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STRESZCZENIE

Przedmiotem dysertacji byta analiza przebiegu i1 efektywno$ci procesu nitryfikacji
w sekwencyjnych reaktorach porcjowych ze zlozem ruchomym, ze szczegdlnym
uwzglednieniem wptywu strategii napowietrzania (zdefiniowanej stosunkiem czasu trwania
podfaz bez i z napowietrzaniem oraz st¢zeniem tlenu) i formy, w jakiej biomasa rozwijala si¢
w reaktorach (blona biologiczna, osad czynny). W pracy zdefiniowano nastepujace cele
czastkowe: 1) analiza wptywu strategii napowietrzania na przebieg 1 efektywno$¢ procesu
nitryfikacji, przy uwzglednieniu réznych konfiguracji pracy reaktorow ze ztozem ruchomym
(czysta i hybrydowa); 2) okreslenie wptywu wyksztatcenia biomasy w postaci osadu czynnego
w reaktorze pracujacym w czystej technologii ztoza ruchomego na efektywno$¢ oczyszczania
Sciekow; 3) analiza wpltywu réznych wariantOw strategii napowietrzania na zuzycie energii
elektrycznej na napowietrzanie; 4) okreslenie wptywu temperatury na szybko$¢ poszczegdlnych
etapow procesu nitryfikacji; 5) analiza przebiegu i efektywnos$ci procesu nitryfikacji podczas
przeksztalcenia hybrydowego reaktora ze zlozem ruchomym do zintegrowanego usuwania
zwigzkow C, N 1 P na nitryfikacyjny reaktor pracujacy w czystej technologii ztoza ruchomego
w warunkach ciggu bocznego. Badania przeprowadzono w laboratoryjnych modelach
sekwencyjnych reaktorow porcjowych o objetosci czynnej 28 1. Jako nos$niki biomasy
wykorzystano ztoze ruchome EvU-Pearl® o powierzchni czynnej 600 m?*/m?. Zakres badan
obejmowatl: analiz¢ jakoS$ci §ciekéw doplywajacych i odptywajacych z reaktorow (ChZT, BZTs,

N-NH}, N-NO3, N-NO3, N, P

og> P-PO3~, pH, zasadowo$¢), testy szybkosci utleniania azotu

og>
amonowego, testy szybko$ci utleniania azotu azotynowego, pomiar emisji N2O, iloSciowa
reakcje lancuchowg polimerazy oraz sekwencjonowanie nowej generacji. Na podstawie
uzyskanych wynikow stwierdzono, ze strategia napowietrzania byla istotnym czynnikiem
wplywajacym na aktywno$¢ 1 liczebno$¢ poszczegdlnych grup mikroorganizméw
nitryfikacyjnych, determinujac uzyskanie porownywalnej efektywnos$ci procesu nitryfikacji
przy réznym zapotrzebowaniu na energi¢ elektryczng na proces napowietrzania, wptywajac
dodatkowo na wielko$¢ emisji N2O. Wykazano, ze bakterie Comammox odgrywaja kluczowa
role w nitryfikacji, a wielko$¢ ich populacji moze przewyzsza¢ liczebno$¢ kanonicznych
bakterii AOB. Przeprowadzone doswiadczenia pozwolily réwniez na wyznaczenie

wspolczynnika korekceji temperatury dla reaktora hybrydowego, ktory moze znalez¢ praktyczne

zastosowanie w projektowaniu 1 optymalizacji systemow oczyszczania sciekOw.

Stowa kluczowe: blona biologiczna, nitryfikacja, osad czynny, strategia napowietrzania, ztoze
ruchome



ABSTRACT

This dissertation focuses on the analysis of the course and efficiency of the nitrification process
in moving bed biofilm reactors, with particular attention to the impact of different aeration
strategies (defined by the ratio between non-aerated and aerated subphases' time, and dissolved
oxygen concentration) and the form of biomass development in the reactors (biofilm vs.
activated sludge). The research aimed to achieve the following key objectives: 1) to assess how
aeration strategies influence the course and efficiency of the nitrification process in various
moving bed reactor configurations (pure or hybrid); 2) to evaluate the effect of activated sludge
development in a pure moving bed reactor on wastewater treatment efficiency; 3) to analyse the
impact of different aeration strategies on energy use for aeration; 4) to investigate how
temperature affects the rates of particular stages of the nitrification process; 5) to examine how
mainstream-sidestream switching affected the activity and abundance of canonical nitrifiers and
Comammox bacteria (shifting from a mainstream hybrid reactor for C, N, and P removal to
a sidestream biofilm nitrification reactor). The experiments were conducted in laboratory-scale
sequencing batch reactors with an active volume of 28 litres, using EvU-Pearl® moving bed
media with a specific surface area of 600 m?*/m? as biomass carriers. The scope of the research
included an analysis of wastewater influent and effluent quality (COD, N-NH}, N-NO3, N-NO3,
Nog» Pog, P-PO3;~, pH, alkalinity), ammonia utilization rate tests, nitrite utilization rate tests,
N20 emission measurements, quantitative polymerase chain reaction and next-generation
sequencing. The results indicated that the aeration strategy was a key factor affecting the
activity and abundance of particular groups of nitrifying microorganisms, enabling comparable
nitrification performance at varying energy consumption for aeration, while also affecting N.O
emissions. It was demonstrated that Comammox bacteria play an important role in nitrification,
dominating even the canonical AOB. Additionally, a temperature correction coefficient was
proposed, applicable in hybrid wastewater treatment systems, which could be practically used

in the design and optimization of wastewater treatment systems.

Keywords: activated sludge, aeration strategy, biofilm, moving bed, nitrification
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WYKAZ WAZNIEJSZYCH SKROTOW

A/O — ang. anoxic-oxic — uktad anoksyczno-tlenowy

A2/0O — ang. anaerobic-anoxic-oxic — uktad beztlenowo-anoksyczno-tlenowy

AMO — monooksygenaza amonowa

AOA — ang. ammonia oxidizing archaea — archeony utleniajagce amoniak

AOB — ang. ammonia oxidizing bacteria — bakterie utleniajace azot amonowy

AOR — ang. ammonia oxidation rate — szybkos$¢ utleniania azotu amonowego

AS — ang. activated sludge — osad czynny

AUR — ang. ammonia utilization rate test — test szybko$¢ utleniania azotu amonowego
B — btona biologiczna

Comammox — ang. complete ammonia oxidizing bacteria — bakterie zdolne do utleniania azotu
amonowego do azotu azotanowego

DO — ang. dissolved oxygen — st¢zenie tlenu rozpuszczonego
E, — zuzycie energii elektrycznej na napowietrzanie

FA — ang. free ammonia — wolny amoniak

FNA — ang. free nitrous acid — wolny kwas azotowy (III)

H — hybryda

HAO — oksydoreduktaza hydroksyloaminy

HNAD — ang. heterotrophic nitrification aerobic denitrification bacteria — bakterie zdolne do
przeprowadzenia heterotroficznej nitryfikacji potaczonej z autotroficzng denitryfikacja

HNB — ang. heterotrophic nitrification bacteria — bakterie zdolne do przeprowadzenia
heterotroficznej nitryfikacji

IFAS-MBSBBR - ang. integrated fixed-film activated sludge-moving-bed sequencing batch
biofilm reactor — hybrydowy sekwencyjny reaktor porcjowy ze ztozem ruchomym

MBBR - ang. moving bed bofilm reactor — reaktor ze ztozem ruchomym

MBSBBR —ang. moving bed sequencing batch biofilm reactor — sekwencyjny reaktor porcjowy
ze ztozem ruchomym



N — nitryfikacja

N/D — nitryfikacja/denitryfikacja

NGS — ang. next-generation sequencing — sekwencjonowanie nowej generacji
NIR - reduktaza azotynowa

NitOR — ang. nitrite oxidation rate — szybkos$¢ utleniania azotu azotynowego
NitUR — ang. nitrite utilization rate test — test szybkos$ci utleniania azotu azotynowego
NLR — obcigzenie reaktora fadunkiem azotu

NOB — ang. nitrite oxidizing bacteria — bakterie utleniajace azot azotynowy
NOR - reduktaza tlenku azotu

NXR — oksydoreduktaza azotynowa

OLR - obcigzenie reaktora fadunkiem zwigzkéw organicznych

PCV — polichlorek winylu

qPCR — ang. quantitative polymerase chain reaction — iloSciowa reakcja tancuchowa
polimerazy

R — stosunek czasu trwania podfaz bez (t2) 1 z (t1) napowietrzaniem
SBR — ang. sequencing batch reactor — sekwencyjny reaktor porcjowy

SND — ang. simultaneous nitrification and denitrification — symultaniczna nitryfikacja
1 denitryfikacja

SRT — ang. solids retention time — wiek biomasy

0 — wspolczynnik korekcji temperatury
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1. WYKAZ PUBLIKACJI WCHODZACYCH W SKEAD ROZPRAWY
DOKTORSKIEJ

Niniejsza rozprawa doktorska sktada si¢ ze =zbioru szeSciu opublikowanych
1 powigzanych tematycznie artykutow naukowych. Ponizej przedstawiono zestawienie tych
publikacji, wraz z przypisanymi oznaczeniami, ktorymi postugiwano si¢ w dalszej cze$ci

opracowania:
% Publikacjanr 1 -P1

Zajac, O., Zubrowska-Sudot, M., Godzieba, M., Ciesielski, S. (2024). Changes in Nitrification
Kinetics and Diversity of Canonical Nitrifiers and Comammox Bacteria in a Moving Bed
Sequencing Batch Biofilm Reactor - A Long-Term Study. Water, 16 (4), 534,
https://doi.org/10.3390/w16040534. IF: 3,00; punkty MNiSW: 100

% Publikacja nr 2 — P2

Zajac, O., Zubrowska-Sudot, M., Ciesielski, S., Godzieba, M. (2022). Effect of the Aeration
Strategy on NOB Suppression in Activated Sludge and Biofilm in a Hybrid Reactor with
Nitrification/Denitrification. Water, 14 (1), 72, https://doi.org/10.3390/w14010072. IF: 3,40;
punkty MNiSW: 100

< Publikacja nr 3 — P3

Zajac, O., Zubrowska-Sudot, M. (2023). Nitrification kinetics, NoO emission, and energy use
in intermittently aerated hybrid reactor under different organic loading rates. International
Journal of Environmental Science and Technology, 20 (9), 10061-10074,
https://do1.org/10.1007/s13762-022-04715-6. IF: 3,00; punkty MNiSW: 70

% Publikacja nr 4 — P4

Zajac, O., Zielifska, M., Zubrowska-Sudol, M. (2024). Enhancing wastewater treatment
efficiency: A hybrid technology perspective with energy-saving strategies. Bioresource
Technology, 399, 130593, https://doi.org/10.1016/j.biortech.2024.130593. IF: 9,70;

punkty MNiSW: 140

% Publikacja nr 5 — P5

Zajac, O., Zubrowska-Sudot, M., Godzieba, M., Ciesielski, S. (2023). Activated sludge vs.

biofilm — effect of temperature on ammonia and nitrite oxidation rate in the hybrid reactor.
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https://doi.org/10.3390/w16040534

Desalination and Water Treatment, 288, 165—177, https://doi.org/10.5004/dwt.2023.29304.
IF: 1,00; punkty MNiSW: 100

% Publikacja 6 — P6

Zajac, O., Zubrowska-Sudot, M., Godzieba, M., Ciesielski, S. (2024). Changes in the activity
and abundance of canonical nitrifiers and Comammox bacteria during stream switching:
Shifting from a mainstream hybrid reactor for C, N, and P removal to a sidestream
biofilm nitrification reactor. Journal of Water Process Engineering, 57, 104655,

https://doi.org/10.1016/j.jwpe.2023.104655. IF: 6,30; punkty MNiSW: 100

L.aczna punktacja prac wchodzacych w sklad zbioru opublikowanych i powiazanych

tematycznie artykuléw naukowych zgodnie z rokiem opublikowania wynosi:

e wg listy czasopism punktowanych MNiSW - 610 punktow,
e laczny wspolczynnik wplywu Impact Factor — 26,40.

Przedstawione w dysertacji badania przeprowadzono w ramach trzech projektow

badawczych. Ponizej przedstawiono ich wykaz:

1. Projekt badawczy pt. ,Identyfikacja, charakterystyka 1 modelowanie procesu
COMAMMOX - nowego ogniwa w obiegu azotu w uktadach oczyszczania §ciekéw”.
2017/27/B/NZ9/01039, OPUS 14, NCN. Czas trwania: 15.10.2018 — 14.04.2023.
Konsorcjum: Politechnika Gdanska (Lider), Uniwersytet Warminsko-Mazurski,

Politechnika Warszawska (P1, P2, P3, P5, P6).

2. Grant dziekanski nr 504/04613 pt. ,,Analiza wptywu konfiguracji technologicznej
sekwencyjnego reaktora porcjowego na przebieg 1 efektywno$¢ procesu nitryfikacji”
przyznany w ramach konkursu na granty dziekanskie Dziekana Wydziatu dla pracownikow
oraz doktorantow, finansowanego ze srodkow subwencji, stuzacego rozwojowi mtodych
naukowcow Wydziatu Instalacji Budowlanych, Hydrotechniki i Inzynierii Srodowiska

Politechniki Warszawskiej. Czas trwania: 08.03.2021 — 21.02.2022 (P4).

3. Grant na finansowanie badan naukowych dla pracownikow Politechniki Warszawskiej
w dyscyplinie Inzynieria Srodowiska, Gornictwo i Energetyka w roku 2022 pt. ,,Wptyw
naprzemiennego napowietrzania na aktywno$¢ 1 liczebno$¢ poszczegdlnych grup
mikroorganizmow  nitryfikacyjnych rozwijajacych si¢ w hybrydowym reaktorze

z nitryfikacja/denitryfikacjg”. Czas trwania: 06.04.2022 — 30.09.2023 (P4).
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2. PRZEDMIOT PRACY

Przedmiotem dysertacji byta analiza przebiegu i1 efektywnos$ci procesu nitryfikacji

w sekwencyjnych reaktorach porcjowych ze zlozem ruchomym, ze szczegolnym

uwzglednieniem wptywu strategii napowietrzania i formy, w jakiej biomasa rozwija si¢

w reaktorach.

W pracy zdefiniowano nast¢pujace cele czastkowe:

analiza wptywu strategii napowietrzania na przebieg i efektywnos¢ procesu nitryfikacji,
przy uwzglednieniu roznych konfiguracji pracy reaktorow ze zlozem ruchomym

(tj. czystej 1 hybrydowej technologii ztoza ruchomego) (Zagadnienie nr 1),

okreslenie wplywu wyksztalcenia biomasy w postaci osadu czynnego w reaktorze
pracujacym w czystej technologii zloza ruchomego na efektywno$¢ oczyszczania

sciekow, ze szczegdlnym uwzglednieniem procesu nitryfikacji (Zagadnienie nr 2),

analiza wplywu roéznych wariantow strategii napowietrzania na zuzycie energii

elektrycznej na napowietrzanie (Zagadnienie nr 3),

okreslenie wplywu temperatury na szybko$¢ poszczegdlnych etapdw procesu

nitryfikacji (Zagadnienie nr 4),

analiza przebiegu 1 efektywnosci procesu nitryfikacji podczas przeksztalcenia
hybrydowego reaktora ze zlozem ruchomym (IFAS-MBSBBR) zapewniajacego
zintegrowane usuwanie zwiazkéw wegla, azotu i fosforu na nitryfikacyjny reaktor
pracujacy w czystej technologii ztoza ruchomego (MBSBBR) w warunkach ciagu

bocznego (Zagadnienie nr 5).
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3. WPROWADZENIE

3.1. Wstep — oczyszczanie $ciekow, jego znaczenie i wyzwania

W ciagu ostatnich dziesiecioleci doszto do gwaltownego wzrostu urbanizacji na calym
swiecie. Jej szybkie tempo otwiera szanse rozwoju gospodarczego, jednakze jednoczes$nie
prowadzi do wigkszego zuzycia zasobow stodkiej wody. Czysta woda i globalne ocieplenie to
dwie kluczowe i wzajemnie powigzane kwestie, ktore stwarzajg istotne wyzwania w skali
swiatowej. W kontek$cie tych wyzwan skuteczne oczyszczanie S$ciekow odgrywa
fundamentalng rolg, poniewaz jest niezb¢dne dla ochrony wdd przed zanieczyszczeniem. Aby
to osiggna¢, kluczowe sg innowacyjne technologie oczyszczania §ciekdéw, dobrze rozwinigta
infrastruktura kanalizacyjna i zwigkszona §wiadomos$¢ spoteczna. Dziatania podejmowane na
rzecz ochrony zasobow wodnych majg nie tylko zasadnicze znaczenie dla zdrowia ludzkiego,
ale takze dla zachowania rownowagi ekosystemow, co ma znaczacy wptyw na globalne wysitki
na rzecz przeciwdzialania zmianom klimatycznym. Odbidr i oczyszczanie $ciekéw stanowi
wiec nieodlgczny element wspotczesnej dzialalnosci inzynieryjnej, majacy na celu
minimalizowanie negatywnego wptywu dzialalno$ci czlowieka na $rodowisko naturalne oraz
ograniczanie potencjalnych niebezpieczenstw dla zdrowia ludzkiego. Wspdtczesne
oczyszczalnie §ciekOw maja za zadanie nie tylko usuwanie zanieczyszczen, takich jak zwiazki
organiczne oraz zwigzki biogenne, zapewniajac tym samym ochrong ekosystemow wodnych,
ale réwniez podejmowanie dzialan na rzecz ich regeneracji. W tym kontekscie dobor
stosowanych technologii 1 procesow oczyszczania $ciekow, jak rOwniez parametrow, przy
ktorych procesy te sg realizowane, odgrywaja kluczowa role w zapewnieniu wysokiej jakosci

sciekow oczyszczonych odprowadzanych do srodowiska naturalnego.

W miar¢ wzrostu populacji, poprawy dostgpu do wody, podnoszenia standardow zycia
oraz rozwoju gospodarczego, ilo§¢ generowanych $ciekoéw stale ro$nie. Wedlug danych
z raportu ,,Wastewater as a Resource: May 2022” roczna produkcja §ciekéw komunalnych na
$wiecie wyniosta 380 miliardow m® (EIB, 2022). Prognozy przygotowane na bazie dostgpnych
danych wskazuja, ze z duzym prawdopodobienstwem do 2030 roku produkcja ta wzro$nie
0 24%, a do 2050 roku az o 51% (Qadir i in., 2020). Warto jednak zwrdci¢ uwage na to, ze
mimo potencjalnych zagrozen, jakie stwarzajg $cieki, tylko niewielka cz¢$¢ z nich jest obecnie
zbierana 1 poddawana procesom oczyszczania. Wedlug opracowan dostepnych w literaturze,
okoto 48% generowanych $ciekoéw trafia do srodowiska bez oczyszczenia (Jones 1 in., 2021).
Jest to znacznie mniej niz w powszechnie cytowanych globalnych danych statystycznych,

ktore méwia, ze okoto 80% S$ciekow jest odprowadzanych do srodowiska bez uprzedniej
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obrobki (UNESCO, 2017). Jones i in. (2021) bazowali na dostepnych danych z roku 2015, co
stanowi znaczne uaktualnienie w stosunku do danych prezentowanych w raporcie UNESCO
(dane do 2008 roku). Wartosci procentowe dotyczace zbierania 1 oczyszczania $ciekow
ksztaltujg sie¢ podobnie jak produkcja $ciekéw pod wzgledem poziomu dochodéw. W krajach
o wysokich dochodach wigkszos$¢ $Sciekow jest zarowno zbierana (82%), jak 1 oczyszczana
(74%), podczas gdy w krajach o niskich dochodach wskazniki te wynosza odpowiednio 9%
14%. Wraz ze spadkiem poziomu dochoddw, maleje rowniez odsetek zbieranych §ciekow, ktore
sa poddawane oczyszczaniu: 91% w krajach o wysokich dochodach, 73% w krajach o wyzszych
srednich dochodach, 60% w krajach o nizszych $rednich dochodach i 47% w krajach o niskich
dochodach (Jones i in., 2021). Z danych Water Information System for Europe z 2024 roku
wynika, ze 82% $ciekéw komunalnych w Europie jest zbieranych 1 oczyszczanych zgodnie ze
standardami Unii Europejskiej (WISE, 2024). Gospodarstwa domowe oraz niektore gatgzie
przemyshu na obszarach miejskich generuja codziennie okoto 108,85 min m® $ciekow.
Z zebranych danych wynika, ze w Unii Europejskiej dziata 20 087 oczyszczalni $ciekow,

z czego az w 70% z nich wykorzystywane sa technologie opierajace si¢ na metodach

biologicznych, uwzgl¢dniajacych usuwanie zwigzkoéw azotu 1 fosforu.

Azot jest jednym z gtownych sktadnikoéw biogennych niezbgdnych do prawidtowego
funkcjonowania organizméw zywych, jednakze jego nadmiar moze prowadzi¢ do problemow
ekologicznych, takich jak eutrofizacja, czyli nadmierne wzbogacenie wod w skladniki
odzywcze (Preisner i in., 2020). Wprowadzenie zbyt duzej ilosci azotu amonowego ze $ciekami
do woéd powierzchniowych zaburza naturalng rownowage ekosystemu wodnego poprzez
spowodowanie deficytu tlenowego (Klaczynski, 2019). Procesy utleniania sg ograniczone przez
dostepno$¢ tlenu w wodzie, co prowadzi do zakltdcenia procesow zyciowych organizméw
wodnych. W rezultacie naturalne mechanizmy samooczyszczania, zwtaszcza w wodach
stojacych, takich jak stawy czy jeziora, ulegaja ostabieniu lub calkowitemu zanikowi, co
w skrajnych przypadkach moze prowadzi¢ do masowego obumierania ryb. Kolejnym istotnym
problemem zwigzanym z wprowadzaniem azotu jest nadmierne nawozenie odbiornika co
prowadzi do zwiekszenia ilo$ci dostgpnych substancji biogennych, co z kolei powoduje szybki
wzrost roslinno$ci 1 zarastanie akwenu. Zmniejszenie ilosci azotu, ktory dostaje si¢ do
srodowiska wraz ze $ciekami oczyszczonymi, jest wigc jednym z kluczowych zadan

stawianych komunalnym oczyszczalniom $ciekow.

Glownym zrodtem azotu w $ciekach jest azot organiczny 1 mocznik, produkty przemian

metabolicznych biatka z pokarmu spozywanego przez ludzi. Azot w strumieniu $ciekow, ktory
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trafia do oczyszczalni, moze przyjmowac forme¢ zarowno zwigzkoéw organicznych, jak
1 nieorganicznych. W trakcie przeplywu $ciekéw przez system kanalizacyjny, w warunkach
anaerobowych, zwiazki te przechodza szereg przemian biochemicznych. Wiekszo$¢ azotu
w $ciekach surowych stanowi azot amonowy (50% >) 1 azot organiczny (40-50%). Ilos¢
azotynow 1 azotanOw jest natomiast bardzo niska albo formy te wcale nie wystgpuja (Metcalf

i Eddy, 2014).

Zgodnie z obecnym stanem wiedzy, azot moze by¢ usuwany ze $ciekéw na drodze
procesow fizycznych, chemicznych i biologicznych (Winkler i Straka, 2019). Ostatnia
z wymienionych metod, czyli biologiczne usuwanie azotu poprzez naturalny metabolizm
specyficznych  grup  mikroorganizméw  jest najczesciej stosowang technologig.
Jest to nie tylko najbardziej rozpowszechniona metoda, ale takze korzystna ekonomicznie,
skuteczna, tatwa w obstudze i nie generuje dodatkowych wtornych zanieczyszczen (Zhou i in.,
2023). Najczesciej usuwanie azotu na drodze biologicznej opiera si¢ na konwencjonalnym
potaczeniu dwodch procesdéw — czyli nitryfikacji 1 denitryfikacji. W duzym skrocie azot
doptywajacy do reaktora biologicznego w formie organicznej przeksztatcany jest na drodze
amonifikacji w jony amonowe, a nastgpnic w warunkach tlenowych, powstate zwigzki
amonowe utleniane sg do azotu azotynowego i azotu azotanowego na drodze nitryfikacji.
Utlenione formy azotu w warunkach anoksycznych, przy udziale mikroorganizméw
denitryfikacyjnych, redukowane sg do azotu gazowego. Poza szeregiem zalet tego rozwigzania
wystepuja jednak pewne ograniczenia powodujace, ze naukowcy na catym $wiecie caty czas
szukaja metod alternatywnych do ,.klasycznego szlaku” usuwania azotu ze Sciekow. Coraz
wieksza uwage poswieca sie zuzyciu energii elektrycznej, produkcji osadow i1 emisji gazéow

cieplarnianych.

W niniejszej pracy skupiono si¢ na jednym z kluczowych procesow zachodzacych
w oczyszczalniach $ciekow, jakim jest nitryfikacja. Jego zrozumienie 1 kontrola s3 niezwykle
wazne dla efektywnego funkcjonowania oczyszczalni $ciekow, jak rowniez ograniczenia
negatywnego wplywu tego typu obiektow na zmiany klimatyczne. Nitryfikacja wymaga
energochtonnego napowietrzania, stanowigcego okoto 50-75% wydatku energetycznego calej
oczyszczalni, co poza zwigkszeniem kosztow ponoszonych przez przedsigbiorstwo, wptywa
réwniez na zmiany klimatyczne wywotywane przez produkcje energii elektrycznej (Luo 1 in.,
2019). Przy niewlasciwie dobranych parametrach napowietrzania straty energii moga sig¢gac
nawet okoto 40% catkowitego zuzycia energii w calym procesie (Foladori 1 in., 2015). Badania

wskazuja, ze az okoto 80% emisji gazow cieplarnianych zwigzanych z funkcjonowaniem
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oczyszczalni $ciekow pochodzi z procesu spalania paliw kopalnych do produkcji energii
elektrycznej (Yerushalmi i in., 2013). Ponadto, w procesach nitryfikacji i denitryfikacji moze
dochodzi¢ do wytworzenia podtlenku azotu, ktory nastepnie jest emitowany do atmosfery (Liu
1 in., 2021b). Ten silny gaz cieplarniany, po dwutlenku wegla 1 metanie, jest trzecim co do
wielko$ci czynnikiem przyczyniajacym si¢ do antropogenicznego ocieplenia klimatu i uznano
go za najbardziej dominujacy czynnik niszczacy warstwe ozonowa (Thakur i Medhi, 2019).
W 2020 roku globalna emisja N2O osiagneta okoto 10,1 miliona megagramow (Paltsev 1 in.,
2023). Jak wskazuja cytowane statystyki, prognozy zaktadaja, ze przy kontynuacji obecnych
trendow produkeji do roku 2050 warto$¢ ta moze osiaggnacé okoto 10,8 miliona megagramow.
Oczyszczalnie $ciekow sg czwartym co do wielkosci zrédlem emisji tego silnego gazu
cieplarnianego, odpowiadajac za 5,6% calkowitych emisji NoO (Kemmou i Amanatidou, 2023).
Jak podaja dostgpne badania, udziat NoO w catkowitym $ladzie weglowym oczyszczalni
sciekdéw szacuje si¢ na poziomie okoto 50-78% (Daelman i in., 2013; Rodriguez-Caballero
iin., 2015; Hwang i in., 2016). Uwaza sie, iz zwigkszenie wskaznika emisji N>O o zaledwie
1% powoduje, ze §lad weglowy oczyszczalni $ciekow moze zwigkszy¢ si¢ o okolo 30%
(De Haas i Hartley, 2004). Dlatego tak wazny jest staranny dobor parametréw eksploatacyjnych
i zastosowanie odpowiednich technologii, aby osiagna¢ zarowno wysoka jako$¢ oczyszczonych
sciekdw, zmniejszone zuzycie energii elektrycznej, jak 1 ograniczy¢ emisje gazow
cieplarnianych. Warto roéwniez podkresli¢, Zze minimalizowanie emisji N2O jest bardzo wazne

dla osiagnigcia neutralno$ci weglowej oczyszczalni §ciekow.

Jednym z rozwigzan, ktore pozwalaja na intensyfikacje procesu nitryfikacji 1 utrzymanie
jego wysokiej efektywnosci jest technologia zloza ruchomego, bedaca stosunkowo nowym
rozwigzaniem. Eksploatatorzy oczyszczalni $ciekow coraz czeSciej decyduja si¢ na jej
zastosowanie. To korzystna alternatywa dla klasycznej technologii osadu czynnego, mogaca
W znacznym stopniu pomdc zmodernizowac istniejgce juz oczyszczalnie sciekow bez duzych
naktadoéw finansowych. Idea technologii ztoza ruchomego, jak rowniez korzysci wynikajace
z jej wykorzystania zostang szczegotowo omowione w kolejnych podrozdziatach. Jednym
z wyzwan zwigzanych z zastosowaniem tej technologii jest minimalizacja zuzycia energii
niezbednej na wprowadzenie do reaktora biologicznego wymaganej ilosci tlenu. W literaturze
przedmiotu jako jedno z rozwigzan w tym zakresie wymienia si¢ naprzemienne napowietrzanie.
Mimo, iz to rozwigzanie charakteryzuje si¢ duzym potencjatem, nadal brakuje dogl¢bnych
badan, szczegélnie w odniesieniu do reaktorow wykorzystujacych technologie zloza

ruchomego, co stanowi istotng luke badawczg. Niniejsza praca ma na celu jej uzupehienie
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poprzez szczegdtowe zbadanie naprzemiennego napowietrzania w kontekscie reaktoréw ze

ztozem ruchomym.

Glownym celem badawczym niniejszej pracy jest analiza wplywu strategii
napowietrzania (w tym naprzemiennego napowietrzania) na przebieg i efektywno$¢ procesu
nitryfikacji w reaktorach ze ztozem ruchomym. Poprzez glgbsze zrozumienie tego procesu oraz
ocene skutecznos$ci zastosowania reaktorow ze ztozem ruchomym dazy si¢ do identyfikacji
nowych mozliwosci doskonalenia oczyszczania $Sciekow, ktore bedg zarowno skuteczne, jak
1 zrownowazone Srodowiskowo. Technologia zloza ruchomego sprzyja bowiem rozwojowi
wolno rosngcych bakterii nitryfikacyjnych, a efektywne zastosowanie naprzemiennego
napowietrzania bezposrednio tgczy¢ si¢ bedzie z perspektywa zmniejszenia zuzycia energii
niezbednej do zasilania dmuchaw. Pozwoli to na redukcje zuzycia energii elektrycznej przez
cate przedsigbiorstwo, co moze mie¢ bezposredni i realny wptyw na zmniejszenie negatywnych
skutkéw srodowiskowych zwigzanych z produkcja energii elektrycznej oraz ograniczenie jej

szkodliwego wplywu na nasza planete.

3.2. Technologia zloza ruchomego
3.2.1. Od czego to wszystko si¢ zaczelo i w jakim kierunku zmierza?

Historia technologii ztoza ruchomego rozpoczyna si¢ w Norwegii, w latach 80. XX
wieku, kiedy to profesor Hallvard @degaard we wspolpracy z firmg Kaldnes Milj@teknologi
opracowali technologi¢ MBBR (ang. moving bed bofilm reactor), czyli reaktora biologicznego
opartego na wzroscie btony biologicznej na swobodnie poruszajacych si¢ nosnikach.
Rozwigzanie to miato na celu poprawe usuwania substancji organicznych i1 zwigzkow
biogennych zawartych w S$ciekach, tak aby spetni¢ wymagania stawiane w porozumieniach
dotyczacych jakosci $ciekéw odprowadzanych do Morza Polocnego. Technologia ztoza
ruchomego szybko zyskata popularnos$¢ i zaczeta by¢ stosowana w oczyszczalniach §ciekow

komunalnych 1 przemystowych na calym swiecie (D1 Biase 1 in., 2019).

Przed pojawieniem si¢ zloza ruchomego, oczyszczanie S$ciekow oparte o biofilm
realizowano gtéwnie poprzez ztoza zraszane, reaktory ze ztozem fluidalnym, ztoza tarczowe
oraz zanurzone ztoza tarczowe (Rittmann, 1982). Jednakze systemy te miaty pewne wady, takie
jak problemy z efektywnoscig pracy czy podatno$¢ na awarie mechaniczne. Technologie
wykorzystujace mikroorganizmy rozwinigte w formie biofilmu napotykaly réwniez istotne
ograniczenia zwigzane z dyfuzja ze wzgledu na staby transfer masy, co prowadzito do

zmniejszenia szybkosci reakcji (Rusten 1 in., 2006). To wtasnie w tym konteks$cie zrodzit si¢
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pomyst na zastosowanie swobodnie poruszajacych si¢ nosnikéw, ktory byl postrzegany jako

cenna alternatywa i rozwigzanie wad innych systemow.

Jak juz wspomniano, w latach 80. i 90. XX wieku, w odpowiedzi na potrzeby matych
spotecznos$ci oraz konieczno$§¢ modernizacji istniejacych oczyszczalni §ciekow w Norwegii,
rozpoczeto prace nad ztozem ruchomym. Technologia ta miata by¢ tatwa w instalacji i obstudze,
a jednoczesnie efektywna i niezawodna (Di Biase 1 in., 2019). Rozwigzaniem okazalo si¢
zastosowanie niewielkich rozmiarow nosnikéw porosnietych biofilmem, ktore swobodnie
poruszajg si¢ w reaktorze, zapewniajac odpowiednie warunki do wzrostu duzej iloéci biomasy.
Na poczatku lat 90-tych przeprowadzono pierwsze badania nad technologia ztoza ruchomego
(Odegaard i in, 1994). Dwa lata pdzniej, w 1996 roku @degaard i naukowcy z firmy Kaldnes
MiljOteknologi opracowali patent na technologi¢ zloza ruchomego (@degaard, 1999).
W 2004 r., w wyniku fuzji firm Kaldnes Milj@teknologi i Anox AB, powstalo AnoxKaldnes,
ktore kontynuowato badania nad technologia ztoza ruchomego i jest jednym z najbardziej
rozpoznawalnych producentéw ksztaltek na $wiecie. Dwa lata pozniej technologia zloza
ruchomego byta juz z powodzeniem stosowana w ponad 400 oczyszczalniach $ciekéw w ponad
22 roznych krajach na §wiecie (Rusten i in., 2006). Od tego czasu wiele firm zajelo sie
przygotowaniem réznego rodzaju wariantow zt6z ruchomych. Obecnie technologia zloza
ruchomego jest szeroko stosowana na calym $wiecie. Z danych firmy Veolia, ktora w 2006 roku
wykupita AnoxKaldnes, technologia oczyszczania §ciekow oparta na AnoxKaldnes jest

stosowana w ponad 1200 oczyszczalniach (dane z 2023 roku).

Mimo Ze badania nad usuwaniem substancji organicznych i sktadnikow odzywczych sa
nadal prowadzone, technologia MBBR jest uwazana za jedno z najskuteczniejszych
1 najbardziej obiecujgcych rozwigzah w obszarze oczyszczania §ciekow. W ostatnich latach, ze
wzgledu na wzrost populacji 1 ilosci generowanych $ciekow, rosnie zapotrzebowanie na
modernizacj¢ istniejacych oczyszczalni. Duzy nacisk kladzie si¢ na zwigkszenie ich wydajnosci
objetosciowej przy minimalnych dodatkowych kosztach. Rosngca presja na zmniejszenie
negatywnego oddzialywania oczyszczalni sciekdw na Srodowisko sprawia, ze technologie
pozwalajagce na kompaktowg instalacje, zajmujace jak najmniejszg przestrzen fizyczna,
a przede wszystkim dajace dobrg jakos¢ Sciekow oczyszczonych stajg si¢ coraz atrakcyjniejsze.

Niewatpliwie przyczynia si¢ do tego rowniez malejacy na przestrzeni lat koszt no$nikow.
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3.2.2.Rodzaje ruchomych nosnikow

Ztoze ruchome stanowig swobodnie poruszajgce si¢ w toni sciekow elementy, na ktérych
rozwija si¢ blona biologiczna. Konstrukcja i material, z ktorego wykonane sg ruchome nos$niki,
odgrywaja kluczowa role w efektywnos$ci dziatania systemow opartych na technologii ztoza
ruchomego. Odpowiednio zaprojektowane no$niki nie tylko wspierajg szybki wzrost biomasy
w postaci biofilmu, ale rowniez chronig go przed Scieraniem i degradacja mechaniczng.
Mikroorganizmy tworzace biofilm rozwijaja si¢ gldownie na wewnetrznych czesciach nosnikow.
Aby zapewni¢ optymalne warunki, no$niki powinny charakteryzowac si¢ duza i chropowata
powierzchnig wlasciwg oraz hydrofobowoscia, co sprzyja osiedlaniu si¢ mikroorganizmow.
Dodatkowo, ich gestos¢ powinna by¢ zblizona do gestosci wody, aby mogty swobodnie unosic¢

si¢ w reaktorze 1 by¢ rownomierne rozmieszczone (Podedworna i in., 2014).

Obecnie ksztattki wykonywane sg najczesciej z tworzyw sztucznych, takich jak wysokiej
gestosci polietylen (HDPE), polietylen (PE), polipropylen (PP), polichlorek winylu (PVC) czy
pianka poliuretanowa (PU). Najbardziej klasyczny 1 popularny ksztalt ztoza ruchomego ma
cylindryczng forme¢ z wewnetrznymi przegrodami zwigkszajacymi powierzchni¢ czynng, na
ktérej mogg si¢ rozwija¢ mikroorganizmy. Coraz czgsciej stosuje si¢ roéwniez ztoza ruchome
w ksztatcie porowatych chipoéw, dyskow lub kostek. W ostatnich latach ro$nie zainteresowanie
zastosowaniem niekonwencjonalnych i ekologicznych materiatow jako ruchomych no$nikow.
Te alternatywne materialy majag na celu zmniejszenie $ladu weglowego 1 promowanie
zrbwnowazonego rozwoju w technologii oczyszczania sciekow. Wykorzystywane sg tworzywa
sztuczne z recyklingu. Niektére projekty badawcze eksploruja  wykorzystanie
biodegradowalnych polimerdw, takich jak polihydroksyalkaniany (PHA) (Chang i in., 2024).
Takie materialy mogg ulega¢ rozktadowi biologicznemu po zakonczeniu cyklu, co znaczaco
zmniejsza problem odpadow z tworzyw sztucznych. Istniejg rowniez badania dotyczace
wykorzystania jako no$nikow biofilmu tusek ryzu (Alitaleshi i in., 2024) lub kolb kukurydzy
(Akankshya i Mohanty, 2021). Materiaty te, ze wzgledu na ich naturalne pochodzenie
1 biodegradowalnos$¢, mogg stanowi¢ zrownowazong alternatywe dla tradycyjnych nosnikéw
polimerowych, redukujac negatywny wptyw na srodowisko oraz wspierajac rozwoj technologii
oczyszczania $ciekdw opartych na zasadach zrownowazonego rozwoju. Nowatorskim
rozwigzaniem stosowanym w technologii ztoza ruchomego jest rowniez wykorzystywanie jako
no$nikow biofilmu kompozytow polimerowo-drzewnych (Kruszelnicka 1 in., 2014;
Kruszelnicka 1 in., 2018; Kruszelnicka 1 in., 2022). Material ten charakteryzuje si¢ duza

powierzchnig czynng dostepng do rozwoju btony biologiczne;j.
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W tabeli nr 3.1. przedstawiono zestawienie roéznych rodzajéow z16z ruchomych

wykorzystywanych w praktyce.

Tabela 3.1. R6zne rodzaje zt6z ruchomych

Nazwa Nazwa Powierzchnia
Lp. W W wlasciwa Material Zdjecie
producenta nos$nika (m?/m?)
1. K1 500
2. K3 500
3. K5 800 PE
Veolia
AnoxKaldnes®
4 BiofilmChip 900
P
BiofilmChip
5. M 1200
AnoxK™Z7 .-
6 200 b.d.
b.d.
AnoxK™Z7 -
7 400 b.d.
8. Aqwise/ ABC Media 650 HDPE
Bluegengroup

21



Lp.

10.

11.

12.

13.

14.

15.

16.

17.

Nazwa
producenta

MUTAG Biochip

Hell-X
BIOCARRIERS

EMW
Filtertechnik

Nighao

Hell-X
BIOCARRIERS

EvU® Innovative
Umwelttechnik
GmbH

GeoTierre

Nazwa
nosnika

Mutag
BioChip 30™

HELL-X
FLAKE

PORET®
aqua

PU40

HXF12KLL

HXFI3KLL+

HX17KLL

EvU-Pearl

New-Pond®

Powierzchnia
wlasciwa
(m?*/m?®)

55500

5000-5500

1000

2000

859

955

602

400 — 800

m?/m3

500

22

Material

PE

HDPE

PU

PU

HDPE

PVC
z recyklingu

HDPE

Zdjecie



Lp.

18.

19.

20.

21.

22.

23.

24.

PE — polichlorek winylu; HDPE — wysokiej gestosci polietylen; PE — polietylen; PU — pianka poliuretanowa

Nazwa Nazwa
producenta nosnika
AC 450
Headworks AC 920
AC 1200
Biopebble
Biopipe 600
Warden
Biomedia
Biopipe +500
Bioflow +800

Powierzchnia

wlasciwa Material
(m?*/m?®)
402
680 HDPE
800
500 HDPE
600 PP

z recyklingu

500 PP

800 PP

PP — polipropylen; PVC — polichlorek winylu; b.d. — brak danych.
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3.2.3. Podzial reaktorow ze zlozem ruchomym

Reaktory ze ztozem ruchomym podzieli¢ mozna w odniesieniu do kilku kryteriow, takich
jak rodzaj przeptywu $ciekow oraz posta¢, w jakiej rozwija si¢ biomasa zasiedlana przez
mikroorganizmy oczyszczajace $cieki (Zubrowska-Sudot i Jasinska, 2014). W zaleznosci od
rodzaju przeptywu $ciekOw wyrdzniamy reaktory o przeptywie ciggtym — MBBR (ang. moving
bed bofilm reactor) (Annavajhala i in., 2018; Leyva-Diaz i in., 2020) oraz o przeplywie
porcjowym — MBSBBR (ang. moving bed sequencing batch biofilm reactor) (Wang i in.,
2020a). W kontekscie drugiego kryterium wyrdzniamy reaktory ze zlozem ruchomym
opierajace si¢ na tzw. ,.czystej technologii ztoza ruchomego”, gdzie biomasa rozwija si¢
gtéwnie w postaci biofilmu porastajgcego ruchome nosniki (udziat mikroorganizmow w postaci
osadu czynnego jest na tyle maty, ze zostaje pominigty) lub reaktory hybrydowe, w ktérych za
oczyszczanie $ciekdw odpowiadajag wspolnie mikroorganizmy zasiedlajace biofilm 1 te
tworzace klaczki osadu czynnego. Kazde z tych rozwigzan moze by¢ wykorzystywane

w reaktorach typu MBBR i MBSBBR.

3.2.4. Zalety i wady technologii zloza ruchomego

Rozwo6j technologii zloza ruchomego mial na celu przezwycig¢zenie ograniczen
dotychczasowych metod stosowanych do oczyszczania $ciekow. W pordwnaniu z innymi
technologiami opartymi na biofilmie oraz konwencjonalnymi systemami osadu czynnego,
technologia ztoza ruchomego wyrdznia si¢ wieloma zaletami. Jako jedng z pierwszych
wymienia si¢ zwigkszong wydajnos¢ 1 efektywno$¢ oczyszczania $ciekdw w zwigzku ze
znacznie wigkszg ilo$cig biomasy rozwijajacej si¢ w reaktorze biologicznym (m.in. Gu i in.,
2017; Chaali 1 in., 2018; Vyrides i in., 2018; D1 Biase 1 in., 2019). Jak podaje Safwat (2018) to
rozwigzanie technologiczne przewyzsza konwencjonalne systemy biologicznego oczyszczania
sciekow roéwniez pod wzgledem wigkszej aktywno$ci mikrobiologicznej, réznorodnosci
mikroorganizmoéw zasiedlajacych uklady i stabilnosci catego systemu. Biofilm rozwijajacy si¢
na ruchomych no$nikach wykazuje bowiem duza odporno$¢ na zmiany charakterystyki
scieckow doplywajacych do ukladow, takie jak zmiany obcigzen hydraulicznych, wahan
odczynu, temperatury 1 stgzen zanieczyszczen (Chrispim in., 2016; Di Biase 1 in., 2019).
Technologia zloza ruchomego charakteryzuje si¢ roéwniez latwos$cig obstugi 1 niskimi
wymaganiami konserwacyjnymi, a takze niewielkimi rozmiarami kompaktowych jednostek
(D1 Biasei1in., 2019). Do jej zalet zaliczy¢ mozna rowniez mozliwos$¢ ograniczenia wymaganej
objetosci reaktor6w oraz uniezaleznienie czasu zatrzymania biomasy w reaktorze od

hydraulicznego zatrzymania $ciekdw (Podedworna i in., 2014). Warunki panujace w reaktorach
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wykorzystujacych technologie ztoza ruchomego sprzyjaja roOwniez wystepowaniu procesu
symultanicznej nitryfikacji i denitryfikacji, jak réwniez umozliwiaja usuwanie zwigzkdéw azotu
i fosforu na drodze denitryfikacji defosfatacyjnej (Podedworna i Zubrowska-Sudot, 2011).
W zwiazku z tym, Zze biomasa rozwija si¢ w postaci biofilmu na ruchomych no$nikach,
w reaktorach wykorzystujacych czysta technologi¢ ztoza ruchomego eliminowany jest problem
pecznienia osadu 1 nie ma koniecznos$ci jego recyrkulacji (Gu i in., 2017; Di Biase i in., 2019).
Z kolei w poréwnaniu z reaktorami z blong biologiczng rozwini¢tg na nieruchomych nosnikach,
MBBR cechuje si¢ mniejszym ryzykiem zatykania oraz nie wymaga czestego plukania
wstecznego, co przeklada sie¢ na oszczedno$¢ czasu i zasoboéw (Di Biase i in., 2019).
Technologia zloza ruchomego posiada réwniez pewne wady. Jej wykorzystanie moze by¢
zwigzane z wysokimi kosztami energii, wynikajacymi z konieczno$ci napowietrzania w celu
utrzymania w cigglym ruchu no$nikéw oraz zapewnienia wymagane;j ilosci tlenu do usuwania
zanieczyszczen doptywajacych do reaktora biologicznego. Zastosowanie tej technologii moze
wigzaé si¢ rowniez z tworzeniem si¢ w reaktorze stref stagnacji, ktore utrudniajg peine
wymieszanie, oraz z wysokimi kosztami kapitalowymi zwigzanymi z konstrukcja reaktora
1 zakupem no$nikéw (@Odegaard, 2016; Di Biase i in., 2019; Leyva-Diaz i in., 2020; Santos
iin., 2020).

3.3. Znaczenie procesu nitryfikacji w oczyszczaniu Sciekow
3.3.1. Podstawy teoretyczne

Nitryfikacja stanowi jedno z gtéwnych ogniw cyklu azotowego w przyrodzie, bedac
jednoczes$nie procesem limitujagcym usuwanie tego biogenu ze Sciekéw. Ponad 130 lat temu,
rosyjski mikrobiolog Sergei Winogradsky, odkryl, ze ten autotroficzny proces sktada si¢
z dwoch etapow 1 kazdy z nich prowadzi odrebna grupa chemolitoautotroficznych
mikroorganizméw (Winogradsky, 1892; Dworkin 1 Gutnick, 2012). Zachodzi on w warunkach

tlenowych, a dla mikroorganizméw jest procesem dostarczajacym im energii.

W pierwszym etapie azot amonowy utleniany jest do azotu azotynowego (tzw. nitrytacja)
przy udziale bakterii autotroficznych z rodzaju Nitrosomonas, Nitrosospira, Nitrosococcus,
Nitrosovibrio, Nitrosomonadaceae 1 Nitrosolobus znanych jako AOB (ang. ammonia oxidizing
bacteria), podczas gdy drugi etap, utleniania azotu azotynowego do azotu azotanowego
(tzw. nitratacja), jest prowadzony przez bakterie nalezace do rodzajow Nitrobacter, Nitrospira,
Nitrococcus 1 Nitrospina, znanych jako NOB (ang. nitrite oxidizing bacteria) (Zhang i in.,

2019):
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NH} + 1,50, -» NO; + H,0 + 2H* (4G = —274,7 kJ/mol) (3.1

NO; + 0,50, > NO; (4G = —76k]/mol) (3.2)

Utlenianie azotu amonowego do azotyndw przebiega dwufazowo. W pierwszej fazie azot
amonowy przeksztalcany jest do hydroksyloaminy (NH>OH) przy katalitycznym udziale
enzymu charakterystycznego dla AOB, tj. monooksygenazy amonowej (ang. ammonia
monooxygenase — AMO). W drugiej fazie powstata hydroksyloamina utleniania jest do
azotynow. Reakcja ta katalizowana jest przez oksydoreduktaz¢ hydroksyloaminy

(ang. hydroxylamine oxidoreductase — HAO):
AMO
NHf + 0,+ H* + 2e — NH,0H + H,0 (4G = 15,4 Kk]/mol) (3.3)

HAO
NH,OH + H,0 — NO; + 5H*+ 4e~ (4G = —289,3 kJ/mol) (3.4))

Podczas tych reakcji uwolnione zostaja cztery elektrony. Dwa z nich kierowane sa
z powrotem do AMO, aby utrzymac proces utleniania. Pozostate dwa elektrony sg dostgpne do
redukcji dwutlenku wegla (CO») i stuzg jako zrédto energii dla procesu, wykorzystujac tlen

jako akceptor elektronow.

Drugi etap nitryfikacji, czyli utlenianie azotynow do azotanow jest procesem
jednostopniowym 1 zachodzi w obecnosci katalizatora, jakim jest oksydoreduktaza azotynowa
(ang. nitrite oxidoreductase — NXR). Przebiega on zazwyczaj znacznie szybciej, co powoduje,

ze w $ciekach oczyszczonych na ogot nie wystepuja azotyny (Bartoszewski, 2011):

NXR
NO; + H,0 — NO; + 2H* + 2e~ (3.5)

Bakterie nitryfikacyjne wykorzystuja energi¢ uzyskang z utleniania azotu amonowego
1 azotynowego do wzrostu swoich komorek (Sadecka, 2010). Rownania reakcji

uwzgledniajagcych przyrost bakterii nitryfikacyjnych przedstawiono ponizej (Henze 1 in., 2002):

- dla bakterii AOB:

13NH + 15C0, — 10NO; + 3CsH,0,N + 23H* + 4H,0 (3.6.)

26



- dla bakterii NOB:
10NO; + 5C0,+ NHf + 2H,0 - 10NO3; + CsH,0,N + H* 3.7)

Sumaryczne reakcje stechiometryczne utlenienia azotu amonowego i azotu azotynowego,

z uwzglednieniem proceséw katabolicznych i anabolicznych, sa nastepujace:

NH} + 1,98HCO;3 + 1,380,

(3.8)
- 0,0182CsH,0,N + 0,98N0O; + 1,04H,0 + 1,89H,C0,

NO; + 0,02H,CO; + 0,480, + 0,005NH; + 0,005HCO3

- 0,005CsH,0,N + 10NO; + 0,015H,0 ©9)

Na przestrzeni wielu dekad uwage badaczy skupiat szczegolnie I etap nitryfikacji,
wyrdzniony przez rosyjskiego mikrobiologa, ktory uwazano za limitujacy dla catego procesu
utleniania azotu amonowego (Li 1 in., 2016b). Przez wiele lat sadzono, ze utlenianie azotu
amonowego do azotynéw prowadzone jest wylacznie przez bakterie AOB. Wraz z rozwojem
technik biologii molekularnej wykazano, ze gen odpowiadajacy za utlenianie amoniaku amoA,
wystepuje u duzej liczby archeonoéw (Venter i in., 2004). Pierwsze doniesienia o wystgpowaniu
archeoné6w utleniajacych amoniak (ang. ammonia oxidizing archaea — AOA)
w oczyszczalniach $ciekéw przedstawit w 2006 roku Park i in. (2006). Cytowani autorzy
wykryli archealny gen amod w osadzie czynnym pochodzacym z komor nitryfikacyjnych
pigciu oczyszczalni §ciekow w USA. Od tego czasu trwaja intensywne badania dotyczace
rzeczywistego udzialu AOA w utlenianiu amoniaku w oczyszczalniach §ciekow. Przyktadowo,
Liu 1 in. (2021a) wykazali, ze w reaktorze membranowym, pracujacym przez dtugi czas przy

niskim st¢zeniu tlenu (okoto 0,40 mg O2/1), AOA zaczgly dominowaé nad AOB.

Ograniczona ilo§¢ badan dotyczacych bakterii utleniajgcych azotyny do azotanow
wynikata gtéwnie z trudnosci zwigzanych z hodowlg tych mikroorganizméw w warunkach
laboratoryjnych. Ponadto bakterie II etapu procesu nitryfikacji uwazane byly za
chemolitoautotrofy o bardzo ograniczonych mozliwosciach fizjologicznych, co prowadzito do
przekonania, ze ich potencjal badawczy jest niewielki (Daims 1 in., 2016). W efekcie tempo
postepu w badaniach nad NOB byto wyraznie nizsze niz w przypadku bakterii utleniajacych
azot amonowy. Wraz z rozwojem nauki, zwlaszcza w zakresie technik molekularnych
1 innowacyjnych procesOw oczyszczania $ciekOw, zainteresowanie badaczy zaczglo sie

koncentrowa¢ rowniez na Il etapie nitryfikacji. Udoskonalone narze¢dzia badawcze pozwolity
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naukowcom ujawni¢ szerokie zréznicowanie niechodowlanych bakterii NOB. Dwie niezalezne
grupy badaczy, Gruber-Dorninger i in. (2015) oraz Cao i in. (2017), wykazaty, ze bakterie
z rodzaju Nitrospira sp. stanowig najbardziej ré6znorodng 1 najliczniejszg grupe bakterii NOB

w komunalnych oczyszczalniach sciekow.

Niewatpliwym punktem zwrotnym w rozwoju wiedzy dotyczacej procesu nitryfikacji,
ktory zakwestionowatl jej znany do tej pory Scisty dwuetapowy podziat, byta dokonana w 2015
roku identyfikacja mikroorganizméw posiadajgcych zdolno$¢ do utlenienia azotu amonowego
do azotandow — bakterii Comammox (ang. complete ammonia oxidizing bacteria) z rodzaju
Nitrospira sp. (Daims 1 in, 2015; van Kessel i in., 2015). W przeciwienstwie do powszechnie
znanych bakterii AOB i NOB, Comammox Nitrospira w swoim genomie posiada peten zestaw
gendw kodujacych AMO, HAO 1 NXR, co $wiadczy o ich genetycznym potencjale do
prowadzenia petnej nitryfikacji (Daims i in., 2015; Camejo i in., 2017; Hu i He, 2017). Tym
przelomowym odkryciem udowodniono, ze bakterie te mogg charakteryzowacé si¢ wicksza
aktywnoscia, a ich metabolizm nie ogranicza si¢ jedynie do utleniania azotyndéw do azotanow,
ale rowniez do pelnej nitryfikacji. Odkrycie to nadalo catkowicie nowy wymiar biezacemu
zrozumieniu cyklu azotu w przyrodzie, zarazem zachecajac do zrewidowania podejscia do
zarzadzania procesem usuwania azotu w systemach oczyszczania $ciekow wykorzystujacych
nowe procesy, takie jak deamonifikacja lub skrdcona nitryfikacja/denitryfikacja. Pomimo iz
istnienie Comammox Nitrospira w systemach oczyszczania $ciekow, zarOwno w tych opartych
na blonie biologicznej jak i na osadzie czynnym, zostato juz potwierdzone przez wiele grup
badawczych, ich znaczenie w procesie usuwania azotu, jak roéwniez warunki sprzyjajace
rozwojowi tych mikroorganizméw, nie zostaly jeszcze jednoznacznie zdefiniowane
(Annavajhala 1 in., 2018; Mehrani 1 in., 2020). Niektorzy sugeruja, ze to biofilm zapewnia
optymalne warunki dla wzrostu tych mikroorganizméw (Annavajhala i in., 2018; Cotto 1 in.,
2020), podczas gdy inni wskazuja osad czynny jako $§rodowisko sprzyjajace ich rozwojowi
(Wang 1 in., 2018; Roots 1 in., 2019). Dotychczas zidentyfikowane bakterie Comammox to:
»Candidatus Nitrospira inopinata”, ,,Candidatus Nitrospira nitrosa”, ,,Candidatus Nitrospira
nitrificans” 1 ,,Candidatus Nitrospira krefftii”(Daims 1 in., 2015; van Kessel 1 in., 2015; Sakoula

1in., 2021; Luo 1 in., 2022).

Chociaz proces nitryfikacji tradycyjnie uznawany jest za autotroficzny, to w ostatnich
latach uwage badaczy skupia rowniez fenomen heterotroficznych bakterii nitryfikacyjnych
(ang. heterotrophic nitrification bacteria — HNB). To jedyna grupa mikroorganizmow, ktora

przeksztalca azot amonowy, wykorzystujac substancje organiczne jako gtowne Zrodto energii
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(Bagchiiin., 2012; Holmes i in., 2019). Podobnie jak w procesie autotroficznym, w nitryfikacji
heterotroficznej, w obecnosci enzymu AMO azot amonowy najpierw przeksztalca si¢
w hydroksyloaming, ktora nast¢pnie utlenia si¢ do azotu azotynowego pod wptywem enzymu
HAO, a nastgpnie azotyny utleniane sg do azotanoéw. Wiele heterotroficznych nitryfikatoréw
moze nastepnie denitryfikowa¢ swoje produkty nitryfikacji do azotu gazowego w warunkach
tlenowych — HNAD (ang. heterotrophic nitrification aerobic denitrification bacteria)
(Zhao i 1in., 2012; Song 1 in., 2021). Mikroorganizmy te, w poréwnaniu z autotroficznymi
nitryfikatorami, charakteryzujg si¢ zazwyczaj wyzszg szybko$cig wzrostu, tolerujg bardziej
kwasne warunki $rodowiska i sg mniej wymagajace co do stezenia tlenu. Zaliczane sg do
rodzajow: Paracoccus, Acinetobacter, Bacillus, Cuprobacter, Halomonas, Achromobacter,
Comamonas, Agrobacterium, Pseudomonas, Actinobacter, Rhodococcus, Niabella,
Diaphorobacter, Photobacterium (Chen i Ni, 2011; Silva i in., 2019; Jia i in., 2019; Jaffer i in.,
2019; Jia i in., 2020; Bucci i in., 2020; Song i in., 2021). Chociaz bakterie HNAD moga
wzrasta¢ w srodowisku wolnym od materii organicznej, obecno$¢ wegla organicznego znacznie
zwigksza usuwanie azotu amonowego w procesie nitryfikacji heterotroficznej 1 asymilacji.
Wyzsze C/N moze znacznie przyspieszy¢ szybkos¢ nitryfikacji i transfer elektrondéw
w denitryfikacyjnym tancuchu oddechowym. Bakterie HNAD, ze wzgledu na wigksza
szybko$¢ wzrostu niz autotroficzne nitryfikatory, lepiej przystosowuja si¢ do niskich temperatur
1 niskiego odczynu czy do wysokiego =zasolenia, niz bakterie odpowiedzialne =za
konwencjonalny przebieg usuwania azotu, tj. nitryfikacj¢ autotroficzng w warunkach
tlenowych/denitryfikacje heterotroficzng w warunkach anoksycznych (Chen 1 Ni, 2011;
Song 1 in., 2021).

3.3.2. Czynniki wplywajace na przebieg i efektywnos¢ procesu nitryfikacji
Mikroorganizmy prowadzace nitryfikacje wykazuja wrazliwos¢ na roznorodne warunki
srodowiskowe. Ponizej opisano glowne czynniki mogace mie¢ wplyw na szybkosé
1 skuteczno$¢ analizowanego procesu. Zrozumienie tych aspektow jest kluczowe dla
utrzymania optymalnych warunkéw Srodowiskowych w oczyszczalniach $ciekow oraz

osiggnigcia wysokiej wydajnosci nitryfikacji.
Temperatura

Od wielu juz lat wiadomo, zZe nitryfikacja jest jednym z najbardziej wrazliwych na
temperature etapow, posrodd procesow biologicznego oczyszczania $ciekow. W wielu krajach

na $wiecie warunki sezonowe zwigzane z porami roku wptywaja na temperature sciekow, ktora
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moze waha¢ si¢ od ponizej 10°C zimg do ponad 20°C latem (Henze, 2002). Niska temperatura
wptywa gtownie na tempo metabolizmu drobnoustrojow, ogdlnie wyrazane jako tempo wzrostu
lub wchtaniania, prowadzac tym samym do zmniejszenia szybkosci przebiegu procesu
nitryfikacji, a w konsekwencji do obnizenia efektywnos$ci usuwania ze $ciekéw azotu
amonowego (Hiilsen i in., 2016). Nagla zmiana temperatury moze uniemozliwi¢ prawidlowe
funkcjonowanie biatka bakterii, uszkadzajac zewnetrzng btong komorki i/lub czyniac ja zelowa
(MacLeod 1 Calcott, 1976), w wyniku czego nast¢puje zmniejszenie szybkosci transferu
substratu, w tym tlenu. Wedlug Beales (2004), stopien wptywu ,,szoku zimna” zalezy od
gradientu temperatury, szybko$ci chtodzenia, stanu pozywki hodowlanej i szczepu
drobnoustrojéw. Cytowani autorzy twierdza, ze wraz ze spadkiem temperatury lag faza przed
rozpoczeciem wzrostu si¢ wydtuza, tempo wzrostu spada, a koncowa liczba komoérek moze si¢
zmniejszy¢. Bakterie zdolne do utleniania azotu amonowego i utleniania azotu azotynowego
majg rézne wspotczynniki wzrostu i korekcji temperatury (Hwang i Oleszkirewicz, 2007).
Zgodnie z danymi prezentowanymi w literaturze, optymalng temperaturg dla utleniania azotu
amonowego do azotynow przez bakterie AOB jest 25-36°C. Nizsze temperatury przyczyniaja
si¢ do obnizenia maksymalnej szybkosci wzrostu tych mikroorganizméw. Ponizej 15°C
nastepuje zmniejszenie efektywnosci nitryfikacji, w wyniku czego w $ciekach oczyszczonych
zwigksza si¢ stezenie azotu amonowego (Young i in., 2017), a w temperaturze ok. 5°C
utlenianie azotu amonowego ulega catkowitemu zahamowaniu (Miksch 1 Sikora, 2010).
W przypadku bakterii NOB sytuacja przedstawia si¢ zupehie inaczej. W zakresie temperatur
od 5 do 15°C szybkos¢ ich przyrostu jest wyzsza, w porownaniu do szybkosci wzrostu bakterii
AOB (Yang 1 in., 2007). Z kolei w temperaturze 30°C szybkos$¢ wzrostu bakterii NOB jest

hamowana 1 jest nizsza niz bakterii AOB w tej samej temperaturze (Shiu i in., 2024).
PH i zasadowosé

Nitryfikatory to organizmy mogace rozwijac si¢ w szerokim zakresie pH. Jak podaja Ruiz
1 in. (2003) pH nizsze niz 6,45 1 wyzsze niz 8,95 powoduje zahamowanie utleniania zar6wno
azotu amonowego jak 1 azotu azotynowego. pH odgrywa istotng role w aktywnos$ci enzymow
nitryfikacyjnych. W literaturze istnieje wiele réznych informacji odnosnie optymalnego
odczynu dla poszczegdlnych grup mikroorganizmdéw prowadzacych proces nitryfikacji.
W badaniach przeprowadzonych przez Grunditz i Dalhammar (2001) ustalono, Ze optymalne
wartosci pH dla bakterii AOB 1 NOB wynosza odpowiednio 8,1 1 7,9. Réwnoczesnie,
obserwowano, ze przy wartosciach pH wynoszacych 6,5 lub 9,0, aktywno$¢ NOB spadata do

okoto 20%, podczas gdy aktywno§¢ AOB zmniejszata si¢ odpowiednio do 17% i 60%. Podobne
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wyniki uzyskano w badaniach przeprowadzonych przez Park i in. (2007). Cytowani autorzy
wykazali, ze optymalne pH dla bakterii AOB wynosito 8,3+0,3, a dla NOB 7,9+0,4. Dodatkowo
zaobserwowali, ze bakterie NOB byly bardziej wrazliwe na zmiany pH niz AOB. Natomiast
Jiménez i in. (2011) ustalili, ze pH ponizej 6,5 catkowicie hamowato aktywnos¢ NOB, podczas
gdy wysokie pH nie miatlo wptywu na t¢ grupe mikroorganizmow. Aktywnos¢ NOB byta
podobna w zakresie pH od 7,5 do 9,95.

Kolejnym bardzo istotnym czynnikiem, majacym bezposredni wpltyw na utrzymanie
odpowiedniego pH, jest poziom zasadowosci $ciekow. Podczas pierwszej fazy nitryfikacji, jak
1w skutek syntezy biomasy, dochodzi do zuzycia zasadowo$ci. Z rGwnania stechiometrycznego
procesu nitryfikacji wynika, ze w wyniku utleniania 1 g N-NH7 zasadowo$¢ $ciekow zmniejsza
si¢ 0 7,14 g CaCO3 (Dymaczewski i in., 1997). W przypadku, kiedy zasadowos¢ Sciekow jest
zbyt niska, moze wystgpi¢ nadmierna, mogaca spowodowac zaktdcenie przebiegu procesu,

zmiana odczynu.
Wiek biomasy

Pomys$lny przebieg procesu nitryfikacji, zarowno w uktadach opartych na osadzie
czynnym, jak réwniez w tych dzialajacych w oparciu o biomas¢ rozwijajaca si¢ w postaci
biofilmu, zalezy roéwniez od wieku biomasy (ang. solids retention time — SRT). Parametr ten
odgrywa kluczowa role w kontroli ilosci mikroorganizméw rozwijajacych si¢ w reaktorze
(Okabe 1 in., 2011). Warto podkresli¢, ze szybko$¢ wzrostu bakterii autotroficznych jest
znacznie nizsza niz heterotrofow, co czyni SRT niezwykle istotnym w kontekscie
zatrzymywania w ukladzie wolno rosnacych bakterii nitryfikacyjnych (Khanongnuch i in.,
2019). Minimalny wiek biomasy niezbgdny do uzyskania pelnej nitryfikacji wynosi 8-10 dni.
Powolny wzrost nitryfikatoréw, wynikajacy z ich naturalnie dlugiego czasu generacji, sprawia,
ze zbyt krotki wiek biomasy prowadzi do wyplukiwania tych mikroorganizméw z systemow
oczyszczania Sciekow. Uwaza sig, ze bakterie AOB majg znacznie wyzszy wspotczynnik tempa
wzrostu niz NOB (Munz 1 in., 2011). Jednym z rozwigzan wspomagajacych rozwoj
nitryfikator6w w ukladach jest zastosowanie technologii ztoza ruchomego. To rozwigzanie
technologiczne pozwala na zapewnienie dtuzszego SRT niz w konwencjonalnej technologii

osadu czynnego, co sprzyja powolnemu wzrostowi bakterii nitryfikacyjnych (Shao i in., 2017).
Tlen
Kolejnym bardzo istotnym czynnikiem determinujacym przebieg procesu nitryfikacji jest

stezenie tlenu rozpuszczonego (ang. dissolved oxygen — DO) w reaktorze biologicznym.
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Zgodnie z rownaniami 3.1. 1 3.2., sumaryczne zapotrzebowanie na tlen podczas nitryfikacji
wynosi 4,57 g O»/g N. Do utleniania 1g N-NH; do N-NO; potrzeba 3,43 g O», natomiast do
utleniania 1g N-NO, do N-NO3 niezbedne jest 1,14 g O>. W praktyce warto$¢ ta jest nieco
nizsza i wynosi 4,25 g O2/g N (Crites i Tchobanglous, 1998; Miksh i Sikora, 2010). Dzieje si¢
tak dlatego, ze czg$¢ azotu amonowego nie jest utleniania do azotanow,
a wykorzystywana do syntezy nowej biomasy. Z kolei pewna czgs$¢ azotyndw jest redukowana

do azotu gazowego w niedotlenionych miejscach komory napowietrzania.

Istotnym jest rowniez fakt, ze bakterie NOB wykazujg wigksze powinowactwo do tlenu
niz bakterie AOB, co moze skutkowac ich wyptukiwaniem z reaktoréw przy niskich poziomach
tego wskaznika (Ciudad i in., 2007). Z uwagi na to, ze wspolczynnik pdinasycenia tlenem
bakterii AOB (0,2-0,4 mg O2/1) jest nizszy niz NOB (0,7-2,0 mg O»/1), warto$ci st¢zenia tlenu
ponizej 0,5 mg O/l moga sprzyja¢ wzrostowi AOB, podczas gdy réwnolegle obserwowana
bedzie wowczas supresja NOB (Mishra 1 in., 2022). Prowadzenie procesOw oczyszczania
sciekow przy niskich stgzeniach tlenu jest wigc zalecane w celu uzyskania efektywnej supresji
NOB i zatrzymania nitryfikacji na jej pierwszym etapie (Zeng i in., 2013; Ma i in., 2015; Wang
1 in., 2019, Su 1 in., 2023). Dobdér odpowiedniego poziomu stezenia tlenu, przy ktéorym
prowadzony jest proces nitryfikacji, zalezy rowniez od formy, w jakiej biomasa rozwija si¢
w reaktorze. Dzieje si¢ tak ze wzgledu na opor dyfuzyjny powstajacy w biofilmie i ktaczkach
osadu czynnego. Wspodtczynnik pétnasycenia tlenem jest w biofilmie nawet 10-krotnie wyzszy
niz w osadzie czynnym, co §wiadczy o mniejszym transporcie tlenu wewnatrz biofilmu (Shao
1in.,2017). Wedtug Wang i in. (2006) oraz Water Environment Federation (2005) st¢zenie tlenu
do usuwania substancji organicznych i zapewnienia catkowitej nitryfikacji w MBBR powinno
by¢ wyzsze niz 2 mg O2/1, w przeciwnym razie DO moze by¢ czynnikiem limitujacym. Aspekty

zwigzane z wplywem st¢zenia tlenu zostang omowione w kolejnym rozdziale.
Inhibitory procesu nitryfikacji

Proces nitryfikacji moze by¢ hamowany przez obecno$¢ wysokich stezen wolnego
amoniaku (ang. free ammonia — FA) 1 wolnego kwasu azotowego (IIl) (ang. free nitrous
acid — FNA) (Anthonisen 1 in., 1976). Cho¢ FA uwazany jest za gtowny substrat azotowy dla
bakterii AOB (Suzuki i in., 1974), jego nadmierny poziom moze negatywnie wptywac na kazdy
etap procesu nitryfikacji. Wzrost pH, temperatury i stezenia N-NH7 prowadzi do zwigkszenia
ilosci wolnego amoniaku, co niekorzystnie wplywa na mikroorganizmy nitryfikacyjne.

Bakterie utleniajace azotyny do azotanow sg bardziej wrazliwe na dzialanie FA niz bakterie
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AOB. Wykazano, ze inhibicja NOB pojawia si¢ przy st¢zeniach FA powyzej 0,10 mg FA/I,
a catkowite zahamowanie ich aktywnosci nastepuje powyzej stezenia 1,0 mg FA/I. Dla bakterii
AOB te wartosci progowe wynoszg odpowiednio 10 mg FA/11 150 mg FA/I (Anthonisen i in.,
1976). Pozniejsze badania wykazaly inne poziomy progowe hamujgce nitryfikacje.
Przyktadowo, Kim i in. (2006) zaobserwowali, ze aktywnos¢ NOB zmalata o ok. 50% przy
stezeniu FA wynoszacym 0,70 mg FA/l, podczas gdy Balmelle i in. (1992) stwierdzili, ze
aktywno$¢ AOB zmniejszyta si¢ 0 40% przy stezeniu FA wynoszacym 25 mg FA/I (hodowla
wzbogacona o Nitrosomonas). Z kolei Vadivelu i in. (2007) podali, ze hamowanie NOB na
skutek FA odnotowano juz ponizej 1 mg FA/I, a calkowita inhibicja wystapita przy stezeniu
powyzej 6 mg FA/l. Dla poréwnania, nie stwierdzono hamowania AOB, dopdki stezenie tego
inhibitora nie przekroczylo 16 mg FA/l (Vadivelu i in., 2006). Ta kluczowa rdéznica
wykorzystywana jest do osiggnigcia akumulacji azotyndw w celu uzyskania procesu skroconej
nitryfikacji. W pracy Chung i in. (2007) zauwazono, ze przy poziomie 20 mg FA/I
wspotczynnik kumulacji azotynéw osiagnat az 90%, co sugeruje niemal catkowite zatrzymanie
aktywnosci bakterii drugiej fazy nitryfikacji. W badaniach przeprowadzonych przez Hellinga
1 in. (1999) odnotowano inhibicj¢ bakterii Nitrosomonas przy ste¢zeniu FA na poziomie
70 mg FA/l. Warto jednak zauwazy¢, ze cytowani autorzy tak wysokg warto$¢ utozsamiali ze
specyficznymi warunkami hodowli. Biomasa byta juz wczesniej poddana dziataniu wysokiego

stezenia amoniaku, co moglo wptynaé na jej ewentualng aklimatyzacje do wyzszych st¢zen FA.

Podobnie jak w przypadku oddziatywana FA, réwniez od stezenia FNA zalezy, w jakim
stopniu bedzie on oddzialywat na poszczegolne typy bakterii nitryfikacyjnych roéznigcych sie
pod wzgledem opornosci (Meng i in., 2022). Wedlug badan Anthonisen (1976) inhibicja
bakterii nitryfikacyjnych rozpoczyna si¢ przy stgezeniu FNA wynoszacym powyzej
0,20 mg FNA/I, a catkowite zahamowanie ich aktywnoS$ci nastepuje powyzej 2,80 mg FNA/L
Pedrouso 1 in. (2017) dowiedli, ze Nitrospire (nalezaca do NOB) calkowicie hamuje stezenie
FNA juz na poziomie 0,02 mg FNA/I, natomiast w przypadku Nitrobacter (nalezacego réwniez
do NOB) jest ono dwa rzedy wielkosci wyzsze. 90% redukcje aktywnosci tych
mikroorganizmow obserwowano przy stezeniu FNA na poziomie 1,0 mg FNA/I (Blackburne
1 in.,, 2007). W przypadku bakterii AOB wykazano, ze stezenie FNA w zakresie
0,42-1,72 mg FNA/l skutkowato 50% redukcjg aktywno$ci tej grupy mikroorganizméw
(Zhou iin., 2011). Vadivelu i in. (2006) odnotowali, ze hamowanie wzrostu bakterii
Nitrosomonas rozpoczeto si¢ przy stezeniu FNA okoto 0,10 mg FNA/I. Gdy st¢zenie inhibitora

wynosito 0,40 mg FNA/l ich biosynteza zostala catkowicie zatrzymana. Aczkolwiek
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mikroorganizmy, ktére juz znajdowaly si¢ w ukladzie, zachowywaly swoja aktywno$¢

w utlenianiu azotu amonowego nawet po ekspozycji na 0,50-0,63 mg FNA/I.

Poza FA i FNA obecno$¢ w $ciekach substancji toksycznych, takich jak metale cigzkie
(kadm, miedz, cynk, nikiel, rte¢, srebro i chrom), pestycydy, fenole i rozpuszczalniki
organiczne, moze by¢ rowniez przyczyng wystapienia inhibicji procesu nitryfikacji (Cecen
iin., 2010).

3.4. Strategia napowietrzania: znaczenie dla efektywnej nitryfikacji i redukcji zuzycia
energii w oczyszczalniach Sciekow

Dobor odpowiedniej strategii napowietrzania ma kluczowe znaczenie dla efektywnos$ci
procesu nitryfikacji. Powietrze do reaktorow biologicznych moze by¢ dostarczane w trybie
ciggtym lub naprzemiennym, a kazde z tych rozwigzan znajduje szerokie zastosowanie
w oczyszczalniach $ciekow. Naprzemienne napowietrzanie pozwala jednak na bardziej
efektywne usuwanie azotu oraz znaczacg redukcje zuzycia energii w calym przedsiebiorstwie.

Popularnos$¢ tej metody potwierdzajg liczne badania (Tabela 3.2.).

Strategi¢ naprzemiennego napowietrzania stosuje si¢ zardwno w reaktorach
przeptywowych (Cao 1 in., 2013), jak 1 sekwencyjnych (Yang i Yang, 2011; Huang i in., 2020).
Jest ona aplikowana w systemach opartych na osadzie czynnym (Bao i in., 2017), biofilmie
(Luan i in., 2022) oraz w rozwigzaniach hybrydowych (Singh i in., 2017; Di Bella i Mannina,
2020). Ponadto rozwigzanie to sprawdza si¢ przy wielostopniowo zasilanych sekwencyjnych
reaktorach porcjowych (ang. sequencing batch reactor — SBR) (Guerrero i in, 2016; Sun i in.,
2018) oraz w wieloetapowych procesach w uktadzie anoksyczno-tlenowym (A/O) (Cao i in.,
2013; Chen i in., 2023), pozwalajac na zwigkszenie efektywnosci wykorzystania zrodet wegla
organicznego. Uniwersalno$¢ 1 skuteczno$¢ tej metody dostarczania tlenu do reaktora
biologicznego sprawiaja, ze jest to istotne narze¢dzie, przyczyniajace si¢ do poprawy wydajnosci
biologicznych procesow oczyszczania SciekOw przy jednoczesnym zminimalizowaniu kosztow
energetycznych 1 srodowiskowych. Stwierdzono roéwniez, ze strategia ta pozwala na stworzenie
optymalnych warunkéw do procesu symultanicznej nitryfikacji i denitryfikacji, co przektada

si¢ na dalsze zwickszenie efektywnosci usuwania azotu ze $ciekéw (Feng i in., 2018).

Istotnym aspektem poruszanym w pracach naukowych w odniesieniu do strategii
naprzemiennego napowietrzania jest jej wplyw na supresj¢ bakterii NOB. Zjawisko to wynika
z roznic w dynamice ,,0dzyskiwania” aktywnosci bakterii AOB i NOB po okresach, w ktorych

tlen nie jest dostarczany do uktadu. W fazach bez napowietrzania zarowno AOB, jak 1 NOB

34



przechodzag w stan ,,gtodowania” z powodu braku tlenu, jednak NOB znacznie wolniej
odzyskuja pelng aktywno$¢ po ponownym dostarczeniu tlenu. Jesli faza napowietrzania
zakonczy si¢, zanim NOB w pelni wréca do swojej aktywnosci, ich wzrost zostaje
zahamowany, co prowadzi do ich supresji (Miao i in., 2022). Dodatkowo, supresja NOB
podczas naprzemiennego napowietrzania wynika z réznic w kinetyce wzrostu poszczegdlnych
grup nitryfikatorow. Szybko$¢ wzrostu bakterii NOB w warunkach niskiego stezenia tlenu,
spowodowanego wprowadzeniem faz bez napowietrzania, jest znacznie nizsza niz u bakterii
AOB (Ma i in., 2015). Warto réwniez podkresli¢, ze w takich warunkach aktywno$¢ bakterii
utleniajgcych azot amonowy jest wyzsza niz tych utleniajacych azotyny. Wynika to z faktu, ze
stata polnasycenia tlenem dla AOB jest nizsza niz dla NOB, co sprawia, ze przy mniejszej
dostepnosci tlenu ilos¢ NOB w biomasie stopniowo si¢ zmniejsza (Manser i in., 2005). Liczne
badania wskazuja, ze jest to skuteczna metoda pozwalajagca na osiggniecie czgsciowej
nitryfikacji (Yang i Yang, 2011; Ma i in., 2015). Przyktadowo, Ma i in. (2015), prowadzac
badania w SBR przy stezeniu tlenu w fazach tlenowych na poziomie 0,08-0,25 mg O2/1
1 poréwnujac rdzne czasy trwania podfaz z (t1) 1 bez (t2) napowietrzania, R=t/t; (t;=30 min,
t2=30 min, R=1; ;=30 min, t,=60 min, R=2; t;=15 min, =90 min, R=6; t;=15 min, t=15 min,
R=1), odnotowali najwyzsza kumulacje NO; (27,3 mg NO; /1) przy najwigkszej wartosci R.
Z kolei Katsogiannis 1 in. (2003) zaobserwowali ponad 95% kumulacj¢ azotu azotynowego,
przypisujac to sttumieniu aktywnosci NOB ze wzgledu na krotki czas trwania podfazy
z napowietrzaniem (t;=20 min, t;=60min; R=1/3, DO=2-6,5 mg O»/1). Réwnie wysoka
akumulacje azotyndéw, wynoszaca 92,25%, wykazali Li i in. (2011) stosujac strategie
naprzemiennego napowietrzania z jednoczesnym utrzymaniem niskiego DO (t;=30 min,
to=10 min; R=1/3, DO=0,2 mg O»/1). Yang i1 Yang (2011) odnotowali wzrost kumulacji NO3;
7 4,50% do 49,10% po wydtuzeniu czasu trwania podfaz bez napowietrzania z 2 min do 4 min
(zmiana z t1=2 min, to=2 min, R=1 na t;=2 min, t,=4 min, R=2). Uzyskali wowczas kumulacje
NO; na poziomie 79,40% (eksperyment przeprowadzono w bioreaktorze membranowym ze
ztozem ruchomym). Obserwacje te utozsamiano z zahamowaniem aktywnosci NOB, a nie z ich
catkowitym wyptukaniem z reaktora. Bhatia 1 in. (2017), badajac wptyw naprzemiennego
napowietrzania na r6znorodnos¢ mikrobiologiczng w laboratoryjnym modelu hybrydowego
reaktora ze stacjonarnym zlozem w postaci kurtyn, wykazali, ze zmniejszenie wartosci R z 0,66
do 0,20 wigzalo si¢ ze spadkiem liczebnosci bakterii z rodzaju Nitrospira, ktore

zidentyfikowano jako dominujacg grupe bakterii utleniajacych azotyny.
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Uwaza si¢, ze wprowadzenie naprzemiennego napowietrzania moze mie¢ najwigksze
znaczenie aplikacyjne w porownaniu do innych metod supresji NOB. Coraz wigcej badaczy
stwierdza, ze bakterie utleniajace azotyny po dlugotrwatej ekspozycji moga aklimatyzowac si¢
do niskich stezen DO, wysokich stgzen FA 1 FNA (Li 1 in., 2012; Liu i Wang, 2013; Ma i in.,
2017; Le i in., 2023).

W niniejszej dysertacji strategi¢ napowietrzania zdefiniowano poprzez stosunek czasu
trwania podfaz z 1 bez napowietrzania oraz poziom st¢zenia tlenu w podfazach
z napowietrzaniem. Czgsto bowiem w badaniach taczy si¢ te dwa aspekty (Li i in., 2011;
Baoiin., 2017; Liu i in., 2021b). Warto podkresli¢, ze wtasciwy dobdr poziomu stezenia tlenu
ma istotny wplyw na proces nitryfikacji. Poza wspomnianym juz w poprzednim rozdziale
wplywie niskiego st¢Zenia tlenu na supresj¢ NOB, czynnik ten wptywa rowniez na rozwoj
innych mikroorganizméw zdolnych do prowadzenia nitryfikacji. Przykladowo, bakterie
nitryfikacyjne zaliczane do Nitrosospira, czy Nitrosomonas oligotropha wykazuja wyzsza
aktywno$¢ w warunkach nizszego stezenia tlenu (Park i in., 2002). Nizsze st¢zenie tlenu jest
rowniez jednym z czynnikoéw uwazanych przez niektorych badaczy za korzystne dla bakterii
Comammox (Camejo i in., 2017; Roots i in., 2019). Liu i in. (2021b) prowadzac badania
w dwoch reaktorach SBR, réznigcych si¢ miedzy soba zastosowang strategia napowietrzania,
znacznie wicksza czgstos¢ wystepowania bakterii Comammox stwierdzili w reaktorze, ktory
pracowat przy napowietrzaniu naprzemiennym (SBR1) i stezeniu tlenu ponizej 0,40 mg Oo/1
(Srednio 0,14 mg O2/1), niz w tym pracujagcym przy napowietrzaniu ciggtym (SBR2) (st¢zenie
tlenu na poziomie 0,29-0,65 mg O»/1, wartos¢ srednia 0,40 mg Oo/1). Autorzy zasugerowali, ze
nizsze stezenie tlenu w naprzemiennie napowietrzanym SBR1 moze sprzyja¢ rozwojowi
bakterii Comammox, poniewaz posiadaja one specjalne zestawy genow, ktore pozwalaja im na
adaptacje do warunkow mikroaerofilnych (Lawson i Liicker, 2018; Palomo 1 in., 2018).
Niektore badania udokumentowaly jednak brak zwigzku miedzy poziomem stezenia tlenu
a wystepowaniem bakterii Comammox (Cotto 1 in., 2020; Wang i in., 2018; Zhao i in., 2022b).
Na przykltad Zhao i in. (2022b) prowadzac badania w MBBR, zaobserwowali selektywne
wzbogacenie bakterii Comammox, gdy st¢zenie tlenu wynosito ponad 6 mg O/l
Z kolet Wang 1 in. (2018) odnotowali wysoka liczebno$¢ bakterii Comammox
w oczyszczalniach §ciekdw z osadem czynnym pracujacych przy st¢zeniu wyzszym niz

3,5 mg Oy/1.
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3.5. Zuzycie energii elektrycznej na napowietrzanie

Globalne zuzycie energii elektrycznej stale rosnie z powodu wzrostu liczby ludnosci,
industrializacji 1 rozwoju technologicznego. Wedlug Migdzynarodowej Agencji Energetyczne;,
w 2019 roku catkowite §wiatowe zuzycie energii elektrycznej wyniosto 22 848 TWh (IEA,
2021). Amerykanska Administracja Informacji Energetycznej wskazuje, ze do 2022 roku
warto$¢ ta zwigkszyla si¢ o ponad 16%, co odzwierciedla wysoki wskaznik wzrostu w ciggu

zaledwie dwoch lat (U.S. EIA, 2023).

Oczyszczalnie $ciekow sg istotnymi konsumentami energii, odpowiadajac za okoto 4%
calkowitego $wiatowego zuzycia energii elektrycznej (IEA, 2017). Energia wykorzystywana
jest do réznych celéw, m.in. do zasilania pomp, dmuchaw, mieszadet 1 innych urzadzen
stosowanych w procesach oczyszczania. Ponadto energia elektryczna shuzy do zasilania
systemow monitorowania, kontroli i sterowania oraz oswietlenia terenow oczyszczalni §ciekow
i budynkéw administracyjno-uzytkowych. Od 25% do 60% kosztow operacyjnych
w konwencjonalnych oczyszczalniach $ciekow zwigzanych jest ze zuzyciem energii na
wszystkie wymienione cele, przy czym napowietrzanie moze stanowi¢ 50-75% catkowitego
zapotrzebowania na energi¢ w tego typu obiektach (Luo i in., 2019). Nieefektywne
napowietrzanie moze prowadzi¢ do strat energii siggajacych nawet 40% catkowitego zuzycia
energii w procesie oczyszczania $ciekow (Foladori i in., 2015), co znaczaco wplywa na koszty
eksploatacyjne catego przedsigbiorstwa. Zapotrzebowanie energetyczne oczyszczalni §ciekow
bedzie si¢ r6zni¢ w zaleznosci od jej lokalizacji 1 warunkéw $rodowiskowych otoczenia,
rozmiaru oczyszczalni, przeptywu SciekOw, wartoSci obcigzenia reaktora biologicznego
tadunkiem zanieczyszczen, docelowej jako$ci oczyszczonych $ciekdw, rodzaju systemu
napowietrzania oraz sposobu okre$lania zuzycia energii elektrycznej (Zhang i in., 2016a;
Cardoso 1 1in., 2021). Przykladowo, zuzycie energii elektrycznej w konwencjonalnych
systemach oczyszczania wykorzystujacych metode osadu czynnego waha si¢ w zakresie
0,0786-3,18 kWh/m®. Dla zraszanych i tarczowych zt6z biologicznych zuzycie energii
elektrycznej okreslono w zakresie odpowiednio 0,19-1,82 kWh/m?® i 0,012-1,206 kWh/m?
(Tabela 3.3.). Niewiele jest jednak danych dotyczacych oczyszczalni $ciekow

wykorzystujacych technologi¢ ztoza ruchomego.

Wsréd proponowanych rozwigzan majacych na celu minimalizacje zuzycia energii na
napowietrzanie, jako jedng z gltownych metod wyrdézniono naprzemienne napowietrzanie.
Badania w tym kierunku przeprowadzono dla systemow z osadem granulowanym (Huang i in.,

2021), osadem czynnym (Sun et al., 2018), blong biologiczng (Yang i in., 2015) oraz dla
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rozwigzan hybrydowych (Singh et al., 2017). Stwierdzono, ze zastosowanie takiego rezimu
napowietrzania pozwala na osiggni¢cie porownywalnych lub nawet lepszych efektywnosci
W usuwaniu azotu niz przy napowietrzaniu ciggtym, przy jednoczesnym mniejszym zuzyciu
energii elektrycznej. Yang i in. (2015) wykazali, ze przy zachowaniu zblizonego poziomu
stezenia tlenu (1,5 mg O/1), zarowno przy napowietrzaniu cigglym, jak 1 naprzemiennym
(R=1/3; t1=15 min, t2=45 min), skuteczno$¢ usuwania azotu ze $cieckow byta poréwnywalna.
Naprzemienne napowietrzanie okazato si¢ bardziej optacalne ze wzgledu na oszczednosci
zwigzane ze zuzyciem energii elektrycznej do zasilania dmuchaw. Z badan Huang i in., (2021)
wynika natomiast, ze wprowadzenie naprzemiennego napowietrzania pozwolito zmniejszy¢
zuzycie energii na napowietrzanie o 40%. Prac na ten temat jednak wciaz jest niewiele, a jeszcze
mniej z nich skupia si¢ na doktadnym okresleniu zuzycia energii elektrycznej przez dmuchawy
napowietrzajace. Jest to istotna kwestia, poniewaz dane dotyczace zuzycia energii przy réznych
wariantach naprzemiennego napowietrzania umozliwia ocen¢ mozliwosci ich aplikacji
i ekonomicznych korzysci wynikajacych z zastosowania. To z kolei moze prowadzi¢ do
ulepszen technologicznych, udoskonalania proceséw 1 bardziej zroéwnowazonego

wykorzystania energii elektrycznej.
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Tabela 3.3. Zuzycie energii elektrycznej podczas oczyszczania Sciekow dla roznych rozwigzan

technologicznych
Technologia
Lp. oczyszczania
sciekow
1. CAS
2. CAS
3. CAS
4. CAS
5. MBR
6. MBR
7. CAS
8. SBR
9. A2/0
10. AS
11. AS
12. AS
13. CAS
14. AS
15. CAS
16. TF
17. RBC
18. TF
19. TF
20. TF
A/O  (uklad

anoksyczno-tlenowy, ang.

Forma biomasy

osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
osad czynny
btona biologiczna
btona biologiczna
btona biologiczna
btona biologiczna

btona biologiczna

anoxic-oxic);

Zuzycie energii
(kWh/m?%)

0,109-1,630 (0,631)
0,11-1,78 (0,52)
0,33-0,60
0,27-1,89
0,10-0,82
0,39-0,89 (0,52)
0,0845-3,18
0,0786-1,61
0,091-2,28
0,33-0,61
0,18-0,96
0,128-2,280 (0,903)
0,88
0,45
0,4-0,9
0,085-1,316 (0,550)
0,012-1,206 (0,399)
0,19-1,82 (0,55)
0,18-0,42

0,19-0,41

Zrédlo
Molinos-Senante i in. (2018b)
Molinos-Senante (2018a)
Gude (2015)
Vergara-Araya i in. (2021)
Wakeel i in. (2016)
Wang i in. (2020b)
Zhang i in. (2016a)
Zhang i in. (2016a)
Zhang i in. (2016a)
Wang i in. (2016b)
Gurung i in. (2018)
Siatou 1 in. (2020)
Christoforidou i in. (2020)
Vaccari i in. (2018)
Broco iin. (2017)
Molinos-Senante i in. (2018b)
Molinos-Senante i in. (2018b)
Molinos-Senante (2018a)
Gude (2015)

Wang i in. (2016b)

A2/0 (uklad Dbeztlenowo-anoksyczno-tlenowy,

ang. anaerobic-anoxic-oxic); AS (osad czynny, ang. activated sludge); CAS (konwencjonalny osad czynny,
ang. conventional activated sludge); MBR (reaktor membranowy, ang. membrane bioreactor); RBC (tarczowe
ztoze biologiczne, ang. rotating biological contactor); SBR (sekwencyjny reaktor porcjowy, ang. sequencing batch

reactor); TF (zraszane zloze biologiczne, ang. trickling filter).
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3.6. Nitryfikacja a emisja N20O

Jak juz wspomniano we wstepie, podtlenek azotu stanowi jeden z produktow ubocznych
procesu nitryfikacji. Na emisj¢ NoO podczas nitryfikacji wptywa wiele czynnikow, takich jak
stezenie tlenu, pH oraz st¢zenie azotynéw (Kampschreur i in., 2009; Desloover i in., 2012;
Massara i in., 2017). Do generowania N>O podczas nitryfikacji dochodzi w wyniku dwdch
roznych mechanizmow, istniejg bowiem dwie $ciezki metaboliczne bakteriit AOB prowadzace

do produkgcji tego silnego gazu cieplarnianego (Rysunek nr 3.1.).

Rysunek 3.1. Szalki produkcji N>O podczas procesu nitryfikacji. Enzymy wykorzystywane do
utleniania azotu amonowego przez poszczegdlne grupy bakterii utleniajacych oznaczono
kolorami: pomaranczowym dla AOB (ang. ammonia oxidizing bacteria), fioletowym dla AOA
(ang. ammonia oxidizing archaea) i zielonym dla bakterit Comammox (ang. complete ammonia
oxidizing bacteria).

Pierwszy mechanizm opiera si¢ na niepelnym utlenianiu hydroksyloaminy do azotynow.
Podczas utleniania NH>OH do NO; w obecnosci HAO jako produkt uboczny powstaje tlenek
azotu (NO), ktory nastepnie redukowany jest do N>O poprzez reduktaze tlenku azotu
(ang. nitric oxide reductase — NOR) (Sabba i in., 2018; Zhao i in., 2022a). Emisja N>O na
drodze niepelnego utleniania hydroksyloaminy zachodzi gtéwnie w warunkach tlenowych, gdy
stezenie tlenu jest na wysokim poziomie oraz gdy stezenie NO; jest relatywnie wysokie (Hu
1in., 2011; Peng i in., 2014). W przypadku, gdy stezenie tlenu spada, ale w dalszym ciggu jego

ilos¢ jest wystarczajaca, aby umozliwi¢ utlenianie azotu amonowego, dominuje drugi
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mechanizm tworzenia si¢ N2O. Bakterie nitryfikacyjne z rodzaju Nitrosomonas (zaliczanych
do AOB) produkuja wowczas N>O w wyniku redukcji NO; w warunkach niskiego stezenia
tlenu, podczas autotroficznej denitryfikacji (Chen i in., 2018; Liu i in., 2021b). Denitryfikacja
zachodzaca przy udziale bakterii AOB jest do$¢ nietypowym procesem, azot amonowy jest
wowczas utleniany do azotynow, a nastepnie redukowany do tlenku azotu poprzez reduktaze
azotynowa (ang. nitrite reductase — NIR). NO jest nastgpnie redukowany do podtlenku azotu
(N20) przy udziale enzymu NOR. W zwigzku z tym, ze bakterie AOB nie posiadaja enzymow
odpowiedzialnych za redukcje N>O, podtlenek azotu pozostaje produktem koncowym
autotroficznej  denitryfikacji. Uwaza si¢, ze przy przejsciach z  warunkow
beztlenowych/anoksycznych do tlenowych lub z tlenowych do beztlenowych/anoksycznych
moga nastgpi¢ ,skoki produkcji” N2O, w wyniku braku réwnowagi elektronowej
(Domingo-Félez 1 in. 2014; Sabba i in. 2015; Sabba 1 in., 2018). W zwiazku z tym emisje
podtlenku azotu moga odgrywaé istotng role w systemach, ktore obejmuja etapy
beztlenowe/anoksyczne 1 tlenowe, a takze w tych, ktére bazuja na naprzemiennym
napowietrzaniu. Wedtug Su i in. (2017) oraz Zheng i in. (2021) stezenie tlenu rozpuszczonego
i schemat w jakim tlen dostarczany jest do uktadu, maja znaczacy wplyw na emisje N2O.
Wedlug niektorych badan skutecznym sposobem redukcji emisji N2O okazalo sig¢
wprowadzenie naprzemiennego napowietrzania. Ni i in. (2013) stwierdzili, ze zwigkszenie
czestotliwosci przetaczania pomiedzy faza z i bez napowietrzania moze prowadzi¢ do
zmniejszenia emisji N2O. Liu 1 in. (2021b), badajagc emisje NoO w dwodch reaktorach SBR
z osadem czynnym, zaobserwowali nizsza emisje N>O dla systemu pracujacego
z napowietrzaniem naprzemiennym SBR1 ($rednio 0,19%) w pordwnaniu z systemem
pracujacym z ciggtym napowietrzaniem (SBR2) (srednio 0,42%) (Tabela 3.4.). Lo 1 in. (2010)
sugeruja, ze wielko$¢ emisji N2O zalezy rowniez od formy w jakiej biomasa rozwija si¢
w reaktorze oraz od st¢zenia tlenu rozpuszczonego. Z kolei Ren i in. (2024) wykazali, ze
obnizajac stgzenie tlenu 1 pH odpowiednio do 0,5 mg O2/11 6,3, przy jednoczesnym rosngcym
stezeniu azotynow, radykalnie zwigksza si¢ emisja N>O w nitryfikacyjnym reaktorze

bazujacym na osadzie czynnym.

Sciezki produkcji N>O przy udziale AOA nie zostaly jeszcze w petni poznane i opisane,
szczegolnie z uwagi na fakt, ze mikroorganizmy te wystepuja gldéwnie w Srodowiskach
morskich 1 glebach. Wiadomo natomiast, iz mimo ze w podobny sposob jak AOB
prowadza utlenianie azotu amonowego, to brakuje im jednak zdolnos$ci do enzymatycznego

tworzenia N2O poprzez niepelne utlenianie hydroksyloaminy czy autotroficzna
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denitryfikacj¢ (Spang 1 in., 2012; Sabba i in., 2018). Mimo Ze kanoniczne geny NOR, ktore
przeksztatcaja NO w N>O, nie zostaly wykryte u AOA, w glebie 1 srodowiskach morskich
notuje si¢ generowanie N>O podczas utleniania amoniaku przez AOA (Stieglmeier i in., 2014).
Moze to wynika¢ z abiotycznego powstawania NoO z NH>OH lub NO (Lehtovirta-Morley,

2018), jak rowniez z wystgpowania nierozpoznanych do dzi$ enzymow.

Niewiele jest rowniez informacji dotyczacych emisji podtlenku azotu przez bakterie
zdolne do przeprowadzania pelniej nitryfikacji. Na bazie dotychczasowych doniesien, uwaza
si¢, ze bakterie Comammox moga by¢ ,,obiecujacg alternatywa” dla AOB z uwagi na nizsza
emisj¢ N2O. W genomie tych mikroorganizméw, podobnie jak w przypadku AOA, brakuje
bowiem enzymow NOR, co zamyka $ciezke produkcji NoO w wyniku redukcji NO (Camejo
1in.,2017; Lawson i Liicker, 2018; Palomo i in., 2018; Han i in., 2021). W rezultacie wydajnos¢
generowania N>O jest stosunkowo niska w poréwnaniu do AOB, poniewaz N>O pochodzi
raczej z abiotycznej konwersji NH2OH, posredniego produktu utleniania azotu amonowego
przez bakterie Comammox (Kits 1 in., 2019). Liiin. (2021) dowiedli, ze w reaktorze, w ktérym
dominowaty bakterie Comammox, emisja N2O byla o 20% mniejsza niz w reaktorze
z dominacjag AOB. Do podobnych wnioskow doszli Ren i in. (2024), ktorzy odnotowali, ze
wspotczynnik emisji N>O w nitryfikacyjnym w reaktorze zdominowanym przez Comammox
Nitrospira wyniost 0,35%, natomiast w reaktorze zdominowanym przez kanoniczne AOB byt
on na poziomie 2,20% (Tabela 3.4.). Autorzy wykazali réwniez, ze zwigkszajac wzgledna
liczebno$¢ Comammox Nitrospira w srodowisku, w ktorym wczesniej dominowaty kanoniczne
AOB, emisja N>O podczas nitryfikacji zmniejszata si¢ wyktadniczo, co sugeruje, ze
mikroorganizmy te nie tylko bezposrednio przyczyniaja si¢ do zmniejszenia tworzenia N>O,

ale takze moga wplywac na ilos¢ N2O wytwarzanego przez kanoniczne AOB.
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4. METODYKA BADAWCZA

4.1. Koncepcja realizacji pracy badawczej

Prace badawcze stanowigce podstawe niniejszej dysertacji zrealizowano w ramach 6
eksperymentow (Tabela 4.1.). Przeprowadzone eksperymenty umozliwity okreslenie wplywu

nastepujacych zmiennych, determinujacych przebieg i efektywno$¢ procesu nitryfikacji:

1) Strategia napowietrzania definiowana poprzez stosunek czasu trwania podfaz bez
napowietrzania (t2) do podfaz z napowietrzaniem (t;) — R=t»/t; oraz stezenie tlenu (DO)
w podfazach z napowietrzaniem. Przeanalizowano nast¢pujace wartosci tych
parametrow:

e warto$ci R w zakresie od 0 do 2,

o stezenie tlenu w fazach tlenowych w zakresie od 1,0 do 6,0 mg O2/I (w systemie
sterujagcym okreslono wowczas maksymalng warto$¢ stezenia tlenu) oraz
stezenie tlenu wynikajace z maksymalnej wydajnosci dmuchaw i warunkow
panujacych w reaktorze (w systemie sterujacym nie okreslono wowczas

maksymalnej wartosci st¢zenia tlenu; dmuchawy pracowaty w sposob ciagtly);
2) Temperatura symulujgca warunki letnie — 20°C i zimowe — 12°C;

3) Obciazenie reaktora tadunkiem zwigzkéw organicznych (OLR) w zakresie od
557 g ChZT/m3 - d do 0 g ChZT/m3 - d;

4) Obcigzenie reaktora ladunkiem azotu (NLR) w zakresie od 48 gN/m3-d
do 172 gN/m3 - d.

Jako narzgdzia shuzace §ledzeniu zmian aktywnos$ci mikroorganizméw nitryfikacyjnych
wykorzystano testy porcjowe umozliwiajace wyznaczenie szybko$ci utleniania azotu
amonowego (AUR) i1 szybko$ci utleniania azotu azotynowego (NitUR). W zakres prowadzone;j
analizy wchodzily rowniez badania jakosci $ciekéw doptywajacych 1 odplywajacych
z reaktoréw (ChZT, BZTs (w wybranych seriach badawczych), N-NH;, N-NO3, N-NO3, Nog,

P

og> P-PO3~, pH, zasadowo$¢) oraz pomiar emisji podtlenku azotu (w wybranych seriach

badawczych).

Poza testami technologicznymi do oceny zmian liczebno$ci i rdznorodnos$ci
mikroorganizmoéw rozwijajacych si¢ w analizowanych uktadach przeprowadzono badania
mikrobiologiczne, wykorzystujac ilosciowg reakcje tancuchowg polimerazy (ang. quantitative

polymerase chain reaction — qPCR) 1 sekwencjonowanie nowej generacji (ang. next-generation
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sequencing — NGS). Badania mikrobiologiczne realizowano przy wspotpracy z Uniwersytetem

Warminsko-Mazurskim w Olsztynie.

Tabela 4.1. Koncepcja realizacji pracy badawczej — wyrdznione zagadnienia i eksperymenty

Zagadnienie badawcze

Zagadnienie nr 1: Wplyw strategii napowietrzania na przebieg
i efektywnos¢ procesu nitryfikacji w reaktorach ze ztozem ruchomym.

Zagadnienie nr 2: Wpltyw wyksztalcenia biomasy w postaci osadu
czynnego w reaktorze pracujacym w czystej technologii ztoza ruchomego
na efektywno$¢ oczyszczania sciekow, ze szczegdlnym uwzglednieniem
procesu nitryfikacji.

Zagadnienie nr 3: Wplyw strategii napowietrzania na zuzycie energii
elektrycznej na napowietrzanie.

Zagadnienie nr 4: Wplyw temperatury na szybko$¢ poszczegdlnych
etapow procesu nitryfikacji.

Zagadnienie nr 5: Wptyw modyfikacji parametréw pracy reaktora na
przebieg i efektywno$¢ procesu nitryfikacji. Przeksztatcenie hybrydowego
reaktora ze ztozem ruchomym (IFAS-MBSBBR) do zintegrowanego
usuwania zwigzkow wegla, azotu i fosforu w gtdéwnym ciagu oczyszczania
sciekoéw na nitryfikacyjny reaktor pracujacy w czystej technologii ztoza
ruchomego (MBSBBR) w warunkach ciggu bocznego.

Szczegdlowe informacje dotyczace harmonogramu

Eksperyment
badawczy

Eksperyment nr 1
(E1)

Eksperyment nr 2
(E2)

Eksperyment nr 3
(E3)

Eksperyment nr 4
(E4)

Eksperyment nr 3
(E3)

Eksperyment nr 4
(E4)

Eksperyment nr 5
(ES)

Eksperyment nr 6
(E6)

Publikacja

P1

P2

P3

P4

P2

P3

P5

P6

pracy reaktorow, skladu

1 charakterystyki $ciekoOw syntetycznych, wartosci 1 zakresow badanych parametréw oraz

wykorzystanych narzedzi w poszczegolnych eksperymentach przedstawiono w tabelach

4.2.-47.
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Tabela 4.7¢c. Koncepcja realizacji pracy badawczej — eksperyment nr 6

Etap

ETAP

Seria

seria 1
(el.sl.)

seria 2
(el.s2.)

seria 3
(el.s3.)

seria 4
(el.s4.)

ETAP 2

ETAP

seria 1
(e3.s1.)

seria 2
(e3.52.)

seria 3
(e3.53.)

seria 4
(e3.s4.)

Sklad $ciekéow

pepton — 135 mg/l; skrobia — 45 mg/1;
glukoza — 45 mg/l; gliceryna — 0,049 ml/l;

octan amonu — 225 mg/l; NaHCOs — 125 mg/l;

KH,PO4 — 4,5 mg/l; Na,HPO4 — 15 mg/1

pepton — 63 mg/l; skrobia — 21 mg/l;
glukoza — 21 mg/l; gliceryna — 0,023 ml/l;

octan amonu — 225 mg/l; NHsHCO; — 105 mg/l;

NaHCO:; — 125 mg/l; Na,;HPO4 — 10 mg/1
KH2P04 -3 mg/l,

octan amonu — 200 mg/l; NHsHCO; — 165 mg/l;

NH,4C1 - 28,65 mg/l; NaHCOs — 125 mg/l;
Na,HPO4 — 5 mg/l; KH,PO4 — 1,5 mg/l;
CaCl, — 1,41 mg/l; MgSO4— 60 mg/l;
FeSO4:7H,0 — 10 mg/l;

roztwor pierwiastkow §ladowych — 1 ml/l

NH.HCO:s — 300 mg/l; NH4Cl — 59,97 mg/l;
NaHCO:; — 300 mg/l; Na,HPO,4 — 5 mg/l
KH,PO4 — 1,5 mg/l; CaCl, — 1,41 mg/l;
MgSO,4— 60 mg/l; FeSO4 7H,0 — 10 mg/l;
roztwor pierwiastkéw §ladowych — 1 ml/l

NH:HCO:s — 430 mg/1; NH4C1 - 103,1 mg/l;
NaHCOs — 550 mg/1; CaCl, — 1,41 mg/l;
MgSO4— 60 mg/l; FeSO4 7TH,O — 10 mg/l;
roztwor pierwiastkow §ladowych — 1 ml/l

NH<HCO:; — 560 mg/l; NH4Cl — 133,7 mg/l;
NaHCOs — 785 mg/l; CaCl, — 1,41 mg/l;
MgSO4— 60 mg/l; FeSO4 7TH,O — 10 mg/l;
roztwor pierwiastkéw §ladowych — 1 ml/l

NHsHCOs — 790 mg/l; NH4Cl — 152,8 mg/l;
NaHCOs — 1070 mg/l; CaCl, — 1,41 mg/l;
MgSO,4— 60 mg/l; FeSO4-7H,0 — 10 mg/l;
roztwor pierwiastkéw §ladowych — 1 ml/l
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Charakterystyka $ciekéw
ChZT: 517,00+4,38 mg O./1;
Nog: 71,0541,26 mg N/1;
NTK: 70,18+1,23 mg N/1;
N-NH4": 39,32+1,25 mg N-NH4"/l;
Pog: 7,5540,29 mg P/l;

pH: 7,6-7,9; zasadowo$¢: 350-400 mg CaCO3/l.

ChZT: 358,56+7,88 mg O,/1;

Nog: 71,30£1,15 mg N/I;

NTK: 70,87+1,27 mg N/I;
N-NH4": 52,17+1,87 mg N-NH4"/1;
Pog: 4,59+0,19 mg P/l;

pH: 7,6-7,9; zasadowo$¢: 350-400 mg CaCO3/l.

ChZT: 199,00+8,72 mg O/1;

Nog: 71,78+1,10 mg N/,

NTK: 70,43+1,14 mg N/1;
N-NH,": 63,70+1,48 mg N-NH4"/1;
Pog: 2,54+0,16 mg P/l;

pH: 7,6-7,9; zasadowo$¢: 350-400 mg CaCOs/1.

Nog: 71,00+0,71 mg N/1;

NTK: 68,93+£0,71 mg N/I;

N-NH,": 68,70+0,56 mg N-NH4"/1;

Pog: 2,3740,12 mg P/l;

pH: 7,6-7,9; zasadowos$¢: 500 mg CaCO3/l.
Nog: 70,72+1,03 mg N/1;

NTK: 68,50+1,07 mg N/1;

N-NH4": 68,08+1,18 mg N-NH,"/I;

Pog: 2,2740,21 mg P/l;

pH: 7,6-7,9; zasadowo$¢ 500 mg CaCOs/l.
Nog: 71,64+£1,75 mg N/l;

NTK: 69,20+1,59 mg N/I;

N-NH4": 67,23+1,84 mg N-NH4"/l;

Pog: 2,4240,17 mg P/l;

pH: 7,6-7,9; zasadowo$¢: 500 mg CaCOx/1.
Nog: 99,334+2,89 mg N/I;

NTK: 96,64+2,89 mgN/I;

N-NH4": 93,50+2,60 mg N-NH4"/1;

Pog: 2,5540,15 mg P/l;

pH: 7,6-7,9; zasadowo$¢: 720 mg CaCOs/1.
Nog: 121,87+1,15 mg N/I;

NTK: 119,16+1,11 mgN/I;

N-NH4": 118,17+1,53 mg N-NH4"/1;

Pog: 2,64+0,12 mg P/l;

pH: 7,6-7,9; zasadowo$é: 960 mg CaCOs/1.
Nog: 160,44+3,17 mg N/1;

NTK: 158,76+3,25 mg N/I;

N-NH;": 154,69+4,40 mg N-NH4"/1;

Pog: 2,40+0,18 mg P/l;

pH: 7,6-7,9; zasadowo$¢: 1200 mg CaCOs/1.



4.2. Charakterystyka stanowisk badawczych

Badania przeprowadzono w dwoch stanowiskach badawczych, ktorych schematy
przedstawiono na rysunkach 4.1. (SBR1) i 4.2. (SBR2). Kazde z nich skladato si¢
z prostopadto$ciennego zbiornika, wykonanego z pleksiglasu, o wymiarach 270x270x500 mm
1 objetosci czynnej rownej 28 litrow. Catkowita objetos¢ kazdego reaktora wynosita 29 litrow.
Scieki byty doprowadzane do uktadu za pomoca pompy perystaltycznej Masterflex® Ismatec®
Ecoline (Masterflex Ismatec, Cole-Parmer, Chicago, IL, USA). Mieszanie zapewniato
wolnoobrotowe, topatkowe mieszadto mechaniczne R-50 firmy CAT (Ballrechten-Dottingen,
Niemcy), pracujace ze stalg predkoscia 100 obr./min. Tlen dostarczano za pomoca dmuchaw
Tetratec® APS (2x2 W — 100 I/h + 1x4,5 W — 300 I/h) (Tetra GmbH, Melle, Niemcy) oraz
dyfuzoréw (Marina-Hagen, MA, USA) umieszczonych na dnie zbiornika. Poziom stezenia
tlenu rozpuszczonego oraz temperatury stale monitorowano przy uzyciu optycznej sondy
tlenowej Oxymax firmy Endress+Hauser (Weil am Rhein, Niemcy) (E1, E2, E3, E4, E5S —model
COS61D, E6 — model COS81D). Na kro¢cu wylotowym zamontowano elektromagnetyczny
zawor spustowy BE230AS firmy Danfoss (Nordborg, Dania). Wszystkie urzadzenia byly
potaczone z przetwornikiem Liquiline CM442 firmy EndresstHauser (Weil am Rhein,
Niemcy), ktory przesytat dane do systemu automatyki SCADA Wonderware InTouch (wersja
2017-Update 2), umozliwiajac kontrol¢ i utrzymanie zadanych parametréw procesu. Stalg

temperature w uktadach zapewnial zewngtrzny system klimatyzacji (poza E6).

Zbiornik reaktora SBR2, oprécz standardowego wyposazenia, sktadal si¢ dodatkowo
z plaszcza wodnego, ktory wspotpracowat z cyrkulatorem chtodniczo/grzewczym JULABO
F32-ME (JULABO GmbH, Seelbach, Niemcy), pozwalajacym na utrzymywanie statej
temperatury w zakresie —35 do +200°C. Dzigki temu w eksperymencie nr 6 mozliwe bylo
precyzyjne sterowanie temperaturg, przy ktorej pracowat reaktor. Dodatkowo, podczas E6
w SBR2 zainstalowano jonoselektywna elektrode pH Tophit CPS471D (Endress+Hauser, Weil

am Rhein, Niemcy), za pomocg ktorej monitorowano odczyn oczyszczanych $ciekdw.
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Rysunek 4.1. Schemat stanowiska badawczego — SBR1

Rysunek 4.2. Schemat stanowiska badawczego — SBR2
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4.3. Charakterystyka zloza ruchomego

Jako nosnik biomasy zastosowano ztoze ruchome EvU-Pearl® (EvU Innovative
Umwelttechnik GmbH, Groditz, Niemcy) (Zdjecie 4.1.). Wypehienie to ma forme
cylindrycznych ksztattek, o $rednicy 5 mm i wysokosci 8§ mm, wykonanych z polichlorku
winylu (PVC) z recyklingu. Dzigki uzebrowanej powierzchni zewngtrznej i wewngtrznej
powierzchnia wtasciwa nos$nikéw wynosi 600 m*m?3. Z uwagi na gesto$¢ zloza wynoszaca
1,1 g/cm?, ksztaltki utrzymuja si¢ w stanie zawieszenia w calej objetosci reaktoréw podczas ich
mieszania, natomiast w fazie sedymentacji opadaja na dno reaktorow. Objetos¢ nasypowa ztoza
ruchomego w kazdym z reaktorow wynosita 7 litrow, co stanowito 1/4 objetosci czynnej danego

uktadu.

A B

Zdjecie 4.1. Ztoze ruchome EvU-Pearl® przed (A) i po wyksztatceniu biofilmu (B)

4.4. Metodyka wyznaczania szybkosci utleniania azotu amonowego

Jako narzedzie stuzace do $ledzenia zmian aktywnos$ci bakterii zdolnych do utleniania
azotu amonowego wykorzystano porcjowe testy kinetyczne szybkosci utleniania azotu
amonowego (ang. ammonia utilization rate test — AUR). Ich zasada polegata na kontroli zmian
steZzenia azotu amonowego, azotynowego 1 azotanowego w czasie w Scisle okreslonych

warunkach prowadzenia testu.

Przyjeto, ze kazdy test AUR wykonywany bedzie przy zachowaniu jednakowego

poziomu nastepujacych parametrow:

1) Stezenie osadu czynnego na poziomie ok. 0,90 g, /1 (dotyczy testow AUR-AS),
procentowa zawarto$¢ ztoza ruchomego wynoszaca 25% objetosci czynnej reaktora
testowego (dotyczy testow AUR-B);

2) Poczatkowe stezenie azotu amonowego na poziomie 15 mg N-NHJ /1 (E1-E6) lub
30 mg N-NHj /1 (E6);

3) Poczatkowa warto$¢ zasadowosci na poziomie 200 mg CaCOs/1.
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Przed przystapieniem do testow biomase pobrang z analizowanego uktadu (MBSBBR lub
IFAS-MBSBBR) ptukano w odchlorowanej wodzie kranowej, tak aby usuna¢ pozostajace
w niej N-NHJ, N-NO3, N-NO3, a nastepnie umieszczano w reaktorze testowym. Objetosé
reaktora uzupetniano do 95-99% objetosci czynnej odchlorowang woda wodociggowa, ktora
w zalezno$ci od sprecyzowanego celu byta uprzednio: podgrzana do 20°C i1 nasycona tlenem
(P1, P2, P3, P4, P6), podgrzana do 20°C i odtleniona do 1,5 mg O>/I lub 1,0 mg O2/1 (P3, P5),
schtodzona do 12°C i odtleniona do 1,5 mg O2/1 (P5).

Test rozpoczynat si¢ w momencie, gdy do reaktora testowego dodawano 4% roztwor
NH4Cl, w iloéci zapewniajacej uzyskanie zatozonego stezenia N-NH} (15 mg N-NH/ /1 (E1-E6)
lub 30 mg N-NH7/1 (E6)). Zawarto$¢ reaktora byta stale mieszana. System napowietrzania
stanowila dmuchawa 1 kostki akwarystyczne. Przez caly czas trwania eksperymentu

kontrolowano zalozony poziom st¢zenia tlenu.

Co 15 lub 30 minut z reaktora pobierano proby o objetosci 30 ml 1 natychmiast filtrowano
przez saczki o $rednicy porow 0,45 pm. W przesgczu oznaczano stezenie: N-NHF, N-NO3,
N-NO3. Test trwat do momentu, gdy stezenie azotu amonowego spadto do wartosci bliskiej
0 mg N-NHJ /1 lub gdy przez kolejne 60 minut stezenie tego wskaznika utrzymywalo si¢ na
poréwnywalnym poziomie. W przypadku testu wykonywanego dla osadu czynnego (AUR-AS)
okreslano rowniez st¢zenie suchej masy i suchej masy organicznej. W przypadku testow
przeprowadzanych z wykorzystaniem nosnikow (AUR-B) okreslano natomiast ilos¢ biomasy

rozwini¢tej na ksztaltkach (jako sucha masa i sucha masa organiczna).

Aby okresli¢ szybko$¢ utleniania azotu amonowego wykorzystano prostoliniowy
fragment funkcji zmiany stezenia azotu amonowego Ww czasie charakteryzujacy si¢
wspolczynnikiem R?>0,97. Szybkoé¢ wyliczano jako iloraz wartoéci wspotczynnika
kierunkowego prostej obrazujacej zmiany stezenia N-NH7 w jednostce czasu i stezenia suchej

masy organicznej. Warto$¢ AOR wyrazano w mg N-NH} na g; ., ih.

4.5. Metodyka wyznaczania szybkosci utleniania azotu azotynowego

Do monitorowania zmian aktywnos$ci bakterii zdolnych do utleniania azotu azotynowego
wykorzystano porcjowe testy kinetyczne szybko$ci utleniania azotu azotynowego (ang. nitrite
utilization rate test — NitUR). Ich ogo6lna zasada opiera si¢ na kontroli zmian st¢zenia azotu
azotynowego 1 azotanowego w $cisle okreslonych warunkach prowadzenia testu. Pojedynczy
test NitUR wykonywano analogicznie do testu AUR z tg rdznica, ze jako substrat zamiast

chlorku amonu wykorzystano 5% roztwor KNO». Poczatkowe stgzenie azotu azotynowego
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wynosito 15 mg N-NO3 /1 (E1-E6) lub 30 mg N-NO; /1 (E6). Kolejng réznice stanowil zakres
analityczny, a mianowicie w teScie NitUR okreslano stezenie N-NO; i N-NO3, a test
prowadzono do momentu, gdy stezenie azotu azotynowego spadlo do poziomu bliskiego
0 N-NO; /1 lub gdy przez kolejne 60 min stezenie tego wskaznika utrzymywato si¢ na statym

poziomie.

Aby okresli¢ szybkos$¢ utleniania azotu azotynowego wykorzystano prostoliniowy
fragment funkcji zmiany st¢zenia azotu azotynowego w czasie charakteryzujacy sie¢
wspotczynnikiem R2>0,97. Szybko$¢ wyliczano jako iloraz wartoéci wspdlczynnika
kierunkowego prostej obrazujacej zmiany stezenia N-NO;, w jednostce czasu i st¢zenia suchej

masy organicznej. Warto$§¢ NitOR wyrazano w mg N-NO; na gg o 1 h.

4.6. Metodyka analityczna

Warto$ci ChZT, stgzenia: N-NHJ, N-NOZ, N-NO3, Nog, Pog oraz P-PO3 ™ okreslano przy
wykorzystaniu testow kuwetowych Hach Lange (Dusseldorf, Niemcy), zgodnie z metodyka
podang przez producenta. Wartosci BZTs oznaczano za pomocg zestawu OxiTop®-IDS SET 12
1 2-kanatowego miernika Multi 3620 IDS (Weilheim, Niemcy). Wartosci pH mierzono
miernikiem firmy Elmetron, model CP-401 (Zabrze, Polska). Analiz¢ stezenia suchej masy

i suchej masy organicznej osadu czynnego oraz blony biologicznej wykonano metoda wagowa

wedtug normy PN-EN 872:2007.

4.7. Metodyka obliczeniowa

4.7.1. Efektywnos¢ jednostkowych procesow usuwania ze S$ciekow zwigzkow wegla,
azotu i fosforu

Efektywnos$¢ jednostkowych proceséw usuwania ze $ciekow zwigzkéw wegla, azotu
1 fosforu wyznaczono wykorzystujac dane dotyczace jakosci s$ciekow doptywajacych
1 odptywajacych z reaktorow biologicznych, zgodnie z metodyka przedstawiong w pracy

Podedwornej i Zubrowskiej-Sudot (2012).

e Efektywno$¢ usuwania zwigzkéw organicznych (cpzr ):

_ CghzT - CghzT 0
NMenzr = —~g—— 100 [%] (4.1)
CChzT

gdzie:
C&, v — warto$é ChZT w $ciekach doptywajacych do reaktor [mg 0, /1],
Clpor — wartos¢ ChZT w $ciekach odptywajacych do reaktora [mg O, /1].
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e Efektywno$¢ procesu nitryfikacji (Myicry fikacji):

_ Cirx — CRrk 0
Nitryfikacji =~ ca_— 100 [%] 4.2)
NTK

gdzie:
Cl., — stezenie azotu Kjeldahla w $ciekach doptywajacych do reaktora [mg N/1],
Cynri — stezenie azotu Kjeldahla w $ciekach odptywajacych do reaktora [mg N/I].

e Efektywno$¢ procesu denitryfikacji (Mpenitryfikacji):

Chog = Chog
Npenitryfikacji = T -100 [%] 4.3))
gdzie:
C ,f,log — stezenie azotu ogolnego w $ciekach doptywajacych do reaktora [mg N/1],

C ,‘\’,og — stezenie azotu ogdlnego w $ciekach odptywajacych do reaktora [mg N/1].

e Efektywnos¢ usuwania fosforu (ngpg):

Pog CPog
Nepr = —g— 100 [%] (4.4

gdzie:
C ;}og — stezenie fosforu ogdlnego w $ciekach doptywajacych do reaktora [mg P/1],

Cp,, — stezenie fosforu ogdlnego w Sciekach odptywajacych do reaktora [mg P/1].

4.7.2. Wskazniki wyznaczone na podstawie wynikow porcjowych testow szybkosci
utleniania azotu amonowego

e Szybko$¢ utleniania azotu amonowego (AOR) okreslono zgodnie z formuta:

a
AOR = . [mg N-NH3 /85 m.o. * hl 4.5.)

gdzie:

a —wspotczynnik  kierunkowy  prostej  obrazujgcej  zmiany  stezenia  N-NHF
w czasie [mg N-NHj} /1 - h],

Cpy —stgzenie biomasy rozwijajacej si¢ w ukladzie w postaci osadu czynnego lub blony

biologicznej wyrazone w gramach suchej masy organicznej [gsm.o./1]-
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e Kumulacje azotu azotynowego (KV"N92) obliczono z zaleznosci:

KN-NO2 = Ziznmax(o, AN-NOj3 (i) [mg N-NO3 /1] (4.6.)
i=1

AN-NO3 (i) = N-NO; (i) — N-NOj (i — 1) [mg N-NO3 /1] 4.7)

gdzie:
n — liczba prob,

AN-NO; (i) — przyrost stezenia N-NO3 okre$lony migdzy kolejnymi probami [mg N-NO3 /1].

e Do okreslenia stosunku pomigdzy przyrostem azotyndw a ubytkiem azotu amonowego

(RNIAL) wykorzystano nastgpujace formuty:

KN'NOZ_

RNIAL = — -100 [% 4.8.
sEen o) )

AN-NH; (i) = N-NH} (i) — N-NH} (i + 1) [mg N-NH; /1] 4.9.)

gdzie:
AN-NH] (i) — ubytek stezenia N-NH} okre$lony miedzy kolejnymi probami [mg N-NH7 /1].

4.7.3. Wskazniki wyznaczone na podstawie wynikow porcjowych testow szybkosci
utleniania azotu azotynowego

e Szybko$¢ utleniania azotu azotynowego (NitOR) okre§lono zgodnie z formuta:

a
NitOR = = [mg N-NO3 /gsm.  h] (4.10.)
b

gdzie:

a —wspotczynnik  kierunkowy  prostej  obrazujacej  zmiany  stgzenia  N-NO3
w czasie [mg N-NO3 /1 - h],

Cp — stgzenie biomasy rozwijajacej si¢ w ukladzie w postaci osadu czynnego lub blony

biologicznej wyrazone w gramach suchej masy organicznej [gsm.o./1]-

4.7.4. Wspolczynnik korekcji temperatury

W celu wyznaczenia wspotczynnika korekcji temperatury dla uktadu hybrydowego oraz
okreslenia oczekiwanego teoretycznego wplywu temperatury na wartosci szybkosci utleniania
azotu amonowego dla biomasy rozwijajacej w analizowanym ukladzie (osadu czynnego i bltony

biologicznej) wykorzystano rownanie Arrheniusa:
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AOR7, = AOR7,.6""™)[mg N-NH] /g5 mo. * hl (4.11.)
gdzie:
AOR<7, — szybkos¢ utleniania azotu amonowego wyznaczona podczas testu prowadzonego przy
temperaturze T; = 20°C = 293,15 K [mg N-NH /g mo. - hl,
AOR<, — szybkos¢ utleniania azotu amonowego wyznaczona podczas testu prowadzonego przy
temperaturze T, = 12°C = 285,15 K [mg N-NH} /gs mo - hl,

O — wspotczynnik korekcji temperatury.

4.7.5. Emisja podtlenku azotu

Wspodiczynnik emisji N2O (En.o0) obliczono jako iloraz masy podtlenku azotu powstajace;j
podczas pelnego cyklu pracy reaktora (Mn.o) 1 obcigzenia reaktora tadunkiem azotu (NLR),
zgodnie z metodyka zaproponowang przez Al-Hazmi i in. (2021). Mn.o Wyznaczono poprzez
scatkowanie szybkos$ci tworzenia si¢ NoO (mv.0) przez jednostke czasu (dt [d]) i podzielenie
przez catkowity czas reakcji (t [d]):

My, o
Evo = IR

x 100 [%] (4.12))

TN,0 X dt
My, = f ——— [mgN-N,0/1-d] (4.13)

gdzie:
My,0 — masa podtlenku azotu powstajgca podczas cyklu pracy uktadu [mg N-N,0/1-d],
rv.0 — szybko$¢ tworzenia si¢ N2oO [mg N-N,0/1 - d].

4.7.6. Zuzycie energii na napowietrzanie

Zuzycie energii elektrycznej w procesie napowietrzania (E,) wyznaczono zgodnie

z metodyka zaproponowang przez Luo 1 in. (2019):

Eq

=L [kw 4.14.
Eo = o [kWh/ke] (4.14)
Q- ACenzr + 418 Q - ACy.ppy

000 [kg/d] (4.15.)

Am

gdzie:
E, —dobowe zuzycie energii elektrycznej na napowietrzanie w celu usunigcia 1 kg

zanieczyszczen [KWh/kg],

65



Eq—dobowe zuzycie energii elektrycznej na zasilanie dmuchaw (warto$¢ obliczona jako
iloczyn mocy dmuchaw i czasu ich pracy w ciggu doby) [kWh/d],

Am — Yadunek zanieczyszczen utlenionych w ciggu doby [kg/d],

O — przeptyw $ciekow [m3/d],

ACcpzr —16znica w warto$ciach ChZT w  $ciekach doptywajacych 1 odptywajacych
z uktadu [g/m3],

ACy.yy} —16Znica w wartosciach stezen N-NH}w $ciekach doptywajacych i odptywajacych
z uktadu z uwzglednieniem iloéci N-NH} powstajacego w procesie amonifikacji [g/m3],

4,18 — wspotczynnik zapotrzebowania na tlen w celu utleniania 1 g N-NHJ .

4.7.7. Wartosci stezenia wolnego amoniaku i wolnego kwasu azotowego (11I)

Wartosci stezenia wolnego amoniaku (FA) 1 wolnego kwasu azotowego (III) (FNA)

okreslono przy wykorzystaniu nastepujacych zaleznosci (Anthonisen i in., 1976):

17 CN'NHI " 1OpH
FA = T X G344/273+7°0) 5 1P [mg FA/]] (4.16.)
46 Cr-nos
FNA = — x N, [mg FNA/I] (4.17.)

14 e(=2300/273+T°C) . 1(prH

gdzie:
Cy.nuy — stezenie azotu amonowego doptywajace do uktadu [mg N-NH} /1],

Cn-no; — stezenie azotu azotynowego doptywajace do uktadu [mg N-NO3 /1].

4.8. Analiza statystyczna

Analiza statystyczna zostala przeprowadzona w odniesieniu do wynikow jakosci Sciekow
oczyszczonych, efektywnosci jednostkowych procesdOw usuwania zanieczyszczen oraz stezenia
biomasy rozwijajacej si¢ w analizowanych ukladach. W tym celu wykorzystano program
Statistica 13.3PL. Weryfikacj¢ hipotezy dotyczacej rozktadu kazdej analizowanej zmienne;j
przyprowadzono przy wykorzystaniu testu Shapiro-Wilka. Aby oceni¢ istotno$¢ réznic migdzy
zmiennymi, przeprowadzono jednoczynnikowa analiz¢ wariancji (ANOVA), gdzie zmienng
grupujaca byta seria eksperymentu (w danej serii badawczej w reaktorach utrzymywano stale
warunki pracy). Jednorodnos¢ wariancji w poszczegdlnych grupach zostata zweryfikowana za
pomocy testu Levene'a. Do okreslenia istotno$ci réznic migdzy analizowanymi zmiennymi
wykorzystano test RIR Tukeya. Wszystkie analizy statystyczne przeprowadzono przy

ustalonym poziomie istotno$ci 0=0,05.
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5. OMOWIENIE ZAGADNIEN BADAWCZYCH

5.1. Zagadnienie nr 1: Wplyw strategii napowietrzania na przebieg i efektywnoS$¢ procesu
nitryfikacji w reaktorach ze zltozem ruchomym

Jednym z celow czastkowych dysertacji byto znalezienie odpowiedzi na pytanie w jaki
sposOb strategia napowietrzania, definiowana jako stosunek czasu trwania podfaz bez (t2)
1 z (t1) napowietrzaniem (R=t>/t;) oraz stezenie tlenu w podfazach z napowietrzaniem (DO),
wplywa na przebieg i efektywno$¢ procesu nitryfikacji, przy uwzglednieniu réznej konfiguracji
pracy sekwencyjnych reaktoréw porcjowych ze ztozem ruchomym. W pracy przeanalizowano
dwa warianty technologii ztoza ruchomego: czysta (MBSBBR) 1 hybrydowa (IFAS-MBSBBR).
Wyniki badan dotyczace pierwszego z wymienionych wariantow zaprezentowano w publikacji
pt. ,.Effect of the Aeration Strategy on NOB Suppression in Activated Sludge and Biofilm in
a Hybrid Reactor with Nitrification/Denitrification” (Water, 2024 — P1). Hybrydowe;j
technologii ztoza ruchomego poswigecono dwie nastepujace prace: ,,Effect of the Aeration
Strategy on NOB Suppression in Activated Sludge and Biofilm in a Hybrid Reactor with
Nitrification/Denitrification” (Water, 2022 — P2) oraz ,,Nitrifcation kinetics, N>O emission,
and energy use in intermittently aerated hybrid reactor under diferent organic loading rates”

(International Journal of Environmental Science and Technology, 2023 — P3).

Systemy oczyszczania $ciekoOw oparte na technologii zloza ruchomego zyskuja
w ostatnich latach coraz wigkszg popularnos¢. Wynika to z ich licznych zalet, w poréwnaniu
do konwencjonalnych technologii, takich jak metoda osadu czynnego czy ztoza zraszane
(aspekt ten opisano w rozdziale 3.2.4.). Wciaz jednak nie zostata wyjasniona kwestia wplywu
strategii napowietrzania na przebieg 1 efektywnos¢ procesu nitryfikacji w tego typu uktadach.
Niniejsza dysertacja stanowi probe uzupetnienia wiedzy w przedmiotowym obszarze. Warto
przy tym podkresli¢, Zze jest ona pierwsza praca, w ktdrej opisano wystgpowanie bakterii
Comammox w sekwencyjnych reaktorach porcjowych ze ztozem ruchomym. Nowatorskim
aspektem podjetym w dysertacji jest rOwniez analiza emisji podtlenku azotu w reaktorze typu

IFAS-MBSBBR.

W kolejnych podrozdziatach przedstawiono najwazniejsze spostrzezenia omowione we

wskazanych powyzej publikacjach.
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5.1.1. Czysta technologia zloza ruchomego

W ramach eksperymentu nr 1 przeprowadzono badania w reaktorze pracujgcym w czystej
technologii ztoza ruchomego (P1). Uktad dziatat nieprzerwanie przez 445 dni, podczas ktérych
przeanalizowano wplyw pieciu réznych strategii napowietrzania (R=0, DO=6,0 mg O./l;
R=1/4, DO=6,0 mg O»/I; R=1/3, DO=6,0 mg O»/1; R=1/3, DO=3,5mg 02/l i R=1/2,
DO=3,5 mg Oy/1) (Tabela 4.2., rozdz. 4.1.).

Na podstawie uzyskanych wynikéw stwierdzono, ze bez wzglgdu na zmiany strategii
napowietrzania, polegajace na wprowadzeniu naprzemiennego napowietrzania, skrdceniu
czasu trwania podfaz z napowietrzaniem (zwigkszenie warto$ci R) oraz obnizeniu stezenia
tlenu, efektywno$¢ procesu nitryfikacji pozostawata na pordwnywanym poziomie. Dla calego
okresu badawczego wynosita ona $rednio 93,63+2,13%. Pozwalalo to na uzyskanie st¢zenia
azotu amonowego w Sciekach oczyszczonych na poziomie 0,80+0,47 mgN-NH] /L
Wprowadzane modyfikacje skutkowaly natomiast réznicami w aktywnosci i liczebnos$ci

poszczegblnych grup mikroorganizmoéw nitryfikacyjnych.

Na podstawie wynikéw porcjowych testow AUR 1 NitUR wykazano, ze strategia
napowietrzania miala wickszy wptyw na aktywnos$¢ i liczebno$¢ mikroorganizmow zdolnych
do utleniania azotu amonowego, niz tych utleniajacych azotyny do azotanoéw. Co wiecej,
aktywno$¢ bakterii utleniajgcych azot amonowy zmieniata si¢ inaczej niz aktywnos¢ bakterii
utleniajacych azot azotynowy. Wyniki qPCR pozwolily natomiast na stwierdzenie, ze tendencje
zmian czestosci wystepowania wszystkich analizowanych grup bakterii nitryfikacyjnych
(AOB, NOB 1 bakterie Comammox) byly podobne. Przykltadowo, po zmianie strategii
napowietrzania z ciaglego (R=0) na naprzemienne z R=1/4 (t;=40min, t=10 min), odnotowano
1,24-krotny spadek szybkosci utleniania azotu amonowego (AOR), podczas gdy szybkosé
utleniania azotu azotynowego (NitOR) pozostata na porownywalnym poziomie. Réwnolegle,
w badaniach mikrobiologicznych, wykazano, ze czgstos¢ wystepowania kazdej
z analizowanych grup nitryfikatorow wzrosla, odpowiednio 6,9-krotnie (AOB), 8,1-krotnie

(NOB) 1 2,7-krotnie (bakterie Comammox).

Niezaleznie od zastosowanej strategii napowietrzania, bakterie zdolne do utleniania
azotyndw do azotandéw charakteryzowaly si¢ znacznie wyzsza aktywnosciag i liczebno$cig
w porownaniu z drobnoustrojami zdolnymi do utleniania azotu amonowego. Stosunek wartosci
NitOR do AOR wahat si¢ w zakresie 1,17-4,30, a wielko$¢ populacji NOB byla przynajmniej
4,97-krotnie wyzsza niz AOB. Do podobnych wnioskéw doszli m.in. Luan i in. (2023)
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wykazujac znacznie wyzszg aktywno$¢ bakterii NOB niz AOB (testy prowadzono

w laboratoryjnym modelu ztoza tarczowego).

Na podstawie wynikow badan zrealizowanych w ramach eksperymentu nr 1 wykazano
réwniez, ze za kazdym razem, gdy zmiana strategii napowietrzania polegata na zwigkszeniu
warto$ci R, nastepowato zmniejszenie szybkosci utleniania azotu amonowego. W przypadku,
gdy R wynosito 0 (napowietrzanie ciggte), AOR byta rowna 4,089 mg N-NHJ /g< mo. - h.
Zwigkszenie wartosci analizowanego wskaznika do 1/4 (t1=40 min, t2=10 min) spowodowato
zmniejszenie AOR do 3,289 mg N-NH} /g m.o. - h. Podczas kolejnych zmian, z 1/4 na 1/3 oraz
z 1/3 na 1/2, odnotowano odpowiednio 1,29-krotne 1 1,25-krotne obnizenie szybkos$ci utleniania
azotu amonowego. Wbrew oczekiwaniom, wzrost aktywnos$ci bakterii zdolnych do utleniania
azotu amonowego nastapit po obnizeniu stezenia tlenu (z 6 mg O2/1 do 3,5 mg O2/1), przy
ktérym w podfazach tlenowych pracowat MBSBBR. Wartos¢ AOR zwigkszyla sie¢ wowczas
prawie 2,40-krotnie z 2,555 mg N-NH} /gs mo - h do 6,059 mg N-NHS /gs m. - h. Mozna
przypuszczaé, ze w blonie biologicznej rozwingly si¢ woOwczas takie mikroorganizmy
nitryfikacyjne, ktore w warunkach nizszego stezenia tlenu wykazywaly wieksza aktywnos$¢.
Z badan Park i in. (2002) wynika, ze do takich drobnoustrojow naleza Nitrosospira
i Nitrosomonas oligotropha. Nizsze st¢zenie tlenu jest rowniez jednym z czynnikdéw
wymienianym jako sprzyjajacy rozwojowi bakterii Comammox (Lawson i Liicker, 2018;
Palomo i in., 2018; Roots 1 in., 2019). Odnotowane zmiany szybko$ci utleniania azotu
amonowego nie w kazdym z przypadkoéw szty w parze z obserwowanymi zmianami liczebnosci
bakterii nitryfikacyjnych. Swiadcza o tym nastepujace spostrzezenia: po przejsciu z warunkow
napowietrzania cigglego na naprzemienne z R=1/4, odnotowano wzrost czgstosci
wystepowania wszystkich analizowanych grup nitryfikatoroéw; skrocenie czasu trwania podfaz
z napowietrzaniem do 30 minut skutkowalo obnizeniem wielkos$ci ich populacji; po zmianie
wartosci R z 1/3 na 1/2, nastgpit wzrost czestosci wystgpowania AOB 1 bakterii Comammox;
obnizenie poziomu st¢zenia tlenu przyczynito si¢ do zwigkszenia populacji wszystkich

analizowanych grup bakterii nitryfikacyjnych.

Warto rowniez podkreslic, ze mimo stabilnej pracy MBSBBR przy identycznych
warunkach  technologicznych  (R=1/2  (t:=20 min, =10 min), DO=3,5 mg O2/l,
OLR=537 g ChZT/m3-d i NLR=64 g N/m3-d) w dwoch odrebnych seriach badawczych
(serie 2. 14. wyrdznione w drugim etapie badawczym), pomigdzy ktorymi reaktor przez 99 dni
pracowat przy innych wartosciach parametrow technologicznych, aktywnos$¢ i liczebnosé

zbiorowisk mikroorganizméw nitryfikacyjnych byla odmienna. W okresie pomigdzy
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wskazanymi seriami obcigzenie reaktora tadunkiem zwigzkéw organicznych i azotem
zmniejszono o 1/4 poprzez ograniczenie ilosci Sciekéw doptywajacych do uktadu (seria 3.).
Zmiany te byly spowodowane wybuchem pandemii Covid-19 i konieczno$cig dostosowania
pracy w laboratorium do wprowadzonych wowczas ograniczen. Czestos¢ wystepowania AOB,
NOB i bakterii Comammox w serii 4 byta odpowiednio 1,40-krotnie, 1,49-krotnie i 2,20-krotnie
nizsza od okreslonej dla serii 2. Odnotowano rowniez wowczas 1,43-krotne zwigkszenie
szybkosci utleniania azotu amonowego. Obserwacje te wskazuja, ze mimo iz reaktor w serii 4.
dziatat przy takich samych warunkach technologicznych co w serii 2., biomasa nie wrocita

do swojej poprzedniej charakterystyki.

W publikacji P1 omoéwiono takze w jaki sposob strategia napowietrzania wplywata na
wystepowanie 1 liczebno$¢ bakterii Comammox w blonie biologicznej rozwinigte]
na ruchomych nos$nikach. Na podstawie uzyskanych wynikéw udokumentowano, ze znaczacy
wplyw na czgsto$¢ wystepowania bakterii Comammox w reaktorze MBSBBR miato przejscie
Z napowietrzania ciaglego na naprzemienne z R=1/4, jak rowniez obnizenie st¢zenia tlenu
w podfazach z napowietrzaniem. W kazdym z wymienionych przypadkow wielkos¢ populacji
tych mikroorganizmow zwigkszylta sie. Najwyzsza liczebnos¢ populacji bakterii Comammox
(216184 kopii) odnotowano, gdy reaktor dziatat z najwicksza liczbg podfaz bez napowietrzania
podczas faz tlenowych (R=1/2) 1 najnizszym st¢zeniem tlenu (3,5 mg O2/). Wowczas, gdy
napowietrzanie odbywato si¢ w rezimie cigglym, a st¢zenie tlenu utrzymywano na poziomie
6 mg O2/1 czgstos¢ wystepowania bakterit Comammox byta najnizsza 1 wynosita jedynie
1085 kopii. Uzyskane obserwacje byly zgodne z wynikami badan prezentowanych przez
Roots 1 in. (2019). Wedlug cytowanych autoréw nizsze stgzenie tlenu jest jednym z czynnikow

stymulujacych rozwoj bakterii Comammox.

5.1.2. Hybrydowa technologia zloza ruchomego

W przypadku badan prowadzonych dla reaktora pracujacego w hybrydowe;j technologii
ztoza ruchomego wyrdzniono dwa eksperymenty (eksperyment nr 2 1 3). Eksperyment nr 2
(publikacja P2) obejmowat pierwsze 100 dni pracy IFAS-MBSBBR, podczas ktérych
przeanalizowano wplyw czterech réznych strategii napowietrzania (R=0, DO=3,0 mg O/];
R=1/4, D0O=3,0 mg O./1; R=1/4, DO=2,0 mg O./11 R=1/3, DO=2,0 mg O»/1). Eksperyment nr 3
(publikacja P3) trwal 517 dni 1 stanowil kontynuacj¢ badan zapoczatkowanych w ramach
eksperymentu nr 2. Przeanalizowano wowczas dwie strategie napowietrzania (R=1/3,

DO=1,5 mg Oy/1 oraz R=1/2, DO=1,5 mg Oy/1) (Tabela 4.3., rozdz. 4.1.).
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Badania przeprowadzone w ramach eksperymentu nr 2 wykazaly, Ze niezaleznie
od zastosowanych zmian strategii napowietrzania, takich jak wprowadzenie naprzemiennego
napowietrzania, skrocenie czasu trwania podfaz z napowietrzaniem (zwigkszenie wartosci R)
oraz obnizenie st¢zenia tlenu, efektywno$¢ procesu nitryfikacji ksztaltowala si¢ na
porownywalnym poziomie (98,61+£0,93%). Stezenie azotu amonowego w Sciekach
oczyszczonych wynosito 0,56+0,37 mg N-NH] /1. Modyfikacje te prowadzily jednak do
zréznicowania w aktywno$ci 1 liczebno$ci poszczegdlnych grup mikroorganizmow

nitryfikacyjnych, podobnie jak w przypadku czystej technologii ztoza ruchomego.

Poréwnujac wartosci szybkosci utleniania azotu amonowego (AOR) uzyskane dla osadu
czynnego (AS) i blony biologicznej rozwini¢tej na ruchomych no$nikach (B) stwierdzono, ze
osad czynny stanowit srodowisko, w ktorym bakterie zdolne do utleniania azotu amonowego
byty bardziej aktywne. Stosunek warto§ci AOR-AS do AOR-B wahat si¢ w zakresie 1,20-1,69.
Prowadzac analogiczne poréwnanie, ale w odniesieniu do szybkosci utleniania azotu
azotynowego (NitOR), odnotowano, ze wyzsze warto$ci tego wskaznika, $wiadczace
o wigkszej aktywnosci bakterii NOB, wystapity dla blony biologicznej. Wartos$ci NitOR-B byty
od 3,18-krotnie do 5,41-krotnie wyzsze niz NitOR-AS. Analizujac czestosci wystepowania
AOB, NOB i bakterii Comammox potwierdzono, ze btona biologiczna stanowi $rodowisko
sprzyjajace rozwojowi mikroorganizmow nitryfikacyjnych. Analogiczne doniesienia mozna
znalez¢ w pracach m.in. Li i in. (2016a), Chao 1 in. (2016) 1 Shao i in. (2017). W badaniach
wlasnych wykazano ponadto, ze dominujaca grupa nitryfikatoréw, zarowno w osadzie

czynnym jak 1 biofilmie byly bakterie AOB.

Z badan przeprowadzonych w ramach eksperymentu nr 2 wynika roéwniez, ze
modyfikacje strategii napowietrzania mialy analogiczny wplyw na aktywnos$¢ bakterii
utleniajgcych azot amonowy, bez wzgledu na forme¢ w jakiej te mikroorganizmy rozwijaty si¢
w reaktorze (tj. osad czynny 1 blona biologiczna), lecz prowadzily do odmiennych zmian
w czestosci wystepowania AOB 1 bakterii Comammox w tych §rodowiskach. Zwiekszenie
warto$ci R powodowalo kazdorazowo obnizenie szybkosci utleniania azotu amonowego,
wyznaczonych dla osadu czynnego 1 biofilmu, podczas, gdy zmniejszenie stezenia tlenu
skutkowalo ich wzrostem. Na poczatku eksperymentu, gdy uklad pracowal przy
napowietrzaniu ciaglym (R=0), warto§ci AOR dla osadu czynnego i biofilmu wynosity
odpowiednio 6,310 mg N-NH} /gs mo h 1 3,727 mgN-NH} /gsmo - h. Po zwickszeniu
warto$ci R do 1/4, szybkos$¢ utleniania azotu amonowego zmniejszyla si¢ odpowiednio

1,88-krotnie i 1,37-krotnie. W kolejnej serii, po obnizeniu st¢zenia tlenu z 3,0 mg O2/1 do
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2,0 mg O2/1, odnotowano wzrost analizowanych warto$ci. AOR wyznaczona dla osadu
czynnego  wynosita 6,231 mg N-NH} /gsmo -h, a dla  blony  biologicznej
4,842 mg N-NH] /g mo. - h. Skrocenie czasu trwania podfaz z napowietrzaniem z 40 min
(R=1/4) do 30 min (R=1/3) spowodowato natomiast 1,15-krotne i 1,08-krotne zmniejszenie
analizowanych szybkosci, odpowiednio w testach AUR dla osadu czynnego i biofilmu. Na
podstawie prowadzonych rownolegle badan mikrobiologicznych stwierdzono, ze wowczas,
gdy czesto§¢ wystepowania bakterii zdolnych do utleniania azotu amonowego w jednej
z analizowanych form biomasy rosta lub malata, to w drugiej z nich tendencja zmian wielkoS$ci
ich populacji byta odwrotna. Przyktadowo, po zwigkszeniu wartosci R z 0 do 1/4 czestosé
wystepowania AOB i1 bakterii Comammox w biofimie ulegla znacznemu zmniejszeniu, podczas
gdy w osadzie czynnym obserwowano istotny wzrost wielkosci ich populacji. Negatywnie na
liczebnos$¢ populacji AOB 1 bakterii Comammox w osadzie czynnym wptyngto natomiast
obnizenie stezenia tlenu. W biofilmie nie odnotowano wowczas znaczacych zmian w czestosci
wystgpowania tych mikroorganizméw. Istotne zmniejszenie wielko$ci populacji AOB 1 bakterii
Comammox zasiedlajacych blone biologiczng zaobserwowano natomiast po zwigkszeniu

Rz 1/4 dol1/3.

Zmiany aktywno$ci mikroorganizméw utleniajagcych azotyny do azotanow
zasiedlajacych klaczki osadu czynnego byty analogiczne jak w przypadku tych obserwowanych
dla bakterii zdolnych do utleniania azotu amonowego. Aktywno$¢ NOB w osadzie czynnym
zmniejszala si¢ bowiem sukcesywnie ze zwigkszeniem wartosci R (2,21-krotnie przy zmianie
R z0na 1/4 1 1,24-krotnie przy zmianie R z 1/4 na 1/3) i rosta przy obniZaniu poziomu stg¢Zenia
tlenu (1,51-krotnie przy zmianie DO z 3 mg O2/1 do 2 mg O»/l). Natomiast na aktywno$¢
analizowane] grupy mikroorganizmow, ale zasiedlajacych btone biologiczna, wptyw miato
jedynie przejscie z warunkdéw napowietrzania ciggltego (R=0) na naprzemienne z R=1/4.
Warto$¢ NitOR zmniejszyta si¢ wowczas 1,30-krotnie, z 13,906 mg N-NO3 /gsmo - h
do 10,687 mg N-NO3 /8¢ mo. " h.

W badaniach opisanych w publikacji P2 wykazano rowniez, Zze kumulacja azotu
azotynowego w testach AUR wystepowata jedynie dla osadu czynnego. Rosta ona po
zwiekszeniu wartosci R, z kolei obnizenie stezenia tlenu nie miato na nig wptywu. Obserwacje
te sa zgodne ze zmianami szybkosci utleniania azotu azotynowego odnotowanymi na podstawie
wynikow testow NitUR prowadzonych dla osadu czynnego. Na tej podstawie stwierdzono, ze
naprzemienne napowietrzanie jest czynnikiem powodujacym supresje bakterii NOB

zasiedlajacych klaczki osadu czynnego, powodujgc obnizenie ich aktywnosci.
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Jak juz wspomniano, eksperyment nr 3 (P3) byl kontynuacja badan przeprowadzonych
dla IFAS-MBSBBR w ramach eksperymentu nr 2 (P2). W publikacji 3. analogicznie do
publikacji 2. omowiono wplyw strategii napowietrzania na przebieg i efektywno$¢ procesu
nitryfikacji w hybrydowym reaktorze ze ztozem ruchomym. Dodatkowo, aby lepiej zrozumiec
oddziatywanie stezenia tlenu na aktywno$¢ poszczegdlnych grup mikroorganizmow
nitryfikacyjnych, przy jednoczesnym uwzglgdnieniu formy w jakiej w uktadzie rozwijata si¢
biomasa, zakres badan rozszerzono o testy porcjowe prowadzone przy st¢zeniu tlenu rownym
1,5 mg O2/1 oraz 1,0 mg O2/1 (podobnie jak w P2 przedmiotowe testy porcjowe prowadzono

réwniez przy poziomie st¢zenia tlenu w warunkach nasycenia przy 20°C).

Warto$ci szybkosci utleniania azotu amonowego (AOR) i szybkosci utleniania azotu
azotynowego (NitOR) okreslone na podstawie wynikow testow porcjowych przedstawiono
w tabeli 5.1. Interesujace obserwacje poczyniono w serii 2. w odniesieniu do szybkosci
utleniania azotu amonowego. Wyzsza wartos¢ tego wskaznika uzyskano bowiem dla nizszego
poziomu stezenia tlenu. Dodatkowo, w serii 4., w testach prowadzonych przy najnizszym
z analizowanych ste¢zef tlenu (1,0 mg Oo/1), wartosci AOR-AS 1 AOR-B byly odpowiednio
1,25-krotnie i 1,24-krotnie wyzsze od tych, ktére wyznaczono, gdy test prowadzono przy
DO=1,5 mg O2/1. Poczynione obserwacje sugeruja, ze w ktaczkach osadu czynnego i biofilmie,
tak jak w przypadku wczesniej opisanego reaktora MBSBBR, mogly si¢ rozwinac¢
mikroorganizmy zdolne do utleniania azotu amonowego, ktore w warunkach nizszego st¢zenia

tlenu charakteryzujg si¢ wyzszg aktywnoscia.

Tabela 5.1. Szybko$¢ utleniania azotu amonowego 1 szybkos$¢ utleniania azotu azotynowego
wyznaczone w testach AUR 1 NitUR prowadzonych przy réznych stezeniach tlenu
Stezenie tlenu Seria 1 Seria 2 Seria 4

Wskaznik
(mg O/1) AS B H AS B H AS B H

nasycenie tlenem

, 6,841 3374 - 3856 6993 - 8,061 3,623 -
s - przy 20°C
Szybkos$¢ utleniania
azotu amonowego
(AOR) 1,5 3,806 1,478 2,614 4,555 1,733 3,102 2,887 1,504 1,911
(mg N'NHI/gs.m.o. *h)
1,0 3,855 0,890 - - - - 3,607 15865 -
Szybkos¢ utleniania nasycemietlenem o1y g 039 3503 21446 - 4,868 18,588 -
azotu azotynowego przy 20°C
(NitOR)
(mg N-NO3 /g, o - h) 1,5 2,275 4,786 2,577 2,516 7,024 5249 1960 6,778 3,641

AS — osad czynny; B — blona biologiczna; H — hybryda (osad czynny + blona biologiczna).
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Zgodnie z danymi przedstawionymi w literaturze (Onnis-Hayden i in., 2011; Regmi i in.,
2011) oczekiwano, ze w badaniach prowadzonych dla potaczenia obydwu analizowanych form
biomasy w jednym reaktorze, tj. dla hybrydy, wartosci AOR-H i NitOR-H beda wyzsze, lub co
najmniej zblizone do najwyzszych wartosci odnotowanych dla osadu czynnego lub biofilmu.
Jednakze, w przypadku szybkos$ci utleniania azotu amonowego, wartosci AOR-H byly $rednio
1,48-krotnie nizsze niz wartosci AOR-AS i 1,61-krotnie wyzsze niz AOR-B. Warto$¢ NitOR-H
byta z kolei $rednio 1,69-krotnie nizsza niz w przypadku btony biologicznej 1 1,69-krotnie
wyzsza niz w osadzie czynnym. Obserwacje te moga wskazywa¢ na konkurencj¢ o substrat
i tlen pomiedzy bakteriami nalezacymi do tej samej grupy, ale rozwijajacymi si¢ w roznej

formie w reaktorze hybrydowym.

W publikacji P3 przedstawiono réwniez wyniki badan dotyczace wplywu strategii
napowietrzania na emisj¢ N2O. Wykazano, ze konsekwencja skrocenia czasu trwania podfaz
z napowietrzaniem z 30 min do 20 min byto 1,22-krotne zwickszenie emisji podtlenku azotu.
Warto§¢ wspotczynnika emisji N2O zwigkszyta si¢ z 0,896% do 1,091%. Skrécenie czasu
podfaz z napowietrzaniem o 10 minut (z 30 min na 20 min) skutkowalo czgstszym
przetaczaniem si¢ migdzy podfazami z napowietrzaniem i bez napowietrzania. Uwaza sig, ze
tego typu zmiany moga prowadzi¢ do naglych skokow produkcji NoO (Domingo-Félez i in.,

2014; Sabba i in., 2015; Sabba i in., 2018), co rowniez potwierdzono w badaniach wtasnych.

5.2. Zagadnienie nr 2: Wplyw wyksztalcenia biomasy w postaci osadu czynnego
w reaktorze pracujacym w czystej technologii zloza ruchomego na efektywnos¢
oczyszczania Sciekow, ze szczegolnym uwzglednieniem procesu nitryfikacji

Kolejnym zagadnieniem, ktére analizowano w badaniach wlasnych, byto okreslenie
wpltywu zmiany formy w jakiej w sekwencyjnym reaktorze porcjowym ze ztozem ruchomym
rozwija si¢ biomasa na efektywnos$¢ oczyszczania Sciekow. Eksperyment nr 4 polegal na
wyksztalceniu w reaktorze pracujacym w czystej technologii ztoza ruchomego biomasy
w postaci osadu czynnego i dla tak wpracowanego reaktora hybrydowego okresleniu wptywu
roznych strategii napowietrzania na przebieg procesu nitryfikacji. Uzyskane wyniki
zaprezentowano w artykule pt. ,,Enhancing wastewater treatment efficiency: A hybrid
technology perspective with energy-saving strategies” opublikowanym w czasopismie

Bioresource Technology (2024, P4).

W literaturze przedmiotu podkresla si¢ potencjat zwigkszenia efektywnosci usuwania
zanieczyszczen w systemach osadu czynnego poprzez wprowadzenie do reaktora ruchomych

nos$nikow i tym samym uzyskanie systemu hybrydowego (np. Dang et al., 2020). Brakuje
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jednak badan nad poprawg efektywnosci pracy systemow opartych na biofilmie poprzez rozwdj
w nich dodatkowej biomasy w postaci ktaczkéw osadu czynnego. Niniejsza dysertacja stanowi
probe uzupehienia wiedzy w przedmiotowym obszarze. W przeprowadzonym eksperymencie
wykorzystano sekwencyjny reaktor porcjowy pracujacy w czystej technologii ztoza
ruchomego. Wprowadzajac faze sedymentacji, umozliwiono rozwdj osadu czynnego bez
koniecznos$ci dodatkowego zewnetrznego zaszczepienia . Inokulum dla tworzenia si¢ ktaczkow
osadu czynnego stanowila w tym przypadku btona biologiczna odrywajaca si¢ od ruchomych
nosnikéw. Mimo ze obserwowane zjawisko, okreslane mianem =zaszczepiania, bylo juz
wczesniej dokumentowane w publikacjach dotyczacych reaktoréw hybrydowych, nigdy nie
zaobserwowano go od samego poczatku, czyli tworzenia osadu czynnego ,,0od podstaw”

bezposrednio z biofilmu.

W badaniach opisanych w P4 wykazano, ze niezaleznie od wariantu technologii zloza
ruchomego, w ktorej pracowat reaktor (czysta lub hybrydowa) oraz od zastosowanej strategii
napowietrzania, efektywno$¢ procesu nitryfikacji utrzymywata si¢ na poréwnywalnym
poziomie (96,32+1,94%). Wyniki analizy mikrobiologicznej sugeruja, ze o wysokiej
efektywnosci analizowanego procesu w duzej mierze decydowaty mikroorganizmy zdolne do
przeprowadzenia heterotroficznej nitryfikacji polaczonej z autotroficzng denitryfikacja
(HNAD). W probkach biomasy wykryto bowiem wysoka liczebno$¢ takich rodzajow bakterii
jak Pseudomonas (0-30%), Acinetobacter (0-53%), Rhodococcus (ok. 0,1%), Niabella (0-6%)
1 Bacillus (0-25%). Wielkosci ich populacji byly znacznie wyzsze niz autotroficznych bakterii
nitryfikacyjnych, ktorych liczebno$¢ w wigkszosci serii utrzymywata si¢ ponizej 1%. Wsrod
zidentyfikowanych w biomasie autotroficznych nitryfikatorow wystepowaty jedynie bakterie

z rodzajow Nitrosomonas, Nitrospira 1 Nitrosomonadaceae.

Podobnie jak w przypadku procesu nitryfikacji, analiza statystyczna nie wykazata
istotnych réznic w efektywnosci usuwania ze $ciekow zwigzkow organicznych wyrazonych
ChZT. Srednia warto$¢ tego wskaznika wynosita 96,96+0,83 %. W biomasie rozwijajacej sie
w reaktorze niezaleznie od warunkow technologicznych obserwowano obecnos¢ takich
mikroorganizméw jak Proteobacteria (gtownie z rodzaju Pseudomonas), Firmicutes (gléwnie
z rodzaju Bacillus), Actinobacteria i Bacteroidetes, ktore odpowiadaja za usuwanie zwigzkow

organicznych (Zhang i in., 2019).

Wyksztatcenie biomasy w postaci osadu czynnego przyczynilo si¢ natomiast do

zwigkszenia efektywnosci procesu denitryfikacji oraz biologicznej defosfatacji. W serii,

75



w ktorej trwalo wyksztatcenie osadu czynnego (el.s2.), efektywno$¢ wymienionych powyzej
procesoOw wzrosta odpowiednio z 79,43% (dzien 12, el.sl.) do 84,35% (dzien 48, el.s2.)
1z 35,0344,25% (el.sl.) do 87,32+3,64% (el.s2.). Uwaza si¢, ze biomasa w postaci osadu
czynnego sprzyja rozwojowi bakterii heterotroficznych, zapewniajgc im lepszy dostep do
substratow (Shao i in., 2017). Na sprawno$¢ analizowanych procesoéw mialy rowniez wplyw
zmiany wprowadzane w strategii napowietrzania. Wraz ze zwigkszeniem efektywnosci
usuwania zwigzkow N 1 P, w biomasie rozwijajacej si¢ w IFAS-MBSBBR, obserwowano
istotny wzrost ilo$ci bakterii z rodzaju Bacteroidetes. Mikroorganizmy te wskazywane sg jako
kluczowa grupa odpowiedzialna za przebieg procesow denitryfikacji oraz biologicznej
defosfatacji (Gao i in., 2020, Wu 1 in., 2021). Udziat ich populacji w stosunku do catkowitej

liczby bakterii wzrost 7,39-krotnie w osadzie czynnym i 4,21-krotnie w blonie biologiczne;j.

Chociaz efektywnos¢ nitryfikacji pozostawata na podobnym poziomie we wszystkich
seriach omawianego eksperymentu, sugerujac brak znaczacych zmian w aktywnosci
nitryfikator6w obecnych w systemie, testy porcjowe wykazaly zrdznicowang dynamike

utleniania azotu amonowego 1 azotu azotynowego.

W testach AUR, przeprowadzonych bezposrednio po wyksztalceniu biomasy w formie
zawieszonej, nie zaobserwowano znaczacych zmian w szybkosci utleniania azotu amonowego
przez mikroorganizmy zasiedlajace biofilm (el.s2.). Wartos¢ AOR-B zmienita si¢, gdy system
dzialal juz jako hybryda przy stalym stezeniu osadu czynnego przez 45 dni (el.s3.).
Zaobserwowano wowczas 1,34-krotne zmniejszenie AOR-B, z 6,558 mg N-NH} /g. ., - h
(el.s2.) do 4,893 mg N-NH} /g. mo. - h (el.s3.). Rownolegle w testach AUR, prowadzonych
dla osadu czynnego, wykazano 1,40-krotny wzrost szybkos$ci utleniania azotu amonowego.
WartoSci AOR-AS  zwigkszyla sie z 4,500 mgN-NHf/gcmo -h (el.s2). do
6,311 mg N-NH} /g 0. - h (el.s3.). Biorgc pod uwage znaczacg role gradientow stezeh tlenu
1 substratu w Srodowisku jakim jest biofilm, mozna przypuszcza¢, ze osad czynny zostal
wybrany jako $rodowisko bardziej sprzyjajace rozwojowi mikroorganizmow zdolnych do

utleniania azotu amonowego.

Wyksztatcenie biomasy w postaci osadu czynnego miato natomiast znaczacy wptyw na
aktywno$¢ bakterii utleniajacych azotyny do azotandéw zasiedlajacych biofilm. Swiadczyto
o tym ponad 2-krotne zwigkszenie wartosci NitOR-B (z 10,063 mg N-NO; /g5 m.o. - h (el.sl.)
do 21,829 mg N-NO; /g5 m.o. - h (el.s2.)). Po 45 dniowym okresie pracy reaktora jako systemu
hybrydowego NitOR-B ulegta zmniejszeniu, osiagajac poziom zblizony do tego, jaki
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obserwowano, gdy wuktad funkcjonowat w czystej technologii zloza ruchomego
(9,968 mg N-NO3 /g5 m.o. * h) (el.s3). Wartym przytoczenia spostrzezeniem jest roOwniez fakt,
ze w testach NitUR, przeprowadzonych bezposrednio po wyksztalceniu osadu czynnego,
uzyskano najwyzsza w catym eksperymencie wartos¢ NitOR-AS (4,164 mg N-NO3 /g5 m.o. * h)
(el.s2.).

W przeciwienstwie do wynikow, ktore uzyskano dla reaktora, ktory od samego poczatku
pracowat jako hybryda (eksperymenty nr 2 i 3, publikacje P2 i P3), na postawie badan
prowadzonych w ramach eksperymentu nr 4, nie mozna jednoznacznie wskaza¢ srodowiska,
w ktorym bakterie zdolne do utleniania azotu amonowego byty bardziej aktywne. W etapie 1.
biofilm stanowit $rodowisko, w ktorym mikroorganizmy te charakteryzowaly si¢ wyzsza
aktywnoscia (poza serig 3.). Warto§¢ AOR-B byla wyzsza od AOR-AS 1,46-krotnie w serii 2.,
1,22-krotnie w serii 4. 1 1,42-krotnie w serii 5. W etapie 2., w ktorym czas trwania podfaz bez
napowietrzania byt dwukrotnie wyzszy niz tych z napowietrzaniem, tendencja ta si¢ odwrdcita
1 warto$ci AOR byly kazdorazowo wyzsze dla osadu czynnym niz dla biofilmu. Najwicksza
réznice w wartosciach AOR dla rozpatrywanych form biomasy odnotowano, gdy czasy trwania
podfaz z i bez napowietrzania wynosity odpowiednio 2 min i 4 min (e2.s1.). Aktywnos¢ bakterii
zdolnych do utleniania azotu amonowego rozwijajacych si¢ w osadzie czynnym byta wowczas
prawie dwa razy wigksza niz AOB wystepujacych w biofilmie. Podobne zalezno$ci opisano
zarowno we wczesniejszych badaniach  wilasnych  (eksperyment nr 2  (P2)
1 eksperyment nr 3 (P3)), jak 1 w badaniach prowadzonych przez inne zespoty naukowe (m.in.
Zhang 1 in., 2016b). W zacytowanych pracach szybkos$¢ utleniania azotu amonowego byla

zawsze wyzsza w testach prowadzonych dla osadu czynnego.

Wydluzenie czasu trwania podfaz z napowietrzaniem z 20 min — R=1/2 (el.s3.) do
30 min — R=1/3 (el.s4.) spowodowalo, ze catkowity czas trwania podfaz bez napowietrzania
w jednym cyklu oczyszczania zostat skrocony ze 110 min do 70 min. Wbrew oczekiwaniom,
aktywno$¢ bakterii zdolnych do utleniania azotu amonowego wyznaczona dla obydwu
analizowanych form biomasy zmniejszyla si¢, a wprowadzone modyfikacje strategii
napowietrzania w wigkszym stopniu wptynety na mikroorganizmy zasiedlajace ktaczki osadu
czynnego. Warto$¢ AOR-AS zmalata 1,68-krotnie (z 6,311 mg N-NH} /g o - h (el.s3.) do
3,766 mg N-NHJ /g< mo. - h (el.s4.)), osiggajac zarazem najnizsza warto$¢ podczas catego
eksperymentu. W przypadku biofilmu odnotowano natomiast 1,06-krotne zmniejszenie
szybko$ci utleniania azotu amonowego (z 4,893 mgN-NHf/gc. -h(el.s3.) do
4,608 mg N-NH} /g< mo. - h (el.s4.)). Biorgc pod uwage, ze w kolejnej serii, po obnizeniu
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stezenia tlenu z 3,5 mg O»/1 (el.s4.) do 1,5 mg O2/1 (el.s5.), w testach AUR obserwowano
wzrost szybko$ci utleniania azotu amonowego dla osadu czynnego (1,11-krotny) i btony
biologicznej (1,29-krotny), mozna przypuszczaé, ze w biomasie rozwingly si¢ wowczas
bakterie zdolne do utleniania azotu amonowego, ktore preferuja nizsze wartosci stezenia tlenu.
Jednym z przedstawicieli tego typu mikroorganizméw sg bakterie Comammox (Roots 1 in.,
2019). W niniejszym badaniu spo$rod mikroorganizméw typu Comammox w probkach
biomasy pochodzacej z IFAS-MBSBBR wykryto rodzaj Nitrospira sp. Ich najwigksza
liczebnos¢ (10%) zaobserwowano w osadzie czynnym wilasnie w serii, w ktorej obnizono

stezenie tlenu (el.s5.).

W ramach eksperymentu nr 4, w etapie, w ktorym strategia napowietrzania zaktadata brak
zadanego poziomu stezenia tlenu w podfazach z napowietrzaniem i stalg warto$¢ R (R=2),
przeanalizowano wptyw trzech roéznych konfiguracji czaséw trwania podfaz z 1 bez
napowietrzania, tj. t}=2 min, t,=4 min; t;=8 min, t,=16 min; t;=16 min, t,=32 min. Stopniowe
wydluzanie czasu podfaz z i bez napowietrzania powodowato sukcesywny wzrost wartosci
AOR zarowno w testach prowadzonych dla osadu czynnego jak i1 dla blony biologiczne;.
Po przejsciu z t;=2 min i t=4 min (e2.sl.) na t;=8 min i t2=16 min (e2.s2.) wicksze zmiany
w aktywno$¢ bakterii zdolnych do utleniania azotu amonowego odnotowano w przypadku
biofilmu. AOR-B wzrosta woéwczas 1,94-krotnie (z 2,301 mgN-NHJ /gsmo -h do
4,473 mgN-NHJ /gsmo. - h)., podczas gdy AOR-AS tylko 1,15-krotnie. Dwukrotne
wydtuzenie czasoOw trwania podfaz z 1 bez napowietrzania (z t;=8 min i t;=16 min (e2.s2.) do
ti=16 min 1 ©=32 min (e2.s3.)) spowodowalo 1,29-krotny wzrost AOR-AS
(z 5,283 mg N-NH; /g< m.o. - h do 6,806 mg N-NHJ /g< mo. * h). Osad czynny charakteryzowat
si¢ wowczas najwyzsza wartoscig AOR w trakcie trwania calego eksperymentu. Aktywnos¢
mikroorganizméw zdolnych do utleniania azotu amonowego zasiedlajgcych biofilm

utrzymywatla si¢ natomiast na poroOwnywalnym poziomie.

Dla szybko$ci utleniania azotu azotynowego, analogiczne zmiany jak w przypadku AOR
obserwowano jedynie dla btony biologicznej. Czterokrotne wydtuzenie czaséw trwania podfaz
z 1 bez napowietrzania (z t;1=2 min i t2=4 min (e2.s1.) do t;=8 min 1 =16 min (e2.s2.))
spowodowato  1,17-krotny wzrost NitOR-B (z 9,288 mgN-NO3 /gsmo. -h do
10,863 mg N-NO;3 /8¢ m.o - h). Warto§¢ NitOR-B zwigkszyta si¢ rowniez 1,19-krotnie, gdy
wprowadzono napowietrzanie z czasami trwania podfaz z i bez napowietrzania wynoszacymi
odpowiednio t;=16 min i t©=32 min (e2.s3.). Dla osadu czynnego znaczaca rdznice

w wartosciach NitOR-AS w tym etapie eksperymentu odnotowano jedynie w pierwszym
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z analizowanych przypadkow. Wartos¢ NitOR-AS zmniejszyta si¢ 2,48-krotnie
22,883 mg N-NO3 /gsmo. - hdo 1,161 mg N-NO; /g5 m.o. - h.

Wyniki uzyskane w eksperymencie nr 4 wskazuja na duzy potencjat hybrydowych
reaktorow ze ztozem ruchomym jako rozwigzan pozwalajacych na zwigkszenie efektywnosci
biologicznego oczyszczania $ciekow. Potwierdzono, ze jednoczesne wystgpowanie biofilmu
i osadu czynnego w jednym reaktorze sprzyja wzrostowi bakterii autotroficznych
1 heterotroficznych, co prowadzi do intensyfikacji usuwania azotu i1 fosforu oraz skutecznej
eliminacji zwigzkow wegla organicznego. Udokumentowano rowniez, ze strategia
napowietrzania realizowana przy zalozeniu, ze czas trwania podfaz z napowietrzaniem bedzie
dwukrotnie nizszy niz ten bez napowietrzania moze w znacznym stopniu zwigkszy¢ aktywnos$¢
bakterii nitryfikacyjnych rozwijajacych si¢ w postaci ktaczkow osadu czynnego i1 biofilmu

prowadzac jednoczes$nie do znacznego skrocenia czasu trwania podfaz z napowietrzaniem.

5.3. Zagadnienie nr 3: Wplyw strategii napowietrzania na zuzycie energii elektrycznej na
napowietrzanie

Zakres przeprowadzonych badan obejmowal rowniez analize¢ i ocen¢ wptywu réznych
wariantow strategii napowietrzania na zuzycie energii elektrycznej niezbgdnej do tego procesu
(Eo). Wyniki badan opisano w publikacjach: ,,Nitrification kinetics, N>O emission, and energy
use in intermittently aerated hybrid reactor under different organic loading rates”
(International Journal of Environmental Science and Technology, 2023 — P3) oraz ,,Enhancing
wastewater treatment efficiency: A hybrid technology perspective with energy-saving

strategies” (Bioresource Technology, 2024 — P4).

Jak wskazano we wprowadzeniu do niniejszej dysertacji, zagadnienie to jest niezwykle
istotne z uwagi na fakt, ze proces nitryfikacji wymaga energochtonnego napowietrzania, ktore
stanowi az 50-75% wydatku energetycznego catej oczyszczalni $ciekow (Luo i in., 2019).
Warto podkresli¢, ze niewtasciwy dobdr parametrow strategii napowietrzania moze prowadzi¢
do strat energii siggajacych nawet 40% calkowitego zuzycia energii w procesie oczyszczania
scieckow. To z kolei znaczaco wplywa na koszty eksploatacyjne calego przedsiebiorstwa
(Foladori i in., 2015). W literaturze przedmiotu naprzemienne napowietrzanie wymieniane jest
jako jedno z rozwigzan minimalizujacych zuzycie energii niezbednej do dostarczenia
wymaganej ilosci tlenu w celu usunigcia ze $ciekéw wymaganego tadunku zanieczyszczen.
Temat ten jest nadal niewystarczajaco zbadany, szczegoélnie w kontekScie reaktorow
wykorzystujacych hybrydowa technologie ztoza ruchomego. Celem niniejszych badan byto

wypetnienie tej luki. Uwaza si¢ bowiem, ze jednym z gléwnych wyzwan tego rozwigzania
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technologicznego, ograniczajacym zarazem jego zastosowanie, jest wyzsze zuzycie energii na
napowietrzanie w porownaniu do systemow wykorzystujacych technologi¢ osadu czynnego

(Singh i in., 2017).

W badaniach opisanych w P3 poréwnano zuzycie energii elektrycznej dla dwoéch
wariantow naprzemiennego napowietrzania. Charakteryzowaly si¢ one warto$ciami R na
poziomie 1/3 (ti=30min, t2=10min; s.1.) 1 1/2 (t;= 20min, t=10min; s.2. i s.4.) oraz statym
zadanym poziomem st¢zenia tlenu w podfazach z napowietrzaniem wynoszacym 1,5 mg Oo/1

(Tabela 5.2.).

Tabela 5.2. Zuzycie energii elektrycznej na napowietrzanie (Eo) i efektywno$¢ procesu
nitryfikacji w zalezno$ci od zastosowanej strategii napowietrzania — wyniki zaprezentowane
w publikacji P3

Strategia napowietrzania Zuzycie energii
- lekt j Efekt §¢
T Oznaczenie  Cza4 trwania podfaz Stezenie O - ?:me] : m};v‘:'snl:) *
P serii z (tr) i bez (t2) W podfazach Lo Prosest
reaktora . . K z napowietrzanie nitryfikacji
badawczej napowietrzania . . o
R=t/ t1 napowietrzaniem Eo (%)
(mg O2/1) (KWh/Kkg)
Napowietrzanie
IFAS- seria 1 NAPRZEMIENNE 2,04+0,04 89,80+4,34
R=1/3
hybrydowa o 1,5
technologia seria 2 Napowietrzanie 2,38+0,06 88,2145,58
ztoza (s:2) NAPRZEMIENNE
ruchomego se(ri'cz ;1* b= 20?3’1?;1 Omin; 2,310,04 89,842, 13
. =

*Dwie wskazane serie charakteryzowaly si¢ identycznymi zatozeniami technologicznymi pracy IFAS-MBSBBR.
Pomiedzy wskazanymi seriami wystapit 68 dniowy okres, w ktérym obciazenie reaktora tadunkiem zwigzkow
organicznych i azotem zmniejszono o 1/4 poprzez ograniczenie ilosci Sciekoéw doptywajacych do uktadu. Zmiany
te byly spowodowane wybuchem pandemii Covid-19 i koniecznoscig dostosowania pracy w laboratorium do
wprowadzonych wowczas ograniczen.

Wyniki analizy statystycznej wykazaty brak istotnych roéznic w efektywnosci procesu
nitryfikacji dla obu analizowanych przypadkow. Stwierdzono, Ze skrocenie czasu trwania
podfaz z napowietrzaniem z 30 min do 20 min nie prowadzi do zmniejszenia zuzycia energii,
pomimo, ze ich catkowity czas trwania zmniejszyt si¢ z 780 min do 690 min. Czas pracy
dmuchaw wzrést bowiem o ok. 15%, co zwigkszylo koszty operacyjne zwigzane ze zuzyciem
energii elektrycznej o ok. 14-15% w skali catego roku. Mozna przypuszczaé, ze obserwowany
wzrost czasu pracy dmuchaw wynikal ze zwigkszonego zapotrzebowania na tlen przez
mikroorganizmy prowadzace proces nitryfikacji. Uzyskane wyniki pozwolilty na
sformutowanie wniosku, ze w systemach z naprzemiennym napowietrzaniem, gdzie dziatanie

dmuchaw jest kontrolowane zardwno przez warto$¢ R, jak 1 zadane stezenie tlenu (taki system
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sterowania jest zazwyczaj stosowany Ww oczyszczalniach $ciekow), skrocenie czasu

napowietrzania nie zawsze prowadzi do oszczednos$ci energetycznych.

W publikacji P4, poza analizg zuzycia energii elektrycznej (Eo) dla r6znych wariantow
strategii napowietrzania (R=1/2 i DO=3,5 mg O»/1; R=1/3 i DO=3,5 mg O/l; R=1/3
1 DO=1,5 mg O/l; R=2 bez zadanego st¢zenia tlenu), przedstawiono rowniez wyniki badan nad
wpltywem wyksztatcenie biomasy w postaci osadu czynnego na warto$¢ Eo (przej$cie z reaktora
MBSBBR na IFAS-MBSBBR). Warto podkresli¢, ze wprowadzane zmiany nie mialy wptywu

na uzyskiwang efektywnos¢ procesu nitryfikacji (Tabela 5.3.).

Tabela 5.3. Zuzycie energii elektrycznej na napowietrzanie (Eo) i efektywno$¢ procesu
nitryfikacji w zalezno$ci od zastosowanej strategii napowietrzania — wyniki zaprezentowane
w publikacji P4

Strategia napowietrzania Zuzycie energii Efektywnosé
Czas trwania podfaz Stezenie Oz elektr yezney procesu
Typ reaktora z (1) i. bez (tz.) w po(.jfazach. z na napowietrzanie nitryfikacii
napowietrzania napowietrzaniem Eo (%)
R=t:/ t; (mg 02/1) (KWh/kg) °
MBSBBR Napowietrzanie
czysta technologia NAPRZEMIENNE 4,14+0,03 96,25+2,90
ztoza ruchomego t;=20min, t,=10min; R=1/2
Napowietrzanie
NAPRZEMIENNE 3,5 3,09+0,04 96,90+1,69
t;=20min, t;=10min; R=1/2
Napowietrzanie
NAPRZEMIENNE 3,95+0,07 96,12+1,77
t;=30min, t,=10min; R=1/3
Nepowlcrzanie 1,5 2,81+0,06 96,43+1,78
NAPRZEMIENNE > ,81£0, A3l
IFAS-MBSBBR 3 0min, t,=10min; R=1/3
hybrydowa
technologia ztoza . .
Napowietrzanie
ruchomego NAPRZEMIENNE 2,18+0,07 97,02+1,46
t;=2min, t,=4min; R=2
Napowietrzanie Bez zadanego
NAPRZEMIENNE 2,22+40,08 95,9242 .49

t;=8min, t,=16min; R=2 stezenia tlenu

Napowietrzanie
NAPRZEMIENNE 2,20+0,03 95,43+2,54
t;=16min, t;=32min; R=2
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Analizujagc dane uzyskane dla reaktora IFAS-MBSBBR stwierdzono, ze wraz
z obnizaniem zadanego poziomu st¢zenia tlenu z 3,5 mg O2/1 do 1,5 mg O2/1, bez wprowadzania
zmian w wartos$ci R (R=1/3), nastgpito 1,40-krotne skrocenie czasu pracy dmuchaw. W efekcie
uzyskano 29% zmniejszenie warto$ci Eo. W przypadku, gdy IFAS-MBSBBR pracowal bez
zadanego poziomu stezenia tlenu, a czas trwania podfaz bez napowietrzania byl dwukrotnie
wyzszy niz tych z napowietrzaniem, R=2 (=2 min, t;=4 min; t;=8 min, t,=16 min; t;=16 min,
t2=32 min), zuzycie energii elektrycznej na napowietrzanie zmniejszylo si¢ srednio o 22%,
w poréwnaniu do wartosci Eo okreslonej dla wariantu z R=1/3 1 DO= 1,5 mg O»/I. Najnizsze
zuzycie energii (2,18+0,07 kWh/kg, Tabela 5.3.) odnotowano dla czasu trwania podfaz z i bez
napowietrzania wynoszacych odpowiednio 2 min i 4 min. Warto podkresli¢, ze warto$¢ ta jest
prawie 2-krotnie nizsza od maksymalnej warto$ci Eo okre$lonej w przeprowadzonych

badaniach (uzyskanej dla reaktora pracujacego w czystej technologii ztoza ruchomego).

Z przeprowadzonych badan wynika, ze zaréwno hybrydowa technologia ztoza
ruchomego, jak i odpowiednie modyfikacje strategii napowietrzania, prowadza do znaczacych
oszczgdnosci energetycznych. Uzyskane wyniki wskazuja na wysoki potencjat systemow

hybrydowych w konteks$cie zrownowazonego zarzadzania zasobami energetycznymi.

5.4. Zagadnienie nr 4: Wplyw temperatury na szybko$¢ poszczegélnych etapow procesu
nitryfikacji

Kolejnym zagadnieniem badawczym podjetym w dysertacji byto okreslenie wplywu
temperatury na szybkos$¢ poszczegélnych etapow procesu nitryfikacji, tj. utleniania azotu
amonowego 1 utleniania azotu azotynowego. Byt to glowny watek artykutu pt. ,,Activated
sludge vs. biofilm — effect of temperature on ammonia and nitrite oxidation rate in the hybrid
reactor” opublikowanego w czasopiSmie Desalination and Water Treatment (2023; P5).
Badania przeprowadzono dla hybrydowej technologii zloza ruchomego w ramach

eksperymentu nr 5.

Pomimo Ze rozwigzanie technologiczne, jakim sg reaktory wykorzystujace hybrydowsa
technologi¢ ztoza ruchomego, znajduje coraz szersze zastosowanie w oczyszczalniach sciekow,
to dostepnos¢ informacji dotyczacych wptywu gwattownych spadkéw temperatury na przebieg
jednostkowych proceséw usuwania zanieczyszczen w tych systemach jest nadal ograniczona.
Warto przy tym podkresli¢, ze zagadnienie to jest niezwykle istotne, gdyz proces nitryfikacji
uwazany jest za jeden z najbardziej wrazliwych na temperatur¢ etapéw biologicznego

oczyszczania $ciekéw. Niska temperatura wptywa na tempo metabolizmu drobnoustrojow,
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w wyniku czego obserwowany jest spadek wydajnosci i szybko$ci procesu utleniania azotu

amonowego (Hiilsen i in., 2016).

W badaniach wtasnych poréwnano wptyw gwattownego spadku temperatury na szybkos$¢
poszczegbdlnych etapow procesu nitryfikacji w systemie hybrydowym. Porcjowe testy
szybko$ci utleniania azotu amonowego i szybko$ci utleniania azotu azotynowego zostaty
przeprowadzone dla dwoch temperatur, 20°C 1 12°C, w trzech wariantach r6znigcych si¢ forma,
w jakiej rozwinigta byta biomasa, tj. dla osadu czynnego (AS), btony biologicznej rozwini¢tej
na ruchomych no$nikach (B) oraz ich potaczenia — hybrydy (H) (Tabela 5.4.). Ponadto, w celu
identyfikacji bakterii nitryfikacyjnych zasiedlajacych osad czynny i blon¢ biologiczna,
przeprowadzono sekwencjonowanie nowej generacji. Podobnie jak w poprzednich
podrozdziatach, ponizej zawarto najwazniejsze obserwacje omoéwione we wskazanej powyzej
publikacji.

Tabela 5.4. Wartosci szybko$ci utleniania azotu amonowego 1 szybko$ci utleniania azotu
azotynowego przy 20°C 1 12°C w zaleznos$ci od formy w jakiej rozwija si¢ biomasa

Forma Pierwsze powtorzenie Drugie powtorzenie
Wskaznik . (I powt.) (IT powt.)
biomasy

20°C 12°C 20°C 12°C

Szybko$¢ utleniania AS 4,555 3,543 2,887 1,249
azotu amonowego

(AOR) 1,733 0,750 1,504 0,937

(mg N-NH; /85 m.o. " h) H 4234 1,880 1,828 0,936

Szybko$¢ utleniania AS 2,516 1,847 1,960 1,071
azotu azotynowego

(NitOR) B 7,024 4,551 6,778 3,223

(mg N-NO3 /8s.m.0. h) H 6,128 4,074 3,641 1,922

AS — osad czynny, B — btona biologiczna, H — hybryda (osad czynny + btona biologiczna).

Wyniki sekwencjonowania wykazaly obecnos$¢ nitryfikatorow w obu formach biomasy
rozwijajacych si¢ w IFAS-MBSBBR. Wsrod bakteriit AOB najliczniejszy byt rodzaj
Nitrosomonas (45,94%-100%), natomiast wsréd NOB Nitrospira (83,14-99,61%). Ponadto, we
wszystkich badanych probkach, liczebno$¢ bakterii NOB byla znacznie wyzsza niz AOB,
w przeciwienstwie do teoretycznego modelu termodynamicznego, ktory zaklada, ze AOB
powinny by¢ grupg dominujacg. Warto jednak podkresli¢, ze wigkszos¢ NOB stanowily
Nitrospira. Mikroorganizmy te, oprocz zdolnosci do utleniania azotu azotynowego, moga
charakteryzowac¢ si¢ mozliwoscig utleniania azotu amonowego do azotu azotanowego (Daims

1in., 2015; van Kessel i in., 2015).
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Na podstawie wynikéw uzyskanych w testach porcjowych stwierdzono, ze forma
w jakiej rozwija si¢ biomasa w uktadach hybrydowych, ma istotny wptyw na aktywnos¢
mikroorganizméw zdolnych do utleniania azotu amonowego i azotu azotynowego (Tabela 5.4.).
Odnotowane roznice w reakcji bakterii zasiedlajgcych poszczegdlne formy biomasy na
gwaltowne wahania temperatury maja kluczowe znaczenie dla projektowania i eksploatacji
hybrydowych systemow oczyszczania Sciekow, szczegodlnie w kontek$cie sezonowej

zmiennos$ci temperatur.

W wyniku gwattownego spadku temperatury z 20°C na 12°C aktywno$¢ bakterii
zdolnych do utleniania azotu amonowego zasiedlajacych ktaczki osadu czynnego zmniejszyta
si¢ 0 22% (I powt.) 10 57% (II powt.) (Tabela 5.4.). Znaczne zmniejszenie szybkosci utleniania
azotu amonowego po obnizeniu temperatury w testach prowadzonych dla osadu czynnego
odnotowali rowniez Gnida 1 in. (2016). W badaniach wiasnych wykazano réwniez, ze szybkos¢
utleniania azotu amonowego przez mikroorganizmy rozwinigte w IFAS-MBSBBR
w formie osadu czynnego przy 12°C byla o 14% nizsza niz przewidywana na podstawie
wspotczynnikow  korekcji temperatury podanych dla osadu czynnego przez Hwang
i Oleszkiewicza (2007) (6=1,072-1,127). Odnotowane rdéznice sktonity do wyznaczenia
warto$ci wspolczynnika korekcji temperatury na podstawie wynikéw badan wiasnych.
Wykorzystujac rownanie Arrheniusa (4.11.) warto$§¢ wspotczynnika korekcji temperatury dla
osadu czynnego rozwijajacego si¢ w reaktorze hybrydowym wyniosta 1,032. Wartos¢ ta jest
1,04-krotnie nizsza od dolnej granicy zakresu wartoéci © podanego przez Hwang

1 Oleszkiewicza (2007).

Zgodnie z doniesieniami literaturowymi, w przypadku reaktorow pracujacych w czystej
technologii ztoza ruchomego, wspotczynnik korekcji temperatury dla btony biologicznej waha
si¢ od 1,023 do 1,081 (wartos¢ $rednia 1,058) (Salvetti 1 in, 2006). W badaniach wtasnych
warto§¢ AOR-B wyznaczona dla temperatury 12°C byla o 32% nizsza (I powt.) od
przewidywanej po zastosowaniu S$redniej wartosci wspotczynnika korekcji temperatury
zaproponowanego przez cytowanych autorow, a w drugim powtdrzeniu byly one niemal
identyczne. Wspotczynnik korekcji temperatury, obliczony na podstawie danych uzyskanych
w przeprowadzonym eksperymencie, wyniost 1,110. Warto$¢ ta jest nieco wyzsza od gornej

granicy zakresu warto$ci analizowanego wspotczynnika zaproponowanego w literaturze.

Na podstawie przeprowadzonych badan wykazano roéwniez, ze bakterie NOB

zasiedlajace biofilm byty bardziej wrazliwe na nagly spadek temperatury z 20°C do 12°C niz
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te wystepujace w osadzie czynnym. Réznice, w odnotowanych po obnizeniu temperatury
warto$ciach NitOR-B, byty 1,32-krotnie (I powt.) i 1,16-krotnie (II powt.) wyzsze niz réznice
w wartosciach NitOR-AS. W przypadku biofilmu uwaza si¢, ze gwaltowne obnizenie
temperatury moze powodowacé zaktdcenia w podstawowych funkcjach komoérkowych
spowalniajgc tym samym proces nitryfikacji. Dzieje si¢ tak na skutek zaburzenia mechanizméw
transkrypcji 1 translacji, przez co btona biologiczna staje si¢ bardziej ,,sztywna”.
W konsekwencji zmniejsza si¢ absorbcja substratow 1 ograniczany jest ich transport wewnatrz

btony (Phadtare i Severinov, 2010; Barria i in., 2013; Ahmed i in., 2019).

Podczas testoéw prowadzonych dla wariantu hybrydowego (w reaktorze testowym
jednoczes$nie wystepowata biomasa w formie osadu czynnego i btony biologicznej), gwattowne
obnizenie temperatury powodowalo wigksze zmiany w aktywno$ci bakterii zdolnych do
utleniania azotu amonowego niz tych utleniajacych azotyny do azotanéw. AOR-H wyznaczona
dla T=12°C byta 0 56% (I powt.) i 0 49% (Il powt.) nizsza od okres$lonej dla T=20°C. Wartosci
NitOR-H zmniejszyty si¢ natomiast o 34% (I powt) 1 o 47% (I powt.).
Na podstawie uzyskanych wynikow wyznaczono wspotczynnik korekcji temperatury dla
reaktora hybrydowego. Dla pierwszego powtorzenia przedmiotowego eksperymentu jego
warto$¢ wyniosta 1,107, a dla drugiego 1,087. Otrzymane warto$ci © r6znig sie od okre§lonych
dla osadu czynnego przez Hwang i Oleszkiewicz (2007) jedynie o 1,4% 1 1,8%. Poréwnujac je
z warto$ciami uzyskanymi przez Salvetti 1 in. (2006) dla btony biologicznej, daje si¢ zauwazyc¢,
ze byly one o 6,3% 1 2,4% wyzsze. Na tej podstawie mozna przypuszczac, ze w ukladzie
hybrydowym wigksze znaczenie maja mikroorganizmy nitryfikacyjne rozwijajace si¢
w klaczkach osadu czynnego niz te wystgpujace w biofilmie. Warto réwniez podkresli¢, ze
dotychczas Zzaden zesp6l badawczy nie podjat si¢ proby wyznaczenia warto$ci wspotczynnika
korekcji temperatury dla tego typu uktadow. Jak wspomniano na wstegpie niniejszego rozdziatu,
zagadnienie to jest niezwykle istotne z praktycznego punktu widzenia, szczegélnie przy

rosngcym zainteresowaniu eksploatatorow oczyszczalni $ciekow uktadami hybrydowymi.

5.5. Zagadnienie nr 5: Wplyw modyfikacji parametrow pracy reaktora na przebieg
i efektywnos$¢ procesu nitryfikacji. Przeksztalcenie hybrydowego reaktora ze zlozem
ruchomym (IFAS-MBSBBR) do zintegrowanego usuwania zwigzkow wegla, azotu
i fosforu w glownym ciagu oczyszczania Sciekow na nitryfikacyjny reaktor pracujacy
w czystej technologii zloza ruchomego (MBSBBR) w warunkach ciagu bocznego

W ramach ostatniego z zagadnien badawczych podjetych w dysertacji analizowano
aktywno$¢ 1 liczebno$¢ poszczegodlnych grup mikroorganizmow nitryfikacyjnych podczas

sukcesywnych zmian wprowadzanych w pracy reaktora IFAS-MBSBBR symulujacego
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oczyszczanie $ciekow w gtownym ciagu technologicznym, ktorych celem byto przeksztatcenie
tego ukladu w reaktor nitryfikacyjny symulujacy oczyszczanie $ciekdéw w ciggu bocznym
(eksperyment nr 6). Istotnym elementem poznawczym tej cze¢sci pracy byly rowniez badania
nad wptywem formy, w jakiej biomasa rozwija si¢ w reaktorach ze ztozem ruchomym, na
wystgpowanie i liczebno$¢ bakterii Comammox, z uwzglednieniem relacji pomigdzy tymi

mikroorganizmami a kanonicznymi nitryfikatorami.

Eksperyment nr 6 trwal 338 dni. Rozpoczeto go w hybrydowym reaktorze ze ztozem
ruchomym zapewniajacym zintegrowane usuwanie ze §ciekow zwigzkéw wegla organicznego,
azotu 1 fosforu (badania prowadzono w uktadzie, w ktérym wcze$niej wykonywano
eksperyment nr 2 1 3). Poprzez stopniowe obnizanie obcigzenia reaktora tadunkiem zwigzkoéw
organicznych (etap 1.), zwigkszenie temperatury (etap 2.), a nastgpnie zwigkszenie obcigzenia
reaktora tadunkiem azotu (etap 3.) wuzyskano reaktor nitryfikacyjny zapewniajacy
wysokosprawne usunigcie ze §cickow azotu amonowego. Wprowadzane zmiany spowodowatly,
ze w reaktorze zaczgly dominowad¢ mikroorganizmy rozwijajace si¢ w postaci btony
biologicznej na ruchomych nosnikach. Uzyskano zatem reaktor pracujacy w czystej technologii
ztoza ruchomego. Wyniki przedmiotowego eksperymentu zaprezentowano w artykule
pt. ,,Changes in the activity and abundance of canonical nitrifiers and Comammox bacteria
during stream switching: Shifting from a mainstream hybrid reactor for C, N, and P removal to
a sidestream biofilm nitrification reactor” opublikowanym w czasopi$mie Journal of Water

Process Engineering (2023; P6).

5.5.1.Zmiany aktywnoSci i liczebnosci poszczegolnych grup mikroorganizmow
nitryfikacyjnych w odpowiedzi na zmiany parametrow technologicznych pracy
reaktora

Stopniowe zmniejszanie obcigZenia reaktora tadunkiem zwigzkow organicznych — etap 1.

Wraz z obnizaniem obcigzenia reaktora ladunkiem zwigzkéw organicznych (OLR)
z 554gChZT/m3-d do 384 gChZT/m3-d aktywno$¢ bakterii nitryfikacyjnych
zasiedlajacych klaczki osadu czynnego zmalala. Warto§¢ AOR-AS zmniejszyla si¢
1,26-krotnie (z 8,061 mg N-NH} /gs 1m0 * h do 6,375 mg N-NH} /g. 0 - h), a w tescie NitUR
odnotowano 1,75-kronty spadek wartosci NitOR-AS (z 4,868 mgN-NO;/g8smo. h
do 2,789 mg N-NO3 /gsm.o - h). Rownolegle analiza wynikéw qPCR wykazata, ze czestos$¢
wystgpowania NOB 1 bakterii Comammox zmniejszyta si¢ odpowiednio 3,01-krotnie
i 1,25-krotnie, podczas gdy liczba bakterii AOB wzrosta 1,69-krotnie. Uzyskane wyniki

sugeruja, ze mimo zwiekszenia wielkosci populacji kanonicznych bakterii utleniajacych azot
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amonowy (AOB), na obserwowany spadek warto§ci AOR-AS moglo wptynag¢ zmniejszenie
populacji bakterii Comammox. W przypadku btony biologicznej nie odnotowano natomiast
znaczacych zmian w wartosciach AOR 1 NitOR. Obnizenie OLR spowodowato natomiast, ze
liczebno§¢ wszystkich analizowanych grup nitryfikatorow w biofilmie wzrosta. Wartosci
czestosci wystgpowania AOB, NOB 1 bakterii Comammox zwickszyly si¢ odpowiednio

1,15-krotnie, 2,19-krotnie i1 1,24-krotnie.

Dalsze obnizanie wartosci OLR skutkowato wzrostem szybkosci utleniania azotu
amonowego prowadzonego przez mikroorganizmy zasiedlajace zarowno btong biologiczng jak
i klaczki osadu czynnego. Po zmniejszeniu OLR z 384 g ChZT/m3 -d do 213 g ChZT/m3 - d
wartosci AOR-B 1 AOR-AS zwigkszyly si¢ odpowiednio 2,26-krotnie 1 1,63-krotnie.
Roéwnolegle w biofilmie odnotowano wowczas 1,47-krotny spadek liczebnosci bakterii AOB,
natomiast w osadzie czynnym wielkosc¢ ich populacji zwigkszyta si¢ 1,12-krotnie. W obydwu
analizowanych $rodowiskach wzrosta rdwniez czgstos¢ wystgpowania bakterii Comammox,
odpowiednio 1,20-krotnie w btonie biologicznej i 1,46-krotnie w osadzie czynnym. W biofilmie
bakterie Comammox staty si¢ wowczas dominujacg grupa mikroorganizméw zdolnych do
utleniania azotu amonowego i mozna przypuszczaé, ze to wiasnie ich obecnosci przypisywac
mozna zwigkszong szybko$¢ utleniania azotu amonowego. Zmniejszenie wartosci OLR do
213 g ChZT/m3 - d spowodowalo réowniez 2,25-krotny wzrost aktywnoéci bakterii NOB
zasiedlajacych ktaczki osadu czynnego 1 1,18-krotne obnizenie aktywnosci tych
mikroorganizmoéw wystepujacych w btonie biologicznej. Co ciekawe, w badaniach qPCR
wykazano, ze czgsto$¢ wystepowania bakteriit NOB w osadzie czynnym zmniejszyta si¢

2,90-krotnie, podczas gdy w biofilmie wzrosta 1,50-krotnie.

Po catkowitym wyeliminowaniu zwigzkéw organicznych ze §ciekow doptywajacych do
reaktora szybko$ci utleniania azotu amonowego okre§lone dla osadu czynnego i btony
biologicznej wzrosty jeszcze odpowiednio 2,41-krotnie i 1,26-krotnie. W biofilmie odnotowano
wowczas spadek czgstoSci wystepowania zarowno AOB (1,62-krotny) jak 1 bakterii
Comammox (1,50-krotny), podczas gdy w osadzie czynnym 1,15-krotnie zmniejszyta si¢
jedynie populacja AOB. Liczebno$¢ bakterii Comammox w ktaczkach osadu czynnego wzrosta
wowczas 2,32-krotnie 1 tak jak w biofilmie mikroorganizmy te staly si¢ dominujaca grupa
zdolng do utleniania azotu amonowego. Rownolegle odnotowano rowniez 1,19-krotny wzrost
warto$ci NitOR dla btony biologicznej, mimo Ze wielko$¢ populacji bakterii NOB w tym

srodowisku zmniejszyta si¢ prawie 1,80-krotnie. Warto podkresli¢, ze prawie 10-krotnemu
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zwigkszeniu czgsto$ci wystgpowania bakterii NOB w osadzie czynnym nie towarzyszyta

znaczgca zmiana w wartosciach NitOR-AS.

Dla wszystkich analizowanych powyzej warunkoéw pracy reaktora uzyskiwano

analogiczng efektywnos¢ procesu nitryfikacji.

Istotne jest rowniez, ze w wyniku catkowitego usuni¢cia zwigzkéw organicznych ze
sciekéw doplywajacych do reaktora odnotowano znaczny ubytek ilo$ci osadu czynnego.
Dominujacg formg biomasy w ukladzie stala si¢ btona biologiczna. W kolejnych etapach
eksperymentu nr 6 biomasa w reaktorze rozwijata si¢ wytacznie w postaci biofilmu
porastajagcego ruchome nos$niki, co jest charakterystyczne dla czystej technologii ztoza

ruchomego.
Zwigkszenie temperatury — etap 2.

W drugim etapie badawczym, aby zasymulowaé warunki panujace w bocznym ciggu
technologicznym, stopniowo zwigkszano temperatur¢ w nitryfikacyjnym reaktorze MBSBBR
z 20°C do 30°C. Podczas analizowanego etapu przeprowadzono dwie serie testow porcjowych
AUR 1 NitUR, odpowiednio po 7 i 14 dniach od uzyskania zadanego poziomu temperatury.
Wyniki tych badan pokazuja, ze po 7 dniach pracy nitryfikacyjnego MBSBBR
w temperaturze 30°C aktywno$¢ bakterii zdolnych do utleniania azotu amonowego i tych
utleniajacych azotyny do azotandéw zmniejszyta si¢, odpowiednio 1,33-krotnie i1 1,46-krotnie,
w stosunku do warto$ci wyznaczonych na poczatku etapu 2 (T=20°C). Warto§¢ AOR zmalata
z 9994 mgN-NHf/g.mo-h do 7,535 mgN-NHf/gsmo -h, natomiast NitOR
z 18527 mgN-NHf/gsmoh do 12,671 mgN-NHf/gsmo -h. Rownolegle
w badaniach mikrobiologicznych wykazano zmniejszenie czgstoSci wystgpowania bakterii
Comammox 1 NOB, natomiast liczba kanonicznych bakterii AOB wbrew oczekiwaniom
wzrosta 2,20-krotnie. Obserwacje te moga Swiadczy¢ o tym, ze to nitryfikatory zdolne do
przeprowadzenia petnej nitryfikacji moglty woéwczas w wigkszym stopniu odpowiadaé za
utlenianie azotu amonowego, a zmniejszenie liczebnosci ich populacji w istotny sposob
wptyneto na spadek wartosci AOR. Za sluszno$cig tej tezy przemawiajag wyniki testow
przeprowadzonych po 14 dniach od zwigkszenia temperatury do 30°C. Zaobserwowano
wowczas 1,54-krotny wzrost wartosci AOR przy jednoczesnym 2,68-krotym spadku czgstosci
wystgpowania AOB 1 1,23-krotnym wzroscie liczebnos$ci populacji bakteriit Comammox. Nie
odnotowano natomiast znaczacych zmian w warto$ciach NitOR, cho¢ czgstos¢ wystepowania

NOB zwigkszyta si¢ 1,80-krotnie. Warto jednak zaznaczy¢, ze startery PCR stosowane do
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okreslenia czgstosci wystepowania NOB, wykrywaja rowniez bakterie Comammox.
Odnotowany wzrost czgstosci wystepowania NOB mogl by¢ zatem spowodowany

wystepowaniem mikroorganizmow utleniajacych azot amonowy do azotu azotanowego.
Stopniowe zwigkszanie obcigZenia reaktora tadunkiem azotu — etap 3.

7 przeprowadzonych badan wynika, ze stopniowe zwigkszanie obcigzenia
nitryfikacyjnego reaktora MBSBBR tadunkiem azotu (NLR) miato wigkszy wplyw na
aktywno$¢ NOB niz AOB. Warto$¢ NitOR zwigkszata bowiem sukcesywnie wraz ze
wzrostem NLR. Gdy NLR podniesiono z 77 g N/m3 - d (seria 1.) do 108 g N/m3 - d (seria 2.)
analizowana warto§¢ wzrosta 1,90-krotnie (z 15,012 mgN-NO3 /gsmo h do
28,458 mg N-NO; /85 m.o. - h). Wyniki qPCR wykazaly wéwczas ponad 3,30-krotny wzrost
czgstosci  wstepowania bakterii NOB. W kolejnych seriach po zwigkszeniu NLR
do 131 gN/m3-d (seria 3.) i do 172 gN/m3-d (seria 4.), wartoSci NitOR zwickszyly
si¢ odpowiednio 1,10-krotnie (do 31,182 mgN-NO;/gsmo -h) 1 1,19-krotnie
(do 37,251 mg N-NO3 /g m.o. - h). Pomimo obserwowanego wzrostu szybkosci utleniania
azotu azotynowego liczebno$¢ bakterii NOB w kolejnych seriach malata, co sugeruje, ze NOB,
ktére wystepowaty w reaktorze w serii 4. charakteryzowaty si¢ wyzsza aktywnos$cia od NOB
obecnych w serii 1. Mimo wzmozone]j aktywnos$ci bakterii utleniajacych azotyny, warunki

panujace woéwczas w MBSBBR musiaty by¢ czynnikiem hamujacym ich dalszy rozwoj.

Prowadzac analogiczng analize, ale w odniesieniu do szybkosci utleniania azotu
amonowego, stwierdzono, ze jedyna znaczaca zmiana wartosci tego wskaznika wystapita po
zwiekszeniu NLR z 77 gN/m3-d (seria 1.) do 108 g N/m3 -d (seria 2.). AOR wzrosta
wowczas 1,40-krotnie, z 11,308 mg N-NHJ /g< mo - h do 15,810 mg N-NH /g< mo. - h. Na

zblizonym poziomie pozostala juz do konca eksperymentu.

Analiza uzyskanych wynikow wykazata réwniez, ze w trakcie trzech pierwszych serii
etapu 3. efektywnos$¢ procesu nitryfikacji utrzymywata si¢ na zblizonym poziomie, a jej $rednia
warto§¢ wynosita 94,76+2,79%. Pozwalalo to na uzyskanie $redniego st¢Zenia azotu
amonowego w oczyszczonych Sciekach na poziomie 0,98+1,30 mg N-NHj /1. Po zwigkszeniu
obcigzenia reaktora tadunkiem azotu do 172 g N/m3 - d efektywno$¢ analizowanego procesu
zmniejszyta si¢ do 82,91£11,47% (seria 4.). Stgzenie azotu amonowego w S$ciekach

oczyszczonych wynosito wowczas $rednio 20,36+16,82 mg N-NH /1.
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Wraz ze wzrostem stezenia azotu amonowego w Sciekach oczyszczonych odnotowano
roéwniez znaczacy wzrost kumulacji azotu azotynowego, w odptywie z reaktora. W 4. serii
badawczej kumulacje azotynéw na poziomie 20,39+9,70 mg N-NO; /1 obserwowano do 318
dnia badan. W kolejnych dniach eksperymentu (319-338), wraz ze zmniejszeniem st¢zenia
azotu amonowego w $ciekach oczyszczonych, zmniejszylta si¢ rowniez kumulacja azotyndw.
Od 319 dnia do konca serii 4. wynosita ona $rednio 6,61+4,55 mg N-NO; /1. Obserwowane
zjawisko moglo by¢ zwigzane z wysokim stezeniem wolnego amoniaku (FA) w uktadzie.
Wartos¢ tego wskaznika w serii 4. wynosita §rednio 3,64+0,10 mg FA/I. Poczatkowo, na skutek
stresu wywotanego wzrostem stezenia tego inhibitora, bakterie NOB zmniejszyly swoja
aktywno$¢, co skutkowato wysoka kumulacjg azotyndw w $ciekach oczyszczonych. Mozna
przypuszczad, ze z biegiem czasu bakterie NOB ,,przyzwyczaily si¢” do panujacych warunkow
1 poprzez zmian¢ szlakow metabolicznych udato im si¢ zmniejszy¢ wplyw FA na przebieg

procesu utleniania azotu amonowego.

5.5.2. Bakterie Comammox — wystepowanie w glownym i bocznym ciggu oczyszczania

Sciekow

Przeprowadzone badania pozwolily réwniez na poréwnanie wystgpowania bakterii
Comammox w osadzie czynnym 1 blonie biologicznej dla dwoch konfiguracji pracy
hybrydowego reaktora ze ztozem ruchomym, tj. w ukfadzie do zintegrowanego usuwania
zwigzkéw wegla, azotu i1 fosforu oraz w reaktorze nitryfikacyjnym. W pierwszym
z analizowanych przypadkow wielkos$¢ populacji bakteriit Comammox w biofilmie znacznie
przewyzszata t¢ w osadzie czynnym. Analogiczne doniesienia mozna znalez¢ w pracy Tsuchiya
1 in. (2020). Cytowani autorzy, analizujac probki osadu czynnego i biofilmu pobrane
z gtownego ciagu oczyszczalni $ciekéw z nitryfikacja/denitryfikacja, bakterie Comammox
zidentyfikowali jedynie w biofilmie. Skorelowali to z faktem, ze biofilm porastajgcy ruchome
no$niki zapewniajac warunki oligotroficzne sprzyjat rozwojowi tych mikroorganizmoéw. Btona
biologiczna jest Srodowiskiem, w ktorym gradienty stgzen tlenu i sktadnikow odzywczych
odgrywaja istotng rolg. Ze wzgledu na warstwowa strukturg biofilmu, inne warunki beda
panowac na jego powierzchni, a inne w jego wnetrzu — zapewniajac srodowisko dostosowane
do rozwoju poszczegolnych grup mikroorganizméw. Wedlug niektorych doniesien
literaturowych bakterie Comammox zasiedlaja glebsze partie biofilmu, wybierajac warunki
charakteryzujace si¢ nizszymi wartosciami st¢zenia tlenu i azotu amonowego (Lawson

i Liicker, 2018).
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Po przeksztatceniu uktadu w hybrydowy reaktor nitryfikacyjny zaobserwowano zmiang
w czgstotliwosci wystgpowania bakterii Comammox w osadzie czynnym i biofilmie. Wzglgdna
liczebno$¢ bakterii Comammox w biofilmie zmalata, podczas gdy ich populacja w ktaczkach
osadu czynnego wzrosta. W rezultacie, liczebno$¢ tych bakterii w osadzie czynnym
przewyzszyta ich liczebno$¢ w biofilmie. Jest to cieckawa obserwacja, gdyz w przypadku
reaktora hybrydowego do zintegrowanego usuwania zwigzkéw C, N i P, niezaleznie od
wprowadzonych zmian (skrécenie czasu trwania podfaz z napowietrzeniem — wzrost wartosci
R, obnizenie stezenia tlenu, zmniejszenie OLR), populacja bakterii Comammox byta
kazdorazowo wigksza w biofilmie. Dotychczas nie opisano hybrydowego reaktora
nitryfikacyjnego, w ktorym liczebnos¢ bakterii Comammox w osadzie czynnym
przewyzszataby ich liczebno$¢ w biofilmie. Eliminacje zwigzkéw organicznych ze $ciekow
doprowadzanych do reaktora mozna zatem uzna¢ za czynnik wplywajacy na zmiang
,preferowanej” przez bakterie Comammox formy, w jakiej si¢ rozwijaja, z btony biologiczne;j

na ktaczki osadu czynnego.

Jednym z zagadnien poruszanych w najnowszej literaturze jest rowniez dominacja
bakterii Comammox nad kanonicznymi bakteriami AOB. Niniejsze badania wykazaly,
ze w okreslonych warunkach liczebno$¢ bakterii Comammox w biofilmie i ktaczkach osadu

czynnego moze by¢ wyzsza niz AOB.

W przypadku biofilmu zjawisko to zaobserwowano, gdy OLR obnizono
z 384 g ChZT/m3 -d do 213 gChZT/m3-d i gdy zwigzki organiczne catkowicie zostaly
wyeliminowane ze $ciekow doptywajacych do ukladu. Dominacj¢ bakterii Comammox nad
AOB w probkach biofilmu odnotowali m.in. Huang 1 in. (2022) oraz Spasov
1 in. (2020). Pierwsza z cytowanych grup badaczy wykazala wysoka liczebno$¢ bakterii
Comammox 1 stwierdzita, ze w okreslonych warunkach (st¢zenie amoniaku na poziomie
0,01-15,0 mg N-NH7 /1 i wiek biomasy > 1000 dni) bakterie te mogg nawet dominowac
w biofilmie rozwijajacym si¢ w nitryfikacyjnym MBBR. Z kolei Spasov 1 in. (2020) zauwazyli,
ze bakterie Comammox zdecydowanie dominujg w probkach biofilmu pobranego z tarczowego

ztoza biologicznego.

W odniesieniu do wynikéw dotyczacych osadu czynnego stwierdzono, Zze po przeksztatceniu
systemu w hybrydowy reaktor nitryfikacyjny, bakterie Comammox przewyzszaty kanoniczne
AOB. Roots 1 in. (2019) réwniez wykazali duzg liczebnos$¢ 1 dominacje bakterii Comammox

nad AOB w kfaczkach osadu czynnego w reaktorze nitryfikacyjnym. Po ponad 400 dniach
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badan bakterie Comammox stanowily ponad 94% mikroorganizméw utleniajacych amoniak

1 to one byly odpowiedzialne za wysoka efektywnos¢ procesu nitryfikacji.

W przypadku osadu czynnego zaobserwowano takze inne interesujace zjawisko.
Po zmniejszeniu OLR z 384 g ChZT/m3-d do 213 g ChZT/m3-d, odnotowano wzrost
szybkosci utleniania azotynéw, mimo ze analiza mikrobiologiczna wykazata istotny spadek
czestosci wystepowania NOB. Rownoczesnie zaobserwowano znaczacy wzrost liczebnosci
bakterii Comammox. Potaczenie tych informacji pozwala stwierdzi¢, ze bakterie Comammox
mogty by¢ odpowiedzialne za utlenianie NO, do NO3. Genom tych mikroorganizmdéw zawiera
enzymy odpowiedzialne za utlenianie zar6wno NHj, jak i NOZ, co umozliwia im
przeksztalcanie nie tylko azotu amonowego do azotu azotanowego, ale réwniez azotu

azotynowego.
6. WNIOSKI

1) Istotnym czynnikiem wptywajacym na przebieg procesu nitryfikacji w sekwencyjnych
reaktorach porcjowych ze ztozem ruchomym byla strategia napowietrzania. Czynnik
ten determinowal aktywno$¢ i liczebno$¢ poszczegdlnych grup mikroorganizmow
nitryfikacyjnych, czego konsekwencja bylo wykorzystywanie roznych szlakow
metabolicznych (konwencjonalna dwuetapowa autotroficzna nitryfikacja, skrocona
nitryfikacja, nitryfikacja heterotroficzna, Comammox), ktére pozwalaty na uzyskanie
poréwnywalnej efektywnosci procesu nitryfikacji, ale przy réznym zapotrzebowaniu na
energi¢ elektryczng niezbedng do procesu napowietrzania, wptywajac dodatkowo na
wielko$¢ emisji N2O.

2) W przypadku czystej technologii ztoza ruchomego zmiany strategii napowietrzania
miaty wiekszy wplyw na aktywnos¢ 1 liczebnos$¢ bakterii zdolnych do utleniania azotu
amonowego (AOB) niz na drobnoustroje utleniajace azotyny do azotanow (NOB).
Aktywnos¢ bakterii AOB malata wraz ze wzrostem warto$ci stosunku czasu trwania
podfaz bez 1 z napowietrzaniem (R) 1 zwigkszala si¢ po obnizeniu stezenia tlenu (DO).
Dodatkowo udokumentowano, iz niezaleznie od zastosowanej strategii napowietrzania
(R: 0, 1/4, 1/3, 1/2; DO: 3,5 mg O2/1, 6,0 mg O/1), bakterie NOB charakteryzowaty si¢

wyzszg aktywnoscig i liczebno$cia niz bakterie AOB.

3) W przypadku hybrydowej technologii ztoza ruchomego, istotny wplyw na aktywnos$¢
poszczegolnych grup mikroorganizméw nitryfikacyjnych miata forma w jakiej biomasa

rozwijata si¢ w reaktorze. Bakterie zdolne do utleniania azotu amonowego wykazywatly
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4)

5)

6)

7)

8)

wyzsza aktywno$¢ rozwijajac si¢ w postaci klaczkow osadu czynnego, podczas gdy
bakterie utleniajace azotyny do azotanow byty bardziej aktywne w btonie biologiczne;j
porastajgcej ruchome nos$niki. Aktywno$¢ bakterii zdolnych do utleniania azotu
amonowego malata wraz ze wzrostem wartosci R 1 zwigkszata si¢ po obnizeniu st¢zenia

tlenu.

Porownujgc liczebnos¢ mikroorganizmoéw nitryfikacyjnych, ktére zasiedlaty blong
biologiczng 1 osad czynny, wykazano, ze btona biologiczna stanowila $rodowisko
sprzyjajace rozwojowi tych drobnoustrojéw. Dominujacag grupa nitryfikatoréw zaréwno

w blonie biologicznej, jak i w ktaczkach osadu czynnego, byty bakterie NOB.

Glownym czynnikiem powodujacym supresj¢ bakterii NOB w obu formach biomasy

wystepujacych w reaktorze hybrydowym byto zwickszenie wartosci R.

Na zwigkszenie emisji podtlenku azotu w hybrydowym reaktorze ze ztozem ruchomym
wptynelo skrocenie czasu trwania podfaz z napowietrzaniem (z 30 minut do 20 minut).

Wspotczynnik emisji N2O wzrdst wowcezas z 0,896% do 1,091%.

Na podstawie badan nad wptywem wyksztatlcenia biomasy w postaci osadu czynnego
w reaktorze pracujagcym w czystej technologii ztoza ruchomego wykazano, ze rozwoj
tej formy biomasy przyczynit si¢ do zwigkszenia efektywnosci proceséw denitryfikacji
1 biologicznej defosfatacji. Wspotwystepowanie blony biologicznej i osadu czynnego
w jednym uktadzie zwigkszalo réznorodnos¢ mikroorganizmdéw uczestniczacych
w procesach oczyszczania S$ciekOw, sprzyjajac rozwojowi zarOwno bakterii
autotroficznych, jak 1 heterotroficznych. Wyksztatcenie biomasy w postaci osadu
czynnego pozwolito takze na znaczace zmniejszenie zuzycia energii elektrycznej na
napowietrzanie, wskazujac na duzy potencjal tego rozwigzania w kontekscie

zrownowazonego zarzadzania zasobami energetycznymi.

Na znaczace obnizenie zuzycia energii na napowietrzanie, zwtaszcza w kontekscie
hybrydowych reaktoréw ze zlozem ruchomym, wptyw mialy modyfikacje strategii
napowietrzania, polegajace na zatozeniu, ze czasy trwania podfaz bez napowietrzania
beda dwukrotnie dluzsze od podfaz z napowietrzaniem. Uzyskane wyniki wskazuja
réwniez, ze w ukladach hybrydowych z naprzemiennym napowietrzaniem, gdzie
dziatanie dmuchaw jest kontrolowane zarowno przez wartos¢ wspotczynnika R, jak

1 zadane stezenie tlenu, efektem skrocenia czasu trwania podfaz z napowietrzaniem nie

93



zawsze jest zmniejszenie zuzycia energii, co sugeruje konieczno$¢ precyzyjnej regulacji

tych parametrow w celu maksymalizacji efektywnos$ci energetyczne;.

9) Gwattowne obnizenie temperatury z 20°C do 12°C w hybrydowym reaktorze ze ztozem
ruchomym wywotato wigksze réznice w warto$ciach szybkos$ci utleniania azotu
amonowego, niz w wartosciach szybko$ci utleniania azotu azotynowego. Bakterie
NOB zasiedlajace biofilm wykazywaty wieksza wrazliwo$¢ na spadek temperatury, niz
te wystepujace w osadzie czynny. Wyznaczony na podstawie zebranych danych
wspotczynnik korekcji temperatury (©: 1,107-1,087) moze znalezé praktyczne
zastosowanie w projektowaniu i optymalizacji hybrydowych systemow oczyszczania
sciekow, umozliwiajac precyzyjne dostosowanie procesow do zmiennych warunkéw

termicznych.

10) Przeprowadzone badania pozwolity takze na analiz¢ wystgpowania bakterii
Comammox w reaktorach ze ztozem ruchomym 1 oceng ich roli w procesie nitryfikacji.

Na podstawie uzyskanych wynikoéw stwierdzono, ze:

e bakterie Comammox odegraly istotng rol¢ w procesie nitryfikacji w przypadku obu

analizowanych konfiguracji technologii ztoza ruchomego;

e obnizenie  obcigzenia  reaktora  ladunkiem = zwigzkéw  organicznych
z 384 gChZT/m3-d do 213 gChZT/m3-d i catkowite wyeliminowanie
zwigzkow organicznych ze $ciekéw doptywajacych do uktadu spowodowato, ze
liczebnos¢ bakterii Comammox byta wyzsza niz kanonicznych bakterii

utleniajacych azot amonowy;

e czynnikami majacymi istotny wpltyw na liczebnos¢ bakterii Comammox byty:
zmiana strategii napowietrzania z cigglego na naprzemienne, obnizenie st¢zenia
tlenu, eliminacja zwigzkow organicznych ze sciekdw doprowadzanych do reaktora,
przejscie z warunkow symulujacych gtowny ciag oczyszczania sciekow na warunki

symulujace ciag boczny.

11) Proponuje si¢ kontynuacje badan nad wptywem strategii napowietrzania na przebieg

1 efektywnos¢ procesu nitryfikacji, obejmujacych nastgpujace cele czastkowe:

a. Analiza szlakow metabolicznych procesu nitryfikacji dla poszczegolnych
konfiguracji technologii ztoza ruchomego, przy rownoczesnym uwzglednieniu

formy w jakiej biomasa rozwija si¢ w reaktorze, i ocena roli alternatywnych

94



szlakow, takich jak Comammox oraz heterotroficzna nitryfikacja, w utlenianiu

azotu amonowego.

b. Ocena efektywnos$ci energetycznej poszczegdlnych szlakow metabolicznych
procesu nitryfikacji oraz ich potencjalnego wpltywu na eliminacj¢ zwigzkoéw
azotu ze S$ciekdw (analiza sprawnosci procesu denitryfikacji prowadzonego

przez mikroorganizmy nitryfikacyjne).

c. Poszukiwanie powigzan pomiedzy wystepowaniem poszczegdlnych grup
mikroorganizméw nitryfikacyjnych a emisja podtlenku azotu oraz okreslenie
wptywu formy, w jakiej w reaktorze rozwija si¢ biomasa, na emisj¢ tego gazu

cieplarnianego.

d. Ocena mozliwosci optymalizacji strategii napowietrzania w reaktorach ze
ztozem ruchomym poprzez wprowadzenie zaawansowanych technik
monitoringu i kontroli procesu nitryfikacji, w tym zastosowanie sztucznej

inteligencji i uczenia maszynowego.

e. Analiza wplywu nowoczesnych technik napowietrzania opartych na
nanopecherzykach, w  kontekscie aktywnosci  poszczegdlnych — grup

mikroorganizmow nitryfikacyjnych.

f.  Ocena wptywu strategii napowietrzania na stabilno$¢ procesow biologicznych
w obecnos$ci substancji inhibitujgcych proces nitryfikacji, takich jak metale

ciezkie, pestycydy i farmaceutyki.

Wyniki uzyskane w badaniach opisanych w niniejszej rozprawie doktorskiej moga
zosta¢ wykorzystane do optymalizacji strategii napowietrzania w oczyszczalniach Sciekow
wykorzystujacych technologi¢ ztoza ruchomego, szczegélnie w kontek$cie minimalizacji
zuzycia energii elektrycznej, zmniejszenia emisji podtlenku azotu oraz §ladu weglowego
oczyszczalni. Tego typu rozwigzania sa kluczowe w dazeniu przedsigbiorstw
wodociggowo-kanalizacyjnych do samowystarczalno$ci energetycznej oraz ograniczenia
emisji gazoéw cieplarnianych, co przyczynia si¢ do bardziej zrownowazonego zarzadzania
zasobami i ochrony $rodowiska, wpisujac si¢ zarazem w najnowsze trendy rozwoju gospodarki

wodno-$ciekowe;.
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If there are problems with the efficiency of nitrification, it will lead to challenges in the
subsequent steps of wastewater nitrogen removal. Therefore, it is imperative to properly
select the operating parameters of biological reactors and to ensure that the biomass used
for wastewater treatment fosters the robust growth of nitrifying organisms.

One example of a biofilm-based wastewater treatment system is pure moving bed
technology. This is a simple and efficient wastewater treatment technology, with biomass
immobilized on moving plastic carriers. Compared to systems based on activated sludge
technology or those with fixed beds, this solution offers many advantages, such as: no
sludge bulking, small size of compact units. increased treatment capacity, complete solids
removal, and reduced sludge production . The implementation of pure moving bed
technology is also associated with easy operation and low maintenance and energy re-
quirements . As reported by Safwat (2018), this technological solution prevails over
conventional biological wastewater treatment systems in terms of greater microbial activity,
diversity, and stability [7]. Pure moving bed technology is used in both continuous-flow
systems—moving bed biofilm reactors (MBBR) as well as moving bed sequencing batch
biofilm reactors (MBSBBR). The former solution has already been widely described in the
literature ~ whereas MBSBBR has only been reported in several papers to date

The most frequently studied factors affecting the course and effectiveness of wastewa-
ter treatment using pure moving bed technology are the followine intermittent aeration
(AY] temperature dissolved oxygen {DXO) concentration .and type of media
used 1t is worth emphasizing that these studies have mainly focused on continuous-
flow sysiems. A comparison of MBBR with MBSBER in the context of the impact of influent
characteristics and feeding regime (continuous and sequencing-batch) on the nitrification
process and nitrifying biofilm development on different tvpes of moving bed biofilm re-
actors can be found in the work of Bassin et al. (2012) For instance, these authors
observed that in the sequencing batch system, the time required to develop a thick biofilm
was shorter than that in MBBR. Moreover, the conditions under which wastewater treat-
ment processes are conducted can affect the composition and activity of particular bacterial
communities present in the systems. A review of the literature on wastewater treatment
using pure moving bed technology also indicates that a little-recognized issue is how a
community of nitrifying organisms in biofilm, especially Comammox bacteria, changes
in response to different operating conditions of wastewater treatment systems and how
they affect the activity of particular groups of nitrifying bacteria. For example, Zhao et al.
(2022) observed selective enrichment of Comammox bacteria in the MBBR, further proving
that they can even dominate the canonical ammonia oxidizers Another group of
researchers confirmed the presence of Comammox bacteria in vartous full-scale WWTPs
based on continucus-flow pure moving bed technology However, these reports still do
not permit a clear identification of the factors influencing the development of Comammox
bacteria in reactors operating with pure moving bed technology, highlighting the need
for more research in this area. To the best of our knowledge, there have been no attempts
to describe the abundance of Comammox bacteria in pure moving bed sequencing batch
reactors, which creates a significant gap regarding the occurrence of these microorganisms.
In our previous studies, we explored the presence of Comammox bacteria and canonical
nitrifiers. However, these studies were conducted in a moving bed sequencing batch biofilm
reactor operating as a hybrid technology with biomass in the form of activated sludge
and biofilm [ The focus was on analyzing how changes in aeration strategy and DO
concentration attected the size of their populations and activities. Promising results led the
authors to conduct further research in a reactor employing pure moving bed technology.

In light of this background, in this study, a MBSBBR operated in pure moving bed
technology with nitrification/denitrification was employed to investigate the effect of
different aeration strategies (defined by the ratio of the duration of the subphases with
(t;} and without {t;) aeration (R = t; /t;), and dissolved oxygen concentration in aerated
subphases), as well as the organic {OLR) and nitrogen (NLR) loading rates on the course
of the nitrification process and microbial diversity. The specific objectives are as follows:
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The schedule of the system’s cycle of operation in particular stages and series of the
experiment is presented in Figure 3. One complete reactor’s operation cycle spanned
8 h and consisted of two unaerated phases (first: 50 min; second: 30 min), two aerated
phases (first: 190 min; second: 200 min), and a 10-min decantation phase. Depending
on the experimental series, continuous (5.1.1.) or intermittent (5.1.2.-5.11.4.) aeration was
applied during the aerated phases. Intermittent aeration was implemented during the
aerobic phases by introducing sequences consisting of subphases with (t;) and without (t)
aeration. The duration of the subphases with aeration differed between the series, while
those without aeration were constant, i.e., 10 min. Each LA strategy was characterized by
the ratio between the times of non-aerated and aerated subphases (R = t, /1), A detailed
description of the aeration strategies employed is presented in Tabl
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Figure 3. Schedule of the reactor operation cycle: (a) S.L1.; (b) S.1.2,; (¢) S.1.3,; S.I1.1.; (d) S.11.24.

Table 1. Reactor operation stages.

Ratio between

C Oxygen. Times of Organic Nitrogen
oncentration . :
. . . Non-Aerated Loading Loading
Stage Series Duration during Aerated
Subphases and Aerated Rate Rate
P Subphases {OLR) (NLR)
(DOY
(R)
Unit Id] {mgO,/L] [-] [gCOD/m3.d] [gN/m3-d]
S.I1. 140 1]
I S12 41-79 6 1/4 537 64
SI1.3. 80-100 1/3
SIL1. 101-1%6 1/3 537 64
u S.IL2. 197-330 35 1/2 537 64
S.IL3. 331430 ' 1/2 402 48
SIL4. 431445 1/2 537 64

120



Water 2024, 16,534

50f17

Employing a peristaltic pump, Masterflex® Ismatec™ Ecoline (Masterflex Ismatec Cole-Parmer,
Chicago, IL, USA), at the beginning of each non-aerated phase, the reactor was supplied with
synthetic wastewater with a composition simulating that of municipal wastewater in a volume of
10 L per cycle (51, 5.IL1,24) and 6.6 L per cyde (S.113.). The detailed list of the compounds
used to prepare synthetic wastewater is presented in Supplementary Material (Table S1). The
use of synthetic wastewater was necessary to maintain identical loading conditions in each se-
ries. The characteristics of synthetic sewage were the same throughout the experiment: COD:
51235 £+ 9.08 mgOu/L, TN: 6199 + 2.69 mgN/L, TKN: 6024 + 276 mgN/L, N-NH*:
39.06 £ 1.21 mgN-NH,*/L; N-NO3;™: 1.75 £ 041 mgN-NOs~ /L, TP: 7.52 = 0.50 mgP*/L, pH:
7.6-7 9. Synthetic wastewater was prepared daily, with the exception of the pandemic period, when
it was prepared every six days.

The dissolved oxygen concentration during the aerated subphases was maintained
at the level assumed for a given stage of the experiment. For stage I, it was 6.0 mgQ, /L,
and for stage 11, it was 3.5 mgO2/L (Table 1). The DO set-point was selected based on
literature reports and the authors’ previous studies to ensure that this parameter does
not act as a limiting factor for the efficiency of the nitrification process in biofilm-based
systems The temperature in the reactor was maintained at 20 °C throughout the
study usmy external air conditioning.

2.2. Operating Conditions

The study started on a previously operated MBSBBR system for integrated carbon and
nitrogen compound removal with biomass developed in the form of biofilm overgrowing
moving carriers (22.4278 gV55). The nitrification, denitrification, and organic compound
removal efficiencies were 99.37%, 79.53%, and 94.97%, respectively (N-NH4*, TN, and COD
in the effluent were: 0.18 mgN-NH4* /L, 13.30 mgN/L, and 27.60 mgO, /L).

Two research stages were designated in the experiment lasting 445 days (S.1-5.IL).
They differed in the adopted level of oxygen concentration maintained in the reactor
during the subphases of aeration. During each of the stages, the assumed changes were
successively introduced by designating a particular series. Detailed characteristics of the
basic parameters of the reactor’s operation during particular stages and series are presented
in Table 1.

Stage 1 involved three research series (5.1.1.-5.1.3.) differing in the applied aeration
strategy, each time with DO maintained at a level of 6.0 mgQO, /L. The experiment began
with a series in which the system operated with continuous aeration—R =0 (5.1.1.}, followed
by intermittent aeration (IA), with the introduction of changes in R values through a reduc-
tion of the duration of the aerated subphases. In series 2, the duration of aerated subphases
was 40 min—R = 1/4(5.1.2.), followed by its reduction to 30 min in series 3—R = 1/3 (S.1.3.).

At stage II, DO concentration was decreased to 3.5 mg(, /L, and the aeration strat-
egy remained the same—R = 1/3 (S.1L.1.). In the following series, the duration of aer-
ated subphases was reduced to 20 min—R =1/2 (S.IL.2.). As a result of the outbreak of
the COVID-19 pandemic, changes were introduced in the methodology of operation of
MBSBBR. They included a decrease in the reactor’s organic and nitrogen loading rates
(OLR = 402 gCOD/m>-d, NLR = 48 gN /1n?-d) through lowering the volume of wastewater
dosed to the reactor. The introduced changes permitted the designation of series 3 (5.I1.3.).
Along with the elimination of some of the restrictions, the initially assumed reactor’s
organic and nitrogen loading rates were restored (S.11.4.).

Throughout the experiment, the amount of biomass in the form of biofilm averaged
23.2514 + 5.3619 gVS5. To confirm that the reactor was operated as a pure mnoving bed tech-
nology, volatile suspended solids of bicmass present in the reactor in suspended form were
checked in paraliel. It remained on average at the level of 0.3507 + 0.0408 gMLVSS, which was
less than 1.65% of the biomass in the form of biofilm (see Supplementary Material-Table 52).
This confirms that the reactor was operated as a pure moving bed technology through-
out the experiment, and this small amount of biomass in suspended form was primarily
detached biofilm.
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The following was conducted in all series:

- daily control of ammonia nitrogen concentration in the effluent (except the pandemic
period—5.11.3.);

- analysis of the influent and effluent, in the following scope: COD, TN, N-NH; ", N-NQ, ~,
N-NO; ~, TP, alkalinity, pH—twice a week (once a week in the pandemic period);

- determination of the quantity of biomass developed in the form of biofilm;

- batch tests of the ammonia utilization rate (AUR) and nitrite utilization rate {NitUR);

- microbiological analyses: quantification of nitrifying bacteria using the absolute qPCR
method; description of microbial communities in biofilm based on new generation
sequencing data (NGS).
Batch tests and quantitative PCR analysis were conducted at the end of each series.

NGS5 was conducted only in selected series.

2.3. Ammonia and Nitrite Utilization Rate Batch Test

All batch tests were conducted under the same conditions, allowing for tracking
changes in the activity of bacteria capable of oxidizing ammonia and nitrite nitrogen.

The tests were carried out for the carriers taken from the MBSBBR in a continuously
aerated and mixed 2 L batch test reactor, maintaining the proportions of carriers as in the
MBSBBR (25% of active volume-—{0.25 L}, under IXO concentration near saturation levels at
a temperature of 20 °C (DO concentration was determined based on the oxygen solubility
in water at a temperature of 20 °C and reached approx. 9 mgO,/L). Depending on the type
of test, the solution of NH4C1 {(AUR test) or KNO; (NitUR test) was added to the test reactor
(the initial concentration of NNH,* or NNO;~ was 15 mg/L), and the loss of NNH,*
and NNO;~ was tracked, respectively. Samples with a volume of 30 mL were collected
from the reactor every 30 min and immediately filtered through filters with a mesh of
0.45 pm. In the filtrate, the concentration of N-NH,*, N-NO;~, and N-NO;~ (AUR test) or
N-NO;~ and N-NO;~ (NitUR test) was measured. The test lasted until the concentrations
of ammonia (AUR test) or nitrite (NitUR test) reached values approximately equal to
0 mg/L. The slope of the linear regression for the decrease in N-NH, ™ and N-NQO; ™ with
R > (1.9 was utilized to determine the ammonia oxidation rate {AOR) or nitrite oxidation
rate (NitOR}. The determined AOR and NitOR values indicate changes in the activity of
specific groups of nitrifying microorganisms. A detailed methodology of AUR and NitUR
batch tests was presented in our previous paper | . with the difference that in this work,
tests were performed only for biomass immobilized on moving carriers (because the reactor
worked as a pure moving bed technology).

2.4. Quantity of Biofilm

At the end of each series, the amount of biofilm immobilized on moving carriers was
measured using gravimetric methods by calculation of weight loss. Five carriers were
randomly collected from the reactor. They were rinsed with demineralized water to remove
loosely attached biomass. Then, the biofilm was mechanically removed from the carriers.
Total suspended solids (TSS) and volatile suspended solids (V5SS) were determined in
biofilm in accordance with the Polish Standard PN-EN 872:2007 |

2,5. Microbiological Analysis
2.5.1. DNA Extraction

DNA was extracted from the biofilm samples by means of a FastDNA™ SPIN Kit for
Soil (MP Biomedicals, Santa Ana, CA, USA) in accordance with the manufacturer’s instruc-

tions. The amount of extracted DNA was measured using a Qubit fluorometer {Invitrogen,
Carlsbad, CA, USA). The isolated DNA was stored at —18 °C until further analysis.

2.5.2. gPCR

The PCR reaction was performed in an ABI7500 real-time PCR thermocycler (Applied
Biosystems, Carlsbad, CA, USA) in MicroAmp TM Optical 96-well reaction plates using Mix

122



Water 2024, 16, 534

70f17

SYBR® A RTPCR reagents (A and A Biotechnology, Gdynia, Poland). AOB were detected with
primers targeting the ammonia monooxygenase gene: A189 (5'-GGHGACTGGGAYTTCTGG-
3" [22] and amoA-2R (5-CCTCKGSAAAGCCTTCTTC-3) [23]. NOB was detected with
primers corresponding to the 165 rRNA gene: NSR1113F (5'-CCTGCTTTCAGTTGCTACCG-
3} and NSR1264R (5'-GTTTCGCAGCGCTTTGTACCG-3) The abundance of Comammox
bacteria was estimated using primers designed by Fowle. <. al. (2018): NTSP-amoA 162F (5'-
GGATTTCTGCONTSGATTGGA-T), NTSP-amoA 359R (5-WAGTTNGACCACCASTACCA-
3 The final volume of the reaction mixture was 20 L. The following temperature profile
was applied: incubation at 50 °C for 2 min, initial denaturation at 95 °C for 10 min, followed
by 40 cycles of denaturation at 95 °C for 15 s, and annealing and extension at 60 °C for 60 s.
Each sample was analyzed in triplicate. In addition, the melting curves were generated for
each primer pair to exclude non-specific amplifications.

The results of qPCR experiments were calculated using absolute quantification with
the application of the standard curve method. The copy numbers of the studied genes were
calculated using the software of the ABI 7500 real-time PCR system (version 2.3).

Standard curve preparation (see Supplementary Material-Figure 51): The AmoA gene
fragment was amplified for AOB and Comammuox bacteria, whereas the 165 rRNA gene
fragment was used for NOB with the application of the aforementioned primers. The
quality of the obtained products was verified electrophoretically on a 1% agarose gel and
using a molecular mass marker (FastGenelOCbp DNA Ladder, Nippon Genetics Europe
GmbH, Diiren, Germany). PCR products were cleaned by means of a Monarch PCR
and DNA Cleanup Kit (New England Biolabs, Ipswich, MA, USA) and ligated into the
pTZ57R/T vector. Competent E. coli cells were transformed with recombinant vectors
using an InsTAclone PCR Cloning Kit (Thermo Scientific, Waltham, MA, USA). Clones
were verified with Luria-Bertani (LB) agar medium, supplemented with ampicillin, X-
Gal, and IPTG. The plates were incubated overnight at 37 °C. Several white colonies
were collected from each plate, transferred to a liquid LB medium supplemented with
ampicillin, and incubated overnight at 37 °C. The combined plasmids were extracted using
a Plasmid mini kit (A and A Biotechnology, Gdynia, Poland) and sequenced to confirm the
presence of the correct DNA insert. Standard curves for each primer pair were constructed
using tenfold serial dilutions of the recombinant plasmids, used as standard templates for
qPCR amplifications.

2.5.3. 165 rRNA Amplicon Sequencing

The taxonomic composition of samples S.I.1,, S.1.3, S.IL1,, 6.11.2,, and 5.I1.4. was
determined by sequencing of the V3-V4 hypervariable regions of the 165 TRNA gene.
High-throughput Illumina sequencing was performed with 5-d-Bact-0341-b-5-17 and 5-d-
Bact-0785-a-A-21 primers [26] and NEBNext®High-Fidelity 2X PCR Master Mix (Bio Labs
Inc,, Boston, MA, USA) following the manufacturer’s manual. The sequencing reaction
was performed on a Miseq sequencer with a MiSeq Reagent Kit V2 ([llumina, San Diego,
CA, USA), applying pair-end technology with a read length of 250 base pairs.

Raw sequencing data were analyzed using the QIIME 2 package (version 2022.4)
Pairs of sequences were merged using the fast-join algorithm. Unmerged sequences were
excluded from further analysis. Low quality sequences (under 20) were filtered by the
Cutadapt algorith Chimeric sequences were detected and excluded from analyses
using USEARCH 65 rRNA OTUs were picked from the Hlumina reads using a
closed-reference (1 LU picking protocol against the SILVA_V_138 database Sequences
were clustered at 97% identity and trimmed to span only the 165 rRNA V4 region flanked
by the sequencing primers. Taxonomy assignments were associated with OTUs based on
the taxonomy associated with the SILVA_V_138 reference sequence defining each OTU.

2.6. Analytical Methods

Concentrations of COD, N-NH4*, N-NO,~, N-NO3~, TN, and TP were analyzed
spectroinetrically using cuvette tests (Hach Lange GmbH, Dusseldorf, Germany}) and DR
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3900 spectrophotometer (Hach Lange, GmbH, Loveland, CO, USA) according to APHA
Standard Methods . All chemical analyses were performed in duplicate.

2.7. Statistical Analysis

The statistical analysis of the obtained results in the scope of the quality of treated
wastewater and the efficiency of the removal of particular pollutants employed program
Statistica 13.3PL. A RiR Tukey test was applied for the determination of the significance
of differences between the analyzed variables (p-value smaller than 0.05 pointed to a
statistically significant difference).

3. Results and Discussion
3.1. Nutrient Removal Performance

According to the results presented in Table highly effective nitrification process
(Enit, = 93.36 £ 2.13%) was achieved in all series (p > 0.277031), pointing to the lack of
effect of IA, DO decrease, and reduction of OLR and NLR on the efficiency of the analyzed
process. Nonetheless, the RiR Tukey test showed significant differences between N-NHy*
for SIL1.-SI1.2. (p = 0.0056225) and S.IL1-G.I1.3. (p = 0.000803). Despite the recorded
differences, the concentrations of N-NH, * were at a low level and remained in a range of
0.10-2.68 mg/L throughout the experiment.

Table 2. Effluent characteristics and efficiencies of nitrification, denitrification, and organic
compound removal.

Stage 1 Stage IT
Parameter Unit
511, 5.L2. 5.13. S.IL1 5.11.2. S.IL3. S.IL4.

COoD mgO: /L 21.42 4 2.68 1753 + 214 18.25 + 3.96 18.39 + 4.79 2120 £252 2199 +3.23 18.84 + 2.88
™ mgN/L 1398 + 2.26 17.71 £ 2.50 1870 £1.02 1410+ 2.27 1294 £1.06 18.77 £2.01 1543 £ 293
TEN mgN/L 3.99 +1.92 320+ 075 3394135 380+1.23 426 + 1.16 4.34 £ 095 4.28 +0.29
N-N1{,* mgNEL* /L 077 £ 052 0.77 + 040 0.60 + 033 0.61 + 048 087 £ 044 0.99 + 0.46 1.07 +£ 049
N-NG; - mpN-NC,~ /L 024+ 016 0.29 £ 037 0.03 +£0.02 0.15 + 017 0.13 4+ .13 0.30 4+ 0.22 0.22 4+ 0.24
N-NO5 - mpN-NC3~ /L 9.74 +3.45 1422 4+ 2.85 16.14 4+ 2.40 1013 + 2.3¢ 8.55 + 1.17 1414 +1.97 1093+ 275
Erop * " 95.80 + 0.55 96.59 + 041 9657 +0.72 96.42 + (.95 Y584 4 (48 95.69 + (.63 96.32 + 057
it * Yo 93.86 + 296 9464 1 1.68 9452 +2.22 93.56 + 2.04 93,15+ 229 92.68 + 1.56 92,64 + 0.67
Epenitr * Y 7902 4 3.42 7219 £+ 3.68 70.56 £ 3.69 76.77 £ 3.69 7879 £ 157 69.10 + 3.49 7305+ 471

Note: * Calculated in accordance with the methodology provided by Podedworna and Zubrowska-Sudol [32].

The transition from centinuous (R = 0) to intermittent acration (R = %4) resulted in a
certain decrease in the efficiency of the denitrification process (Epenit.) (p = 0.000450). The
average Epgpy. decreased from 79.02 £ 3.42% (S.1.1.) to 71.56 £ 3.53% (51.2.), accompa-
nied by a 1.27-fold increase in TN concentration in the effluent. An almost 50% increase
in the concentration of nitrate nitrogen was simultaneously observed in treated wastew-
ater, with N-NOs~ constituting 80% of TN in the effluent (5.1.2.). Another substantial
{p = 0.003520) change in the efficiency of the denitrification process was recorded after the
reduction of oxygen concentration to 3.5 mgO, /L. It caused an increase in the Epeniy. from
70.56 + 3.69% (5.1.3) to 76.77 + 3.69% (5.11.1.), and the mean TN concentration in the
effluent decreased by 1/3. Due to the reduction of the reactor’s organic and nitrogen
loading rates, the average Epenipy. decreased from 78.79 + 1.57% (S.11.2.) to 69.10 + 3.50%
(5.11.3.), therefore reaching the lowest level among all average values recorded throughout
the experiment. Simultaneously with a decrease in the analyzed efficiency, a 1.47-fold
increase in TN concentration in the effluent was recorded in comparison with S.I12. A
certain increase in the efficiency of the denitrification process occurred in the last series
(S.114.), where the average Epgpiiy. Teached a level of 74.05 + 4.71%, although the RiR Tukey
test showed that the differences were not statistically significant (p = 0.214883).

No accumulation of nitrite nitrogen in treated wastewater was recorded in any of the
series, either at stage I or II.

The obtained results also suggest that irrespective of changes introduced in particular
series, the effectiveness of COD removal (Ecop) was maintained at a high and comparable
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Value of the diversity index

level—96.07 + 0.74% (p > 0.065506). The COD did not exceed 27 mgOs /L. The RiR Tukey
test also showed no statistically significant difference between COD in the effluent for any
of the series (p > 0.085551).

The nitrification, denitrification, and organic compound removal efficiencies obtained
in this study are similar to those reported in full-scale MBBRs described in the work by
Phanwilai et al. (2020) | This indicates a high likelihood of success in wastewater
treatment using the MBSbbK with the analyzed in this paper also on a full-scale (i.e., DO
of 3.5 or 6.0 mg O,/L and IA with R equal to 0, 1/4, 1/3, or 1/2). Feng et al. (2018),
conducting research in lab-scale sequencing batch biofilm reactors, demonstrated slightly
higher values of the analyzed processes with respect to nitrification—96.6-98.9% and
denitrification—=88.1-89.2%,, while Ecop was at the level of 77.1-89.2% [ The observed
discrepancies may arise from the strategy of 1A that they employed, which could positively
influence the denitrification process (R = 2, the duration of the subphase without aeration
was longer).

3.2. Analysis of the Microbial Conamunity Composition

The microbial composition of biofilm was characterized by lllumina MiSeq paired-end
sequencing of the V3-V4 regions of the 165 rRINA gene. The alpha and beta diversity of
the analyzed samples was estimated using the EzBioCloud platform [35]. The data were
normalized by the number of reads (60,000). The number of OTUs increased in the last
series of the first stage, when the aeration phase was the shortest (see Supplementary
Material-Table 53). At the beginning of the second stage, it decreased to its initial value
and then gradually increased until the end of the experiment. Species richness (based on
the CHAQ] index) increased in series 5.1.3. and was the highest of all the studied series. A
sharp decrease in this value occurred after lowering DO, followed by an increase in the
nexl series. A different trend was observed in community diversity (based on the Shannon
index). Its value gradually increased across all series, reaching the highest value in series
S5.11.4., with the lowest DO and shortest aeration phase (Figure 4).

Proteobacteria were the most abundant phylum in all samples, with the highest abun-
dance (47.8%} in the sample from the first series of the experiment, although their proportion
decreased after shortening the aeration phase (see Supplementary Material-Figure 52a).
In most experimental series, Bacteroidota and Actinobacteriota were second and third in
abundance, respectively. The only exceptions were series 5.IL2. and §.I1.4., where the R
value was the highest. In sample S.11.2, the number of Actinobacteriota decreased to 6.3%.
This sample also had the highest percentage of Bacteroidota (20.8%) and Nitrospirota (7.1%).
Sample 5.11.4. had the highest proportion of Chloroflexi (14.9%) compared to the other series.

CHAQ1 Shannon
2300 5.6
2250 1 55 - =
2200 1 $
5-4 1
2150 1 -
J 5.3
2100 %
2050 1 _l_ 5.2
2000 51 ——
1950 '
1900 3
1850 t ! 49 } |
Stage | Stage II Stage [ Stage [1

Figure 4. Comparison of species richness and diversity indices in two stages of the experiment.
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At the genus level, a large percentage of the bacterial population consisted of less
abundant and unidentified taxa (see Supplementary Material-Figure 52b). At the first
stage of the experiment, Ornithinibacter and Rhodobacter were the most abundant genera.
Ornithinibacter was particularly abundant in series 5.1.3. (19.5%). At the next stage, with
lower DO and higher R, the abundance of these two bacterial groups decreased, reaching
the lowest values in sample S.11.2. Series 5.11.2. was characterized by a high percentage of
Nitrospira (7.1%). A gradual increase throughout the experiment occurred in Kouleothrix,
whose abundance increased with decreasing R, from 0.1% in the sample from series 5.1.1.
to 5.23% in the sample from series S.11.4. In all series, the abundance of NOB bacteria was
higher than that of AOB (see Supplementary Material-Figure 53). Moreover, the abundance
of NOB increased steadily from series to series. Only in the last series, after reducing the
loading rate of the reactor, there was a significant decrease in their abundance.

3.3. Nitrification Kinetics and Nitrifier Diversity in the Moving Bed Sequencing Batclh
Biofilm Reactor

This study combined kinetics batch tests and microbiological analysis to assess the
influence of different intermittent aeration strategies, dissolved oxygen concentration, and
the reactor’s organic and nitrogen loading rate on the nitrification process and nitrifying
microorganism diversity in a pure moving bed sequencing batch biofilm reactor—MBSBBR
with Nitrification/Denitrification. The values of AOR and NitCR determined in a particular
series are presented in Figur ~ whereas changes in the abundance of nitrifying bacteria are
shown in Figure 6 (charts with results of batch tests providing the basis for the determination
of AOR and NitOR are presented in the Supplementary Materials—Figures 54-510).
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Figure 5. Ammonia Oxidation Rate (AOR} and Nitrite Oxidation Rate {(NitOR} determined in AUR
and NitUR batch tests and NitOR/AOR ratio.

The analysis of the data collected from batch tests shows that changes introduced in
MBSBBR operation parameters had a greater effect on the activity of ammonia-oxidizing
bacteria. Previous studies also reported that the activity of ammonia oxidizers was mnre
susceptible to changes in system operation than those capable of oxidizing nitrite
It is worth emphasizing that in that case, the bicfilm came from a hybrid reactor, where,
next to this form of biomass, also activated sludge developed. This study investigated the
system with pure moving bed technology. Nevertheless, a similar trend was observed.
Furthermore, the batch test results showed that the activity of bacteria capable of oxidizing
ammonia nitrogen changed in a different way than that of those capable of oxidizing nitrite.
However, the results of qPCR showed a similar direction of change in the amount of AOB
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and NOB bacteria except S.IL4. For example, after changing the aeration strategy from
continuous to infermittent (R = 1/4) (5.1.2.}, the abundance of all studied bacteria increased
by 6.9-fold, 8.1-fold, and 2.7-fold, for AOB, NOB, and Comammox bacteria, respectively.
The opposite trend was observed in the biofilm from the aforementioned hybrid reactor,
where, upon introducing intermittent aeration in the same regime, the abundance of these
bacteria decreased  |.
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Figure 6. Absolute quantification of the AOB, NOB, and Comammox bactetia.

Each tine, shortening the duration of subphases with aeration (increase in R) led to a
drop in the activity of bacteria capable of oxidizing ammonia nitrogen by approximately
20% (from S.I.1. to S.1.2., from S.I1.2. to 51.3., from S.IL.1. to 5.I1.2.}, whereas reducing the
OLR and NRL and a decrease in DO concentration followed in an increase in their activity.
The greatest difference between AOR values was recorded after a decrease in DO (§1.3. vs.
S.I1.1.). This aligns with the observations made for the biofilm from hybrid systems

Data presented in Figure 5 also suggest that irrespective of the research stage,
oxidizing bacteria showed greater activity, which is consistent with qPCR results, where
NOB were the predominant bacterial group in all samples. Interestingly, in the biofilm
developing within the hybrid reactor, despite the markedly higher NitOR than AOR, the
detected abundance of nitrite oxidizers was lower than that of AOB

In the further series of stage I, with an increase in R, the difference between NitOR and
AOR increased. The NitOR values were then 2.769 (5.1.1.), 3.284 (5.1.2.), and 4.296 (5.1.3.)
fold higher than those of AOR. At stage II, the differences between the analyzed values
decreased, and the lowest NitOR/ AOR ratio was recorded after a decrease in the OLR and
NLR (5.11.3.}. The values of the analyzed rates differed only 1.17-fold. Undoubtedly, all
these observations can be attributed to the fact that in the second stage of the experiment,
changes in the reactor conditions had a much greater effect on the AOB bacteria, whose
abundance fluctuated significantly compared to the other groups. In studies conducted
in a laboratory-scale novel rotating self-aerated biofilm reactor by Luan et al. (2023), a
higher activity of nitrite oxidizers was also demonstrated In the literature, there are
also studies that describe this phenoinenon in full-scale WWTDPs . For example,
Regmi et al. (2011), conducting batch tests with carriers taken fiuu o hybrid reactor,
demonstrated that NitOR was 1.52 times higher than AOR . Interestingly, they did not
observe similar relationships in parallel tests conducted on activated sludge from the same
system. Meanwhile, Yao and Pang (2017) investigated nitrification activity in 10 full-scale
activated sludge biological nutrient removal WWTP . In batch tests conducted for
activated sludge samples from WWTPs, the cited authors demonstrated that in each case,
the NitOR was higher than the AOR. This was explained by the fact that, stoichiometrically,
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six electrons are needed for oxidizing one mole of ammonia to nitrite, but only two for
nitrite to nitrate. It is also interesting that the rates they obtained were, in most cases, lower
than those determined in this study. The average AOR value from all 10 WWTPs was
1.53 times lower than that obtained in this work, while the difference between the average
NitOR values was as much as 2.25 times. This can be considered evidence that systems
based on bicfilm provide a better environment for the development of nitrifiers, promating
a higher nitrification rate.

The comparison of the NitOR values obtained in subsequent series showed that the
activity of nitrite-oxidizing bacteria was only influenced by the reduction of the OLR
and NRL, suggesting greater stability of these microorganisms. It led to a 1.25-fold drop
in the NitOR in comparison with that from 5.11.2. (from 10.063 mgN-NO»~ /gV55-h to
8.076 mgN-NO;~ /gV55-h). The observed decline in NitOR value can be primarily at-
tributed to a decrease in the activity of NOB due to no significant change in their number
(less than 8%). After the change in the OLR and NLR, in the case of the biofilm from the
hybrid system, a decrease in the rate of nitrite nitrogen oxidation was also observed In
contrast, Yang and Yang (2011}, conducting research in a moving bed membrane bioreactor
with SND, observed a decrease in the nitrite oxidation rate after increasing the R value
The cited authors, however, did not shorten the duration of the subphases with aeranon
such as in this work but extended the one during which aeration was not taking place.

As mentioned before, the reduction of the reactor’s organic and nitrogen loading rates
also caused an increase in AOR, although the number of AOB bacteria decreased two-fold.
It is worth emphasizing that a 1.4-fold decrease in the amount of Comammox bacteria
was recorded in parallel. These observations provide the basis for the conclusion that the
nitrifiers capable of oxidizing ammonia, remaining in the biofilm at that time, showed
much greater activity than those before the reduction of the OLR and NLR values. It is also
possible that microorganisms capable of oxidizing ammonia nitrogen that were not detected
with the used primers, due to their high phylogenetic diversity, appeared in MBSBBR. Shao
etal. {2017) also observed an increase in the AOR after reducing the OLR. The cited authors
conducted tests for biomass taken from a hybrid reactor  [. After a two-fold reduction in
OLR, they recorded a 1.51-fold increase in AOR, and after reducing it again by 1.66 times,
the AOR value rose from 7.99 mgN-NH4" /gVSS-h to 18.25 mgN-NH; " /gVSS-h.

Lowering the concentration of DO by almost half increased the activity of microor-
ganisms oxidizing ammonia nitrogen almost 2.4 times. In parallel, qPCR results provided
the basis for recording an increase in the frequency of occurrence of AOB and Comammox
bacteria, 2.3-fold and 2.7-fold, respectively. The abundance of NOB also increased (3.6-fold),
although no significant changes were recorded in the NitOR value. The observations
suggest that despite reducing DO, its concentration was sufficiently high for diffusion
within bioftlhn not to be of significant importance. These conditions were also conducive to
the growth of types of nitrifying microorganisms that prefer lower concentrations of DO
and are more active at such concentrations. According to the literature, such organisms
include the oligotropha lineages of Nitrosospira and Nifrosomonas  ]. Based on the relative
abundance of the most prevalent phyla in the studied samples, an increase in Proteobac-

teria and Nitrospirota was observed. Proteobacteria are widely known to include -~~ous
microorganisms responsible for removing nitrogen, ainong them AOB and NOB On
the other hand, Nitrospirota was recognized as a microorganism responsible for the ... aval
of ammonia and nitrite during biological treatment under aerobic conditions At the

genus level, an increase in the abundance of Nitrespira, Thatirea, Zoogloa, and r urucoccous
was detected. Accordine to T.uan et al. (2022), Nitrospira is widely known as the dominant
NOB in hiofilm reactors Paracoccus is a genus commonly recognized as a heterotrophic
AOB

1t 15 also worth looking at the results presented in S.I1.2. and 5.1L4. MBSBBR operated
under identical technological conditions during both series. Although the effectiveness of
the nitrification process during these two series was comparable, some differences were
observed in the activity of individual groups of nitrifying microorganisms as well as their
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abundance. There were no significant changes in the NitOR values, but the AOR in S.11.4.
was almost 1.5 times higher than that before OLR and NLR reduction (5.11.2.). This suggests
that the number of bacteria capable of oxidizing ammonia nitrogen in the sample from
series 5.11.4. will be higher than in series S.11.2., and the abundance of NOB will be at
a comparable level. The qPCR results showed, however, that contrary to expectations,
despite identical operating conditions of the MBSBBR in 5.11.2. and S.11.4., biomass was
then poorer in all the analyzed groups of nitrifiers. AOB and NOB abundance decreased
more than 1.40 times, and the amount of Comamunox bacteria was 2.2 times lower than in
5.I1.2. Changes were also evident at the phyla and genera level. The relative abundance of
Nitrospira decreased 2.67 times. This suggests that changes in the activity and abundance
of individual groups of nitrifying microorganisms could have resulted from a decrease in
the OLR and NLR in series 5.11.3. Although the reactor operated for a long time under the
same conditions as set in 5.11.2., biomass did not return to its previous characteristics.

In addition to the canonical nitrifiers that oxidize ammonia nitrogen to nitrites and
nitrites to nitrates, referred to as AOB and NOB, Comammox bacteria were detected in
the MBSBBR. These microorganisms are believed to be genetically adapted to carry out
the full nitrification process because their genome -~ —*ains a full set of genes enabling
the oxidation of both ammonia and nitrite nitrogen Biofilm is considered a favorable
environment for the deve'~—-nent of these microorganisms due to the low growth rate
of Comammox Nitrospira Comammox Nitrospira may even dominate nitrification in
biofilm under certain conditions Although it has been 7 years since the discovery
of these microorganisms in wastewater treatment systems, the conditions conducive to
their development are still not well defined. The results of the qPCR showed that the
frequency of occurrence of Comammox bacteria was mostly affected by the transition
from continuous to intermittent aeration (5.1.1-51.2.), as well as by reducing the DO.
Next to the obvious decrease in DO concentration in MBSBBR, the introduction of 1A
also resulted in the biomass being periodically subjected to lower oxygen concentrations.
According to Roots et al. (2019}, lower DO is one of the factors considered favorable for
Comammox bacteria Other studies have shown, however, a lack of significance in the
relationship between LU and the occurrence of Comammox bacteria [51]. For example,
in analogous research conducted for a hybrid system, a reduction in DO did not yield
any discernible impact on the abundance of Comammox bacteria in the biofilm {17]. In
contrast to this study, a significant decrease in this group of microorganisms occurred when
continuous aeration was switched to intermittent aeration. Zhao et al. (2022), conduct-
ing research in the MBBR reactor, observed selective enrichment of Comammox bacteria
while the system operated at a DO concentration above 6 mgO;/L [13]. In contrast to
the findings of Zhao et al. (2022) [15], this study determined the highest abundance
of Comammox bacteria during the series, with the highest number of subphases with-
out aeration during the aerobic phase (R = 1/2) and the lowest concentration of DO
(3.5 mgO,/L). The observed differences, could among, others result from continuous feed-
ing of the MBBR in the cited paper with synthetic wastewater containing only ammonia and
no organic carbon. Mereover, unlike this work, they did not use IA. These discrepancies
indicate the need for further research on different systems that may, in the future, clearly
determine how the concentration of DO affects Comammox bacteria.

Based on this study, the intermittently aerated pure biofilm reactor (MBSBBR) may
be considered a promising technological solution applicable to biological wastewater
treatment. The analysis of the quality of treated wastewater showed high efficiency in
the removal of pollutants, regardless of the modifications applied to the operation of
the reactor.

Future research should focus on further investigating the effect of the operational
conditions of MBSBBR as a long-term gradual decrease of the reactor’s organic and nitrogen
loading rate and DO lowering to improve the operation of full-scale MBSBBRs as much
as possible. Reducing the costs associated with aeration will help reduce the energy
expenditure of sewage treatment plants, which has benefits for the environment, Such
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research will also be promising in terms of the analysis of microorganisms inhabiting
biofilm developing on moving carriers, with a particular focus on Comammox bacteria,
to better understand the environmental conditions in which these poorly characterized
nitrifiers can exist.

4. Conclusions

The findings from this long-term study have provided valuable information on the
use of intermittently aerated pure biofilm reactors, such as the MBSBBR, for municipal
wastewater treatment. In this research, particular emphasis was placed on the nitrification
process, which represents one of the primary links in the nitrogen cycle in nature. Shortly,
the main conclusions are summarized in the following points:

e«  The analysis of the quality of treated wastewater showed high efficiency in COD
(96.07 £ 0.74%), N-NH4* (93.36 + 2.13%), and TN (75.77 + 4.57) removal across a wide
range of system operating parameters, indicating its high versatility and adaptability
to prevailing technological conditions.

®  Despite no significant shifts in nitrification efficiency, disparities were observed in the
activities and abundance of particular nitrifying microbial populations.

e  The activity of bacteria capable of oxidizing ammonia nitrogen changed differently
from that of bacteria capable of oxidizing nitrite in response to modifications in the
MBSBBR operation, while the abundance of AOB, NOB, and Comammox bacteria
shifted in the same direction.

e  The oxygen concentration had a significant influence on the diversity of the bacterial
community. The reduction of DO in the second stage led to a decrease in the number
of taxa (based on the Chaol index) and an increase in the homogeneity of the bacterial
community (based on the Shannon index). This indicates that not all taxa present at
the beginning of the experiment were able to adapt to the low DO concentration.

o  The primary factor causing the reduction of the activity of ammonia oxidizers was
shortening the duration of subphases with aeration during intermittent aeration. The
change in the activity of the NOB was only affected by the reduction of the reactor’s
organic and nitrogen loading rates.

o  The most significant shifts in the abundance of both AOB and NOB were noted after
the change in aeration strategy from continuous to intermittent.

s  The frequency of occurrence of Comammox bacteria was mostly affected by the
transition from continuous to intermittent aeration, as well as by reducing the DO
from 6 mgQ» /L to 3.5 mgO, /L.

e  Despite long-term stable MBSBBR operation under the same conditions in two separate
series, the characteristics of microorganism communities were different.

Supplementary Materials: The following supporting information can be downloaded at: /

Figure S51: gPCR standard curves created bu aiuun
Fene IHEIents 01 tanomcdl A, 1o gene ragments of NOB, and amoA of Comammox bacteria;
Figure 52: Relative abundance of the most prevalent (a) phiyla and (b) genera in the studied samples.
The graphs show only taxa which contributed more than 1.0% to the total bacterial community. The
abundance of the remaining taxa was summed and [abeled ag “ETC"; Figure 53 Relative abundance of
the mitrifying guilds; Table 51: Compounds of the synthetic wastewater; Table 52: Volatile suspended
solids of biomass present in the MBSBBR; Table 53: Estimates of microbial diversity and richness
indices in the studied series; Figure $4: N-NH4*, N-NO;~, N-NO;~ profiles during test (ay AUR
(b) NitUR—S.I.1,; Figure §5: N-NH, ", N-NO; , N-NO; profiles during test (a) AUR (b) NitUR—
5.1.2,; Figure 56: N-NH, ", N-NO, ~, N-NO; ~ profiles during test (a) AUR (b) NitUR—S.1.3.; Figure 57:
N-NHy*, N-NO;~, N-NO3~ profiles during test (a} AUR (b) NitUR—S.IL.1.; Figure 58: N-NH,*,
N-NO; , N-NO; profiles during test (a) AUR (b) NitUR—5.11.2.; Figure 59: N-NH, ", N-NO,
N-NO;~ profiles during test (a) AUR (b) NitUR—S.IL3.; Figure 510: N-NH,*, N-NO3~, N-NO3~
profiles during test (a) AUR (b) NitUR—S.11.4.
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Figure 51. qPCR standard curves created for amoA gene fragment of canonical AOB, 165 gene fragment of NOB,

and amoA of Comammox bacteria.
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Table 51 Compounds of the synthetic wastewater

Synthetic wastewater

Compound Concentration
Ammonium acetate 225 mg/L
Peptone 135 mg/L
Starch 45 mg/L
Glucose 45 mg/L
Glycerine 0.049 ml/L
NaHCO, 125 mg/L
Na:HPO: 15 mg/L
KHzPO. 4.5 mg/L
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Table 52 Volatile suspended solids of biomass present in the MBSBBR.

] Suspended biomass Biofilm* biof:ll:spsjgcilzgilm
Stage  Series
g MLVSS g MLVSS5 %
S.I.1. 0.3652+0.0216 22.3498+0.0170 1.62+0.12
I S.L2 0.3706+0.0329 22.4532+0.0020 1.60+0.01
S.1.3. 0.3851+0.0469 22.3688+0.0139 1.65+0.24
S.ILL. 0.3431+0.0334 22.9696x0.7417 1.30+0.02
S.IL2. 0.3507+0.0309 34.0494+0.0217 1.10+0.01
1 S.IL3. 0.3013+0.0712 16.0246+.0346 1.39+0.56
S.I14. 0.3372+0.0140 21.6676+0.0030 1.45+0.01

* NOTE: Because the carriers did not return to the reactor to avoid disturbance of the system operation caused by

excessive loss of biomass, 5 carriers were randomly collected from MBSBBR. This amount was less than 1% of all

moving carriers in the reactor. Due to further experiments planned for MBSBBR, the amount of collected carriers

was selected as follows so avoid affecting the system performance.

Table §3 Estimates of microbial diversity and richness indices in the studied scries.

Stage Samplename OTUs CHAO Shannon

SlI1 1838  2109.56 5.10
: S.13 2085  2241.16 513
SIL1 1832  2002.28 5.21
11 S.IL2 1958  2138.43 5.51
S.IL.4 2056 213161 5.55
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Abstract: The purpose of the study was to analyse the impact of aeration strategies defined by the
changes in the duration of aerated sub-phases, the ratio between non-aerated and aerated sub-phase
times (R), and dissolved oxygen concentrations (DO) on the suppression of nitrite-oxidizing bacteria
(NOB) in activated sludge and biofilm developing in a hybrid reactor with nitrification/denitrification.
The primary factor causing NOB suppression both in biofilm and in activated sludge was an increase
in the R-value {from 0 to 1/4 and from 1/4 to 1/3). Atter reducing the DO from 3 to 2 mg O, /L, there
were no changes in the frequency of NOB occurrence, and no reduction in the nitrite oxidation rate
was recorded. The abundance of Comammox bacteria was considerably affected by the change from
continuous to intermittent aeration. Activated sludge showed a substantal increase in the quantity
of clade A and B, whereas the quantity considerably decreased in biofilm.

Keywords: nitrite-oxidizing bacteria; Comammox; IFAS; parhal nitrification; dissolved oxygen;
intermittent aerabion

1. Introduction

An intriguing research problem is the possibility of inhibition of the nitrification pro-
cess at its first stage, namely nitritation. In comparison to the traditional model of biclogical
nitrogen removal in nitrification/ denitrification (N/D) systems, the implementation of pro-
cesses based on partial nitrification offers the possibility of saving 25% of energy costs used
for aeration, reducing the demand for organic carbon for conducting the denitrification
process by 40%, and reducing sludge production by 50% [1]. Suppression of nitrification
at its first stage is also necessary for the application of innovative systems of nitrogen
removal in wastewater treatment plants, such as Sharon, Canon, Oland, or SNAD [2,3].
The aforementioned effects permit reduction in the energy consumption in the wastewater
treatment process, therefore contributing to an increase in the energy self-sufficiency of a
wastewater treatment plant. They also respond to the challenges of the circular economy.

The literature offers many publications regarding suppression of nitrification at its
first stace hut most of them concern deammonification systems operating based on the
biofilm . granular sludge or activated sludge technology 3], or those focusing
exclusivery on the nitrification piocess, where biomass develops in the form of activated
sludge J or biofilm One of the methods of suppression of bacteria that oxidize
nitrites w rutrates (NObj 15 conduictine the wastewater treatment process at a low concen-
tration of dissolved oxygen (DO) It is believed that in such conditions, the activity
of ammonia-oxidizing bacteria (Awb;) 18 nigher than that of nitrite-oxidizing bacteria (NOB).
This is due to the [act that the half-saturation constant (Ko) of AQOB is lower than the index
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value for NOB. As a result, at lower availability of oxygen, the quantity of NOB in the
biomass gradually decreases [13]. Another frequently used method of NOB suppression is
a combination of a low dissolved oxygen concentration and the application of intermittent
aeration in the case of which an important factor affecting the suppression of NOB are
durations of aerated (t;) and non-aerated phases (tp), and the related ratio t» /t; (R)

For example, Ma et al. [8], conducting research in an 5SBR at oxygen concentration in aerobic
phases at a level of 0.08-0.25 mg O3 /L and comparing different durations of aerated and
non-aerated phases (30 min:30 min, R = 1; 30 min:60 min, R = 2; 15 min:90 min, R = 6;
15 min:15 min, R = 1), recorded the highest accumulation of NO; ™ (27.3 mg N-NO,~ /L) at
the highest value of R. According to the literature, low DO in intermittent aeration systemns
does not always favor NOB suppression. For DO of 0.3 &+ 0.14 mg O3/L, Bao et al. [9]
observed ammonia nitrogen oxidation to nitrates, and obtained accumulation of NO,~ by
increasing the DO level to 1.8 £ 0.32 mg O, /L (the system operated at R=1, and t; and t;
reached 10 min.

Publications discussing NOB suppression in the mainstream evetems with N/D are
still scarce. Most of them concern activated sludge technology In addition, in
this case, one of the reported inethods of NOB suppression is conducting the treatment
process at low DO concentration. According to most researchers, a decrease in axygen
concentration in the reactor has a positive effect on the suppression of NOB l. More
than 95% accumulation of nitrites in the effluent was obtained by mainlauwy oxygen
concentration within a range of 0.4-0.7 mg O, /L. An increase in the value of the indicator
to 2-3 mg Oy /L resulted in the domination of nitrates in the effluent {16]. Equally high
accumulation of NO; ~ (90%) was obtained when the DO level in the reactor was in a range
of 0.2-0.3 mg Oz /L by Zeng et al. [1]. It was additionally evidenced that a decrease in
hydraulic retention time {HRT) is a factor contributing to NOB suppression. By decreasing
DO from 5.7 to 0.7 mg O, /L, Ruiz et al. only observed the accumulation of nitrites when
the concentration of the analyzed indicater reached 1.4 mg Oz /L. Maximum accumulation
of NO;~ was recorded at DO = 0.7 mg O, /L; it was 65%. In systems with N/, NOB
suppression was also obtained by the introduction of intermittent aeration. Katsogiannis
et al. reported more than 95% accumulabion of nitrite nitrogen, attributing it to the
suppression of the activity of NOB due to the short duration of the aerated phase. In
the system applied by the authors, the durations of aerated and non-aerated phases were
20 min and 60 min, respectively (R = 3), and DO was in a range of ?-~ 5 mg O, /L. Equally
high accumulation of nitrites (92.25%) was recorded by Li et al. | using the strategy
of intermittent aeration with simultaneous maintenance of a low PO (the duration of
aerated and non-aerated phases was 30 min and 10 min, respectively; R = 1/3, DO was

0.2mg OQy/L}.
Little investigation has been so far performed regarding NOB suppression in the
mainstream system with N/D operating in the bicfilm or hybrid technology Aftera

change in the aeration strategy from continuous to intermittent (2 min with aeration: 2 min
without aeration; R = 1), Yang and Yang [20] recorded an increase in the accumulation
of nitrites from 4.5% to 49.1%. After prolonging the non-aerated phase to 4 min (R = 2),
they obtained an accumulation of NO» ™ at a level of 79.4% (the study was conducted in a
moving-bed membrane bioreactor). The observations were equated with the suppression of
the activity of NOB, not with their complete washing out from the reactor. Bhatia et al.
conducting research regarding the effect of intermittent aeration on microbial diversity in
an integrated fixed-film activated sludge reactor, evidenced that a decrease in the value of
R from (.66 to 0.2 was accompanied by a decrease in the abundance of bacteria from genus
Nitrospira, identified as the dominating nitrite oxidizers. The authors, however, did not
explain the recorded changes in the abundance of Nitrospira sp. in reference to the form in
which biomass developed in the reactor (i.e., suspended biomass and attached biomass on
fixed curtains).

This study presents results of research aimed at the determination of the effect of
different aeration strategies on the suppression of NOB in a hybrid system with nitrifi-
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2.1.2. Synthetic Wastewater

The IFAS-MBSBBR was supplied with synthetic wastewater simulating municipal
wastewater. The wastewater was prepared based on dechlorinated tap water and a mix-
ture of: peptone 135 mg/L; starch 45 mg/L; glucose 45 mg/L; glycerine 0.0495 mL/L;
ammonium acetate 225 mg /L, NaHCO; 125 mg/L; Na,HPO; 15 mg/L; KHoPOy 4.5 mg/L.
The characteristics of the influent were as follows: COD 518.76 + 9.02 mg O/L; TN
63.96 + 0,83 mg N/L; N-NH,* 39.91 + 1.00 mg N-NH,*/L; P-PO,* 7.22 4 0.68 mg P-
PO43'/L; alkalinity 397.2 £ 32.6 mg CaCO;5/L; pH 7.6-7.9. A new portion of wastewater
was prepared every day except for weekends and holidays, when wastewater was prepared
once every two days.

2.1.3. Operation Conditions

In the experiment lasting for 100 days, four research stages were designated (I-1V),
differing in the applied aeration strategy (Table 1).

Table 1. Reactor operation stages.

Description of Aeration Strategy Day of

. Performance of
Ralio between 0> Batch Tests and

Stage Duration Times of Times of Non- Concen.h'ahon Collection of
Aerated ¢, and Aerated and during
(Days) Samples for
Non-Aeraied Aerated Aerated Microbiological
{z Sub-Phases Sub-Phases Sub-Phases Anal &
yses
(R) (mg/L)

I 0-39 Continuous 0 3 32

Intermittent
aeration: ,

I 40-70 t) = 40 min, 1/4 3 67
tr = 10 min
Intermittent

1 71-84 aeration: 1/4 2 82
ty = 40 min,
t; = 10 min
Intermittent

aeration:

w 85-100 t, = 30 min, 1/3 2 97

ts = 10 min

The study was launched on an operating IFAS-MBSBBR where biomass developing in
the form of biofilm on moving carriers and in the form of activated sludge (1.885 g MLSS/L)
provided for highly efficient nitrification (98.16%, concentration of ammonia nitrogen in
treated wastewater 0.70 mg/L}. The efficiency of removal of organic compounds, nitrogen,
and phosphorus compounds, in that case, reached 97.17%, 80.79%, and 74.86%, respectively
(COD values, TN and P concentration in treated wastewater reached 14.50 mg O» /L,
1210 mg N/L, and 1.85 mg P/L). It was an important methodical assumption that common
features for all research stages were as follows:

s An 8 h operation cycle composed of the following phases: 50 min anoxic/anaerobic
phase I with wastewater dosage (2/3 of the total amount of wastewater dosed to the
reactor in a single cycle (V¢ )), 190 min aerobic phase I (with continuous or intermittent
aeration), 30 min anoxic/anaerobic phase II with wastewater dosing (1/3 V), 150 min
aerobic phase II {(with continuous or intermittent aeration), 50 min sedimentation, and
10 min decantation;

o  The volume (V) and composition of raw wastewater dosed inte the reactor, and
therefore organic loading rate (L): V¢ = 10 L, the qualitative characteristics of the
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wastewater are described in point 2.1 2., organic compounds load and nitrogen load

on the reactor was: Leop =555+ 17 g COD/m*d, Ly =689+ 1.8 g N/m?d;

e  Concentrabion of biomass developing in the form of activated sludge: it was assumed
that the value of this parameter would be maintained at the level obtained after the
development of the reactor, i.e., approximately 1.8 g MLSS/L;

e  The quantity of carriers in the reactor constituting 25% of the active volume of the
reactor, i.e., 7 L;

e  Temperature in the reactor: 20 °C.

The experiment began with the stage at which the reactor operated with continuous
aeration and DO at a level of 3.0 mg O;/L (Stage I). At subsequent stages, intermittent
aeration was applied, with the introduction of changes: (I) in R values through the re-
duction in the duration of aerobic sub-phases (the duration of non-aerated sub-phases
was constant and reached 10 min), and (I} in DO values in aerobic sub-phases. Detailed
characteristics of the aeration strategies applied at subsequent research stages are pre-
sented in Table 1. Throughout the experiment, analysis of raw and treated wastewater was
performed twice a week in the following scope: COD, TN, N-NHy*, N-NO; -, N-NO3~,
P-PO4?~, alkalinity, pH, and determination of the concentration of activated sludge. The
concentration of ammonia nitrogen in the effluent from the reactor was controlled six times
a week (Monday-Saturday).

In order to trace how technological changes introduced at subsequent stages of the
experiment affected the suppression of the bacteria of the Il nitrification phase, batch tests
AUR and NitUR were conducted, as well as microbiological analyses. It was presumed that
batch tests would be performed when for at least 10 subsequent days after changing the
aeration strategy, the IFAS-MBSBBR shows comparable efficiency of the nitrification process
(as concluded based on the concentration of ammonia nitrogen in treated wastewater).
On the day of batch tests, samples of activated sludge and biofilm were collected for
microbiological analyses.

2.2. Batch Experiments Testing the Suppression of Nitrite-Oxidizing Bacterin

Batch tests were used as a tool for tracking NOB suppression in [FA5-MBSBBR: am-
monia utilization rate test—AUR and nitrite utilization rate test—INitUR. In sequencing
reactors in which nitrification and denitrification occur in a single reactor, it is possible not
to record the shortcut nitrification process that is associated with the appearance of nitrites
in the effluent. It is due to the fact that the nitrite nitrogen produced in that process can be si-
multaneously used by denitrification bacteria. Therefore, lack of nitrites in the effluent does
not point to the fact that no nitritation occurs in the system. It also provides no possibility
to answer the question of how the applied aeration strategy affects NOB suppression.

Each test was performed separately for suspended biomass and biofilm. The tests were
marked as follows: AUR-5B—ammonia utilization test for suspended bioinass; AUR-B—
amronia utilization test for biofilm; NitUR-SB—nitrite utilization rate test for suspended
biomass; NitUR-B—nitrite utilization test for biofilm.

Each test was performed with the following assumptions:

1. Oxygen concentration at a level of 7 mg Co /L.

The value of this parameter was assumed at a level that does not constitute a factor
limiting the rate of ammeonia nitrogen oxidation in the AUR test and the rate of nitrite
nitrogen oxidation in the NitUR test. In the case of biofilm, one of the factors determining

the course of aerobic processes is oxygen diffusion into the biofilm Limiting the
effect of this factor in the treated medium requires th~ maintenance or nigh dissolved
oxygen concentration. According to Rother and Cornel] _ and Pal et al. the provision

of highly efficient nitrification in pure moving-bed technology requires tne maintenance of
DO concentration at least at a level of 5 mg O, /L. Oxygen diffusion does not play such an
important role in the case of activated sludge flocs, although in order to maintain identical
conditions in test reactors, the same oxygen concentration as for tests with biofilm was also
adopted for this form of biomass.
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2. Activated sludge concentration at a level of approximately 0.9 g MLS55/L (concerns
tests AUR-SB and NitUR-SB), percent content of moving bed of 25% of the active
volume of the test reactor, i.e., 2 L (concerns tests AUR-B and NitUR-B);

3. Initial concentration of ammonia nitrogen in the AUR test of 15 mg N-NH,* /L and
nitrite nitrogen in the NitUR test of 15 mg N-NQO, ™~ /L;

4. Temperature at a level of 20 °C. Based on the results of AUR tests, the following
was determined:

¢ Ammonia nitrogen oxidation rate—AOR, mg N-NH,™ /gVS5S-h;
s Accumulation of nitrite nitrogen—AN-NO;~, mg N-NO;~ /L;
e  Ratio belween nitrite increase and ammonia loss—RNIAL, %.
Based on the results of NitUR tests, the following was determined:

e  Nitrite nitrogen oxidation rate—NitOR, mg N-NO; ™~ /gV55-h.

2.2.1. Ammonia Utilization Batch Test (AUR)—Test Procedure

A single AUR test was conducted in the test reactor with an active volume of 2 L.
Before the tests, biomass sampled from the [FAS-MBSBBR was washed in dechlorinated
tap water to remove N-NH3*, N-NO,~, N-NO3~, and then placed in the test reactor. The
reactor was filled to 1.9 L with dechlorinated tap water previously heated to 20 °C and
saturated with oxygen to 7 mg Oz /L. Then, the oxygen concentration was contrelled
by means of a digital meter Multi 3410 (WTW, Wroclaw, Poland). If it was lower than
7 mg Oz /L, the content of the reactor was aerated until obtaining the assumed level of the
indicator. The initial alkalinity value was assumed to be 200 mg CaCO5/L. After dosing of
the appropriate amount of 5% KHCOj solution, the pH was adjusted to 7.6-7.8 with 10%
HCI. At the next stage, 4% NHyCl solution was added to the reactor in quantity, providing
an N-NH," concentration of 15 mg/L. During the test, the alkalinity value was monitored
on an ongoing basis. When it was found to be lower than 50 mg CaCOs /L, KHCOj; solution
was added to ensure the indicator value in the reactor was at a level of approximately
150 mg CaCO5 /L.

Throughout the experiment, the reactor was aerated using an air pump and aquarium
filter. The beaker content was mixed with a magnetic mixer. Samples with a volume of
30 mL were collected from the reactor every 30 min and immediately filtered through filters
with a mesh of 0.45 um. In the filtrate, the concentration of the following was determined: N-
NH,*, N-NO; ~, N-NO3 . The test lasted until the moment when ammeonia concentration
decreased to a value approximate to 0 mg N-NH4* /L or when the concentration of the
indjcator was maintained at a comparable level for the subsequent 60 min. In the case of
the test conducted for suspended biomass, mixed liquor volatile suspended solids (MLVSS)
concentrations were also determined. In the case of tests conducted with the application of
carriers, the mass of the biofilm was determined (as volatile suspended solids).

The determination of the ammonia nitrogen oxidation rate involved the application of
a straight line fragment of the function of the change in ammonia nitrogen concentration
in time characterized by coefficient R? > 0.97. The rate was expressed in mg N-NH,*
per {gVSS-h).

2.2.2. Nitrite Utilization Batch Test (NitUR)—Test Procedure

A single NitUR test was conducted analogically to the AUR test, except that a 5%
solution of KNO; was used instead of ammonium chloride in order to ensure initial N-
NO;- concenfration at a level of 15 mg/L. Another difference was the analytical scope.
The test determined the concentration of N-NO; ™, N-NO3 7, and it was conducted until
nitrite nitrogen concentration decreased to a level approximate to 0 mg/L or until the
concentration of the indicator was maintained at a constant level for a subsequent 60 min.

The determination of the nitrite nitrogen oxidation rate involved the application of a
straight line fragment of the function of change in concentration of nitrite nitrogen in time,

characterized by coefficient R* > 0.97. The rate was expressed in mg N-NO,~ per (gVS5-h).
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2.3. Microbiological Analysis
2.3.1. DNA Extraction

Biomass samples for microbiological tests were collected from sludge and biofilm at
specified intervals. Until DNA isolation, the samples were stored at —25 °C. DNA was
isolated from 200 ng of biomass (both sludge and biofilm) using the FastDNA™ SPIN
Kit for Soil (MP Biomedicals, Solon, OH, USA). The isolation procedure was performed
according to the manufachurer’s instructions. A Qubit fluorometer (Invitrogen, Carlsbad,
CA, USA) was used to measure the amount of isolated DNA. The obtained DNA was
stored at —18 °C until further analysis.

2.3.2. Quantitative Polymerase Chain Reaction

AOB was detected using PCR primers corresponding to 16 S rRNA: CTO189 (5 GGAG-
mAAAGYAGGGGATC(33} and CTO-654R (CTAGCYTTGTAGTTITCAAACGC) designed
by Kowalchuk et al. . NOB were analyzed using primers NSR1113f (5" kowaCCT-
GCTTTCAGTTGCTALLG ) and NSR1264r (5" GTTTGCAGCGCTTTGTACCG 3) in
accordance with Dionisi et al . For detection of Comammox Nitrospira clade A and B
in the tested samples, two sers or primers were used: comaA-244F and coma-659 R and
comaB-244F and comaB-659R | These primers targeted the ammonia monocoxygenase
gene {amoA}.

The PCR reaction was performed in an ABI 7500 real-time PCR thermocycler {Applied
Biosystems, Carlsbad, CA, USA), in MicrocAmp TM Optical 96-well reaction plates, using
Mix SYBR® A RT PCR reagents (A& A Biotechnology, Gdynia, Poland). Each sample was
analyzed in triplicate. The obtained data were analyzed using the relative quantification
method. The biomass used for the development process was used as the reference sample.
Relative quantification was calculated based on the formula RQ = Z’ACt, where ACt is the
difference between the Ct of the marker gene in the test sample and the same gene in the
biomass at the beginning of the process [28].

2.4. Analytical Metiods

Concentrations of COD, N-NH;*, N-NO: ", N-NO3, TN, P-PO,%" were analyzed
spectrometrically by means of cuvette tests (Hach Lange GmbH) and DR 3900 spectronho-
tometer {Hach Lange GmbH, Berlin, Germany) according to APHA Standard Methoeds
Mixed liquor suspended solids (MLSS), and mixed liquor volatile suspended solids (MLV55)
were determined using gravimetric methods in accordance with the Polish standard PIN-EN
§72:2007. Total volatile solids in the biofilm were also measured in accordance with the
Polish standard by calculation of weight loss. The biofilm was mechanically removed from
the carriers. All chemical analyses were performed in duplicates.

3. Results
3.1. Reactor Performance

Table 2 presents concentration values of pollutants in influent and effluent from the
IFAS-MBSBBR and the mean efficiency of removal of organic compounds, nitrification, and
denitrification determined for particular stages of the experiment.
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Table 2. Influent and effluent characleristics.

Effluent

Parameter Influent 1 i 111 v

m min 508.00 10.20 11.70 11.80 10.90

coD o fL max 535.00 16.50 18.40 18.40 18.30
2 average 51876 +9.02 1358 = 228 1478 £ 221 1580 £ 269 1410 + 3.1

e min 63.00 12.00 12.35 B.76 9,75

™ N }’L nax £5.00 15.80 14.65 14.00 12.40
average 6396+083 1325x126 1348086 1109195 11.46+1.23

m min 60.91 0.95 1.78 0.28 0.70

TKN N /gL max 6336 350 491 213 306
average 6204 L0R4 204 £076 309116 1814072 1764 09%

e N. iR 38.00 0.14 0.14 0.19 0.07

N-NH,* NE{ oy max 42,00 1.33 1.75 0.76 .61
+ average 3991 £1.00 0714034 069:045 0364019 028 013

N- N.  min 0 0.01 0.01 0.0

NO, - r]\?cg) Y max nd 0.56 0.23 0.07 0.20
2 2 average 0.09+0.19 0.04 = 0.06 0.03 % 0.02 0.04 + 0.05

- mp . | min 1.63 9,84 8.95 7.13 8.34

NOL- Ng Ty max 248 12.30 12.20 12.20 10.50
3 3 average 199+025 1112+093 1037+105 956+185 9644120
COD removal efficiency ! %, 9736 + 045 9719 042 9696 + 049  97.24 + 0.62
Nitrification efficiency 1 % 9838 +0.85 9819+ 116 99.05+049 9923+ (.29
Denitrification efficiency ! % 7921 =200 7881 £137 8279 +302 82.19 1 2.06

nd—not detected, ' —values calculated in accordance with the methodology provided in the [30].

For each of the stages, comparable efficiency of the organic compounds removal (Ecop)
and the nitrification process (En) was recorded in the [FAS-MBSBER. The mean value of
Ecop and Ey determined based on results obtained at all stages reached 97.21% + 0.47% and
98.61% + 0.93%, and COD and N-NH;* concentration in treated wastewater 14.49 + 246 mg O, /L.
and 0.56 £ 0.37 mg N-NH,* /L, respectively.

At stages I and 11 of the experiment, mean values of the efficiency of the denitrification
process (BEp) were maimtained at a comparable level, and TN concentration in the effluent
from the IFAS-MBSBBR reached 13.25 + 1.26 mg N/L and 13.48 4 0.86 mg N /L, respectively.
A certain increase in the value of Ep was recorded for stage I1I when it increased from
78.81% £ 1.37% (stage II) to 82.79% =+ 3.02%. The contributing factor could have been
a decrease in oxygen concentration from 3 to 2 mg O3 /L, resulting in conditions more
beneficial for the course of the process of simultaneous denitrification in deeper layers of
the biofilm and /or activated sludge flocs to which dissolved oxygen did not diffuse
The mean vatue of E, at the last stage of the experiment was approximate to that recorded
at stage Il and reached 82.30% = 2.27%. Ne accumulation of nitrite nitrogen was observed
in the effluent in the study, which is explained in Section 2.2, in SBR cannot be equated
with the lack of NOB suppression.

3.2. Analysis of the Suppression of the Nitrite Nitrogen Oxidation Process Based on the Results of
Batch Experiments

3.2.1. Ammonia Oxidation Rate for Suspended Biomass and Biofilm

Figure 2 presents ammonia nitrogen oxidation rates for activated sludge and biofilm de-
termined in batch tests (results of particular tests are presented in Supplementary Material).
Because all tests were conducted in the same conditions {described in detail in Section 2.2),
it was assumed that the change in the ammonia nitrogen oxidation rate would indirectly
indicate that the technological conditions of operation of the IFAS-MBSBBR caused changes
in the population of microorganisms able to oxidize ammonia nitrogen.
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Figure 2. Ammonia oxidation rate for suspended biomass (AOR- SB) and biofilm (AOR-B).

The analysis of the presented data shows that microorganisms able to oxygenate
ammonia nitrogen inhabiting both forms of biomass developing in the IFAS-MBSEBR
responded to changes in the aeration strategy introduced at subsequent stages of the
experiment in a similar way.

The comparison of AOR values determined for stages I and I shows that the change in
aeration strategy from continuous to intermittent (R = 1/4), both in the case of suspended
biomass and biofilm, caused a decrease in the AOR value by 47% (from 6.310 mg N-
NH,*/gV55-h to 3.347 mg N-NH,* /gVS5-h) and 27% (from 3.727 mg N-NH,;*/gV55-h to
2.725 mg N-NH4™ /gV55-h, respectively). A larger percent decrease in the AOR value in
the case of suspended biomass form suggests that the microorganisms inhabiting activated
sludge flocs were more sensitive to changes introduced in the aeration strategy applied in
the operation of the IFAS-MBSBBR.

Results of AUR tests conducted at the end of stage III, involving a decrease in DO
value in the IFAS-MBSBBR (from 3 to 2 mg O,/L), pointed to an increase in the AOR
value for both forms of biomass. The value of the analyzed indicator recorded at stage
III for suspended biomass was 6.231 mg N-NH4 ' /gV55-h and was approximate to that
determined for stages I with continuous aeration. This suggests that AOB bacteria adjusted
to the specific conditions of intermittent aeration, and through the selection of particular
metabolic pathways, they returned to their previous activity. The value obtained in that
case for biofilm (4.842 mg N-NH. " /gV55-h) was 78% higher than that recorded at stage 1
and 30% higher than the value obtained at stage L.

The reduction in the duration of aerobic sub-phases to 30 min at the last of the research
stages (IV) had no substantial effect on changes in AOR values observed both in the case of
suspended biomass and biofilm in comparison to those recorded for the previous stage.

3.2.2. N-NQO, -~ Accumulation Based on Aminonia Utilization Rate Test Results

AUR tests are primarily used for the assessment of the ammonia nitrogen oxidation
rate, although through tracking changes in the concentration of ammonia nitrogen, nitrites,
and nitrates, their results can also be used to assess NOB suppression. The experiment
assumed that if NOB suppression occurs in the IFAS-MBSBBR, an increase in accumulation
of nitrites (AN-NO, 7} and an increase in RNIAL would be recorded in AUR tests.

In the case of biomass in the form of biofilm, no accumulation of N-NGC» ~ was recorded
in any of the tests. The concentration of this indicator during the tests oscillated in a range
of 0.08-0.15 mg N-NTaO, ~ /L (Figure 3a).
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3.2.3. Nitrite Nitrogen Oxidation Rate Based on Nitrite Utilization Rate Test Results

According to reports presented in the literature, since 2015, oxidation nf ammonia
nitrogen can be carried out directly to nitrates by Comammox bacteria . There-
fore, conducting only AUR tests and tracking AN-NO, ™ and the RNIAL index may be
insufficient to assess how the applied aeration strategy affected NOB suppression. Due
to this, parallel conducting of the nitrite utilization rate test—NitUR was proposed in the
study, and the nitrite nitrogen oxidation rates (NitOR) determined based on the test are
presented in Figure 3b. Because each NitUR test was conducted in the same conditions, it
was assumed that the occurrence of NOB suppression in the IFAS-MBSBBR would result in
a decrease in NitOR values.

The analysis of NitOR values obtained at subsequent research stages for biofilm shows
that their decrease occurred only after the change of aeration strategy from continuous
to intermittent. The value of the analyzed indicator decreased by 23% from 13.906 mg
N-NO; /gVSS-h (stage I) to 10.687 mg N-NO; /gVSS-h (stage II), and at the following
stages, it was maintained at a comparable level (10.242 mg N-NO;~ /gVS5-h—stage III,
10.306 mg N-NO; ~ /gVS5-h—stage IV).

In the case of activated sludge, NitOR values decreased each time after an increase in
the R index. When R increased from O (stage I} to 1/4 (stage II), they decreased by 55%, and
when R increased from 1/4 (stage III) to 1/3 (stage IV), they decreased by 19%. Decreases
in the NitOR value were also expected after a decrease in oxygen concentration in the
IFAS-MBSBBR. Contrary to expectations, an almost 51% increase in the value of the index
was recorded (from 1.976 mg N-NO; ™ /gV55-h for stage Il to 2.977 mg N-NOp ~ /gV55.h
for stage 1I1).

3.3. Changes in AOB, NOB, and Comanimox Bacteria Abundance

Quantitative PCR analysis showed the presence of ammonia-oxidizing bacteria (AOB)
and nitrite-oxidizing bacteria (NOB} in both forms of biomass. In the biofilm, a significant
increase in AOB was observed at the first stage (fold change of approximately 5500). At
the second and third stages, the AOB abundance was at a similar level, although lower
than at the first stage (fold change of approximately 400). The abundance of NOB was
at a similar level at the first, second, and third stages (fold change in a range of 237-386).
At the fourth stage, the abundance of both AOB and NOB decreased significantly. In the
activated sludge, the abundance of AOB was the highest at the first {fold change 73) and
second stage (fold change 168). After that, at the third and fourth stages, their abundance
significantly decreased.

Comammox bacteria were analyzed with the application of the qPCR approach by
means of two PCR primer pairs specific for different Nitrospira Comammox lineages [27].
In the biofilm, a significant increase in bacteria belonging to both lineages was observed at
the first stage (Figure 4). The fold changes for comA and comB were almost 1400 and 200,
respectively. After that, at the second and third stages, both groups of Comammox bacteria
decreased. At the end of the process, at the fourth stage, their abundance was even lower
than at the beginning of the process. Similarly, in activated sludge, the highest abundance
was determined for comA. The abundance of bacteria belonging to this group was the
highest at the second stage (fold change 254), followed by the first stage (fold change 30).
At the third and fourth stages, their abundance significantly decreased. The comnaB group
showed the highest abundance at the second stage (fold change 60). At the remaining
stages, the fold change was lower than 3.5.
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Figure 4. Relative qPCR analysis of bacterial population changes in IFAS-MBSBBR. The results
show the values of fold changes for biofilm and activated sludge at four stages of the process
(I-IV) in relation to biomass at the beginning of the process (0). AOB—ammonia-oxidizing bacteria,
NOB—nitrite-oxidizing bacteria, coma A—lineage A of Comammox bacteria, coma B—lineage B of

Comammox bacteria.

4. Discussion

The primary objective of the study was the comparison of the effect of the aeration
strategy {continuous and intermittent aeration with different R and DO concentrations)
on NOB suppression in activated sludge and biofilm in the IFAS-MBSBBR with nitrifica-
tion/denitrification. The analysis of literature reports suggests that NOB suppression is
usuallv identified based on the appearance of nitrites in the effluent from the biological reac-
tor In the case of sequencing reactors where nitrification and denitrification occur
in a single reactor, even in the conditions of the complete elimination of bacteria-oxidizing
nitrites to nitrates or complete suppression of their activity, substantial accumulation of
nitrites in the effluent from the reactor may not be recorded. Nitrite nitrogen developed in
the course of shortcut nitrification can be simultaneously used by denitrification bacteria
that reduce it to gas nitrogen. Therefore, for the purpose of tracking NOB suppression,
parallel batch tests were conducted after each of the four research stages (differing in
the aeration strategy) for both forms of biomass. NitUR and AUR tests were conducted,
providing the basis for the determination of the nitrite nitrogen oxidation rate (Ni#tOR)
and volume of accumulation of nitrite nitrogen (AN-NO; ™), as well as the ratio between
nitrite increase and ammonia loss (RINIAL). Because ail tests were conducted in the same
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conditions (described in detail in Sectior t was assumed that a change in values of the
aforementioned indicators would indirectly indicate that the aeration strategy applied at a
given research stage in the IFAS-MBSBBR affected NOB suppression. Based on the results
of AUR tests, ammonia nitrogen oxidation rates (AOR}) were also determined. Moreover,
microbiological analyses were conducted to determine the effect of the aeration strategy on
the occurrence of bacteria responsible for nitrogen transformations. The research employed
quantitative PCR analysis with primer pairs detecting the presence of microorganisms re-
sponsible for the oxidation of nitrites. In order to perform a complex assessment of changes
occurring in activated sludge and biofilm, the abundance of AOB was also determined
using primers corresponding to 165 rRNA (CTO189f and CTO-654R) and Comammox
Nitrospira clade A and B (using primers comaA-244F and coma-659R and comaB-244F and
comaB-659R).

The obtained results showed that the primary factor causing NOB suppression both in
biofilm and activated sludge was an increase in the value of the R index, i.e., the transition
from continuous (R = 0) to intermittent aeration with durations of aeration and non-aeration
sub-phases of 40 min and 10 min, respectively (R = 1/4), and a reduction in the duration
of aeration sub-phases from 40 to 30 min (change in R from 1/4 to 1/3). After changing
continuous (R = 0, stage I) to intermittent aeration (R = 1/4, stage II), suppression of
nitrite-oxidizing bacteria was observed for each form of biomass. In the case of biofilm,
it was suggested by a decrease in the abundance of NOB bacteria and a lower nitrite
nitrogen oxidation rate evidenced in batch tests. In activated sludge, NOB suppression
was observed as a decrease in the value of NitOR-5SB and an increase in the accumulation
of nitrites, and therefore an increase in the value of RNIAL recorded in the batch tests
(NitUR and AUR, respectively). The reduction in the duration of aeration sub-phases
fromn 40 to 30 min (changes introduced between stage Il and 1V) caused a decrease in
the abundance of NOB developing in the biofilm. Results of NitUR tests conducted for
activated sludge showed that the nitrite nitrogen oxidation rate decreased during that time,
and an AUR test showed a considerable increase in the accumulation of nitrite nitrogen and
an increase in the value of RNIAL. Because microbiological analyses between stage T and
1T and between stage I1l and IV showed no decrease in the abundance of NOB bacteria in
activated sludge flocs, it is highly probable that the suppression cbserved in the batch tests
resulted from a change in the activity of microorganisms responsible for nitrites oxidation.
It also cannot be excluded that microorganisms able to oxidize nitrite nitrogen that are not
detected with the applied st~++ers due to their F*~* »hylogenetic diversity occurred at the
time in the [FAS-MBSBBR [ Yang and Yang conducting research in a moving-bed
membrane bioreactor with simultaneous nitrification and denitrification, also evidenced
an increase in NOB suppression in biofilm and suspended biomass after a change of the
aeration strategy from continuous to intermittent (2 min with aeration: 2 min without
aeration; R = 1}. These observations were equated by the authors with the suppression
of NOB activity and not with their complete flushing from the reactor. The suppression
was concluded based on an increase in the nitrite accumulation rate (NAR) in the effluent
from the reactor, as well as a compariscn of results of batch tests aimed at the assessment
of the nitrification characteristics under the intermittently aerated mode and results of
microbiclogical analyses. The effect of intermittent aeration on NOB suppression was
also evidenced by Katsogiannis et al. conducting research in an SBR reactor with
N/D with activated sludge. The phenomenon was attributed to the suppression of the
activity of bacteria-oxidizing nitrites to nitrates due to a short duration of the aeration
phase—the durations of aeration and non-aeration phases were 20 min and 60 min (R = 3),
respectively. NOB suppression was concluded based on N-NO», ™ accumulation at the end
of each aeration phase during the pbrrrntinn ~f +he entire operation cycle of the reactor.

Considering literature reports NOB suppression was also expected
after the reduction in oxygen concentration in aeration phases from 3 to 2 mg O, /L (i.e.,
between stages Il and IIT). After the introduction of such changes in the operation of the
TFAS-MBSBBR, however, no changes in the frequency of occurrence of NOB occurred,
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nor a reduction in the nitrites to nitrates oxidation rate. In the case of activated sludge,
qPCR results provided the basis for recording a decrease in the frequency of occurrence
of NOB, although it was not accompanied by a decrease in the rate of oxidation of nitrite
nitrogen in the NitUR-5B test or a considerable increase in the accumulation of nitrites in
the AUR-5B test. Lack of NOB suppression after a decrease in oxygen concentration was
also observed by Liu and Wang [35], Bao et al. [9], and Cao et al. [7] according te the first of
the aforementioned research groups, as a result of a long-term operation of the nitrification
reactor at DO at a level of 0.3 and 0.16 mg O, /L, nitrite-oxidizing bacteria become a better
oxygen competitor than AOB, resulting in complete nitrification. Cao et al. [7] recorded
an increase in the abundance and activity of NOB in activated sludge, accompanied by a
change in the dominant genus from Nitrobacter to Nitrospira, as a result of a decrease in DO
from 1.7 to 1.0 mg O, /L. Bao et al. [9], conducting research in a nitrification reactor, for
DO at a level of 0.3 + 0.14 mg O, /L, observed complete nitrification, and accumulation
of NO, ™ was only obtained after an increase in the DO level to 1.8 £ 0.32 mg O, /L (the
system operated at R = 1, and t; and t; reached 10 min).

During AUR tests for the separated forms of biomass coming from the same reactor, it
was observed that the accumulation of nitrite nitrogen, constituting one of the indicators
of NOB suppression, occurred only for activated sludge. In the case of biofilm, despite a
decrease in the frequency of occurrence of NOB bacteria and /or nitrite nitrogen oxidation
rate (NitUR tests), accumulation of N-NO3 ° never occurred in AUR tests, In order to
explain that phenomenon, ratios between the nitrite nitrogen oxidation rates and the
ammonia nitrogen oxidation rates were determined (I‘Xé%R) for both forms of biomass.
They were 0.44-0.69 for activated sludge and 2.12-3.73 for biofilm, which in the first case
pointed to the much higher activity of microorganisms-oxidizing ammeonia nitrogen, and
in the second case, to the much higher activity of microorganisms-oxidizing nitrites. This
suggests that in the case of biofilm, nitrites produced by AOB were immediately used by
NOB, and therefore no N-NO; = accumulation was observed in AUR tests. It is particularly
supported by the consideration that in the case of biofilm, an important role in the course
of biocheamical processes is played by the diffusion of substrates/products within the
biofilm

Until recently, in the case of suppression of the nitrification process, at its first stage,
emphasis was put on the suppression of bacteria able to oxidize nitrite nitrogen to nitrates
with concurrent maximization of the activity of AOB bacteria. After the dicenveryv of Co-
mammox bacteria able to oxidize ammonia nitrogen directly to nitrates | , this
approach had to be verified. The bacteria compete for ammonia nitrogen with bacteria
conducting nitritation, resulting in a decrease in the quantity of produced nitrites. Based
on the obtained results, it was found that the frequency of occurrence of Comammox
bacteria was largely determined by the change of aeration strategy from continuous to
intermittent, whereas it was different for both studied forms of biomass. The biofilm
showed a considerable decrease in the abundance of both clades, whereas its substantial
increase occurred in activated sludge. A further decrease in the frequency of occurrence of
Comammeox bacteria in the bicfilm was recorded with another increase in the R-value. The
observations lead to the conclusion that in the studied system, a reduction in the duration
of aeration sub-phases contributed to a decrease in the abundance of Comammox bacteria.
It was a relatively surprising observation, considering the fact that the introduction of
intermittent aeration results in prolongation of time in which biomass is subject to lower
DO concentrations, and sich conditions are considered favorable for the development of
Comammox bacteria Roots et al. [37] observed that Comammox bacteria consti-
tuted the majority of atnmonia-oxidizing microorganisms in the intermittently aerated SBR
reactor mnerating at DO concentrations in aeration phases at a level of 0.2-1 mg O, /L. Liu
etal conducting research in two SBR reactors differing in the applied aeration strategy,
determined a considerably higher abundance of Comammox bacteria in the reactor oper-
ating with intermittent aeration (SBR1) with DO below 0.40 mg/L {averaged 0.14 mg/L)
than in that with continuous aeration (SBR2) (range 0.29-0.65 mg /L, average 0.40 mg/L).
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The authors suggested that lower DO concentration in intermittently aerated SBR1 may
favor the development of Comammox bacteria because, in their genomes, they had the
reductive tricarboxylic acid cycle and cytochrome bd-like oxidases for microaerophilic
adaptions Considering the cited literature reports, an increase in the frequency of
occurrence of {_omammox was also expected after a decrease in oxygen concentration from
3 to 2 mg Oy /L. In this study, the abundance of Comammox in the biofilm was, however,
at a comparable level, and in activated sludge, a considerably lower abundance of these
microorganisms was recorded. Lack of expected changes in the frequency of occurrence of
Comamunex bacteria in the observed system may result from the fact that despite a decrease
in the DO concentration, it remained on a level sufficiently high for Coinammox bacteria.

The division of Comammox into two distinct clades is caused by phylogenetic dif-
ferences in the alpha subunit of ammonium monooxygenase. The ecological distribution
and factors determining the niche differentiation of these two phylotypes are currently
poorly understood. Between two groups of Comammox, the comaA lineage was more
abundant. It is consistent with the study by Spasov et al. {42], who found no clade B in
rotating biological contactors. Clade A was also dominant in 14 out of 18 samples from
various environments, including the activated sludge and anaerobic sludge samples, in
the study by Xia et al. [43]. It was observed, however, that this disproportion may result
from limited coverage of the used primers. The authors of the primers used in this study
determined the coverage of these primers at 95% for clade A and 83% for clade B
Therefore, the differences in the proporticns between clade A and B may be, to some extent,
the result of imperfections in the available primers. Moreover, the primers used to detect
Comammox bacteria are degenerate primers, which can lead to non-specific amplification
and overestimation of their abundance

The comparison of the occurrence or the analyzed groups of microorganisms in ac-
tivated sludge and biofilm showed that the biofilm was an environment in which mnre
nitrification organisms deve'~—~d. Simnilar conclusions were drawn by Chao et al.
Lietal. [, and Shao etal. . Conducting research in hybrid reactors, due to longer
SRT, the authors identified this torm of biomass as an environment favorable for the de-
velopment of slow-growing nitrifiers. The conducted research also evidenced the effect of
the adopted aeration strategy on the frequency of occurrence of microorganisms able to
oxidize ammonia nitrogen to nitrites present both in the biofilm and in activated sludge.
After the transition from continuous to intermittent aeration, a considerable decrease in the
abundance of AOB was determined in the biofilm developed on moving beds. Nonetheless,
no related negative effect on the efficiency of the nitrification process was recorded in the
IFAS-MBSBBR. At each of the stages, the efficiency of ammonia nitrogen removal was
higher than 98%, and the concentration of the indicator in treated wastewater was lower
than 1 mg N-NH,* /L. The observations suggest that despite changes in the abundance
of AOB, their quantity was sufficient to obtain high efficiency of removal of the load of
ammonia nitrogen supplied to the [FAS-MBSBBR.

5. Conclusions

s  The primary factor causing NOB suppression in the biomass developing in the IFAS-
MBSBBR, both in biofilm and activated sludge, was an increase in the ratio between
non-aerated and aerated sub-phase times;

e  The accumulation of nitrite nitrogen, constituting one of the indicators of NOB sup-
pression, was only recorded in AUR tests performed for activated sludge;

e  The abundance of Comammox bacteria was largely determined by a change in the
aeration strategy from continuous to intermittent, whereas it was different for both
analyzed forms of biomass. Activated sludge showed a considerable increase in the
quantity clade A and B, whereas, in biofilm, the quantity substantially decreased;

e  Biofilm was the environment in which more nitrification organisms developed;

The AUR and NitUR batch test performed in parallel can be an inditect tool to truck
the suppression of nitrite-oxidizing microorganisms in wastewater treatment systems.
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Indicators determined on their basis, i.e.,, AN-NO,, RNIAL, nitrite nitrogen oxidation
rate and ratios between the nitrite nitrogen oxidation rates and the ammonia nitro-
gen oxidation rates, can be used to assess the impact of the studied factors on the
suppression of NOB occurring in the analyzed wastewater treatment system.

Sunnlementary Materials: The following are available online a

sigure 51: N-NH;*, N-NO; ~, N-NO3 ™ pronles auring test {a) AUK-513 (b}
INITUR-DD. DTdge 1; PIgure 52: N~NH4+, N—N()z*, N-NO3 - pmﬁ]es during test (a) AUR-B (b) NitUR-B.
Stage I; Figure 53: N-NH; ™, N-NO,~, N-NO3; ~ profiles during test (a) AUR-SB (b) NitUR-SB. Stage LI;
Figure 54: N-NH,*, N-NO2 7, N-NO4 ™ profiles during test (a) AUR-B (b) NitLIR-B. Stage I}; Figure S5:
N-NH4*, N-NO; , N-NOj " profiles during test (a} AUR-SB (b) NitUR-SB. Stage III; Figure S6: N-
NHy*, N-NO; ~, N-NO;3 ~ profiles during test {a) AUR-B (b) NitUR-B. Stage III; Figure S7: N-NH,*,
N-NO»~, N-NO;~ profiles during test (a) AUR-SB (b) NitUR-5B. Stage IV; Figure 58: N-NH,",
N-NO; ,N-NO3 profiles during test (a) AUR-B (b} NitUR-B. Stage IV.
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Table 1 Comparison of different hybrid reactors with intermitient aeration

Type of reactor Operation conditions Removal efficiences Refs.
DO Intermit- R oD N-NH f TN TP
[mg O5/L] tent aera- [%] [%] [%] [%]
tion
(Oxie/
ANoxic)
(min|
[FAS reactor operating ~4.54 £50/30 175 9271 100 58 81.4* Singh et al.
in conventional ASP E20/60 172 89.87 160 63 66.1"
configuration (aeration 90/60 2/3  86.96 94.8 55 66.4%
tank followed by settling
tank)
Biofilm carriers:
Biotextil Cleartec® media
Activated sludge concen-
tration:
2+0.2 sMLSS/L
IFAS reactor operating ~ 3.0t 150430 175 96 97.2 7.8 80.4 Singh et al.
in conventional ASP 120/60 17297 85.8 73.5 63.3
configuration (acration 90/60 273 96 80.3 74,1 43.6
tank followed by settling
tank)
Biofilm carriers:
Biotextil Cleartec® media
Aclivated sludge concen-
tration:
1.28-1.45 gMLSS/L
IFAS-MBSBEBR 1.5 30/10 173 96.55+£095% 89.80x4.34%7F 79.274+2.77% 89171+ 1.59% This study
Biofilm carriers: 20/10 172 9632+0.70*% BR21£558%** 7997+2.12* RO 124286+
EvU-Pearl® 20110 172 96.21 £0.16%  BO.02+3.14%>%* 79.60+2.61% §2.48+5.90"
Activated sludge concen- 20110 172 9685+085% B998+2.13*** 79.05+2.00* BI41+2.09*
tration:

1.71+0.23 gMLSS/L

*Air pumps in aerated phases operate with a constant air flow of 110 m*h: "Air pumps in aerated phases aperate with a constant air flow of
75 m'/h; “The operation of air pumps in acrated phases is controlled by the pre-set level of oxypen concentration {the air pumps switch off when
the level exceeds 1.5 mg O,/L, and switch on when * &~ b=low 1.5 mgQ./L); * with chemical precipitation; * values calculated in accordance

with the methodology provided by Podedworna et al

#% the determination of the efficicney of N-NH,* removal considercd the N-NH,*

load supplied to the reactor with raw wastewater. ant .~—i~:+," load developing in the course of treatment as a result of the process of ammonifi-

calion of organic nitrogen

The cited papers therefore primarily focused on the analy-
sis of the effect of IA on the efficiency of operation of IFAS.
This study also presents an attempt to determine the effect
of a decrease in the reactor’s organic (Lqgp) and nitrogen
(Ly) loading rate on the efficiency of removal of pollutants.

As already mentioned before. IA applied in IFAS systems
is an alternative that permits a decrease in the operation
costs related to energy used for aeration, with simultaneous
maintenance of high efficiency of nutrients removal. Focus-
ing on this issue, this study also involved an analysis of the
amount of energy used for aeration in different variants of
IA. The analysis pointed to a strategy allowing for a decreuase
in the operation costs ot [IFAS with simultaneous mainte-
nance of high efficiency of nuuients removal. It is also worth
mentioning that this energy is largely used in the nitrification
process. An important element of the study is therefore the

w @ Springer

analysis of the effect of the aforementioned factors on the
ammonia oxidation rate (AOR) and nitrite oxidation rate
{NitOR} for activated sludge and biofilm, and in the case of
a hybrid comhination of these two forms of hiomass. The
experiment was conducted from May 2019 to August 2020
at the Warsaw University of Technology (Warsaw, Poland).

In selected series of the experiment, the etfect of TA on
the emission of nitrous oxide (N,O} was additionally deter-
mined. It is a sirong greenhouse gas that primarily originates
as a by-product of ammonia oxidation. Due to its high sta-
bility, the gas can persist in th~ ~*~~~phere for even more
than 120 years {Schreiber et al causing irreversible
changes in the environment. Uver ne recent years, Inte-
grated Fixed-Film Activated Sludge-Meoving-Bed Sequenc-
ing Batch Biofilm Reactors (IFAS-MBSBBR) have become
increasingly popular due to their high treatment efficiency
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In all series, dissolved ogygen (DO} concentration in
phases with aeration was maintained at 1.5 mgQ./L. The
temperature in the reactor was kept at a constant level of
20 °C by means of external air-conditioning.

Study series

Four series were designated in the experiment (I-1V), differ-
ing in the applied intermittent aeration strategy and reactor’s
organic loading rate (Lqqp) and nitrogen loading rate (Ly)
{Table

The study was launched on an operating IFAS-MBSBBR
ensuring highly efficient nitrification (96.97%. N-NH, con-
centration in treated wastewater 0.29 mg/L). The efficiency
of removal of organic compounds and nitrogen and phos-
phorus compounds reached 97,23%, 80.78%, and 71.25%,
respectively (COD, TN, and P concentration in treated
wastewater 14,20 mgO-/L., 12.30 mgN/L, 2.55 mgP/L).

Between series 1 (S.1.) and I (S.I1.). the duration of aer-
ated sub-phases was reduced trom 30 min to 20 min. The
Lcon and Ly values were at the same level at the time.

Due to the outbreak of the Covid-19 pundemic, changes
have been introduced in the methodology of operation of
IFAS-MBSBBR. They aimed at the maintenance of stable
operation of the system for as long as possible. Due to the
further development of the pandemic and restrictions intro-
duced by the government, a decision was taken to reduce
the reactor’s organic and nitrogen loading rate through a
decrease in the volume of wastewater supplied to the reac-
tor from 10 L. ta 6.6 L per cycle. This way, a new portion of
raw wastewater could be prepared only once in 5 days. In
reference to the introdnced changes, series 111 (S.11.) was
designated.

On cancelling part of restrictions, the reactor’s organic
and nitrogen loading raie returned to that assumed at the
beginning of ihe experiment—series 1V (8.1V.).

Table2 Reactor operation series

During series 1. 11, and 1V twice a week, and in series 111
once a week. raw and treated wastewater was analysed in the
following scope: COD, TN, N-NO,~, N-NO,;~, P—POf‘,
alkalinity, pH. and determination of the activated sludge
concentration. N-NH, " was controlled daily. The exception
was series III where the analyses were conducted once a
week.

Batch tests of the course of ammonia and nitrite
oxidation

The determination of the effects of the operation conditions
of IFAS-MBSBBR on the ammonia and nitrite oxidation
process conducted by microorganisms inhabiting activated
sludge flocs and those developing in the form of biofilm
employed baich tests: Ammonia Utilization Rate Test (AUR)
and Nitrite Utilization Rate Test (NitUR). The tests were
conducted in two different variants:

(1) V.I.—for a strictly specified level of oxygen con-
centration—1.5 mgO,/L {V.I.1.5)—and 1.0 mgO,/L
{(V.I.1.0)—-the selection of the former corresponded
with DO concentration maintained throughout the
experiment in the acrated phases of the cycle in IFAS-
MBSBER. The selection of the latter was preceded by
literature review according to which low DO concen-
trations may cause NOB bacteria suppression and con-
tribute to favouring bacteri~ ch~uring greater activity in
such conditions (Park et al

The tests were performea ror each of the forms of
biomass sampled from IFAS-MBSBBR separately,
namely activated sludge (SB) and biofilm (B), and for
their combination—hybrid (H).

(2) V.IL—uwith the assumption that oxygen concentration
will be approximate to saturation in the conditions of
20 °C—in this case it was important that DO concen-
tration does nat constiwte a factor limiting the ammo-

Series  Duration Organic Loading Rate  Description of aeration strategy
[days] [2COD/Md) (Legp) Times of aerated L and Rotiobe — P —
Nitrogen Loading Rate 1mes ol aerated 1; an at1o between Limes of non- H concentration during aerate
[eN/m-d] non-aerated ty sub-phases aerated and aerated sub-phases  sub-phases [mg/L]
(L) [min] (R) (DQ)
1 0- 131 Legp =336 t; =230 min, t,= 1 min 1/3 L3
(22-44)* Ly=64
1 132-373 Leop=3536 t; =20 min, & =10 min 172
(134-226)" Ly=064
I 376-443 Leon=402 ;=20 min. t-= 10 min 112
Ly=48
v 444517 Leon=336 1y =20 min, ;= [0 min 12
Ly=064

*Failure period caused hy an uncontrolled loss of activated sludge as a result of damaged electromagnetic valve
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nia or nitrite oxidation rate (at too low NO. <uch a phe-
nomenon occwrs in biofilm) (Pal et al

In variant II, the tests were conducted for activated sludge
(SB) and biofilm (B).

Methaodological assumptions shared by both the variants
were as follows:

(A) Initial N-NH,* concentration in the AURy,, and AUR
v test equal to 15 mgN-NH,*/L and N-NO,™ con-
centration in NitUR,; and NitURy,;; equal to 15 mgN-
NO,™/L.

(B) Temperature — 20 °C.

(C) In tests for the designated forms of biomass: acti-
vuted sludge concentration at a level of approximately
0.9 gMLSS/L. percent moving bed content at 25% of
the active volume of the reactor.

It was assumed that batch tests will be conducted when
comparable efficiency of the nitrification process is recorded
for at least 10 subsequent days after changes in particular
series in I[IFAS-MBSBER.

N,0 emission

During series I and 11, measurements of nitrous oxide enis-
sion were conducted using a N.O-R Microsensor (Unisense,
Denmark). The analysis covered measurements selected
from 3 days of stable operation of the IFAS-MBSBBR. It
was assumed that the N,O emission coefficient (Ey ) would
be calculated as mass of nitrous oxide (My,o) emitted in
the reactor operation cyele divided by nitrogen loading rate
(Ly). m~difying the methodology proposed by Al-Hazmi
et al. (Eq. 1).

My.o

Eno = x 100%][%] ()

N, N

My, o [mg N-N,O/L-d] was caleulated by integrating the
rate of N;O emission (ry,q [mg N-N,O/L-d]) over the unit
time (dt[d]) and dividing by total reaction time (t[d]) (Eq. 2).

Py o Xdt
MN30=/%[mgN—NZO/L-d] )

Analytical methods

Concentrations of COD, TN, N-NH,*, N-NO,", N-NO;~,
P-PO, *~ were analysed spectromat+i~=1h: according to
APHA Stundard Methods (APHA using cuvetle
tests (Hach Lange GmbH) and a Dk avuu spectrophotom-
eter (Hach Lange GuubH, Berliu, Germany). The deter-
mination of mixed liquor suspended solids (MLSS) and

mixed liquor volatile suspended solids (MLVSS) employed
gravimetric methods in accordance with Polish standard
PN-EN 872:2007. Measurement of total volatile solids in
biofilm was performed in accordance with the Polish stand-
ard by calculating weight loss. The biofilm was mechanically
removed from the carries.

Free ammonia (FA) and free nitrous acid (FNA) were
~~l~Iated according to Eqgs. (3) and (4) (Anthonisen et al,

total ammonia as N (%) x 10PH

17
FA = 7k e(6344/2734+T°C) | | (jpH [meFA/L]
3
N - NOj (e
FNA = 284 (%) [mgfNa/L] @)

14 7 el-2300/2734T°C) % 10pH

Statistical analysis

The statistical analysis of the obtained results regarding
treated wastewater quality and efficiency of removal of
particular pollutants was conducted in program Statistica
13.3PL. A RiR Tukey test was applied for the determina-
tion of the signiticance of differences between the analysed
variables (p-value smaller than 0.05 indicated a statistically
significant difference).

Results and discussion
Organics, nitrogen, and phosphorus removal

According to the data presented in Table  irrespective
of the duration of aerated sub-phases and values of Legp
and Ly, throughout all series a comparable high effi-
ciency of the nitrification process was obtained, namely
Ey=89.3114.34% {p>0.620). N-NH,* coucentrations in
wastewater discharged from IFAS-MBSBBR were approxi-
mate to 0.20-1.75 mgN-NH,*/L. The statistical analysis
showed a significaut differences between N—NH4+ values
for S.L-S.IL (p=0.000008) and S.1.-S.1I1. (p =0.005949}.
A highly efficient process of COD removal
(Erg; =96.52+0.83%) was also achieved. The value of
COD in treated wastewater did not exceed 29 mgO./L in
any of the series and remained far below the discharge
standard in Poland (125 mgQO,/L) (Regulation of the Min-
ister of Marine Economy and Inland Navigation
The statistical analysis showed lack of significant ditter-
ences between the values of Ecp), and COD in the effluent
for all of the series, pointing to the lack of etfect of the
analysed aeration strategies and Lq, on the efficiency
of organics removal. In the conducted research series, no
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Table3 Effluent charucterislics Parameter Serics
of [FAS-MBSBBR
1 It )| v
COD# mgO,/L Min 11.50 1243 [8.00 10.60
Max 28.60 26.01) 20,00 24 40
Average 17.63+482 1867349 1936078 16272440
TN® mgN/L Min 10.90 10.50 10.30 10.00
Max 15.87 14,70 13.70 14.50
Average 1270+ 1.64 12294136 12.02x 141 12.25+1.25
TKN mgN/L Min 1.26 1.09 5.15 3498
Max 10.92 11.51 8.94 7497
Average 6.0442.52 7.06+3.35 3.00+1.08 285+136
N-NH,*" mgN-NH,*/L Min 0.20 .32 0.29 0.20
Max 1.75 1.75 1.59 1.55
Average 0.55+0.35 0.82+032 0.83+0.41 0.69+0.30
N—NOE" mgN-NO, /L. Mm 0.01 .02 0.00 0.
Masx 0.87 0.20 0.26 0.44
Average 0.08+0.18 0.07+0.06 0.09+0.12 005+0.12
N-NO,”" mgN-NO;/L Min 3.17 .87 4.50 413
Max 12.40 9.88 7.10 9.07
Average 6.59+2.32 5.16+2.35 548+1.12 6.09+1.49
TP * mgP-PO,"/L  Min 0.60 0.89 0.76 0.60
Max 1.05 1.05 0.99 1.05
Average 0.82+0.11 0.87+0.07 G.86+0.10 0.80+0.14
Lean gCDDIm“-d 548.10£10.45 545241836 41081044 5434313971
Ly g/’ -d 65.69+2.24 6573085 4797x1.08 6371x£1.24

*Courses of changes in the analysed indicators throughout the experiment are provided in Snpplementary

Information: Figs. 1-5

statistically significant changes were recorded in the etfi-
ciency of nitrogen and phosphorus compounds removal or
in TN and TP concentrations in treated wastewater.

A comparison of results obtained in this study with
research presented in Table  showed that at an identi-
cal value of the R indicator, the nitrification efficiency is
approximately 11% lower than that determined by Singh
et al. DO concentration and duration of particular
aerated sub-phases in the cited paper were, respectively,
3 times and 6 times higher than in this study, potentially
affecting the analysed process.

The efficiency of TN removal wae higher than in
research conducted by Singh et al, although TN
concenlration in the effluent was at an approximate or
somewhat higher level in comparison with the remaining
papers cited in Tabl

To sum up, IFAS-MBSBBR was characterized by high
stability of contaminant removal irrespective of changes
in the values of R, Lygp, and Ly.

* @ Springer

Batch test results

The analysis of the quality of raw and treated wastewalter
showed a comparable efficiency of the nitrification process,
irrespective of the duration of aerated sub-phases and values
of Legp and Ly. [n order to understand the role of microor-
ganisms developed in the form of activated sludge flocs and
those in the form of biofilm in particular stages of nitrifica-
tion, batch tests were conducted, aimed at the assessment
of the ammonia cxidation and nitrite oxidation rate. The
tests were conducted for biofilm (B), activated sludge (SB),
and combination of both these forms—hybrid (H). Their
results are collected in Tabl letailed results of particular
batch tests are presented in the Supplementary Information:
Figs. 6-13). They provided the basis for the identification of
the form of biomass showing the highest ammonia or mitrite
oxidation activity, and determination of how the reactor
operation conditions during particular series of the experi-
ment contributed to changes in such values.
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dependencies in this study, however, may be related to the
type of the analysed wastewater treatment system and DO
concentration lower than in the cited papers (1.5 mgO,/L vs.
3-5 mgO,/L). It is also important that in the case of biofilm,
oxygen diffusion plays a considerably greater rale than in
activated sludge. According to Shao et al. due to the
diffusion resistance through biofilm, the oxygen hali-satura-
tion coefficient (K} was up to 10 times higher in the biofilm
than in the studge {the higher the K, value, the smaller oxy-
gen transport in hiofilm), leading to a considerable decrease
in DO concentration of the already shallow depth of biofilm.
In the case of NitUR tests conducted at 1.5 mgO,/L., the
highest values of the analysed indicator in all series were
recorded for biofilm. In reference to values determined for
SB. they were 2.10 times (S.1.), 2.79 times (S.1L.), and 3.46
times higher (S.1V.}, pointing to higher nitrite oxidation
activity in biofilm. A higher nitrite oxidation rate for biofilm
in comparison with activated sl---'~- -
the literature (Oinnis-Hayden et : egmi et a

Shao et al Regmi et al. owed Nitun
biofilm as much as 9.21 times greater than that for activated
sludge. In micrabinlogical analyses in the case of biofilm,
Onnis et al. and Shao et al. recorded higher
NOB abundance. ‘The microbiologicar anaiysis of biomass
samples from this study is consistent with what the cited
authors presented. The microbiclogical tests showed that
Nitrospiriota and genus Nitrospira were much more nuwmer-
ous in the biofilm than in the activated sludge. This could
have undoubtedly influenced the ohtained NitOR values and

- also recorded in

suggested that biofilm w-- ~ »~*ter environment to develop
nitrifiers (Godzieba et al

[n accord~=~~ -*~*h data prese =~ the literature (Onnis-
Haydeneta Regmi et al , it was expected that

in tests conducted tor the combination of both forms of bio-
mass, the AOR and NitOR values would be higher, or at
least approximate (o the highest values recorded for SB or
B. Nonetheless, in the case of AUR-Hy | 5 tests, in each
series, AOR were approximately 1.46 (8.1.), 1.47 (5.1L.),
and 1.51 times {S.IV.) lower than the values observed for
SB and were 1.77 (S.1.}, 1.78 (S.11.), and 1.27 times {S.IV.)
higher than values recorded in AUR-By,| | 5 tests. In refer-
ence to NitUR-Hy, | 5 tests, in each series, the NitOR was
1.86 (S.1.), 1.34 (S.1I.), and 1.86 times (S.IV.) lower than
that determined for biofilm. These observations may point to
competition for substrate and oxygen of ammonia-oxidizing
bacteria (AUR tests) and nitrite-oxidizing bacteria (NitUR
tests) in particular forms of biomass.

It is also worth emphasizing that although the reactor
operation conditions during series 1I and I'V were identical,
the obtained values of the rate of the analysed processes
were different. AOR for SB and H recorded in series IV
decreased .63 and 0.62 times, respectively, in reference
to the values observed in series I1, and the value recorded

* @ Springer

for B constituted 86% of that from series L. In reference to
the NitOR. the greatest difference between the values of the
analysed indicater in series II and IV was evidenced for H.
The recorded value was 1.44 times lower than that presented
int series II. Also in the case of tests conducted in series IV
for SB, the NitORy, | s value was 1.28 times lower thuan in
S.I1. A temporary reduction in the reactor’s organic loading
rate in series [II caused changes in the ammonia and nitrite
oxidation rate. Microbiological analysis also showed dis-
crepancies in relative abundances, hoth in phyla and genera,
while in both cases they were greater in tbe case of activated
sludge (Godzieba et al For example, Rhodobacter
was present in the sampte n series 11, while in series TV it
was already gone, which can contribute to differences in
AOR values for SB and H.

Effect of DO concentration on the activity
of nitrification microorganisms

In series I and IV, the highest AOR by microorganisms
inhabiting activated sludge flocs was observed in the case
of unlimited oxygen concentration. Values recorded in tests
at oxygen concentration of 1.5 mgQ./L and 1.0 mgO-/L were
1.80 and 1.77 times (S.1.). and 2.79 and 2.23 times (S.1V.)
lower, respectively. When the tests were conducted at the
lowest of the analysed DO concentrations (1.0 mgO,/L), at
each of those stages the value of the analysed indicator was
higher than when the test was conducted for 1.5 mgQ,/L. In
series 11, the value of AOR-SBy 5 was 1.18 times higher
than that obtained in tests for variant 1I. The observations
suggest thal ammonia-oxidizing microorganisms could
develop in activated sludge flocs showing higher activiry in
the conditions of lower DO concentration (Park et a’
According to the study by Park et al. SUCh Lusvivuoa-
ganisms include Nirrosospira and Nitrosomenas ofigotropha
lineages. Lower DO conceniration is also one of the factors
considered favourable for tha rarently investigated Comam-
mox bacteria (Roots et »

Effect of the pre-set conditions of operation
of IFAS-MBSBBR on the ammonia oxidation rate
and nitrite oxidation rate

Conducting baich tests with the assumption that oxygen
concentration would be approximate to saturation at 20 °C
aimed at limiting the effect of DO concentration on the
ammonia and nitrite oxidation rate. The tests were conducted
at the end of each series designated in the experiment, allow-
ing for a comparison of the effect of all changes introduced
in subsequent series.

After redncing the duration of aerated sub-phases
from 30 min (5.1.) to 20 min (S.I1.), a 1.77 times
decrease was recorded in the value of AOR-SBy,; (from
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6.841 mgN-NH,*/gV55°h to 3.856 mgN-NH,*/gVS5-h) and
a 2.07 times increase in the values of the analysed indicator
in the case of biofilm (from 3.374 mgN-NH,*/gVSS-h to
6.993 mgN-NH,*/2VSS-h}. The activity of ammonia-oxi-
dizing bacteria in activated sludge therefore decreased. with
4 simultanecus increase in their activity in biofilm. Moreo-
ver, the value recorded in series 1 for activated sludge was
approximate to that evidenced for biofilm in series II, and
the value of AOR-By,, in series I corresponded with that
recorded for activated sludge after the change in the aeration
strategy. [n the case of NitOR, a decrease in the analysed
value for activated sludge was also observed, and its increase
in tests conducted for hiofilm. The NitOR-SB decreased
1.20 times (from 4.211 mgN-NO,/gV55-h to 3.503 mgN-
NO,~/gV55-h), whereas NitOR-B increased 2.32 times (from
9.239 mgN-NO, /gVSS5h to 21.446 mgN-NO, /gV55°h). In
series 11, the nitrite nitrogen oxidation rate in the biofilm was
the highest throughout the experiment, possibly due to the
largest relative abundance of Nitrospira in binfilm recorded
in the microbiological analysis (Godzieba et :

Such observations lead to the conclusion that ammonia-
and nitrite-oxidizing microorganisms inhabiting each of the
discussed forms of biomass showed different responses to
the introduced changes in the reactor’s acration strategy.
Interestingly. although the reduction in the duration of aer-
ated sub-phases resulted in the occurrence of more sub-
phases with the air pumps switched oft in aerated phases
(S.1.-8 vs. S.IL.—11), the NitOR in the case of biomass in the
form of bicH 1 increased. Considering study results by Yang
and Yang who conducted research in a moving bed
membrane pioreactor with simultaneous nitrification and
denitrification, an increase in the R value was expected 1o
cause suppression of NOB bacteria, observed as a decrease
in the value of NitOR.

A reduction in the reactor’s organic and nitrogen loading
rate introduced in series TIT caused a 1,33-fold increase in
AOR for activated sludge, whereas in tests conducted for
biofilm, a 1.49-fold decrease was recorded. The chservations
point to an increase in the activity of ammonia-oxidizing
bacteria that developed in activated sludge flocs, with a
simultaneous decrease in the activity of such bacteria inhab-
iting biofilm. In series IT1, results of NitUR tests also showed
a decrease in NitOR-B, suggcesting a decrcase in the activity
of NOB bacteria developing in the form of biofilm. Presum-
ably, the ammonia nitrogen supplied with raw wastewater to
IFAS-MBSBBR was first oxidized by the microorganisms
inhabiting activated sludge, resulting in insufficient load
supplied to the microorganisms inhabiting biofilm, causing
a decrease in their population. It could also be presumed
that oxygen and substrate diffusion within biofilm was of
considerable importance here. Microbiological analysis also
showed that the relative abundance ~f Mitragpirg in the bio-
film then decreased (Godzieba et a

Due to the return to the values of Lqgp and Ly assumed
at the beginning of the experiment in reference to the values
recorded in series III, for activated sludge, an increase in
AOR (1.58-fold) and NitOR (1.26-fold) was observed und in
the case of biofilm a decrease in both of the analysed values
1.30 times (AOR-B) and 1.04 times (NitOR-B), respectively.
The predefined reactor’s operation conditions therefore con-
tributed to an increase in the activity of nitrification bacteria
in activated sludge and its decrease in biohlm.

Effect of free ammonia and free nitrous acid
on changes in the activity of particular groups
of nitrifying microorganisms

The concentration of free ammonia (FA) and free nitrous
acid (FNA) may affect the kinetirs of the nitrification pro-
cess. According to Jiang et al. nitrite-oxidizing
bacteria are more sensitive to FA than AOB. It is reported
that NOB can be inhibited by FA at about 0.1 to 1 mgFA/L,
whereas AOB inhibition threshold was 10-150 mgFA/L.
Some previous works reported that nitritation was achieved
even at 20 mgFA/L (Chung et al

In the AUR tests, the FA concentration was within a range
of 0.349-0.474 mgFA/L, significantly lower than the thresh-
olds reported for the inhibition of AOB (Tablc These
values, however, may have had an effect on bacteria capa-
ble of oxidizing nitrite nitrogen. During the test conducted
for activated sludge, accumulation of nitrite nitrogen was
observed which can be equated with the occurrence of NOB
suppression, The ratio between nitrite increase and ammonia
loss (RNIAL) in each of the tests conducted for this form of
biomass exceeded 21.98% (except S.11. when the test was
conducted at unlimited DO). The highest accomulation of
N-NO,” was observed in AUR-SB in series S.I. when oxy-
gen concentration was maintained at a level of 1.5 mgQ,/L.
Almost 50% of the initial N-NH,* was accumulated as
nitrite. Concentration of FA was then 0.375 mgFA/L. In the
case of the tests conducted for the biofilm, none of them
showed signiticant accumulation of N-NO,™ (RNIAL < 1%),
although the FA conceniration was slightty higher than in
tests carried out for other forms of biomass. In S.L.. cer-
tain nitrite accumulation was also observed in the test for
hybrid. As mentioned beforc, in the sume series, the highest
N-NO,~ accumulation in AUR-SB was recorded. This may
give rise to the assumption thart in the case of simultaneous
tests carried out for activated sludge and biofilm, NOB sup-
pression in activated sludge Hocs resulted in the accumuia-
tion of nitrite. The observations made in this study suggest
that the observed partial inhibition of NOB could be influ-
enced by the concentration of FA at a level of (0.349 mgFA/L.

FNA is considered a universal NOB inhibitor, but its con-
centration determines to whai extent it will affect individual
types of nitrifying bacteria differing in terms of resistance

* @ Springer
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Table 6 Free ammonia (FA) and free nitrous acid (FNA) at the beginning of batch tests

Paramecter Type of Series [ Series 11 Series 111 Scrics IV

biomass

DO [mgO,/L] DO [mgO+/L| DO DO [mgO,/L]
[mgO,/L]
nl 1.3 1.0 ol 1.5 ol nl 1.3 Lo

AUR test SB 15.90 15.90 15.00 15.20 16.10 14.80 18.00 15.30 15.80
Initial concentration of substrate B 16.50 18.70 18.70 18.20 20.10 17.30 17.30 18.30 18.60
[mgN-NH, /L] H - 17.60 - - 19.90 - - 17.40 -
RNIAL SB 26.54 49,83 30.31 10.17 21.98 24.0% 3225 31.63 29.28
[%] B 1.03 0.36 047 018 0.19 n.17 0.31 0.92 025

H ~ 12.80 - - 385 - -~ 3.82 -
NitUR test SB 17.80 18.10 - 14.80 16.10 14.80 15.60 15.40 -
Initaal concentration of substrate B 17.90 20.60 . 16.90 18.30 18.00 15.10 17.60 _
[mgN-NO, /L] H - 20.00 - - 18.90 - - 17.40 -
FA [mg/L] SB 0.375 0.375 0.354 0.358 0.380 0.349 0424 0.361 0.373
(AUR test) B 0.389 0.441 0.441 0.429 0.474 0.408 0.408 0.431 0439

H - 0.415 - - 0.469 - - 0.410 -
FNA [mg/L] SB 2.994-1077 3.044-107 - 2489107 2.708-107° 2489107 2.624-107° 2.550-107 -
(NirUR rest) B 3.010-10 2 346410 - 2.842:10 3 3.078-10 7 3027102 2.539.10 % 2.960-10 7

H - 3364107 - - 3.179-107 - - 2926107 -

04001
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Table 7 N,O emission factors in various systems with nitrification/denitrification

Type of reactor and configuraiion

Biomass form

N,O emission factor (%) References

Fully acrobic SND sequencing batch air-lift reactor Acrobic granunle 21.9+7.1 Zhang ct al
Anoxic-aerobic SND seqnencing batch air-lift reactor Aerobic granule 7.0+16
(R=1/5; 225 min:45 min)
Step-feeding mnitiple A/Q SBR Activated sludge 4.38 Suon et al.
{R=1: 30 min:30 min)
One-(eeding multiple A/O SBR Aclivated sludge 4.66
(R=1:30 min:30 min)
multiple anoxic-aerobic SBR—600 mL/min Activated sludge 10.1 Wang el al.
{R=1; 30 min:30 min)
multiple anoxic-aerobic SBR—1200 mL/min Activited sludge 23
(R=1; 30 min:30 min)
Tntermittently aerated SBR1 Activated sludge 0.01-0.53 Liuetal.
(R=1; 30 min:30 min)
Continuously aerated SBR2 Activated sludge 0.11-2.09
Continuously aerated Hybrid SBRs Biofilm 0.4 Loetal
Aclivated sludge 4.2
Hybrid 21.2
Intermittently aerated [FAS-MBSBBR Hybrid 0.596 This study
R=1/3 {30 min: 10 min)
Intermittently aerated IFAS-MEBSBBR Hybrid 1.091

R=1/2 {20 min: 10 min)

N,O can also be a by-pradnet of incomplete heterotropbic
denitrification (Liu et a

According to Su et and Zheng et al.
tbe parameters of operation or a wastewater treatment plant
such as low DO concentration and the aeration strategy have
a considerable effect un the N,O emission. An effective way
to reduce N,O emissi~= ~~ed to be the introduction of [A.
According to Ni et al increasing the cycle frequency
of periodic »eration may cause a reduction in N,O emission.

Liu et al investigating N,O emission in two acti-
vated sludge SBR reactors, observed lower N,O emission
for the system operating with TA SBR1 (average 0.19%)
than for that operating with continuous aeration (SBR2)
(average 0.42%) (Table The analysis of study results of
Loet al. uggests that the amount of N,O emission
also depends on the form of biomass in the reactor and DO
concentration. In their research in a hybrid SBR reactor for
simultaneous mtrification, denitriication, and phosphorus
removal, the cited authors conducted an experiment for the
hybrid system, then separated activated sludge and biofilm to
different reactors, and analysed the emission of N,O in each
of these solutions. The highest N,O emission was recorded
when the reactor operated as a hybrid—21.2%. When par-
ticular forms of biomass were separated, N,O emission
reached 0.5% for biofilm and 4.2% for activated sludge,
respectively. Low emission of N>O in tests conducted for
biofilm was associated with the fact that a higher abundance
of microorganisms inhabiting this form of biotnass was con-
stituted by heterotrophic bacteria and the internal part of

y @ Springer

the biofilm provided for anoxic conditions suitable for N,O
reduction (Table 7).

In this study, reducing the duration of acrated sub-phases
from 30 min (S.1.) to 20 min (S.il.) caused an increase in
N,O emission from 0.896% to 1.091%. The obtained val-
ues are, respectively, 4.72 times and 5.74 times higher than
those determined for activated sludge with intermittent aera-
tion by Liv et al. This suggests that the form of bio-
mass in the reactor nus u considerable effect on the analysed
phenomenon. Differences hetween the values recorded in
this studv and those determined for the hybrid system by
Lo et al. ire almost 24 (S.1.) and 20 (S.11.) times
lower. It couia nave been determined by oxygen concentra-
tion values and the applied aeration strategy, because they
conducted the experiment with continuous aeration and DO
reaching 0-1.5 =~ /L. Microbiclogical analysis done by
Godzieba et al. showed that bacteria able to conduct
autotrophic dennrncation, one of potential sources of N,Q,
also developed in the system. The biomass contained e.g.
Hydrogenophaga sp., Paracoccus, Thauera, and Rhodobuac-
ter, but there was no increase in any of them between the
two analysed series.

According 1o Polish legislation, the fee for the emission
of 1 mgN,0 in 2022 is 94 36 PLN (20.56 €). With a reduc-
tiou in the duratiou of nou-aerated sub-phases from 30 min
to 20 min, the average payment for the emission of one of
the primary greenhouse gases from the discussed system
in | day would increase by almost 32% from 51.53 PLLN/d
(11.23 €/d) to 67.60 PLN/d (14.73 €/d).
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hybrid reactor under different organic loading rates.
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Zajace, O,, Zubrowska-Sudol, M. (2023). Nitrification kinetics, N20O emission, and energy
use in intermittently aerated hybrid reactor under different organic loading rates.
International Journal of Environmental Science and Technology, 20 (9), 10061-10074,
hitps://doi.org/10.1007/513762-022-04715-6. IF:3,00; punkty MNiSW: 70,

Moj udzial w niniejszej publikacji cbejmowal szezegdlowy przeglad literatury, ktéry
postuzyt do identyfikacji problemu badawczego oraz opracowania koncepcji pracy. Bylam
odpowiedzialna za przygotowanie metodyki badawczej, a takze za zaplanowanie
i wykonanie eksperymentow (sprawowanie kontroli nad uktadem badawczym i1 aparaturg
pomiarowa, przygotowywanie sciekow, przeprowadzanie testow kinetycznych, wykonywanie
analizy fizyko-chemicznej jakosci sciekéw surowych i oczyszczonych, opracowanie wynikéw
pomiaru emisji N2O 1 zuzycia energii elektrycznej na napowietrzanie). Koordynowatam catym
procesem badawczym., monitorujgc wszystkie etapy badan. Przeprowadzitam analize
statystyczng uzyskanych wynikéw. Odpowiadalam za interpretacje i dyskusj¢ wszystkich
uzyskanych wynikéw badan. Bylam odpowiedzialna za wizualizacje danych. Przygotowatam
manuskrypt 1 materialy  uzupelniajgce.  Pelnilam  rowniez  obowigzki  autora

korespondencyjnego.
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ammmannde ned dhadie alioea

~~i~tics was provided iI

During the aerobi¢ puaaes, 1A wiues
AULOMAUe moae was apnnen wnn different recimes feveles of aeratio-
nON + aerationOFF) (se . In each of
the series in stage A, i N the blower
turmed on was longer than when it was turned off (the ratio between
non-aerated and aerated subphases time - R = aerationOFF/aerationON
< 1). In 5A.51., the teactor was operated as a pure moving bed tech-
nology, with only biofilm immobilized on the moving carriers (CB).
Subsequently, to facilitate the development of the suspended form of
biomass — activated sludge (AcS), without any extra sludge inoculation,
a S0-mimute sedimentation phase was introduced into the reactor’s
operating cycle before the decantation phase. This was achieved by
reducing the duration of the second aerated phase to 150 min. The
sedimentation phase allowed the biomass to settle before the decanta-
tion. The development of the activated sludge was permitted until it
attained a concentrabon of 1.75 g TSS/L. This moment was considered
as the end of sA.s2. and the beginning of the reactor’s operation as a
hybrid moving bed technology - IFAS-MBSBBR (sA.s3.). In all the above-
described series, the reactor operated with [A in a 20 min + 10 min
regime and a DO set-point of 3.5 mg Oz/L. In the next series (sA.s4.), the
duration of subphases with the blower turned on was extended to 30
min, and the DO set-point was reduced to 1.5 mg Oy/L in 5A.85. (DO set-
point was gradually lowered over several days), The DO set-point was
selected based on literature reports and authors’ previous studies to
ensure that this parameter does n~* ==+ =7 = V=i n Frnsnn o slon 58
ciency of the nitrification process
The examples of DO concenifauuu prusse~
thosietenne whe ey gre presented in the

1n stage b, 1a was carried out with the assumption that the duration
of subphases with aeration would be 2 times shorter than the duration of
those without, and the ratioc berween them would be constant, and equal
to R = 2. Additionally, aeration was not limited by the DO set-point.
Hence, in sB.sl., IA in IFAS-MBSBBR was conducted in a 2 min + 4
min regime. Then, the duration of subphases with the blower turned on
and off increased four-fold (8 min + 16 min), distiguishing sB.s2. In the
tast series, aeration occurred in a 16 min + 32 min regime (sB.s3.).
Throughout the experiment, N-NH4 concentration was mormitored
daily, and a complete analysis of influent and effluent quality was
conducted twice a week. The analysis included measurements of COD,
total nitrogen (TN}, N-NHJ, N-NO;, N-NOj, total phosphorus (TP),
P-POY, alkalinity, pH, and the concentration of biomass developed in
the form of activated sludge. The quantity of biomass in the form of
biofilm was checked twice during each series. All chemical analyses
were perfarmed in duplicates in accordance with APHA Standard
Method: The statistical analysis of the data related to the
qualily w1 ueaea wasiewaler and the efficiency of pollulant removal
was rondurctard neine Qeaticticn 12 401 enfrwmre (detailed methodology
in th
AL Lic cou w gata seiiey, ncue vaen wts, namely the Ammonia
Utilization Rate Test (AUR} and Nitrite Utilization Rate Test (NitUR)
were performed to monitor the activity of ammonia and nitrite oxi-
dizers, respectively. The tests were conducted for biomass collected from
MBSBBR/IFAS-MBSBBR. (separately for CB and AcS) in still-mixing 2 L
test reactors, under DO concentration near saturation levels at 20 °C,
and with the addition of appropriate substrate - NH4Cl (AUR test) or
KNO, (NitUR test} (initial concentration of N-NHJ (AUR test) or N-NO3
{NitTIR feety wae 18 mo/I1 The detailed batch test methodoloev was
[n the selected series (se
before conducting batch
a vamems aan s avs se-al-§ETIETAHION Sequencing (NGS).

2.3. Microbial community analyses

Biofilm and activated sludge samples were collected at the end of the
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selected series (see 51 A1), stored at —
25 °C, and used for DNa cauacuen anu vaa, e uewailed methodology
regarding DNA extraction, V3-V4 amplicons library preparation, as well
as NGS of the 168 TRNA eene and bioinformatic analysis can be found in

3. Results and discussion
3.1. Analysis of the microbial community structure

To investigate the dynamics of the microbial community that
developed in the reactor, NGS was carried out. Nine samples of both the
CB and AcS were taken from the svstem at the end of selected experi-
menial series (se }, and analyzed by
Mumina Mi-Seq puncu-cisu acgusang v wn v -y 7 fegions of the 168
tRNA gene The Adivsveibs and vichnaoee of the gollected samiples are
shown in tl The number of opera-
tional taxoluie utuwe (w1 wsy varcu werweew 20,506 and 70,245 in CB
samples, and 15,209 and 64,299 in AcS samples. The biofilm presented a
greater number of identified OTUs than the activated sludge, except in
sB.s2., where the AcS had 1.32 times more OTUs.

The Chaol index provides a measure of the bacterial richness of a
community, while the Shannon index indicates diversity within the
community. These indices differed between the microbial communities
in the various series. The diversity and richness index values of the
attached biomass were highest when the system operated with pure
moving bed technology (with respective Shannon and Chaol indices of
5.55 and 213.16), whercas they were highest for the activated sludge in
sA.55. Moreover, Chaol values corresponded well to Shannon values
during whole experiment. For example, in 5A.55., the last one in stage A,
the activated sludge exhibited higher microbial diversity and richness.
However, this trend was reversed in the next two series, where the
biofilm ensured higher diversity and richness of the microorganisms
within the reactor. In the final experimental series (sB.53.), although the
OUT count was higher in the CB, the Chaol and Shannon indices were
higher for the AcS. When the values of the Chaol index and Shannon
index for the CB decreased or increased, corresponding increases or
decreases for the AcS were also ohserved. For example, an increase in the
Chaol index from 136.68 to 169.22 and the Shannon index from 4.45 to
5.12 in biofilm after transitioning from aeration conditions in the 30
min 4 10 min regime with DO set-point on 1.5 mg O2/L (sA.55.) to 2 min

| 4 min without DO limitations (sB.s1.) caused a decrease in these
indices from 179.43 to 125.65 and from 6.01 to 3.55, respectively, in
activated sludge. This suggests that, when the microbial population of
one enviromment was impoverished, that of the other environument was
enriched,

The microbial community structure of each environment was char-
acterized at the phylum level. Rarefaction analysis showed that samples
3A.55. from both biofilm and activated sindge, in which the DO set-point
wae lmwarad tn 1 5 mg/], had the lowest nnmber of reads (se

15 12.2); however, the number of seqUvicca vu-

Laweu guuweu a renasle assessment of the microbial composition of the
-f~=-ag5. The most prevalent phyla in CB and AcS sainples are shown in
a. The abundances of various evnuns nf microorganisms changed in

both environments. The PCA plc hows that PC1 clustered the
dataset into two groups: sA.s1.-piomm ana the other samples. In addi-
tion, the sA.sl.-biofilm sample was negative on PCl, while the
remaining samples had a positive score. This arrangement of samples
clearly shows that the communities of microorganisms from the reactors
operated as a pure moving bed technology differed the most from the
reactors operated as a hybrid moving bed technelogy. It did not affect
the efficiency of arganies removal and nitrification; however, the effi-
ciencies of demitrification and phosphorus removal were significantly
lower in pure moving bed. The combination of biofilm and activated
sindge produced the main differences between clusters. Because the
close proximity of microbial populations in the PCA plot indicates the
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The relative abundances of Proteobacteria increased 2 44-fold (80.9 %),
making it the dominant phylum. The relative abundance of Plancto-
mycetes also increased (7.4 %). Comparing the results obtained in sA.s5.
with those at the beginning of the experiment, the relative abundances
of Bacteroidetes and Actinobacteria decreased 2.93 and 4.03 times,
respectively. Additionally, Firmicutes (3.5 %) and Nitrospirae (0.8 %)
were detected in the CB.

From the end of stage A (sA.s5.), in addition to analyzing the or-
ganisms that constitute the biofilm, the composition of the microbial
commumities forming the activated sludge was also examined. In sA.s5.,
Nitrospirae (41.8 %) and Proteobacteria (27.4 %) represented two main
phyla of AcS, followed by Planctomycetes (9.7 %), Bacteroidetes (8.2
%), Actinobacteria {6 %), and Verrucouricrobiota (4.7 %). Smaller
quantities of Firmicutes (1.0 %) and Chloroflexi (0.3 %) were also
detected.

The transition to intermittent aeration in a 2 min + 4 min regime (sB.
s51.), along with the removal of the DO set-point, significantly altered the
composition of microbial populations inhabiting both the analyzed en-
vironments. In the biofilm, Proteobacteria and Firmicutes became the
most numerous phyla, with a relative abundance of 30.3 and 23.5 %,
respectively. Notably, the relative abundance of the latter increased
almost 7-fold. The boost in the relative abundance of this phylum was
correlated with the enhancement of demitrification efficiency. These
microorgamsms are, in fact, considered main contributars to denitrifi-
cation and organic matter degradation (I The [Aina2
min + 4 min regime, coupled with the abiw.ie we w opcified DO set-
point, also led to a 4.21-fold increase in Bacteroidetes (17.7 %), as
well as 2.81-fold increase in Actinebacteria abundance (9 %). Elusimi-
crobiota (6.1 %) also appeared in the CB. The relative abundance of
Planctomycetes decreased (4.4 %). Chloroflexi {0.9 %) were also
detected at that time.

In actvated sludge flocs, the changes in abundance between sA.s5.
and sB.s1. were more substantial. Bacteroidetes became the dominant
phylum (60.6 %), with their relative abundance increasing nearly 7.5-
fold. Such a substantial increase in the quantity of these microorgan-
jsms could also contribute fo the observed increase in denitrification
efficiency. At that time, the AcS also contained other microorganisms
associated with denitrificarion, such as Proteobacteria {15.9 %) and
Actinobacteria (10.9 %), whose relative abundances decreased and
increased by 1.72 and 1.82-fold, respectively. Small amounts of Firmi-
cutes (2.9 %) and Planctomycetes (1.8 %) were detected as well.

In the subsequent series, where the duration of phases with the
blower on and off was extended to B min + 16 min, Proteobacteria (35.6
%) antd Firmnicutes (28.5 %) continued to be the dominant phyla in the
biofilm. Other detected phyla were Elusimicrobiota (6.7 %) and Acti-
nobacteria (7.4 %). Furthermore, Planctomycetes (6.1 %) and Bacter-
oidetes (3.2 %) were also detected in CB. On the other hand, despite
their relative abundance decreasing (o 35.9 %, Bactervidetes remained
the dommant phylum in AcS. In sludge flocs, significant amounts of
Actinobacteria (21.2 %) and Proteobacteria (18.8 %) were also detected.
Additionally, small quantities of Planctomycetes (1.9 %) and Firmicutes
{1.6 %) were noted in CB.

The last introduced change, doubling aeration and non-aeration
phase durations to 16 min 4 32 min, led to significant changes in the
microbial communities in both the environments. Qver tune, Proteo-
bacteria became the dominant phylum in both the biofilm immobilized
on moving carriers and activated sludge. This mcluded Gammaproteo-
bacteria (with the prevalent genera Acinetobacter, Psendomonas, Steno-
trophomonas), Alphaprotecbacteria (with the prevalent genera
Rhodobacter, Hyphomicrobium, Methylorhabdus), and Betaproteobacteria
fwith the aravalant aanara Nochipromonas, Aquabacterium) (se:

In the biofihn, they represented .. ..,
LEHICALLL 2.9 70 UL d1L gelerieu uucroorganisms, their relative abundance
increasing nearly 2.7 times compared to sB.s2. The remaining part of
microorganisms inhabiting the biofilm was primarily made up of Acti-
nobacteria (1.5 %), Planctomycetes (0.90 %), and Chloroflexi (0.5 %).
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Meanwhile, in the sludge flocs, Proteobacteria relative abundance
showed an almost 2.3-fold increase, accounting for 42.6 % of the total
microbial community. The remaining microbial communities consisted
of TM11 {(22.4 %), Actinobacteria (13.4 %) and Bacteroidetes (12 %).
Small amounts of Planctomycetes (2.6 %), Firmicutes (1.3 %), and
Verrucomicrobiota (0.9 %) were also detected in AcS.

Based on data obtaimed from NGS, this study also analyzed the
impact of technological modifications introduced in the reactor on the
abundance of specific groups such as nitrifiers, putative denitrifiers,
Anammox, putative PAQr ~nd nronnie comnonn A Anaradare wnn olon
nrnhmad in rhig study (se

). The Most vauuie group us o guisi s v
potn acovated sludge and biofilm, just after the unclassified group,
consisted of functional genera responsible for the degradation of organic
compeunds. Their quantity in both analyzed forms increased throughout
the experiment. In all analyzed cases, putative denitrifiers were present
in the bicmass developing in the reactor, with a notably higher quantity
in the biofilm, particularly in stage B. This stage involved a change in the
aeration regime, with longer durations of non-aerated subphases
compared to those wirh aeration. The conditions prevailing in the
reactor af that time can be considered conducive to the development of
functional genera for denitrification. In the last series of experiinents,
with aeration in the regime of 16 min + 32 min, a significant increase in
the quantity of putative PAOs was also observed in biofilm and activated
sludge. The relative abundance of nitrifiers” microbial community
genera, except for series sA.sl. and sA.s5., was close te zero. In the Ffirst
series of the research, when the reactor operated as pure moving bed
technology, a functonal genus of nitrifiers was detected in CB at a level
of 2.66 %. During the analysis conducted for biomass samples at the end
of stage A, it was demonstrated that nitrifiers constituted 10 % of all
detected genera in AcS, while their quantity in the CB was eliminated
(sA.s5.).

3.2. Reactor performance

3.2.1. Nurrients removal performance linking to microorganisms population
Concentrations of N-NHy, N-NO;, N-NOgy, TN, TKN, COD, TP and
P-PQ; in the inflow and nutflow analvzed durine the exneriment are
shown i v 1 and Based on
these vaiuwo, wie vicicsies wi s arcanutl (Enie )y uornu uacation (Bne.
nit.). organic compounds removal (Egop), and enhanced biological
nhosnhoris removal {Feean) were ealenlated (calenlation details in the
/N,
did

1L WELECLLIE Epgniy, AL BERPA.

Regardless of the variant of the moving bed technology in which the
systern operated (either pure or hybrid), the applied strategy of IA
{duration of subphases with and without aeration during aerated pha-
ses}, and DO concentration, highly efficient stable nitrification (96.32 +
1.94 %) was maintained at all stages of the experiment (p =
0.6469-1.0000, p > 0.05). The concentration of N-NHJ in the treated
wastewater did not exceed 2.07 mg/L during the 348-day study. The
results of NGS were expected to reveal a high diversity and richness of
nitrifying genera typical of municipal WWTPs. These microorganisms
include Nitrosomonas, Nitrosospira, Nitrosococcus, Nitrosovibrio, Nitro-
somonadaceae, and Nitrosolobus, widely known as AOB, as well as NOB
~=rt 2 Nitrobacter, Nitrospira, Nitrococcus, and Nitrospine

Unfortunately, exremely low amounts {below 1 w, excepr 1
series sA.sl. and sA.s5. — Ac8) of bacteria from the genera of Nitro-
somonas, Nitrospira, or uncultired eenus of Nifrosomonadaceae were
detected in the bicmass (se This
suggests that the conditions p.w v wuaiis s sie vy vrvsi v wie e, wod the
quality of the supplied wastewater did not create conditions suitable for
the development of other nitrifiers. The OTU percentage for the func-
tional nitrifiers (AOB, including only Nitrosomonas) was from 0 % to 1.2
% of the community. Similarly, in the study of mcmbrane bioreactors
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treating municipal wastewater, the abundance of ADB comprised less
than 0.1 % of the total bacteria, although N-NH; removal reached
85-95 % at DO concentration of 6.5-7.5 mg/L, HRT of 5 h influent
N-NHJ of 35-50 mg/L, and the C/N ratio of about
Such a high nitrification efficiency at the low abun
cated that a gene coding ammonia monocoxygenase (the first enzyme in
ammonia oxidation) had high expression level indicating strong nitri-
fication activity. In the study of activated sludge, even at a low con-
centration of N-NH,4 (about 2.5 uM), high expression of amoA gene was
observed, even though the abundance of Nitrasomonas and Nitrosospira,
which played dominant roles jn nitrificatinn arennnted for as low as
0.11 % and 0.02 %, respectively Itis also possible
that the high effiiency of nitluicauuu was paiuy wetermined by mi-
croorganisms known as heterotrophic nitrification-aerobic denitrifica-
tion bacteria (HNAD). Even though some HNAD bacteria can grow in the
organic matter-free environment, the presence of organic carbon
sigmificantly increases ammomia removal in heterotrophic mitrification
and cell growth. Higher C/N can substantially accelerate the mitrifica-
tion rate and the electron transfer in the denitrifying respiratory chain;
efficiency of the process declines with COD/N drrrancina dua en dha
reduction of electron donation and consumptio:
Hetarntrophic nitrification was observed at C/N

but HNAD bacteria prevail at the C/N of

In the present study, the possibility of HNAL gruvwun tesuis 1w
we mgh COD/N ratio in synthetic wastewater of 8.7 as confirmed by
remarkable TN removal effici~=re ~¢ ~xne 04 04 3t C/N of 7.5, which
declined with C/N decreasing Bacteria belonging to
Paracoccus, Acinetobacter, Bac__, ___ . ______., Halomonas, Achromo-
bacter, Comamonas, Agrobacterium, Pseudomonas, Actinobacter, Rhodo-
coccls, Niphella Dianhorah Dhnmh, fm genera were responsible
for HNAD hese microorganisms can
sequentialiy vanuar v—1vi1q w sv-ivoy £ o, and then reduce it into
nitrogen gas in the presence of oxygen. This is possible because
ammonia menooxygenase and perinfaemie nitrate reductase (NAPY
coexist within a single organism In heterotrophic
nitrification, the pathway of amuwiia vassauun esembles that of
autotrophic nitrification, whereas in aerobic denitrification, oxygen and
nitrate are simultaneously used as electron acceptors in co-respiration
mechanism. HNAD bacteria, due to their growth rate higher than that
of autotrophic nitrifiers, better adapt to low temperatures and pH or
high salinity and need lower buffer quantity than bacteria responsible
for cnmuientisanal autotrophic nitrification/anoxic denitrification

HNAD bacteria prevail at the presence of ammonia as

mirogen source; their activity decreases in the following order of ni-
trogen source: ammoria mirogen > nitrous nitrogen > nitrate nitrogen.
The impact of DO on aerobic denitrification is lower than that of
anaerobic denitrification; omtimim DO for different HNAD bacteria
varies from 3 Lo over 6 my/] The presence of HNAD
representatives such as Psevcunwnus \w—ou ), Acinetobacter (0-53 %),
Rhodacoccus (below 0.1 %), Niagbella (0—6 %) and Bacilius (0-25 %) was
demonstrated in the biomass developing in the analyzed system. A
significantly higher quantity of all these genera was detected in biofilm
samples. The relative abundance of Pseudomonas in CB reached levels of
0.01 %, 0.24 %, 0.79 %, and 30 %, respectively in sA.s5., sB.s1., sB.s2.,,
sB.s3. In the sB.s3., the abundance of Acinetobacter sp. in the biofilm was
53 % and in the activated sludge it was 19 %, markedly surpassing other
series. This microbial genus has been reported to be capable of effective
HNAD vndar asrnhie canditinne at a C/N ratio of 8, with no nitrite

accumu as well as denitrifying phosphorus
remaoval resent study, the abundance of Pro-
teobacte tas and Acinetobacter correlated with

the nitrite oxidation rate (correlaton coefficient of 0.70), which in-
dicates the role of these bacteria in nitrite reduction. The COD/N ratio of
8.7 favored the growth of Acinetobacter sp. However, oxygen conditions
may have been the primary factor determining the abundance of these
bacteria in the biomass. This is evident in sB.53., where the aeration time
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was the longest (16 min) among the series in whirh the T cnncentra-
tlon was not limited. This confirms the results of . ho
reported that DO concentration strongly affected tne grown or acine-
tobacter sp. as faster rotation and thus higher DO content (6.1 mg/L)
accelerated the mass-transfer rates of ammonium and oxygen and pro-
moted the contact between these bacteria and the substrates, stimu-
lating microbial growth and mitrification efficiency, while DO of 3.7 mg/
L promoted denitrification. It was indicated that aeration conditions
should be strictly regulated to stimulate the growth of Acinetobacter sp.,
which subsequently increases the abundance of functinnal senes fnirS
nirK and norZ) responsible for denitrification (i

Therefore, the analysis shows that the relative wviwuuaine vi nasiee
bacteria greatly exceeded that detected for the genera of nitrifying
bacteria, suggesting that the conditions in the reactor favored the
development of these microorganisms, particularly in sB.s3.

In the analyzed system, a decrease in TN concentration in the effluent
was observed, indicating the occurrence of the demitrification. The ob-
tained data suggest that its efficiency was positively influenced by two
factors. The first one was the development of biomass in the form of
activated sludge. An average concentration of TN in treated wastewater
in sA.52. was 1.42 times lower than in sA.s1. During the series in which
activated sludge was developed, the Epen. increased from 79.43 % {just
before the start of sA.s2. — day 12) to 84.35 % at its very end (day 48).
The average efficiency was 1.11 times higher compared to the value
obtained in the series when only biomass in the form of a biofilm was
present in the reactor {sA.sl.). It is believed that the environment of
activated sludge fosters the growth of heterotrophic bacteria, including
demnitrifying bacteria. Heterotrophs are considered more likely to inhabit
sludge flocs because they provide them with areater access to organic
carbon and oxygen than in biofilm . Another factor
that centributed to the noticeable snut 1n venunncanon efficiency was
the change in the strategy of IA from R = 1/3 (sA.s5.}to R = 2 (sB.s1.).
By altering the ratio of the duration of subphases with the blower on and
off while concurrently reducing their lengths and abandoning the DO
set-point, a significant, 1.67-fold decrease in the average TN concen-
tration in the treated wastewater was observed (from 11.14 + 0.87 to
6.69 = 1.45 mg N/L). This decrease resulted in a 1.09-fold increase in
the average Fpep;, (from 81.56 -+ 1.53 to B9.07 + 2.43 %). The pre-
vailing reactor conditions at that time positively impacted denitrifiers
activity and abundance. The duration of non-aerated subphases for one
cycle increased from 70 to 226 min, rising 3.23 times, as the aeration
regime changed from 30 min + 10 min to 2 min + 4 min. Simulta-
neously, there was a significant increase in the abundance of Bacter-
oidetes phylum in the developing biomass. The proportion of their
population relative to the total number of bacteria increased 7.39-fold in
the AcS and 4.21-fold in the CB, It is a~~=~ A b Dr~emrgidetes play a
key role in the denitrification process

The development of biomass in the win v avavaed sludge also
contributed to a significant increase in the efficiency of enhanced bio-
logical phosphorus removal. The average Eggpy value increased almost
2.50 times, from 35.03 + 4.25 {sA.sl.} to 87.32 + 3.64 % (sA.s2.),
indicating the presence of a greater number and activity of microor-
ganisms capable of phosphorus accumulation. The concentration of
phosphonis in the effluent decreased from 4.35 + 0.60 to 0.74 + 0.32
mg/L. In the subsequent series, until the end of the experiment, the Egppg
remained at a level similar to that in sB.s1. (85.36 — 6.57 %]}. This high
improvement in biological phosphorus removal was not attributed to the
presence of Accumulibacter or Competibacter. Although they are typically
known as core PAOs, they were not detected in the biomass, despite the
fact that glycogen accumulating organisms (GAOs), that compete for
substrate with PAQs, were also not present in the biomass. It is worth
noting that in the analyzed system, both in activated sludge and biofilm,
a large number of bacteria belonged to Proteobacteria and Actino-
hnevarig phyla. The former are considered dominant PAOs

Among them, high relative abundance of the genus Acineropacrer
tpelonging to the Proteobacteria phylum) was detected, ofien referred to

238



239



0. Zojac er al

{calculation details in th:

The enrichment of the viwnass ue veaupusg wu sy s wia a8 did
not contribute to significant changes in the Eggp or Eny, values. How-
ever, if resulted in a 1.34-fold reduction of the total real aeration time
dnring a day Notably, the reactor exhibited a considerably
higher microl__. .___ .tion compared to its operation solely as a pnre
moving bed technology. Considering the cutrent average price of 1 kWh
of energy in Warsaw reaching 0.23€, the costs of aeration for removing
1 kg of pollutants per day decreased from 3.05 €/kg to 2.29 £/kg. Over
the year in the analyzed system, this led to a saving of nearly 279 € /kg.
Besides the economic factor associated with energy costs, it is note-
worthy that higher values of Epenir. and Eggpr were observed in sA.s3.,
resulting in an improved quality of the effluent discharged from the
reactor, already compliant with legal requirements.

The 2.33-fold reduction in the DO set-point in sA.sS. significantly
reduced the actual aeration time per day. Although the total duration of
aerated subphases remained unchanged, the blower's operating time
decreased almost 1.40-fold, resulting in a cost saving of 0.84 €/kg.
Throughout the year, under the analyzed system and conditions, this led
to an additional saving of nearly 306 ¢/kg.

In stage B, it was assumed that the duration of the subphase with the
blower off would be twice as long as the one with the blower on. No
specific DO set-point was also set, and the blowers operated throughout
the aerated subphases. This adjustment had no negative impact on any
of the wastewater treatiment processes; instead, it even improved Epgnir..
As a result, the electricity consumption associated with aeration for
removing 1 kg of pollutants per day decreased from Eg = 2.81 + 0.06
kWh/kg in sA.s5. to Eg = 2.18 + 0.07 kWh/kg on average in stage B.
This change allowed for an additional cost saving of 67 €/kg over a year.

For IFAS-MBSBBR in the series with the highest (sA.s4.) and lowest
{sB.s1.} electricity consumption, approximate values of Eyy, and Egan
were achieved. The difference in aeration costs for removing 1 kg of
pollutants per day was 0.53 €/kg, which over a year of system operation
with the aeration regime of 2 min + 4 min compared to 30 min + 10 min
would result in a saving of almost 193.53 €/kg. Moreover, the conditions
introduced in sB.s1. improved Epeye.- It is possible that implementing
DO set-point at that time could have further reduced the aeration time
and mitigated the existing losses.

In practical applications, the energy conswinption for aeraton is
often converted to daily values, and this approach has been also adopted
in this study. It is crucial to emphasize that the energy consumption for
aeration at the laboratory scale cannot be directly compared with those
from full-scale WWTPs. Such a comparison would be prone to error due
to the different efficiency levels of laboratory equipment. Following the
formula used, daily electric energy consumption (Eg4) in kilowatt-hours
per day was calculated

The highest Ey was wwaus vod when the system operated as a pure
movimg bed lechmology (sA.s1.) and amounted (o 0.0903 kWh/d, while
the lowest was recorded when aeration was conducted in the regime 2
min + 4 min (sB.s1.} - 0.0091 kWh/d. This trend is analogous to what
was observed when electrical energy consumption was presented in
terms of 1 kg of pollutants removed per day. However, the difference
between the highest and lowest values of E; was over 5 times grearer
than in the case of Eg.

Modifications introduced in the aeration strategy resulted in similar
changes of Eq as observed for Ep. The direction and magnitude of these
changes were at a comparable level, except for those noted after
changing the aeration from 20 min 4 10 min (sA.s4.) to 30 min + 10 min
{sA.s5.) and those following the transition to aeration in the regime 2
min + 4 min {sB.51.). In the first case, Ey remained at a comparable level
to that before the change, while Eq decreased 1.32 times. In the second
case, the direction of change was the same, but the magnitude of the
change in Eg was greater than in Eg (Eq decreased 9.74 times, while Eg
decreased 1.32 times).
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3.3. Batch test results

The restilts of kinetic batch tests were presented i
Considering that all tests were piioimcu wiai-
- thodology, the results allowed for tracking of the
activity of bacteria oxidizing N-NH4 (in AUR test) and those capable of
oxidizing N-NO; (in N#tUR test) via the rates determined in the tests,
ammonia oxidation rate (AOR) and nitrite oxidation rate (NitOR),
respectively.

Although the efficiency of the nitrification remained at a similar level
throughout all series, suggesting no significant changes in the activity of
mitrifiers present in the systermn, batch tests showed that the dynamics of
ammonia and nitrite oxidation were diverse.

The analysis of the obtained data does not permit unequivocat
determimation of the biomass form that constituted an environment with
a higher level of activity of bacteria nxidizing N-NHj. This may be
caused by the fact that microorganisms known as HNAD were mainly
responsible for nitrogen removal (as shown in section 3.1.2.). In stage A,
ammonia oxidizers in the biofilm had higher activity. Apart from sA.s3.,
tests conducted for this biomass form yielded values of AOR at least 1.22
times higher. In stage B, however, the values obtained for activated
sindge were 1.99, 1.18, and 1.53 Hmes higher than in biofilm, respec-
tively. In previous studies describing a similar system, the AOR was al-

urmars hinhar in ArQ ramardlace nf tha rarhnnlamisal nemdidane af rannknr

nave Iugner aciiviiy 1N acuvated SIS TRan i mnmm  nut nigner
stability in biafilm than in sludge floc: the devel-
opment of hybrid biomass technology sevine o vv w pa o direction
in exploring the possibility of reducing aeration level.

The highest AOR-CB was observed in the series where the reactor
operated as pure moving bed technelogy, and the lowest was recorded
where the aeration was carried out in the 2 min + 4 min regime without
DO set-point (sB.s1.). Moreover, the change in the aeration strategy from
30 min + 10 min with DO set-point at 1.5 mg O9/L (sA.55.) to the one
applied in sB.s1. can be identified as the cause of the greatest difference
in AOR-CB betwixt consecutive series. The AOR-CB between sA.s5. and
sB.51. decreased 2.49 times.

In the tests conducted immediately after development of biomass in
the form of activated sludge, no significant changes were noted in the
AOR carried out by nitrifiers inhabiting the biofilm. AOR-CB changed
only when the system was already operating as a hybrid with a constant
concentration of activated sludge for 45 days (sA.s3.). In this case, a 1.34
decrease in AOR-CB was observed. Simultaneously, tests conducted for
activated sludge at that time demonstrated a 1.40-fold increase in the
AOR-AcS. Considering the significant role of substrate and oxygen
concentration gradients in the biofilm, it can be assumed that activated
sludge floes was chusen as an environmenl mors Fuovarshls G the
development of ammonia oxidizers. Similarly c-
ported that nitrogen removal from MUNIC.... oo w I8
improved by using a hybrid system. Hybrid systems enable high effi-
ciency and stability of metabolic processes even at low temperatures and
high organic loading. They are used for the simultanecus removal of
organic matter, nitrification and denitrification, as the accuinulation of
biomass on the sutface creates the conditions for effective growth of
slow-growing microorganism, thus increasing microbial diversity and
shortening the start-up time. However, sludge production should also be
considered when deciding on the type of biomass selecred, i.e. activated
sludge or biofilm. The use of the hybrid system resulted in the sludge
yield coefficient 10 times or 7-25 % lower than in conventional act-
vated sludge plants and other extended aeration systems, respectively,
while remmsine aver 90 and over 80 % ammonia and TN, respectively

wunnary w capeuanJns, extending the time of subphases with the
blower on from 20 to 30 min, and therefore reducing the time during
which the biomass was subjected to lower than assumed concentrations
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of DO (total duration of subphases without aeration decreased from 110
to 70 min), did not increase the activity of ammonia oxidizers. Con-
necting this with the fact that in the subsequent series, after reducing the
DO from 3.5 to 1.5 mg Oy/L, a 1.29-fold increase in AQR-CB was
observed, it can be presumed that such microorganisms capable of
oxidizing N-NHj that prefer lower concentrations of DO could have
thrived in the biofilm at that time. One of the representatives of this type
of microorganisms is Comammox. Previgus stidiec have demnnctrated
that lower DO levels can benefit theii growtt It is,
however, worth emphasizing that some studies nave reporrea a 1ack of
significant correlation berween DO rence of
Comammox. For instance, in a study b; onducted
in a MBBR, it was found that Comammox was selecuvely enriched even
when DO exceeded 6 mg Ou/L. In the present study, from Comammox-
type microorganisms, the genus Nitrospira sp. was detected, some strains
of which possess genes encoding ammonia monooxygenase, hydroxyl-
amine dehydrogenase and mitrite oxidoreductase, and which perform
complete oxidation of ammonia to nitrate via nitrite. The highest
abundance (10 %) was observed in the AcS samples, in the series in
which DO was reduced to 1.5 mg 03/1; however, there were no corre-
lations between DO and the level of Nitrospira sp. in the biomass. These
findings suggest that the relationship berween DO and Comammox
occurrence may vary depending on the specific system and conditions,
and that other factors may also influence the growth and enrichment of
Comammox microorganisms.

Significant, almost 2-fold increase in AOR-CB was observed after a 4-
fold extension of the duration of subphases with blowers or: and off in sB,
52, Due to the absence of a DO set-point in all series of stage B, oxygen
concentration during the 8-minute aeration period reached a signifi-
cantly higher level compared to the 2-minute operation of blowers in sB,
s1. The prevailing conditions in the reactor during this period favored
ammenia oxidation.

In activated sludge, the highest AOR-AcS was observed in the final
series of the experiment, where the system operated with aeration in a
16 min + 32 min regime without a DO set-point (sB.s3.). It should be
emphasized, however, that in sA.s3., when the durations of subphases
with and without aeration were 20 min and 10 min, respectively, and
the DO set-point was 3,5 mg Op/L, AOR-AcS remained at a similar level.
Although the total time of the subphases with the blower off doring one
cycle in sB.s3. was more than 2 times longer, Lhe lack of DO set-point
meant that DO during subphases with aeration was almost 2 times
higher than that assumed in sA.s3., creating favorable conditions for
ammonia oxidizers. Nitrosomonas sp, was the only AOB detected in the
biomass. In addition, the AcS sample in sB.s3. was the only sample from
IFAS-MBSBBR, in which Nitrosomonas sp. was present; however, the
abundance was < 1 %. Similarly low abundances of NOB were detected.
High efficiencies and rates of ammonia removal at very low abundances
ol AOB and NOB confirm the role of HNAD bacieria in nilroven con-
=~=f~n in the studied system, which was widely described i

vn the other hand, the lowest AOR-AcS was observed in a series
where conditions in the reactor were expected to favor the growth and
activity of ammonia oxidizers the most. In sA s4., compared to sAs3.,
the duration of aeration was doubled, and the DO set-point was set at
3.5 mg Qa/L. Although the total aeration time was increased hv 40 min,
the NN neafilee were similar (see
nd yet AOR-ACS deerei. v v ciow voascuy sxwses wewa b
W o.ruu g -l /hegVSS. AOB were not detected in the biomass,
suggesting that heterotrophic nitrifiers, which are much less sensitive to
DO changes than autotrophic mitrifiers, performed ammonia oxidation.
This represented the largest change in AOR-AcS values throughout the
experiment. The highest increase in the activity of bacteria capable of
ammonia oxidation in AcS was observed berween sA.s2. and sA s3. After
over a month of operating as a hybrid system, the nitrifying microor-
ganisms colonizing the flocs had to adapt to the conditions prevailing in
the reactor and fully develop. It should be emphasized that the growth
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rate of nitrifiers is considerably slower than that of demitrifying bacteria,
so their populatinm mav have heen velatively low during the sludge
formation series

The rate of tuuae temuvas, anu vonsequently the activity of nitrite
oxidizers, was consistently higher for the biofilm. This is consistent with
previous studies conducted for IFAS-MBSBBR, where regardless of the
changes in technological reactor parameters. the hiofilm nrovided an
nriennmaant moen faroegble for NOE

The significauuy wgue svuw avuuuaine
Lne DIOLILM {4 2—1w.y o) than in the activated sludge (1.7-4.7 %) in the
IFAS system for the treatment of municipal wastewater and the faster
recovery rate of NOB in the biofilm were attribute” *~ = —== —==1i-—c
nature of biofilm compared to the activated sludge
Biofilm is considered an ideal environment for the vevelwspmen ur n-
riBnee mortinolacde RIAT Ane e g extremely high solids retention time
iis is because NOB have lower growth
NGS revealed that despite the generally
YOLY MUWY LEeldilye duliiialiee uL ni[rifying genera, the amount of Nitro-
spira, which was the only NOB detected in both types of biomass, in CB
was an order of magnitude higher. The exception was observed in sA.s5.,
where the relative abundance of genus Nitrospira in AcS reached 10 %
which was the highest value recorded for these microorganisms in all
analyzed biomass samples.

in the case of the biofilm, the highest NitOR-CB was observed In the
series where aeration was carried out in a 30 min + 10 min regime, with
a DO set-point of 1.5 mg 0a2/L (sA.s5.). The lowest activity of NOB
inhabiting biofilm was recorded when aeration occurred in a 2 min + 4
min regime without a DO set-point. It is believed that 2 chart dAnration of
aeration phases favors the suppression of NOB. .
conducting research in an MBBR under the same aviauvu LTHLUIG, 1T
ported lower NOB activity compared to aeration in a 2 min + 2 min
regime. In the subsequent series of stage B, NitOR-CB gradually
increased, suggesting that the conditions created in the system at that
time favored NOB.

In the case of activated sludge, the highest NitOR-AcS was observed
in the test conducted immediately afier reaching its stable level, sug-
gesting that NOB growth rates mav nnt necacearily he Jower than AOB,
which was also confirmed b “he lowest activity
of NOB bacteria developing i we noes vt acuvawea siudge was observed
during aeration in the 8 min + 16 min regime (sB.52.).

The most significant changes in the NitOR were associated with
aeration regime changes. In bicfilm, there was a 1.48-fold reduction in
NitOR-CB after transitioning from aerarion in the 30 min + 10 min
regime with DO set-point on 1.5 mg Oy/L (5A.55.) to 2 min + 4 min
without DO limitations (sB.s1.). In the activated sludge, the 4-fold
extension of the duration of phases with and without aeration from 2
min + 4 min (sB.s1.) to 8 min + 16 min (sB.s2.) can be considered the
vause of the nearly 2.5-fold reduction in the aclivily of NOB. Inlerest-
ingly, between the series when the most significant decrease in NitOR-
CB was observed, the activated sludge concurrently experienced the
highest increase in AOR-AcS {1.57-feld). Similarly, observations made
after changing the aeration regime from 2 min + 4 min to 8 min + 16
min revealed that the most substantial reduction in the activity of NOB
in the AcS coincided with the highesr increase in NitOR-CB (nearly
twofold}.

An interesting observation is the comparison of AOR and NitOR
obtained in this study with the values reported for analogous conditions
(aeration in 30 min 4 10 min regime DO _ 1 5 mo 3/ and rvne of
reactor from our earlier research
Under identical conditions, AOR-Co auw ivivwn-un tioin uns swuay were
respectively 1.76 and 1.43 times higher than those from the cited paper.
Meanwhile, the activities of ammonia and nitrite oxidizers in the acti-
vated sludge wrae 1 &4 and 2 90 rimac loaurar namnarad to the results of
the study by respectively. The
observed discrepancies cowa reswit rmrom tne ract that the system
analyzed in this study initially operated as pure moving bed technology
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Tab. A.1 Reactor operating conditions

i Reactor configuration Biomass concentration Sampling
Series Duration Synthetic wastewat HRT | SRT DO Aerati Activated Hyhrid of
(] ynthetlc w: ewater R t fi | eration ciiva Riofilm* B ybri binmass
Ld] characteristic [h] [d] eacior operation eyele set-point | regime (R) | sludge (AcS) iofilm™ (CB) (CB+AcS) for NGS
50 min —1 Unaerated phase; 0.0147:0.0050 | 1.994020.0070 | 2 0012£0.0109
. 190 min — I Aerated phase; I
series 1 1-14 8h |30 min ~1I Unaerater-(,i phase, g IS5 g TSI £ ISSIL CB
(sAsl) ! i nas 0.0120=0.0012 | 0.88370.0013 | (.889310.0066
200 min — II Aerated phase;
10 min — Decantation. g VSSL £ VSSIL g VSSiL
20 minON+ | 0.9956+0.5841 | 1.601240.4990 | 2.734240.3888
series 2 15-50 10 minOFF g TSSiL g IS8, g TSS/L
(sA.s2.) ) TN—59.89+1.53 mg N/L; R-1/2 0.6299+0.4157 | 0.6760+=0.1846 | 1.4427+0.4495
VSS/L VSS/L
TKN=58.9341 48 mg N/L; 33 g £ g VSS/L
. ” mg Ox/L 1.8525+0.4174 | 1.0955+0.0064 | 3.1967+0.6850
% | series 3 S0 N-NH4™=39.01+1.10 mg g TSS/L g TSS/L £ TSS/L
£ | sAs3) } N-NHa4'/L; 1.1382+0.3075 | 0.7867+0.0298 | 2 0528+0.4949
N-NO37=0.95+0.7] mg N-NOs7/L; g VSS/L & VSS/L g VSS/L
] . 2.0758=0,1919 | 1.0750£0,0071 | 3.3285+0.0317
qeres 4| 0 COD=520.20+17.56 mg O»/L; g TSSIL 2 TSSIL o TSSIL
(5A.54.) - BODs—389.67+8.80 mg 021, 10 minON+ 1.4850:0.1436 | 0.7658=£0.0090 | 2.4117+0.1058
TP~6.47+0.64 mg P/L; 0.93 | 20 50 min — 1 Unaerated phase; 10 minokE |8 VS5 8 VSSIL g VSS/L
P-PC4*=6.2520.63 mg P-POS/L; 190 min — I Aerated phase; R=1/3 1-80581(?}083 1 1-1148%9}0288 2.8753+0.0729
series 5| | 009 gh |30 min - 11 Unaerated phase, 1.5 g TSS/L gTSSL g TSS/L CB+AcS
(sA.85.) pH=7.6-79; 150 min — 11 Aerated phase; | mg Ox/L 1.1603+0.068 | 0.8114=0.0363 | |.9109+0.0657
alkalinity=350-400 mg CaCOs/L; 50 min - Sedimen?ation; g VSS/L g VSS/L g VSS/L
COD/N=R.7 10 min — Decantation. S minON. | 20388102870 | 13362101131 | 3.1039+0.0260
series 1 . g TSSL g TSS/L g TSS/L
210-261 | BODs/N=6.2 4 minOFF CB+AcS
(sB.s1.) 13610101381 | 0.866310.0211 | 2.0811+0.0724
COD/P=81.1 R=2 g VSS/L g VSS/L g VSS/L
BODs/P=61.1 & minON+ 2.0707+0.1220 | 1.6066x0.0127 | 3.7204+02110
2 cer T TSS/L TSS/L
g, [series2| o oo limited | 16 minOFF | £ & eTSST | cpiacs
g | (sB.sl.) Do 1.4257+0.1346 | 0.764120.0508 | 2.2334+0.1931
@ R=2 g VSS/L £ VSSL ¢ VSS/L
R 1.8855+0.1522 | 1.4861x0.0988 | 3.4771+0.2162
16 minON+
series3 | Lo o0 19 minOFF g TSs/L g TSS/L 2 TSS/L CBHACS
(sB.s3.) 1338001338 | 0.8169:0.0316 | 2.199940.2162
R=2 g VSS/L 2 VSSIL a VSSIL

* The amount of biofilm immobilised on moving cartiers was measured using gravimetric methods by calculation of weight loss. Five carriers were randomly collected from the reactor. They were
rinsed with demineralised water to remove loosely attached biomass. Then, biofilm was mechanically removed from the carriers. Total suspended solids (TSS} and volatile suspended solids (VSS)
were determined in biofilm in accordance with the Polish Standard. At this point, refercnce values of TSS and VSS for five carriers were obtained. The subscquent step involved recalculating TSS
and VSS for all carriers in the system (approximately 12,900 carriers in a reactor (7 L — 25% of active volume of reactor). Subsequently, this value was divided by the active reactor volume,

resulting in the concentration of the entire biofilm developing in the system expressed in g/L
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The 28 L laboratory-scale moving bed sequencing batch biofilm reactor (MBSBBR) was made
of plexiglass (Fig. Al.). The reactor was filled with EvU-Pearl® moving carriers made from
recirculated PVA with the shape of a cylinder (®=5 mm, h=8 mm, a specific active area of
600 m*/m?, a density of 1.1 kg/L) (EvU-Innovative Umwelttechnik GmbH, Germany). The
filling ratio was 25% (value adopted based on prior research by the authors (Sytek-Szmeichel
et al., 2016; Zajac et al., 2022). The system was controlled using an automated confrol system
(SCADA Wonderware InTouch) that was integrated with an oxygen probe (DO and temperature
measurement, maintaining the assumed DO set-point - Oxymax COS861D (Endress + Hauser,
Weil am Rhein, Germany)), a peristaltic pump (synthetic sewage dosing - Masterflex®
Ismatec® Ecoline (Masterflex Ismatec, Cole-Parmer, Chicago, 1L, USA)), mechanical stirrer
(R-50D (CAT, Ballrechten-Dottingen, Germany)), and decanting valve. Oxygen was supplied
to the system using blowers Tetratee® APS (2x2 W — 100 L/h + 1x4.5 W — 300 L/h)
(Tetra GmbH, Melle, Germany) and diffusers (Marina-Hagen, MA, USA} placed at the bottom
of the tank. A constant temperature of 20°C was maintained in the reactor using an external air
conditioner. The pH was monitored several times throughout the day using a portable CP-

401 pH meter (Elmetron, Zabrze, Poland).

Sytek-Szmeichel, K., Podedworna, 1., Zubrowska-Sudol, M. (2016). Efficiency of wastewater treatment in SBR
and IFAS-MBSBBR systems in specified technological conditions. Water Science and Technology, 73(6), 1349—
1356

Zajac, 0., Zubrowska-Sudol, M., Ciesielski, S., Godzieba, M. {2022). Effect of thc aeration strategy on NOB
suppression in activated sludge and biofilm in a hybrid reactor with nitrification/denitrification. Water, 14(1), 72.
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1. DETAILED METHODOLOGY
1.1.Statistical analysis
The statistical analysis of the data related to the quality of treated wastewater and the efficiency
of pollutant removal was conducted using Statistica 13.3PL software. The hypothesis regarding
the distribution of each examined variable was verified based on the Shapiro-Wilk test. To
assess the significance of differences between the analysed variables, a one-way analysis of
variance (ANOVA) was conducted. The homogeneity of variances across groups was assessed
using Levene's test. The significance of diffcrences between the analyzed variables was
determined using RiR Tukey test. A significance level of p=0.05 was adopied for the tests. A p-
value smaller than 0.05 indicated a statistically significant difference between the variables
under consideration.
1.2.Microbial community analyses
1.2,1. DNA extraction
Genomic DNA was isolated using a modified method based on the Genomic Mini AX Bacteria
+ kit (A&A Biotechnology). Real-Time PCR employed universal primers (5°-
ATGGCTGTCGTCAGCT-3" and 5*-CGCCCGCCGCGCCCCGCGCCCGE
CCCGCCGCCCCCGCCCCACGGGCGGTGTGTAC-3 ) targeting a fragment of the bacterial

163 tRNA gene (Ferris et al., 1996).
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1.2.2. V3-V4 amplicons library preparation
Prior to preparing the V3-V4 amplicon libraries, DNA eluates were checked for quantity and
quality by a fluorescence-based method (Victor 3 fluorometry) and gel electrophoresis,
respectively. The libraries were prepared following the guidelines of the 168§ Metagenomic
Sequencing Library Preparation Part #15044223 Rev. B, using a two-stage PCR with the
Herculase II Fusion DNA Polymerase Nextera XT Index Kit V2. Library quality was assessed
following the Illumina gPCR Quantification Protocol Guide.

1.2,3. Next-generation sequencing of the 16S rRNA gene and bioinformatic analysis
Sequencing was performed on the [Tlumina MiSeq platform with 2x300 bp read configuration
by the company Macrogen. The bioinformatic analysis was conducted using CLC Genomic
Workbench v. 12 (Qiagen) with the Microbial Genomics Module Plugin v. 4.1 (Qiagen). The
sequences of the bacterial communities were analyzed using the DADA?, a native R pipeline?.
Filtering was done using the parameters maxN =0, maxEE=c(2, 5), truncQ=2, and
rm.phix = TRUE. The sequences after dereplication were merged with minimal overlap 12 and
chimeras were filtered out using the native consensus method. Taxonomic classification was
performed up to the class level by implementing the RDP naive Bayesian classifier and the
SILVA database V138.1 provided by the DADA2 developers
[https://benjjneb.github.io/dada2/training.html]. The Shannon and Chaol indices were used to
estimate alpha diversity. The Principal Components Analysis (PCA) was used to estimate beta
diversity; the selected PCs described 56.62% of the variance. Rarefaction curves and a heatmap
of the 10 most abundant phyla were generated in ampvis2 library (GitHub package). Tree of
relativity of the ten most abundant genera in the system was plotted in the ape library (ape
package). In general, GraphPad Prism version 9.0 software (GraphPad Software, USA) and R

programming were used for statistical analysis and generation of the graphs.

Ferris, M.J., Muyzer, G., Ward, D.M. (1996). Denaturing gradient gel electrophoresis profiles of 16S rRNA-
defined populations inhabiting a hot spring microbial mat community, Applied and Environmental Microbiology,
62(2), 340-346.
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2, CALCULATION DETAILS
2.1.Efficiencies of individual wastewater treatment processes

All calculations were made according to the methodology presented in the work of Podedworna
and Zubrowska-Sudol (2012).

2.1.1. Efficiency of nitrification process (Eni.) — Eq.(A.1)

inf. _~eff.

Eyir = —TKg'm 7 - 100 [%] Eq.(A.1)
TKN
where:
Cink — concentration of total Kjeldahl nitrogen in influent [%],

Ceih — concentration of total Kjeldahl nitrogen in effluent [%]

2,1.2. Efficiency of denitrification process (Epeni.) — Eq.(A.2)

Cre —Cik
Epenit. = =z — - 100 [%] Eq.(A2)
TN

where:
Cinf _ concentration of total nitrogen in influent [%],

C&%_ concentration of total nitrogen in effluent [ng]

2.1.3. Efficiency of organic compounds removal (Ecop) — Eq.(A.3)

E —M-mo[ty] Eq.(A.3
cop — it 0 q.(A.3)
cop
where:

i . . . m
Cinf — concentration of chemical oxygen demand in influent [Tg-],

. . . m,
CET— concentration of chemical oxygen demand in effluent [Tg]
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2.1.4. Efficiency of enhanced biological phosphorus removal (Egppr) — Eq.(A.4)

inf. eff.
_ Gpp —Crp

Erp == 77— - 100 [%] Eq.(A4)

inf.

where:

Cinf- _ concentration of total phosphorus in influent [%],

CSH_ concentration of total phosphorus in effluent [%]

Podedworna, J., Zubrowska-Sudol, M. (2012). Nitrogen and phosphorus removal in a denitrifying phosphorus
removal process in a sequencing batch reactor with a forced anoxic phase. Environmental Technology, 33(2),
237-245.

2.2.Energy consumption for aeration

Energy consumption for aeration in particular series of the experiment was determined
according to the methodology described by Luo et al. (2019) — Eq.(A.5), Eq.(A.6)

Ey [kWh
Eo =7 [Tg Eq.(A.5)
Q- ACqop+4,18:Q-AC Nt Tk
Am = 1000 B I}Ig] Eq.(A-6)

where:

Eq — daily electricity consumption associated with aeration for removing 1 kg of pollutants
kWh

per day [k—g],

E4 — daily electric energy consumption in kilowatt-hours per day was calculated based on the
kWh

d ]

power of the aerating pumps multiplied by the duration of their operation within a day [
Am — amount of oxidized pollutants (as COD and N-NHJ) per day [’;—g],

m3
@ — volume of wastewater flow [7],

ACcop — differences in COD concentrations in influent and effluent [%],

ACy.np— differences in N-NH; concentrations in influent and effluent with consideration of

N-NH7 released in the ammonification process [%],

4,18 — oxygen consumption for 1 g of N-NH} oxidation.

Luo, L., Dzakpasu, M., Yang, B., Zhang, W., Yang, Y., Wang, X.C. (2019). A novel index of total oxygen demand
for the comprehensive evaluation of energy consumption for urban wastewater treatment. Applied Energy, 236,
253-261
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APPENDIX C — Supplementary Material — Obtained results

Tab. C.2 Effluent characteristics, efficiencies of nitrification, denitrification, organic and phosphorus compounds removal, and batch test results

Stage A Stage B
Parameter series 1 series 2 series 3 series 4 series 5 series 1 series 2 series 3
(sA.sl) (5A.s2.) (5A.83) {8A.54.) {(5A.85.) (sB.sl.) (sB.s2.) (sB.s3.)
CoD mg Ox/L 18.18+2 .88 15.1843.89 17372543 13.2623.14 14.2342.7% 14.83£4.96 17.0243.23 18.7846.14
2, ™ g N/L 15.43+2.93 10.89+1.36 10.96+1.45 10.63£0.82 F1.14+0.87 6.69+1.45 5.75£0.99 5.83+1.63
:*E» TKN mg N/L 2.22+1.76 2.04+0.73 1.8240.98 2.28+1.04 2.1441.07 1.94+1.00 2.3441.35 27041 .53
§ N-NHs  mg N-NIL*/L 1.0340.52 0.70+0.32 0.62+0.21 0.73+0.21 0.86+0.34 0.4440.31 1.050.46 111045
.::f N-NOr  mg N-NO»/L 0.2240.24 0.01£0.00 0.01:0.01 0.0140.02 0.020.02 0.0120.00 0.010.02 0.03+0.06
§ N-NOs  mgN-NOy/L 13.0042.36 8.85t1.77 9.14+1.62 §.34+1.18 8.98:0.98 4.47£1.50 3.4441.55 3.10£1.45
E TP mg P/L 4.3540.60 0.7440.21 0.9340.54 0.7740.43 1.1240.56 0.8610.35 1.1440.28 0.9640.31
P-PO&  mg P-POsL 42140.61 0.7240.21 0.90+0.52 0.7540.42 1.08+0.54 0.790.32 1.1120.27 0.9440.30
Econ % 96.32+0.57 97.08£0.75 96.61+1.03 97.39+0.61 97.2140.55 97.16£0.97 96.8340.67 96.45-0.86
g Eni, % 06.2542.90 96.5841.20 96.90+1.69 96.12+1.77 96.43+1.78 07.02+1.46 95.9242 49 05 4342.54
E Enent, Y% 74.0544.71 81874243 31.46+2.44 81.98=1.56 81.5621.53 89.07£2.43 90.2541.39 90.3742.52
"é Erprg % 35.0324.25 87.3243 64 44,9648 47 87.83£6.59 815948 45 87.17+5.07 83.5644.52 46.86+4.52
Eb.por % 34.9546.14 87.3243.80 85.0048.45 B7.7946.62 81.6348.38 86.87£5.05 83.4943.30 86.75:4.61
AOR CB 6.944 6.558 4,393 4,608 5,940 2301 4.473 4.477
g -‘2 [mg N-NHh-gVS8] - peg - 4.500 6.311 3766 4.183 4.380 5283 6.806
'§ 2 NitOR cB 10.063 21.829 9.968 12437 13.185 9228 10.836 12.887
i S [mg N-NOhgVSS]  pcg - 4.164 2.554 2618 1.841 2.883 1.161 1.262

A charts with results of particular batch tests providing the basis for the determination of ammonia oxidation rate (AQR) and nitrite oxidation rate (NitOR) are presented in Fig. C.6—Fig. C.20
b Profiles of influent and effluent concentrations of particular pollutants and remeval efficiencies are presented in Fig, C.21-Fig.C.27
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OSWIADCZENIE WSPOLAUTORA O UDZIALE W PUBLIKACJ

Ja, Olga Zajge oswiadczam, ze mdj wkiad merytoryczny w ostateczna wersje ponizszej

publikacji naukowej wyniost 65%.

Zajac, O., Zielinska, M., Zubrowska-Sudol, M. (2024). Enhancing wastewater treatment
efficiency: A hybrid technology perspective with energy-saving strategies. Bioresource
Technology, 399, 130593, hitps://doi.org/10.1016/j.biortech.2024.130593. 1F:9,70; punkty

MNiSW: 140.

M4j udzial w niniejszej publikacji obejmowat szczegdtowy przeglad literatury, ktory
postuzyt do identyfikacji problemu badawczego oraz opracowania koncepcji pracy. Bylam
odpowiedzialna za przygotowanie metodyki badawczej, a takze za zaplanowanie i wykonanie
eksperymentéw (sprawowanie kontroli nad ukdadem badawczym i aparatura pomiarowa,
przygotowywanie $ciekdw, przeprowadzanie testow kinetycznych, wykonywanie analizy
fizyko-chemicznej jakosci sciekow surowych i oczyszezonych, opracowanie wynikéw pomiaru
zuzycia energii elektrycznej na napowietrzanie) oraz pobér préb biomasy do badan
mikrobiologicznych (wykonanie badan zostalo zlecone firmie zewnetrznej ze wzgledu na
konieczno$é posiadania specjalistyczne] aparatury). Koordynowatam calym procesem
badawczym, monitorujgc wszystkie etapy badan. Przeprowadzitam analize statystyczng
uzyskanych wynikéw badan technologicznych. Qdpowiadalam za interpretacie 1 dyskusje
wynikow badan, w zakresie jakosci sciekow, wynikéw zuzycia energii elektrycznej na
napowietrzanie, wynikow efektywnoéei jednostkowych procesow oczyszczania, wynikow
testow kinetycznych AUR i NitUR oraz za analize zaleznosci pomigedzy wynikami badan
technologicznych i mikrobiologicznych. Przeprowadzitam réwniez wstepng analize wynikéw
badan mikrobiologicznych, ktéra w nastgpnym kroku byla dopracowywana wspdlnie ze
wspotautorami. przy istotnym udziale Pani Magdaleny Zielinskiej. Przygotowalam znaczaca
czes¢ manuskryptu (100% — rozdzial: 1., 2.0 3.2.2., 4., 95% — rozdziat: 3.3.; 70% - rozdzial:
3.2.1.). Bylam odpowicdzialna za wizualizacj¢ danych, opracowujac rysunek 2.
Przygotowalam materiaty uzupeiniajgece (100% =zalacznik A; 100% =zalgcznik B;
zatacznik C: Tab. C.1 — C.2, Rys. C.1. Rys. C.4 — C.27). M¢j udzial polegat réwniez na

wspoludziale w pozyskaniu funduszy 1 petnieniu obowigzkow autora korespondencyjnego.
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OSWIADCZENTE WSPOLAUTORA O UDZIALE W PUBLIKACII

Ja, Magdalena Ziclifiska, potwierdzam, ze wktad merytoryczny mgr inz. Olgi Zajac
w ostateczng wersj¢ ponizszej publikacji naukowej wyniosi 65% i polegal na czynnogciach

wymienionych w oswiadczeniu Autorki.

Zajae, O., Zieliiska, M., Zubrowska-Sudol, M. (2024). Enhancing wastewater treatment
efficiency: A hybrid technology perspective with enerpy-saving strategies. Bioresource
Technology, 399, 130593, https://doi.org/10.1016/j.biortech.2024.130593. IF:9,70; punkty
MNiISW: 140.

Moj udziat jako wspétautora pracy obejmowal; 1) wspdtudziat w interpretacii i dyskusji
uzyskanych wynikéw badan mikrobiologicznych, 2) wykonanie analizy statystycznej
uzyskanych wynikéw badan mikrobiologicznych, 3) wspdludzial w przygotowaniu
nastepujacych fragmentow manuskryptu: rozdzial: 3.2.1. (30%), rozdzial: 3.3. (5%),
4) wizualizacjg danych w zakresie: rysunek 1, rysunek C.2, rysunek .3, 5) wspétudziat

w korekcie merytorycznej manuskryptu.

Mdj udzial procentowy w przygotowaniu publikacji szacuje na 15%.
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Ja, Monika Zubrowska-Sudol, potwierdzam, ze wklad merytoryczny mgr inz. Olgi
Zajac w ostateczng wersj¢ ponizszej publikacji naukowej wynidst 65% 1 polegal na

czynno&ciach wymienionych w oéwiadczeniu Autorki.

Zajac, O., Zielinska, M., Zubrowska-Sudot, M. (2024). Enhancing wastewater treatment
efficiency: A hybrid technology perspective with energy-saving strategies. Bioresource
Technology, 399, 130593, https://doi.org/10.1016/j.biortech.2024.130593. 1F:9,70; punkty
MNiSW: 140.

Moj udziatl jako wspdlautora pracy wynikal z petnionej funkcji promotora. Obejmowal:
1) nadzér merytoryczny nad przegladem literatury prowadzonym przez Doktorantke, 2)
korekte merytoryczng koncepcji badawczej, metodyki badan oraz manuskryptu, 3) nadzor nad
czynnosciami badawczymi prowadzonymi przez Doktorantke, 4) wspdludzial w pozyskaniu

funduszy.

Moj udzial procentowy w przygotowaniu publikacji szacujg na 20%.
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ABSTRACT

Nitrification is considered one of the most temperature-sensitive biological steps in wastewater treat-
ment. Nitrifying bacteria are highly sensitive to temperature drops, resulting in a rapid decrease
in their activity. This study compares the effect of a rapid temperature decrease on the ammonia
oxidation rate (AOR) and nitrite oxidation rate (NitOR), with consideration of the form in which
biomass develops in the IFAS-MBSBBR. Ammonia Utilisation Rate Tests and Nitrite Utilisation
Rate Tests were conducted for two temperatures, namely 20°C and 12°C, for the following forms
of biomass: activated sludge (AS), biofilm (B), and combination of both — hybrid (H). The tests
showed that nitrite oxidising bacteria inhabiting biofilm were more sensitive to a rapid tempera-
ture change than those in activated sludge. A sudden drop of temperature caused a 15% higher than
predicted decrease in AOR for AS. At 12°C, AOR changed more considerably than NitOR in tests
carried out for H. A temperature correction coefficient of 1.107-1.087 was proposed, applicable in
hybrid wastewater treatment systems. Microbiological analysis shows that nitrifiers occurred more
abundantly in biofilm than in activated sludge.

Keywords: Temperature correction coefficient; Ammonia oxidation rate; Nitrite oxidation rate; [FAS;

Activated sludge; Biofilm

1. Introduction

The nitrification process is one of the primary links
of the nitrogen cycle m the environment. It has been long
known as onc of the most temperature-sensitive steps of
biclogical wastewater treatment. Low temperature particu-
larly strongly affects the microbial metabolic rate, generally
expressed as the rate of growth or absorption, resulting in
a decrease in the efficiency and rate of the nitrification pro-
cess [1]. Research has shown that a rapid change in tempera-
ture may prevent proper functioning of bacterial proteins
by damaging the cell's outer membrane and/or tuming it
gel-like [2], leading to a decrease in the rate of transfer of

* Corresponding author.

substrate, including oxygen. According to Beagles et al. [3],
the magnitude of the effect of cold shock depends on the tem-
perature gradient, cooling rate, state of the culture medium,
and strain of microorganisms. According to the cited authors,
a decrease in temperature is accompanied by an extended lag
phase before growth, a decrease m the growth rate, and a
potential decrease in the final abundance of cells.

In many countries around the globe, seasonal condi-
tions related to seasons of the year affect the temperature
of wastewater. [t varies from below 10°C in winter to more
than 20°C in summer [4]. It is therefore important that the
processes used for wastewater treatment are effective in the
context of seasonal temperature fluctuations. The design and

Presented at the 15th Scientific Conference on Micropoliutants in the Humuan Environment, 14-16 Sepfember 2022, Czestochown, Poland
1944-3994/1944-3986 © 2023 Desalination PPublications. All rights reserved.
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water and a mixture of: ammonium acetate 225 mg/L; pep-
tone 135 mg/L; starch 45 mg/T; ghucose 45 mg/L; glycerine
0.049 ml/L; NaFHCO, 125 mg/L; Na,HFO, 15 mg/L; KH,PO,
4.5 mg/L.in a volume of 10 L per cycle.

The experiment determining the effect of temperature
on the nitrification process in a hybrid reactor involved con-
ducting the tests in two repetitions. The first one (1st rep.)
was carried out after 14 d of stable operation of the sys-
tem under the conditions described above. The second
one was preceded by a period of introduction of changes
in the methodology of operation of the reactor due to the
outbreak of the global Covid-19 pandemic. The changes
included reduction of the reactor’s organic (L) and
nitrogen (L,) loading rate (from L_,, = 536 gCOD/m*d,
L, =64 gN/m®d to Lo, = 402 gCOD/m*d, L, =48 gN/
m*d) through a decrease in the volume of raw waste-
water supplied to the system. No experiments were con-
ducted during that time — stable operation of the system
was only maintained. With the removal of restricticns, the
assumptions arranged at the beginning of the experiment
were restored, and after 14 d of stable work of the reactor,
a second repetition (2nd rep.) was implemented.

The tools applied for the determination of the activ-
ity of particular groups of nitrifying microorganisms were
Ammonia Utilisation Rate Tests (AUR) and Nitrite Utilisation
Rate Tests (NitUR). The tests were conducted for two tem-
peratures, namely 20°C and 12°C, for the following forms
of biomass: activated sludge (AS), biofilm (B), and combina-
tion of both — hybrid (H). During the tests, oxygen concen-
tration was maintained at a level of 1.5 mgO,/L.

Before launching the tests, biomass sampled from IFAS-
MBSBBR was washed with dechlorinated tap water to
remove N-NH ", N-NO,,, N-NO,", and then placed in a test
reactor with a volume of 14 L, keeping the proportions of
biomass the same as those in the main reactor. The reactor
was filled to 13.9 L with dechlorinated tap water, previously
heated or cocled to 20°C or 12°C, respectively, and deoxi-
dised to a level of 1.5 mgO,/L. Using thermostatic water bath
(F32-ME Refrigerated/Heating Circulator, JULABO GmbH),
the set temperature was maintained during particular tests.
The DO concentration and temperature was controlled
using a Memosens Optical Oxygen Sensor COS81D (Endress
+ Hauser, Germany) cooperating with the automatic system.

The test began with dosing 4% solution of NH,C1 (AUR)
or 5% solution of KNO, (NitUR) to the test reactor, to an
amount ensuring obtaning the assumed concentration of N—
NH; or N—NOZ’ of 15 mg/L. An important methodological
assumption in the experiment was introducing the appro-
priate amount of 5% solution of KHCO, to avoid alkalinity
being a factor limiting the course of the nitrification process.
Considering the theoretical comment, for the value required
for alkalinity for nitrification of 7.14 mgCaCO,/mgN-NH,
[9], the initial alkalinity value was adopted at a level of
200 mgCaCOB/L.

Throughout the experiment, the reactor was aerated
by means of an aeration system consisting to a blower and
aquarium filters mounted on the bottom of the reactor.
The content of the reactor was stirred by means of a slow-
speed blade mixer R-50D by CAT with a rotation speed of
approximately 110 rpm. Every 60 or 30 min, samples with
a volume of 30 mL were collected from the reactor and

immediately filtered through 0.45 um mesh. Concentration
of the following was determined in the filtrate: N-NH,
N-NO, , N-NO,” {AUR test), N-NO,", and N-NO,~ (NitUR
test). The test lasted until concentration of N-NH' (AUR
test) or N-NO,” (NitUR test) decreased to a value approx-
imate to 0 mg/L, or until the concentration of the indica-
tor was maintained at a comparable level for subsequent
60 min. In the case of a test performed for activated sludge
and hybrid, mixed liquor volatile suspended solids (MLVSS5)
concentrations were also determined. In the case of tests
with the application of carriers, the biomass amount (as vol-
atile suspended sclids) developed on the carriers was also
determined. Concentrations of N-NH", N-NO,-, and N-
NO,” were analysed spectrometrically according to APHA
Standard Methods [10] using cuvette tests (Hach Lange
GmbH} and a DR 3900 spectrophotometer (Hach Lange
GmbH, Berlin, Germany). Mixed liquor volatile suspended
solids (MLVSS) were determined using gravimetric meth-
ods in accordance with the Polish standard PN-EN 872:2007.
Volatile suspended solids (VSS) in bioftlm were also mea-
sured in accordance with Polish standard by calculation of
weight loss. The biofilm was mechanically removed from
the carries, All analyses were performed in duplicates.

The determination of the ammonia oxidation rate {AOR)
or nitrite oxidation rate (NitOR) employed a straight-line
fragment of the function of change in ammonia/nitrite
concentration in time characterised by the coefficient
R?20.97. The rate was expressed in mgN-NH_' per (gV55-h)
{AUR test} or in mgN-NQ,” per (gV55-h).

On the date of conducting batch tests at a temperature
of 20°C, samples of activated sludge and biofilm were col-
lected for microbiological analyses.

DNA was isolated from the activated sludge and bio-
film samples using a FastDNA'™ SPIN Kit for Soil (MP
Biomedicals, USA). The isolation followed the instructions
attached to the kit. The Qubit fluorometer (Invitrogen, USA)
was used to quantify the isolated DNA. The isolated DNA
was stored at —18°C until further analysis. The determina-
tion of the taxonomic composition of the analysed biomass
samples involved sequencing of the V3-V4 hypervariable
regions of the 165 rRNA gene. High-throughput Illumina
sequencing was performed with S-d-Bact-0341-b-5-17 and
5-d-Bact-0785-a-A-21 primers [I11] and NEBNext®&High-
Fidelity 2X PCR Master Mix (Bio Labs inc,, USA) following
the manufacturer’s manual. Paired-end sequencing was per-
formed on a Miseq sequencer with a MiSeq Reagent Kit V2
(Illumina, USA). The read length was 250 base pairs.

QIIMEII [12] package was used for the analysis of raw
sequencing data. Pairs of sequences were merged using the
fast-join algorithm. Unmerged sequences were excluded
from further analysis. The Cutadapt algorithm was used to
filter out low quality sequences (under 20) [13]. Chimeric
sequences were detected and excluded from analyses using
USEARCH [14]. 165 RNA OTUs were picked from the
Mumina reads using a closed-reference OTU picking pro-
tocol against the SILVA V 138 database [15]. Sequences
were clustered at 97% identity and trimmed to span only
the 16S rRNA V4 region flanked by the sequencing primers.
Taxonomy assignments were associated with OTUs based
on the taxonomy associated with the SILVA V_138 reference
sequence defining cach OTU.
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3. Results and discussion
3.1. Identification of nitrifying bacterin

In both repetitions, batch tests for the determination of
the effect of a rapid temperature decrease on the rate of par-
ticular stages of the nitrification process were preceded by
the identification of nitrification microorganisms developed
in the activated sludge and biofilm from IFAS-MBSBBR,
and nitrification efficiency in this reactor were idenhfied.

The results of 165 rRNA gene sequencing indicated the
presence of ammonia oxidising bacteria (AOB) and nitrite
oxidising bacteria (NOB) i both forms of biomass from
[FAS-MBSBBR. Among AQOB bacteria, Nitrosononas was the
most abundant genus. Several unidentified genera of the
Nitrosomanadacese family were also found. The most abun-
dant genus in the NOB community was Nitrospira. Less abun-
dant Nitrolancen and Candidatus Nitrotoga were also identified.

Changes in the abundance of biofilm and activated
sludge nitrifiers in samples from the first and second repe-
tition are presented in Fig. 2. Nitrifiers were generally more
abundant in biofilm than in activated sludge, both in the
samples from the first and second repetition. The only genus
that was more abundant in activated sludge than in biofilm
was Candidatus Nitrotoga. In general, in all tested samples,
the abundance of NOB bacteria was significantly higher than
that of AOB. Between the first and second repetition, sig-
nificant changes in the nitrifier community were observed,
probably caused by the reduction of the organic and nitrogen
loading rate prior to the second repetition. The change in the
amount of incoming wastewater had a stronger impact on
the nitrifying community developing in the biofilm, result-
ing in an increase in AOB abundance from 0.5% to 1.1%,
and a decrease in NOB abundance from 5.7% to 2.5%.

NOB were much more abundant than AOB in the stud-
ied samples, unlike in the theoretical, thermodynainic
model, assuming that AOB should be the dominant group
the vast majority of NOB in the studied samples, however,
were Nitrospira. Nitrospira is traditionally clagsified as NOB,
although bacteria of the genus have been proven to also be
capable of complete nitrification (comammox). Growth of
comammox bacteria could disrupt the theoretical AOB/
NOB ratio. Unfortunately, based on sequencing of the 165
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Fig. 2. Changes in the abundance of biofilm and activated sludge
nitrifiers. Samples for new generation sequencing were taken
trom the main reactor working in 20°C. Graphs show the per-
centage contribution of AOB and NOB among all identified taxa.

RNA gene, it is not possible to determine which fraction of
the Nifrospira population in the tested samples is canonical
Nitrespira and which is comammox. Another explanation
for this disproportion may be the nitrate loop [16]. In this
case, nitrite for NOB is supplied not only by AOB but also by
denitrifiers detected in the analysed samples (Denitratisoma
sp., Dokdonella sp., Thauera sp., Rliodobacter sp., Zoogloen sp.).

In both repetitions, in the period of sample collection
(used for the batch tests — chapter 3.2.), the efficiency of the
nitrification process carried out at 20°C in IFAS-MBSBBR
was comparable — 88.93% =+ 4.54%. The concentration
of ammonia nitrogen in the effluent was below 1.75 mg
N-NH,*/L.

3.2. Effect of temperakure on ammonin oxidation vate and nitrite
oxidation rate

Batch tests for the determination of the ammonia oxi-
dation rate (AOR) and nitrite oxidation rate (NitOR) for
cach of the analysed forms of biomass were conducted at
two temperatures, namely 20°C and then 12°C, to show
how a short-term temperature shock affects the activity of
particular groups of nitrifying microorganisms depending
on the form in which they develop in the reactor (Fig. 3).
Results of particular batch tests are presented in the sup-
plementary material.

As alrcady observed earlier [5-7], a rapid decrease in
temperature largely affects the kinetics of nitrification for
suspended and attached biomnass. Also in this study, for
each of the designated forms of biomass, both in the case
of AOR and NitOR values, at least 22% (1st rep.) and 27%
(2nd rep.) differences were respectively recorded, com-
pared to the analysed indices for 20°C and 12°C. Due to a
rapid decreasc in temperature, the ammeonia oxidation rate
decreased by 22% (1st rep.} and 57% (2nd rep.) for activated
sludge, and by 57% (1st rep.) and 38% (2nd rep.} for biofilm,
respectively. Batch tests for activated sludge from an indus-
trial wastewater treatment plant by Gnida et al. [17] showed
that the temperature can cause a significant decrease in the
amunonia oxidation rate. According to the cited authors,
the cfficlency of the analysed process at 13°C decrcased
by up to 75% compared to that at 22°C. This is more than
3.41 (st rep.) and 1.32 (2nd rep) times more than in our
study for activated sludge, even though the temperature
difference was only 1°C higher.

The obtained results also suggest that although the reac-
tor operated in identical conditions, in the period preced-
ing the values recorded for the second repetition, changes
in the population of ammonia oxidising microorganisms
could have occurred m IFAS-MBSBBR biomass, affecting
their abundance or activity, and resulting in a different
response of biomass to temperature changes. The results of
the microbivlogical analysis, however, showed an increase
in the atnount of AOB bacteria, suggesting that the changes
observed in AOR resulted from a much lower activity of
microgrganisms inhabiting the activated sludge flocs and
biofilin at that time.

After a rapid temperature change, a greater difference in
NitOR values was recorded each time for biofilm. In com-
parison to the recorded NitOR-AS, they were 1.32 (1st rep.)
and 1.16 (2nd rep.} times higher, providing the basis for the
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Fig. 3. Ammonia oxidation rate (AORY) (a) and nitrite oxidation rate (NitOR) (b} for hybrid (H), activated sludge (AS), and biofilni (B)

at 20°C and 12°C.

conclusion that greater sensitivity to a decrease in tempera-
ture was shown for NOB developing in the hybrid reactor in
the form of biofilm growing on moving carriers. According
to Barria et al. [18] and Phadtare et al. [19], rapid tempera-
ture decreases caused disturbances in the basic cell functions,
because they disturbed the mechanisms of transcription
and translation, and resulted in greater membrane stiffness,
and therefore lower substrate absorption and limitations
of the function of transport through the membrane.

During tests conducted for both forms of biomass simul-
taneously cooperating at 12°C, greater differences were
recorded in ammonia oxidation rates. They were 56% (1st
rep.) and 49% (2nd rep.) lower than those conducted before
a decrease in temperature. During the first repetition, dif-
ferences in AOR and NitOR values between 20°C and 12°C
slightly differed from those calculated for biofilm, whereas
in the second repetition, they were approximate to those for
sludge. It is also worth emphasising that the values of ammo-
nia oxidation rate at 12°C for hybrid and biofilm in the second
repetiion were comparable, and approximately 1.33 times
lower than AOR for activated sludge. A similar dependency
was observed for NitOR values during the first repetition.

3.3. Temperature correclion coefficients for IFAS-MBSBBR

The litcrature has already analysed the accuracy of
application of the temperature correction coefficient in

the nitrification process for systems based on activated
sludge and biofilm [5,6,20,21]. No studies have been found,
however, that would suggest how to refer the effect of
temperature correction coefficients to the hybrid system.

Fig. 4 presents values of ammonia oxidation rate for
activated sludge (AS) and biofilm (B) operating separately
at 12°C, and valucs expected in calculations based on val-
ues of the discussed coefficients already provided in ear-
lier studies in accordance with the Arrhenius equation {cq
1). The expected AOR values were calculated for the lower
and upper range of the temperature correction coefficient
provided by Hwang and Oleszkiewicz [5] (© = 1.072-1.127)
and Salvetti et al. [22] (& = 1.023-1.081), respectively in
the casc of activated studge and biofilm.

AOR,, = AOR,, -8 (1)

where AOR,, and AOR, represent ammonia oxidation
rate (mgN—NHI/gVSS-h) at T, = 20°C and T, = 12°C, and
O the temperature correction coefficient.

In accordance with the Arrhenius equation, adopting
values of 1.072 or 1.127 as the temperature correction coeffi-
cient for activated sludge in the nitrification process should
decrease the rate of ammonia oxidation by 2.612 mgN-
NH,"/gV5S5h (1st rep.), 1.655 mgN-NH,_'/gV55h (2nd rep.),
or 1.750 mgN-NH_/gV55-h (1st rep), 1.109 mgN-NH//
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in the hybrid system. The values of temperature correction
coefficient for biofilm were from 2.3% to 5.9% lower than
those calculated for hybrid.

the

The direction of further research will be to determine
long-term impact of temperature changes on the nitri-

fication process in a hybrid reactor.

4. Conclusions

Nitrifiers were more abundant in biofilm than m acti-
vated sludge.

NOB were much more abundant than AOB in the stud-
ied samples of activated sludge and biofilm.

NOB inhabiting biofilm from IFAS-MBSBBR were more
sensitive to a rapid temperature change than those in
activated sludge.

A sudden drop of temperature caused a 15% higher than
predicted decrease in the ammonia oxidation rate for
activated sludge.

A sudden drop in temperature resulted in a greater
change in ammonia oxidation rate values than those of
nitrite oxidation rate in tests carried out for hybrid,

The experiment provided the basis for proposing a tem-
perature correction coefficient of 1.107-1.087, applicable
in hybrid wastewater treatment systems.

Acknowledgments

This research was funded by the Polish National Science

Centre under project No. UMO-2017/27/B/NZ9/01039.

References

(1]

(2]

(3]

4]
{31
]

7]

(8]

9]

(10]

T. Hiilsen, EM. Barry, Y. Lu, D. Puyol, D]J. Batstone, Low
temperature treatment of domestic wastewater by purple
phototrophic bacteria: performance, activity, and community,
Water Res., 100 (201¢) 537-545.

R.A. MacLeod, P.H. Calcott, Cold Shock and Freezing Damage
to Microbes, In The Survival of Vegetative Microbes, The 26th
Symposium of the Society for General Microbiology, Cam-
bridge University Press, Cambridge, United Kingdom, 1976.

N. Beales, Adaptation of microorganisms to cold temperatures,
weak acid preservatives, low pH, and osmoltic stress: a review,
Compr. Rev. Food Sci. Food Saf., 3 (2004) 1-20.

M. Henze, Wastewater Treatment: Biological and Chemical
Processes, Springer Science & Business Media, 2002.

J.H. Hwang, J.A. Oleszkiewicz, Effect of cold-temperature
shock on nitrification, Water Environ. Res., 79 (2007) 964-968.
W. Ahmed, X. Tian, R. Delatolla, Nitrifying moving bed biofilm
reactor: performance at low temperatures and response to cold-
shock, Chemosphere, 229 (2019) 295-302.

B. Young, R. Delatolla, K. Kennedy, E. Laflamme, A. Stintzi,
Low teruperature MBBR nitrification: microbiome analysis,
Water Res., 111 (2017) 224-233.

W. Ahmed, R. Delatolla, Microbial response of nitrifying
biofilms to cold-shock, Environ. Sci. Water Res., 6 {2020)
3428-3439.

C. Wu, Z. Chen, X. Liu, Y. Peng, Nitrification—denitrification
via nitrite in SBR using real-time control strategy when treating
domestic wastewater, Biochem. Eng. ], 36 (2007) 87-92.

W.E. Federation, APH Association, Standard Methods for the
Examination of Water and Wastewater, 215t ed., American
Public Health Association {APHA), Washington, D.C., USA,
2005.

[11]

2]

[13]

[14]

[15]

[16]

71

[18]
[19]

[20]

[21]

[22]

[23]

[24]

299

171

A. Klindworth, E. Pruesse, T. Schweer, ]. Peplies, C. Quast,
M. Hom, FO. Glackner, Evaluation of general 165 ribosomal
RNA gene PCR primers for classical and next-generation
sequencing-based diversity studies, Nucleic Acids Res.,
41 {2013} ¢1, doi: 10.1093/nar/gks808.

E. Bolyen, ].R. Rideout, M.R. Dillon, N.A. Bokulich, C.C. Abnet,
G.A. Al-Ghalith, H. Alexander, EJ. Alm, M. Arumugam,
F. Asnicar, Y. Bai, ].E. Bisanz, K, Bittinger, A. Brejnrod, C.J.
Brislawn, C. Ti#us Brown, B.J. Callahan, A.M. Caraballo-
Rodriguez, ]. Chase, EK. Cope, R. Da Silva, C. Diener, P.C.
Dorrestein, G.M. Douglas, D.M. Durall, C. Duvallet, C.F.
Edwardson, M. Ernst, M. Estaki, |. Fouquier, JM. Gauglitz,
SM. Gibbons, D.L. Gibson, A. Gonzalez, K. Gorlick, ]. Guo,
B. Hillmann, S. Holmes, H. Holste, C. Huttenhower, G.A.
Huttley, 5. Janssen, A.K. Jarinusch, L. Jiang, B.D. Kaehler, K.B.
Kang, C.R. Keefe, P. Keim, 5.T. Kelley, D. Knights, I. Koester, T.
Kosciolek, . Kreps, M.G.1. Langille, . Lee, R. Ley, Y.-X. Liu, E.
Loftfield, C. Lozupone, M. Maher, C. Marotz, B.D. Martin, D.
McDonald, L.J. Melver, A V. Melnik, J.L. Metcalf, 5.C. Morgan,
].T. Morton, A.T. Naimey, J.A. Navas-Molina, L.F. Nothias, 5.B.
Orchanian, T. Pearson, S.L. Peoples, D. Petras, M.L. Preuss,
E. Pruesse, L.B. Rasmussen, A, Rivers, M.5. Robeson TI, P,
Rosenttial, N. Segata, M. Shaffer, A. Shiffer, R. Sinha, S.]J. Seng,
J.R. Spear, A.D. Swafford, L.R. Thompson, PJ. Torres, P. Trinh,
A. Tripathi, PJ. Turnbaugh, S. Ul-Hasan, ] 1.J. van der Hooft,
F. Vargas, Y. Vazquez-Baeza, E. Vogtmann, M. von Hippel,
W. Walters, Y. Wan, M. Wang, ]. Warren, K.C. Weber, CH.D.
Williamson, A.D. Willis, Z.Z. Xu, J.R. Zaneveld, Y. Zhang, Q.
Zhu, R. Knight, |. Gregory Caporaso, Reproducible, interactive,
scalable and extensible microbiome data science using
QIIME 2, Nat. Biotechnol., 37 (2019) 852-857.

M. Martin, Cutadapt removes adapter sequences from high-
throughput sequencing reads, EMBnet. J., 17 {2011) 10-12.

R.C. Edgay, Search and clustering orders of magnitude faster
than BLAST, Bioinformatics (Oxford, England), 26 (2010)
2460-2461.

C. Quast, E. Pruesse, P. Yilmaz, J. Gerken, T. Schweer, P. Yarza,
J. Peplies, F.O. Glickner, The SILVA ribosomal RNA gene
database project: improved data processing and web-based
tools, Nucl. Acids Res., 41 (2013} D590-D596.

M.K.H. Winkler, ].P. Bassin, R. Kleerebezem, D.Y. Sorokin,
M. van Loosdrecht, Unravelling the reasons for disproportion
in the ratio of AOB and NOB in aerobic granular sludge,
Appl. Microbiol. Biotechnol., 94 (2012) 1657-1666.

A. Gnida, J. Wiszniowski, E. Felis, ]. Sikora, J. Surmacz-Garska,
J.K. Miksch, The effect of temperature on the efficiency of
industrial wastewater nitrification and its (geno)toxicity, Arch,
Environ. Prot., 42 (2016) 27-34.

C. Barria, M. Malecki, CM. Arraiano, Bacterial adaptaticn to
cold, Microbiology, 159 (2013) 2437-2443.

5. Phadtare, K. Severinoy, RNA remodeling and gene regulation
by cold shock protems, RNA Biol,, 7 (2010) 788-795.

M. Chen, Y. Chen, Sh. Dong, 5. Lan, H. Zhou, Z. Tan, X. Li,
Mixed nitrifying bacteria culture under different temperature
dropping strategies: nitrification performance, activity, and
community, Chemosphere, 195 (2018) 800-809.

5. Zhu, 5. Chen, The impact of temperature on nitrification rate
in fixed film bicfilters, Aquacult. Eng., 26 (2002) 221-237.

R. Salvetti, A. Azzellino, R. Canziani, L. Bonomo, Effects of
temperature on tertiary nitrification in moving-bed biofilm
reactors, Water Res., 40 (2006) 2981-2993.

M. Zubrowska-Sudot, Moving bed technology as an alternative
solution for reducing bioreactor volume, Environ. Prot. Eng,,
38 (2012) 5-22.

Y. Shao, Y. Shi, A. Mochammed, Y. Liu, Wastewater ammonia
reruoval using an integrated fixed-film activated sludge-
sequencing batch biofilm reactor (IFAS-SBR): comparison
of suspended flocs and attached biofilm, Int. Biodeterior.
Biodegrad , 116 (2017) 38-47.



300



301



302



303



304



305






OSWIADCZENIA
WSPOLAUTOROW
O UDZIALE W PUBLIKACJI






OSWIADCZENIE WSPOLAUTORA O UDZIALE W PUBLIKACI

Ja, Olga Zajgc oswiadezam, ze maj wklad mentoryczny w ostateczng wersje ponizsze)

publikacji naukowej wyniost 70%.

Zajae, O., Zubrowska-Sudol, M., Gedzieba, M., Ciesielski, S. (2023). Activated sludge vs.
biofilm - effect of temperature on ammonia and nitrite oxidation rate in tbe hybrid
reactor. Desalination and Water Treatment, 288, 165-177,
https://doi.org/10.5004/dwt.2023.29304. [F:1,00; punkty MNiSW: 100.

Moj udzial w niniejszej publikacji obejmowal szezegdlowy przeglad literatury. ktdrv
postuzyvl do identyfikacji problemu badawczego oraz opracowania koncepeji pracy. Bylam
odpowiedzialna za przygotowanie metodyki badan technologicznych, a takze za zaplanowanie
i wykonanie eksperymentow technologicznych (sprawowanie kontroli nad uktadem
badawczym i aparaturg pomiarows, prZygotowywanie sciekdw, przeprowadzanie lestow
kinetycznych, wykonywanie analizy fizyko-chemiczne) jakosci sciekow  surowvch
i oczyszezonych) oraz pobor préb biomasy do badafh mikrobiologicznych. Koordynowalam
calvin procesem badawczym. monitorujac wszystkic etapy badan. Odpowiadalam za
interpretacje i dyskusjge wynikéw badan, w zakresie wynikow testow kinetycznych AUR
i NiuUR. Przygotowalam znaczaca cze$é manuskrvptu (100% - rozdzial; 1. 3.2.. 3.3, 4.

80% — rozdzial: 2.). Bytam odpowiedzialna za wizualizacje danych. Przygotowatam materialy

uzupelniajace oraz petnilam obowigzki autora korespondencyjnego.

LA T POUp WS Attt OF

309






OSWIADCZENIE WSPOLAUTORA O UDZIALE W PUBLIKACJI

Ja, Monika Zubrowska-Sudot, potwierdzam, Ze wkiad merytoryczny mgr inz. Olgi Zajac
w ostateczng wersje ponizszej publikacji naukowej wyniost 70% i polegal na czynnosciach

wymienionych w o$wiadczeniu Autorki.

Zajae, 0., Zubrowska-Sudoel, M., Godzieba, M., Ciesielski, S. (2023). Activated sludge vs.
biofilm — effect of temperature on ammonia and nitrite oxidation rate in the hybrid
reactor. Desalination and Water Treatment, 288, 165-177,
https://doi.org/10.5004/dwt.2023.29304. IF:1,00; punkty MNiSW: 100.

Moj udziat jako wspotautora pracy wynikat z petnionej funkeji promotora. Obejmowat:
1) nadzér merytoryczny nad przegladem literatury prowadzonym przez Doktorantke, 2) korekte
merytoryczna koncepcji badawczej, metodyki badan technologicznych oraz manuskryptu.
3) nadzdr nad czynnosciami badawczymi prowadzonymi przez Doktorantke. 4) pozyskanie

funduszy.

MOoj procentowy udziat w przygotowaniu publikacji szacuje na 10%.

Data i podpis wspdlautora

311






313






OSWIADCZENIE WSPOLAUTORA O UDZIALE W PUBLIKACJI

Ja, Stawomir Ciesielski, potwierdzam, ze wklad merytoryczny mgr inz. Qlgi Zajac
w ostateczng wersj¢ ponizszej publikacji naukowej wynidst 70% i polegal na czynnosciach

wymienionych w o$wiadczeniu Autorki.

Zajac, O., Zubrowska-Sudol, M., Godzieba, M., Ciesielski, S. (2023). Activated sludge vs.
biofilm — effect of temperature on ammeonia and nitrite oxidation rate in the hybrid
reactor. Desalination and Water Treatment, 288, 165-177,
https://doi.org/10.5004/dwt.2023,29304. 1F:1,00; punkty MNiSW: 100,

Maoj udziat jako wspotautera pracy obejmowal: 1) wspdtudziat w opracowaniu metodyki

badan mikrobiclogicznych, 2) wspdtudzial w korekcie merytorycznej manuskryptu.

M¢j procentowy udzial w przygotowaniu publikacji szacujg na 10%.

Data i podpis wspdlautora

315






Publikacja nr 6

Zajac, O., Zubrowska-Sudot, M., Godzieba, M., Ciesielski, S.
(2024)

Changes in the activity and abundance of canonical nitrifiers and Comammox bacteria
during stream switching: Shifting from a mainstream hybrid reactor for C, N, and P removal
to a sidestream biofilm nitrification reactor
Journal of Water Process Engineering, 57, 104655, https://doi.org/10.1016/j.jwpe.2023.104655
IF: 6,30; punkty MNiSW: 100

317






319



0. Zajac et al

can show greater activity, and their metabolism is not only limited to the
oxidation of NO; to NO3, but also to complete nitrification. Their
genome includes ammonia monooxygenase (ama), hydroxylamine de-
hydrogenase (hao), and nitrite oxidoreductase (nxr). allowing them for
direct oxidation of ammonia nitrogen to nitrates This suggest that
they may compete with canonical nitrifiers — AOB and NOB. It is
therefore important to investgate and expand knowledge on the con-
ditions of development of these microorganisms. The crucial element of
effective biological wastewater treatment is therefore the understanding
of the microorganisms involved and their response to different operating
conditions.

One of the milestones that could transform the current knowledge on
nitrification is the determination of the conditions for the occurrence of
Comammox bacteria in different forms of biomass. Based on this note,
many studies have already been presented in the literature confirming
the presence of Comammox bacteria in various full-scale WWTPs and
laboratory reactors in different forms of biomass, i.e. suspended
biomass, attached biomass, and granulated aggregates [r <]. Some re-
searchers have shown that biofilm provides a favourable environment
for the growth of these microorganisms [1,,%], while others have indi-
cated in their studies high e~rece of Comammox bacteria development
in activated sludge fiocs However, none of them has clearly
identified the environment in which these microorganisms can develop
best. The hybrid system analysed in this paper therefore constitutes an
excellent example that may indicate which form of biomass provides a
better environment for the development of Comammox bacteria. It is
also worth emphasizing that this technological solution combiming two
fonns of biomass, namely activated sludge and biofilm, recently gaining
increasing popularity [ 1], The paper by Zajac et al. [17] already
addressed the issue of ovcurrence of Comammox bacteria in biofihn and
activated sludge, analysing how the size of their population is affected
by a change in aeration strategy (reduction of duration of subphases
with aeration — increase in R value) and dissolved oxygen (DO) con-
centration. It was discovered that depending on the form in which
biomass develops, Comammox bacteria responded differently to
changes introduced in the system operation, and the size of their pop-
ulation was considerably larger in biofilm. These interesting findings
suggest a need for a broader understanding of the effect of the operating
parameters of the wastewater treatment systems on the occurrence of
these microorganisms Although nitrification has been studied for over
100 years, not only the aspects related to Comammox bacteria require
further research, because the relationship between AOB and NOB is still
being sought, especially in hybrid systems.

In the light of this background, this study presents resutts of a long-
term experiment (338 days) aiming at the determination of how
mainstream-sidestream switching obtained through a change in re-
actor's organic loadmg rate (OLR) (decrease) and reactor's nitrogen
loading rate {NLR) (increase) and through an increase in femperature
affected the activity and frequency of occurrence of individual groups of
nitrifying microorganisms with particular ¢onsideratiou of Comammox
bacteria. The determination of how selected parameters affect the ac-
tivity and abundance of nitrifying microorganisms (AOB, NOB, and

Journal of Warer Process Engincering 57 (2024} 104655

Comammox bacteria) employed kinetic batch tests and microbiological
analysis with the application of QPCR tests and DNA sequencing.

2. Materials and methods
2.1. Ldboraiory sequencing batch reactor set-up

The experiment was conducted in a laboratory scale sequencing
batch reactor (SBR) with an active volume of 28 L. As a carrier of bio-
film, a EvU-Pearl® moving bed was applied, with an active surface of
600 m?/m® and a shape of a cylinder with corrugated internal and
external surface, A detailed description of the reactor, as well as its di-
agram, can be found in the Supplementary Material (Fig. §1).

SBR was fed with synthetic wastewater the characteristics of which
-i+h ---prage values in each series of the experinient are shown in

Detailed composition of influent is presented in Supplementary
material (Table S1).

Regardless of the stage of the experiment, a single 8-hour reactor
operation cycle consisted of th~ f~'~ming phases: unaerated, aerobic,
sedimentation, and decantatio At stages I and II, during the
two aerobic phases, mtermittent aerawon was used (the duration of the
subphases with (t)) and without (t3) aeration was 20 min and 10 min,
respectively). Stage Il involved four aerobic phases during which the
system operated with continuous aeration. Another difference in the
reactor operation cycle was shortening the time of unaerated phases and
increasing their number - at stage I and II there were two phases lasting
50 min (I unaerated) and 30 min (II unaerated). At stage III their number
was increased to four, with a duration of 5 min each. Along with the
changes in the duration and number of unaerated phases, the raw
sewage dosing schedule also changed. Initially (stages I and II), waste-
water flowed into the system twice during the cycle, at the beginning of
each of the unaerated phases, while at stage III the system was fed four
times.

2.2. Reactor operating conditons

Prior to the commencement of the research the results of which are
presented in this article, the reactor operated continuously for 617 days,
and the findings from that period were published in works As
already mentioned in Introduction, the promising results encouraged
the authors to further search for the relationship between the operating
parameters of wastewater treatment systems and the activity and fre-
quency of occurrence of individual groups of nitrifying microorganisms
with particular consideration of Comammox bacteria. For this purpose,
a long-term experiment (338 days) was designed. It was divided into
three research stages (T-TIN Anring which the assumed changes were
suceessively introduced .

At stage I (5.1), 4 researcn series were designated (S.L.1.-5.L4.},
differing in reactor's organic loading rate. This stage was commenced on
an operating mainstream hybrid reactor (IFAS-MBSBBR - mtegrated
fixed-Ailm activated sludge - moving-bed sequencing batch biofihn
reactor) with intermittent aeration {R = 1,/2) for integrated removal of

Table 1
Average composition of influent.
Indicator cop TN TKN N-NH,; P
Unit [mg0,/L] {mgN/L] [mgTKN/L] [mgN-NH; /L] [mgP/L]
Stage | Scries 11, 517.00 + 4.38 71.05=1.26 7018 £ 1.23 39.324+1.25 7.55 £0.29
Series 1.2, 358,56 - 7.88 71.30 - LIS 70.87 £ 1.27 52.17 t 1.67 4,59 + 0.19
Series 1.3, 199.00 4 B.72 71.78 - 110 7043 £ 1.14 &3.70 + 1.48 2.54 + 0.16
Series 1.4, 4] 71.00 = D.71 68.93 £ 0.71 68.70 + 0.56 2.37 £ 0.12
Stage II a 70.72 = 1.02 68.50 + 1.07 68.08 +1.18 227 +021
Stage 111 Series IH.1. a 71.64 = .75 69.20 + 1.59 67.23 +1.84 242+ 017
Series 11,2, a 093,33 - 2.89 96,64 + 2,89 93.50 1 2.60 2554 0,15
Series 111.3. 0 121.87 £ 1.15 119.16 + 1.11 118.17 £ 1.53 264 + 012
Series 111.4. 0 160.44 + 3.17 158.76 + 3.25 154.69 + 4.40 240 £ 018
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; 2.5.2. qPCR
é The PCR reaction was performed in an ABI 7500 real-time PCR
£ thermocycler {(Applied Biosystems, Carlsbad, CA, USA), in MicroAmp
g TM Optical 96-well reaction plates, using Mix SYBR-& A RT PCR reagents
Sl a o oo o - {A&A Biotechnology, Gdynia, Poland). Fach sample was analysed in a
£ T T ®© £g 2 2 2 triplicate, The primers used for the detecton of AOB, NOB and

2 2 o= oz mo o9 on @ Comamrmox bacteria are i‘ncludeld in the Suppleinentary Ma_terial (Table
§ 8 &5 5 BE » 8 § §2). The resulis of gPCR experiments were calculated using absolute
i i o 3 'f < : < : quantification and the standard curve method. The copy numbers of the
i + +
N - - - N - T I studied genes were calculated by ABI 7500 real-time PCR Systemn
ZlE & & 8B gy £ 8 3 e
2l v & ~+ So o g o soltware.
XE 2 £ 2 22 ZT Z 8
y M 2 8 g T @9 g < 2.5.3. 165 rRNA gene sequencing
B S 3 % %3 8% ¥ 3 & The taxenomic composition of the analysed samples was determined
2 S S by sequencing the V3-V4 hypervariable regions of the 165 rRNA gene.
% L2 3 g § e o2 o= o= High-throughput Ilumina sequencing was performed with 5-d-Bact-
TElwle v O % &8 5 W o .
g %: S Z ¢ g2 g 3 - 9 0341-b-5-17 and S-d-Bact-0785-a-A-21 primers and NEBNex-
<l =|® @ @ 8 em T ¥ t®High-Fidelity 2x PCR Master Mix (Bio Labs Inc., usa) following the
g manufacturer's manual. The sequencing reaction was performed on a
o
5 Miseq sequencer with a MiSeq Reagent Kit V2 (Illumina, USA), applying
5 pair-end technology with read length of 250 base pairs.
‘_“:: Raw sequencing data were analysed using a QIIMEII package
Bl @ o Pairs of sequences were merged using the fast-join algorithm. Unmergeu
fle & s @ 0 sequences were excluded from further analysis. Loy~ "'ty sequences
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E § § E ] closed-reference OTU picking protocol against the SILVA_V_138 data-
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3|z Ton 9% each OTU.
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g ==y~ - - ~e 2 22 Tukey RiR test was used for the determination of the significance of
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5| E differences between the analysed variables {p-value smaller than 0.05
E A shows that the difference was statistically significant).
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_%) 54 E é‘ g g g | naintained at an approximate level despite a decrease in the concen-

£6 2 tration of organic compounds supplied with raw wastewater {(p >
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0.304820). Significant loss of actvated sludge was recorded in the last
series of stage I (8.1.4.) (p = 0.000164). The concentration of this form of
biomass decreased with duration of the series in »hi~h no more organic
compounds were supplied with raw wastewatet .

In S.1.4,, the proportions between the quanti | | irticular forms of
biomass were reversed, and most biomass in IFAS-MBSBBR was this in
attached form. The quantity of biofilm vn moving carriers during the
first three series was also maintained at an approximate level (p >
0.999399), whereas in S.1.4. its decrease by 18 % was recorded.

At subsequent stages of the experiment, biomass in the reactor
developed only in the form of biofilm overgrowing moving carriers —
nitrifying MBSBBR. At stage IT, a 29 % increase in the quantity of bicfilm
was recorded in comparison with 5..4.

After the introduction of continuous aeration and change in the
MBSEBR operation schedule (S.II1.1.), the quantity of biomass in the
form of biofilm was at a level comparable to that obtained at Stage II.
Due to an increase in the NLR from 76.76 + 1.87 gN/rns-d (S.IIL.1.} to
108.43 + 3.09 gN/m>-d (S8.111.2.), the quantity of biofilm mmcreased
almost by 50 %. In the following series, the quantity of biofilm varied in
a range from 39.7423 to 52.6456 gTSS/L.

3.2, Nirrificadion efficiency

. shows the course of concentrations of individual forms of ni-
trogen in the influent and effluent of the reactor, as well as the efficiency
of nitrification process (Ey;.) obtained in the subsequent days of the
experiment.

In series 5.1.1. and §.I.2, nitrification efficiency was maintained at a
comparable level (95.94 + 1.92 % and 95.76 £ 2.49 %) and no statis-
tically significant differences were found (p = 1.0). An average N-NHJ
concentrations in effluent were that time 0.68 + 0.31 mg/L and 0.73 +
0.37 mg/L, respectively (p = 1.0). A certain decrease in the efficiency of
the nitrification process occurred in S$.1.3. and 5.1.4. Then Eyy, decreased
from 95.76 + 2.49 % (5.1.2.) to 90.90 £ 3.54 % (S.1.3.) and to 85.61 1
8.60 % (8.1.4.), although a Tukey RiR test showed that the differences
were not statistically significant (5.1.2. and 5.1.3. p = 0.822807, §.1.3,
and 5.1.4. p = 0.338207). Mean concentration of N-NHT in effluent did
not exceed 1.80 mgN-NHI/L in any of the analysed series. It is also
worth emphasizing that in stage I, no statistically significant differences
were detected between any of the series with regard to N-NHJ con-
centrations or nitrification efficiencies. No accumulation of N-NOz in
treated wastewater was also recorded in stage 1.

At stage Il with an increase in temperature from 20 °C to 30 °C, a
slight increase in the efficiency of the nitrification was recorded in
comparison to that from 5.1.4. Mean Ey;;_increased from 85.61 + 8.60 %
{8.1.4.) to 91.32 + 10.81 % (8.11.), and based on a Tukey RiR test, no
statistically significant difference was recorded {p = 0.906334). Average

L oncentiaiton of activated sludpe
d
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value of N-NH/ concentration in treated wastewater was almost 2.50
times higher than that in §.1.4. Such a divergence primarily results from
high concentrations of ammonia nitrogen in treated wastewater right
after the beginning of the increase in temperature at §.11., when a failure
of the system operating the stirrer occurred, causing a disturbance in
proper mixing of the volume of the reactor. Despite these obstacles, right
after removing the failure, N-NHj concentration in effluent considerably
decreased, and at S.11. it did not exceed 1.29 mg/L.

During the first three series of stage I, the efficiency of the nitrifi-
cation was maintained at an approximate level (p > 0.989644), and its
average value was Eyy = 94.76 + 2.79 %. After increasing the NLR to
171.90 + 3.40 gN/m:‘»d, the Eni;. value decreased to 82.91 + 11.47 % (5.
1IL.4.). The concentration of N-NH; in treated wastewater averaged
20.36 + 16.82 mg/L. The statistical analysis revealed significant dif-
ferences berween the values of N-NHj in effluent in S.1IL4. and the
remaining series at stage 111 (p < 0.05).

With an imcrease tn ammomia nitrogen concentradon in effluent, a
considerable increase in the accumulation of N-NO, was also recorded,
suggesting the occurrence of the process of partial nitrification. In S.
1IL.4., the accumulation of nitrites at a level of 20.39 + 9.70 mgN-NO; /L
was observed until 318 day of research. On the following days of the
experiment, a decrease mm the concentration of N-NHy in treated
wastewater was accompanied by the accumulation of N-NO3, and from
day 319 until the end of 5.1IL.4., it averaged 6.61 + 4.55 mgN-NO2 /L.
The observed phenomenon could be related to the occurrence of high
free ammonia (FA} concentration in the system. In S.11L4. it averaged
3.64 + 0.10 mgFA/L. Initially, due to the stress caused by an increase in
the concentraton of this inhibitor, NOB decreased their activity,
resulting in high accumulation of nitrites in effluent, Presumably, in the
course of the series, they got accustomed to the occurring conditions,
and through a change in their metabglic paths they were able to rednce
the effect of FA on their activity.

3.3. Batch test resulis

After each of the series, Ammonia Utilisation Rate (AUR) and Nitrite
Utilisation Rate (NitUR) batch tests were conducted for the determina-
tion of how changes introduced at particular stages and series of the
experiment affected the activity of ammonia oxidising bacteria and
those oxidising nitrite. Because the adopted methodology stipulated
conducting all tests at identical conditions, it was assumed that changes
in the ammonia oxidation rate ({AOR) and nitrite oxidation rate (NitOR)
would peint to changes in the activity of particular groups of nitrifying
1+~~~ anisms. Results of the AUR and NitUR batch tests are presented
] results of the particular batch tests providing the basis for the
determtnation of AOR and NitOR values are presented in the Supple-
mentary Material - Fig. $10-823).
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Fig. 2. Changes in the conceantration of activated sindge during stage 1.
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oxidising bacteria, respectively, in reference to values recorded in S.1.4.
After another week of operation of the system as a sidestream nitrifi-
cation MBSBBR, a 1.54-fold increase in the AOR value was recorded,
whereas NitOR was at a comparable level, pointing to high stability of
NOB bacteria inhabiting the biofiln.

3.3.3. Stage IN. Reactor’s nitrogen loading rate vs. changes in the activity of
ammonia oxidising bacteria and nitrite oxidising bacteria

During 4 series designated at stage II1, the MBSBBR's nitrogen
loading rate was increased for the determination of the effect of that
parameter on the activity of particy'~» ~v~=rmn of nitrifying bacteria.

The analysis of data presented i1 ows that in each series of
stage IIT, NOB were characterised by mgner activity. NitOR values were
1.32 (S.111.1.), 1.80 (S.0iL2.), 1.88 (S.111.3.}, and 2.35 (S.111.4.) times
higher than AOR, respectively.

The greatest difference, both berween AOR and NitOR values, was
recorded after an increase in NLR from 76.76 + 1.87 gN/mJ«d (S.I1L1.)
to 108.43 + 3.09 gN/mS-d (S.11L.2.). They increased alinost 1.40 and
1.90-fold, respectively, pointing to a spike in the activity of both groups
of the analysed microorganisms.

After an increase in NLR to 130.57 = 1.24 gN/ms-d (8.11L.3.), AOR
and NitOR. values were cownparable to those recorded in S.11L2. In the
following series (S.I11.4.}, only a significant change in the NitOR was
recorded, pointing to a 1.19-fold increase in the activity of nitrite oxi-
dising bacteria.

The analysis of the obtained data also shows that a change in NLR
affected NitOR values more that AOR values. Fromn S.I11.1. to S.1I1.4., a
2.48-fold increase in the value occurred, whereas an increase in AOR
was only recorded between S.IL1. and 8.1i1.2., and it was additionally
lower than that eharacteristic of NitOR.

3.4. Microbial pepulation analysis

3.4,1. AOB, NOB, and Comammox bacteria quantification

The microbiological analysis showed that the NOB dominated over
the other groups tested in all stages of the experiment. [n general, all
groups of nitrifiers were more abundant in the biofilm than in the
activated sludge, with exception of the series §.1.4. . A gradual
reduction of the organic loading rate in the first stage nau o significant
effect on the nitrifiers population. In the first stage, the AOB population
in the biofilm showed greater variability than in the activated sludge.
Initially, their abuudance increased, but in the following series it grad-
ually decreased, while in the activated sludge it remained at a similar
level. In the biofilm, the population of NOB and Comammox bacteria
gradually increased, but decreased in the last series. In the activated
sludge, these two groups of bacteria reacted differently - initially their
numbers decreased, but then gradually increased, reaching the highest
values in the last sample.

In the second stage, the operating temperature of the reactor was
increased from 20 °C to 30 °C. Fromn this series on, the biomass in the
reactor developed only in the form of biofilm. The increase in temper-
ature led to a twofold increase in the number of AOB, but to a decrease in
the number of NOB (by half) and Comammox bacteria (by one-third).
Over the next 7 days, the abimdance of AOB decreased significantly,
while the abundance of NOB increased. The abundance of Comammox
bacteria remained at a similar level.

The increase in nitrogen loading rate initially resulted in an increase
in the population size of AOB and NOB but a decrease in the abundance
of Comammox bacteria. Further increasing the NLR had no significant
effect on the abundance of Comammox bacteria. The AOB population
also remained stable; only the highest NLR values in the last series of the
experiment caused a rapid (nine fold) increase in their abundance. At
this stage of the experiment, the number of NOB changed most
dynamically. At medium NLR values, their abundance remained high,
however, the high NLR value in the last series had an inhibitory effect.
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3.4.2. Microbial community composition

Based on diversity indices (number of OTUs, CHAQ index, Shannon
index), the bacterial community of the biofilm was richer and more
diverse than that of the activated sludge (see Supplementary Material -
Table S3). However, the increase in the nitrogen loading rate in the
reactor had a negative effect on the alpha diversity of the biofilm
community, which was reflected in the decreasing vatues of the indices
tested. The PCoA analysis (see Supplementary Material -Fig. 56) showed
that there were significant differences in the composition of the bacterial
community between activated sludge and biofilm samples. The change
of operating conditions in the reactor affected the communities of both
types of biomass, but the distance between the activated sludge samples
indicate its greater susceptibility to environmental factors.

in the control sample of activated sludge, taken before the start of the
experiment, the most abundant phyla were Profeobacteria (36.3 %),
Bacteroidota (25.8 %) and Armatimonadota (13.6 %) (see Supplementary
Material - Fig. $7). A reduction of COD resulted in a large increase in the
abundance of Proteobacteria, which became the dominant phylum {61
%). The abundance of Planctomycetota, Acidobacteriota and Niwrospirota
also increased (to 5.9 %, 5.6 % and 5.1 %, respectively). Chloroflexi
(27.6 %) were originally the dominant phylum in the bicfilm, but
changes in reactor operating parameters led to a gradual decrease in its
abundance. On the other hand, a gradual increase in the abundance of
Protecbacteria, Bacteroidota and Nitrospirota was observed (to 33.3 %,
22.1 % and 10.4 % in the last sample, respectively).

At the genus level, a large percentage of the bacterial population,
both in the bicfilm and in the activated sludge, consisted of less abun-
dant and unidentified taxa. Originally, the most abundant genus in
activated sludge was Fimbriimonadaceae (see Supplementary Material -
Fig. 58). However, its abundance as well as that of all other highly
abundant genera (relative abundance > 1 %) decreased to below 1 % in
sample 5.1.4. The only exception was Dokdonella, which increased from
4.9 % to 12.3 %. Sample 8.I1.4. was also characterised by a significantly
higher abindance of Ferruginibacter (10.2 %), Candidatus_Berkieila (6.6
%) and Nitrospira (5.1 %) compared to S.0. The inost abundant genus in
the biofilm was Kouleothrix. In the following samples, Nitrospira, Ferru-
ginibacter and Nitrasornanas took over the dominant role (with a relative
abundance of 10.4 %, 9.4 % and 6.8 % in sample §.11L4., respectively].
The high abundance of AOB bacteria (Nitrosomonas) and NOB bacteria
{Nitrospira) in sample 5.111.4. is consistent with the increases in AOR and
NitOR values observed at this stage.

4. Discussion

4.1. Activated sludge vs. biofilm in reference to Comarmmox bacteria
abundance

In this study, the comparison of occurrence of Comammox bacteria
in activated sludge and biofilm was based on results fromn stage I,
because only then two forms of biomass developed in the reactor.

Depending on whether orgamc commpounds were supplied to the
system with raw wastewater (5.1.1.-5.1.3.) or were completely elimi-
nated (S.I.4.), the environment in which the Comammox bacteria pop-
ulation was higher changed between biofilm and activated sludge flocs,

When the reactor operated as a mainstrearn hybrid reactor for inte-
grated C, N, and P removal {8.1.1.-8.1.3.}, the size of the Comammox
bacteria population in biofilm exceeded that in activated sludge. The
abundance of Comammox bacteria progressively increased with gradual
reduction of the ORL. This insight suggests that biofilm constituted a
better environment for the development of complete mnitrifiers.
Comammox bacteria are considered to be characterised by high growth
yields which might be an asset in slow growth favouring systems - i.e.
biofilm - with low cell washout rate: |. This finding is also confirmed
by several previous studies. For exawple, Tsuchiya et al. ], con-
ducting research for activated sludge and biofilm samples co.......d from
a full-scale N/D mainstreamn WWTP showed that Comammox bacteria
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were only detected in biofilm. They correlated this with the fact that
biofilm developed on moving carriers provided oligotrophic conditions
conducive to the development of Comammox bacteria, i.e. low con-
centrations of DO and ammaonia nitrogen. Biofilm is an environment in
which concentration gradients of oxygen and nufrients play an impor-
tant role, because due to its stratified structure, different conditions will
oceur on its surface, and different ones inside it - providing an envi-
ronment favourable for the development of particular microorganisms
used in wastewater treatment [27]. According to some studies,
Comammox bacteria inhabit deeper parts of biofilm, and therefore
chnnee conditions with lower DO and lower ammonia concentrarion
[

A change between the frequency of occurrence of Comaminox bac-
teria in activated sludge and biofilm was observed when the system was
transformed into a hybrid nitrifying reactor (5.1.4.). Relative abundance
of Comammox bacteria in biofilm decreased, whereas the size of their
populaton in activated sludge fiocs increased, resulting in the abun-
dance of these bacteria in activated sludge becoming higher than that in
bicfilm. This is an interesting observation, because for a hybrid reactor
for integrated removal of C, N, and P compounds, irrespective of the
introduced changes (reduction of duration of subphases with aeration —
increase in R value, dacrease in DO concentration, decrease in QLR), the
Comammox bacteria population was each time greater in biofilm
{earlier studies by Zajac et al. [15] and this study). To the best of our
knowledge, a nitrification hybrid system in which more Comammox
bacteria developed in activated sludge than in biofilm has not yet been
described. Elimination of orgamic compounds from wastewater supplied
to the reactor can be therefore considered a factor affecting the shift of
Comammox bacteria from biofilm to activated sludge flocs. Presumably,
this was favoured by the occurrence of heterotrophic bacteria the
abundance of which considerably decreased. Heterotrophs could
potentally occur in deeper layers of sludge flocs (they were therefore
responsible for the occurrence of simultaneous nitrification-
denitrification (SND) in aercbic conditions), and at the moment of
their elimination from the system, conditions favourable for Comammox
bacteria were created. As described above, lower DO and substrate
conditions can benefit Comammox bacteria growth. Another explana-
ton could be the fact that high DO concentrations did not necessarily
negatively affect Comammox bacteria, and then microorganisms
preferring higher DO concentrations could develop in activated sludge
flocs, or through the choice of relevant metabolic paths adapted to the
conditions oceurring in activated sludge flocs. Some studies have shown
lack of significance of tha rel=rianship berween DO and the acrurrence
of Comammox bacteria . For example, Zhao et a
ducting research in a movmg ped biofilm reactor {MBBR), observed
selective enrichment of Comammox bacteria while the system operated
at a DO concentration above & mgOs/L. Another study showed high
abundance of Comammox bacteria in full-scale activated sludge WWTPs
{N/D, SND) with DO concentration higher than 3.5 mgQ,/1 "

One of the topics discussed in the latest literature is the dominance of
Comammox bacteria over canonical a—-—-~"a oxidisers both in full-
scale WWTPs and laboratory models Our study also showed
that under certain conditions, the abundance of Comammox bacteria in
biofilm and activated sludge flocs can be higher than that of AQB.

In the case of biofilm, the frequency of occurrence of Comammox
bacteria exceeds that of canonical ammonia oxidisers when OLR is
lowered to 213.21 &+ 9.34 gCOD/mz-d {8.1.3.), and when organic com-
pounds supplied to the system with raw sewage are eliminated (5.1.4.),
The dominance of Comammox bacteria over cangnical ammonia oxi-
dizers in the biofilm samples was also reported by some previous studies

. Huang et al. [7], conducting research in a mainstream nitrifying
sponge moving bed biofilm reactors, evidenced high abundance of
Comammox bacteria, and determined that under certain conditions
{residual ammonium concentratinns at the level of 0.01-15 mgN/L and
solid retention time > 1000 days} Comamincx bacteria can even
dominate biofilm nitrification. While, Spasov et al. [*1] demonstrated

. con-
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that Comammox bacteria strongly dominate biofilm samples from
rotating biological conductor.

In reference to the results for activated sludge, it was found that
when the system was transformed into a hybrid nitrification reactor (5.
1.4.}), Comammox bacteria ouinumbered canonical ammonia oxidisers,
Large abundance and dominance of Comammox bacteria over AOB in
activated sludge flocs was also found by Roots et al. in a nitrifica-
tion reactor fed with real municipal wastewater. Arer >400 days of
tesearch, Comammox bacteria constituted 94 % of ammonia oxidising
microorganisms, and it was those microorganisms that were responsible
for thigh efficiency of “-- nitrification process. It is also worth
mentioning that Liu et al ] in SND SBR additionally evidenced that
the dominance of Comnammox bacteria towards AOB is favoured by
intermittent aeration - although in the analysed system, COD concen-
tration in raw wastewater was 300 mg/L. In the mainstream systems in
which organic compounds flowed into with raw wastewater, the sig-
mificant doininance of Comammox bacteria i relation to ANR ‘n acti-
vated sludge samples was also demonstrated by Yang et al. . Wang
etal [/I'] and Daims et al. [].

In the case of activated sludge, another interesting phenomenon was
also observed. After the reduction of OLR from 384.17 = 8.44 gCOD/
m*d to 213.21 + 9.34 gCOD/m3~d, an increase m mitrite oxidation rate
as noted, although the microbiological analysis indicated a significant
decrease in the number of copies of NOB. In parallel, there was a sig-
nificant increase in the number of Comammox bacteria. The compilation
of this informatien allows for concluding that Comammox bacteria
could be responsible for mitrite oxidation in batch tests. The genome of
these microorganisms shows enzymes responsible for oxidation of both
NH, and NOo, also permitting oxidising mitrites to mitrates |

As evidenced in this study, the abundance of Comammoy. .....eria in
different wastewater treatment systems — hybrid reactor for C, N, P
removal vs. hybrid nitrification reactor, can provide the basis for the
determination of an environment in which complete nitrifiers will
develop more intensively. This study will undoubtedly contribute to a
better understanding of these newly discovered microorgamisms, and
help technologists, scientists, and designers gain more comprehensive
understanding of the process design parameters and the occurrence of
these incredible microorganisms.

4.2. Mainstream-sidestream switching

An increase in the temperature of operation of the reactor, and
therefore mainstream-sidestream switching, caused & decrease in the
activity of ammomia oxidising bacteria. It was therefore expected to
observe a decrease in their abundance. qPCR results showed only a
decrease in the size of the population of Comammox bacteria, whereas
the frequency of occurrence of AOB increased 2.20-fold. This provided
the basis for the conclusion that mitrifiers able to conduct full nitrifica-
tion could be to a greater degree responsible for oxidising ammonia
mitrogen in the analysed system, and a decrease in the size of their
population significantly contributed to a decrease in the AOR values
recorded in AUR tests. This thesis is also supported by observations
conducted after 14 days from an increase in temperature to 30 *C, when
an increase in AQR was observed with a simultaneous decrease in the
frequency of occurrence of AOB and an increase in the size of the
Comammoex bacteria population.

Simultaneously with a decrease in the ammonia oxidation rate, after
7 days from an increase in temperature, a decline in the activity of NOB
was determined. The NitOR value was reduced 1.47 times, and qPCR
tests showed that the frequency of occurrence of NOB decreased almost
2 times. After 14 days of the system operation at 30 “C, no considerable
changes were observed in NitOR values, although the frequency of
occurrence of NOB increased. PCR primers applied for the determination
of the frequency of NOB also detect Comammox bacteria. The popula-
tion of the latter increased, and the recorded increase could have been
caused by the occurrence of these microorganisms.
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4.3. Effect of an increase in ammonin nitrogen loading rate on
nittification in sidestream reactor

After the introduction of continuous aeration at stage Il despite an
almost 2.90-fold increase in the frequency of occurrence of AOB, no
increase in the ammomia oxidation rate was recorded. It was also
observed, however, that the change in aeration strategy caused a 3-fold
decrease in the frequency of occurrence of Comammox bacteria, which
could have substantially contributed to the lack of changes in the
ammonia oxidation rate. The size of the population of Comammox
bacteria remained small until the end of the experiment. Pursuant to
literature reports, Come~m~~ hacteria prefer an environment with
lower DO concentrations Despite the lack of changes in DO set-
point, due to the introguction of continuous aeration, the biomass
developing in the reactor was no longer subject to periodical decreases
in DO concentration, which could have coniributed to a decrease in the
abundance of these microorganisms in the system. Similar conclusions
were drawn by Lin et al. [30], who compared two SBR systems operating
with different aeration systems, mtermittently aerated SBR1 and
continuously aerated SBR2, and evidenced significantly lower abun-
dance of Comammox bacteria in the reactc~ -th continuous aeration.
On the other hand, according to Cotto et al. there is no relationship
between oxygen c-—---trations and the occurrence of Comammox
bacteria. Zhao et al. avidenced they are able to develop even at high
DO concentrations (b mg0;/L). In addition to the oxygen levels, the
rising amount of ammonia nitrogen might have had an impact on
Comammox low abundance. Cotto et al. [*] found that Comammox
bacteria were not prevalent in sidesireamn PNA (partial nitritation-
anammox) systems, including single-stage systems that incorporate
attached growth and suspended phase. They associated this with the
high ambient ammonia concentrations in PNA systems.

An increase in the concentration of ammonia nitrogen in wastewater
supplied to the system in subsequent series of stage IIT had a stronger
effect on the activity of mitrite oxidising bacteria. The activity of
ammonia oxidising bacteria only changed after an increase in NLR from
76.76 + 1.87 gN/m>-d (S.1IL1) to 108.43 + 3.09 gN/m>d (S.1.2.),
Parallel to an increase in the AOR value, an increase in the AOB and
Comammox bacteria population was recorded. Results of gPCR tests
showed that in the last series of the experiment {(S.IIL4.), the frequency
of occurrence of AQOB rapidly raised. No simultaneous changes in the
ammonia oxidation rate were observed, however, suggesting low ac-
tivity of the developing nitrifiers. Different conclusions were reached in
research by Bassin et al. { cownparing the effect of an increase in the
SBR reactor's loading of ausnonium nitrogen. The cited authors evi-
denced that with an increase in the airount of ammonium nitrogen
supplied to the systemn with raw wastewater, the specific nitrification
rate decreased. The observed differences may result from differences in
concentrations of ammonium nitrogen in wastewater supplied to the
reactors: in this study 67-165 mg/L, in the study by Bassin et al.
150-1300 mg/L.

As mentioned earlier, an increase in the concentration of ammonia
nitrogen in wastewater supplied to the system had a greater impact on
the activity of microorganisms capable of nitrite nitrogen oxidation.
During Series 1II, a gradual increase in the NitOR was observed in
response to the rise in the ammonia levels in the influent. The most
significant difference in the analysed values was noted after an increase
in NLR from 76.76 + 1.87 gN/m>d (S.IIL.L.) to 108.43 = 3.09 gN/m"-d
(S.M11.2.), when the NitOR boosted by 1.90 times. qPCR results showed
then a substantial, over 3.3-fold growth in the frequency of occurrence
of NOB, corresponding to the results of the NitUR test. However, in
subsequent series, despite the increase in the activity of nitrite oxidisers,
their abundance decreased, suggesting that the remaining in the system
NOB were much more active than in the previous series. It is also
important to note, that 2.76-fold drop in the abundance of NOB between
S.IIL3. and S.IIL4., can serve as an explanadon for the observed accu-
mulation of N-NO7 in the effluent from the reactor in S.IIL4. It is
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interesting due to the fact that DNA sequencing revealed a high abun-
dance of AOB bacteria (Nitrosomonas) and NOB bacteria (Nitrospira) at
that time. Despite the increased activity of nitriie oxidising bacteria, the
conditions prevailing then in the system must have been a factor
inhibiting their further development.

5. Conelusion

The obtained results suggest that Comammox bacteria could play an
important role in the nitrification in both the mainstream hybrid reactor
for C, N, and P removal and in the nitrification sidestream biofilm
reactor, dominating even the canonical AOB. Biofilm provided a better
environment for Comammox bacteria grow, except when the system was
transformed into a hybrid nitrifying reactor. In that case, the phenom-
enon of higher occurrence of Comammox bacteria in activated sludge
was detected. Ammonia oxidation rate increased in activated sludge and
biofilm as the reactor's organic loading rate decreased. An increase in
the reactor's nitrogen loading rate had a stronger effect on the activity of
NOB.
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water bath (F32-ME Refrigerated/Heating Circulator, JULABO GmbH). The pH was
controlled using digital non-glass pH sensor CPS471D (Hach Lange, Germany). The DO
concentration in the aerated phases and temperature were controlled using Memosens Optical
Oxygen Sensor COS81D (Hach, Germany).

An important element of the research stand was the automatic control system cooperating with
the oxygen probe and pH sensor, responsible for the maintenance of the assumed DO
concentration level and conducting the remaining technological operations through switching
on the pump dosing raw wastewater (peristaltic pump Masterflex (USA)) as well as the mixer

and decanting valve.

2) Composition and characteristics of raw synthetic wastewater

Table S1 Compounds of the synthetic wastewater.

Synthetic wastewater Trace sclution
Conpound Concentration, mg/L | Compound Concentration, g/L
Peptone 0-135% EDTA 15.0
Starch 0-45* ZnSQy- 7H-0 0.43
Glucose 0-45% CoCl>-6H.0 0.24
Glycerine 0-0.045* mI/L MnCls- 4H,0O 0.99
Ammonium acetate 0-225* CuS04 5H-0 0.25
NaHCO; 125-750% {NH4)sM070:4-4H;0 0.22
NH.CI 0-153* NiCly 6H.0 0.20
NH.HCO, 0-790* NaSeQy 10H:0 (.20
CaCl; 141 H;BO; 0.014
KH-PO, 50.0 Naw0.-2H-0 0.05
MgSO, 60
FeSO4-7H.O i0
EDTA 60
Trace solution 1.0 ml/L.

¥ the amount was changed in particular series to obtain the assumed levels of the organic loading rate (OLR) and
nitrogen loading rate (NRL)
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3) Primer sequences used for the detection of AOB, NOB and Comammox bacteria

Table S2 Primer sequences used for the detection of AOB, NOB and Comammox bacteria

Primer Sequence (5°-3") Reference

Al89 GGHGACTGGGAYTTCTGG [1]

AOB
amoAZR CCTCKGSAAAGCCTTICTIC [2]
NSRITI3F CCTGCTTITCAGTTGCTACCG [3]

NOB
NSRI1264R GTTTGCAGCGCTTTGTAC CG (3]
NTSP-amoA 162F GGATTTCTGGNTSGATTGGA [4]

Comammox

bacteria NTSP-amoA 359R WAGTTNGACCACCASTACCA [4]

4) Standard curve preparation

Standard curve preparation (Fig S2): AOB, NOB, and Comammox bacteria genes were
amplified with the aforementioned primers. The amplification products were ligated into
pTZS7TR/T vector and transformed into competent E. coli cells using an InsTAclene PCR
Cloning Kit (Thermo Scientific, Waltham, MA,USA). Transformed E. coli were seed on an LB
plate, supplemented with ampicillin, X-Gal and IPTG. The plates were incubated overnight at
37°C. Several white colonies were picked from each plate, transferred to liquid LB medium
with ampicillin, and incubated overnight at 37°C. The combined plasmids were extracted using
a Plasmid mini kit (A&A Biotechnology, Gdynia, Poland), and sequenced to confirm the
presence of the correct DNA insert. Standard curves for every primer pair were constructed
using ten-fold serial dilutions of the recombinant plasmids that were used as standard templates

for gPCR amplifications.
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Figure 89 Relative abundance of the nitrifying guilds.
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OSWIADCZENIE WSPOLAUTORA O UDZIALE W PUBLIKACIJI

Ja, Olga Zajac oswiadczam, ze md) wklad merytoryczny w ostateczna wersje ponizszej

publikacji naukowej wynidst 60%.

Zajae, O, Zubrowska-Sudol, M., Godzieba, M., Ciesielski, S. (2024). Changes in the
activity and abundance of canonical nitrifiers and Comammox bacteria during stream
switching: Shifting from a mainstrcam hybrid reactor for C, N, and P removal to
a sidestream biofilm nitrifieation reactor. Journal of Water Process Engineering, 57,
104655, https://doi.org/10.1016/j.jwpe.2023.104655. 1F:6,30; punkty MNiSW: 100.

Mo¢j udzial w ninigjszej publikacji obejmowal szczegotowy przeglad literatury, kidry
postuzyl do identyfikacji problemu badawczego oraz opracowania koncepcji pracy. Bylam
odpowiedzialna za przygotowanie metodyki badan technologicznych. a takze za zaplanowanie
i wykonanie eksperymentéw technologicznych (sprawowanie Kontroli nad ukladem
badawczym i aparatura pomiarowa, przygotowywanie Sciekow, przeprowadzanie testow
kinetycznych. wykonywanie analizy fizyko-chemicznej jakodei dciekdw  surowych
i oczyszczonych) oraz pobdr prob ‘biomasy do badan mikrobiologicznych. Koordynowalam
calym procesem badawczym, monitorujac wszystkie etapy badan. Przeprowadzitam analize
statystyczng uzyskanych wynikéw badan technologicznych. Odpowiadalam za interpretacje
1 dyskusj¢ wynikéw badan. w zakresie jakosei sciekow, efeklywnosci jednostkowych procesow
oczyszczania, wynikow testow kinetycznych AUR 1 NitUR oraz za analize zaleznosci
pomiedzy wynikami badan technologicznych i mikrobiologicznych. Przygotowatam znaczacg
czes¢ manuskryptu (100% — rozdzial: 1.;2.1.; 2.2.;2.3.; 2.4.; 2.6.; 2.7.; 3.1.; 3.2.; 3.3.; 4.; 5)).
Bylam odpowiedzialna za wizualizacje danych, opracowujac tabele (Tab. 1., Tab. 2.) oraz
rysunki (Rys. 1.. Rys. 2., Rys. 3., Rys. 4.}. Przygotowalam materialy uzupehiajace, w tym
tabele (Tab. S1.; Tab. S4. — §13.) oraz rysunki (Rys. S1.; Rys. 83. — 85.: Rys. §10. — §23.).

Pelnitam réwniez obowiazki autora korespondencyjnego.

Data i podpls wspofattora
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Ja, Monika Zubrowska-Sudot, potwierdzam, ze wklad merytoryczny mgr inz. Olgi Zajac
w ostateczng wersj¢ ponizsze] publikacji naukowej wynidst 60% i polegal na czynnosciach

wymienionych w oswiadczeniu Autorki.

Zajac, O, Zubrowska-Sudol, M., Godzicba, M., Ciesielski, 8. (2024). Changes in the
activity and abundance of canonical nitrifiers and Comammox bacteria during stream
switching: Shifting from a mainstream hybrid reactor for C, N, and P removal to
a sidestream biofilm nitrification reactor. Journal of Water Process Engineering, 57,
104655, https://doi.org/10.1016/j.jwpe.2023.104655. IF:6,30; punkty MNiSW: 104,

Méj udziat jako wspotautora pracy wynikat z petnionej funkeji promotora. Obejmowat:
1) nadzér merytoryczny nad przegladem literatury prowadzonym przez Doktorantke, 2) korekte
merytoryczng koncepcji badawczej, metodyki badan technologicznych oraz manuskryptu,
3) nadzor nad czynnodciami badawczymi prowadzonymi przez Doktorantke. 4) pozyskanie

funduszy.

M¢j procentowy udzial w przygotowaniu publikacji szacuj¢ na 20%.
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w ostateczna wersje ponizszej publikacji naukowej wynidst 60% i pelegal na czynnosciach

wymienionych w oswiadczeniu Autorki.

Zajye, O., Zubrowska-Sudol, M., Godzieba, M., Ciesielski, S. (2024). Changes in the
activity and abundance of canonical nitrifiers and Comammox bacteria during stream
switching: Shifting from a mainstream hybrid reactor for C, N, and P removal to
a sidestream biofilm nitrification reactor. Journal of Water Process Engineering, 57,
104655, https://doi.org/10.1016/j.jwpe.2023.104655. IF:6,30; punkty MNiSW: 100.

M¢j udziat jako wspaotautora pracy obejmowal: 1) wspétudzial w opracowaniu metodyki

badan mikrobiologicznych, 2) wspdludzial w korekcie merytorycznej manuskryptu.

Moj procentowy udziat w przygotowaniu publikacji szacujg na 5%.
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