just two days after the change of substrate, a PUR of 8.6 mg P/g VSS h was recorded indicating
that the change of substrate to acetate provided PAOs with a significant advantage over the
alphaproteobacterial GAOs that had developed due to their higher affinity for the substrate. This
also verified the decline of the Competibacter population due to the use of propionate. This good
performance in P-removal however was short-lived as PUR declined over the following days,

dropping to 0.81 mg P/g VSS h by day 92 (after 17 days of acetate use). At this point the carbon
type was changed back to propionate.

The change of substrate resulted in a slight renewal of the biomass’ capacity to remove
phosphorus, reaching a PUR of 2.2 mg P/g VSS h by day 102. By day 110 however PUR had
once more dropped below 1 mg P/g VSS h. In view of the above, it is anticipated that while the

regular rotation of the substrate type prolonged the longevity of the PAO population in the SBR,
each change of the carbon source had diminishing returns over time.

PUR (mg P/g VSS h)

@ propionate @ acetate time(d)

Figure 5.80. Variation of aerobic PUR throughout operation

Similarly to the operations described in sections 5.6.1.2 and 5.6.1.3, the SBR configuration was
once again successful in partially shunting NOB activity. Figure 5.81 displays the variation of
NO; and total NOx concentration in the SBR at the end of the aerobic phase throughout
operation. Figure 5.82 presents the variation of nitrite and total NOx throughout the first daily
cycle of day 21, when increased nitrite concentrations in the SBR were starting to be observed.

The nitrite and nitrate produced during aeration were rapidly removed in the subsequent anoxic
phase, ensuring strict anaerobic conditions for the start of the next cycle.
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Figure 5.81. NO; and total NOx concentrations at the end of the aerobic phase over time.

25 T
Aerobic phase : Anoxic phase
= 20 -+ ,-—"L
= I [
b A-"" Py
E 15 P
c p P
=] y P
E 10 . It k!
E ‘ e i ?\\ h
[ F] - - i w b
o ’ - ' w A
E .r! ..-"’ i \\ ‘\
o 5 4 J}.r 'J&,-" i \\\1.‘
/r __h’ E \t::::l:‘
D .'., T T T T T T 1 T T T h“‘i
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 3 5.5 b
time (h)

-=ir - NO2-N - -& - NOX-N

Figure 5.82. Variation of NO, and total NOx concentrations during the aerobic and anoxic
phase of the first daily cycle (day 21).

In accordance to Figure 5.83, the concentration of FNA throughout the aerobic phase was
calculated with regard to the concentration of nitrite, temperature and pH. Due to nitrification,
there is a drop in pH during the first hour of aeration after which it is raised due to carbon
stripping. Throughout most of the aerobic phase, the concentration of FNA is greater than 0.2
ug HNO,-N/L with an observed maximum of 0.5 ug HNO»-N/L, similatly to the observed
FNA concentrations of sections 5.6.1.2 and 5.6.1.3. It is therefore likely that the FNA content of
the SBR during aeration may have inhibited the growth of PAOs while possibly having little
effect on the GAO populations present during each step. This could counter possible advantages
of PAOs in the uptake of VFAs. For instance, following a period where propionate is used as the
carbon source resulting in the wash-out of the Competibacter spp. and the promotion of
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alphaproteobacterial GAO growth, the change of the substrate type to acetate should result in an
advantage for PAOs due to their higher affinity for the specific VFA. If however their processes
are inhibited, the alphaproteobacterial GAO population that has developed may prove capable
of competing with PAOs for acetate, meaning that the regular rotation of the carbon source,
while effective for the suppression of Competibacter may not be effective in the suppression of
alphaproteobacterial GAOs. This would explain the diminishing returns in PUR for every
substrate change over time as a large portion of the alphaproteobacterial group is maintained

when acetate is used.
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Figure 5.83. Variation of pH and the concentration of FNA during the aerobic phase of the first
daily cycle (day 21).

Based on the performance of the SBR, it appears that the change of substrate from propionate
to acetate benefited phosphorus removal to a greater extent than when the change was made
from acetate to propionate. This is most likely due to the higher affinity of PAOs for acetate
when Competibacter are not present. In order to further examine the immediate effect of substrate
change, 2 batch experiments were performed, the results of which are presented in the following

subsections.

5.6.2 Evaluating the influence of nitrite in the PAO-GAO competition

Based on the performances of the SBR for the configurations discussed in section 5.6.1, it is
apparent that none of the feeding strategies were ultimately successful in establishing stable
EBPR for the specific operating conditions and nitrogen loading. When either acetate,
propionate or a mixture of both was used as the carbon source, the system was initially
successful in developing PAOs, displaying rising PURs over time. However, once greater nitrite
concentrations (that would accumulate to over 10 mg N/L) began prevailing during aeration,
owing to NOB shunt that accompanied the increase of nitrogen loading, PUR began to
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deteriorate over time. The regular rotation between acetate and propionate as the carbon type
helped prolong EBPR though PAOs were again ultimately washed-out of the system.

As already mentioned, under the operating conditions of each feeding strategy with regard to pH
and nitrite concentration during aeration, FNA concentrations of up to 0.5 ug HNO,-N/L were
produced. According to the experimental results of section 5.2.1 and 5.5.2, this FNA
concentration inhibits the aerobic PUR of PAOs by approximately 25%, while having practically
no effect on GAOs. It is therefore likely that the presence of FNA influenced the PAO-GAO
competition in the favour of GAOs whose proliferation lead to EBPR failure.

In order to examine the extent of the effect that FNA had on the shift in the biomass towards
the proliferation of GAOs, the SBR was reset and provided with a new seed sludge. The system’s
configuration remained as described in section 5.6.1.1 with acetate as the only type of carbon in
the feed. This time however ammonium loading was kept at 0.06 ¢ NH4+N/m’ d throughout
operation. Ammonium concentrations in the effluent were monitored on a daily basis and the
daily dosage was modified in order to maintain effluent concentrations lower than 10 NH4-N
mg/L to prevent accumulation of ammonium in the SBR. With this, nitrite (and therefore FNA)
concentrations in the SBR could be expected to be significantly lower than the ones observed
throughout the operation of the system described in section 5.6.1.2.

The SBR was successful in the development of PAOs with noticeable phosphorus removal
observed as early as 10 days into operation. By day 30 the system had reached a steady operation
in regard to nitrification and denitrification. The variation of nitrite and nitrate throughout a
typical cycle from this point on is shown in Figure 5.84. As expected, due to the low ammonium
loading, total NO\-N concentrations were relatively low (less than 4.5 mg/L by the end of the
aerobic phase) with NO»-N accounting for a small fraction of the total amount.
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Figure 5.84. Variation of NO, and total NOx concentrations throughout a typical cycle.
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During the aerobic phase, pH raised rapidly due to carbon stripping from 7.5 to 8.1 within the
first hour of aeration, reaching just below 8.2 by the end of aeration. In the subsequent anoxic
phase, pH would remain mostly unaffected, with only an insignificant rise being observed during
the first 10-15 minutes due to denitrification. Figure 5.85 displays the variation of pH throughout
a typical aerobic cycle along with the associated FNA concentrations calculated with regard to
nitrite. Due to the relatively high pH and low nitrite concentrations, FNA concentrations in the
SBR were significantly low (less than 0.012 pg N/L) and would likely have no effect on the
activities of PAOs.
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Figure 5.85. Variation of pH and the concentration of FNA during the aerobic phase of the first
daily cycle.

Figure 5.86 shows the variation of aerobic PUR as recorded during the first daily cycle over time.
As shown, phosphorus removal increased steadily over the first days of operation, reaching a
peak on day 22. Following that, PUR declined slowly over the following 45 days, after which a
rapid decline was observed. By day 88, phosphorus removal had ceased, indicating that PAOs
had been washed out of the SBR.

The anaerobic P-release and COD uptake rates were also monitored throughout operation and
are displayed in Figure 5.87. Anaerobic P-release decreased steadily over time, similarly to
aerobic PUR while the anaerobic uptake of acetate remained practically unaffected. This is
indicative of changes in the populations of the biomass and specifically of the proliferation of
GAOs over PAOs. The PAO/GAO population dynamics may be monitored by the evolution of
anaerobic Precsed/ CODypuake ratio which cleatly indicates a steady shift in the biomass in the
favour of GAOs. This shift is likely the result of the use of acetate as the source of carbon,

which as discussed previously has been shown to favour the growth of Competibacter over
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Accumulibacter. 'The abundance of the Competibacter spp. in the SBR was also verified by FISH
analysis (Figure 5.88) which also revealed a negligible PAO population (<1%).
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Figure 5.86. Variation of aerobic PUR throughout operation
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Figure 5.87. Variation of the anaerobic phosphorus release and COD uptake rates throughout

operation.
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Figure 5.88. In situ identification of GAOs using Cy-3 labelled GAOMIX (GAOs depicted in
red, all microorganisms stained with DAPI presented in blue) on day 88 of operation.

Figure 5.89 presents a comparison of the SBR’s performance with that described in section
5.6.1.2. As is evident, the absence of FNA helped prolong the longevity of EBPR although
GAOs ultimately prevailed in the SBR. This would suggest that the use of acetate as the form of
carbon should be avoided since PAOs appear incapable of competing with acetotrophic GAOs.
The presence of FNA hastened the shift in the biomass in the favour of GAOs, as the growth of
PAOs was inhibited.

14
12 n
[N
1
[
— 10 - o
< ro
) e
4 : .\ o
::D 8 - o ."f \\
[
= .
l ’ Al
=T+] I F, \ A
-g- 6 - ! !f ' .\“
x e ® e
-] ' ! 1 -_-_“‘-‘_
o ! !.f l‘ u.__‘_“‘_
a1, . o
L \ \\
. ' )
I Y
2 1/ ® "
1y \ S
1y \ .\
l;lf Q \\\
0 —D T . T T T . 1
0 20 40 60 80 100

--@ - FNAMax=0.012 g/l - & - FNAmax=0.5pg/L time(d)

Figure 5.89. Comparison of the SBR’s performance with that observed under higher FNA

accumulations

5.6.3 Optimizing EBPR via the selection of PAOs through the denitritation pathway
with propionate as the sole carbon source

As evidenced, the configurations employed and described in sections 5.6.1 and 5.6.2 were
unsuccessful in providing favourable conditions for the sustainability of EBPR. While all
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configurations were initially successful in developing PAOs, their population was eventually

washed out by the growth of antagonistic GAO populations. Their wash-out from the SBR was

hastened when significant nitrite concentrations began to accumulate in the SBR, owing to the

associated presence of FNA.

The growth of PAOs throughout an operation cycle may be adequately described by the

following equation:

ix B f"aer< y [PHAS] y [P] y [DO]
paos = ) Hmax—aer Kptas aer + [PHAs] " Kp + [P] ~ Kpo + [DO] ™
X (1 —inhpaypna) X Xpaos | dt
N f"anox y PHAs 1P [NOy
. Wmax—denitritation KPHAs_anox + PHAs  Kp + [P] KNOZ n [NOZ]

X (1 —inhpgipna) X XPAOS) dt

Banox PHAs [P] [NOB]
+ J- Umax—denitratation
0

X X X
Kpnas anox + PHAs  Kp + [P]  Kyo, + [NOs]

X (1 —inhpgipna) X XPAOS) at  (5.42)

In order for PAOs to proliferate over GAOs:

AXpaos > AXGaos

In order to satisfy this requirement, the following strategies may be employed:

Prioritization of the anaerobic uptake of COD by PAOs. This may be achieved by
employing one of the strategies discussed in section 5.3.3, namely: either employing a

relatively low anaerobic retention time (45-60 min) when VFAs are the carbon source, or
longer anaerobic retention times for slowly degradable carbon sources. The slow addition
of the feed over a prolonged time period, when VFAs are the carbon source, may also
benefit PAOs, as they have been shown to persevere over GAOs in conditions of

substrate scarcity.

Providing adequate phosphorus concentrations throughout the cycle. The availability of
phosphorus is a prerequisite for the development of PAOs. The sustain of PAOs under

steady state conditions requires:

Preleased (XPAOS) + Pfeed - Pc - Ps = Puptake (XPAOS + AXPAOS)
for each cycle, where: Preeased 1s the phosphorus released anaerobically by PAOs, Pt is

the phosphorus of the feed, Pc is the phosphorus that is removed via precipitation, Ps is
the phosphorus that is utilized for microbial synthesis, Pupuke is the phosphorus taken up
by PAOs and AXpaos is the increase in PAOs during a cycle. In full scale applications,
this relation will determine the required SRT for the sustenance of the required PAO
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population needed for the effective removal of phosphorus. However, as the objective of
the SBR in this study is the growth of PAOs and not general phosphorus removal, which
may be achieved by natural chemical precipitation as well, in this case a significant
portion of phosphorus that is removed by other means (Pc + Ps) needs to be replenished
in order to sustain PAOs. Essentially, phosphorus in the feed must be regulated so:

Pfeed = Puptake (AXPAOS) + P, + Ps

Selection of the antagonistic GAO group and employment of specific strategies against

them: As mentioned, GAOs may be divided into 2 main subgroups: the strictly
acetotrophic group (Competibacter spp.) and the propionate favouring alphaproteobacterial
group (mainly Defluvicoccus vanus spp.). The selection of a specific subgroup via choice of
carbon source may provide PAOs with a handicap in their antagonism, as one group may
be less resilient to FNA or FA than the other, have a slower growth rate, or other
limitations. In general, Competibacter have been reported to thrive over PAOs even in
conditions of low FNA and FA accumulations, for which they have displayed a strong
tolerance (as demonstrated in section 5.5). Alphaproteobacterial GAOs on the other
hand are seen as a more balanced opponent for PAOs in the absence of FNA and FA.
While their tolerance to these inhibitors has not been documented yet, the results of
section 5.0.1.4 would indicate that they are favoured in conditions where FNA
concentrations as low as 0.5 pg N/L accumulate. However, it has been reported that
Defluvicoceus vanus does not have the capacity to utilize nitrite as an electron acceptor when
propionate is the carbon source. It is therefore possible that, by providing PAOs a
priority in denitritation, their net-growth may surpass that of their antagonists even under
inhibiting conditions. In other words, the second term of equation (5.41):

ganox PHAS [NOz]
f Umax—denitritation X
0 KPHASanox + PHAs KN02 + [NOz]

X (1 —inhpgipna) X XPAOS) dt

should be increased. In order to achieve this, sufficient nitrite must be made available to
PAOs along with a sufficient anoxic retention time. In addition, since ordinary
heterotrophic organisms (OHOs) reduce nitrite at a much faster rate than PAOs, it may
be necessary to limit their action at least for some fraction of the phase, or completely if
nitrite concentrations are generally low. This may be achieved by either postponing the
addition of carbon during the anoxic phase in order to give PAOs priority over
denitritation, or by regulating the carbon dosage so as to rapidly remove a portion of
nitrite (by OHOs), leaving the residual concentration to be reduced by PAOs. The
second option would also provide PAOs with a more favourable denitritation period,
due to lower FNA concentration. In aid of the above, it is required that PAOs still
possess an abundant PHA storage, meaning that the prior aerobic phase should not be
prolonged. Reducing the aerobic retention time in favour of the anoxic retention time
(which would be required since PAOs have a lower denitritation time) would also further
promote NOB shunt, making more nitrite available.
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Based on the above strategies, the SBR was reset with a new configuration focusing on the
promotion of PAO growth via the denitritation pathway with the use of propionate as the sole
carbon source. During the start-up period the NLR was gradually increased up to 0.1 kg N/m’ d
at which it remained for the first phase of operation. The NLR was then increased to 0.15 kg
N/m’ d for the second phase of operation. During the third phase of operation, the NLR
remained at 0.15 kg N/m’ d but pH was controlled at the low value of 6.5 in order to evaluate
the sustainability of PAOs under increased FNA concentrations. The SBR’s performance for all
operation phases is presented in the following subsections.

5.6.3.1 Performance of the experimental system

The configuration examined in this section is similar to the one that was presented in section
5.2.2.1, in which information regarding the start-up period may be found.

5.6.3.1.1 First phase of operation (VINLR=0.1 kg N/m3 d)

After the 60-day start-up period, the SBR achieved steady state conditions and demonstrated
significant PAO activity. During operation, pH ranged from 7.5 to 8.5 and SBR temperature was
maintained at 20 = 2°C. VSS and TSS averaged at 3,000 £ 500 mg/L and at 3,300 = 500 mg/L,
respectively. The SBR’s configuration was successful in developing a highly PAO-enriched
biomass as confirmed by FISH analyses and high PURs that were observed throughout
operation.

Figure 5.90 displays the variation of phosphorus and COD throughout a typical SBR cycle.
During the anaerobic phase, propionate was taken up by PAOs at an average rate of 17.6 mg
COD/g VSS h, while P was released at an average rate of approximately 12 mg P/g VSS h. At
the beginning of the aerobic phase, PO4-P averaged at 70 = 10 mg/L. During aeration,
phosphorus was rapidly removed at an average PUR of 12 mg P/g VSS h, while nitrite and
nitrate concentrations accumulated up to 18 £ 3 mg N/L and 4.5 £ 1 mg N/L respectively at
the end of this phase. The abundance of nitrite over nitrate was due to the suppression of NOB
that was achieved mainly by the low aerobic SRT. The concentration of ammonium was reduced
from 24 + 2 mg N/L to 2 £ 1 mg/N L during aeration due to nitrification/nitritation and its
utilization for microbial synthesis. With the cease of aeration, nitrite was reduced by PAOs at an
average rate of 3.1 mg N/g VSS h. However, the biomass’s capacity for anoxic P-removal could
not be evaluated in the conditions of the SBR since most of the phosphorus was removed during
the aerobic phase. The variation of ammonium, nitrite and nitrate during a typical cycle is
presented in Figure 5.91. Accordingly, Figure 5.92 displays the variation of pH and DO during
the aerobic phase of a typical cycle. In order to prevent a rapid increase in pH due to carbon
stripping, the intensity of aeration was kept within limits, resulting in lower concentrations at the
start of the aerobic phase where oxygen demand was higher. Consequently, the concentration of
DO during the first hour of aeration was below optimum values for nitritation and phosphorus

removal.
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Figure 5.92. Variation of DO and pH throughout the aerobic phase of a typical SBR cycle.

Figure 5.93 displays the variation of FNA throughout the aerobic and anoxic phase along with its
predicted inhibitory effect on PUR according to the inhibition model that was developed in
section 5.4. FNA would accumulate to just below 0.35 pg N/L, a concentration that has been
found to inhibit PUR by approximately 20%. The overall inhibition of PAOs throughout the
cycle may be roughly estimated by calculating the area under the formed inhibition curve.
According to this, the overall inhibition during aeration is approximately 12%, while the overall
inhibition during denitritation is just over 4%. As such, conditions in the SBR allowed the
growth of PAOs under limited inhibition. This, along with the designated denitritation phase for
PAOs, ensured their prevalence over GAOs and the stability of EBPR.
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Figure 5.93. Variation of FNA and the degree of inhibition throughout a typical SBR cycle
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The SBR’s configuration was successful in developing a highly PAO-enriched biomass, which
was documented by FISH analysis (Figure 5.94). Quantification of a total of 52 pairs of FISH
images (16 pairs for each duplicate of 2 separate samples) showed Accumulibacter (the main PAO
species), to account for approximately 50% of the total microbial community. In addition,
neither Competibacter nor Deffluvicoccns vanus (the main alphaproteobacterial GAO species) were
shown to have a substantial presence in the biomass (<2% of the total microbial population),
indicating that the system’s configuration was effective in their suppression.

Figure 5.94. In situ identification of PAOs using Cy-3 labelled PAOMIX (PAOs depicted in, all
microorganisms stained with DAPI presented in blue).

As demonstrated, the SBR displayed good EBPR performance throughout operation. However,
the biomass’s potential for P-removal could not be observed in in-situ conditions. This is due to
the relatively low DO concentration throughout the first hour of aeration (within which, most of
the phosphorus is removed) along with the inhibitory effect of FINA that is present. In addition,
the change in pH could influence water chemistry and precipitation/dissolution reactions
involving phosphorus. As such, the biomass’s capacity for P-removal was examined in regular
ex-situ batch experiments, both under aerobic and under anoxic conditions.

In each experiment, 1 L of sludge was extracted from the SBR (prior to feed) and was divided
equally into 2 containers each with a working volume of 500 mL. The pH of each reactor was set
to 8 and kept constant throughout the duration of the experiment. Each reactor was fed with
readily biodegradable organic carbon, in the form of a sodium acetate solution, in order to
establish a starting COD content of 100 mg/L and was stirted for 1 h under anaerobic
conditions. The first reactor was used for the examination of P-removal under aerobic
conditions, while the second reactor was used for the examination of P-removal via denitritation.
Following the anaerobic period, the first reactor was aerated for a period of 2 h. DO
concentrations exceeded 7 mg/L within 5 minutes of aeration while nitrite concentrations did
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not exceed 5 mg N/L throughout the expetiment due to the low initial ammonium
concentration. The associated FNA concentrations due to the high pH, would have a negligible
effect on PAOs. The second reactor received a nitrite concentration of 10 mg NO,-N/L with
the addition of an appropriate volume of a sodium nitrite solution and was kept constant at 8§ *
2 mg N/L throughout the experiment with regular sodium nitrite addition. The anoxic PUR was
determined for a 2.5 h period.

Throughout operation, the aerobic PUR averaged at 25 + 4 mg P/g VSS h, while the anoxic
PUR averaged at 10 £ 3 mg P/g VSS h. The anoxic/aerobic PUR ratio appeared relatively steady
throughout operation with anoxic PUR being observed to occur at approximately 40% of the
aerobic PUR. The occasional use of propionate as the carbon source in these experiments
instead of acetate, did not affect aerobic and anoxic PUR, as well as the anaerobic release of
phosphorus, in agreement with the observations of section 5.6.1.4.1. By accounting for the total
volume of nitrite added to the anoxic reactor, an average denitritation rate of 8 = 1 mg N/g VSS
h may be determined. However, this rate concerns not only PAOs, but also endogenous
denitritation by common heterotrophs. The anaerobic release of P occurred at a rate of 23 * 6
mg P/g VSS h, that was accompanied by an average COD uptake rate of 44 = 12 mg COD/g
VSS h. This would cotrespond to a Precase/ COD\ypure ratio of approximately 0.5. As GAOs were
not detected by FISH analysis, the entire amount of COD may be attributed solely to PAOs.
Since PAOs were found to account for approximately 50% of the population, the following rates
may be determined for PAOs (Table 5.14):

Table 5.14. Determined metabolic rates of PAOs

Aerobic PURma: 50 mg P/g VSSpaos h
Anoxic PURma: 20 mg P/g VSSpaos h
Anoxic/Aerobic PUR ratio: 0.4
Anaerobic P-release rate: 46 mg P/g VSSpaos h
Anaerobic COD-uptake rate: 88 mg P/g VSSpaos h
Pretease/ CODyprake ratios 0.5

The parameters of Table 5.14 may effectively be used in mathematical simulations of EBPR with
regard to the PAO population. For the simulation of a similar configuration, the anaerobic P-
release rate of 12 mg P/g VSS h along with the aerobic PUR of 12 mg P/g VSS h X (1-Inh),
where Inh is the degree of inhibition according to the inhibition model of section 5.4, that were
observed in the SBR, may be used for a simplified simulation that focuses on PUR inhibition.

5.6.3.1.2 Second phase of operation (vNLR=0.15 kg N/m? d)

Following the successful performance of the SBR at the NLR of 0.1 kg N/m’ d, the
concentration of ammonium in the feed was gradually increased over a period of 14 days, raising
the NLR to 0.15 kg N/m’ d. During this time, the dosage of COD was also gradually raised
from 8 to 9 g/d to compensate for the increased demand in denitritation. The SBR was
maintained under the new NLR conditions for a further 14 days during which a steady state had
been achieved.
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The SBR’s performance under the new NLR is presented in Figure 5.95 and Figure 5.96. As
expected, nitrite concentrations during aeration increased, accumulating to over 25 mg N/L by
the end of the aerobic phase. Approximately half of the nitrite produced was removed by PAOs
over the subsequent 1.5 h anoxic phase, with the rest being removed by PAOs along with OHOs
in the follow-up 1 h phase. The abundance of PAOs was still evident, as phosphorus continued
to be removed at a high yet considerably diminished rate, displaying an aerobic PUR of 6 mg P/g
VSS h (approximately half of that observed in the SBR under the NLR of 0.1 kg N/m’ d). Due
to the reduced removal of phosphorus during the aerobic phase, P-removal was also observed in
the SBR during the subsequent anoxic phase at a rate of 3.2 mg P/g VSS h.
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Figure 5.95. Variation of phosphorus in the SBR during the first daily cycle.
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Figure 5.97 displays the variation of FNA throughout the aerobic and anoxic phase along with its
predicted inhibitory effect on PUR. Due to the increased nitritation, which in addition to greater
nitrite concentrations also resulted in a variation of pH at lower values, FNA reached
concentrations up to 1 pg N/L, a concentration that has been found to inhibit PUR by 40%. A
rough estimate of the overall inhibition of PAOs, based on calculation of the area under the

formed curve, would be 28% during aeration and 13% during denitritation.

1 : 1.2
I -
0.9 - Aerobic phase : Anoxic phase
: | _
® I . %
) n I
$ 0.8 : >
c i S
5] 0.7 - 1 3
= . : - 088
2 06 - ! =
£ I g-.
05 - . | - 06 3
| —
' &
04 7 A~ : =
7 ~e ° L 045
03 - 7’ ~ I T —
: o « |
- I
0.2 - / e _
/ | ~ - - 02
/ ! S -
0.1 - , I| -~ -
-
1
O 2 : : : : : : -0
0 0.5 1 1.5 2 2.5 3 3.5

= @ [nhibition ® FNA

Figure 5.97. Variation of FNA and the degree of inhibition throughout a typical SBR cycle

For a comparison with the system’s performance during the first operation phase (NLR=0.1 kg
N/m’ d), it should be acknowledged that this degree of inhibition observed concerns not only
the performance of the present PAO population, but also the reduced PAO community due to
inhibition of their growth. For instance, considering the PUR of 6 mg P/g VSS h observed in the
SBR, it may be estimated that in the absence of inhibitors, the biomass may perform at 6/(1-
0.28)=8.3 mg P/g VSS h under aerobic conditions. If the inhibitive conditions during the first
period of operation were to be considered negligible, then comparison of the aerobic PURs from
each period would reveal that the PAO population has been reduced by 30%, which is a

reasonable deduction considering the new conditions.

In general, if EBPR under a specific configuration and the absence of inhibitors is performed at
a steady PUR, then in the presence of inhibitors, the system should be expected to perform at
less than PUR X (1 — Inh)?, where Inh is the degree of the overall inhibition due to FA and
FNA. This is due to both the diminished PAO population, and their stunted performance under

the new conditions.
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5.6.3.1.3 Third phase of operation (vNLR=0.15 kg N/m3 d —low pH)

During this phase, NLR remained the same but the system performed at a lower pH. The
objective was to determine the sustainability of PAOs under high FNA accumulations without
the need of increasing nitrogen loading. To achieve this, the HRT was increased to 10 days (by
decanting 1 L of effluent every day, which was just enough for the 1 L. of feed that would enter
daily) in order to limit the renewal of the medium’s alkalinity. With this, the effect of carbon
stripping during aeration was minimal and the pH levels gradually dropped over a period of 7
days, reaching a value of 6.5 that would remain practically constant throughout each cycle.
Following this, the SBR was operated under this constant pH for a period of 10 days, after which
an evaluation of the system’s performance was performed.

The SBR’s performance under these conditions is presented in Figure 5.98 and Figure 5.99. The
system’s capacity to remove phosphorus had completely deteriorated, with negligible phosphorus
removal being observed during the aerobic phase. As shown, neither nitrite nor phosphorus was
removed during the anoxic period reserved for PAOs, indicating a complete absence of the
community. Instead, nitrite rose slightly, most likely as a result of some denitritation.
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Figure 5.98. Variation of phosphorus in the SBR during the first daily cycle.
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Figure 5.100 displays the variation of FNA throughout the aerobic and anoxic phase along with
its predicted inhibitory effect on PUR. Due to the low pH value of 6.5, FNA concentrations
increased significantly in the SBR along with the production of nitrite, reaching 8.2 ug HNO,-
N/L. A rough estimate of the overall inhibition of PAOs, by calculation of the area under the
formed curve, would be 64% during aeration and 80% during anoxic conditions.
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Figure 5.100. Variation of FNA and the degree of inhibition throughout a typical SBR cycle
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The FNA concentrations that accumulated in the SBR were sufficient for the complete wash-out
of PAOs. Interestingly, no COD appeared to be removed during the anaerobic phase, indicating
that the wash-out of PAOs was not due to a proliferation of GAOs, but a direct result of the
inhibitory conditions. This was confirmed by FISH analysis which revealed a negligible
percentage (<5%) of Accumulibacter, but also Defluviicoccus vanus. The results of this operation
phase clearly demonstrate the importance of pH control for the establishment of EBPR in low
C/N treatment systems.

5.7 Optimizing EBPR in low C/N systems with nitrogen removal via nitrite

As  demonstrated throughout chapter 5, the application of EBPR alongside
nitritation/denitritation appears challenging at the least. Section 5.2 presented the inhibitory
effect of nitrite on the aerobic and anoxic PUR of PAOs and confirmed that FNA is the actual
inhibitor of these processes, while also determining the mode of inhibition as non-competitive.
FNA appears to inhibit both processes to a similar extent for which a K of 1.5 pg HNO,-N/L
has been determined. As such, pH heavily influences the degree of inhibition, since significantly
more nitrite is in the form of FNA at lower pH values. For instance, the concentration of a mere
10 mg NO,-N/L at the pH of 7 would significantly inhibit PAOs (by approximately 50%), while
at the pH of 8, PAOs would be inhibited to a much lesser extent (by only 10%). Therefore, the
control of pH at high values may be beneficiary to PAOs as it would limit the abundance of
FNA (and consequently the degree of inhibition).

While the control of pH at high values would seem like a viable strategy, section 5.3
demonstrated that PAOs are also inhibited by FA which becomes more abundant at higher pH
values. As such, the high ammonium concentrations that are typical of high nitrogen loading
treatment systems could severely limit the potential of raising pH to favour PAOs. FA was found
to inhibit PAOs practically to the same degree under aerobic and anoxic conditions. The mode
of inhibition was determined as uncompetitive with a K; of approximately 8 mg NH;-N/L.

The combined inhibition of FNA and FA, presented in section 5.4, showed that the
simultaneous presence of nitrite and ammonium (a characteristic of nitritation/denitritation
systems) could severely inhibit EBPR with pH being of significant importance. As ammonium is
converted to nitrite through nitritation, the optimum pH for PAOs rises. A combined inhibition
model was developed and validated by the experimental data which may be used not only to
determine the combined inhibition of EBPR for a given set of parameters, but also to predict the
optimum variation of pH throughout the process which would limit the degree of inhibition.
The effective control of pH throughout the nitritation and denitritation processes with regard to
the nitrogen load may prove a viable strategy to limit PAO inhibition and allow EBPR.

While the performance of PAOs under the aforementioned inhibitory conditions is challenged,
their sustainability in such systems should also come into question as they may prove to be
incapable of competing with GAOs under such circumstances. Section 5.5 demonstrated that
acetotrophic GAOs (namely Competibacter) possess a higher tolerance to FNA than PAOs,
particulatly at low pH values. In addition, this GAO group appears to be unaffected by FA,
meaning that while the control of pH at high values could lessen the effect of FINA in their
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antagonism with PAOs, it would provide them with an advantage in terms of FA inhibition.
Section 5.6.2 demonstrated that acetotrophic GAOs may also prevail over PAOs in conditions
of negligible FNA and FA accumulations. As such, the use of acetate as a carbon source in such
systems should be considered an unviable option. The use of propionate did not appear to
provide PAOs with an advantage over the alphaproteobacterial GAO group. However, when
PAOs were given priority over ordinary heterotrophic organisms (OHOs) in denitritation, the
biomass displayed excellent EBPR activity, while GAOs were not detected. This is most likely
due to the fact that alphaproteobacterial GAOs (specifically the main organism: Defluviicoccus
vanus) are reportedly incapable of utilizing nitrite when propionate is the carbon source.
Therefore, while the growth of PAOs may be inhibited to a greater extent than that of GAOs
during aerobic conditions, their growth via denitritation may compensate and allow their
proliferation over GAOs. In regard to this, it may be concluded that the use of propionate could
clevate the net-growth of PAOs over GAOs, providing that adequate denitritation retention
times are made available for PAOs.

In light of the above, two strategies emerge for the assistance of EBPR:

e Appropriate pH control. This strategy focuses on lessening the combined inhibition by

ammonium and nitrite by controlling FNA and FA concentrations. This strategy may be
applied by controlling pH throughout the process as to provide minimum inhibition for
PAOs. In practice, controlling pH to its optimum (for EBPR) variation may be unviable
due to the associated costs of chemicals and monitoring/automation equipment.
However, the application of a clever configuration centred on altering aeration with
denitritation could bring the variation of pH closer to its optimum values, providing
favourable conditions with limited chemical addition.

e Promoting denitritation by PAOs with propionate: This strategy focuses on providing

PAOs with an advantage over GAOs. It may be achieved by allowing the growth of
PAOs via denitritation, ensuring an overall greater net-growth than that of GAOs. In
order for this strategy to be effective, the anoxic growth of PAOs must compensate for
the stunted growth during aerobic conditions in which GAOs may develop faster. As
such, adequate anoxic retention times must be made available to PAOs that would most
likely require the partial exclusion of OHOs for the utilization of nitrite.

In this section, the potential for EBPR in nitritation/denitritation systems is evaluated via a set
of simulations for a theoretical full-scale configuration, based on the laboratory configuration
discussed in section 5.6.4. The series of simulations was carried out through a developed coded
program, that utilized data from an existing pilot SBR that was operated at the WWTP of
Psyttalia for the side-treatment of reject-water. While the side-stream pilot system did not
employ EBPR by including an anaerobic phase, the nitritation and denitritation rates along with
the variation of pH throughout its operation, could be considered comparable with those of the
theoretical configuration, with respect to the vINLR.
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Description of the existing pilot plant / aquissition of data:

The pilot SBR operated at an vNLR of 0.31 £ 0.08 kg N/m3 d. The SRT was 10 d and the concentration of
VSS averaged at 4,600 mg/1L. The system petformed at 5 daily cycles, each consisting of 4 hours of alteration
between aerobic and anoxic conditions (2 h aeration — 0.5 h denitritation - 1 h aeration — 0.5 h denitritation)
and 1 h for settling and decanting. The variations of NH4-N and NO»-N during a typical cycle are presented
in Figure 5.101, while the variation of pH is presented in Figure 5.102). The ammonium concentration at the
beginning of the cycle is 159 mg N/L. Over the first aeration period, it is reduced to 92 mg N/L due to
nitritation (producing 68 mg NO,-N/L in the process — 7.4 mg N/g VSS h) and its utilization for microbial
synthesis. During the subsequent anoxic period, ammonium remains constant while nitrite is reduced at a
rate of 22.6 mg N/g VSS h, reaching 16 mg N/L at the start of the next aeration phase. Over the following
hour, nitritation resumes at an increased rate of 14.35 mg N/g VSS h, resulting in the accumulation of 82 mg
NO2-N/L before being reduced during the follow-up anoxic phase at a rate of 30.9 mg N/g VSS h.
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Figure 5.101. Variations of NH4-N and NO2-N during
a typical cycle of the pilot SBR.

Figure 5.102. Variation of pH during a typical
cycle of the pilot SBR.

The theoretical configuration was accepted to operate with the same reactor volume as the
existing SBR at a similar VSS concentration. The inclusion of an anaerobic phase would require
appropriate alteration of the operational cycles, reducing them to 4 per day (slightly increasing
the aerobic/anoxic duration of each cycle). With this, the nitrogen concentrations after loading
for each vINLR were appropriately established.

The nitritation and denitritation rates along with the variation of pH with regard to nitritation or
denitritation were coded into the mathematical simulation which predicted the combined
inhibition of PAOs throughout the processes based on the inhibition model discussed in section
5.4. In short, the program simulated a typical cycle of operation where the ammonium
concentration was reduced during the aerobic phase at the rate derived from the experimental
data with a step of 0.5 min. In each step, nitrite was also increased according to the observed
nitritation rate, while the concentrations of FNA and FA were calculated with regard to pH and
temperature, along with the predicted degree of inhibition.
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5.7.1 Simulation of an optimized system for EBPR

In this simulation, the viability of EBPR coupled with nitritation/denitritation is evaluated for a
theoretical configuration that focuses on promoting the sustainability of PAOs, for vINLRs of 0.1
up to 0.3 kg N/m’ d. The theoretical configuration is based on the operation of 4 daily cycles,
each consisting of a 1 h anaerobic phase, a 4.5 h period of altering between aerobic and anoxic
conditions, and 0.5 h for settling and decanting. The duration of the aerobic and anoxic phase is
altered appropriately for each vVNLR with longer aeration times being demanded for higher
vNLRs. The systems configuration along with the process for estimating the inhibition of PAOs
is presented for the vNLR of 0.2 kg N/m’ d in the following section.

5.7.1.1 Exemplary simulation for the vNLR of 0.2 kg N/m’ d

System configuration:

e Anaerobic phase (60 min): The inclusion of an anaerobic phase in which a soluble carbon

source can be taken up by PAOs is an axiomatic demand for EBPR. It is generally
accepted that a retention time of 45-90 minutes is adequate for the uptake of readily
available VFAs by PAOs, while the adoption of a relatively low retention time may also
provide an antagonistic advantage against GAOs. The carbon source in this scenario is
propionate, as the configuration relies on the proliferation of PAOs over GAOs via
promotion of the denitritation pathway with propionate as the sole carbon source.

e First aerobic phase (70 min): The nitritation rate and AUR for this phase are adopted
from the data from the existing pilot plant, as the ammonium loading is comparable to

this scenario. The duration of aeration is chosen with regard to the vNLR of the
scenario, as to achieve the required nitritation. Nitrite is predicted to accumulate to 35
mg N/L, based on the nitritation rate of the scenatio.

e First anoxic phase (50min): With the cease of aeration, a specific dosage of propionate is

introduced for the removal of the remaining DO and a portion of nitrite. The dose is
regulated for the removal of just over 20 mg NO,-N/L by mostly OHOs, lowering the
concentration of nitrite to around 14 mg N/L. The denitritation rate for this stage is
adopted from the data of the existing pilot plant. After the depletion of the added
carbon, nitrite is then removed only by PAOs and by OHOs endogenous respiration at
40% of the initial rate and accounting for inhibition by FA&FNA. The reduced rate is
based on the denitritation rates of PAOs that have been observed under negligible
inhibitory conditions (section 5.2). As such, the denitritation rate by PAOs is 9 X (1-Inh)
mg N/g VSS h. Due to the rapid removal of a significant portion of nitrite by OHOs,
PAOs are able to reduce nitrite at lower FNA concentrations. The required dosage of
COD may be estimated between 2.5 and 3.5 mg COD/g NO,-N to be removed.

e Second aerobic phase (70 min): Similar to the first aeration phase. Nitrite is predicted to

accumulate to just below 50 mg N/L.

e Second anoxic phase (80 min): Similar to the first anoxic phase. The COD dosage is

increased, as more nitrite needs to be removed. PAOs are provided a greater anoxic
period in which they may reduce nitrite at a high pH and a low ammonium background.
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e Settling and decanting (30 min): An added bonus of EBPR is that the PAO enriched
sludge possesses excellent settling qualities. This allows settling and decanting to be
carried out over a short duration of time.

Figure 5.103 displays the predicted variation of ammonium and nitrite throughout the cycle
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Figure 5.103. Variation of NH4-N and NO2-N according to the simulation setting

The simulation was performed for 2 scenarios of pH variation; one where pH was left
uncontrolled and one where pH was controlled at optimum values for EBPR, according to the
unified inhibition model. Figure 5.104 presents the variation of pH throughout the cycle for both
scenarios. The rise of pH during denitritation by PAOs was predicted in relation to the fraction
of the denitritation rates.

Figure 5.105 presents the inhibition of PUR throughout the process for the 2 scenarios. By
calculating the areas under the formed curves, it is revealed that the process is inhibited by 40%
if pH is left uncontrolled and by 33% if pH is controlled to the extent of reaching its optimum
variation. The inhibition of PUR during each phase for both scenarios is presented in Figure
5.106. The control of pH to its optimum variation does not appear to provide a very significant
benefit to the sustainability of PAOs. This is due to the design of the configuration with the
appropriate alternation between aerobic and anoxic conditions, bringing the pH range closer to
its optimum variation. Therefore, control of pH may be considered unnecessary for successful
EBPR. However, an attractive option could be to control pH during the second aerobic period.
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This would not only provide better conditions for PAOs, but also result in a high pH of the
effluent which would increase natural precipitation of phosphorus as an added bonus.
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Figure 5.104. Variation of pH throughout the cycle for the scenarios of the simulation.
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Figure 5.105. PUR inhibition throughout an SBR cycle for each scenario
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Figure 5.106. PUR inhibition during each phase for each scenario

Based on the results of the simulation, the application of this or a similar configuration may
prove effective in achieving EBPR for moderate to high nitrogen loading systems. If pH were to
be left uncontrolled, the process would be inhibited by 40%. The configuration employed is
somewhat similar to the one applied in section 5.6.4 in terms of anaerobic, aerobic and anoxic
SRTs. As such, it is possible that a biomass developed under these conditions may contain up to
60% of PAO population that was developed in the laboratory setting. However, since the
inhibitory conditions are more severe during the aerobic phase (48% compared to 33% in the
anoxic phase), a more conservative estimate would be at 50%. This would mean that, in the
absence of inhibitors, the biomass could petform with an aerobic PUR of 6 mg P/g VSS h, and
an anoxic PUR of 2.5 mg P/g VSS h (based on the aerobic PUR of 12 mg P/g VSS h that was
observed under laboratory conditions — section 5.6.3.4 and assuming an anoxic PUR at 40% of
the aerobic PUR). In the conditions of the scenario, aecrobic PUR will be inhibited by 48%
during both phases, while anoxic PUR will be inhibited by 36% during the first phase and by
29% during the second phase. Therefore, the uptake of phosphorus per cycle could be calculated
at: 10 mg P/g VSS/cycle. Phosphotus release during the anaerobic phase may be estimated at 6
mg P/g VSS/cycle (from 12 mg P/g VSS h observed in lab scale conditions), which would mean
a net removal of 4 mg P/g VSS/cycle. Assuming a VSS concentration of 3,000 mg/L, then the
net removal of 12 mg P/L/cycle may be achieved with EBPR. Therefore, for the specific vNLR,
influents with a N/P ratio higher than 8.3 may be treated effectively without the need of pH
control.

According to the simulation, the configuration employed would likely be successful in the
removal of phosphorus. However, certain criteria need to be satisfied:

1. The achievement of NOB shunt. Due to the relatively low ammonium concentrations

throughout operation, it may be questioned if the nitritation/denitritation pathway can
be achieved, since significant FA concentrations are required to suppress NOB. In this
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configuration, the suppression of NOB is achieved by a combination of maintaining a
relatively high pH (and consequently high FA concentrations), and a low aerobic SRT
(39% of the total SRT). The SBR configuration described in section 5.7.1, was successful
in suppressing NOB with ammonium concentrations around 160 mg N/L at the start of
each cycle. Considering that the FA concentrations throughout operation were lower
(due to lower pH) and that the aerobic SRT was 6.25 days, it is most likely that the wash-
out of NOB will be achieved.

2. The minimization of the need for pH control. As mentioned PAOs seem to benefit
from a pH variation that is contrary to the natural variation in nitritation/denitritation
systems. However, the appropriate alteration between aerobic and anoxic conditions, in
addition to preventing great accumulation of nitrite and FNA, ensured more favourable
pH conditions for the growth of PAOs. Based on the results of the simulation, the need
for pH control may be unnecessary.

3. The proliferation of PAOs over GAOs. The development of GAOs may be considered
the bottleneck of EBPR and their suppression is of vital importance. In this

configuration, the suppression of GAOs is achieved by promoting the denitritation
pathway with propionate as the sole carbon source. As such, GAOs may not develop
during the anoxic phase. Due to the relatively low aerobic retention time (52% of the
total effective SRT) and the prolonged anoxic retention time (48% of the total effective
SRT), it is likely that the net-growth of PAOs will be greater than that of GAOs, even
under inhibitory conditions that may have no effect on GAOs.

Other considerations:

e As the aerobic retention time is relatively low, the SRT applied may need to be prolonged
to support the growth of AOB and ensure good nitritation performance. The SRT
should be sufficient for the growth of AOB but not allow the growth of NOB. This
should take into consideration the inhibition of NOB due to FA. Park and Bae (2009)
reported a Kiga of 0.644 mg N/L for NOB. Based on this, the inhibition of NOB in
regard to the variation of ammonium and pH for this scenario is shown in Figure 5.107.
As is evident, NOB are inhibited significantly under the conditions of the scenatrio. Area
calculation reveals that NOB are inhibited by 88% and 66% during the first and second
aeration period respectively, if pH is left uncontrolled, whereas under the optimum
variation of pH for EBPR, they are inhibited by 85% and 83% respectively. The greater
suppression of NOB that is observed with pH control during the second aeration period,
may give a further incentive for controlling pH during this phase, in addition to the
benefits previously mentioned. The hostile conditions for NOB growth may allow their
suppression at a high SRT, which could boost nitritation conditions, while also allowing a
greater PAO population. However, it is possible that acclimatized NOB may possess a
higher tolerance to FA, meaning that a lower SRT would be required for their wash-out.
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Figure 5.107. NOB inhibition during the aeration phases of the scenario

e The rapid denitritation of the nitrite portion reduced by OHOs would require a sufficient
heterotrophic population. The required nitrite to be removed by heterotrophs according
to the configuration of this scenario is approximately 220 mg NO>-N/L d. Assuming a
2.5 mg COD/NO;-N ratio and a biomass yield of Y=0.6, then the growth of OHOs
under anoxic conditions would be 330 mg VSS/L d. This, with respect to the SRT and
the decay rate of OHOs, would likely allow the sustenance of the desired heterotrophic
population solely via the anoxic pathway and without the need for carbon addition in the

aerobic phase.

Based on the above, it may be concluded that a configuration similar to the one examined in
this section could achieve effective EBPR alongside short-cut nitrification for a vNLR equal
to 0.2 kg N/m’ d. It should be noted that the viability of EBPR was examined based on the
aerobic PUR of 12 mg P/g VSS h that was observed during the operation of the system
described in section 5.6.4.2. While the configurations are similar in regard to the cycles and
retention times, the laboratory SBR operated with a relatively low DO during the aerobic
period for which PUR was determined, due to the limitations mentioned. The same biomass
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was capable of performing at a maximum PUR of 25 mg P/g VSS h. As such, by optimizing
aeration in a full-scale application, it is possible that higher PURs could be achieved than the
ones estimated in this analysis. In addition, P-removal via denitritation was estimated to
occur at 40% of the aerobic PUR. However, since this ratio concerns maximum PURs, the
anoxic PURs would likely be greater than the ones estimated for this analysis. Therefore, the
evaluation of EBPR potential in this analysis may be considered a conservative approach and
it is possible that effective EBPR could also be achieved for greater vINLRs.

5.7.1.2 Results of the simulations

The overall aerobic and anoxic inhibition of PAOs for each vINLR is presented in Figure 5.108,
Figure 5.109 and Figure 5.110.
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Figure 5.110. Overall anoxic inhibition of PAOs in regard to vNLR

In all cases, the control of pH to its optimum variation had a beneficiary effect on PAOs as
would be expected, although to a lesser extent for the lower vINLRs. Inhibition is generally
higher during the aerobic phase, as a significant portion of nitrite is rapidly reduced by OHOs
early in the anoxic phase. Based on the results of the simulations, one could conclude that the
SBR configuration is capable of handling vNLRs up to 0.3 kg N/m’ d. However, it should be
noted that higher vNLRs demand greater aerobic retention times which would be obtained at the
expense of the anoxic retention time designated for PAOs. As such, the overall inhibition of
PAOs would be greater and the main strategy for their proliferation over GAOs could be

compromised.

In general, adopting a vNLR of 0.2 kg N/m’ d would seem like the most reliable option for
EBPR as it would require limited pH control and ensure the sustainability of PAOs against
GAOs. While EBPR could be achieved for greater vNLRs (with 0.3 kg N/m’ d likely being the
limit), the required increase of the aerobic retention time along with the decrease of the available
denitritation time for PAOs, would likely allow the growth of GAOs which could jeopardize the

process.
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Chapter 6: Conclusions and recommendations

This final chapter presents the main conclusions of the present thesis. In addition to presenting
the main findings of the experimental investigation, that were discussed in chapter 5, this chapter
also addresses the main concerns regarding the feasibility of simultaneous EBPR and
nitritation/denitritation, based on these findings, and makes several suggestions for the effective
application of such treatment systems. In addition, specific aspects of the problem that require
further study are recommended.

6.1 Main conclusions

e Both nitrite, in the form of free nitrous acid, and ammonium, as free ammonia, were found
to inhibit PAO activity. As such, the successful implementation of EBPR in high nitrogen
loading systems based on short-cut nitrification/denitrification appears challenging at the
least.

e PAOs that were unacclimatized to nitrite (<0.1 mg NO»-N/L, FNA = 0) were found to be
severely inhibited by FNA, with aerobic PUR being inhibited by more than 90% at an FNA
concentration of 0.14 pg HNO,-N/L (6 mg NO,-N/L at the pH of 8). A PAO-enriched
biomass that was developed under conditions of higher nitrite accumulations (which
corresponded to FNA accumulations of up to 0.08 pg HNO,-N/L) displayed a practically
identical tolerance to FNA, to that of a PAO-enriched biomass that was developed under
conditions of FNA accumulations that would reach 0.35 ug HNO,-N/L. In addition, the
degree of tolerance displayed by both biomasses appear more consistent with those which
has been reported in the literature for an acclimated biomass. As such, it is likely that PAOs
are acclimatized to FNA at concentrations as low as 0.08 pg HNO»-N/L.

e In the case of a PAO-enriched biomass acclimatized to nitrite, PUR was found to be
inhibited by 50% at the FNA concentration of 1.5 ug HNO,-N/L and by 100% at the FNA
concentration of just over 13 pg HNO,-N/L. The cotresponding nitrite concentrations ate
10 and 50 mg NO,-N/L at the pH of 7, and 100 and 500 mg NO,-N/L at the pH of 8. This
demonstrates the importance of pH for EBPR under conditions of high nitrite
accumulations. As the accumulation of nitrite during nitritation is accompanied by a
biochemical drop of pH, conditions for PAOs become rapidly worse over the duration of
the process. This may be combated by controlling pH at high values in order to minimize the
effect of nitrite.

e Anoxic PUR (via denitritation) was found to be inhibited by FNA to an almost identical
degree as aerobic PUR. The extensive study conducted may settle contradictory reports in
the literature regarding the resilience of either pathway to the inhibitor. The fact that PUR
appears to be inhibited by FNA to the same degree regardless of the electron acceptor

(oxygen, nitrite) may help provide some insight for the investigation of the exact mechanism
of FNA-induced inhibition of PAOs.
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While anoxic P-removal appears just as tolerant to FINA as aerobic P-removal, conditions for
PAOs during denitritation continuously improve over the duration of the process, as nitrite
is removed alongside a biochemical increase of pH.

PUR inhibition by FNA, both under acrobic and anoxic conditions, was determined to be
best described by a non-competitive inhibition model with an inhibition constant of
Kima=1.5 pg N/L. The non-competitive mode of inhibition for FNA has been established
in the literature for the processes of AOB and NOB, and the evidence provided by the
present work regarding the non-competitive nature of FNA inhibition on PAOs, provides
further information for a more comprehensive understanding of FNA as an inhibitor and its
effect on various microbial processes. The non-competitive inhibition model for PUR
inhibition may be used to accurately determine the performance of PAOs under various
nitrite concentrations and pH variations and assess the capacity for phosphorus removal
under different operating conditions scenarios.

Ammonium was also found to inhibit PUR, with FA (a known inhibitor) appearing to be the
actual inhibitor of the process. Aerobic PUR was found to be inhibited by 50% at the FA
concentration of 8 mg NH;/L, and by over 90% at FA concentrations greater than 30 mg
NH;/L. Anoxic PUR was found to be inhibited by FA to a similar degtee as aerobic PUR,
indicating that PUR inhibition by FA is independent of the electron acceptor.

As the percentage of ammonium in the form of FA increases logarithmically with pH, PAO
inhibition by ammonium becomes significantly more severe at high pH values. This raises
certain concerns regarding the application of EBPR in the side-stream treatment of
ammonium-rich reject water from the sludge treatment processes, which are typically
characterized by a high pH.

PUR inhibition by FA was determined to be best described by an uncompetitive inhibition
model with a Kiga in the range of 8-10 mg N/L. This mode of inhibition for FA has also
been established in the literature for the processes of AOB and NOB. In the case of anoxic
PUR inhibition, the inhibition model proposed by Levenspiel gave the most satisfactory fit
with the experimental data. The uncompetitive inhibition model for PUR inhibition may be
used to accurately determine the performance of PAOs under various ammonium
concentrations and pH variations.

Both aerobic and anoxic PUR were found to be inhibited by FNA to the same degree
regardless of the carbon source (acetate/propionate). The same observation was made for
PUR inhibition by FA. This would indicate that FNA and FA directly affect the PPK
enzyme of PAOs, which is responsible for synthesis of intracellular polyphosphate chains
and not indirectly by affecting hydrolysis of their stored PHAs for the required energy (PHBs
in the case of acetate/PHVs in the case of propionate).

The severity of PUR inhibition by either nitrite or ammonium is strongly dependent on pH
which controls the respective forms of FNA and FA. In terms of nitrogen, nitrite is the
strongest inhibitor when pH is below approximately 8.2, whereas ammonium is the more
severe inhibitor at pH above this value.
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The simultaneous presence of FA and FNA has a much more adverse effect on PAOs
compared to exposure to a single inhibitor. If PUR is inhibited by a given FNA
concentration by Irna (%) and by a given FA concentration by Ira (%), then the overall
inhibition of PUR by both inhibitors may be estimated as Liow(%)= 100% - (1 - Iena)(1 - Iea).

An enzymatic inhibition model was developed to describe the simultaneous effect of FNA
and FA on PUR, based on the separate inhibition models previously established for FNA
and FA. This combined inhibition model gave very satisfactory predictions when FNA and
FA were assumed to be capable of binding to the same enzyme-substrate complex, and less
accurate predictions when FNA and FA were assumed to be incapable of binding to the
same complex. This observation may provide some insight for the exact mechanisms of FA
and FNA inhibition on PAOs and possibly the nature of FNA and FA as inhibitors in
general. The methodology applied in this approach may also be used in future studies
regarding combined inhibition for various enzymatic processes.

The combined inhibition model may be used to predict the performance of PAOs under a
specific set of conditions (NH4 concentration, NO; concentration, pH, temperature) but also
provide an optimum pH for P-removal, depending on the distribution of nitrogen between
the forms of ammonium and nitrite. As such, the combined inhibition model may provide
optimum pH variations for the processes of nitritation and denitritation, minimizing PAO
inhibition.

FNA was also found to inhibit GAOs, although generally to a lesser extent than PAOs.
Interestingly, the effect of FNA on GAO growth appears to be pH dependant, with FNA
affecting GAOs significantly more at higher pH. At the pH of 7, the growth of GAOs was
determined to be inhibited by 50% and 100% under the effect of 10 and 25 pg HNO.-N/L
respectively, while at the pH of 8, GAO growth was halved by an FNA concentration of
approximately 3 pg HNO»-N/L. The reasons for the differentia regarding FNA tolerance at
different pH is not clear as of this point, although it is likely related to the role of pH in the
enzymatic performances of GAOs. In comparison to PAOs, GAOs appear to have a
significantly higher tolerance to FNA at low pH (7), while at relatively high pH (8), the
resilience of the microbial communities to the inhibitor are considered comparable. As such,
a high pH may benefit PAOs, not only by reducing FNA content, but also by minimizing the
antagonism of GAOs.

The inhibitory effect of FNA on the growth of GAOs was determined to be best described
by the Hill-type model, with a Kigna of 9.2 and 3 pg HNO,-N/L for the pH of 7 and 8
respectively, and a Hill coefficient value of 2.45 and 2 for the pH of 7 and 8 respectively.

Investigation of the effect of FA on the growth of GAOs revealed that GAOs were
practically unaffected by the inhibitor, up to a concentration of 16.3 mg NH;-N/L (the
highest concentration studied). This concentration on the other hand, has been found to
inhibit PAOs by approximately 50%. As such, high FA concentrations which are prevalent in
high nitrogen loading systems may provide an antagonistic advantage to GAOs. This would
also counter the benefit of operating at a high pH as to favor PAOs in regard to FNA

tolerance.
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Several feeding strategies that have been applied successfully for the suppression of GAOs
and the proliferation of PAOs, were examined in situ under nitritation/denitritation
conditions, during which FNA would accumulate up to 0.5 pg N/L. These included the use
of propionate as the sole carbon source, the use of a mixture of acetate and propionate, and
the regular alteration between acetate and propionate as a single carbon source. The
investigation showed that these strategies proved unsuccessful in preventing the eventual
wash-out of PAOs and the proliferation of GAOs, most likely due to FNA-induced PAO
inhibition.

The promotion of PAOs via the denitritation pathway with the use of propionate as the sole
carbon source, proved a most effective strategy for the suppression of GAOs and the
achievement of stable EBPR. The strategy relies on providing PAOs with priority in the
utilization of nitrite over ordinary heterotrophic organisms (OHOs), during the anoxic
phase. As all GAO subgroups are reportedly incapable of reducing nitrite with stored
propionate (as PHVs), PAOs are given a significant advantage and GAOs are ultimately
washed out even in conditions of FNA accumulations. At a vNLR of 0.1 kg N/m’ d,
Accummulibacter (most PAOs) accounted for 50% of the total microbial community, whereas
populations for Competibacter and Defluviicoccus vanus (the main GAO groups) were significantly
low (<5%). The biomass displayed a capacity for excellent P-removal both under aerobic and
anoxic conditions, performing at an average PUR of 25 mg P/g VSS h under aerobic
conditions and 10 mg P/g VSS h under anoxic conditions (via denitritation).

Based on the observations on the highly PAO-enriched biomass, anoxic P-removal appears
to be slower than aerobic P-removal which would be in agreement with other studies, as well
as theoretical redox potential related estimates. In the case of denitritation, anoxic P-removal
was observed to occur at 40% of the aerobic PUR. From a practical standpoint, this would
highlight that PAO inhibition under aerobic conditions is of more importance compared to
the more favourable anoxic conditions, as there is greater potential for P-removal.

The denitritation rate of PAOs was observed to be significantly slower than the denitritation
rates that have been reported for OHOs. Similarly to PUR, the denitritation rate of PAOs is
influenced by the concentration of nitrite which dictates the concentration of FNA with
respect to pH. In conditions of minimum FNA influence, where the biomass performed at
an anoxic PUR of 10 mg P/g VSS h, the corresponding denitritation rate was approximately
10 mg N/g VSS h (giving a Niemoved/ Premoved ratio of 1). The slower denitritation rates of
PAOs mean that their prioritization over OHOs in nitrite reduction, would require greater
anoxic retention times at the expense of the aerobic retention time and consequently, greater

reactor volumes.

An increase of the vNLR from 0.1 to 0.15 kg N/ m?® d resulted in the biomass performing at
half its previous capacity for P-removal. The overall inhibition of PAOs under the new
conditions was estimated with the use of the combined inhibition model to be just under
30%. The observed performance was due to the diminished PAO population in the biomass
as a result of inhibited growth but also the inhibited performance of PAOs under the new
conditions. As FNA and FA affect both the growth and performance of PAOs, a PAO-
enriched biomass performing under a specific set of conditions (in the absence of FA and

197|Page



Chapter |6

FNA) at a specific PUR, may be expected to perform roughly at PURX(1-Inh)? where Inh is
the overall inhibition. A much more accurate prediction may be provided via dynamic
mathematical simulations of the exact configuration, using the combined inhibition model to
establish the PAO population and its performance.

A series of mathematical simulations was carried out in order to evaluate the potential for
EBPR coupled with nitritation/denitritation in high nitrogen loading systems. The
theoretical configuration that was examined was optimized with regard to: 1) the alteration of
aerobic and anoxic conditions, as to prevent accumulation of nitrite and retain pH at
relatively high values, ii) providing PAOs an exclusive denitritation period (as to employ the
aforementioned GAO suppression strategy), following removal of a significant portion of
nitrite by providing OHOs a regulated carbon dose, and iii) the quality of the treated
effluent. The viability of EBPR was evaluated for different vNLRs, from 0.1 to 0.3 kg N/m’
d, with special consideration to: a) the overall inhibition of PAOs under the conditions of
each scenario, both in terms of population maintenance and performance, b) the adequacy of
the GAO suppression strategy in each scenario, ¢) the need for pH control as to minimize
PAO inhibition and d) the effective achievement of NOB shunt. Based on the results of the
simulations and their evaluation, it was concluded that a vNLR of 0.2 kg N/m’ d could allow
sufficient and relatively safe EBPR without the need for pH control. It is possible that EBPR
could be achieved for higher vINLR’s, although this would require pH manipulation which is
costly, while it is uncertain as to what extent it may influence the PAO-GAO competition in
the favour of GAOs. Regardless, the successful application of EBPR for vINLR’s above 0.3
kg N/m’ d seems highly unlikely, as the inhibitory conditions alone would severely
compromise PAO sustainability.

While the application of EBPR in nitritation/denitritation systems is challenging, it may be
achieved by employing a series of strategies that have been discussed in this work. However,
EBPR under such conditions will always demand greater reactor volumes, as there is a
relatively low limit to the vINLR that can be handled compared to when it is excluded.
Another possible downside is that, based on the principal GAO-suppression strategy,
effective EBPR under these conditions would likely require a significant amount of
propionate to be made available. As the use of industrial sodium propionate would more
than likely be considered economically unfeasible, propionate would need to be supplied by
other means, such as via fermentation of primary sludge, and by certain available propionate-
rich industrial and agricultural by-products which in most cases would require some level of
processing.

In WWTPs, the choice between applying EBPR to the side-stream treatment of reject water
or allowing phosphorus to return to the main treatment stream, should firstly consider the
main-stream’s capacity for effective phosphorus removal. If phosphorus removal is adequate,
side-stream EBPR treatment of reject water should not be considered, as contrary to
treatment for ammonium, there is no particular benefit for its removal at this stage.
Insufficiency of the main-stream to biologically remove phosphorus is ultimately due to low
VFA content of the wastewater. In this case, supplementation with an external carbon source
could develop and maintain the required PAO population. Since reject water contains some
biodegradable COD and its treatment via nitritation/denitritation likely requitres the addition
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of an external carbon source due to the low C/N ratio that characterizes it, the option of
incorporating EBPR at this stage in order to allow simultaneous P and N removal by the
same carbon source is a legitimate one. However, unless the external feed is substantial in
propionate as to promote the proliferation of PAOs via the denitritation pathway, EBPR
implementation will likely be unsuccessful and at the cost of limiting the potential vINLR of
the treatment process. Therefore, it is likely that side-stream EBPR treatment may only be
viable and beneficiary when there is an availability of propionate as the external carbon

source.

6.2 Recommendations for future research

PAO-GAO competition: As the proliferation of GAOs may be considered the bottleneck of
EBPR, strategies for their suppression and the selection of PAOs are of significant
importance. Investigation of the role of VFAs in the PAO-GAO competition, such as
butyrate, could provide further information and viable strategies for the proliferation of
PAOs in inhibitive conditions.

Acid digesters: As discussed, the availability of propionate may be a key consideration for the
application of side-stream EBPR. As such, the development and optimization of processes
designed for its production, particularly within the WWTP, is of significant interest. A
promising source of propionate is primary sludge fermentation, which yields significant
amounts of VFAs which may be utilized in the side-stream treatment of reject water.
Optimization of this process could yield more propionate, both in quantity and as a fraction
of the total VFAs that are produced. For instance, operation of this unit at a high
temperature and an appropriate SRT, which would allow more rapid sludge fermentation,
could also allow the presence of acetotrophic methanogens which would reduce the acetate
content of the yielded VFAs.

FNA and FA inhibition on GAOs: As of this point, the limited research that has been
conducted on the tolerance of GAOs to inhibitors such as FNA and FA, concerns the
acetotrophic Competibacter species. Information regarding the effect of FNA and FA on the
propionate-fed Alphaproteobacterial GAO community would be valuable for assessing the
PAO/GAO competition in high nitrogen loading systems.

Mechanism of FNA and FA inhibition on PAOs: While the effect of FNA and FA on PAOs
has been extensively researched in this work with regard to the performance of PAOs and
the feasibility of EBPR under inhibitive conditions, the exact mechanisms of PAO inhibition
on an enzymatic scale are not clear as of this point. Further research on the microbial
mechanisms involved would provide a greater understanding of the observed behavior of
PAOs and could expand our knowledge on the complexities of EBPR and the nature of
FNA and FA as inhibitors, in general.

Strategies for the combined application of nitritation/denitritation and EBPR: To date,
EBPR has not been applied successfully alongside nitritation/denitritation in the side-stream
treatment of reject water. The strategies and suggested configuration for such an application,
discussed in section 5.7, appear promising and may be applied at a pilot-scale. The
implementation of these strategies at a pilot-scale treatment facility may reveal new
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challenges regarding the application of effective EBPR in side-stream reject water treatment,
but also new potential for the environmentally friendly, cost-effective removal of nutrients in
WWTPs.

200|Page



References

Acevedo, B., Camifia, C., Corona, J.E., Borras, L., Barat, R., 2015. The metabolic versatility of
PAOs as an opportunity to obtain a highly P-enriched stream for further P-recovery.
Chem. Eng. . 270, 459—-467. https://doi.org/10.1016/j.cej.2015.02.063

Acevedo, B., Murgui, M., Borras, L., Barat, R., 2017. New insights in the metabolic behaviour of
PAO under negligible poly-P  reserves. Chem. Eng. J. 311, 82-90.
https://doi.org/10.1016/j.cej.2016.11.073

Acevedo, B., Oehmen, A., Carvalho, G., Seco, A., Borras, L., Barat, R., 2012. Metabolic shift of
polyphosphate-accumulating organisms with different levels of polyphosphate storage.
Water Res. 46, 1889—1900. https://doi.org/10.1016/j.watres.2012.01.003

Ahn, Y.-H., 2006. Sustainable nitrogen elimination biotechnologies: A review. Process Biochem.
41, 1709-1721. https://doi.org/10.1016/j.procbio.2006.03.033

Altundogan, H.S., Ttimen, F., 2002. Removal of phosphates from aqueous solutions by using
bauxite. I: Effect of pH on the adsorption of various phosphates: Removal of
phosphates from aqueous solutions. J. Chem. Technol. Biotechnol. 77, 77-85.
https://doi.org/10.1002/jctb.525

Amann, R.I., 1995. Fluorescently labelled, rRNA-targeted oligonucleotide probes in the study of
microbial ecology. Mol. Ecol. 4, 543-554. https://doi.org/10.1111/j.1365-
294X.1995.tb00255.x

Andrés, E., Araya, F., Vera, 1., Pozo, G., Vidal, G., 2018. Phosphate removal using zeolite in
treatment wetlands under different oxidation-reduction potentials. Ecol. Eng. 117, 18—
27. https://doi.org/10.1016/j.ecoleng.2018.03.008

Andrews, J.F., 1968. A mathematical model for the continuous culture of microorganisms
utilizing inhibitory substrates. Biotechnol. Bioeng. 10, 707-723.
https://doi.org/10.1002/bit.260100602

Arias, M., Da Silva-Carballal, J., Garcfa-Rio, L., Mejuto, J., Nufiez, A., 2006. Retention of
phosphorus by iron and aluminum-oxides-coated quartz particles. J. Colloid Interface
Sci. 295, 65-70. https://doi.org/10.1016/j.jcis.2005.08.001

Aslan, S., Dahab, M., 2008. Nitritation and denitritation of ammonium-rich wastewater using
fluidized-bed biofilm reactors. J. Hazard. Mater. 156, 56-63.
https://doi.org/10.1016/j.jhazmat.2007.11.112

Barat, R., van Loosdrecht, M.C.M., 2006. Potential phosphorus recovery in a WWTP with the
BCFS® process: Interactions with the biological process. Water Res. 40, 3507-3516.
https://doi.org/10.1016/j.watres.2006.08.006

Barnard, J.L., 1976. A review of Biological Phosphorus Removal in the Activated Sludge Process.
Water SA 2, 135-144.

Battistoni, P., Paci, B., Fatone, F., Pavan, P., 2006. Phosphorus Removal from Anaerobic
Supernatants: Start-Up and Steady-State Conditions of a Fluidized Bed Reactor Full-Scale
Plant. Ind. Eng. Chem. Res. 45, 663—669. https://doi.org/10.1021/ic050796¢g

Blackall, L.L., Crocetti, G.R., Saunders, A.M., Bond, P.L., 2002. A review and update of the
microbiology of enhanced biological phosphorus removal in wastewater treatment plants.
Antonie Van Leeuwenhoek 81, 681-691. https://doi.org/10.1023/A:1020538429009

201 | Page



References

Brdjanovic, D., van Loosdrecht, M.C.M., Hooijmans, C.M., Mino, T., Alaerts, G.J., Heijnen, J.J.,
1998. Effect of polyphosphate limitation on the anaerobic metabolism of phosphorus-
accumulating  microorganisms.  Appl.  Microbiol.  Biotechnol. 50, 273-276.
https://doi.org/10.1007 /5002530051289

Bunce, J.T., Ndam, E., Ofiteru, I.D., Moore, A., Graham, D.W., 2018. A Review of Phosphorus
Removal Technologies and Their Applicability to Small-Scale Domestic Wastewater
Treatment Systems. Front. Environ. Sci. 6, 8. https://doi.org/10.3389/fenvs.2018.00008

Burow, L.C., Kong, Y., Nielsen, J.L., Blackall, L.L., Nielsen, P.H., 2007. Abundance and
ecophysiology of Defluviicoccus spp., glycogen-accumulating organisms in full-scale

wastewater treatment processes. Microbiology 153, 178-185.
https://doi.org/10.1099/mic.0.2006/001032-0

Camejo, P.Y., Owen, B.R., Martirano, J., Ma, J., Kapoor, V., Santo Domingo, J., McMahon,
K.D., Noguera, D.R., 2016. Candidatus Accumulibacter phosphatis clades enriched

under cyclic anaerobic and microaerobic conditions simultaneously use different electron
acceptors. Water Res. 102, 125-137. https://doi.org/10.1016/j.watres.2016.06.033

Carrillo, V., Fuentes, B., Goémez, G., Vidal, G., 2020. Characterization and recovery of
phosphorus from wastewater by combined technologies. Rev. Environ. Sci. Biotechnol.
19, 389-418. https://doi.org/10.1007 /s11157-020-09533-1

Carvalheira, M., Oehmen, A., Carvalho, G., Reis, M.A.M., 2014a. The effect of substrate
competition on the metabolism of polyphosphate accumulating organisms (PAOs).
Water Res. 64, 149-159. https://doi.org/10.1016/j.watres.2014.07.004

Carvalheira, M., Oehmen, A., Carvalho, G., Reis, M.A.M., 2014b. Survival strategies of
polyphosphate accumulating organisms and glycogen accumulating organisms under
conditions of low organic loading. Bioresour. Technol. 172, 290-296.
https://doi.org/10.1016/j.biortech.2014.09.059

Carvalho, G., Lemos, P.C., Oechmen, A., Reis, M.A.M., 2007. Denitrifying phosphorus removal:
Linking the process performance with the microbial community structure. Water Res. 41,
4383-4396. https://doi.org/10.1016/j.watres.2007.06.065

Chaim De Mulder, 2016. Impact of intrinsic and extrinsic parameters on the oxygen kinetic
parameters of Ammonia and Nitrite Oxidizing Bacteria.
https://doi.org/10.13140/RG.2.2.11347.17444

Comeau, Y., Hall, K., Hancock, R., Oldham, W., 1986. Biochemical model for enhanced
biological phosphorus removal. Water Res. 20, 1511-1521.
https://doi.org/10.1016/0043-1354(86)90115-6

Comeau, Y., Oldham, W.K., Hall, K.J., 1987. Dynamics of carbon reserves in biological
dephosphatation of wastewater. Biological Phosphate Removal from Wastewaters.
Elsevier, pp. 39-55. https://doi.org/10.1016/B978-0-08-035592-4.50010-9

Crocetti, G.R., Banfield, J.F., Keller, J., Bond, P.L., Blackall, L.L., 2002. Glycogen-accumulating
organisms in laboratory-scale and full-scale wastewater treatment processes b bThe
GenBank accession numbers for the sequences reported in this paper are given in
Methods. Microbiology 148, 3353-3364. https://doi.org/10.1099/00221287-148-11-
3353

Crocetti, G.R., Hugenholtz, P., Bond, P.L., Schuler, A., Keller, J., Jenkins, D., Blackall, L.L.,
2000. Identification of Polyphosphate-Accumulating Organisms and Design of 16S
rRNA-Directed Probes for Their Detection and Quantitation. Appl. Environ. Microbiol.
66, 1175-1182. https://doi.org/10.1128/AEM.66.3.1175-1182.2000

202|Page



References

D. N. Moriasi, J. G. Arnold, M. W. Van Liew, R. L. Bingner, R. D. Harmel, T. L. Veith, 2007.
Model Evaluation Guidelines for Systematic Quantification of Accuracy in Watershed
Simulations. Trans. ASABE 50, 885-900. https://doi.org/10.13031/2013.23153

Dai, X., Hu, C., Zhang, D., Dai, L., Duan, N., 2017. Impact of a high ammonia-ammonium-pH
system on methane-producing archaea and sulfate-reducing bacteria in mesophilic
anaerobic digestion. Bioresout. Technol. 245, 598—605.
https://doi.org/10.1016/j.biortech.2017.08.208

Dai, Y., Lambert, L., Yuan, Z., Keller, J., 2008. Microstructure of copolymers of
polyhydroxyalkanoates produced by glycogen accumulating organisms with acetate as the
sole carbon source. Process Biochem. 43, 968-977.
https://doi.org/10.1016/j.procbio.2008.04.023

Dai, Y., Yuan, Z., Wang, X., Ochmen, A., Keller, J., 2007. Anaerobic metabolism of

Defluviicoccus vanus related glycogen accumulating organisms (GAOs) with acetate and
propionate as carbon sources. Water Res. 41, 1885-1896.
https://doi.org/10.1016/j.watres.2007.01.045

Daigger, G.T., Waltrip, G.D., Romm, E.D., Morales L.M. Morales, 1988. Enhanced Secondary
Treatment Incorporating Biological Nutrient Removal. Water Pollution Control
Federation 60, 1833—42.

Eisenthal, R., Cornish-Bowden, A., 1974. The direct linear plot. A new graphical procedure for
estimating ~ enzyme kinetic ~ parameters. Biochem. . 139, 715-720.
https://doi.org/10.1042/bj1390715

Ferreira, T.B., Carrondo, M.].T., Alves, P.M., 2007. Effect of ammonia production on
intracellular pH: Consequent effect on adenovirus vector production. J. Biotechnol. 129,
433-438. https://doi.org/10.1016/j.jbiotec.2007.01.010

Filipe, Carlos D. M., Daigger, G.T., Grady, C.P.L., 2001a. Stoichiometry and kinetics of acetate
uptake under anaerobic conditions by an enriched culture of phosphorus-accumulating
organisms at different pHs. Biotechnol. Bioeng. 76, 3243,
https://doi.org/10.1002/bit.1023

Filipe, Carlos D. M., Daigger, G.T., Grady, C.P.L., 2001b. A metabolic model for acetate uptake
under anaerobic conditions by glycogen accumulating organisms: Stoichiometry, kinetics,
and the effect of pH. Biotechnol. Bioeng. 76, 17-31. https://doi.org/10.1002/bit.1022

Filipe, Carlos D.M., Daigger, G.T., Grady, C.P.L., 2001. Effects of pH on the Rates of Aerobic
Metabolism of Phosphate-Accumulating and Glycogen-Accumulating Organisms. Water
Environ. Res. 73, 213-222. https://doi.org/10.2175/106143001X139191

Flowers, J.J., He, S., Yilmaz, S., Noguera, D.R., McMahon, K.D., 2009. Denitrification
capabilities of two biological phosphorus removal sludges dominated by different
Candidatns ~ Accumulibacter” clades. Environ. Microbiol. Rep. 1, 583-588.
https://doi.org/10.1111/j.1758-2229.2009.00090.x

Ganda, L., Zhou, Y., Lim, C.-P., Liu, Y., Ng, W.J., 2016. Free nitrous acid inhibition on carbon
storage microorganisms: Accumulated inhibitory effects and recoverability. Chem. Eng.
J. 287, 285-291. https://doi.org/10.1016/j.cej.2015.11.027

Ge, H., Batstone, D.J., Keller, J., 2015. Biological phosphorus removal from abattoir wastewater
at very short sludge ages mediated by novel PAO clade Comamonadaceae. Water Res.
069, 173-182. https://doi.org/10.1016/j.watres.2014.11.026

203|Page



References

Gerber, A., De Villiers, R. H., Mostert, E. S., & Van Riet, C. J. J., 1987. The phenomenon of
simultaneous phosphate uptake and release, and its importance in biological nutrient
removal. Biological phosphate removal from wastewaters (pp. 123-134). Pergamon.

Gu, S, Fu, B., Ahn, ].-W., Fang, B., 2021. Mechanism for phosphorus removal from wastewater
with fly ash of municipal solid waste incineration, Seoul, Korea. J. Clean. Prod. 280,
124430. https://doi.org/10.1016/j.jclepro.2020.124430

Guerrero, J., Guisasola, A., Baeza, J.A., 2011. The nature of the carbon source rules the
competition between PAO and denitrifiers in systems for simultaneous biological
nitrogen and  phosphorus removal. Water  Res. 45, 4793-43802.
https://doi.org/10.1016/j.watres.2011.06.019

Guisasola, A., Qurie, M., Vargas, M. del M., Casas, C., Baeza, J.A., 2009. Failure of an enriched
nitrite-DPAO population to use nitrate as an electron acceptor. Process Biochem. 44,
689—695. https://doi.org/10.1016/j.procbio.2009.02.017

Gustavsson, D.J.I, Syd, V.A., Malmo, S., 2010. Biological sludge liquor treatment at municipal
wastewater treatment plants-a review. Vatten 66, 179-192.

He, S., McMahon, K.D., 2011. Microbiology of ¢ Candidatus Accumulibacter’ in activated sludge:
Microbiology of ¢ Candidatus Accumulibacter.” Microb. Biotechnol. 4, 603—619.
https://doi.org/10.1111/j.1751-7915.2011.00248.x

Hesselmann, R., 2000. Anaerobic metabolism of bacteria performing enhanced biological
phosphate removal. Water Res. 34, 3487-3494. https://doi.org/10.1016/S0043-
1354(00)00092-0

Hinsinger, P., 2001. Bioavailability of soil inorganic P in the rhizosphere as affected by root-
induced  chemical = changes: A review. Plant Soil 237, 173-195.
https://doi.org/10.1023/A:1013351617532

Hruschka, H., 1980. Waste treatment by precipitation with lime - a cost and efficiency analysis.
Prog. Water Tech, 12, 383-393.

Hu, J.Y., Ong, S.L, Ng, W.J., Lu, F., Fan, XJ., 2003. A new method for characterizing
denitrifying phosphorus removal bacteria by using three different types of electron
acceptors. Water Res. 37, 3463-3471. https://doi.org/10.1016/S0043-1354(03)00205-7

Izadi, Parnian, Izadi, Parin, Eldyasti, A., 2020. Design, operation and technology configurations
for enhanced biological phosphorus removal (EBPR) process: a review. Rev. Environ.
Sci. Biotechnol. 19, 561-593. https://doi.org/10.1007/s11157-020-09538-w

Jiang, H., Yang, P., Wang, Z., Ren, S., Qiu, J., Liang, H., Peng, Y., Li, X., Zhang, )., 2021. Novel
insights into overcoming nitrite oxidation bacteria acclimatization problem in treatment

of high-ammonia wastewater through partial nitrification. Bioresour. Technol. 330,
125254. https://doi.org/10.1016/j.biortech.2021.125254

Jiménez, E., Giménez, J.B., Seco, A., Ferrer, J., Serralta, J., 2012. Effect of pH, substrate and free
nitrous acid concentrations on ammonium oxidation rate. Bioresour. Technol. 124, 478—
484. https://doi.org/10.1016/j.biortech.2012.07.079

Johansson, P., 1994. SIPHOR a kinetic model for simulation of biological phosphate removal.
Ph.D. thesis, Lund University, Sweden.

Jones, R.M., Dold, P.L., Takacs, 1., Chapman, K., Wett, B., Murthy, S., Shaughnessy, M.O., 2007.
Simulation for operation and control of reject water treatment processes. Proc. Water
Environ. Fed. 2007, 4357-4372. https://doi.org/10.2175/193864707787974599

204|Page



References

Kapagiannidis, A.G., Zafiriadis, 1., Aivasidis, A., 2013. Comparison between aerobic and anoxic
metabolism of denitrifying-EBPR sludge: effect of biomass poly-hydroxyalkanoates
content. New Biotechnol. 30, 227-237. https://doi.org/10.1016/j.nbt.2012.05.022

Keasling, ].D., Van Dien, S.J., Trelstad, P., Renninger, N., McMahon, K., 2000. Application of
polyphosphate metabolism to environmental and biotechnological problems. Biochem.
Biokhimiia 65, 324—-331.

Kong, Y., Ong, S.L., Ng, W.J., Liu, W.-T., 2002. Diversity and distribution of a deeply branched
novel proteobacterial group found in anaerobic-aerobic activated sludge processes: A

novel gamma-proteobacterial group in activated sludge. Environ. Microbiol. 4, 753-757.
https://doi.org/10.1046/j.1462-2920.2002.00357.x

Kong, Y., Xia, Y., Nielsen, J.L., Nielsen, P.H., 2006. Ecophysiology of a group of uncultured
Gammaproteobacterial ~ glycogen-accumulating organisms in full-scale enhanced

biological phosphorus removal wastewater treatment plants. Environ. Microbiol. 8, 479—
489. https://doi.org/10.1111/§.1462-2920.2005.00914.x

Kroiss, H., Rechberger, H., Egle, L., 2011. Phosphorus in Water Quality and Waste
Management, in: Kumar, S. (Ed.), Integrated Waste Management - Volume II. InTech.
https://doi.org/10.5772/18482

Lee, H., Yun, Z., 2014. Comparison of biochemical characteristics between PAO and DPAO
sludges. J. Environ. Sci. 26, 1340—-1347. https://doi.org/10.1016/S1001-0742(13)60609-
9

Levenspiel, O., 1980. The monod equation: A revisit and a generalization to product inhibition
situations. Biotechnol. Bioeng. 22, 1671-1687. https://doi.org/10.1002/bit.260220810

Levin, G.,V., Shapiro, J., 1965. Metabolic Uptake of Phosphorus by Wastewater Organisms.
Water Pollution Control Federation 37, 800—-821

Li, Y., Nan, X,, Li, D., Wang, L., Xu, R., Li, Q., 2021. Advances in the treatment of phosphorus-
containing wastewater. IOP Conf. Ser. Earth Environ. Sci. 0647, 012163.
https://doi.org/10.1088,/1755-1315/647/1/012163

Li, Y., Rahman, S.M.,, Li, G., Fowle, W., Nielsen, P.H., Gu, A.Z., 2019. The Composition and
Implications of Polyphosphate-Metal in Enhanced Biological Phosphorus Removal
Systems. Environ. Sci. Technol. 53, 1536-1544.
https://doi.org/10.1021/acs.est.8b06827

Liu, Y., Ngo, H.H., Guo, W., Peng, L., Wang, D., Ni, B., 2019. The roles of free ammonia (FA)
in biological wastewater treatment processes: A review. Environ. Int. 123, 10-19.
https://doi.org/10.1016/j.envint.2018.11.039

Lopez-Vazquez, C.M., Hooijmans, C.M., Brdjanovic, D., Gijzen, H.J., van Loosdrecht, M.C.M.,
2009a. Temperature effects on glycogen accumulating organisms. Water Res. 43, 2852—
2864. https://doi.org/10.1016/j.watres.2009.03.038

Lopez-Vazquez, C.M., Oechmen, A., Hooijmans, C.M., Brdjanovic, D., Gijzen, H.J., Yuan, Z.,
van Loosdrecht, M.C.M., 2009b. Modeling the PAO-GAO competition: Effects of
catbon  source, pH and  temperature.  Water  Res. 43 450—462.
https://doi.org/10.1016/j.watres.2008.10.032

Lopez-Vazquez, C.M., Song, Y.-1., Hooijmans, C.M., Brdjanovic, D., Moussa, M.S., Gijzen, H.].,
van Loosdrecht, M.C.M., 2008. Temperature effects on the aerobic metabolism of

glycogen-accumulating organisms. Biotechnol. Bioeng. 101, 295-306.
https://doi.org/10.1002/bit.21892

b

205|Page



References

Lopez-Vazquez, C.M., Song, Y.-1., Hooijmans, C.M., Brdjanovic, D., Moussa, M.S., Gijzen, H.].,
van Loosdrecht, M.M.C., 2007. Short-term temperature effects on the anaerobic
metabolism of glycogen accumulating organisms. Biotechnol. Bioeng. 97, 483—495.

https://doi.org/10.1002/bit.21302

Lopez-Vazquez, C.M., 2009. The competition between polyphosphate-accumulating organisms
and glycogen-accumulating organisms: temperature effects and modeling. [s.n.], S.1.

Mamais D., 1991. The effects of Temperature and Mean Cell Residence Time on Enhanced
Biological Phosphorus Removal by Activated Sludge. Ph.D. Dissertation, University of
California, Berkeley, CA, USA.

Martin, B.D., Parsons, S.A., Jefferson, B., 2009. Removal and recovery of phosphate from
municipal wastewaters using a polymeric anion exchanger bound with hydrated ferric
oxide nanoparticles. Water Sci. Technol. 60, 2637-2645.
https://doi.org/10.2166/wst.2009.686

Martin, H.G., Ivanova, N., Kunin, V., Warnecke, F., Barry, K.W., McHardy, A.C., Yeates, C,,
He, S., Salamov, A.A., Szeto, E., Dalin, E., Putnam, N.H., Shapiro, H.J., Pangilinan, J.L.,
Rigoutsos, 1., Kyrpides, N.C., Blackall, L.L.., McMahon, K.D., Hugenholtz, P., 2006.
Metagenomic analysis of two enhanced biological phosphorus removal (EBPR) sludge
communities. Nat. Biotechnol. 24, 1263—1269. https://doi.org/10.1038/nbt1247

Mcllroy, S., Seviour, R.J., 2009. Elucidating further phylogenetic diversity among the Defluviicoccus
-related glycogen-accumulating organisms in activated sludge. Environ. Microbiol. Rep.
1, 563-568. https://doi.org/10.1111/j.1758-2229.2009.00082.x

Metcalf & Eddy, 2003. Wastewater Engineering: Treatment and Reuse. 4th Edition, McGraw-
Hill, New York..

Meyer, R.L., Saunders, A.M., Blackall, L.L., 2006. Putative glycogen-accumulating organisms
belonging to the Alphaproteobacteria identified through rRNA-based stable isotope
probing. Microbiology 152, 419—-429. https://doi.org/10.1099/mic.0.28445-0

Mino, T., Satoh, H., Matsuo, T., 1994. Metabolisms of Different Bacterial Populations in
Enhanced Biological Phosphate Removal Processes. Water Sci. Technol. 29, 67-70.
https://doi.org/10.2166/wst.1994.0309

Mino, T., van Loosdrecht, M.C.M., Heijnen, J.J., 1998. Microbiology and biochemistry of the
enhanced biological phosphate removal process. Water Res. 32, 3193-3207.
https://doi.org/10.1016/S0043-1354(98)00129-8

Morse, G., Brett, S., Guy, J., Lester, J., 1998. Review: Phosphorus removal and recovery
technologies. Sci. Total Environ. 212, (9-81. https://doi.org/10.1016/S0048-
9697(97)00332-X

Nielsen, P.H., Mcllroy, S.J., Albertsen, M., Nierychlo, M., 2019. Re-evaluating the microbiology
of the enhanced biological phosphorus removal process. Curr. Opin. Biotechnol. 57,
111-118. https://doi.org/10.1016/j.copbio.2019.03.008

Noutsopoulos, C., 2002. Impact of alternative treatment schemes on the settling characteristics
of nutrient removal activated sludge systems. PhD Thesis, National Technical University
of Athens, Greece

Noutsopoulos, C., Mamais, D., Statiris, E., Lerias, E., Malamis, S., Andreadakis, A., 2018. Reject
water characterization and treatment through short-cut nitrification/denitrification:
assessing the effect of temperature and type of substrate: Reject water characterization

206 |Page



References

and treatment via nitritation/denitritation. J. Chem. Technol. Biotechnol. 93, 3638-3647.
https://doi.org/10.1002/jctb.5745

Ochmen, A., Carvalho, G., Lopez-Vazquez, C.M., van Loosdrecht, M.C.M., Reis, M.A.M.,
2010a. Incorporating microbial ecology into the metabolic modelling of polyphosphate

accumulating organisms and glycogen accumulating organisms. Water Res. 44, 4992—
5004. https://doi.org/10.1016/j.watres.2010.06.071

Ochmen, A., Keller-Lehmann, B., Zeng, R.J., Yuan, Z., Keller, J., 2005a. Optimisation of poly-83-
hydroxyalkanoate analysis using gas chromatography for enhanced biological phosphorus
removal systems. J. Chromatogs. A 1070, 131-136.
https://doi.org/10.1016/j.chroma.2005.02.020

Ochmen, A., Lemos, P., Carvalho, G., Yuan, Z., Keller, J., Blackall, L., Reis, M., 2007. Advances
in enhanced biological phosphorus removal: From micro to macro scale. Water Res. 41,
2271-2300. https://doi.org/10.1016/j.watres.2007.02.030

Oechmen, A., Lopez-Vazquez, C.M., Carvalho, G., Reis, M.A.M., van Loosdrecht, M.C.M.,
2010b. Modelling the population dynamics and metabolic diversity of organisms relevant
in anaerobic/anoxic/aerobic enhanced biological phosphorus removal processes. Water
Res. 44, 4473-4486. https://doi.org/10.1016/j.watres.2010.06.017

Oechmen, A., Saunders, A.M., Vives, M.T., Yuan, Z., Keller, J., 2006. Competition between
polyphosphate and glycogen accumulating organisms in enhanced biological phosphorus
removal systems with acetate and propionate as carbon sources. J. Biotechnol. 123, 22—
32. https://doi.org/10.1016/j.jbiotec.2005.10.009

Ochmen, A., Teresa Vives, M., Lu, H., Yuan, Z., Keller, J., 2005b. The effect of pH on the
competition between polyphosphate-accumulating organisms and glycogen-accumulating
organisms. Water Res. 39, 3727-3737. https://doi.org/10.1016/j.watres.2005.06.031

Ochmen, A., Yuan, Z., Blackall, L.L., Keller, J., 2005c. Comparison of acetate and propionate
uptake by polyphosphate accumulating organisms and glycogen accumulating organisms.
Biotechnol. Bioeng. 91, 162-168. https://doi.org/10.1002/bit.20500

Ochmen, A., Yuan, Z., Blackall, L.L., Keller, J., 2004. Short-term effects of carbon source on the
competition of polyphosphate accumulating organisms and glycogen accumulating
organisms. Water Sci. Technol. J. Int. Assoc. Water Pollut. Res. 50, 139-144.

Ong, Y.H., Chua, A.S.M., Fukushima, T., Ngoh, G.C., Shoji, T., Michinaka, A., 2014. High-
temperature EBPR process: The performance, analysis of PAOs and GAOs and the fine-

scale population study of Candidatus “Accumulibacter phosphatis.” Water Res. 64, 102—
112. https://doi.org/10.1016/j.watres.2014.06.038

Panswad, T., Doungchai, A., Anotai, J., 2003. Temperature effect on microbial community of
enhanced biological phosphorus removal system. Water Res. 37, 409-415.
https://doi.org/10.1016/S0043-1354(02)00286-5

Park, S., Bae, W., 2009a. Modeling kinetics of ammonium oxidation and nitrite oxidation under
simultaneous inhibition by free ammonia and free nitrous acid. Process Biochem. 44,
631-640. https://doi.org/10.1016/j.procbio.2009.02.002

Park, S., Bae, W., 2009b. Modeling kinetics of ammonium oxidation and nitrite oxidation under
simultaneous inhibition by free ammonia and free nitrous acid. Process Biochem. 44,
631-640. https://doi.org/10.1016/j.procbio.2009.02.002

Petriglieri, F., Petersen, J.F., Peces, M., Nierychlo, M., Hansen, K., Baastrand, C.E., Nielsen,
U.G., Reitzel, K., Nielsen, P.H., 2022. Quantification of Biologically and Chemically

207 |Page



References

Bound Phosphorus in Activated Sludge from Full-Scale Plants with Biological P-
Remowal. Environ. Sci. Technol. 56, 5132-5140.
https://doi.org/10.1021/acs.est.1c02642

Philips, S., Laanbroek, H.J., Verstraecte, W., 2002. Origin, causes and effects of increased nitrite

concentrations in aquatic environments. Rev. Environ. Sci. Biotechnol. 1, 115-141.
https://doi.org/10.1023/A:1020892826575

Pijuan, M., Casas, C., Baeza, J.A., 2009. Polyhydroxyalkanoate synthesis using different carbon
sources by two enhanced biological phosphorus removal microbial communities. Process
Biochem. 44, 97-105. https://doi.org/10.1016/j.procbio.2008.09.017

Pijuan, M., Saunders, A.M., Guisasola, A., Baeza, J.A., Casas, C., Blackall, L.L.., 2004. Enhanced
biological phosphorus removal in a sequencing batch reactor using propionate as the sole
carbon soutce. Biotechnol. Bioeng. 85, 56-67. https://doi.org/10.1002/bit.10813

Pijuan, M., Ye, L., Yuan, Z., 2010. Free nitrous acid inhibition on the aerobic metabolism of
poly-phosphate  accumulating ~ organisms. ~ Water ~ Res. 44,  6063—6072.
https://doi.org/10.1016/j.watres.2010.07.075

Prinz, H., 2010. Hill coefficients, dose—tresponse curves and allosteric mechanisms. J. Chem.
Biol. 3, 37—44. https://doi.org/10.1007/s12154-009-0029-3

Puyol, D., Carvajal-Arroyo, J.M., Sierra-Alvarez, R., Field, J.A., 2014. Nitrite (not free nitrous
acid) is the main inhibitor of the anammox process at common pH conditions.
Biotechnol. Lett. 36, 547-551. https://doi.org/10.1007/s10529-013-1397-x

Rajagopal, R., Massé, DI, Singh, G., 2013. A critical review on inhibition of anaerobic digestion
process by  excess  ammonia.  Bioresour.  Technol. 143,  632—-641.
https://doi.org/10.1016/j.biortech.2013.06.030

Ramasahayam, S.K., Guzman, L., Gunawan, G., Viswanathan, T., 2014. A Comprehensive
Review of Phosphorus Removal Technologies and Processes. J. Macromol. Sci. Part A
51, 538-545. https://doi.org/10.1080/10601325.2014.906271

Randall, A.A., Liu, Y.-H., 2002. Polyhydroxyalkanoates form potentially a key aspect of aerobic
phosphorus uptake in enhanced biological phosphorus removal. Water Res. 36, 3473—
3478. https://doi.org/10.1016/S0043-1354(02)00047-7

Ren, N., Kang, H., Wang, X., Li, N., 2011. Short-term effect of temperature variation on the
competition between PAOs and GAOs during acclimation period of an EBPR system.
Front. Environ. Sci. Eng. China 5, 277-282. https://doi.org/10.1007/s11783-010-0226-

X

Rubio-Rincén, F.J., Lopez-Vazquez, C.M., Welles, L., van Loosdrecht, M.C.M., Brdjanovic, D.,
2017. Cooperation between Candidatus Competibacter and Candidatus Accumulibacter

clade I, in denitrification and phosphate removal processes. Water Res. 120, 156—164.
https://doi.org/10.1016/j.watres.2017.05.001

Saito, T., Brdjanovic, D., van Loosdrecht, M.C.M., 2004. Effect of nitrite on phosphate uptake
by  phosphate  accumulating  organisms.  Water  Res. 38,  3760-3768.
https://doi.org/10.1016/j.watres.2004.05.023

Saunders, A.M., Ochmen, A., Blackall, L.L., Yuan, Z., Keller, J., 2003. The effect of GAOs
(glycogen accumulating organisms) on anaerobic carbon requirements in full-scale
Australian EBPR (enhanced biological phosphorus removal) plants. Water Sci. Technol.
47, 37-43. https:/ /doi.org/10.2166/wst.2003.0584

208 |Page



References

Sedlak, R. (Ed.), 1991. Phosphorus and nitrogen removal from municipal wastewater: principles
and practice, 2nd ed. ed. Lewis Publishers, Chelsea, Mich.

Sengupta, S., Pandit, A., 2011. Selective removal of phosphorus from wastewater combined with
its  recovery as a solid-phase fertilizer. Water Res. 45, 3318-3330.
https://doi.org/10.1016/j.watres.2011.03.044

Seviour, R.J., Mino, T., Onuki, M., 2003. The microbiology of biological phosphorus removal in
activated sludge systems. FEMS Microbiol. Rev. 27, 99-127.
https://doi.org/10.1016/50168-6445(03)00021-4

Shen, N., Zhou, Y., 2016. Enhanced biological phosphorus removal with different carbon
sources. Appl. Microbiol. Biotechnol. 100, 4735-4745. https://doi.org/10.1007/s00253-
016-7518-4

Slater, F.R., Johnson, C.R., Blackall, L.L.., Beiko, R.G., Bond, P.L., 2010. Monitoring associations
between clade-level variation, overall community structure and ecosystem function in
enhanced biological phosphorus removal (EBPR) systems using terminal-restriction
fragment length  polymorphism  (T-RFLP). Water Res. 44, 4908-4923.
https://doi.org/10.1016/j.watres.2010.07.028

Song, W., Zheng, M.]., Li, H., Zheng, W., Guo, F., 2019. Profiling population-level diversity and
dynamics of Accumulibacter via high throughput sequencing of ppkl. Appl. Microbiol.
Biotechnol. 103, 9711-9722. https://doi.org/10.1007/s00253-019-10183-9

b

Spetling, M. von, 2007. Wastewater characteristics, treatment and disposal, Biological wastewater
treatment series. IWA Publ. [u.a.], London.

Stasinakis, A.S., Mamais, D., Paraskevas, P.A., Lekkas, T.D., 2003. Evaluation of Different
Methods for the Determination of Maximum Heterotrophic Growth Rates. Water
Environ. Res. 75, 549-552. https://doi.org/10.2175/106143003X 141349

Stein, LY., Arp, D.J., 1998. Loss of Ammonia Monooxygenase Activity in Nitrosomonas europaea
upon Exposure to Nitrite. Appl. Environ. Microbiol. 64, 4098—4102.
https://doi.org/10.1128/AEM.64.10.4098-4102.1998

Stokholm-Bjerregaard, M., Mcllroy, S.J., Nierychlo, M., Karst, S.M., Albertsen, M., Nielsen, P.H.,
2017. A Critical Assessment of the Microorganisms Proposed to be Important to
Enhanced Biological Phosphorus Removal in Full-Scale Wastewater Treatment Systems.
Front. Microbiol. 8, 718. https://doi.org/10.3389/fmicb.2017.00718

Tarayre, C., Nguyen, H.-T., Brognaux, A., Delepierre, A., De Clercq, L., Chatrlier, R., Michels, E.,
Meers, E., Delvigne, F., 2016. Characterisation of Phosphate Accumulating Organisms
and Techniques for Polyphosphate Detection: A Review. Sensors 16, 797.
https://doi.org/10.3390/s16060797

Taya, C., Garlapati, V.K., Guisasola, A., Baeza, J.A., 2013. The selective role of nitrite in the
PAO/GAO competition. Chemosphere 93, 612-618.
https://doi.org/10.1016/j.chemosphere.2013.06.006

Thistleton, J., Clark, T., Pearce, P., Parsons, S.A., 2001. Mechanisms of Chemical Phosphorus
Removal. Process Saf. Environ. Prot. 79, 339344,
https://doi.org/10.1205/095758201753373104

Tu, Y., Schuler, A.J., 2013. Low Acetate Concentrations Favor Polyphosphate-Accumulating
Organisms over Glycogen-Accumulating Organisms in Enhanced Biological Phosphorus
Removal  from  Wastewater.  Environ.  Sci.  Technol. 47, 3816-3824.
https://doi.org/10.1021/es304846s

209|Page



References

Ugurlu, A., 1998. Phosphorus removal by fly ash. Environ. Int. 24, 911-918.
https://doi.org/10.1016/S0160-4120(98)00079-8

Vadivelu, V.M., Keller, J., Yuan, Z., 2006. Effect of free ammonia and free nitrous acid
concentration on the anabolic and catabolic processes of an enrichedNitrosomonas
culture. Biotechnol. Bioeng. 95, 830—839. https://doi.org/10.1002/bit.21018

Van Hulle, S.W., Volcke, E.I, Teruel, J.L.., Donckels, B., van Loosdrecht, M.C., Vanrolleghem,
P.A., 2007. Influence of temperature and pH on the kinetics of the Sharon nitritation
process. J. Chem. Technol. Biotechnol. 82, 471-480. https://doi.org/10.1002/jctb.1692

Vargas, M., Guisasola, A., Artigues, A., Casas, C., Baeza, J.A., 2011. Comparison of a nitrite-
based anaerobic—anoxic EBPR system with propionate or acetate as electron donors.
Process Biochem. 46, 714-720. https://doi.otg/10.1016/j.procbio.2010.11.018

Vargas, M., Yuan, Z., Pijuan, M., 2013. Effect of long-term starvation conditions on
polyphosphate- and glycogen-accumulating organisms. Bioresour. Technol. 127, 126—

131. https://doi.org/10.1016/j.biortech.2012.09.117

Wang, D., Duan, Y., Yang, Q., Liu, Y., Ni, B.-]., Wang, Q., Zeng, G., Li, X, Yuan, Z., 2018. Free
ammonia enhances dark fermentative hydrogen production from waste activated sludge.
Water Res. 133, 272-281. https://doi.org/10.1016/j.watres.2018.01.051

Wang, X., Zeng, R.]., Dai, Y., Peng, Y., Yuan, Z., 2008. The denitrification capability of cluster
1Defluviicoccus vanus-related glycogen-accumulating organisms. Biotechnol. Bioeng. 99,
1329-1336. https://doi.org/10.1002/bit.21711

Wang, X., Zhao, J., Yu, D., Du, S., Yuan, M., Zhen, J., 2019. Evaluating the potential for
sustaining mainstream anammox by endogenous partial denitrification and phosphorus

removal for energy-efficient wastewater treatment. Bioresour. Technol. 284, 302-314.
https://doi.org/10.1016/j.biortech.2019.03.127

Wang, Y., Geng, J., Ren, Z., He, W., Xing, M., Wu, M., Chen, S., 2011. Effect of anaerobic
reaction time on denitrifying phosphorus removal and N2O production. Bioresour.
Technol. 102, 5674-5684. https://doi.org/10.1016/j.biortech.2011.02.080

Wang, Y., Jiang, F., Zhang, Z., Xing, M., Lu, Z., Wu, M., Yang, J., Peng, Y., 2010. The long-term
effect of carbon source on the competition between polyphosphorus accumulating
organisms and glycogen accumulating organism in a continuous plug-flow
anaerobic/aerobic ~ (A/O)  process.  Biotesour.  Technol. 101,  98-104.
https://doi.org/10.1016/j.biortech.2009.07.085

Wang, Y., Zhou, S., Ye, L., Wang, H., Stephenson, T., Jiang, X., 2014. Nitrite survival and
nitrous oxide production of denitrifying phosphorus removal sludges in long-term
nitrite/nitrate-fed ~ sequencing  batch  reactors.  Water  Res. 67,  33-45.
https://doi.org/10.1016/j.watres.2014.08.052

Wett, B., Rauch, W., 2003. The role of inorganic carbon limitation in biological nitrogen removal
of extremely ammonia concentrated wastewater. Water Res. 37, 1100-1110.
https://doi.org/10.1016/50043-1354(02)00440-2

Whang, L.-M., Park, J.K., 2006. Competition between Polyphosphate- and Glycogen-
Accumulating Organisms in Enhanced-Biological-Phosphorus-Removal Systems: Effect
of Temperature and Sludge Age. Water Environ. Res. 78, 4-11.
https://doi.org/10.2175/106143005X 84459

Wilfert, P., Kumar, P.S., Korving, L., Witkamp, G.-J., van Loosdrecht, M.C.M., 2015. The
Relevance of Phosphorus and Iron Chemistry to the Recovery of Phosphorus from

210|Page



References

Wastewater: A Review. Environ. Sci. Technol. 49, 9400-9414.
https://doi.org/10.1021/acs.est.5b00150

Wong, M.-T., Tan, F.M., Ng, W.J., Liu, W.-T., 2004. Identification and occurrence of tetrad-
forming Alphaproteobacteria in anaerobic—aerobic activated sludge processes.
Microbiology 150, 3741-3748. https://doi.org/10.1099/mic.0.27291-0

Xia, W.-J., Guo, L.-X,, Yu, L.-Q., Zhang, Q., Xiong, J.-R., Zhu, X.-Y., Wang, X.-C., Huang, B.-
C., Jin, R.-C., 2021. Phosphorus removal from diluted wastewaters using a La/C
nanocomposite-doped membrane with adsorption-filtration dual functions. Chem. Eng.
J. 405, 126924. https://doi.org/10.1016/].cej.2020.126924

Xu, Q., Liu, X., Wang, D., Wu, Y., Wang, Q., Liu, Y., Li, X., An, H., Zhao, J., Chen, F., Zhong,
Y., Yang, Q., Zeng, G., 2018. Free ammonia-based pretreatment enhances phosphorus
release and recovery from waste activated sludge. Chemosphere 213, 276-284.
https://doi.org/10.1016/j.chemosphere.2018.09.048

Yang, G., Xu, Q., Wang, D., Tang, L., Xia, J., Wang, Q., Zeng, G., Yang, Q., Li, X., 2018. Free
ammonia-based sludge treatment reduces sludge production in the wastewater treatment
process. Chemosphere 205, 484-492.
https://doi.org/10.1016/j.chemosphere.2018.04.140

Ye, L., Pijuan, M., Yuan, Z., 2013. The effect of free nitrous acid on key anaerobic processes in
enhanced biological phosphorus removal systems. Bioresour. Technol. 130, 382—389.
https://doi.org/10.1016/j.biortech.2012.11.127

Ye, L., Pijuan, M., Yuan, Z., 2010. The effect of free nitrous acid on the anabolic and catabolic
processes of glycogen accumulating organisms. Water Res. 44, 2901-2909.
https://doi.org/10.1016/j.watres.2010.02.010

Yoshida, Y., Takahashi, K., Saito, T., Tanaka, K., 2006. The effect of nitrite on aerobic
phosphate uptake and denitrifying activity of phosphate-accumulating organisms. Water
Sci. Technol. 53, 21-27. https://doi.org/10.2166/wst.2006.165

Zeng, W., Bai, X., Guo, Y., Li, N., Peng, Y., 2017. Interaction of “ Candidatus Accumulibacter”
and nitrifying bacteria to achieve energy-efficient denitrifying phosphorus removal via

nitrite  pathway from  sewage. Enzyme  Microb. Technol. 105, 1-8.
https://doi.org/10.1016/j.enzmictec.2017.06.005

Zeng, W., Li, B., Wang, X., Bai, X., Peng, Y., 2016a. Influence of nitrite accumulation on
“Candidatus Accumulibacter” population structure and enhanced biological phosphorus
removal from municipal wastewater. Chemosphere 144, 1018—1025.
https://doi.org/10.1016/j.chemosphere.2015.08.064

Zeng, W., Wang, A., Zhang, J., Zhang, L., Peng, Y., 2016b. Enhanced biological phosphate
removal from wastewater and clade-level population dynamics of “Candidatus
Accumulibacter phosphatis” under free nitrous acid inhibition: Linked with detoxication.
Chem. Eng. J. 296, 234-242. https://doi.org/10.1016/j.cej.2016.03.063

Zhao, D., Sengupta, A.K., 1998. Ultimate removal of phosphate from wastewater using a new
class ~ of  polymeric ion  exchangers.  Water  Res. 32, 1613-1625.
https://doi.org/10.1016/S0043-1354(97)00371-0

Zhao, J., Liu, Y., Wang, Y., Lian, Y., Wang, Q., Yang, Q., Wang, D., Xie, G.-]., Zeng, G., Sun,
Y., Li, X, Ni, B.-J., 2018. Clarifying the Role of Free Ammonia in the Production of
Short-Chain Fatty Acids from Waste Activated Sludge Anaerobic Fermentation. ACS
Sustain. Chem. Eng. 6, 14104—-14113. https://doi.otg/10.1021 /acssuschemeng.8b02670

211|Page



References

Zheng, X., Sun, P., Lou, J., Cai, J., Song, Y., Yu, S., Lu, X,, 2013. Inhibition of free ammonia to
the granule-based enhanced biological phosphorus removal system and the
recoverability. Bioresour. Technol. 148, 343-351.
https://doi.org/10.1016/j.biortech.2013.08.100

Zhou, Y., Ganda, L., Lim, M., Yuan, Z., Kjelleberg, S., Ng, W.J., 2010. Free nitrous acid (FNA)
inhibition on denitrifying poly-phosphate accumulating organisms (DPAOs). Appl.
Microbiol. Biotechnol. 88, 359—-369. https://doi.org/10.1007/s00253-010-2780-3

Zhou, Y., Ganda, L., Lim, M., Yuan, Z., Ng, W.J., 2012. Response of poly-phosphate
accumulating organisms to free nitrous acid inhibition under anoxic and aerobic
conditions. Bioresour. Technol. 116, 340-347.
https://doi.org/10.1016/j.biortech.2012.03.111

Zhou, Y., Pijuan, M., Yuan, Z., 2007. Free nitrous acid inhibition on anoxic phosphorus uptake
and denitrification by poly-phosphate accumulating organisms. Biotechnol. Bioeng. 98,
903-912. https://doi.org/10.1002/bit.21458

Zhou, Y., Pijuan, M., Zeng, R.J., Yuan, Z., 2009. Involvement of the TCA cycle in the anaerobic
metabolism of polyphosphate accumulating organisms (PAOs). Water Res. 43, 1330—
1340. https://doi.org/10.1016/j.watres.2008.12.008

Zielinska, M., Rusanowska, P., Jarzabek, J., Nielsen, J.L., 2016. Community dynamics of
denitrifying bacteria in full-scale wastewater treatment plants. Environ. Technol. 37,
2358-2367. https://doi.org/10.1080/09593330.2016.1150350

212|Page






