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1 Literarni prehled

1. 1 Dusik ve vodnim prostiredi

Dusik je jeden z nejdilezitéjsich makrobiogennich prvkl. Ve vodach stanovujeme
celkovy dusik (N-celk), ktery se d€li na anorganicky (N-anorg) a organicky (N-org)
vazany. Mezi hlavni formy anorganicky vazaného dusiku patii amoniakalni, dusitanovy
a dusi¢nanovy dusik. Dusitany a dusi¢nany patii k tzv. oxidovanym formam dusiku a jejich

suma se oznacuje jako celkovy oxidovany dusik (Pitter 2009).
1. 2 Davody odstranovani dusiku z OV

Dusik je vyznamny nutrient a ma nezastupitelnou roli v fad€ piirodnich procesu, piesto
je nezbytné, aby byl odstrafiovan z odpadnich vod, protoze jeho zvySené koncentrace ve

vodach jsou nezadouci z fady davoda.

Amoniakalni dusik ma vysokou spotfebu kysliku na svou biochemickou oxidaci
(Chudoba et al. 1991) a nedisociovana molekula NH3 plsobi toxicky na ryby, jelikoz
pomeérné snadno pronika bunéénymi membranami (Pitter 2009). Dusitany jsou toxické pro
ryby, v kyselém prostfedi gastrointestinalniho traktu zivocCiSnych organismi se
predpoklada moznost transformace dusitani na potencionalné karcinogenni
N-nitrosoaminy (Pitter 2009). Nebezpecné jsou také vyssi koncentrace dusi¢nant v pitnych
vodach. Dusi¢nany jsou sice samy o sobé pro ¢loveka malo skodlivé, ale jejich nebezpeci
tkvi vtom, ze se v gastrointestindlnim traktu snadno redukuji bakterialni Cinnosti na
toxictej§i dusitany. Ty pak mohou zplsobit methemoglobinemii, kdy dusitany reaguji
s hemoglobinem na methemoglobin, ktery nema schopnost prenaset v krvi kyslik. Toto
onemocnéni je nebezpecné zvlast€¢ pro kojence (Greer & Shannon 2005; Pitter 2009).
Konzumace vody se zvySenym obsahem dusi¢nana je rizikova také pro t€hotné Zeny,
protoze muze zpusobit napt. predCasny porod nebo poskozeni ¢i umrti plodu (Ward et al.
2005). Dusi¢nany mohou byt také prekurzory potencialné karcinogennich N—nitrosoamint
(Pitter 2009).

Kwvili relativnimu nedostatku slouCenin dusiku v nékterych castech svéta a pomérné

velké energetické naroCnosti ziskavani dusiku pro vyrobu dusikatych hnojiv, se



v soucasnosti dostava do poptedi otazka ziskavani dusiku z odpadnich vod, ktery by se dal
dale vyuzit (Winkler & Straka 2019). Jako perspektivni se v tomto ohledu jevi predevsim

tfyzikalné-chemické metody odstrafiovani dusikatych sloucenin - viz kapitola 1. 3. 1.

Slouceniny dusiku se také spolecné se slouceninami fosforu vyznamné podili na
eutrofizaci vod, proces je vzhledem ke své vyznamnosti podrobnéji popsan v nasledujici

podkapitole.
1. 2. 1 Eutrofizace vod

Eutrofizace je rist obsahu mineralnich Zivin (zejména sloucenin fosforu a dusiku)
ve stojatych a tekoucich vodach, ktery nasledné vyvola rust biomasy autotrofnich
organismdu, tj. sinic, fas a nékterych vyssich rostlin (Pitter 2009). V prvni fazi vytvofi
pfevazné drobné planktonni fasy opticky homogenni suspenzi, ktera je oznacovana jako
tzv. vegetacni zbarveni vody, pozdéji dochazi ke vzniku tzv. vodniho kvétu, coz jsou okem
patrné shluky koloniéalnich ¢i vlaknitych sinic, n€kdy i fas na vodni hlading. Pti vysokém
zatizeni zivinami pak dochazi k rozvoji rychle rostoucich vlaknitych fas, jindy prevladne

vys$si vodni vegetace (Ambrozova 2003; Pitter 2009).

Vyse popsany rozvoj fytoplanktonu ma nasledné vliv na fadu fyzikalnich,
chemickych a organoleptickych vlastnosti vody 1 na samotné organismy. Nasledkem toho
muize byt snizena moznost rybarského, rekreacniho ¢i vodarenského vyuziti vod (Cai et al.
2013; Hwang 2020). Dochézi k narusSeni biodiverzity spoleCenstev a vlivem snizené
pruhlednosti vod a mikrobialniho rozkladu velkého mnozstvi odumfelych fas a sinic je
negativné ovlivnén také kyslikovy rezim. Eutrofizace vede také k poruSeni uhlicitanové
rovnovahy ve vodach a zvySeni pH az do hodnoty 10, tim padem se zvySuje 1 koncentrace
nedisociované formy amoniakalniho dusiku toxického pro ryby (Pitter 2009). Cely proces
s sebou samoziejmé piinasi také zdravotni rizika pro Clovéka — napf. toxiny sinic, tzv.
cyanotoxiny, mohou u citlivéjSich osob vyvolat nejriaznéjsi negativni reakce jako alergie,
prujem, zvraceni, bolesti hlavy, podrazdéni kiize ad. (Ambrozova 2003; Pitter 2009;
Dittmann et al. 2013; Hwang 2020).

Je dulezité uvést, ze eutrofizace je prirodni dé€j, ktery pouze v dusledku lidské

¢innosti presahl prirozené meze a v soucasnosti negativné ovliviiuje kvalitu vody na celém
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svété (Jin et al. 2019; Preisner et al. 2020). Tzv. antropogenni eutrofizace vznika
predevsim v dusledku pfisunu Zivin z odpadnich vod a z hnojiv a jejich vyluht (Bhagowati
& Ahamad 2019). Pii boji s eutrofizaci je v prvni fadé nutno omezit pfisun zivin
z okolniho prostfedi. Jednou z moznosti, jak toho docilit, je odstraniovani dusiku a fosforu
z odpadnich vod. Pfi hledani optimalni technologie odstrafiovani téchto nutrientd je ale
potieba brat v potaz obsah zivin pfimo biologicky dostupnych pro vodni vegetaci, ne pouze
celkovy obsah téchto zivin, v opacném pripadé totiz nemusi nakladna moderni technologie

zajistit u€innou ochranu pied eutrofizaci (Preisner et al. 2020).
1. 3 Odstranovani dusiku z odpadnich vod

Metody odstranovani dusiku délime na biologické a fyzikalné-chemické. Pres velky
vyvoj fyzikalné-chemickych postupti jsou v praxi stale nejvice vyuzivany metody

biologické.
1. 3. 1 Fyzikalné-chemické postupy

Fyzikalné—chemickych metod je velké mnozstvi, mezi nejcastéji vyuzivané fadime
napt. stripovani vzduchem, vysrazeni ve formé fosfore¢nanu hotecnato-amonného,

adsorpci nebo zachycovani na ménicich iontt.

Pro aplikaci metody stripovani je nejprve nutné zvysit pH ¢isténé vody na hodnotu
priblizn€ mezi 10 - 12, aby doslo k pfeméné vétSiny amonného iontu do tékavé formy NHs,
kterou je mozné odstranit proudem c¢isticiho plynu (Rahimi et al. 2020). Cely proces ma
vysokou separaCni ucinnost, a pokud je amoniak za zvySené teploty stripovan parou,
dochazi k zachyceni kapalného kondenzatu, ktery muze byt pfeménén na siran amonny
vyuzivany jako hnojivo (Kundu et al. 2022). Do ¢isténé vody je ale obvykle nutno dodéavat
chemikalie pro upravu hodnoty pH, nejCastéji hydroxid sodny nebo hydroxid véapenaty.
Cely proces je pomérné¢ energeticky naroCny a piinasi také fadu provoznich probléma — je
napf. nutné Cistit stripovaci plyn, aby nevzniklo nebezpeci znecisténi ovzdusi amoniakem,
ktery by se zpétné vracel do vod srazkovou Cinnosti. Dalsim problémem je hluk zpiisobeny
napt. chodem motoru ¢i ventilatoru a tvorba povlaku MgCO3 ¢i CaCO3 dana pritomnosti

COz ve vzduchu (Chmielewska 2005; Perera et al. 2019).



Dal§i moznosti odstranéni dusiku z odpadnich vod je vysrazeni ve formé struvitu,
tedy fosfore¢nanu hote¢nato — amonného (MgNH4POs - 6 H20O), k Cemuz se nejCasteji
vyuziva napt. MgO a H3PO4 (Chmielewska 2005; Li et al. 2019; Achilleos et al. 2022).
Vysrazena sul se da vyuzit napt. jako hnojivo nebo stavebni material, ale aby mohl proces
uspokojivé probihat, musi byt do ¢isténé vody ve vétsiné€ pripadu pridavan fosfor kvili
uprave latkového poméru N:P, ten je ale rovnéz vyznamnym nutrientem odstraiiovanym
z odpadnich vod. Cely postup je také v pfipadé vysokého obsahu amoniakalniho dusiku
v Cisténé vodeé obvykle nutno kombinovat sjinymi metodami, napf. adsorpci

(Chmielewska 2005; Li et al. 2019).

Pti adsorpci dochézi k zachyceni ¢astic z Cisténé vody na poréznim adsorbentu, na
jehoz povrchu se hromadi. Takovym adsorbentem jsou v praxi nejcastéji zeolity, kfemelina
nebo biochar (biouhel), coz jsou materialy s velkym specifickym povrchem (Khamidun
et al. 2020). Dalsi perspektivni metodou je zachycovani na ménicich iontd, pii némz
dochézi k vyméné N-amon s vyménnym kationtem na ionexu (Mehta et al. 2015; Perera
et al. 2019). Ob¢é vySe uvedené metody lze vyuzit k ziskani zivin a jejich naslednému
vyuziti jako hnojiva, nicméné obé jsou vétsinou spjaty se spotiebou chemickych latek na

regeneraci ionexu Ci absorbentli (Beckinghausen et al. 2020; Pinelli et al. 2022).

Za zminku stoji jisté 1 fotokatalytickd oxidace, béhem niz dochazi k oxidaci
N-amon na dusitany diky svétlu a fotokatalyzatoru, kterym je nejCastéji oxid titanicity
(TiO2). Cely proces se obejde bez provzduSinovani cCisténé vody, nedochéazi pfi ném
k emisim oxidu dusného, ale prozatim je z ekonomického hlediska nakladny a mohou pfi

ném vznikat rizné toxické vedlejsi produkty (Ren H.-T. et al. 2020; Zhao et al. 2022).

Jak vyplyva z predchazejiciho textu, fyzikalné-chemické metody predstavuji
lakavou moznost, jak ziskat dusik k dal§imu vyuzZiti, na rozdil od biologickych postupt,
které jej v zasadé pouze odstrafiuji. Z vySe uvedenych davodi, predevsim kvuli vysoké
spotiebé nejruznéjSich chemikalii, coZ zpusobuje narast provoznich naklada a predstavuje
1 riziko vnaSeni cizorodych latek do zpracovavané vody, je ale jejich §irSi vyuziti v praxi

prozatim omezene.



1. 3. 2 Biologické postupy

Tradi¢nim zptsobem odstranéni dusiku z odpadnich vod je vyuziti nitrifikace
a nasledné denitrifikace, kvali nespornym vyhodam se ale do popiedi dostavaji také
nejruzn€j§i netradiéni metody. K jejich optimalizaci a vétSimu vyuziti v praxi se snazi

prispét 1 tato prace.
1. 3. 2. 1. Nitrifikce a denitrifikace

Konvencni biologické odstranovani anorganického dusiku spoc¢iva v biochemické
oxidaci amoniakalniho dusiku na dusitany a dusi¢nany (nitrifikace) a v denitrifikaci, tedy
jejich nasledné biochemické redukci na plynny dusik (Chudoba a kol. 1991; Gonzalez-
Martinez et al. 2018).

1. 3. 2. 1. 1 Nitrifikace

Nitrifikace je oxidace amoniakalniho dusiku ve dvou krocich. Nejprve je

amoniakalni dusik oxidovan na dusitany (nitritace), coz je popsano nasledujici rovnici:
2NH3+30,—2N0O> +2H*+2 H,O (D)

Reakce je katalyzovana monooxygenazou amoniaku (AMO — ammonia monooxygenase)
a hydroxylaminoxidoreduktazou (HAO - hydroxylamine oxidoreductase) za vzniku
hydroxylaminu (NH2OH) jako meziproduktu a je zabezpeCena napt. bakteriemi rodu
Nitrosomonas, Nitrosococcus, Nitrosospira, Nitrosocystis, Nitrosovibrio a Nitrosolobus
(Chudoba a kol. 1991; Rahimi et al. 2020), které jsou v anglicky psané literatufe souhrnné
oznacovany jako AOB, tedy Ammonia Oxidising Bacteria (Blackburne et al. 2008; Rahimi
et al. 2020).

Nasledné jsou dusitany oxidovany na dusi¢nany (nitratace) podle rovnice:
2NO2"+0,—2N03~  (2)

Tento proces zajistuji napt. bakterie roda Nitrobacter, Nitrocystis, Nitrospina, Nitrospira
a Nitrococcus (Chudoba a kol. 1991; Ahn 20006), jez oznaujeme jako NOB, tedy Nitrite
Oxidising Bacteria (Blackburne et al. 2008; Rahimi et al. 2020).



Sumarni rovnici nitrifikace je tedy mozno zjednodusené zapsat jako:
NH3+2 02— NO3;"+H"+HO0 (3)

K uplné oxidaci 1 g amoniakalniho dusiku se teoreticky spotrebuje celkem 4,57 g kysliku,
energie uvolnéna pfi nitrifikaci je vSak vyuzita k syntéze nové biomasy nitrifikaénich
organismu, pii niz se Cast amoniakalniho dusiku spotiebuje, takze je spotieba kysliku
mens$i, udava se cca 4,33 g na uUplnou nitrifikacilg amoniakalniho dusiku. Dale je patrné,
ze pii nitrifikaci dochazi k uvoliovani vodikovych iontd H*, které okyseluji prostiedi.
Dochazi ke snizovani KNK (kyselinova neutraliza¢ni kapacita, tj. mnozstvi jednosytné
silné kyseliny potfebné k dosazeni urcité hodnoty pH sledované vody) a pii jeji nizké
hodnoté a vysoké koncentraci N—amon je tieba, pokud souc¢asné nedochazi k denitrifikaci,
piidavat neutralizacni Cinidlo, nejcastéji Ca(OH).. V disledku snizeni hodnoty pH by totiz
mohlo dojit ke zpomaleni ¢i zastaveni procesu nitrifikace, pfipadné dalSich biochemickych

Cistirenskych procest (Chudoba a kol. 1991; Pitter 2009).

Nitrifikace je zaji§téna chemolitotrofnimi organismy, které jsou schopny rust bez
organickych latek, jako zdroj uhliku vyuzivaji oxid uhli€ity a jako zdroj energie oxidaci
dusiku. Zaroven nitrifika¢ni bakterie patii mezi aerobni organismy, které vyuzivaji kyslik
jako akceptor elektroni pfi oxidaci amoniakalniho a dusitanového dusiku. MnoZzstvi
ziskané energie je vSak malé a pro nitrifikani bakterie je proto charakteristickd mala

specificka tvorba nové biomasy (Chudoba a kol. 1991; Pitter 2009; Englande et al. 2015).

V nedavné dob€ byla v ramci rodu Nitrospira objevena piitomnost mikroorganisma
(tzv. comammox), které jsou schopny uplné premény amoniakalniho dusiku az na
dusi¢nany (Daims et al. 2015) a je snaha vyuzit tohoto poznatku pro optimalizaci

odstrafiovani dusikatého znecisténi z odpadnich vod.
1. 3. 2. 1. 2. Denitrifikace

Denitrifikace je redukce dusitanti a dusicnanti na elementarni dusik, pfipadné oxidy
dusiku (predevsim N>O), kdy pomér mezi vznikajicim dusikem a oxidy dusiku zavisi

zejména na hodnoté pH. Probiha v anoxickych podminkach. Provadi ji napf. bakterie roda



Pseudomonas (zvlasté Pseudomonas denitrificans), Micrococcus, Denitrobacillus

a Chromobacterium (Chudoba a kol. 1991; Ricklefs & Miller 1999).

Tyto organismy jsou organotrofni, pro denitrifikaci je tedy nutny organicky substrat
jako zdroj zivin. Jedna se obvykle o organické latky obsazené v odpadni vodé nebo kalu.
Pokud neni splnéna mezni hodnota poméru CHSKc/N = 2,5, je nutné pridavat externi,
snadno rozlozitelny organicky substrat (naptf. methanol), ktery je donorem elektrond, coz
zvySuje naklady na Cisténi odpadni vody a muize vést i k nadmémmému ristu biomasy
a nutnosti jejiho dalsiho zpracovani. Kone¢nym akceptorem elektrond je dusicnanovy nebo

dusitanovy dusik (Pitter 2009; Al Hazmi et al. 2022).

Pro methanol je mozno denitrifikaci dusi¢nani a dusitanti popsat nasledujicimi

rovnicemi (Chudoba a kol. 1991):
5CH;OH+6NO3;  —5C02+7H0+60OH +3N>  (4)
3CH:OH+6NO;" —3CO2+3H0+60H +3 N2 (5)

V procesu denitrifikace se uvoliuji ionty OH", coz muze v piipadé nizké ZNK
(zdsadova neutralizaCni kapacita, tj. mnozstvi jednosytné silné zasady potiebné k dosazeni
urcité hodnoty pH sledované vody) zpracovavané vody vést k vyraznému narustu pH

s naslednou moznou inhibici procesu (Chudoba a kol. 1991).
1. 3. 2. 2 Netradicni biologické postupy

Odstrariovani dusiku z odpadnich vod tradiénim zpisobem pomoci nitrifikace
a denitrifikace je oblibené pro svou vysokou ucinnost, relativni jednoduchost a ve srovnani
s fyzikéalné-chemickymi postupy mensimi provoznimi naklady. I tento postup vSak ma
svoje nevyhody. Béhem nitrifika¢ni faze je nutno ¢isténou vodu provzdusiovat a béhem
denitrifikace je zase nutné dodavani organické hmoty, coz ekonomiku celého procesu
zhorSuje (van Kessel et al. 2018; Ren et al. 2020; Zhang et al. 2022; Guo et al. 2023).
V tomto sméru jsou problémem piredev§im odpadni vody s nizkym koncentraénim
pomérem CHSK/N jako je napt. kalova voda — viz kapitola 1. 5. Nizké koncentrace CHSK
jsou pii vysokych koncentracich N-amon pfiznivé pro prubéh nitrifikace, neumoziuji

ovSem ucinnou denitrifikaci z divodu nedostatku organického substratu. Vysoké
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koncentrace N-amon navic mohou vést k nekontrolovatelné akumulaci dusitant, jejichz
nasledné prevedeni na dusi¢nany muze byt poté problematické (Ren et al. 2020; Zhang

et al. 2022).

V souCasné dobé je proto trendem vyvijeni a zdokonalovani nejraznéjsich
netradi¢nich biologickych postupi s cilem optimalizovat odstraiovani dusikatych
sloucenin z odpadnich vod. Mezi tyto nové postupy patii napt. proces nitritace/denitritace
nebo deamonifikace a zjednodusen¢ lze fici, ze pfedpokladem pro jejich uspésné vyuziti je

zasadni dosazeni a dlouhodobé udrzeni cilené vyvolané akumulace dusitant pfi nitrifikaci.

Vzhledem k tomu, ze netradi¢ni biologické metody jsou méné energeticky naro¢né
a dochazi pfi nich k uspotre organického substratu a rovnéz objem vzniklého kalu je mensi
(viz nasledujici kapitoly), je jejich zavadéni do praxe v souladu s pozadavky Smérnice
Rady Evropské unie 91/271/EHS o ¢isténi mestskych odpadnich vod v aktualnim znéni.
V soucasnosti je snaha ve zvySené mife vyuzit pii Cisténi odpadnich vod anaerobnich
procesti, pifi nichz smésna kultura mikroorganismi postupné rozklada biologicky
rozlozitelnou organickou hmotu bez pfistupu vzduchu. Jejich hlavni vyhodou je produkce
bioplynu, jehoz nasledna pfeména na energii a teplo prispiva k energetické sobéstacnosti
COV a snizeni uhlikové stopy (Silva et al. 2024). Nedochazi pii nich oviem k odstran&ni
N-amon. Pro tento ucCel se proto jako velmi perspektivni jevi zejména vyuziti procesu
ANAMMOX (viz dale), protoze se pfi ném piremeénuje NHs" a NO2" na N;bez
spotteby organického uhliku (Gao et al. 2023).

1. 3. 2. 2. 1 Nitritace/denitritace

Princip metody nitritace/denitritace spociva v fizeni oxidace N-amon tak, aby jejim
produktem byly dusitany a aby nedochazelo k jejich dalsi oxidaci na dusi¢nany. Pfi
zastaveni nitrifikace ve fazi dusitanti hovofime o tzv. zkracené nitrifikaci. Poté nasleduje

redukce dusitanového dusiku na dusik elementarni, pfipadné deamonifikace (viz nize).

Pii idealn¢ provozovaném procesu nitritace/denitritace lze v prabéhu nitritace
uspofit az 25 % kysliku ve srovnani s nitrifikaci a az 40 % organického substratu pfi
denitritaci oproti denitrifikaci (Abeling and Seyfried 1992). Proces je rovnéz az 2x

rychlej§i (Zhu et al. 2008), vznika pii ném méné oxidu uhlicitého za predpokladu, ze



dochazi k cilenému dodavani organického substratu, a objem narostlé biomasy je mensi az

0 30 % (Turk & Mavinic 1989; Zhu et al. 2008).

Hromadéni dusitanii nezbytné k realizaci metody nitritace/denitritace muze byt
cilené vyvolano riznymi zasahy do nitrifika¢niho systému vedoucimi k potlaceni funkce
NOB pii zachovani funkce AOB. AOB a NOB maji odlisné naroky na optimalni podminky
prostiedi a NOB jsou obecné na tyto podminky citlivéjsi a jejich rychlost rastu je za
urcitych podminek nizsi (Hellinga et al. 1998). Cilem je ziskat biomasu, v niz budou AOB
prevladat nad NOB, respektive biomasu, v niz bude aktivita AOB vyrazné prevySovat
aktivitu NOB. To je technologicky pomémé naroCny proces, ktery zavisi na fadé
parametrd. Vzhledem k tomu, Ze pravé jeho zkoumani je pfedmétem této prace, faktorim,
které vedou k zachovani aktivity AOB a soucasnému potlaceni aktivity NOB, je vénovana

samostatna kapitola 1. 4.

Na principu nitritace/denitritace je zalozen proces SHARON (Single reactor system
for High activity Ammonium Removal Over Nitrite). Reaktor zde funguje jako chemostat,
kdy doba zdrzeni aktivovaného kalu je shodna s hydraulickou dobou zdrzeni vstupni
odpadni vody. Systém pracuje pfi teplotach 30 — 40 °C a pfi pH v rozmezi 7 — 8, pfiCemz
tyto podminky zvyhodnuji AOB, proto dochazi k akumulaci dusitant v reaktoru. Dusitany
jsou nasledné redukovany na plynny dusik. Tento proces muze byt vyuzitk cisténi
odpadnich vod svysokou koncentraci N-amon, napt. kalové vody nebo skladkovych
vyluht (Hellinga et al., 1998; Volcke et al., 2006). Pro odpadni vody s nizkym pomérem
C/N a obsahem sulfidi se jako perspektivni jevi kombinace procesi SHARON & DSR
(denitrifying sulfide removal) (Guo et al. 2022).

Proces DSR spociva ve spojeni heterotrofni denitrifikace (viz kapitola 1. 3. 2. 1. 2.)
s autotrofni denitrifikaci, kterda vyuziva redukované slouCeniny siry (napt. sulfidy nebo
thiosirany) jako donory elektrond k redukci dusi¢nant nebo dusitanti na plynny dusik bez

ptidavku organického uhliku a je popsana nasledujicimi rovnicemi (Guo et al. 2020):
NOs5 + S* + H20—So+ NO» + 2 OH (6)

NO> + 1,587 +2H,0— 1,5 S0+ 0,5N2+ 4 OH  (7)



NO3 +2,5 5% +3 Ho0—2,5 So+ 0,5 N2+ 6 OH  (8)

Za uréitych podminek mize dojit k oxidaci So na SO4> s vyuzitim NOj3™ jako akceptorem
elektrond, coz muze nezadoucim zpusobem zvySovat salinitu vodnich utvard (Zhan et al.
2024). Dalsim problémem je také to, ze ackoli autotrofni a heterotrofni denitrifikacni
bakterie spolupracuji pifi odstrafiovani sulfidd, organického uhliku a dusiku z odpadni
vody, predev§im kvili pomérné vyznamnému rozdilu v rychlosti jejich ristu je obtizné
dlouhodobé udrzovat stabilitu celého procesu (Show et al. 2013). Jako nad€jné se proto
jevi vyuziti fakultativni autotrofni bakterie Pseudomonas sp. C27, ktera dokaze rast
mixotrofn€ a vyuzit pii denitrifikaci jako donory elektronti sulfidy i organické latky (Chen
et al., 2013; Guo et al. 2022). Spojeni DSR s procesem produkujicim dusitany jako je napf.
SHARON vede k zefektivnéni odstrafiovani dusikatého znecisténi z odpadnich vod. Guo
et al. (2022) uvadi ucinnost odstranéni celkového dusiku pfi pouziti kombinace téchto

procesu vyssi nez 93,5 % pro odpadni vody s pomérem C/N v rozmezi 0,646-0,737.
1. 3. 2. 2. 2 Deamonifikace

Deamonifikace je biochemicka oxidaéné¢ — redukcni reakce mezi amonnym
a dusitanovym iontem, pfi niz vznika elementarni dusik. Tato reakce je zjednoduSené

popsana nasledujici rovnici:
NHs*+NO; > N2+2H0  (9)

Proces je zajistén Cinnosti nékterych druhd bakterii patficich do kmene
Planctomycetes, jedna se zejména o bakterie rodt: Candidatus Brocadia, Candidatus
Kuenenia, Candidatus Jettenia, Candidatus scalindua, Candidatus Anammoxoglobus
a Candidatus Anammoximicrobium (Ma et al. 2015a, 2015b). Patfi mezi chemolitotrofni

organismy, které se obejdou bez zdroje organického substratu.

Velkou nevyhodou jsou ale specifické vlastnosti a pozadavky téchto bakterii.
Vyznacuji se predevsim extrémné nizkou rychlosti ristu pii nizkych teplotach a pfi
vysokém obsahu organickych latek ve vodé (Cao et al. 2017). Pfi Cisténi odpadnich vod je
ovSem nutné zajistit dostateCnou retenci biomasy, proto je Casto vyuzivan granulovany kal,

pfipadné jsou bakterie zachycovany na nejruznéjsich nosiCich ve formé biofilmu apod.
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(Kosgey et al. 2021) — viz kapitola 1. 4. 6. Specifické jsou také pozadavky
deamonifikacnich bakterii na koncentraci rozpusténého kysliku. Gao et al. (2014) uvadi, ze
jejich aktivita byla inhibovana, kdyz byla koncentrace rozpusténého kysliku vyssi nez 0,5

mg/l.

Pti Cinnosti bakterii nedochazi k tvorbé oxidu dusného (Ma et al. 2016; Rahimi
et al. 2020). Nicmén€ k produkci urcitého mnozstvi N2O v reaktorech vyuzivajicich
deamonifikaci ptesto dochazi, coz je dano zejména autotrofni a heterotrofni denitrifikact,
jez v reaktorech v mensi mire probihaji. V systémech kombinujicich deamonifikaci (nebo
téz ANAMMOX - viz dale) s aktivitou AOB je produkce N>O zptisobena také Cinnosti
AOB, pficemz obecné plati, ze emise oxidu dusného z jednostupfiovych systému jsou nizsi
nez z dvoustupnovych systémua. Produkci N2O lze snizit vhodnym fizenim tohoto procesu,
napf. zachovanim poméru CHSK/N < 1, udrzovanim koncentrace rozpusténého kysliku

pod 0,5 mg/l a teploty nad 30 °C (Connan et al. 2018; Wan et al. 2019).

V technologii Cisténi odpadnich vod se aplikace vySe uvedeného postupu oznacuje
jako proces ANAMMOX (ANaerobic AMMonium OXidation) (Jetten et al. 1999), ktery je

popsan nasledujici rovnici:

NH4* + 1,31 NO2 + 0,066 HCO3™ + 0,13 H* — 1,02 N2 + 0,26 NO3™ + 0,066 CH200,5No.15 +
2,03 H,O (10)

V soucasné dob¢ existuje jiz fada aplikaci tohoto procesu v praxi a vétSina studii tykajicich
se uplatnéni ANAMMOX procesu se zaméfuje na kombinaci CasteCné nitritace
a ANAMMOX procesu, coz se v anglicky psané literatufe oznacuje jako PN/A (partial
nitritation/ANAMMOX). Bé€hem tohoto procesu dochazi nejprve k Castecné oxidaci NH4*
na dusitany prostfednictvim AOB, poté se NH4" a dusitany pfeméiiuji na plynny dusik

prostfednictvim ¢innostt ANAMMOX bakterii.

Zasadnim predpokladem aplikace tohoto schématu je dosazeni stabilni nitritace
a udrzeni vhodného poméru dusitanového dusiku k amoniakalnimu dusiku
(NO2-N/NH4*-N) mezi 1,0 a 1,3 (Jiang et al. 2022). Proces probiha bud’ v jednom
reaktoru nebo ve dvou samostatnych reaktorech (Wang et al. 2016; Chen et al. 2021).
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Kwvili nizkym nakladim a jednoduché obsluze je vyhodnéjsi varianta, kdy proces probiha

v jednom reaktoru (Isanta et al. 2015; Kouba et al. 2017).

Kombinace procesi SHARON — ANAMMOX je variantou v pfipad€, ze cely
proces probiha ve dvou reaktorech. Odpadni voda projde v prvnim reaktoru Castecnou
nitrifikaci systémem SHARON, pifi niz vzniknou dusitany a je upraven pomer
N-amon:N-NO: - na cca 1:1, coz je ideélni pro nasledny ANAMMOX (van Dongen et al.
2001). Prikladem aplikaci, kdy nitritace a ANAMMOX probih4 v jednom reaktoru, jsou
napt. systémy CANON (Completely Autotrophic Nitrogen — removal Over Nitrite)
a OLAND (Oxygen — Limited Autotrophic Nitrification — Denitrification) (Kuai et al.
1998; Dijkman & Strous 1999; van Dongen et al. 2001; Henze et al. 2008). Pii aplikaci
procesu CANON se udrzuje vhodna tloustka biofilmu, v némz jsou deamonifikacni
bakterie ,,schovany* pfed nepfiznivymi podminkami (viz kapitola 1. 4. 6.), a koncentrace
rozpusténého kysliku v ¢isténé vode se pohybuje kolem 0,5 mg/l (van Haandel & van der
Lubbe 2007; Ali & Okabe 2015). Proces OLAND vyuziva ¢innosti Nitrosomonas eutropha
pii limitované koncentraci rozpusténého kysliku (Pynaert et al. 2004). Ve srovnani se
systémem CANON je odolngjsi vici inhibi¢nim vlivim koncentraci FA (Free Ammonia —
volny amoniak) a FNA (Free Nitrous Acid — volna kyselina dusitd), nicméné uc¢innost
odstrafiovani dusiku je pomémé nizkd (kolem 40 %) a klicové je udrzovani vhodné

koncentrace rozpusténého kysliku (van Haandel & van der Lubbe 2007).

Ve srovnani s klasickym postupem nitrifikace/denitrifikace je pfi idealné
provozovaném procesu PN/A az o 60 % nizsi spotieba energie na aeraci, dochazi k uspore
organického substratu a snizeni produkce prebyteCného kalu, rovnéz produkce
sklenikovych plynd je vyrazn€¢ mensi (Cao et al. 2017). Proces je ovSem komplikovan
specifickymi pozadavky ANAMMOX bakterii a jeho uspéSnost je zavisla na udrzeni
optimalniho koncentra¢niho poméru N-amon/N-NO> v ¢isténé vodé. Dalsi nevyhodou je,
ze ANAMMOX bakterie nejsou ve vyznamném mnozstvi zastoupeny v béznych smésnych
kulturach pouzivanych k biologickému cisténi odpadnich vod. Praktické vyuziti procesu je
komplikovano rovnéz specifickymi slozkami odpadnich vod jako jsou tézké kovy nebo
napf. sulfidy ¢i alkoholy, které vykonnost celého systému snizuji (Baun et al. 2004; Guven

et al. 2005). Problémem je také omezena GcCinnost odstrafiovani dusiku v dusledku tvorby
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dusic¢nant, které pfi reakci ANAMMOX vznikaji - viz rovnice ¢. 10 (Chen et al. 2009; Du
et al. 2017).

Metody zalozené na deamonifikaci se piesto jevi jako velmi perspektivni, jsou
pfedmétem rozsahlého vyzkumu a existuje jich velké mnozstvi. V posledni dobé je
vénovana pozornost napf. simultannimu procesu nitritace, ANAMMOX procesu
a denitrifikace (SNAD), pfiemz zafazeni denitrifikace by mélo vést k vyssi celkové
ucinnosti odstraniovani dusiku z odpadnich vod pfi souCasném zachovani vSech vyhod
systému PN/A (Chen et al. 2009; Singh et al. 2022). Li et al. (2019) provedli srovnavaci
studii procesi SNAD a CANON pii cisténi splaskovych odpadnich vod s vyuzitim
oxida¢niho piikopu a uvedli, ze odtokova koncentrace celkového dusiku v systému SNAD
byla 0 40-50 % niz$i neZ v procesu CANON. Usp&snost procesu SNAD je ale opét silné
zavisla na raznych provoznich parametrech jako je napf. koncentrace rozpusténého
kysliku, typu organického substratu, typu reaktoru, poméru C/N, které je potfeba zvolit tak,

aby byla zachovana ekonomicka a environmentélni vyhoda tohoto systému.

1. 4 Faktory vyuzitelné k potlaCeni funkce NOB pri soucasném zachovani
funkce AOB

Dosahnout potlaceni funkce NOB pii souCasném zachovani funkce AOB je
pomérné narocny proces, ktery zavisi na fade¢ fyzikalné-chemickych a technologickych
parametru. Je zalozen na rozdilnych narocich AOB a NOB a jejich citlivosti vii¢i raznym
faktorim jak je napf. teplota, koncentrace rozpusténého kysliku, stafi kalu a slozeni
odpadnich vod, které spolu tzce souvisi a pusobi soucasné. Nejvyznamnéjsi z téchto

faktorti budou probrany v nasledujicich kapitolach.
1. 4. 1 Koncentrace rozpusténého kysliku

Pro dosazeni uplné nitrifikace v odpadni vodé se doporucuje udrzovat koncentraci
rozpusténého kysliku v Cisténé vodeé na 2 mg/l (Chudoba et al. 1991), nicméné v mnoha

ptipadech staci koncentraci udrzovat na hladiné okolo 1,5 mg/l (Bae et al. 2002).

Snizenim koncentrace rozpusténého kysliku v Cisténé vod€ Ize dosahnout

akumulace dusitant, coz je dano tim, Ze NOB maji nizsi afinitu vici rozpusténému kysliku
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nez AOB, rozpustény kyslik je pfednostné spotiebovavan na oxidaci N—amon, a to pfi
nedostatku kysliku znevyhodiiuje NOB, zejména ve spojeni s vyS§im objemovym
zatizenim systému dusikem (Blackburne et al. 2008; Okabe et al. 2011; Pacek 2014).
Saturacni konstanta koncentrace rozpusténého O2 podle Monodova modelu pro AOB je 0,3
mg/l a pro NOB 1,1 mg/l, pro zachovani Cinnosti AOB pfi soucasném potlaceni ¢innosti
NOB je tedy vhodné zvolit koncentraci, ktera lezi mezi témito hodnotami (Aslan et al.
2009). Van Tendeloo et al. (2022) uvadéji, ze pii koncentraci rozpusténého kysliku niz§i
nez 0,51 mg/l dochéazi v biofilmovém reaktoru k dlouhodobému potlaceni NOB. Nizka
koncentrace rozpusténého kysliku je vyhodna z ekonomického hlediska, v Cisténé vodé
v8ak muze vést k nejriznéjs§im problémum jako je lokalni nedostatek kysliku zptsobujici
vypadky v ucinnosti, bytnéni kalu (Blackburne et al. 2007) a vyssi produkce oxidu
dusného (Kampschreur et al. 2009). Ve vodach s nizkou koncentraci N-amon je nizka
koncentrace rozpusténého kysliku hlavni strategii, jak dosahnout zkracené nitrifikace (Yao
et al. 2021). Ve vodach s vysokou koncentraci N-amon je ale mozné vyuzit 1 dalsi faktory
inhibujici rast a Cinnost NOB, proto je v nich akumulace dusitanii pozorovana i pfi
hodnotéach nad 1,2 mg/l (Ciudad et al. 2005; Wang et al. 2014b; Zhao et al. 2022). Li et al.
(2017) pouzili membranovy reaktor, ktery zpracovaval skladkovy vyluh, a dosahli
akumulace dusitana pfi teploté 30 + 1 °C, hodnoté pH 7,8-8,2 a koncentraci rozpusténého
kysliku mezi 0,5 a 1 mg/l. Poté zvySovali objemové zatizeni reaktoru dusikem a zkracenou
nitritaci pozorovali 1 pfi koncentraci rozpusténého kysliku mezi 2 a 3 mg/l, coz bylo dano

vlivem dalSich inhibicnich faktort jako je koncentrace FA a FNA a doby zdrzeni kalu.

Slibnou variantou, jak docilit zkracené nitrifikace 1 ve vodach s nizkou koncentraci
N-amon je stfidani aerobnich a anoxickych podminek, kdy vznikla pfechodna anoxie vede
k omezeni Cinnosti NOB (Kornaros et al. 2010; Regmi et al. 2016). Dalsi variantou je
regulace Casu, po ktery dochazi pii Cisténi odpadni vody k provzdusniovani. Na zakladé
meéteni oxidacné - redukcniho potencidlu, koncentrace rozpusténého kysliku a hodnoty pH
je provzdusinovani vypnuto pied nebo v dobé dokonceni oxidace N-amon, takze dalsi
oxidace neni mozna v dasledku nedostatku kysliku. Tato strategie by méla pomoci snizovat

populaci NOB v ¢isténé vodé (Yang et al. 2007).
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1. 4. 2 Teplota

Velmi dulezitym faktorem, ktery ovliviiuje nitrifikaci, je teplota. V prvni fade€ je
dulezita pro aktivitu mikroorganismu. Nitrifikacni bakterie jsou pomérné teplotné citlivé.
Udava se, ze pro Cisté kultury je optimalni hodnota pro prubéh nitrifikace v rozmezi 28 —
32 °C. Pii poklesu teploty o 10 °C se jeji rychlost snizuje pfiblizn€ na polovinu (Chudoba
et al. 1991; Reino & Carrera 2021) a pfi teplotach pod 5 °C je jiz jeji rychlost velmi mala
(Pitter 2009). Teploty pod 5 °C a ptes 40 °C nitrifikaci defacto zastavuji (Chudoba et al.
1991; Hellinga et al. 1998).

AOB a NOB maji odlisné teplotni naroky, obecné lze fici, ze vysSi teploty
zvyhodnuji AOB oproti NOB, coz podporuje akumulaci dusitand (Kim et al. 2008).
Rodriguez-Sanchez et al. (2014) uvadi, ze pfi teploté nad 24 °C je rychlost rustu NOB nizsi
nez AOB, ale pfi teploté niz§i nez 15 °C rostou rychleji NOB a stavaji se dominantnimi
v mikrobialni kultufe. Pro dosazeni zkracené nitrifikace je vSak nutné kombinovat vyssi

teplotu s limitaci stafi kalu (viz kapitola 1. 4. 3).

Teplota rovnéz ovliviluje koncentrace FA a FNA v Cisténé vodé (Gabarro et al.
2014). Razné koncentrace FA a FNA maji rizné ucinky na AOB a NOB - viz kapitola 1. 4.
5, obecné se udava, ze akumulace dusitani muze byt pfi vysSich teplotach podporena

zvySenou koncentraci FA inhibujici NOB (Anthonisen et al. 1976).

Pfi Cisténi odpadnich vod je provozni teplota obvykle nizsi nez 25 °C, coz je pro
prubéh nitritace nevyhodné. Pfipadné vyhfivani reaktoru je neekonomické, jsou proto
hledany cesty, jak dosahnout selektivni inhibice NOB 1 pfi nizkych teplotach, coz je ale
pomeérné obtizné, obzvlasté u odpadnich vod s vysokou koncentraci N-amon (Rodriguez
et al. 2011). Jednou z variant, jak zvySit odolnost AOB vuci teplotnim zménam, je
imobilizace kalu v ur€itém nosici, napt. v polyuretanu (Chen et al. 2016) — viz kapitola

1.4.6.
1. 4. 3 Stari kalu

Regulace stafi aktivovaného kalu muze zménit strukturu mikrobialniho

spoleCenstva v Cisténé odpadni vodé, protoze doba zdvojnasobeni poctu AOB je za pro né
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vyhodnych podminek (zejména pii vhodné teploté — viz kapitola 1. 4. 2) o 7 — 8 hodin
kratsi nez u NOB (Soliman & Eldyasti 2018). Pfi dobé zdrzeni kalu mensi nez dva dny je
napt. pfi vhodné teploté mozné NOB vyplavit ze systému, lze tedy fici, ze kratka doba
zdrzeni kalu akumulaci dusitant podporuje (Hellinga et al. 1998; Yamamoto et al. 2008).
Kdyz je doba zdrzeni kalu delsi, k potlaCeni NOB je vzdy potieba vyuzit také ostatni
faktory ovliviyjici nitrifikaci jako napf, koncentraci rozpusténého kysliku, a pokud se kal
ze systému neodstrafiuje, zkracené nitrifikace je tézké dosahnout (Reino et al. 2021). Napt.
Pambrun et al. (2008) dosahli zkracené nitrifikace i pii dob€ zdrzeni kalu 18 dni, jednalo
se vSak o systém SBR, na cely proces tedy mély podstatny vliv ostatni faktory, predevsim

vykyvy pH a s nimi souvisejici koncentrace FA a FNA (viz kapitola 1. 4. 5).

Nicméné Li et al. (2017) uvadi, ze dosdhnout zkracené nitrifikace pouze pomoci
udrzovani ideélni doby zdrzeni kalu pro AOB neni mozné, vzdy je potieba vyuzit také vliv

ostatnich faktort, predevsim teploty nebo koncentrace rozpusténého kysliku.
1. 4. 4 Hodnota pH

AOB a NOB maji odli§né naroky na pH prosttedi, napt. pro rod Nitrosomonas se
jevi jako optimalni hodnota pH v rozmezi 7,9 — 8,2 a pro rod Nitrobacter v rozmezi 7,2 —
7,6 (Alleman 1985). V soucasné dobé€ se uvadi, ze pro dosazeni zkracené nitrifikace je

optiméalni hodnota pH blizka 8,0 (Li et al. 2017).

Faktorem, ktery ma vliv na nitrifikaci, vSak zfejmé Casto neni pifimo hodnota pH,

ale spise fakt, ze ovliviiuje napt. koncentrace FA a FNA v ¢isténé vodé (Pitter 2009).
1. 4. 5 Koncentrace FA a FNA

S hodnotou pH a dalSimi faktory, predev§im teplotou, souvisi koncentrace
jednotlivych forem vyskytu anorganického dusiku. NOB jsou citlivé predevsim na vysoké
koncentrace FA a FNA. Obecné¢ lze fici, ze s naristem hodnoty pH roste koncentrace FA,
zatimco s poklesem hodnoty pH jeji koncentrace klesa a naopak se zvySuje koncentrace
FNA. Inhibi¢niho vlivu FA a FNA se da aspé$né vyuzivat k potlaceni aktivity NOB, které
jsou vuci FA a FNA méné odolné nez AOB. Z hlediska snazsiho vyuziti inhibi¢nich vlivu

FA a FNA jsou pro dosazeni zkracené nitrifikace Casto vyuzivany SBR systémy
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(Sequencing Batch Reactor). Cisténi odpadni vody v t&chto zafizenich probiha v jedné
nadrzi, v niz se periodicky opakuji faze plnéni reaktoru, €isténi, sedimentace a od¢erpavani
vycisténé odpadni vody (Blackburne et al. 2008; Gabarro et al. 2012). Pokud ma ¢isténa
odpadni voda vysokou koncentraci N-amon, muize v reaktoru dochazet k vyraznym
vykyvam v hodnoté pH, kdy nejvyssi pH je po nadavkovani Cisténé vody a v prabéhu
nitrifikace postupné klesa. Béhem cyklu SBR se diky tomu mohou koncentrace FA a FNA
vyrazné ménit. FA ovliviiuje nitrifikacni bakterie zejména na zacatku cCisticiho procesu,
piicemz postupné klesa jeji koncentrace. Soucasné ale nartsta koncentrace FNA, jejiz vliv
muize byt vyznamny pfedev§im na konci cyklu (Anthonisen et al. 1976; Gabarro et al.

2012).

Anthonisen et al. (1976) uvadi, ze inhibice NOB pfi zachovani aktivity AOB zacina
pii koncentraci FA v rozmezi 0,1 — 1 mg/l a koncentraci FNA v rozmezi 0,22 — 2,8 mg/I,
inhibice AOB zacina pii koncentraci FA v rozmezi 10 — 150 mg/l. Zhou et al. (2011)
udavaji, ze koncentrace FNA v rozmezi 0,42-1,72 mg/l snizuje aktivitu AOB o 50 %,
v rozmezi 0,011-0,07 mg/l snizuje aktivitu NOB a v rozmezi 0,026—0,22 mg/l mize NOB
zcela inhibovat. Zaroven ale fada autorti uvadi, ze ve svych studiich dosahli inhibice NOB

mimo uvedena rozmezi.

Napft. Vadivelu et al. (20060) zaznamenali uplnou inhibici NOB az pfi koncentraci 6
mg/l FA. Li et al. (2017) zaznamenali aktivitu NOB 1 pfi koncentraci FA 42, 4 mg/l
a zaroven zjistili, ze aktivita NOB nebyla plné inhibovana, i kdyz koncentrace FNA
doséahla 0,1036 mg/l. Tato skuteCnost je patrné dana adaptaci NOB na vysoké koncentrace
FA a FNA, kterym byly po dlouhou dobu vystaveny. Vysoké koncentrace FA nebo FNA tak
mohou na kratkou dobu uspésné potlacit aktivitu NOB, nicméné existuje riziko, ze se na
vysoké koncentrace po urcitém Case aklimatizuji (An et al. 2021). Pro dlouhodobé udrzeni
zkracené nitrifikace je proto obvykle potieba vyuzit souhry vice faktort, které ji ovliviuji.
Zaroven je nutné brat v uvahu, ze nékteré rody NOB (napf. rod Nitrospira) nejsou na
ucinek FNA tolik citlivé a nemusi tak k jejich Gplné inhibici stacit (Ma et al. 2017; Duan
et al. 2019). Inhibi¢ni G¢inek FNA muze byt navic oslaben také u biofilmovych reaktort

(van Tendeloo et al. 2021) — viz kapitola 1. 4. 6.
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Pomérme nedavno bylo také zjisténo, ze FNA je podstatné biocidnéjsi pro NOB nez
pro AOB za anoxickych podminek. Z tohoto diivodu je vyhodné na Cistirnach odpadnich
vod ¢ast kalu podrobit inhibi¢nimu vlivu FNA za anoxickych podminek oddélené od hlavni
Gistirenské linky a poté takto upraveny kal recirkulovat do hlavniho proudu na COV (Wang

et al. 2014a).
1. 4. 6 Zpusob kultivace biomasy

Potlaceni ¢innosti NOB pii soucasném zachovani funkce AOB muze byt ovlivnéno
také zpusobem kultivace biomasy zodpovédné za prabéh Cisticiho procesu. Rozeznavame
biomasu vyskytujici se ve formé suspenze (vlockovy kal), granulovany kal, biomasu
zachycenou na povrchu vhodného nosice (biofilm) a enkapsulovanou biomasu, kdy jsou
mikroorganismy uzaviené do vhodného nosi¢e (Kouba et al. 2019; Kumwimba et al.
2020). Kal ve formé suspenze je nejekonomictejsi variantou a je cCasto vyuzivan v SBR

systémech (Ren et al. 2021; Statiris et al. 2022) — viz kapitola 1. 4. 5.

Obecné lze fici, ze rast mikroorganismii je vice podpofen v biofilmu nebo
v enkapsulované biomase, pifi té€chto zpisobech kultivace maji totiz mikroorganismy
stanovisté, které je ,.chrani pred nepfiznivymi vlivy okolniho prostiedi — napf. pred
vykyvy pH nebo toxickymi latkami (Zhu et al. 2012; Wang et al. 2022). Obé tyto varianty
(enkapsulovana biomasa, biofilm) tak umoziuji efektivngjsi zadrzovani biomasy
v reaktoru, jsou ale nakladnéjsi, protoze jsou obvykle spjaty s vyuzitim néjakého nosice,
Casto plastového. To mize predstavovat i ur¢ité environmentalni riziko, protoze pokud je
nosi¢ poSkozen nebo je cely nedopatfenim vypustén s vyciSténou odpadni vodou, do
zivotniho prostifedi se mohou uvolnit nezadouci latky (Wang et al. 2022). Existuje také
riziko vyplaveni mikroorganismii pred vznikem Zzadouciho biofilmu, pokud je pritok
Cisténé vody prili§ velky, nebo naopak vzniku tzv. mrtvych zon, tedy vrstev skladajicich se

pouze z mrtvych bunék (Gu et al. 2020; Wang et al. 2022).

Li et al. (2011) navic uvadi, ze imobilizace mikroorganismi zmirfiuje napf.
inhibi¢ni u¢inek FA na NOB, coz znamen4, Ze ve srovnani s kalem ve form¢ suspenze jsou
pfi pouziti imobilizované biomasy k dosazeni zkracené nitrifikace zapotiebi silngjsi

inhibi¢ni opatfeni.
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K podobnym zavérim dospéli v pripadé enkapsulované biomasy také Kouba et al.
(2019). Porovnavali nabéh a stabilitu casteCné nitritace v reaktorech provozovanych
v rezimu SBR pfi 15 ° C ve vodach s koncentraci N-amon 75 — 600 mg/l s kalem ve forme
suspenze, s biomasou enkapsulovanou v PVA a s biofilmem. Zjistili, ze nab&h castecné
nitritace byl dvakrat rychlej§i v reaktoru s biofilmem a enkapsulovanou biomasou nez
v reaktoru se suspendovanym kalem. Nicméné po zapracovani systému byla CasteCna
nitritace v biofilmu a v suspendovaném kalu stabilni pfi koncentraci N-amon 150 — 600
mg/l, zatimco v systému s enkapsulovanou biomasou se rozvinula plna nitrifikace 1 pfi
koncentraci N-amon 600 mg/l. Z toho vyplyva, ze NOB jsou schopné se pii tomto zptisobu
kultivace biomasy pftizpusobit i koncentracim FA 4,3 mg/l a FNA 0,27 mg/l. Pro dosazeni
a udrzeni stabilni ¢astecné nitritace pro odpadni vody s koncentraci N-amon v rozmezi 150
— 600 mg/l cisténé v systému SBR se podle této studie jevi jako nejvhodnéjsi varianta

vyuziti biofilmu.

Biofilm se zda byt vyhodnou variantou v riznych PN/A reaktorech zejména kvili
pomalu rostoucim ANAMMOX bakteriim a jejich citlivosti na podminky prostiedi, v némz
ziji (Han et al. 2020; Kumwimba et al. 2020). Lze v ném snadnéji vytvofit mikroprostredi
s vhodnou koncentraci rozpusténého kysliku, které je nezbytné pro symbiézu ANAMMOX
bakterii s AOB a zaroven eliminaci NOB (Chen et al. 2019). Biofilm obvykle
obsahuje aerobni a anoxické zony, které zprostfedkovavaji uzké interakce mezi raznymi
organismy transformujicimi dusik. Nitrifikacni bakterie obyvaji pfevazné aerobni zoénu,
zatimco heterotrofni denitrifikacni bakterie s ANAMMOX bakteriemi maji tendenci
osidlovat anoxickou zonu (Jin et al. 2012). V praxi se nejcastéji setkame s pouzitim pouZziti
membranového reaktoru (MBR - Membrane Bio Reactor), biofilmového reaktoru
s pohyblivym lozem (MBBR - moving bed biofilm reactor) nebo membranovym
provzdusniovanym biofilmovym reaktorem (MABR - membrane aerated biofilm reactor)

(Phanwilai et al. 2020; Zhang et al. 2024).
1. 4. 7 Dalsi faktory

Sulfidy mohou rovné€z vyznamné ovlivnit proces zkracené nitrifikace. Vznikaji
redukci sirand za anaerobnich podminek napt. v kanalizaci, pfi anaerobnim predcisténi

odpadnich vod a hojna je na né také kalova voda vznikla odvodnénim anaerobné
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stabilizovaného kalu (viz kapitola 1. 5), pfipadné skladkové wvyluhy nebo fugat
z bioplynovych stanic. V zavislosti na slozeni a diverzité populace NOB muze sulfid
slouzit jako selektivni inhibitor NOB (Vela et al. 2018). Rizené davkovani sulfidd do
odpadni vody muze vést k selektivnimu potlaceni Cinnosti NOB, coZz je navic podporeno
inhibi¢nim ucinkem FA, jehoZz koncentrace se zvysuje v dusledku zvyseni pH pfi hydrolyze
sulfidi (Erguder et al. 2008). Owaes et al. (2023) dosahli zkracené nitrifikace v reaktoru
provozovaném v rezimu SBR pfi davce sulfidi 15 mg/l v odpadnich vodach s koncentraci
N-amon v rozmezi 50 — 70 mg/l. Kouba et al. (2017) ovSem dospéli k zaveru, ze sulfidy
mohou selektivné inhibovat NOB a mohou tak pomoci vyvolat akumulaci dusitant, po
zapracovani systému je vSak lepsi se davkovani sulfidi vyhnout, protoZze mohou inhibovat
kromé NOB také AOB. Je také nutné brat v tvahu slozeni mikrobialniho spoleCenstva,

napft. rod Nitrobacter je vici inhibici sulfidy odolnéjsi nez Nitrospira (Vela et al. 2018).

V poslednich letech je snaha fidit proces zkracené nitrifikace tak, aby , konecny
produkt” byl co nejvhodnéjsi pro naslednou ANAMMOX reakci. Vyuziva se ucinka svétla,
pficemz se uvadi, ze NOB jsou vuci svétlu citlivejsi nez AOB, coz je patrné dano mensi
odolnosti bunéénych membran NOB ve srovnani s AOB (Akizuki et al. 2020; Wang et al.
2021). Déle je vyuzivan nizkofrekvencni ultrazvuk, ktery pii urcitych frekvencich
a intenzitach podporuje ¢innost AOB (Tian et al. 2021). Pro potlaceni funkce NOB pfi
soucasném zachovani funkce AOB je také mozné vyuzit stacionarni magnetické pole, které
inhibuje NOB (Jia et al. 2018). Vyuziti svétla, ultrazvuku a magnetického pole je ov§em
silné ovlivnéno kvalitou a mnozstvim vody, napf. hustota a morfologie kalu mutze ucinky
svétla ovlivnit velmi zasadné¢ (Wang et al. 2021). Tyto metody jsou navic energeticky

narocné.

Vliv mize mit také koncentrace kovovych iontd (napt. Cu®*), které se pii vysokych
koncentracich chemicky slucuji s nekterymi enzymy, ovliviiyji strukturu a aktivitu téchto
enzymu a nasledn¢ inhibuji mikrobialni aktivitu. Podpora nebo inhibice Cinnosti je zavisla
na expozic¢ni davce, pficemz NOB jsou vuci pusobeni kovovych iontd citlivéjsi nez AOB
(Hu et al. 2003; Su et al. 2020). Cinnost AOB i NOB ovliviiuje rovnéz salinita vody, AOB
jsou pii vysoké salinité (25 g NaCl/l) inhibovany (Garcia — Ruiz et al. 2018). Ovliviiovani
funkce AOB a NOB kovovymi ionty, pfipadné upravou salinity vody je ovSem obvykle
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spjato s vys§imi provoznimi ndklady a pridavani chemikalii do cisténé vody je

problematickou otdzkou i z environmentalniho hlediska.

NOB mohou byt selektivné inhibovany také dal§imi latkami. Jednou z nich je napft.
hydroxylamin, ktery je meziproduktem nitritace. Napf. Xu et al. (2012) uvadi, ze
pozorovali stabilni nitritaci ve vodé o koncentraci N-amon 100 mg/l pii teploté 25 °C
a koncentraci hydroxylaminu 10 mg/l. Mezi dalsi latky, které mohou byt vyuzity
k akumulaci dusitant, patii také hydrazin (Xiang et al. 2019), n¢ktera antibiotika (Albaiges
et al. 1986), pripadné kyselina mravenci, kterd inhibuje transkripci genu nxrf, coz vede
k inhibici oxidace dusitanti (Wang et al. 2020). I vyuziti téchto latek ma vSak jista omezeni
nebo nevyhody. Napf. antibiotika mohou negativné ovlivnit jiné organismy a jejich

nedokonalé odstranéni z vody je nezadouci.
1.5 Kalova voda a jeji zpracovani

V praxi rozeznavame odpadni vody s vysokou (koncentrace N-amon v fadek stovek
az tisici mg/l) a nizkou koncentraci N-amon (koncentrace N-amon v fadu desitek mg/1).
Mezi odpadni vody s vysokou koncentraci N-amon patii napt. kalova voda vznikajici na
COV pii zahustovani a odvodiiovani anaerobné stabilizovaného kalu, ktera byla vyuzita
pii vyzkumu v ramci této prace. V nasledujicim textu budou proto podrobngji rozebrana

néktera jeji specifika a zpusoby jejiho Cisténi.

Kalova voda je kapalna faze kalovych suspenzi a COV produkuji dva zakladni typy
této vody — kalovou vodu vzniklou pfi zahu§tovani smésného surového kalu (primérni
a sekundarni kal maze byt zahustovan také zvlast, pak je ovSem slozeni kalové vody
vzniklé zahusténim primarniho kalu jiné nez slozeni kalové vody oddélené pfi zahustovani
sekundarniho kalu) a kalovou vodu vzniklou pii zahustovani a mechanickém odvodiiovani
anaerobn¢ stabilizovaného kalu. Kalova voda vznikla pfi zahu§tovani surového kalu ma
podobné slozeni jako voda odchazejici z primarniho Cisténi ¢i sekundarniho Cisténi, vraci
se proto do hlavni Cistirenské linky a nema vyznamny vliv na prubéh cistirenskych procest

(Chudoba et al. 1991; Dohanyos et al. 1998).

Pro kalovou vodu vzniklou pfi zahuStovani a mechanickém odvodiiovani

anaerobn¢ stabilizovaného kalu jsou charakteristické vysoké koncentrace N—amon (0,5 g/l
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- 1,5 g/l i vice), vysoké koncentrace sloucenin fosforu a nizky koncentra¢ni pomér
CHSKV/N, ktery je mensi nez 1, vzhledem ke koncentraci dusiku tedy obsahuje relativné
nizkou koncentraci organickych latek. Pfi¢inou nizkého koncentra¢niho poméru CHSK/N
je rozklad organickych latek obsahujicich organicky dusik béhem anaerobniho procesu
a prevedeni tohoto dusiku na amoniakalni formu, ktera zistava v kalové vodé, zatimco
organicky uhlik je pfeveden na plynné produkty, jez pfechazeji do bioplynu. Pti odvodnéni
kalu mize rovnéz dojit ke snizeni teploty, presto se kalova voda fadi mezi spise teplé
odpadni vody s teplotou mezi 30 a 37 °C. Jeji dalsi klicové parametry jako napt. pH,
neutralizacni kapacity nebo koncentrace zivin jsou ovlivnény slozenim odpadnich vod
a provoznimi parametry pii anaerobnim zpracovani kalu. Kvalita dané kalové vody je tak
do urcité miry specificka pro danou lokalitu, coz je potfeba vzit v uvahu pii vybéru spravné
technologie odstraiiovani dusiku (Chudoba et al. 1991; Fux & Siegrist 2004; Gustavsson
et al. 2010).

Kalova voda vznikla pfi zahustovani a mechanickém odvodriovani anaerobné
stabilizovaného kalu je rovnéz vracena do hlavni linky cisténi pfed primarni nebo
sekundarni stupeti, vzhledem k jejimu slozeni se v§ak mohou objevovat komplikace pii
odstraiiovani sloucenin dusiku a fosforu v aktivaénim systému. Jeji davkovani proto musi

byt fizené (Chudoba et al. 1991; Dohanyos et al. 1998).

Uinnym feSenim je oddélené &isténi této kalové vody (tzv. sidestream), které
snizuje celkové zatizeni dusikem v hlavnim proudu Cistirny (tzv. mainstream) a prispiva
tak k optimalizaci Cistictho procesu. Kalova voda je zpracovana oddélené od hlavni
Cistirenské linky a teprve poté je vypousténa zpét do aktivaéniho systému ¢i pred
mechanické Cisténi, pfiCemz hlavni diraz je kladen predevSim na co nejucinnéjsi
odstranéni N-amon. Jedna se o ekonomicky vyhodnéjsi variantu, protoze upravy hlavni
linky COV jsou obvykle nakladng&jsi. Kalova voda je pro své vlastnosti (vy$3i teplota, vyssi
koncentrace N-amon a nizky pomé&r CHSK:N) vhodna k aplikaci netradi¢nich biologickych
metod, predevs§im diky niz§im provoznim nakladim ve srovnani s tradi¢nim procesem

nitrifikace/denitrifikace (Lackner et al. 2014; Karmann et al. 2024).

Dosazeni zkracené nitrifikace, ktera je obvykle zakladem aplikace téchto

netradi¢nich biologickych metod, je obecné snaz§i v odpadnich vodach s vysokou
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koncentraci N-amon, nez ve vodach s nizkou koncentraci N-amon. Lze v nich totiz napft.
lépe vyuzit inhibice NOB toxickymi formami dusiku. Potlaceni funkce NOB pfi
soucasném zachovani funkce AOB je vSak dano obvykle souhrou vice faktord, kromé
inhibice toxickymi formami dusiku je vyuzivana napf. vysoka teplota nebo snizena
koncentrace rozpusténého kysliku (Kim et al. 2008; Rogriguez - Sanchez et. al. 2014; Li
et al. 2017).

Pfi oddéleném cisténi kalové vody je stale Castéji vyuzivan proces PN/A, ktery uz
byl v praxi aplikovan ve vice nez 150 objektech COV (Lackner et al. 2014; Karmann et al.
2024). Ekonomicky nejvyhodné&jsi jsou jednostupniové systémy, kde procesy PN/A
probihaji ve stejné jednotce (Yang et al. 2018), z hlediska fizeni celého procesu jde ale
o slozité¢§i variantu. AOB potiebuji kyslik, zatimco ANNAMOX bakterie vyzaduji
anoxické prostiedi, problémem je také vymyvani kalu ve formé suspenze. Resenim se zda
byt vhodna kultivace biomasy — tvorba biofilmu na vhodném nosici, biomasa ve forme
granuli nebo kombinace téchto strategii (Huang et al. 2016; Chen et al. 2024) — viz
kapitola 1. 4. 6.

Na tomto misté je vhodné poznamenat, ze posledni dobé€ je snaha vyuzit metodu
PN/A také v mainstreamu, tedy pii Cisténi méstskych odpadnich vod, vnichz se
koncentrace N-amon pohybuje obvykle vifadu desitek mg/l. Nizké koncentrace
amoniakalniho dusiku a nizké teploty splaskovych odpadnich vod vSak zatim jeji aplikaci
omezuji (Wu et al. 2021; Wang et al. 2022). Pro zvySeni Gspé$nosti procesu je vyhodné
Cisténou vodu inokulovat kalem zjiz zapracovaného systému PN/A, pomalu rostouci
ANAMMOX bakterie kultivovat v biofilmu (Yang et al. 2018; Yang et al. 2019) a pro
potlaceni ristu NOB regulovat koncentraci rozpusténého kysliku napf. stfidanim oxickych
a anoxickych fazi nebo regulaci délky Casovych usekd s aeraci (Pedrouso et al. 2018;
Gustavsson et al. 2020) — viz kapitola 1. 4. 1. V této oblasti se také jevi jako perspektivni
vyuziti comammox procesu (viz kapitola 1. 3. 2. 1. 1) ve spojeni s ANAMMOX procesem,
1 zde je ale ucinnost odstranéni dusikatého znecisténi komplikovana nizkymi teplotami
¢isténé vody (Shao & Wu 2021). Li et al. (2023) proto navrhuji zvysit odolnost commamox
a ANAMMOX bakterii vici nizkym teplotam napf. jejich imobilizaci do hydrogelovych
kapsli.
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1. 6 Shrnuti

Jak vyplyva =z pfedchazejiciho textu, v poslednich nékolika letech doslo
k vyraznému pokroku v oblasti odstrafiovani dusikatého zneciSténi z odpadnich vod
pomoci netradi¢nich biologickych metod, stale ovSem existuje fada aspektd, které je
potieba optimalizovat, pficemz snahou je docilit co nejstabilnéj§iho a nejucinnéjsiho
Cistictho procesu za co nejvyhodnéjsich ekonomickych podminek. Je tieba si uvédomit, ze
zakladem vétSiny netradiCnich biologickych metod je uspéSné dosazeni a dlouhodobé
udrzeni zkracené nitrifikace. K pokroku v této oblasti se snazil prispét 1 vyzkum

predstaveny v ramci této prace.
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2 Cile a hypotéza

Hypotéza

Zakladni hypotézou prace je predpoklad, ze zmény fyzikalnich a technologickych
parametru pii nitrifikaci probihajici v biologickém stupni ¢isténi odpadnich vod povedou
k vyznamnym zménam v zastoupeni jednotlivych skupin nitrifikaCnich organismi ve
smeésné kultufe odpovédné za proces Cisténi, pficemz v urcitych piipadech bude dosazeno
stavu, kdy organismy zajistujici biochemickou oxidaci N-amon na N-NO;  budou
vykazovat aktivitu, zatimco aktivita organismi druhého stupné nitrifikace nebude
z technologického hlediska vyznamna. V dusledku toho bude nitrifika¢ni proces ukoncen

ve fazi dusitanu.

Cile prace

Cilem disertacni prace je vyhodnotit vliv riznych fyzikalné-chemickych
a technologickych parametrt (teplota a jeji kolisani, vstupni koncentrace N-amon v Cisténé
vod€, hodnota pH, objemové zatizeni amoniakalnim dusikem) na vyskyt konecnych
produktt nitrifikace a s tim souvisejici aktivitu AOB a NOB. Prace si klade za cil rozsifit
soucasné znalosti v oblasti netradi¢nich postupt odstrafiovani N-amon z odpadnich vod

a na zakladé€ vysledkt provedenych experimentt tyto procesy optimalizovat.
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3 Publikované prace

3. 1 Publikovana prace ¢. 1

1) Radechovsky J, Svehla P, Hrnéifova H, Pacek L, Balik J. 2013. Inhibi¢ni ptisobeni
slou¢enin dusiku pfi nitrifikaci odpadnich vod. Chemické Listy 107:892 — 896.
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INHIBICNI PUSOBENI SLOUCENIN
DUSIKU PRI NITRIFIKACI
ODPADNICH VOD

JOSEF RADECHOVSKY, PAVEL SvE HLA,
HELENA HENCIROVA, LUKAS PACEK
a Jiii BALIK

Karedra  agroenvirommentalnd chemie a wdive  rosilin,
Fakulta agrobiologie, potravinovich a pFivodnich zdraji,
Ceshi  zemdddiskd  wniverzite v Praze, Kawnekd 129,
165 21 Praha 6 — Suchdol

raudechovaiyimal coes

Dodle 25.4.13, pfijato 27.9.13.
Rukopis byl zafazen k tisku v ramei placené sluiby
urvehleného publikovani.

Klitova slova: nitnifikace, odpadni voda, N-amon, volny
amoniak, volnd kysclina dusita, nitritace

Uvod

Mitrifikace je v kombinaci s denitrifikaci podstatou
biologického odstrafiovani slouenin dusiku z odpadnich
vod ", Probihi ve dvou zikladnich stupnich, za které jsou
zodpovidné dvé samostatné skupiny nitrifikaénich hakte-
rii. Do procesu vstupuje amoniakalnd dusik (N-amon),
ktery je mejprve oxidovan na dusitanovy dusik (M-MO=)
aten nasledné na dusik dusiGnanovy (N-NOs ) Oxidaci
M-amon na dusik dusitanovy (nifritace) zpisobuji bakterie
rodu Nitrosomonas, Nitvesococcus o dalsi nitritaéni hakte-
ric ornadovand jako AOB (Ammonivm Oxidizing Bacte-
ria). Druhou &st biologické oxidace weniklych dusitani
na dusifnany zajistuji bakicric rodu Niseospiva, Nitrobae-
fer o dalii nitratadni bakterie souhmnéd oznadované jako
OB (Mitrite Oxidizing Bacteria).

Aktivita nitrifikainich organismi je do =naéné miry
zavisli na lcplm&""‘. aktudlni koncentraci rozputéného
lq.-'.liliku.r'“I a technologickych parametrech Eisticiho proce-
su’. Cinnost nitrifikeénich organismi viznamné ovliviije
i koncentrace sloufenin dusiku Géastnicich se nimfikaéni-
ho procesu. fejména jsou z iohoto pohledo diskutovany
Jednotliveé disociadni formy N-gmon a N-NOs - W tomto
pfipad® hovolime o tev. substratové & produktove inhibici
dinnosti nitrifikaénich organismi®, VEdinou se uvadi, Fe
inhibici nifrifikace Fpdschuji zejméng nedisociovand for-
my viskytu N-amon a M-M0O, | tedy nedisociovany amoni-
ak (FA — Free Ammonia) a kyselina dusita (FNA — Free
Nitrous  Acid)’. Visledky nékterpch studii  naznacuji
i modnost inhikiéniho pisebeni disociovaného iontu na
nékteré skupiny nitrifikaénich organismii®.  Zastoupeni
zminénych disociatnich forem je zivislé zejména na hod-
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noté pH & teploté™™", Citlivost jednotlivich drubi a rodi
nitrifikaénich organismi vigi Fminénym dusikatym slou-
deninam je pochopitelnd riznd. Ohecené plati, fe AOB json
vidl témie vlivim podstatné rezisteninggéi nek NOB. Proto
miEe ph nitrifikaci za  urditych okolnosti dochamet
k hromadéni produktu Cmnostt AQB, tedy dusitani. Jejich
zvykeni koncentrace pak mide sekundarmé vyfazeni NOB
z Einnosi jebté vice podpofit. Popsany jev je v plirozenych
chosystémech naprosto nedadouci  vehledem  k toxicit®
dusitani vi# vodnim organismim' a za bé&mych okal-
mostl se mu #e stejného divodu snadime zabranit @ ph bio-
logickém Zikténi odpadnich vod. Na druhou stranu je viak
moEno cilenouw selektivni inhibict Cinnosti MOB wyudit ph
aplikaci nékterych inovativnich biologickich postupi od-
strafiovini N-amon™ "',

Cilem experimenti, jejichd visledky jsou prezentowi-
my v ramei tohoto pfispéviu, bylo ziskat formou dlouhodo-
bich laboratomich testl nové poenatky o citlivost jednot-
liviech skupin nitrifikadénich organismi na plitomnost FA
aFNA phH procesu biologického Cikténi odpadni vody
= variabilnim obsahem M-amon.

Experimentilni ¢ast

Pokusy probihaly v laboratornim méfitku jako simu-
lace hiologického fiténi odpadni vody 5 vanabilnim ohsa-
hem MN-gmon. Jako vatupni voda byla powiita kalova voda
venikajici pfi odvodiovini anacrobné stabilizovaného kalu
na Ustfedni Sistirné odpadnich vod v Praze. Tato voda ob-
sahovalas MN-amon v koncentraénim  roemezi  1000-1400
mg I a byla vodovodni vodou fedéna na podadovanou
koncentraci W-amaon.

Experiment probihal v laboratomim modelu biologic-
kiého reaktoru, ktery byl viytvofen z plexiskla. Cely model
byl umistén v termostatické skfinl nastavené na teplotn
15°C. Pracovni objem fiiténé wvody byl 1.5 dm’ a jeho
proveduifovini  hrubobublinnouw  acraci bylo  zajifténo
akvanstickym motorkem. Foncentrace rozpuiténého kysli-
ku v reaktoru nebyla limitovina a po celow dobu experi-
mentu piesahovala 5 mg 17, Cempani vstupujici a vystupu-

jici vody probihale pomoci peristaltickych Eerpadel. Reak-

tor byl na podatku pokusu inokulovin smési kalové vody
a tzv. vrainého aktivevaného kale' odebraného v biologic-
kém stupni CiSténi na pradské dstfedni fistimE odpadnich
vod v objemovém pomére 1:1.5. Koncentrace nerozpubié-
nych organickych latek (ML, ) v pouditém aktivovancm
kalu fmnila 6,96 g 1 Ly pribéhu celéhe proveeu modelu se
koncentrace ML, v reaktoru pohybovala mesi 0.25-0,%0
£ 17", Reaktor pracoval v redimu semikontinuglniho prido-
ko &iEténé odpadni vody na principy 3BR (Sequencing
Batch Rtnclul]' v nasledujicich pracovnich cyklech: pritok
odpadni vody — 10 minut; aerace — 5 hodin 20 minut bé-
hem ctap 5-8 a 11 hodin 20 minut béhem ctap 1-4 a 9-11;
sedimentace — 20 minut; odiok vyfidténé odpadni vody -
10 minuit. Objemové zatizeni amoniakalnim dusikem bylo
po celou dobu experimentil wdrkovano na stabilni hodnot®
okolo 0,2 kg m "q'. Fatieni kalu (kg M-amon piivedend
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Tabulka [
Harmonogram provozu laboratorniho modelu

Laboratomi piisiroje a postupy

Etapa Diny provoeu M-amon vitup [mz 1] Podet cykll za den Doba zdrkeni [h)
1 064 G 2 558
2 65-222 G 2 Gk 4
3 223-322 D 2 3,0
4 323-384 150 2 1E
5 3R5443 75 4 0.8
6 H44-475 75 4 9.2
7 476-511 75 4 9.0
B 512-525 150 4 173
] 5216-533 E111] 2 340
I 534-551 G 2 XL
11 552-570 1000 2 128,5
na 1 kg NL., za jeden den) oscilovalo v zivislosti na akiu- 47 o (2

dlni koncentraci NLy, vreakioru mezi hodnotami (0,22
a0 kg ke "d"'. Hodnota pH nebyla regulovina, col
omezovalo Ofinnost odstranéni M-amon na  hodnotach
okolo 500% (cit. 7).

Provoz laboratorniho modelu trval celkové 570 dni
a byl rozdélen do jednotlivich etap, ve kterich se v phi-
bliimém rozsahu  75-1000 mg | ' ménila  koncentrace
N-amon ve vstupni vodé, V zavislosti na zméndch nitnfi-
kafni aktivity byla vybrani obdobi s konstanini vstupni
koncentraci M-amon rozdélena do vice etap. Dilefité para-
metry laboratorniho modeln v jednotlivich etapich jeho
provozu jsou uvedeny v tah. I

Jednow  thdné  byle s vyuditim  spektrofotometru
HACH DRADO) providéno spektrofotometrické méfeni
koncentraci jednotlivich forem dusiku (M-amon, N-MO:,
W-My ) ve vstupni vodé a na odtoku = reaktore. faroved
byla sledovana teplota, hodnota pH a koncentrace kysliku
v reaktoru pomoci pfenosnych sond WTW pH-clectrode
Sen Tix 21 a WTW Cell Ox 325, Hodnota pH byla ték
sledovina a zaznamenivina kontinudlné pomoci sondy
Gryf PCL 321 XBZ napojend na méfici software Gryf Ma-
gic XBC. Dile byl jednou tydnéd gravimetricky stanowvovin
obsah MLy, Pribéh jednotlivich ctap experimentu byl
hodnocen také kinetickymi testy, pfi kterych byly koncen-
trace jednotlivich forem dusiku a dalii diledité parametry
proméfovany v pravidelnych intervalech vidy b&hem jed-
né acraéni faze. Stanoveni hodnot jednotlivich sledova-
nych parametrd bylo realizovans dle price™.

Koncentrace volného amoniaku (FA) a volné kyseliny
dusité (FMA) byly na ziklad® literarnich Gdajt” vwpofteny
podle rovnic:

17 C, 10 f

O mg I7'WH, = —
* 14 [ expl6334/(273 +°C)) + 107" |
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fos

14 [ expl-2300/273+ "Clh+ 107 | +1

e fmg TTHNO, ) =

Vorameci etapy 2 byl 126, den provozu reaktorn ode-
bran vzorck biomasy aktivovaného kalu z laboratomiho
modely, ve kicrém bylo na specializovaném pracoviit
metodou FISH (Fluorescence In Situ Hybridization) stano-
weno Fastoupeni ACOB a NOB.

Vysledky a diskuse

Podminky panujici v reaktoru a koncentrace
jednotlivych forem dusiku na odioku

Béhem zapracovani systému pfi vstupni koncentraci
M-amaon &00 mg | ! (ctapa 1) nepfesahovala souhmnd kon-
centrace axidovanych forem (N-NO; a N-M0O, ) na odio-
ku z reaktoru aF do 55 dne pokusu 80 mg 1. Koncentrace
M-amon v odioko finila v tomto obdobi primémé
330 mgl ' Pokles vidi koncentraci N-amon ve vsiupni
wod& byl vyvolan stripovanim amoniaku podpofenym vy-
sokou  hodnotou pH v reaktoru. Ta sc pohybowvala
v rozmezi 8.4 a 9.2 a v pribéhu jednotlivich cykll se pri-
1i% neménila.

Ma pfelomu ctap 1 a 2 doflo mexi 58, a 65 dnem
k mirisiu koncentrace N-NO- na 234 mg 1. Faroven se
w tomto obdobi také zalala odlifovat hodnota pH na zalat-
ku evklu {maximalni hodnota v priibého eyklu, priomémé
7.9} a na konci cyklu SBR (minimélni hodnota, v priméru
6, 7). Tyto vikyvy v hodnoté pH byly charakteristické po
celé daldi obdobi provozuo reaktoru. Pokles hodnoty pH
wedl ke snifeni maximéalnich dosahovanych koncentraci
FA v reaktoru, ale ziroved spoledné s rostouci koncentraci
M-MNQ; zpidsobil viiznamny narist maximalnich dosahova-
mych koncentraci FNA.
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Tabulka [T
Primémé hodnoty maximalni koncentrace FA a FNA do-
sahované béhem pracovniho cyklu a primérné odiokové

koncentrace MN-amon, M-M0O; a N-MO; v jednotlivich
ctapich
Ftapa FA-  FNA - Koncentrace [mg [']
e i MN-amon  MN-MO:  N-Nily
1 61,42 0,001 30,5 62 6
2 13,26 0,923 1230 322 14
3 554 0,754 1642 180
4 3499 0,391 74,2 T
5 1,54 0056 36,0 34 B
[ 1,35 0046 3,1 21 0
7 0,54 0,001 304 3 37
] 1,04 0,061 62,3 1 73
a9 596 0,000 1767 0 132
10 7.30 0,067 1115 1 340
11 Q.11 0,097 5022 1 366

W daliim prib&hu experimentu {etapy 2-5) byl pomér
koncentraci M-amon a MN-MN0O; na odioku z reaktoru rela-
tivnd vyrovnany (cca 1:1,05) a konkrétni hodnoty koncen-
trace téchto forem dusiku zavisely na vstupni koncentraci
N-amon. Koncentrace B-NO: nepfevyiovala 20 mg 1 L

K zisadni zméné v zastoupeni jednotlivich forem
dusiku dodlo v pribéhu etapy 6. V tomto obdobi postupng
nartistalo zastoupeni MN-MOy mezi formami dusiku na
vipstupu z reaktoru a soudasné klesalo zastoupeni N-MNO.
W nasledujici etapd 7 pak mezi oxidovanymi formami du-
siku M-NO: jasné domimoval nad N-MO: . Stejné tomu
bylo a¥ do konce experimentu. Primérné hodnoty maxi-
mélni koncentrace FA a FNA dosahované v prib&hu evklu
pi1 jednotlivech etapach provozu reaktoru jsou uvedeny
v tah. I1. Zarove tato tabulka phinddi primé&rné koncentra-
ce zikladnich forem dusiku v adtoku z reaktoru.

Zhodnoceni aktivity AOB v podminkiach
cxperimentu

Po zahdjeni provozu systému phi vstupni koncentraci
W-amon 600 mg | nebyla patma vitaméjs aktivita ADB.
Tuto skutefnost je v danych podminkich modno pfipsat
pickroéeni inhibinihe limitu FA pro AQB". Tejich &mnost
doprovazend naristem  koncentrace N-N(: v odioku
z reaktore (viz obr. 1) a poklesem hodnoty pH |[|:'Lt.'} hié-
hem pracovniho cyklu reaktoru byla zazmamendna na ple-
lomu etap 1 a 2. Marist aktivity AOQB v této faz byl patrné
diisledkem ada_Etacc biomasy na extrémni podminky panu-
jich v systému”. Intenzivni dinnost AOB byla zechovéna
o celé zhywajici obdobl experimentu.
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300

Obr. 1. Hodnoty koncentracl jednotlivyeh forem dusikn ¢ na
odioku z reakioru mezi doy 0-222 (etapy 1 a 2); — N-amon
[ 171, - NN [mg '], — — — NNy [mg ']

Fhodnoceni aktivity NOB v podminkach
experimentu

Aktivita NOB byla v disledku podminek panujicich
v reaktoru potlatena béhem prvnich péti etap provozo
reaktoru. Price” rmifiuje v souvislosti s mhibici aktivity
MWOB koncentraci FA v rozmezi 0,1-1 mg | ! Pro FMA je
2 hlediska mhibice NOB dle stejnych autord zlomova kon-
cenitrace v rozmeezi 0,2-2 8 my | ! Maximilni koncentrace
FA a FNA dosahované b&hem pracovniho cyklu laborator-
niho reaktoru se v etapich 2-5 postupné snifovaly, nicrmé-
né pro FA se nedostivaly pod vyie uvedené rozmezi (viz
tab. IT). Maximalni dosahované koncentrace FNA  pod
mifovanou inhibiéni mez poklesly v etapé 5 (tab. 1)
Pozvolny narist koncentrace dusiénan na dkor dusitant
béhem etapy & svédéi o zvyieni aktivity NOB v této fan
provozn reaktoru (viz obr. 210 W etapd 7 jiE NOB pletvafe-
ly prakticky welkery MNW-NO, produkovany AOB na
M-,

efmgl?

430

455
dny

4Bl 505

b, 2. Hodnoty koncentraci jednotlivich forem dusike ¢ na
otk & reakioru ve doech 385 - 512 (elapy 5 - T)
—— Meamo [mg 7], - NNy [img 7], - —— N-NO; [mg 1]
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Piestoke v poslednich etapich (etapy 8-11) byla opét
zvyhena vstupni koncentrace M-amon a maximalni kon-
centrace FA  dosahovanid bfhem pracowvniho cyklu byla
v etapich 10 a 11 podstatné vy34i nek v pfipadé ctap 3-5,
Cinnost MOB jii nebyla potlatena. Toto zjidténi prokazuje,
de MOB jsou phi dlouhodobém provozn systému po urfité
dobé schopny snafet koncentrace FA silnd pievyfujici
limity zmifiované v literatufe’. Ma mofnost adapiace NOB
na vysoké koncentrace FA poukazuje i prace'®. Za pfedpo-
kladu schopnosti NOB adaptovat se na FA je modno kon-
statovat, fo v etapach 2-5 byla z pohledu restrikce Cinnosti
WOB klidova inhibice vyvoland FNA, popf. disociovanym
W-NO, (eit™). Nelze vyloudit ani monost, dc stéfeini
bylo v této fizi provozu reaktoru vystaveni biomasy sou-
Casnému plsobeni FA a FMA a kolisani jejich koncentraci
vyvolané semikontinuilnim pritokem Eténé vody'. P
kontinualnim pritoku byla v ramci dfivéjich experimentii
rammamendna zvyiend rezistence NOB vifi soulasnému
pitsobeni FA a FNA v koncentracich pievydujicich inhibig-
ni limity"".

Wisledky kinetickych testd a mikrobiologickych
rozbori

Ve presentovand hodnoceni aktivity jednotlivich
skupin nitritikaénich organismi bylo potvrzeno i visledky
kinetick¥ych testi a mikrobiologickych rozbori realizova-
nych v rimci jednotlivich etap provoau reakion.

P kinetickych  testech  zpravidla  dochazelo
k relativid rovnomérndé produkel oxidovanych forem dusi-
ku v pribthu prvni poloviny cyvklu SBR, v fad® piipadi
viak bylo zaznamenino urdité snizeni rychlost odstrafio-
vani M-amon ve druhé poloving cyklu. Zastoupeni M-MNOz
a M-N0; mezi oxidovanymi  formami  se  phitom
v jednotlivich etapach pochopitelng hifilo v zavislosti na
akifudlni aktivitd AOQB a NOB (viz vyie). V obdobi, ve
kterém byly konefnym produktem nitrifikace vihradng

efmgl-1

Obr. 3. Prabih evklo v rdmei 493, dne provozu laboratornihe
modelu {etapa 7); - — — MNNH. [ 7], — N-NOy [mg 1],
coree MM [ 1)
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dusiénamy,  dochdazelo  zpravidla vrmimei  cyvklu
k pfechodnému  hromadéni N-NOy -, cod indikuje wyiSl
rychlost odstranéni M-amon Sinnosti AOB ve srovnini
s rychlosti odstranéni N-MO: v rimci finnostt NOB. Tato
situace je dokumentovana 1 v obr. 3, ktery popisuje pritbéh
cyklu 493, den provozu reaktoru v ramci etapy 7.

Mikrobiologicks analyza provedend dne 126 {etapa 2)
potvrdila znaénou pievahu AOQB ([-Proveobacreria, halo-
filni & halotolerantni Nigrosomonar jako malé a stfedni
klastry, dale jako volné bakterie) nad NOB (Nitrobacrer,
Nirvespirae  pouze v nepatrném  moodsti)'”, cod  je
v souladu s vysledky chemickych rozborl provedenych
v rimci Lo elapy.

Faver

WV ramei provedenych experimentii bylo potvrzeno, fe
disociovany amoniak plisobi inhibiéné na mikroorganismy
ohou stuphii nitritikaéniho procesu, phridem® nitritaéni or-
ganismy jsou viski této inhibici podstatné odolnéjil nek
arganismy nitrataéni. Zaroved bylo prokizano, ke phi dlou-
hodob&jsim vystaveni nitritatnich i nitrataénich mikroor-
ganismil plhsobeni nedisociovaného amoniaku mide dojit
k jejich adaptaci na podminky prostiedi. Dusitanovy dusik
se¢ ph semikontinualnim pritoku &idténé vody zdrowved
ukizal jako stéFejni faktor dlouhodobd inhibujici Einnost
nitratatnich organismi pfi &iténi odpadnich vod obsahuji-
cich N-gmon v koncentraénim rozmezi 150-600 mg 1.

Prispdvek Wl wipwacowdn v rdmcl Feleni projekin
padporovamich  Celouniverzitni grantovou  ageniuron
(CIGA) CFL v Praze, registralni divla peajeked 20022022
a MHINKN 2 a v ramel granie NAZV QISTCIER. Awtafi
dékuyi poskyiovateltim defoce za finandni podpory vioku-
i

LITERATURA

I. Chudoba J, Dohinyos M., Wanner I Biologickd
digtdni odpadnich vod. SNTL, Praha 199].

. Svchla P, Jemitek P, Habart I, Hané A, Cemy 1
Chem. Listy J0F, 776 (2007).

3 wan Kempen R, Mulder, . W, Ugterlinde, C. A,
Loosdrecht M. C. M. Water Scii Technol. 44, 145
(2001 ).

. Fux Ch., Bochler M., Huber P., Brunner 1., Siegnst
H.: I. Biotechnol. 99, 293 {2002},

5. Ruiz (., Jeison D., Chamy R.: Water Res. 37, 1371

[ =]

(2003},

6. Blackbume, R., Yuan, 7., Keller, J.: Water Res. 42,
2166 (2008).

7. Pollice A., Tandoi V., Lestingi C.: Water Res. 34,
2541 (2002).

8. Buday I, Drtil M., Huthan M., Derco J.: Chemn. Pa-
peers 53, 379 1999).
9. Anthonisen A C., Loehr R. O, Prakasam T. B. 8,


file:///i-Pnne

Chem. Listy F17, 892896 { 2013)

Srinath E. G.: 1. Water Poll. Contr. Fed. 48, 833
{1976).

. Pitter P Hydvochemie. Vydavatelstvi VSCHT, Praha

14909,

. Hellinga C., Schellen A. A, J. C., Mulder J. W ., van

Loosdrecht M. C. M. Heijnen, 1. 1. Water Sci. Tech-
nol. 37, 135 {1998).

. van Dongen U, Jetten M. 5. M., van Loosdrecht

M. C. ML Water Sci. Technaol. 4, 153 (2001).

. lenitek P, Svehla P, Zabransks 1.: Water Sci. Tech-

nol. 49, 73 (2004).

. Hordkova M. dnalvithe vody. Vvdavatelstvi VECHT,

Praha 200

. Turk O, Mavinic D). 5.0 J. Water Poll. Contr. Fed. 6/,

1440 (1959).

. Mossakowska A, Reinius L.-(., Hultman B.: Water

Environ. Res. 6%, 1128 (1997).

. Park 5., Bae W.: Process Biochem. 44, 631 (2004
. Svchla P, Jeniéek P, Habart 1., Hané A, Balik )

Chem Listy J04, 343 (2010,

. Stryjova H.: Soukromé sdéleni. (2012)

31

806

Laboratomi piisiroje a postupy
J. Radechovsky, P. Svehila, H. Hrnéifovi,
L. Pacek, and I Balik (Depariment of Agro-

envirmmmenial chemisiry and Plane Nutrition, Czech Uni-
versity af Life Sciences Prague, Prague): The Inhibition
Effect of Nitrogen Compounds during Nitrification of
Wastewater

The aim of this work was to evaluate the influence of
ammania and nitrite on the activity of nitrification hacteria
during biological wastewater treatment. The experiment
was performed using laboratory model of nitrifying reactor
with semi-continual flow treating wastewater with variable
ammania conceniration. Mo nitrification activity was regis-
tered during the first phase of reactor operation at ammo-
nia input concentration GO0 mg ', The increase of the
activity of ammonia oxidising bacteria was observed atter
65 days of reactor operation. On the other hand, nitrite
oxidising bacteria were inhibited for another 12 months,
although the ammonia input concentration was gradually
decreased. Gradual increase of the activity of nitrite oxi-
dising hactenia was registered after the decrease of ammo-
nia mput concentration to 75 mg . Subscquent gradual
increase of ammonia concentration to 1000 mg 7' doesn’t
induce the inhibition of both groups of nitrification bacte-
rid.
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The inhibitory effect of fbee ammonla and free nitrous acid on niteite-oxblising bacteria (NOB)
was studled in a laboratory-scale sequencing bateh reactor with a suspended microblal culture. The
reactor was operated at 15°C, with a dissolved oxygen concentration in excess of 5 mg L' aml a
nitrogen-loading rate of 0.2 kg m~" d~" Diluted reject water with varying total ammonia nitrogen
(TAN) concentratbons was used as Influent. N Nﬂ-_._ :I.‘:pn:m'uhd more than 90 % of all of the
oxidised nitrogen, with infuent TAN concentrations of GO0 mg L%, 300 mg L~ band 150 mg L~ L
respectively. With a TAN concentration of 75 myg L~ 'a gradual Inerease ln N-NOg concentration
was detected, Indicating the threshold walue enabling short-eut nitvifeation (SN] to be hetween
150 1 L™ and 75 mg L™" under the pertaining conditbons, Next, the influent comcentration of
TAN was gradually Inereased from 5 mg L7t 1000 mg L ' but the nitrite accumulation was not
restored. This indicates that onee NOB are established in the suspended microblal eulture, even

high TAN concentrations are not sufficient for NOB Inldbition.
(C) 2015 Institute of Chemistry, Shovak Academy of Sclences

Keyworda: activated sludge system, free ammonda, free nitrous acld, input nltrogen concentrathon,
short-cut nitrificatbon, nitrite-oxddising bacterka

Introduction

When used for removing nitrogen from wastew-
ater, the short-cut nitrification (SN /denitrification
process or SN/ Anammox process can contribute sub-
stantial energy savings to wastewater treatment facil-
ities, while preserving their high efficiency (Abeling &
Seviried, 1992; van Dongen et al., 2001; van Kempen
et al., 2001; Lackner et al., 2014). SN reactors work
under conditions wherein ammonia-oxidising bacteria
(ADB] are fully active and the activity of nitrite-
oxidising bacteria [NOB) is limited by controlling
the envirommental and/or technological parsmeters,

“Cmm.-:;nmdjng author, e-mail: hencirovah@alczo.ce
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The strategies available for SN are based on the high
growth rate of AQD at elevated temperatures (35
A0} {Hellinga et al., 1995; van Kempen et al., 2001],
the high affinity of AOB for dissolved oxvgen (D)
[Buiz et al., 2003) and the high sensitivity of NODB
towards toxic nitrogen species such as free ammonia
[FA), free nitrous acid (FNA) and dissociated nitrite
[Anthonisen et al., 1976; Buday et al., 1999 Vadivelu
et al., 2006, 2007).

The application of elevated temperatures, in com-
hination with a short sludge retention time [(SETY), is
confined to warm, preferably highly concentrated side
wastewater streams (Fux et al., 2002; van Kempen


http://hrnciruvarLOaf.c2Li.cz

gz P. Swehla et al./Chemical Papers &0 (7] 921-929 (2015)

et al., 2001}, as heating the entire wastewater stream
would be prohibitively energv-demanding. This strat-
ery was previously wsed with the SHARONY pro-
cess for the treatment of reject water from mesophilic
digesters {Hellinga et al., 1998; van Kempen et al.,
001

D) limitation has also been applied, primarily to
the treatment of concentrated streams such as reject
water or landfill leachate ( Ruiz et al., 2003:; Ganigue et
al., 200%; Li et al., 2014; Pacek et al., 2014). DO con-
centrations of approcdmately 0.7 mg LY have heen
cited as being the optimal level, since the NOB ac-
tivity is limited while the AQD remain active, How-
ever, the optimal DO range is very narrow and AQB
activity may decrease, thereby compromising the effi-
ciency of nitrogen removal at limited DO concentra-
tions [Ruiz et al., 2005; Zekker et al., 2011; Pacek et
al., 2014). For diluted wastewater, D{0-control strate-
gies are even more complex, relying on sophisticated
air-supply sequences that are typically applied in & se-
quencing bateh reactor (SBR), and not vet proven as
stable {Guo et al., 2000; Zekker et al., 2011; Bourna-
zon et al., 2003; Ge et al., 2014).

The selective inhibition of NODB by FA and/or FNA
can only function if the FA and FNA concentrations
permanently or periodically exceed the inhibition lim-
its for NOB. This can be more readily achieved in
a SBR than in a continuously operated completely
stirred tank reactor [CUSTR), because high FA and
FNA concentrations periodically occur in SBRs at the
start (FA) and end (FNA) of the SBR cycle (Park &
Bae, 2000; Svehla et al., 2004}, Moreover, this can be
achieved at a relatively low temperature without lim-
iting the SRT or DO | Jenicek et al., 2004; Svehla et al.,
2004). When combined with other selective pressures,
such as a low SHT or low DO, NOB washout can be
achieved even when applied to wastewater with a total
ammonia nitrogen [ TAN] concentration of less than
100 mg L (Eelker et al., 2011). The possibility of ini-
tiation of 8N based on the inhibition of NOB using FA
and /or FNA as the sole selection factor is limited by
the mfluent TAN concentration (Li et al., 20013; Kouba
et al, 2014; Wei et al., 2014). However, the lower lim-
its of influent TAN concentration that still ensure FA
and FMA toxicity to NODB in SBEs have not yet been
thoroughly studied for a Aocoulent biomass (activated
shudge). Kouba et al. {20014) studied the SN process
in a moving bed bioreactor (MBBR), operated as an
SBR, and concluded that infuent TAN concentrations
of below 300 mg L' did not relisbly induce NOB
inhibition unless another stress factor were present.
Additionally, temperature was defined as a factor in-
Huencing the concentration threshold required for the
application of SN, Moreover, they found that, once the
NOB population developed in the reactor, the NOB
were not inhibited. even when the influent TAN con-
centration increased to 600 mg L1

This study sought to identify the lower limit of in-
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fuent TAN concentration that can ensure NOB inhi-
bition through FA and/or FNA toxicity in an SBR op-
erated at a low temperature (15%C) with a suspended
culture. In addition, the reversibility of the develop-
ment of NODB inside the reactor was studied.

Experimental
Reactor set-up

The experiment was performed with biomass cul-
tivated in the form of activated sludgze in an SBR
system with & working volume of 1.5 L. To simulate
real conditions In wastewater treatment plant faeili-
ties, the temperature in the svstem was maintained
at 15%C. The whole system was located within a ther-
mostatic box for this purpose. The operational pro-
cess of an applied SBR svstem consists of an seration
phase (5-11 h), sedimentation phase (20 min). dis-
charge of output water phase [10-20 min) and pump-
ing of input water phase {10-20 min). Reject water
diluted with tap water was used as input water. The
nitrogen-loading rate (NLE) was kept at a constant
value of 0.2 kg m* d~! throughout the operation.
The DO concentration in the reactor was not lim-
ited [fAuctuating between 5 mg LY and & mz LY.
The reactor was serated using the coarse bubble svs-
tem. Peristaltic pumps were used for dosing treated
water into the reactor. The reactor was inoculated
with nitrifyving activated sludge. The start-up phase
of the reactor operation was performed at a TAN in-
put concentration of G00 meg L' and lasted for 64
davs (data not shown). In accordance with Svehla et
al. {2014}, no excess sludge was drained from the reac-
tor, the aim being to maintain the maximnm amount
of AOB in the system. The value of pH was not ad-
justed during the treatment process. The operation
of the laboratory model lasted over H06 days and
was divided into five phases [P1-P5), with variahle
TAN concentrations in the input water. The duration
of particular periods (P1-P4: at least two months)
was selected to take into consideration the possibil-
ity that the NODB would adapt to the actual con-
centration of toxic nitrogen species {Turk & Mavinic,
195% Zhon et al., 2011}, The reactor was operated
with 2 eyeles per day throughout P1 oand P3; dur-
ing P4 and part of P53 (davs 4485-460), the num-
ber of cycles per day was increased to 4 as a con-
sequence of the inereased wvolume exchanged within
the eyele. The input TAN concentration was gradu-
ally decreased from 600 mg L' (P1) to 7 mg L !
(Pd). Subsequently, it was gradually increased from
76 mg LY to 1000 mg LY within P5. The concen-
tration was first adjusted to 150 mg L~ for 12 days,
then to 300 mg L1 (& days), 600 mg L' (16 days)
and 1000 mg L' {10 days) during this peried. The
conditions in particular phases are summarised in Ta-
ble 1.


file:///ilir

P, Swehia et al./Chemical Papers 89 (7} 021-529 (2015) 923

Table 1. (rperational parameters of reactor

Phase Crperation davs TAN input,/(mg L~} Cyrles per day HRT/h
Pl 1-158 i 2 T2
P2 159258 o 2 b
i 254-120 L50 3 18
P4 2147 i) El ]
P& A48-506 1501004y 34 18-120
HRT - Hydraulic retention time.
Table 2. Chemical compaosition of reject water Caleulations
Parameter Average Range T} P e r .
e concentrations of FA [Cra) and FNA { Cpnal
pi .1 . were caleulated in accordance with Anthonisen et al.
allalinity  (mmol L= a5 79121 (1976} and Park and Bae (2000):
oD,/ (mg L-1) 1470 FO0-3170
COD soluble/{mg L) 1210 502640 Cpa (mg LY NHy) =
TAN/(mg L~} 1170 Q0015400 . u
Petat/{mg L1 43 29-57 — l_T Cran - 10° (1)
TSS /(g L) 145 0.55-2.85 14 [exp(6334/ (273 + 1)) + 10077]
Crxa (mg L ! HMNO:) =
Treated water AT ' HO; @

Reject water produced during the dewatering of
sludge anaerobically digested under thermophilic con-
ditions at a large municipal wastewater treatment
plant was used as an input. TAN concentrations in
the raw reject water ranged between 900 mg L' and
1500 mg L', The chemical composition of the reject
water used is presented in Table 2. For the purpose of
this study, the reject water was diluted with tap wa-
ter in order to meet the reguired inlet concentration

of TAN.
Analytical methods

Temperature, pll and DO concentration were mea-
sured on WTW instruments pIll 3401 and oxn 3400
{Wissenschaftlich-Technische Werkstiitten, Germany)
and using GRYF sensors PCI 321 XB2 and KOl
12 XB4 (GRYF HE. Czech Republic). In combina-
tion with the measuring system GRYTF MAGIC XBC
(GRYF HB), it was possible to continuaslly monitor
pH and the dissolved oxyvgen concentration. The alka-
linity was determined by titration of the sample with
hydrochloric acid (0.1 mg LY up to pH 4.5 The
concentrations of N-NO, | chemical oxvgen demand
(COD), total suspended solids [TSS) and volatile sus-
pended solids (V55 were determined in accordance
with the standard methods [American Public Health
Association, 1995). TAN, N-NO, , and P-tot concen-
trations were determined using a Hach {Hach Lange,
Germany ) DR/AM0O photometer by HACH method
numbers 1023, 10020 and 819, respectively.

35

= T4 Jexp(—2300/ (273 + T)) + 10°H] + 1

where Cpax and Cy i, represent the actual total
concentrations of TAN and N-NC), | respectively, and

T'is the temperature in degrees centigrade.

Kinelic experiments

The operation of the syvstem within individual pe-
riods was also evaluated by kinetic experiments, dur-
ing which the concentrations of particular nitrogzen
forms and other important parameters were measured
at hourly intervals.

Fluorescence in situ hybridisation

Fluorescence in situ hybridisation (FISH) was car-
ried out on a one-off basis in accordance with Daims
et al {2006} to quantify the amount of AOBR and
MNOR in the sludge from the reactor. The AQR were
identified using Naol90 and Nsol22h probes [(Generi
Biotech, Czech Republic) and the NOB were iden-
tified using NtspaTl2, NtspaGt2 and NIT3 probes
[Generi Biotech). FISH images were collected us-
ing an Olympus BX51-BFAA epifinoresconce miero-
seope (Olvmpus, Japan) with a charge-coupled de-
vice [CCD) camera. Sludge was sampled at day 188
(period 2). FISH was carried out at the Departiment
of Water Technology and Environmental Engineering,
Institute of Chemical Technology Prague {Czech Be-
public).
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Results and discussion

Nitrogen species in effluent during gradual de-
crease of input TAN concentration

The concentrations of TAN, N-N{, and N-N(,
in the effluent during different periods of reactor op-
eration are shown in Fig. 1.

N-NO, represented more than 90 % of the total
oxidised nitrogen during phases P1, P2 and P23 (initial
TAN concentrations of 600 mg L~ 300 mg L' and
150 mg L), Simultaneously, s verv low proportion
of N-NO, (not exceeding 10 %) was detected over
time within these periods (Fig. 2). During period P4
(TAN input concentration of 76 mg L), a gradual
increase in N-NOy concentration was detected. At the
beginning of P4, the N-NO, concentration increased
to between 17 % and 21 % and remained relatively
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stable over the first 53 davs of this period. Then, N

MOy, incressed againg after 102 daye in P4, N-NO,
represented almost all of the oxidised nitrogen present
in the reactor.

The results of P1 to P4 indicate the apparent
threshold value of TAN input concentration which en-
ables the successful application of SN to be between
150 meg LY and 76 mg LY under the given conditions.
The inhibition effect of FA and FNA was sufficient to
restrict NOB activity during P1 to P3. However, the
decrease in input TAN concentration to 76 mg Lo?!
during P4 led to the gradual restoration of NOB ae-
tivity., This finding is in accordance with Kouba et al.
(2014}, who derived a similar conclusion from analo-
gous experiments (15°C; NLR 0.2 kg m? d-Y; vari-
able input TAN concentration related to a gradual de-
crease in input TAN concentration from 600 mg L1!
to 76 mg Lo ') which tested the behaviour of & nitri-
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(B

fving biommass cultivated in the form of biofilm in &
MBBE. The decrease in TAN input concentration to
75 mg L1 resnlted in the transformation of 3N into
standard nitrification in the experiment described by
Kouba et al. [2004). The present results indicate that
the sensitivity of NOB towards FA and FNA is compa-
rable for biomass cultivated in the forms of suspension
and bicfilm under the conditions applied. Accordingly,
the effect of the stratification of biomass throughout
the biofilm and substrate diffusion (Wang et al.. 2008)
does not appear to be erucial to achieving SN under
the given conditions.

Inhibition pressure caused by FA, FNA
and N-NO,

When the focus is directed towards evaluation of
the setual FA and FNA concentrations during the ex-
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periment, it is possible to conclude that the maximum
FA concentration in the system achieved at the begin-
ning of the SBR cvele (Svehla et al., 2014) exceeded
the inhibition limits of 0.1 mg L% to 1.0 mg L1
presented by Anthonisen et al. (1976) and Vadivelu
et al. (2007) in connection with NOB activity over
all the periods. The average value of the maximal FA
concentrations gradually decreased from 13,3 mg L7
registered in P1 to 1.2 mg L% in P4 (Fig. 3). How-
ever, the 0.2 mg L% to 2.8 mg L' inhibition limit
of FNA to restrict NOB activity [Anthonisen et al.,
1976 was not exceeded at any point during P4, Values
of up to 0.15 mg L' were registered at the beginning
of this period. A gradual decrease in FNA concentra-
tion within P4 was cansed by the incresse in NOB
activity [see above); as such, the very low inhibition
limit of FNA noted by Vadiveln et al. {2006) within

the context of the anabolic processes of Nifrabacter sp.
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Fig. 5. Progress of FA (#] and FNA [0) concentration during 3BR cycle in P1 (a) and P4 (b).

(0.011 mg N-HNO; L) was not exceeded at the end
of PA. As & result, NOB activity recovered gradually
during P4, The concentration of dissociated N-NO,
significantly exceeding the 198 mg L limit reported
by Buday et al. (199 to cause 50 % inhibition of
NOB activity was messured during P1 (Fig. 1), Val-
ues approaching this limit were detected during P2,

Results of kinetic erperiments

The changes in the pl and concentration of TAN,
N-NO, . and N-NO, during the SBR cycle within
the periods with maximum input TAN concentration
(P1, dav 166) and minimum input TAN concentration
(P4, day 443} are documented in Fig. 4. The kinetic
tost performed in P4 took place on day 443, when
no N-NCOy, was detected in the effluent. However, a
temporary acenmulation of N-NOS | achieving up to
0.2 mg LY, was observed in the first 3 h of the SBR
cvele (Fig, db). This finding indicates the possibility of
improving the N-NOy, /N-NOS ratioin the effluent by
real-time aeration duration control (Guo et al., 2000),
even at an input TAN concentration of 75 mg L1, as
pertained during P4,

A detailed evaluation of the progress of FA and
FNA concentrations found from kinetic experiments
in P1 (day 156) and P4 (day 443} can be seen in Fig. 5.

Performance of rexctor after repeated incrensze
in inpui TAN concentrafion

Within the last phase of the reactor operation (P4),
the concentration of TAN in the influent was gradu-
ally increased to 1000 mg L% 50 as to evaluate the
possibility of reverting to the N NOy /N -NOy ratio
achieved in P1 to P3. However, the nitrite accoumn-
lation was not restored, although the FA concentra-
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tion at the beginning of the aeration phase mounted
to 14 mg L' (Fig. 3b). exceeding most of the val-
ues noted during the phases with effective NOB in-
hibition {P1-P3; Fig %a). The pH at the beginning
of the SBR cyele {maximum pH) measured at several
instances during PL (up to 55) was slightly higher
than the pH at PS5 (7.9 at maximum). Therefore,
the maximum FA concentration observed during P1
(40 mg L) was significantly higher than the masxi-
mum value during PS (14 mg L), This pertains de-
spite the maximum influent TAN concentration in P5
(1000 mg L) being significantly greater than in P1
(600 mg LY. Although NOB inhibition levels [An-
thonisen et al., 1976; Vadiveln et al, 2007} were sig-
nificantly exceeded, the NOB were fully active and
N-NO, concentration did not exceed 2 mg L1 dur-
ing P5. At the same time, the FNA concentration was
very low for this reason (Fig. 3h). Taking into account
that an FNA concentration of up to 5.1 mg L% did
not result in long-term selective NODB inhibition in the
CSTR treating reject water and, given that it was not
combined with an extreme FA concentration (Svehla
et al., 2014), it mav be concluded that the combi-
nation of both inhibiting species (FA and FNA) is
necessary for effective SN under the conditions ap-
plied. In accordance with Sun et al. (2013), the re-
sults imdicate that s certain synergetic effect exists
hetween FA and FNA in connection with NOB inhi-
hation.

Similar fndings were ohserved by Kouba et al
(2014} during the operation of a hiofilm reactor un-
der conditions comparable to those in the present ex-
periment. The increase in TAN concentration froom
76 mg LY to 160 mg L°! did not result in the
restoration of 3N, although an effective NOB accou-
mnlation was originally ohserved by these authors at
150 mg LY at 15°C
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Fig. 6. FIZH analysis: AOB are roseccoloured {magnifce
tion x 320).

Sludge quantity and guality

Although no excess sludze was withdrawn, the con-
centration of V55 throughout the experiment {P1-P&)
varied between 025 g LY and 000 ¢ L', where no
strict dependence of the actual VS5 concentration on
the influent TAN concentration applied within partic-
ular periods was observed. The low loading rate ap-
plied to the reactor appears to be the main reason for
this low concentration of activated sludge. The intense
fluctuation in VS5 during the experiment was prob-
ably largely caused by the variable concentrations of
the organic substrate contained in the raw reject water
{see the values of COD presented in Table 2) and by
the consequent unstable growth of heterotrophs in the
activated sludgze present in the reactor. Also, the fue-
tuation in the concentration of inert VS5 in the raw
reject water may to somne extent be responsible for the
apparent changes in biomass concentration. With re-
gard to the fact that no excess sludge was withdrawn
on purpose, the SRT was only limited by the amount
of sludge escaping with the effluent. The concentra-
tions of TS5 and V55 in the effluent did not exceed
0.25 ¢ LY and 0156 g LY, respectively. The lowest
SRT walues (58 days) were observed during P4 as
a consequence of the most intense TSS escape at the
high volumetric loading of the reactor. As a significant
increase in NODB activity was observed only during P4,
it might be arzued that it was cansed by low SRT dur-
ing P4. However, the effect of low SHT should be the
opposite — low SRT is thought to facilitate the wash-
out of NOB (Hellinga et al., 199%; van Kempen et al.,
20017,

FISH (Fig. 6) showed that AOB prevailed over
NODB during P2; AODB accounted for 13,8 % of the to-
tal hiomass and NOB for less than 1 %, These results
explain the acoumulation of nitrites in the reactor over
this period.
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Potential implications for operation of nitrife-
producing reactors

The results presented here indicate that SN in-
dueed by the Huctuation of FA and FNA during the
SBE cycle could not only be applied successfully to
the treatment of reject water or other wastewater with
an extremely high TAN concentration (Svehla et al.,
2014} but also to wastewaters with significantly lower
TAM concentrations {approximately 150 mg L) Af
the same time, low temperatures attaining 15°C ap-
pear to be sufficient from the perspective of long-term
MOB inhibition under the given conditions, despite
the fact that the more rapid growth of NOB than that
of ADB at temperatures lower than 3% has previ-
ously been reported in the literature (Hellinga et al..
1U93). On the other hand. the application of the svs-
tem presented for the treatment of municipal wastewa-
ter or anaerobically pre-treated municipal wastewater
(Hemdrickx et al., 2012) does not appear to be realistic.
by reason of the insufficient TAN concentration in this
type of wastewater. The combination of the inhibition
offect of FA and /or FNA with other factors limiting
MOB activity {e.g. real-time aeration duration contral
[Guo et al, 200M)) appears to be necessary in these
Ccases.

The actual intensity of the FA- and FNA-induced
inhibition pressure on NODB iz not determined solely
by the input concentration of nitrogen. The pll and
the neutralisation capacity of raw treated water, which
strongly influences the intensity of pI fuctnation (and
simultanecusly FA and FNA fluctuations) during the
SBR cycle, are very important parameters with regard
to the practical applications of the results presented
in this paper. In addition, the feeding strategy during
SBR operation (the method of treated water dosage.
number of cveles per day, ete.) appears to be an impor-
tant factor (Svehla et al., 2014). Accordingly, a certain
degree of varishility exists, depending on the chemi-
cal composition of the treated water and the techno-
logical arrangement of the system. In addition, in the
case of wastewater with a TAN concentration that ap-
proaches the limit found in this experiment (approx-
imately 150 mg L'}, it is necessary to consider the
potential risk of NOB adaptation to FA and/or FNA
[Turk & Aavinie, 1989 Zhon et al., 20011) with re-
gard to the long-term operation of the reactor. At the
same time, the results presented here prove that the
restoration of SN may be highly problematic in the
case of a decrease in input TAN concentration below
the critical value enabling the SN. The authors plan
to conduct subsequent research on these issues.

The average N-NO, /TAN concentration ratio at-
tained 1.0 to 1.1 throughout P1 to P35, thus approach-
ing the optimal value for the subsequent anammox
process (van Dongen et al., 2001; Hendrickx et al.,
2012). Simultaneously, TAN removal efficiency was
limited to (49 £ &) % throughout the reactor oper-
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ation owing to the insufficient alkalinity of the treated
water. To improve the efficiency of SN for subsequent
applications of short-cut denitrification, pH control
would appear to be necessarv, which is similar to the
treatment of undiluted reject water (Jenicek et al.,
200M ).

Conclusions

The influence of influent TAN concentration on
the feasibility of short-rut pitrification in an activated
sludge svatem was clearly demonstrated in this study.
The threshold value of the influent TAN concentration
that enables the application of the short-cut nitrifica-
tion process is between 75 mg LY and 150 me L°
under the conditions applied (SBER. 15°C, diluted re-
ject water treatment, NLE 0.2 kg m* 47, no SRT
and oxyren limitation, no pH control). This paper also
shows that, once the NOB becomes abundant in the
suspended eulture, the inerease in the mfuvent TAN
concentration up to 1000 mg L no longer inhibits
the NOB activity.

Acknowledgements. The authors gralefuily acknowledge the
suppert gven by the University-wide internal grant agency of
CULS Prague - CIGA, project number 20132002, The sup-
port given by Ewropean Commission grend ERG-2000- 268417,
'Biafilms ir Bureactors for Advanced Nitrogen Removal from
Wastewater (BioNIT) ond M3M S0J6137705 és also grabefuliy
acknowledged.

References

Abeling, U, & Seviried, O. F. (19%2). Anacmobic-actobic treats
ment of high strength ammonivm wastewater - nitrogen re-
moval via nitrite. Wader Science # Technology, 26, 1007
105

Apthonisen, A. O, Loehr, R. €., Prakasam, T. B. 5., & Zri-
math, E. (G. {1976). Inhibition of pitrifcation by ammonia
amd nitrows acid. Jouwrnal of the Water Pollution Control
Federahion, 48, 815-852,

American Public Health Association {1995). Stendard methe
ads for the eramination of water and wastessater {19th ed_).
Washington, 0, USA: American Public Health Association.

Bournazou, M. M. ., Hooshiar, K. ArellancCGarcia, H.,
Woeny, (.. & Lyberatos, GG [2003). Maodel based optimiza-
tion of the intermittent aecration profile for SBRs under
partial nitrification. Water fesearch, 47, 3399-34100. DOT:
L0k OG5 watres. BOLL.03.044.

Buday, 1., Drtil, M., Hotnan, M., & Derco, J. {1999). Substrate
and product inhibition of nitribeation. Chemecal Papers, 53,
A7e-381.

Daims, H., Liwcker, 5., & Wagner, M. (2006). [Faime, a novel
image analysis program for microbial ecology and biodilm
research. Environmentel Microbiology, & H0-213. DOL
L1101 /3.1462-29 ) K05, 00830.%

Fux, €., Boehler, bl.., Huber, ., Brunner, L. & Siegrast, H.
(2002}, Biological treatment of ammoniume-rich wastewater
by partial nitritation and subsequent anaerobdc ammoniom
oxidation [anammox) o a pilot plant. dewreal of Bictechnol
agy, M, 2955306, DL 10O LNLG/s0L6E- DRSG| 02 ) 002201

Ganigue, R, Gabarrd, I, Sinchez-Melsio, A, Ruscalleda, M.,
Lapez, H., Vila, X., Colprim, J., & Balaguer, M. DL {209).
Long-term operation of a partial nitritation pilot plant treat-

40

ing leachate with extremely high ammonium concentration
prior to an anammox process. Bloresowrce Technology, 100,
SE24-5632. DOL LG LG, j.biortech. 200606023,

Ge, 200, Peng, V. X, Qiw, 3., Zhu, A, L Hen, M. Q.
{3014). Complete nitrogen removal from municipal wastews
ater via partial nitrification by appropriately alternating
ancodic/acrobic conditions plug-How steg fesd process. Waoter
Research, 55, 95-105. DOL: M0 LDLG/ jwatres. 2014 01058,

Gun, J. H., Peng, ¥. ., Wang, 5. Y., Zheng, ¥. N., Huang, H.
S & Ge, 5 0L (20609). Effective and robust partial nitrifica-
tion to nitrite by real-time aeration duration control in an
SBR treating domestic wastewater. Process Bicchemistry,
A4, 978285, DO 10 1006/, procbio. D00%.04.022.

Hellinga, C., Schellen, A, A 1. O, Mulder, J. W., van Loos-
drecht, M. C. R, & Hedjnen, J. J. [1%8). The sharon process:
An inovative method For nitrogen removal from ammoniwm-
rich waste water. Water Science and Technolegy, 37, 135-
142, DO 10,1006, <3731 22358 fMI281-9.

Hendrickx, T. L. ., Wang., Y., Kampman, €., Zeeman,
€., Temmink, H., & Buoisman, . 1. N. [H1Z). Aue
totrophic nitrogen removal from low strength waste water
at low temperature. Water flesearch, @6, 2187T-2195. DO:
LG/ jowandees. 2001 2.010ET.

Jenicek, Po, Svehla, P, Zabranska, 1., & Dohanvos, KL (2004},
Factors affecting mitrogen removal by nitritation /denitrita-
tion. Waler Science and Technology, 49(5-6), T3-T9.

Kouba, V., Catrysse, M., Stryjova, H., Jonatova, 1. Violdke,
E. [ P, Bvehla, P, & Bartacek, J. (2014}, The fmpact
af inffuent total ammonium oitrogen concentration ono ni-
trite axidizing bacteria inhibition in moving bed biofilm re-
actor. Water Science and Techrology, 69, 1237-1233. DO:
10,2066 fwst 2013, 757,

Lackner, 5., Gilbert, E. M., Viaeminck, 3. E., Joss, A Horn, H.,
& wan Loosdrecht, & O M. {20014y, Full-scale partial nitri-
tation anammox experiences — An application survey. Water
Researely, 55, 202-30G. DO LOCLOLE/ . watres. HH4.02.032.

Li, H. 5., Zhou, 5. €., Huang, G. T, & Xu B, (2013).
Partial nitritation of landbll keachate with varving infuo-
ent compaosition under intermittent aeration conditions. Froe-
cess Safety and Enmirenmental Prodection, 51, 285201, DOI:
10,1016/ peep. 200205 (M,

Li, H. 5., Zhou, 2. ., Huang, G. T, & Xu, B. [2014). Achiev-
ing stable partial nitritation wsing endpoint pEH contrel in an
SBR treating landhll leachate, Process Safely and Environ-
mertal Protection, 92, 199-205, DOL: 10,1016/ j. psep. 200 5.01.
ans.

Pacek, L., Svehla, P, Bartacek, 1., Radechovsky, J., Hrecirava,
H.. Bhejbalova, 5, Balik, 1., & Jenicek, . [2014). Direct and
indirect effects of ooygen limitation on nitrifcation process
applied to reject water treatment. Desalination and Woter
Treatment, DO WL1080,/ 194434994, 200 4. 950856, (in press)

Park, 2. 1. & Bae, W. K. [2009). Modelling kinetics of ammao-
nium cocidation and nitrite oxidation under simultaneous in-
hibition by free ammonia and free nitrous acid. Process Bio-
chemistry, 44, B31-640. DOL 101016/ . prochio. 2009.02 002,

Hude, G, Jeizon, D & Chamy, R, {200%). Nitrification with high
mnitrite accumulation for the treatment of wastewater with
high ammonia concentration. Water Research, 37, 11T1-
1377, DO 10,1016 =0043- 135 02 {04 75

Sun, H. W, Bai, ¥., Peng, ¥. Z., Xie, H. G, & Shi, X. N.
{3113). Achieving nitrogen removal via nitrite pathway from
urban landfill leachate wsing the synergetic inhibition of free
ammaonia and free nitrous acid on mpitrifying bacteria ac-
tivity. Water Science and Technology, 68, 0352041, DOH:
10.2166 fwst 2013342,

Svehla, P, Bartacek, 1., Facek, L., Hrocirova, H., Radechovsky,
J, Hanc, A., & Jenicek, P. [2014). Inhibition efect of free
ammania and free nitrous acid on nitrite-oxidising bacteria


http://illlLLiL.il-

P. Swehla et al./Chemical Papers &0 (T} 921-5929 {2015) 929

during sludge liguor treatment: infuence of feeding strat-
egy. Chemical Papers, 68, BT1-8TE. DO 1024758 /s 11696
D14-D538-4.

Turk, €., & Mavinic, D_ 5. {1989). Stability of nitrite boild-up in
an activated slwdge system. Jowrnal of the Water Pollubion
Condral Federation, 61, 1440- 1448,

Vaddivelu, V. M., Yuan, 2. G, Fux, C., & Keller, J. {306). The
inhibitory effects of fee nitrous acid on the energy genera-
tion and growth processes of an enriched Nurebecber culture.
Ervronmental Sciemee 8 Techuology, 40, 44424448, DO:
L1021 fes 051604k,

Vadivelu, V. M., Keller, 1., & Yuan, Z. G, (2007). Effect of
free ammonia on respiration and growth process of an en-
riched Nitrobacter culture, Waler Ressarch, 41, B26-834.
DO 1001006, watres. 2006 11030,

Van Dongen, U, Jetben, B S5, M., & van Loosdrecht, B O R
(2001}, The SHARON™ - Anammox™ process for treatment
of ammonium rich wastewater., Water Scrence and Technol-
aqy, 44(1), 153-160.

Van Kempen, ., Mulder. 1. W, Uijterlinde, ©. A, & van Loos-
drecht, &L C. AL {Hi0l). Owerview: full scale experence of
the SHARONY process for tremtment of rejection water of
digested sludge dewatering. Water Sciemce ard Techrology,
44(1), 145151

41

Wang, I C., Terada, A., Lackner, 3., Smets, B. F., Henze, B_,
Xia, 5 Q. & Zhao, J. . (200d). Nitritation performance
and biofilm development of coe and counter-diffusion bioflm
reactors: Modeling and experimental comparison. Water fe-
search, 4T, 260-2T0%. DOL: 1001016/ watres. 200906017,

Wei, Ir, Xue, X. I, Yan, L. 45, 3un, M., Zhang, (., 8hi, L., &
D, B. [2014). Effect of influent ammoniom concentration on
the shift of full nitritation to partial nitrification in a sesquenc-
ing batch reactor at ambient temperature. Chemical Engis
rneering Jowrnal, 295, 19-26. DOM: 1001006/ .00 201509005,

Zekler, I, Rikmann, E., Tenno, T., Menert, A, Lemmiksoo, ¥,
Saluste, A, Tenno, T., & Tomingas, . {211). Modification
af nitrifying biodilm into nitritating one by combination of in-
creased free ammonia concentrations, lowered HET and dis-
solved axypen concentration. Jowrnal of Enmironmendal Sei-
ences, 23, 11L3-1120. DO1: 10,1016 /=1001-0742(10)60523-2.

Zhou, Y., Ochmen, A, Lim, M., Vadivelu, V., & Ng, W. I
{3111 The role of nitrite and free pitrous acid (FNA) in
wastewater treatment plants. Water Research, 45, 4672-
AG82. DOL: 1001016/ j o watres 2001 06025,


http://Itc.icniT.lt

3. 3 Publikovana prace €. 3

Radechovska H, Svehla P, Radechovsky J, Pacek L, Balik J. 2017. The influence of
temperature fluctuation on the stability of partial nitritation applied for reject water

treatment. Environment Protection Engineering 43:87 — 99.

42



Environment Protection Engineering

Vol 43 2007 Mo. 1
DOI: 10,5277/ epel 70107

HELENA RADECHOVSKA', PAVEL SVEHLA',
JOSEF RADECHOVSKY', LUKAS PACEK', JIRI BALIK!

THE INFLUENCE OF TEMPERATURE FLUCTUATION
ON THE STABILITY OF PARTIAL NITRITATION
APPLIED FOR REJECT WATER TREATMENT

The influence of sudden and gradual temperature fluctuations on the stability of partial nitritation
applied for the treatment of reject water containing ammonium nitrogen (NHi-N) in the range of 1000
1400 mg,."u:lm3 was investigated. It was found that a sudden decrease in temperature from 24.3 °C o
14.3 °C and 15.8 °C significantly affected the stability of the process. Mo negative effect was recorded
after a sudden temperature decrease from 24.3 o 174 °C. It was also found that during a gradual
temperature decrease from 24.3 °C, process stability was negatively affected at 12.7 °C.

1. INTRODUCTION

Nitrogen removal during wastewater treatment is traditionally ensured by the bio-
logical process of nitrification/denitrification. In some cases, the application of this
method is complicated; the treatment of effluent with a low concentration ratio of
COD:N is especially problematic. Multiple innovative biological methods have been
implemented in order to treat these types of wastewater. These methods are based on
the accumulation of nitrite during the nitrification process. The procedures include
a process of nitritation/denitritation and of partial nitritation combined with anaerobic
ammonium oxidation (anammox). Nitritation/denitritation is based on the fact that un-
der specific conditions it is possible to stop N-ammon oxidation by controlling nitrite
levels. Under ideal operational conditions, it is possible to reduce up to 25% of the ox-
ygen consumed/needed during nitritation as compared with nitrification, and up to 40%

]Dtparnm:nt of Agro-Environmental Chemistry and Plant Mutrition, Faculty of Agrobiology. Food
and Matural Resources, CULS in Prague, Kamycka 129, Prague 6 — Suchdol, 165 21, e-mail: hrocino-
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of organic substrate during denitritation as compared with denitrification, resulting in
a faster process and a reduced volume of grown biomass [1, 2].

Another innovative biological method is an anammox process based on a microbial-
mediated reaction between nitrite ions produced during nitritation and ammonium ions
remaining in the treated water. Elemental nitrogen is generated during this process
[3-5]. No organic carbon is needed for the satisfactory operation of the anammox pro-
cess. Simultaneously, the process requires a theoretical 1:1.32 ratio of NHi-N to NOz-N.
Correspondingly, only ca. 60% of NHi-N should theoretically be converted to NOz-N,
meaning partial nitritation is needed as a first stage for subsequent anammox [6, 7]. In
contrast, for efficient nitritation/denitritation it is necessary to transform all NH;-N into
MNOz-N before its reduction to dinitrogen gas. Therefore, oxygen demand is significantly
lower for partial nitritation/anammox compared to nitritation/denitritation. Both pro-
cesses could be operated in a one-step setup or in two separated reactors (one for nitrita-
tion/partial nitritation and one for denitritation or anammox [8-13]). Reject water aris-
ing during the thickening and dewatering of digested sludge, which is characterized by
very high NHi-N concentrations, is a typical wastewater suitable for the application of
the methods mentioned above [8]. Nitrite accumulation, which is the basis for nitritation
and partial nitritation, may be stimulated by intervening with the nitrification system in
a way that suppresses nitrite oxidizing bacteria (NOB) while preserving the function of
ammonia oxidizing bacteria (AOB). The aim is to get the biomass to a point at which
the activity of AOB exceeds the activity of NOB. The main factors that can be used to
stop the nitrification on nitrite level are limited concentration of dissolved oxygen [14,
15] or low sludge age [16]. Nitritation or partial nitritation is successfully achieved in
the sequencing batch reactor (SER) thanks to strong fluctuations of free ammonia (FA)
and free nitrous acid (FNA) concentrations [9, 17]. These chemical substances selec-
tively inhibit NOB activity in a specific concentration range [18-20].

Temperature is an important factor affecting the nitrification process on a number
of counts. Nitrifying organisms are generally very sensitive to temperature; optimum
levels lie in the range of 28-32 °C. With a temperature decrease of 10 °C, the nitrifica-
tion rate decreased by ca. 50% [21]. Higher temperatures facilitate the accumulation of
nitrite [22]. The combined effect of high temperature with sludge retention time (SRT)
limitation is the principle of the single reactor system for high activity ammonium re-
moval over nitrite (SHARON) process |8]. Current systems of separate biological treat-
ment of reject water based on the accumulation of nitrites are usually operated at a tem-
perature in the range of ca. 30-40 °C [8, 23]. Reject water is characterized by high
temperatures, but from a technological point of view it can be difficult to maintain tem-
peratures within the required/ideal range during the winter. Any heating of the reactor
significantly deteriorates the economy of the process. Therefore, it seems appropriate to
look for technological alternatives that do not require temperature control [24]. The pos-
sibility of operating high nitrogen loaded SBR systems treating reject water at relatively
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low temperatures has been previcusly confirmed. Partial nitritation with flocculent bio-
mass was successfully applied at 23£2 °C [17] for this purpose. This value seems to be
sustainable throughout most seasons thanks to the high temperature of raw reject water
produced during the thickening and dewatering of sludge digested under mesophilic or
thermophilic conditions [25]. However, it is necessary to consider the effects of tempo-
rary drops below these values during the winter, and the stability of partial nitritation
(and full nitritation as well) after significant decreases in temperature may be disrupted
in the case of particularly strong fluctuations in temperature.

This work aimed to evaluate partial nitritation temperature resistance during sepa-
rate reject water treatment applied in a system using flocculent biomass operated on the
SBR principle. Based on [17], 25 °C was selected as an adjusted starting temperature
value, where the effect of sudden temperature decreases with variable intensity on pro-
cess stability was assessed. Simultaneously, the determination of the minimal tempera-
ture value enabling satisfactory operation of the system was also an aim of this study.
Tests simulating slow temperature decreases from an initial adjusted temperature of
25 °C were realized for this purpose.

2. EXPERIMENTAL

Reactor set-up. A laboratory model of a nitrifying reactor made of plastic (0.75 dm?
in volume) was operated with flocculent biomass cultivated in the form of activated
sludge. The model was placed in a thermostatic box with the aim of ensuring optimal
conditions for temperature control. Peristaltic pumps and silicone tubes were used for
the transport of treated water into the reactor. The reactor was aerated using the coarse
bubble system. It was operated on the SBR principle with two 12 hour cycles per day.
Each cycle consisted of the following repeated phases: inflow of treated water into the
reactor (ca. 10 min), the working phase, when the reactor volume was aerated (11 h
20 min), sedimentation (ca. 20 min), and drainage of reject water from the reactor
(ca. 10 min). Based on the results of previous tests |9, 17], the system described above
was selected as a suitable technological arrangement for the effective partial nitritation
of reject water. The nitrogen loading rate (NLR) was maintained at 0.2 kg/(m*-d). The
concentration of dissolved oxygen in the reactor was not limited: at the beginning of the
cycle the concentration was 6.1 mg Oz/dm® on average and at the end of the cycle it was
7.7 mg O,/dm* on average. The pH value was not controlled. The concentration of vol-
atile suspended solids (VSS) ranged between 0.25 and 3 g/dm®. The stability of the par-
tial nitritation process after the temperature changes was evaluated based mainly on the
changes in pH and representation of nitrogen compounds in the effluent.

Treated water. Reject water from the Central Waste Water Treatment Plant in Pra-
gue was used. Its quality parameters are shown in Table 1.
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Table 1
Composition of reject water
Parameter Average Range
pH B4 B1-87
Alkalinity, mmal/dm” 93 70-121
P tatal, mg Pldm’ 37 23-63
MNH;-M, mg NHa/d 1336 | 985-1734
COD, mg Opldm’ 2700 | 1145-4600
COD soluble, mg Oafd m'| 1532 TT0-2322
TSS, p/dm’ 33 2.1-55

The method of temperature changes. The laboratory model described above was
operated for 392 days. The operational time was divided into 8 periods (1-8). A sched-
ule of temperature changes during the experiment is shown in Table 2.

Table 2

Schedule of changes of temperature during the experiment

. Real temperature
Operational Davs Adjusied [°C]
period Y temperature [ “C)
Range | Average

1 0-13 ] 24247 243

2 14-46 15 141-145| 143

3 47-171 ] 24247 243

4 172-192 18 17.1-176 | 174

a 193-228 25 24247 243

1] 229-276 16.5 15.5-158 | 158

7 277360 ] 24247 243
361-392 (25-—13) 12.7-24.3 -

361 23 - 224

362 21 - 203

8 363 19 - 18.4

364-371 17 16.2-164 | 163

AT2-375 15 142-146 | 144

AT6-392 13 125-128 ) 127

During this time the temperature in the system was suddenly changed several times
(operational periods 1-7). The value of 25 °C was selected as an initial adjusted tem-
perature (period 1) in accordance with the conditions applied within previous tests [17].
During periods 2, 4, and 6, sudden drops in temperature with variable intensities (one
by one to 15, 18 and 16.5 °C) were simulated with the aim of determining the maximum
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intensity of temperature decrease the system is able to accept without significantly de-
creasing the stability of the treatment process under the given conditions. Within periods
3, 5 and 7, the temperature was restored to the original value (25 °C) with the aim of
stabilising the process at this temperature before another simulated drop. In the last pe-
riod of the experiment (period 8, days 361-392), the temperature was decreased gradu-
ally with the aim of determining the minimum temperature enabling satisfactory opera-
tion of the tested system under the given conditions.

The duration of particular periods was selected with respect to the stability of the
treatment process before changes to the temperature regime. Therefore, significant dif-
ferences can be recorded between the duration of particular periods. Period 1 lasted only
13 days due to the fact that the system was operated under comparable conditions for
a period of one month before the initiation of period 1. The only difference was that
temperature was based on actual temperature in the laboratory (23+£2 °C) instead of ar-
tificial control in the thermostatic box. The standard duration of individual periods was
around 1 month. However, in cases where significant disruption to process stability was
recorded after a radical fall in temperature during particular periods, the operational
time was extended (e.g. period 6). Simultaneously, the operational time within periods
with the initial temperature of 25 °C (periods 3 and 7) was significantly extended in
cases where process stability was disrupted by radical temperature falls within the pre-
vious periods with the aim of stabilizing the intensity and performance of the treatment
pracess to levels comparable with period 1.

Real temperature values measured in the reactor differed to a certain extent from
adjusted values in the thermostatic box. Simultaneously, the results proved that rela-
tively minimal differences between actual values of temperature may result in signifi-
cant changes to process stability. Therefore, real average temperature values, with ac-
curacy to tenths of °C, are presented throughout the whole text of this paper (Table 2).

Analytical methods. The spectrophotometric measurement of various forms of ni-
trogen (mg NHi/dm’, NOz-N, NOs-N) and chemical oxygen demand (COD) was per-
formed using a HACH (Hach Lange GmbH, Germany) DR/4000 photometer, and total
suspended solids (TS5) and volatile suspended solids (VS5) were determined gravimet-
rically. All measurements were performed according to Standard Methods [26]. P-total
concentration was determined with a HACH DR/4000 photometer by HACH method
No. 8190, Alkalinity was determined by titration of the sample with hydrochloric acid
(0.1 mol/dm®) up to pH 4.5. Temperature, pH and dissolved oxygen concentration were
measured by WTW instruments pH 340i and oxi 340i (WTW Wissenschaftlich-Tech-
nische Werkstitten GmbH, Germany). The pH value was continuously monitored using
a GRYF sensor PC1 321 (GRYF HBE, Czech Republic).

Calculations. The concentrations of FA (Cea) and FNA {CGina) were calculated in
accordance with Anthonisen et al. [18] and Park and Bae [27]:
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3. RESULTS AND DISCUSSION

Evaluation of process stability according to pH value. The pH value is a good indi-
cator of short-cut nitrification process stability under the conditions applied within the
described experiment. The activated sludge mixture is acidified as a consequence of
AOB activity during the nitrification process when applied to high nitrogen loaded
wastewater [21]. As a consequence, significant pH fluctuations can be recorded during
the operational cycle of cur SBR system treating reject water in cases where stable par-
tial nitritation took place in this system in accordance with [17].

During the operation of the reactor at 24 3 “C (operational periods 1, 3, 5 and 7),
pH in the reactor ranged between 6.9 and 7.9 at the beginning of the SBR cycle and
between 4.7 and 6.5 at its end (Fig. 1). These relatively large differences indicate inten-
sive AOB activity and stable partial nitritation. However, after a sudden decrease in
temperature from 24.3 °C to 14.3 °C (day 14, operational period 2), a rapid increase in
pH to 8.9 was monitored, while no significant differences in pH were recorded during
the SBR cycle between days 21 and 41. As late as day 42 (28 days after the start of
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period 2), pH at the beginning and at the end of the cycle started to differ again. This
indicates a disruption to partial nitritation stability and its gradual return to the original
intensity during period 2. A similar development related to pH was recorded during
operational period 6 after a decrease in temperature to 15.8 °C. After a decrease in tem-
perature from 24.3 °C to 17.4 °C (operational period 4), this effect was not observed
(Fig. 1). During the gradual decrease in temperature from 24.3 °C (operational period 8),
the difference between pH at the beginning and at the end of the cycle was reduced with
a falling temperature. However, significant differences between the start and end of the
cycle were monitored until a temperature of 12.7 °C was reached. Under these condi-
tions, on day 392 pH ranged between 8.8 and 8.9 throughout the entire day, indicating
a disruption to process stability. Therefore, no additional decreases in temperature were
realized within phase 8 and the experiment was terminated.

swaenes End 0f SBR cycle = = =Start of SER cycle ®  Temperature
5.0 1 1 w ™1 T 1 T
wEfy, D MWK gy W ow [ EE P [ ] F L 24
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Fig. 1. pH at the beginning and at the end of the SBR cycle during operational periods 1-8

Evaluation of process siability according to the concentrations of nitrogen com-
pounds in the effluent. NOz-N is the final product of partial nitritation. Therefore, its
actual concentration in the effluent can be considered a suitable parameter for evaluating
the stability of partial nitritation. Simultaneously, the ratio of NOz-N to NHi-N concen-
tration can be used for this purpose. The alkalinity of used reject water enables the con-
version of ca. 50-60% of NHi-N contained in the reject water to NOz-N without pH
control so long as the process is not limited by other factors [9]. Considering the fact
that NHi-N was converted primarily to NOz-N without intensive NOs-N production,
a significant decrease of the NOz-N:NH;-N ratio below 1.0 may indicate a decrease in
AOB activity. Under these conditions, the disruption of partial nitritation stability may
be signalled by a decrease in the NOz-N:NH;-N ratio.
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Fig. 2. The concentrations of different nitrogen species in the effluent during operational periods 1-8

NO.-N concentration ranged between 230 and 680 mg/dm” throughout the entire
reactor operation (Fig. 2). The lowest concentrations were recorded after a temperature
decrease at operational periods 2 and 6, indicating instability of the treatment process.
Consequently, the amount of NO;-N in the reactor effluent gradually increased during
these periods, indicating gradual re-activation of AOBs. Simultaneously, the average
ratio of NOz-N to NHi-N concentration was lower during operational periods 2 (0.56)
and 6 (0.67) compared with periods 1 (1.0}, 3 (0.95), 5 (0.81) and 7 (0.95). No signifi-
cant changes in concentration of nitrogen species were recorded during period 8 until
day 388. However, a decrease in NOz-N from 520 to 352 mg/dm*® (Fig. 2) and simulta-
neous fall of the ratio of NOz-N to NHi-N concentration from 0.92 to 0.59 was observed
after the decrease in temperature to 12.7 °C between days 386 and 392.

Unexpectedly, the above mentioned decreases in NO;-N concentration after tem-
perature falls (periods 2, 6 and end of period 8) were not combined with an obvious
simultaneous increase in NH,"-N concentration (Fig. 2). The representation of volatile FA
within NH, -N increases rapidly upon increasing pH [18]. In accordance with this statement,
FA concentration increased significantly during period 2, 6 and 8 (Figs. 1 and 3) and it is
necessary to consider the possibility of intensive stripping of FA during these periods
in an intensively aerated system. This hypothesis was confirmed by the decrease in ni-
trogen concentration during these phases. For example, during day 251 (period &), total
inorganic nitrogen concentration in the effluent (the sum of NH,"-N, NO. -N and NO; -N)
reached 620 mg N/dm* at an NH;-N input concentration of 1020 mg NH,"/dm® indicat-
ing that almost 40% of the nitrogen was stripped out. Simultaneously, no significant
nitrogen loss was observed during the stable partial nitritation (e.g. periods 1, 3 and 5).
Considering the fact that ammonia was removed not only by partial nitritation but also
by an additional mechanism during the selected periods of reactor operation, NHi-N
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removal efficiency seems not to be sufficiently objective for the purpose of comparing
partial nitritation stability during individual periods of reactor operation.

FA and FNA concentrations and their effect on the treatment process. Development
of FA and FNA concentrations during the experiment is recorded in Figs. 3 and 4.
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Fig. 3. Concentration of FA at the beginning and at the end of the SBR cycle
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Fig. 4. Concentration of FNA at the beginning and at the end of the SBR cycle
FFA concentration reached its maximum at the beginning of the SBR cycle (3—20 mg
NHas/dm’), while FNA concentration increased during the cycle, reaching its maximum

at the end of the cycle (up to 61 mg HNOz/dm?) in the case of stable operation of partial
nitritation in accordance with [17]. NOB activity was suppressed due to FA and/or FNA
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inhibition, while AOB activity was preserved under these conditions thanks to their
higher resistance [18]. An interesting observation is that the activity of AOB was also
sufficient for successful partial nitritation at extremely high values of FNA at the end of
the cycle in periods 3, 5 and 7 (Fig. 4). This could be caused by the adaptation of the
microorganisms to the prevailing conditions within the reactor [1]. On the other hand,
the finding that only ca. 50% of NH;-N was removed by AOB during periods with stable
partial nitritation (periods 1, 3, 4, 5, 7} indicates that AOB were in some way inhibited
at a certain FNA concentration with pH gradually decreasing and FNA concentration
gradually increasing during the SBR cycle. Consequently, they were probably reac-
tivated at the beginning of the subsequent cycle in connection with a pH increase and
simultaneous FNA concentration decrease. This hypothesis is in accordance with the
results of literature source [28] evaluating the effect of pH and FNA on the activity of
AOB in a partial nitritation reactor. Significant increases in pH throughout the whole
cycle of the SBR recorded during selected phases of periods 2, 6 and 8 (Fig. 1) resulted
in an extreme increase in FA concentration. For example, as much as 150 mg/dm® FA
was measured on day 21 (period 2, Fig. 3). Therefore, AOB activity limited primarily
by a decrease in temperature was also inhibited secondarily by FA [18]. This probably
pralonged the period required for the recovery of satisfactory AOB activity during
phases 2 and 6. A significant increase in FA concentration (up to 122 mg NHa/dm® at
the beginning of the cycle) was also detected after the decrease in temperature to 12.7 °C
realised within period 8. resulting in a similar secondary inhibition effect.

Representation of NOz- N and NOs-N within oxidized forms of nitrogen. NOz-N rep-

resented 86-98% of oxidized nitrogen (the sum of NO2-N and NOs-N) in the effluent
from the reactor for the whole reactor operation. This suggests effective and long-term
restriction of NOB activity. The literature generally indicates the accumulation of ni-
trites is supported by higher temperatures [29]. However, even the temperature decreases
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Fig. 5. Representation of NO:-N between oxidized forms of nitrogen
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realized within periods 2, 4, 6 and 8 did not induce a significant increase in NOs-N effluent

concentration within this study. To the contrary, the representation of NOs-N between
nitrogen oxidized forms decreased with decreasing temperatures (Fig. 5). Simultane-

ously, a certain increase in the representation of NO3z-N within oxidized nitrogen, indi-
cating an undesirable increase of NOB activity, was repeatedly recorded after tempera-
ture increases (periods 3, 5, 7) compared to previous periods with decreased temperature
(periods 2, 4. 6). For example, the representation of NOs-N increased from 3 to 14%
during period 5 (Fig. 5). The strong inhibition of NOBE activity (due to extreme FA
concentration increases during periods 2, 6 and 8 and consequently decreases during
periods 3, 4, 5 and 7) could be the main factor causing this fact. Also, the faster growth
rate of NOB under higher temperatures |[30] could support this phenomenon. In all
cases, the representation of NOs;-N within oxidized forms of nitrogen did not exceed

14% during the whole reactor operation time and the fluctuation of NOs-N representa-
tion had no fatal effect on the process performance.

4. CONCLUSIONS

It was found that a sudden decrease in temperature from 24.3 “C to 17.4 °C did not
affect the stability of partial nitritation used for reject water treatment under the condi-
tions applied within the described experiment, indicating relatively good temperature
stability within the tested system. In addition, during a gradual temperature decrease,
the system was stable until 12.7 °C. Based on these findings, the operation of full-scale
reactors treating reject water without temperature control under the conditions described
in this study seems to be achievable. Quick decreases in temperature from 24.3 °C to
14.3 and 15.8 °C caused significant disruptions to process stability indicating that too
intense and sudden decreases in temperature may deteriorate the performance of the
process on a relatively long-term basis, even at a temperature higher than the value ac-
ceptable in the case of its gradual decrease. The secondary inhibition effect induced by
elevated concentrations of FA may support the primary restriction of AOB activity
caused by a decrease in temperature with the potential to significantly prolong the phase
of deteriorated function of the system. However, the ability of AOB to adapt to low
temperature values was proven by gradual restoration of the stability of partial nitrita-
tion even after sudden a decrease in temperature from 24.3 to 14.3 °C. Therefore, long
term operation at a lowered temperature seems to be achievable. However, the ability
of AOB to adapt to low temperature were proved by gradual restoration of the stability
of partial nitritation even after sudden decrease of temperature from 24.3 to 14.3 °C.
Therefore, long term operation at lowered temperature seems to be achievable. The re-
sults of this paper are fully applicable for the reactors applying partial nitritation as the
first stage before independent anammox reactor. Simultaneously, basic findings could
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be used for the control of reactors applying full nitritation within the system for nitrita-
tion/denitritation operated in two separated reactors. For objective evaluation of tem-
perature stability of one-step systems of nitritation/denitritation and partial nitrita-
tion/anammox additional research is needed.
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Abstract A sequencing batch reactor (SBR) applying
partial mitritation for reject water treatment was operated
for 330 days at a laboratory scale. The system was
repeatedly exposed to sudden temperature drops from 24 to
17 °C. The nitrogen loading rate (NLR) was mercased
incrementally from 0.4 to 1.5 kg/im? day) with the aim to
cvaluate temperature stability of the process at different
NLE wvaluc. Total nitrite nitrogen (TN™N) represented
94-049% of oxidised nirogen in the effluent throughout the
entire operation of the reactor. It was found that the pH
profile during the SBR cycle, nitrogen removal efficiency
and concentration of M-species in the effluent did not show
significant changes following  temperature  decreases
occurring within the entire applied range of the NLE.
Simultaneously, the nitrogen removal rate increased pro-
portionally with the NLRE where the nitrogen oxidation
cfficiency reached 48-58% regardless of actual tempera-
ture and NLE. These observations clearly demonstrate the
temperature stability of applied partial nitritation system
during the tested temperature fluctuations.
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Introduction

Nitritation/denitritation and  partial - nitritation/anaerobic
ammonium oxidation (ANAMMOX), have been frequently
applicd to reject water treatment in laborstories, pillot plants
and full-scale conditions within the past few decades (Hel-
linga et al. 1998; van Dongen et al. 2000; van Kempen ct al.
2004 Jenicek et al. 2004; Zekker et al. 20012; Lackner et al.
20004 Tora etal. 2004). The nitritation applied as the firststage
for subsequent AMAMMOX process should be operated with
the gim to convert partially total ammonia nitrogen (the sume
of N-WH,* and N-NH., TAN) to total nitrite {trivalenty
nitrogen (the sum of N-NO. ™ and N-HNO,, TN} where
suitable ratio of TH"MN/TAN concentration enabling satis-
factory course of ANAMMOX process should be achieved
(van Dongen et al. 2000 ; Zekker et al. 2012). Therefore, the
term “partial nitntation” was established for these cases.
Nitritation/denitritation as well as partial niritation AMA-
MMOX is based on the sccumulation of nitrites induced by the
selective inhibition of nitrite coadising bacteria (NOB ) during
the natrification process, whereby ammonia oxidising bacteria
(AOB) activity 15 preserved. The main advantages of the
above-mentioned processes include higheffectiveness and the
reduced costs of aerating and organic substrates, as compared
tor & tracitional nitrification/denitnfication system {Turk and
Muavinic 1989 Mulder et al. 1995). Suppression of NOB
activity can be achieved by a dissolved oxygen (D0O) limita-
tiown { Btz et al. 20005; Ge et al. 2004; Pacek et al. 2005) or by
the application of a short slodge retention time (SET) at high
temperature {Hellinga etal. 199%). Nitritation as well as partial
nitritation during reject water treatment may be suceessfully
achieved in a sequencing batch reactor (SBR) thanks to strong
fluctuations in free ammonia {FA) and free mitrous acid (FNA)
concentratons (Jencek etal. 2004, Park and Bas 200%; Svehla
et al. 20014). These chemical substances selectively inhibit
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MOB activity within a specific concentration range {An-
thonisen et al. 1976; Wadivelu et al. 2007; Blackburne et al.
2008; Pambrun et al. 2008).

Temperature 15 an important factor affecting the ninfi-
cation process in a number of ways. Nitrifying organisms
are generally highly sensitive to temperature. Thus, the
productivity of nitrification {and partial nitritation as well)
15 strongly temperature-dependent. On the other hand, also
the possibility o operate satisfactory biological systems
applying nitrification at low temperature was proved in the
past (Datja et al. 20016). Higher temperatures support the
accumulation of nitrite during  the nitrification process
under specific condinons (Hellinga et al. 1998; Hoo et al.
2002; Kim et al. 2008). At the same time, the temperature
value significantly affects the distnbution of FA and FNA
(Park and Bae 2009, Anthonisen et al. 1976). Therefore, a
change in temperature may influence the inhibition of
nitrifying bactenia during high nitrogen loaded wastewater
treatment, even at stable TAN and TN"™N concentrations.
The combined effect of high temperatures and SET limi-
tation is the pnnciple of the Single reactor system for High
activity Ammonium Eemoval Over Nitrte (SHARON)
process (Hellinga et al. 199%). Cumrent systems for separate
binlogical treatment of reject water applying  nitrita-
tonfdenitritation, or partial mintaton/ ANAMMOX are
usually operated at 30-40 °C (Hellinga et al. 19%%; Lack-
ner et al. 2004; Volcke et al. 2006). Potential temperature
Auctuations may affect the stability of the partial nitritation
process due o the relatively high temperature sensitivity of
AOB (Henze et al. 2008: Hrocirova et al. 2007 but
heating the reactor significantly deteniorates the economy
of the process. Therefore, it seems appropriate o look for
technological alternatives that do not include temperature
control (Rodriguez et al. 2001; Hu et al. 2003). Positively,
partial nitritation with flocculent biomass at temperatures
of 23 + 2°C was successfully operated during expern-
ments performed by Svehla et al. (2014) indicating the
possibility of applying lower temperatures for this process
under specific conditions. Relatively high temperatures ane
typical for reject water arising during the thickening and
dewatering of anaerobically digested sludge thanks to
mesophilic or thermophilic conditions prevailing in the
digesters. However, from a technological point of view, it
may still be difficult to achieve temperatures exceeding
2 °C, for example, during the winter season in many
regions.  Additionally, actual temperature of row reject
water is influenced also by dewatering unit applied within
the sludge management of particular wastewater treatment
plant. For example. belt press with high portion of Aush
water prodluces colder reject water than centrifuge. Kouba
et al. (2014) demonstrated that wastewater containing TAN
in concentrations of up to 600 mg/L. may be satisfactonly
treated by partial nitritation i oa SBR using biomass
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cultivated n the form of biofilm at 15 = 1 "C and wt a
nittogen loading rate (NLE) reaching 0.2 kgfim® day).
Svehla et al. (2015) confirmed that also the biomass cul-
tivated in the form of activated sludge 15 able 1w ensure
satisfactory operation of partial nitritation under conditions
identical with Kouba et al. (20014). However. the biomass
was exposed to low temperatures for a long time and the
potential effect of large temperature fluctuations was not
evialuated. In additon, the ability of the system to be
operated at a higher NLRE was not studied. Persson et al.
(2004} confirmed the possbility of applying the partial
nitritation/ANAMMOX process to reject water treatment in
a moving bed biological reactor (MBBR) at even lower
temperatures. In their experiment, the temperature wis
decreased from 1% to 100 °C in three steps. The NLE was
reduced during the operation of the reactor in order to
achieve satisfactory TAN removal efficiency. The system
was stable within the temperature range of 19 and 13 °C.
At 10 “C. unstable TAN removal was registered. Different
authors have applied nitritation or partial nitritation without
temperature control, reaching certain ranges of operational
temperature depending on the ambient temperature during
the treatment of reject water or other types of wastewater
with similar properties {Jenicek et al. 2004; Svehla et al.
2004; Yang et al. 2000 Wei et al. 2004),

The economy of the process is strongly affected by the
nitrogen oxidation rate (NOR) goarantesd by the system.
Jenicek et al. (2004) observed that during long-term
operation at 21 = 1 °C, it 15 possible to mamtain efficient
partial nitritation of reject water in a SBR wsing flocculent
hiomass at a relatively high nitrogen loading rate of up to
1.65 k_g!qm?' day). Intensive fluctuation of FA and FNA
concentration during SBR cycle was identified as the main
factor restricting NOB activity in the experiments per-
formed by Svehla et al. (2004) in a system with analogic
technological arrangements operated at 23 £ 2 °C. Yang
et al. (2010} achieved highly stable performance of partial
nitritation applied to reject water treatment with the max-
imum NLR reaching even 4.2 kgfim’ day) at slightly
higher temperatures (26 £ 4 “C). Subsequent  studies
proved that the SBE treating reject water under conditions
comparable with Jenicek et al. (2004) and Svehla et al.
(2014} is able to be sufficiently operated after a sudden fall
in temperature from 24 o 17 °C, in the case that relatively
I MLE reaching 0.2 k_gfim" day) 15 applied. Contranly.
the collapse of mological processes was observed after
decreasing the temperature from 24 1w 16 °C at the same
NLR (Hrncirowva et al. 2017). However, the function of the
system after the intensive temperature falls at higher NLR
was still not evaluated. Thus, the productivity of the system
under fluctuating temperatures is still unknown.

The aim of the experiments presented within this paper
15 to evaluate the influence of NLR on the temperature
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resistance of the system treating reject water by partial
nitritation, which is a potential precursor to denitrification
via nitrite or ANAMMOX process. The research was per-
formed under technological conditions analogical o our
previous studies (Jenicek et al. 2004; Svehla et al. 2004;
Hrncirova et al. 2007). The system was repeatedly exposed
o a sudden temperature fall from 24 1w 17 °C where NLR
was increased incrementally from 0.4 to 1.5 kgfim® day).
The starting temperature (24 *C) was selected because it
represented the upper limits of the temperature applied by
Jenicek et al. (2004} and Svehla et al. (2014) during pre-
vious experiments. Temperature decreases o 17 “C were
realized based on the findings presented by Hrocirova et al.
(2017). The range of NLE tested was selected with the aim
o evaluate the temperature stability of the system at NLR
exceeding value 0.2 kgiim® day) and spproaching 1.65 kg/
im® day) achievable at o relatively constant temperature
under comparable conditions (Jenicek et al. 2004). Thus,
the ability of the system to be highly productive under
temperature fluctuation was feasible to evaluate.

Theoretical

The concentrations of FA (Cpa) and FNA (Cexa) were
calculated in accordance with Park and Bae (2009} and
Anthonisen et al. {1976):

_ 17 Cpa - 107
Cralmg/L NH:} = 14 [ep (6334, (273 < 1) £ 10| {1}
a7 o
Cr p/L HNG ) = L .
a (g ) = A e 2300273 + T) + 107 5 1
{2)

where Cpay and Ol represent the actual total concen-
trations of TAN and TN"N, respectively, and T is the
temperature in degrees centigrade.

The actual value of SET in days reached in the reactor
was caloulated in accordance with the Eqg. (3
V. TS5,
0TSS5,

where V15 the volume of the reactor (.75 L), TS5, rep-
resents the concentration of TS5 m g/l in the reactor, ) is
the intensity of the feeding of the reactor (L4d) and TSS ¢
describes TS5 concentration (/L) in the effluent.

SRT = {3)

Experimental
Reactor set-up

A poly methyl methacrylate laboratory model of a nitn-
fying reactor (0.75 L} with a flocculent biomass was
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operated in g thermostatic box ET 61%-4 (Lovibond, Ger-
many) for 330 days (Fig. 1). The experiment was realized
in the period lasting from January to Movember 2015 at
non-sterile conditions. The system was inoculated with an
activated  sludge  gained from other laboratory  model
treating reject water using the partial nitritation operated in
SBR under the conditions described by Svehla ot al.
(20014}, The entire volume of the reactor was filled with this
activated sludge. This way, the volatile suspended solids
(V55) concentration reached 2.4 g/l at the start of the
reactor operation. The inoculum was gathered from the
reactor treating reject water at a laboratory temperature
(23 £+ 2 °C) under the conditions comparable with the
experiment presented in this paper. The only difference
was that the reactor serving as the source of inoculum was
not placed in a thermostatic box and the temperature
fluctuated in the range mentioned above. Thus, the nitr-
fying organisms were satisfactorily adapted to the condi-
tions prevailing in the reactor. [t enabled strting the
experiment immediately after the inoculation.

The SBR was operated in two 12-h cycles per day
during periods 18, Taking into consideration the increased
volume of reject water exchanged during one cycle
resulting from increase of NLR., it was impossible o apply
this strategy o SBR operation during periods 9 and 100
Therefore, four cyveles per day were applied duning these
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Fig. 1 Schematic daagram of SBR resclor—notes: § ihermostatic box
2 SBR reactor, 3 neject water tank, # efMuent water tank, 5 pH
electrodie, & M) electrxle, 7 seration, & mterface, ¥ PC, 10 electric
Limme-swialches
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periods with esch cyele lasting for 6 b Each SBR cycle
consisted of the following phases: inflow of treated water
into the reactor {10 mini; the working phase, when the
reactor volume was acrated (11 b 20 min durnng periods
1-8: 5 h 20 min during penods % and 100; sedimentation
(20 min); and drainage of effluent water (10 min). The
duration of particular phases of SBE cycles were controlled
using electric time-switches controlling the operation of
peristaltic pumps and acrators.

In sccordance with Jenicek et al. (2004) and Svehla
et al. (20014), no excess sludge was withdrawn from the
reactor, with the exception of sludge escaping with effluent
water. with the aim to maintain the maximum of AOB in
the reactor. The concentration of biomass expressed as wital
suspended solids (T55) and V38 flucated in the range of
21 to 45 g/l and 18 to 3.0 g/l respectively, during the
whole reactor operation. The concentration of TS5 in the
effluent did not exceed 0.5 pfL. Under such conditions, the
SRT calculated in accordance with the Eg. (3) fluctoated
between 8 and 20 days.

Peristaltic pumps and silicone whes were used w0
transport treated reject water into the reactor. The resctor
was acrated using the coarse bubble system. A small
aguarium air pump enabling the regulation of aeration
intensity was used for this purpose. The volume of the
reactor was intensively stirred by the supplying of the air
into the reactor during the whole working phase of the
reactor. The concentration of dissolved oxvgen in the
reactor was not limited with the aim to maximize NOR
(Pacek et al. 2015). For this purpose the intensity of aer-
ation was controlled with regard to actual NLR with the
aim to achieve DO concentration exceeding 3 mgfL for the
whole working phase of the cycle. As a consequence of
gradual decrease of treatment process intensity during the
cycle, certain increases of DO concentration were observed
during the working phase of the cycle. In all cases, the
concentration of DO reached an average of 3.3 and 7.8 mg/f
L at the beginning and at the end of working phase,
respectively. Thanks to the acration intensity control, [0
concentration did not differ significantly in particular
periods despite the changes of NLR applied.

Although the pH value was monitored continuously (see
below), no neutralizing agents were added into the reactor.
Under such conditions, pH fluctuated significantly during the
SBR cycle as a consequence of the acidification of the
envimnment during the partial nitritation process reaching
maximum value at the beginning of the cycle working phase
and the minimum value at the end of the working phase
(Svehla et al. 2004). Thus, the svstem’s pH was self-regu-
lated in the process by the high alkalinity of the reject water.

The reactor was repeatedly exposed o temperature
drops from 24 w17 °C. Simultancously, the NLE was
increased incrementally from 0.4 to 1.5 kg/dim? day). The
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Table 1 Temperature, mirogen loading rate amd hydraolic retention
e (HET) o nedavidsal periods of reactor operation

Days Opreratonal Temperature NLR HET
period [*C] [kgfim’ dav)] |day]
=16 1 4 0.4 18
17-33 2 17 0.4 18
-6B 3 4 K] 11
i L) & 17 K] 11
1l-122 5 4 Lo 1.2
113-1a4 2] 17 1o 1.2
165-213 7 4 12 LA
Il4-245 ] 17 12 LA
148-289 9 4 1.5 LR ]
=330 1t 17 1.5 LR ]

temperature fluctation was simulated by changing the
temperature on the thermostatic box from original to
required levels. Under such conditions, required tempera-
ture was achieved after approximately 4 b in the reactor, at
the change of particular operational periods. MLR reaching
O 006; 1.0; 1.2 and 1.5 kg."{m?' day) was applied during
the experiment. NLE was regulated by the control of the
raw reject waler pumping intensity, where actual TAN
concentration in raw reject water was taken into account.
The operation of the laboratory model was divided mto 10
periods according to the actual value of the NLR and
temperature  {Table 1). The starting  temperature.  the
intensity of temperature decreases and the range of NLR
applicd were selected based on the results of the previous
experiments (Jenicek et al. 2004; Svehla et al. 2014; Hrn-
cirova et al. 2007y, Duration of particular periods was
selected with the aim o ensure sufficient time for the
biomass acclimatization after temperature changes where
the results of previous expenments (Hrncirova et al. 2007)
were tiken mmto consideration.

Treated water

The reject water from the central wastewater treatment
plant in Prague was vsed. Iis quality 15 shown in Table 2.

Analytical methods

The spectrophotometric measurement of different nitrogen
forms (TAMN, TN"™N, N-NO;") and chemical oxygen
demand (COD) in raw reject water and in the effluent from
the reactor was performed vsing a HACH (Hach Lange
GmbH., Germany) DEAIOD photometer according 1o the
standard methods (Eaton et al. 1995), The determination of
total suspended solids (TS5) and VW85 were measored
gravimetrically according to standard methods (Eaton et al.
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Talde 2 Physico-clemacal propertes of treated regect water

Parameter Lt Average Range

pH - LR B.1-8.T
Alkalimty ol 93 T-121
B utal oL 37 1363
TAMN oL 1349 LI55-1643
oD oL T 1145460
O soluble gL 1532 TH0-23122
T=5 =l 33 11-55
Modar rabo alkalininyTAN - 1.02 0.76-1.25

TAN wial ammaonium mtrogen, CO0 chemecal oxygen demand, TS
total suspemded solids

1995, P-total concentration was determined with a HACH
(Hach Lange GmbH, Germany ) DRA000 photometer using
HACH method number 8190, Alkalinity was determined
by titration of the sample with hydrochloric acid (0.1 mol!
L) wp to pH 4.5, Temperature, pH and dissolved oxygen
concentration were monitored continuously online using a
Gryf Magic XBC device (Gryf HBE company, Czech
Fepublic). The value of pH was measured with an [SE
electrode PCL 321 XB2 and DO was determinated with a
membrane electrode KCL 24 XB4. Both tvpes of elec-
trodes were equipped with temperature sensors.

Fluorescence in situ hybridization

As per Daims et al. (2000), FISH was carmied out to
guantify the amount of AQB and NOB in the sludge from
the reactor. The samples of activated sludge were fixed in a
4% paraformaldehyde solution for 3 h at 4 °C. Conse-
quently, they were washed three tmes with phosphate-
buffered saline (PBS) where centrifugation at 3500g for
# mun was applied with the aim o separate the flocs and
supernatant (Niclsen et al. 2009). Microorganisms present
in the flocs were hybridized by FISH according o Nielsen
et al. (2009, AOB were identified using Nsol90 and
Mz01225 probes and NOB were dentified using Mspa712,
Mispath2 and NIT3 probes. The specificity of all FISH
probes applicd, probe sequences and fluorophores wsed for
cach probes are presented in Table 3.

FISH images were collected using an Olympus BX51-
RFAA epifluorescence microscope with a charge-coupled
device (CCD) camera. Photos were achieved in 20 at the
surface of the floc.

Shudge was sampled on day 232 (period 8), day 253
{period 9) and day 325 (period 100, FISH was carried out at
a  specialized  department  (Department  of  Water
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Technology and Environmental Engineering, University of

Chemistry and Technology Prague).

Results and discussion

Achievement of partial nitritation
during experiment

TH™MN represented 94 to 99% of oxidized nitrogen {the
sum of TN and N-NO, ™) in the effluent during the
entire reactor operation (Table 4). N-NO; ™ concentration
did not exceed 45 mg/L (Fig. 2). Thus, successful partial
nitritation was achieved. This finding 15 in sccordance with
Svehla et al. (2014), which proved that the fAuctuation of
FA and FNA concentration during SBR cycle 15 able to
restrict OB activity as the sole mhibating factor where
AOB actvity could be preserved in mitnfying reactor
treating reject water under the conditions applied in our
experiment. Contrarily, in a case that a completely sticred
tank resctor (CSTR) would be used, the inhibiting effect of
FA andior FNA would be necessary to combine with the
other strategy limiting NOB acuvity, e.g. with controlled
oxyeen supply, with the aim to achieve partial nitntation
(Pacek et al. 2015; Svehla et al. 2014).

Even temperature decreases from 24 10 17 °C realized at the
beginning of pertods 2, 4, 6, 8 and 10 did not result in a sig-
mificant ncrease of N-N0.7 production, although faster
growth of NOB at temperatures lower than 200 °C was reported
by Hellinga et al. {1998) and Hao et al. (2002). The inhibition
effect of FA and FNA (Svehla et al. 2014 Anthonisen et al.
1976; Vadivelu et al 2007; Blackburne et al. 2008; Pambrun
et al. 2008) seems o be sufficient w inhibit NOB, despite the
temperature reached in the reactor favoured MOB in compar-
ison with AOB (Hellinga et al. 1998; Hao et al. 2002), The
wishout of MOB during the expenment was proved by the
results of Fluorescence In Situ Hybrndization (see separate
chapter focused on the results of microbial analysis).

TN"N and TAN concentrations reached 490 to 690 mg/
L and 520 to 760 mgfL, respectively. throughout the whole
reactor operation (Fig. 2). The average ratios of TN and
TAN concentrations in the effluent from the reactor ranged
between 090 and 1.02 within individual periods of the
reactor operation where no significant changes of this
parameter were registered after the temperature changes
(Tahle 4). Observed TN™MN/TAN ratios are in agreement
with other studies evaluating partial nitritation of reject
water without pH control {van Dongen et al. 2000; Jenicek
et al. 2004) being suitable for potential subsequent ANA-
MMOX processes.
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Talde 3 FISH analysas: specificay of all FISH probes, probe sequences, competitor odigonueleotiles and Ouorophores used for each probe

Probe Bactenal genera Probe sequences Compeitor oligonucleoticle Flsorophores  Relerences
JaHM S
L Betaprolechacterial ammoma- COA TOC OCT GCT TTT Nome Cy3, Fluos Daims el al.
anichsang baclena Loy LAg 2006
MNeplll5  Betaproleobacteral ammonma- COC CAT TGT ATT ACG None Cy3, Fluos Daims el al.
anichsang baclena TOT GA 2006
Nupalll  Phylum Nivespiame COC CTT OO0 CAC GGG OG0 CTT OG0 Cal OG0 Oy, Fluns Muobarry et al.
COT TeC TGT TCC 1954
Muspabhl  Genus Nitrogpira GlA ATT COG COC TOC GOA ATT OCGCTC TCC . Cy3, Fluos Muobarry e al.
TCT TeT 1954
NIT2 Genus Nitrobacter COT GTG CTC CAT GOT - OCT GG CTC CAG GCT - Cy3, Fluos Wagner et al.
CCG OO0 1954

Table 4 % of TR"™N within oxidased mitrogen and THNT AN ratio

Operational Period  TRNATN™N + N-N0,7) [%]) TNTNTAN
1 Uis £ LG LANd £ {2
2 96K £ 0.2 LA = (2
k 9p2 £ 0.3 LANF == duin
4 Gk £ 0.7 LAY = (0
5 Wy £ G LA = (i3
f Yid £ (LG (00 £ (6
7 L0 £ G 002 £ (i
8 OR2 £ 0.3 142 £ {2
g TS £ G 41 £ (DS
0 969 £ 0.5 (.00 £ (6
e WM —8—THIIN --%- TAKel. =% TANini
1800 T 4 {8l & 7 ] D
1600 Noadya
100 oM, LA M~ Y
o 1200 L T W Lo S
B 1000 {
BO0
np Ewpeepee - <
400 ¥
00
n & & e & ey il s
il 50 100 150 200 250 300
Time [Days]

Fig. 2 Mirogen specwes i the ellleemt (particular periods isdacated
using numhers 1-100

Evaluation of partial nitritation stability according

to nitrogen oxidation efficiency and nitrogen

oxidation rate

Mitrogen oxidation efficiency (NOE) reached 48 — 58%

throughout the whole experiment (Fig. 3). This range of
MOE is typical for successful partial nitritation of reject

E Sprinper
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water without pH control {van Dongen et al. 2000; Jenicek
et al. 2004). No substantial changes of NOE were regis-
tered after temperature falls at the tm of particular pen-
ods, indicating good stability of partial mintation even
after temperature decreases from 24 1o 17 °C.

Taking mto consideration relatively stable NOE during
the experiment, the MOR incressed proportionally to the
MLE within particular pericds of the reactor operation
(Fig. 3). No apparent decrease in the NOR was registered
after the temperature decreases at the beginning of periods
2,4 6, % and 10 indicating temperature stability of the
system within the tested NLR range. During the first phase
of the experiment (periods 1 and 2), the MOR reached
0.240 k_l;{{m'-' day) on average. The maximum NOR reach-
g 0.54 kgl"{m'-' day} on average was achieved during
periods 9 and 10, SHAROMN process as one of the most
commaonly applied systems for reject water treatment in a
full scale at present time (Lackner et al. 2014) 15 usually
operated at NLR lower than 1 kgiim” day) ivan Kempen
et al. 2001). For subseguent ANAMMOX process ca.
S0-60% of TAN should be oxidised to TH™N {van Don-
gen et al. 2001). The results presented shove indicate that
our reactor is able to achieve shightly higher NOR com-
paring with the SHARON reactor mtegrated into the sys-
tem SHARON/ANAMMOX,  despite  the that
significantly lower temperatures are applied. Additionally.
stromg fluctuation of emperatre did not result in notice-
able decreases of NOR.

fact

Evaluation of partial nitritation stability according
to pH profile during SBR cyele

H* is produced during nitrification process in the phase
of nitrite production {Henze et al. 2008). In the case of
the mitrification {and  partial mntaton as well) of
wastewater loaded with high amounts of nitrogen, such
as reject water, the pH decreases dunng the treatment
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Fig. 3 NOE amd NORE = —i— NOE = NOR
alavidual periods of reactor BO 16
aperation (particular periods 1 203 4 5 5] 7 B a 10
mwhicated wsing numbers 1-100 O 14
B0 9 12 =
_ 5 QUL o N Ve Va0 ‘2t ?
£ 40 !_..-_.'_'FIL..-.-_‘._{:IB %
! ; =
£ o JEIgg SRy o 2
2] l"-'-'--rl-."dr‘ D4 B
10 -mma- Tl - oz
o T - T T o
o 50 100 150 200 250 300
Tirne [Days]
process. Insufficient alkalinity for such intensive HY (8) -4~ End of warking phass  —s— Starl of working phase
production causes this phenomenon (Jenicek et al. 2004; 8 -
Henze et al. 2008). As a consequence, significant pH BEq 12 2 = T y a B e
fluctuations can be registered during the operational .'.: B el mlili A naee can
cycle of our SBR system when stable partial nitritation -3 E; 1
wok place within this system (Svehla et al. 2014). | ba L
I-ImclrEl:wa et al. (2017} registered pH valoe in the range 8e "“'i"‘ L i b Sl o S e
of 6.49-7.9 at the beginning of the SBR cycle working 51
. . 45
phase during the reject water treatment where the P
decrease to 4.7-6.5 was monitored at the end of working o 50 oo 150 A0 20 M0
phase when partial mitritation was satisfactory operated. (b Time: |Darys]
Consequently, the collapse of the system due to overly 8.5 : 7
radical decrease of temperature was indicated by a pH L
increase o 8.9 where no pH Huctuation during SBR ?:1
cycle was observed. Secondly, as a consequence of this I 68
pH increase, AOB were greatly inhibited by an extreme &1
increase of FA concentrations reaching up to 150 mg/L. 5.5 1
In the experiment described in this paper, the pH value 1
ranged between 7.6 and 8.2 at the beginning of working q':’ . . .
phase of the SBR cycle duning the entire operation of the & - @ M - T
reactor (phases 1-10). During the SBR cyvele the decrease Time [Days]
of pH was observed as 5.2-6.2 measured at the end of the ©,,
working phase (Fig. 4a). Mo significant changes in the pH B 1
profile were registered during the SBR cycle after sudden 4
temperature  decreases  from 24w 17 °C,  realized r.A
throughout the experiment at different NLEs (at the turm of i 7
periods 1 and 2, 3 and 4 (Fig. 4b), 5 and 6, 7 and %, % and 65
10 (Fig. 4c). Only a slight increase in pH (several wenths of 6
a unit at maximum) was registered as an immediate reac- 55
ton of the system to the temperature falls (Fig. 4b, c). 5 - .
Mevertheless, the strong fluctuation of pH levels was pre- 288 e 280 201 a2 203
served even at a NLR reaching 1.5 kgfim® day) (Fig. 4c). Time [Dayz]

This finding indicates ntensive AOB activity and a
stible partial nitritation regandless of the changes of NLE
and temperature under the conditions applied in this
experiment.

63

Fig. 4 pH walue (particular periods mdicated using numbers 1-100.
a Measured weekly during while reactor operation. b Measured
comtamually at the wm of penods 3 amd 4. ¢ Measured continually an
the rm ol pendasls 9 amsd 10
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Inhibiting pressure of FA and FNA towards AQBR
and NOBE

FA concentration reached maximum levels at the begin-
ning of the working phase of SBR cyele (15 to 74 mg/L.,
Fig. 5). while FNA concentration increased during the
cycle, reaching maximum levels at the end of the working
phase (3.5-22 mg/l., Fig. 6). Under such conditions, the
inhibition  limits of FA (0.1-10 mg/L) and FNA
(0.2-28 mgL) for non-adapted Nisrobacrer representing
NOB {Anthonisen et al. 1976; Vadivelu et al. 2007) were
significantly exceeded. Simultancously, observed values
were significantly higher than the values that enable NOB
inhibition, even in long-term basis operated reactors for
partial nitritation. In the experiment described by Svehla
et al. (215), FA concentration reaching 7 mg/L at the
beginning of the SBR cycle combined with an FNA con-
centration reaching ca. 1 mg/L at the end of the cvele was
proved to be sufficient for effective inhibition of NOB
during partial nitritation of diluted reject water in SBE. As
a result of the inhibition pressure caused by FA and FNA,
the NOB activity was reliably inhibited within the expen-
ment described in this paper.

On the contrary. AOB remuamned active despite the fact
that the mhibion limit for FA reaching 10-150 mg/L
{Anthonisen et al. 1976; Mosgura-Corral et al. 2005) was
approached (Fig. 5). Even exceeding the FNA inhibition
limits 0.1-0063 mg/l. N-HNO, (Vadiveln et al. 2006)
corresponding with 0.3-2.1 mg/l. FNA (Fig. 6) did not
result in the destruction of partial nitritation. Satstactory
operation of partial nitritation presented in this study seems
o be enabled by the ability of AOQB to adapt to FA and
FMA concentrations significantly higher than the inhibition
limits effective for non-adapted cultures (Turk and Mavinic
1989 Villaverde et al. 2000; Zhou et al. 2011). Simulta-
neously, some observations indicate that different species
and strains within a genus of AQB tolerate different levels

Fig. 5 FA concentrations at the
slarl aned a1 the end of working

=t FA, slarl af working phase

of FNA (Zhou et al. 2011). Therefore, certain microbial
population shifts leading to a highly tolerant culture cannot
be excluded. The abality of AOQBE 1o be active at FA andfor
F™A concentration strongly exceeding inhibition limits for
non-adapted cultures is in accordance with the findings of
different anthors evaluating partial nitritation process in
wastewater loaded with high amounts of nitrogen. Maxi-
mum FA and FNA concentrations reached within our
experiment are comparable with Svehla et al. (2014) who
operated partial nitritation of reject water at the concen-
trations as high as 38 and 7 mg/l for FA and FNA,
respectively. Also Sun et al. (2013) reported satisfactory
activity of AOB at FA and FNA concentration exceeding
50 and 2 mg/L, respectively, in a system applying nitrita-
tion/denitritation for urban landfill leachate treatment. Wei
et al. (2014) achieved satisfactory partial nitritation at FA
concentration reaching 86.3 + 3.20 mg/l.. Hmeirova et al.
(20017} observed no fatal effect of FNA concentration, even
excecding 60 mg/L. within the operation of SBR treating
reject water on the partial nitritation principle.

MOE was limited to approximately 50% during the
entire resctor operation. This finding indicates that AOB
were in some way inhibited at a certain FNA concentration
at the end of working phase of SBR cyvele in the environ-
ment with pH gradually decreasing and FNA concentration
gradually increasing during the cycle. Consequently, they
were probably reactivated at the beginning of subsequent
cycle in connection with the pH increase and simultaneons
F™A concentration decrease. This hypothesis 15 in accor-
dance with Claros et al. (2013} which evaluated the effect
of pH and FNA on the activity of AOB in the reactor
applying partial nitritation.

Actual concentration of FA s determined by TAN
concentration, pH and temperature (Eqg. 1) Similarly, FNA
concentration s influenced by TN™N concentration, pH
and temperature according to Eq. 2. (Park and Bae 20049
Anthonisen et al. 1976). The highest FA concentrations

<<l Fiy end of working phase

phase (particular periods 1
uhcated using numbers 1- 100

FA start [mgiL]

T 2
2{3 [ 4 5i68 7 g {9 i1
I 1.5
=
E
, E
J g
\-J ;’(A‘A £
; . 0.5
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were observed dunng peniods 3, 5, 7 and ¥ where the
values up to 64, 65, 75 and 66 mg/L. respectively, were
reached Fig. 5). Contranly, the highest FNA concentra-
tons were achieved during periods 1. 3 and 4 reaching up
o 22 11 and 19 mg/L, respectively (Fig. 6). The pH value
seems to be the most important factor determining maxi-
mum FA and FNA concentration during SBR cycle
(Fig. 4). In contrast, the effect of temperature Auctuation
simulated within particular periods seems to be relatively
insignificant.

Flusrescence in situ hybridization

Fluorescence in situ hybridization (Fig. 7) showed that
AQB prevail over NOB. AOB accounted for 27.2% of the
total biomass in peried 8, 13.6% in period 9 and 32.1% in
period 10, Wariable concentrations of organic compounds
expressed by COD in treated reject water (see Table 2)
probably resulted in vanable representation of organ-
otrophic bacteria in sludge and consequently to vanahle
concentrations of total biomass. In agreement with this
assumption, TS5 concentrations fluctuated significantly
during the experiment (2.1-4.5 g/L). This phenomenon
seems to be responsible for the observed fluctuation of the
representation of AQB in activated sludge.

NOB accounted for 2.0% i period ¥; in period 9 and 10
the representation of NOB was lower than the detection
Timit (0.1%). Very low representation of NOB in activated
sludge is in sccordance with the accumulation of nitrites
observed in the reactor. On the other hand, presence of
N-MOy ™ in the effluent from the reactor (even though in
very low concentration, Fig. 2) indicates certain activity of
NOB in accordance with FISH result of periocd 8. The
occurrence of NOB m our reactor s i accordance with
Ganigue et al. (2009) which demonstrated presence of
Nitrobacter and Nitrespiva even in the reactor treating
with high TAN and TN™N

leachate extremely

65

100

150
Time [Days |

200

Fig. 7 FISH mmage of the bsomasss pink colowr sagnifies AODH
largeting by probes Niol9, Nsol225, NOB were ool detected.
Enlargement: 320 x, sample aken on day 325 (penod 10}

concentrations despite the fact that effective mitrite accu-
mulation was achieved.

Potential implications of results for operation of full-
scale reactors applying partial nitritation

Jenicek et al. {2004) proved that SBR treating reject water
under conditions analogical w this study could be suc-
cessfully operated at a NLRE of up to 165 kgdm® day) in
the case that the temperature 21 4+ 1 °C is applied. Fol-
lowing expeniment performed by Hrncirowa et al. (2017)
proved that the system is able to tolerate sudden tempera-
ture falls from 24 to 17 °C, whereas the temperature
decreases from 24 to 16 °C led to significant disruption of
the treatment process stability at low NLR reaching 0.2 kg/
(m' di. Mew results presenting within this paper indicate
that the system 15 able to tolerate sudden temperature falls
from 24 w 17 °C even when the NLE 15 approaching
maximum values achieved by Jenicek et al. (2004). Thus,
the possibility of operating a robust system for the partial
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nitritation of reject water or other types of wastewater with
extremely high TAN concentration under widely fluctoat-
ing temperatures was confirmed. In addition, partial nitrn-
tation was operated satisfactorily at NLR 1.5 kgiim® d) for
40 day at a constant temperature of 17 “C within opera-
tonal period 10. This indicates the possibility of operating
the tested system at simultancously low temperatures and
high MLE on a long-term basis. Considering the fact that
also the possibility of the ANAMMOX process operation at
fuctuating temperature significantly lower than the opti-
mum treatment value was proved within some studies
(Fekker e al. 2004, 2006), it seems o be possible w
operate  satisfactory even the system applving  partial
nitritation/ ANAMMOX  under temperature
conditions.

Combining older results with the findings presented in
this paper, it 15 possible to conclude that the intensity of
sudden temperature falls (or more precisely the final value
of temperatures reached after the fall from a sinetly
momnitored initial temperature value) influences the stability
of the trestment process much more significantly than the
NLE. The temperature in very narrow range of 1617 °C
sgems o be critical from this point of view under applied
conditions.

unstable

Muwamum MNLR applied successfully in this  study
exceeds values reached in many current full-scale systems
for reject water treatment. For example the SHARON
process is usually operated at a NLR below 1 kgfim® duy)
and simultaneously at temperature reaching 30-40 °C (van
Kempen et al. 2001; Lackner et al. 2014) which signifi-
cantly exceed temperatures applicd m this study. Thus, the
system presented within this paper represents a promising
variant for the trestment of wastewaters loaded with high
amounts of nitrogen. NLRs that were significantly higher
than the values achieved within this study were success-
fully applied by some authors in a laboratory scale. For
example. Yang et al. (2010) achieved highly stable perfor-
mance of partial nitrtation with a maximum loading rate
reaching 4.2 kg.l'[m" dayy. Ewven NLRE 50+ 1.0 kg/
{m* day) enabled the stable operation of partial nitritation
within the experiment described by Tora et al. (2014).
Considerably higher operational temperatures (26 and
3 °C, respectively) were applied by Tord et al. (2014) and
Yang et al. (2000). In addition, the effect of potential
temperature fluctuations was not evaluated within the cited
studies.

It is impossible to perfectly simulate the natural
ambient temperature fluctuations at a laboratory scale.
Sudden decreases in temperature from 24 to 17 “C were
applicd within this experiment, where the starting tem-
perature was transformed into the required level over
approximately 4 h. Such gquick changes of temperature
seem  not  be  realistic  in practice.  Taking  into
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consideration common fuctuations of ambient tempera-
ture and the high temperature typical for raw reject water,
it is reasonable to expect less intensive fluctuations of
temperature in a full-scale reactor. Under such conditions
it can be assumed that the system will be able to tolerate
even lower temperatures. In accordance with  this
assumption, Hroncirova et al. (20017) proved that 1t s
possible to operate partial nitritation of reject water sat-
isfactorily even after gradual temperature falls from 24 o
14.5 °C, in the case that the temperature was decreased
incrementally for 12 davs at NLKE resaching 0.2 kg!
im* day). Similarly, Persson et al. (2014) confirmed the
possibility of successfully applying the partial nitritation/
ANAMMOX process to reject water treatment in MBEBR
after gradual temperature decreases from 19w 13 °C.

Conclusions

A high-performance system for reject water treatment able
to tolerate strong fluctuations of temperature was presented
within this study. The stability of partial nitrtation oper-
ated in a SBR with biomass cultivated in the form of
activated sludge was not disrupted even after sudden
temperature decrease from 24 to 17 °C realized at a NLE
reaching 1.5 k_gf{m" day). Simuoltancously, 1 was found
that TN"MN was a dominant oxidised nitrogen form
regardless of the temperature fluctuation. A strong inhibi-
ton effect of FA and FNA was responsible for the
restriction of NOB activity under the conditions applied.
The authors plan to realize subsequent pilot plant expen-
ments with the aim to simulate better real conditions and to
venfy the results gammed in the laboratory experiments.
Simultaneously, the temperature resistance of the svstems
nitritation/denitritation and partial nitritation/ AN AMMOX
15 planned for the future.
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4 Sumarni diskuze

Experimenty prezentované v ramci této prace probihaly ve dvou laboratornich
modelech simulujicich biologické cCisténi odpadni vody. Ideové vychazely predevsim
z predchazejiciho vyzkumu na VSCHT v Praze (Svehla 2004) a poznatkd ziskanych
béhem dlouhodobého vyzkumu na toto téma realizovaného na KAVR CZU v Praze (napf.
Pacek 2014; Svehla et al. 2014). Laboratorni model & 1 (Slanky 1 a 2 — viz kapitola
Publikované prace) a laboratorni model €. 2 (¢lanky 3 a 4) pracovaly v rezimu SBR. Jako
vstupni voda byla pfi vSech experimentech pouzita kalova voda vznikajici pfi odvodiiovani
anaerobné stabilizovaného kalu na Ustfedni ¢&istirné odpadnich vod v Praze, ktera

obsahovala N-amon v koncentra¢nim rozmezi 1000 — 1700 mg/1.

V laboratornim modelu ¢. 1 byla pii teploté 15 °C postupné ménéna vstupni
koncentrace N-amon v Cisténé vodé (kalova voda pouzitd v ramci experimentu byla na
pozadovanou vstupni koncentraci N-amon fedéna vodou vodovodni) s cilem posoudit
aplikovatelnost zkracené nitrifikace na odpadni vody sriznym obsahem N-amon
a citlivost jednotlivych skupin nitrifikacnich organismi na FA a FNA v danych
podminkach. Pro lepS$i orientaci v nasledujicim textu je v tabulce 1 uveden harmonogram
zmeén vstupni koncentrace N-amon. Koncentrace rozpusténého kysliku v reaktoru nebyla
limitovana a po celou dobu experimentu presahovala 5 mg/l. Objemové zatizeni
amoniakalnim dusikem bylo po celou dobu experimentli udrzovano na stabilni hodnoté

okolo 0,2 kg/(m?-d).

Tabulka 1. Harmonogram provozu laboratorniho modelu €. 1

Etapa Dny provozu N-amon  vstup | PoCet cykli za|Doba zdrzeni
(mg/l) den (h)
1 1- 158 600 2 72
2 159 - 258 300 2 36
3 259 - 320 150 2 18
4 321 - 447 75 4 9
5 448 - 461 150 4 18
462 - 469 300 2 34
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470 - 487 600 2 68

488 - 506 1000 2 120

V laboratornim modelu €. 2 byla v prvni fazi experimentu ménéna teplota pouzité
kalové vody (harmonogram zmén viz tabulka 2) a byl sledovan vliv vykyvl teploty na
prubéh odstranovani amoniakalniho dusiku. Objemové zatizeni reaktoru amoniakalnim

dusikem se pohybovalo okolo 0,2 kg/(m?-d).

Tabulka 2. Harmonogram zmén nastavené teploty v laboratornim modelu €. 2

Etapa Dny provozu Nastavena teplota Skutecna teplota —
(°C) prumér (°C)
1 0-13 25 24,3
2 14 - 46 15 14,3
3 47 -171 25 24,3
4 172 - 192 18 17,4
5 193 —228 25 24,3
6 229 - 276 16,5 15,8
7 277 -360 25 24,3
8 361 23 22,4
362 21 20,3
363 19 18,4
364 -371 17 16,3
372 -375 15 14,4
376 —392 13 12,7

V druhé fazi experimentu, ktera vychazela z poznatku té predchazejici, byla teplota
opakované snizovana z 24 °C na 17 °C a byla posuzovana stabilita procesu pfi postupné se
zvySujicim objemovém zatizeni reaktoru amoniakalnim dusikem (viz tabulka 3). V prvni
i ve druhé fazi experimentu nebyla koncentrace rozpusténého kysliku v reaktoru

limitovana, po celou dobu experimentu se pohybovala nad 3 mg/1.
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Tabulka 3. Harmonogram druhé faze experimentu

Etapa Dny provozu Nastavena Objemové Doba  zdrzeni
teplota (°C) zatizeni (dny)

N-amon
[ke/(m*-d)]

1 0-16 24 0,4 2,8

2 17 -33 17 0,4 2,8

3 34 - 68 24 0,6 2,1

4 69 — 109 17 0,6 2,1

5 110 —122 24 1,0 1,2

6 123 — 164 17 1,0 1,2

7 165-213 24 1,2 1,0

8 214 — 248 17 1,2 1,0

9 249 — 289 24 1,5 0,8

10 290 - 330 17 1,5 0,8

Nejdulezite¢jsi  vysledky zprabéhu celého vyzkumu budou diskutovany

v nasledujicich kapitolach.

4. 1 Zkracena nitrifikace pri nizké teploté a proménlivé vstupni koncentraci N-

amon

V ramci predchazejiciho vyzkumu (Pacek 2014; Svehla et al. 2014) bylo zjisténo,
ze vykyvy FA a FNA, ke kterym dochazi béhem provozu reaktoru v rezimu SBR, jsou
jednou ze spolehlivych strategii, jak potlacit ¢innost NOB pii nitrifikaci kalové vody,
respektive jak docilit dlouhodobé stabilni zkracené nitrifikace pii zpracovani této vody.
Cilem experimentu probihajiciho v laboratornim modelu ¢. 1 tak bylo urcit vstupni
koncentraci N-amon, pfi niz bude tato strategie jeSt€¢ UspéSnad. Zaroven bylo zdmérem
rozsifit okruh teplot, pfi niz je tento postup udrzitelny, aby bylo mozné jej vyuzit 1 pfi
zpracovani ,.studenéjSich® odpadnich vod podobného charakteru (napt. skladkového

vyluhu).
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Obecné lze fici, ze vySsi teploty zvyhodiiuji AOB oproti NOB (Hellinga et al. 1998;
Kim et al. 2008). Za vyssich teplot je rozdilna rychlost ristu AOB a NOB, napf.
Rodriguez-Sanchez et al. (2014) uvadi, ze pfi teploté nad 24 °C je rychlost rustu NOB nizsi
nez AOB, ale pii teploté nizsi nez 15 °C rostou rychleji NOB a stavaji se dominantnimi
v mikrobialni kultufe. V rozmezi teplot 15 — 24 °C rostou AOB i1 NOB piiblizné
srovnatelnou rychlosti. Da se tedy predpokladat, ze pfi teploté 15 °C a niz§i budou
zvyhodnény NOB vi¢i AOB a dosazeni dlouhodobé a stabilni zkracené nitrifikace bude

obtizné&jsi.

V laboratornim modelu ¢. 1 bylo dosazeno zkracené nitrifikace pii teploté 15 °C
v odpadni vodé s koncentraci N-amon 600, 300 a 150 mg/I (etapa 1 — 3), ackoli teplota se
spise blizila hodnotam podporujicim rychlejsi rist NOB ve srovnani s AOB (Hellinga et al.
1998; Kim et al. 2008; Reino & Carrera 2021). V etapé 3 se rovnéz vstupni koncentrace
N-amon piiblizila hodnotam (desitky mg/l), které obecné nejsou pro dosazeni zkracené
nitrifikace vyhodné, jak uvadi napt. Wu et al. (2021) nebo Wang et al. (2022). Inhibi¢ni
vliv. FA a FNA podpofeny provozem modelu vrezimu SBR byl tedy i v téchto

podminkach ziejmé dostacujici pro dosazeni zkracené nitrifikace.

Na obr. 1 jsou uvedeny maximalni koncentrace FA a FNA zaznamenané béhem
etap 1 — 3 v laboratornim modelu €. 1, pficemz maximalni koncentrace FA byly dosazené
na zacatku cyklu SBR po nadavkovani odpadni vody (jeji hodnota pH se pohybovala
v rozmezi 7,8 — 8,4) do reaktoru a zvySeni pH, maximalni koncentrace FNA na konci cyklu
po snizeni pH v disledku probéhlé nitrifikace a zvySeni koncentrace N-NO>™ v reaktoru

vyvolaného aktivitou AOB (Pitter 2009).
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Obr. 1 — Maximalni koncentrace FA a FNA zaznamenané v laboratornim modelu ¢. 1

behem etap experimentu 1 - 3

Anthonisen et al. (1976) uvadi, ze inhibice NOB za sou¢asné¢ho zachovani funkce
AOB zacina pii koncentraci FA v rozmezi 0,1 - 1 mg/l a koncentraci FNA v rozmezi 0,22
— 2,8 mg/l. Je patrné, ze vétsina hodnot maximalnich koncentraci FA zejména v etapach 2
a 3 lezi v koncentracnim rozmezi dle Anthonisena et al. (1976), v némz by mélo dochazet
k inhibici NOB. Vétsina zaznamenanych koncentraci FNA se v etapach 1 — 3 pohybuje
v koncentraénim rozmezi 0,22 — 2,8 mg/l, pii niz by dle Anthonisena et al. (1976) méla
zaCinat inhibice NOB. Lezi také nad hranici 0,026 — 0,22 mg/l, ktera by me¢la aktivitu NOB
inhibovat dle Zhoua et el. (2011). Zastoupeni N-NO;" mezi oxidovanymi formami dusiku
v odtoku z reaktoru bylo dominantni (viz obr. 2) a Gi¢innost odstranéni N-amon se stabilné
pohybovala v rozmezi 48 — 52 %, coz svéd¢i o dosazeni stabilni zkracené nitrifikace.
Utinnost pohybujici se okolo 50 % byla dana pufradni kapacitou pouzité kalové vody,
v prubéhu cisticiho procesu totiz pH klesa na hodnotu inhibuyjici dalsi nitrifikacni aktivitu
(Khin & Annachhatre 2004). Navysit u¢innost odstranéni N-amon by bylo mozné napf.
davkovanim alkalického Cinidla (Tora et al. 2014). Koncentrace N-NO>™ se v etapé 1
pohybovaly v rozmezi 250 — 350 mg/l, v etapé 2 v rozmezi 150 — 200 mg/l, v etape 3
v rozmezi 70 — 100 mg/l. Koncentrace N-NOj™ se v etape 1 pohybovaly v rozmezi 10 — 15

mg/l, v etapé 2 se pohybovaly okolo 10 mg/l a v etapé 3 okolo 5 mg/I.
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Z toho lze vyvodit zavér, ze aktivita NOB byla v dasledku spole¢ného inhibi¢niho
pusobeni FA a FNA potlaena. Svoji roli pii potlaceni Cinnosti NOB mohl sehrat
i disociovany N-NO>", protoze v etapé 1 byl prekrocen limit 198 mg/l uvadény Budayem
et al. (1999) jako dostacujici pro 50 % inhibici aktivity NOB. Hodnoty blizici se této

hranici byly naméfeny také v etapé 2.
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Obr. 2 — Zastoupeni N-NO3™ a N-NO2" mezi oxidovanymi formami dusiku v odtoku

z laboratorniho modelu ¢&. 1

Maximalni hodnoty koncentraci FA a FNA zaznamenané v laboratornim modelu ¢. 1

behem etap 4 a 5 jsou zdokumentovany na obr. 3.
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Obr. 3. — Maximalni hodnoty koncentraci FA a FNA zaznamenané v laboratornim modelu

¢. 1 béhem etap experimentu 4 a 5
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Maximalni koncentrace FA se v etapach 2, 3 a 4 (vstupni koncentrace N-amon 75
mg/l) postupné snizila az na hodnoty, které by dle Anthonisena et. al. (1976) nemély
potlacovat ¢innost AOB (v etapé¢ 2 a 3 az na jednu vyjimku koncentrace do 10 mg/l,
v etap€ 4 do 3 mg/l), ale které by dle této prace mély byt dostacujici pro inhibici NOB.
Presto byla aktivita NOB béhem etapy 4 postupné obnovena, o ¢emz svédc¢i také narast
koncentrace N-NO3™ v odtoku (z cca 5 mg/l na cca 40 mg/1). K podobnym zavérum dospéli
také Kouba et al. (2014) v analogickém experimentu (15 °C, objemové zatizeni reaktoru
N-amon 0,2 kg/(m*-d), vstupni koncentrace N-amon 600 — 75 mg/l) s pouzitim biomasy
kultivované ve formé& biofilmu. Mozné vysvétleni tohoto jevu ziejmé spociva
v dosazenych koncentracich FNA. Na zacatku etapy 4 byla zaznamenana na konci cyklu
SBR hodnota az 0,15 mg/l, ktera postupné klesala (zejména v duasledku poklesu
koncentrace N-NO>™ z cca 50 mg/l na hodnoty nepfevySujici 5 mg/l) a v celé etapé 4 tak
byly zaznamenany hodnoty, které lezi pod hranici zminovanou Anthonisenem et al. (1976),
kdy by mélo dochézet k inhibici NOB. A pohybovala se rovnéz pod hranici potifebnou pro
inhibici NOB zmifiovanou Zhouem et al. (2011). Zda se tedy, ze pro potlaceni Cinnosti
NOB je v danych podminkach inhibi¢ni ucinek FNA zasadnéjsi nez inhibi¢ni ucinek FA,
coz rovnéz zmifiuji napf. Ren et al. (2021) nebo Liu et al. (2023). Dllezité mize v danych
podminkach byt také spolecné pusobeni FNA s FA a kolisani jejich koncentraci béhem
cyklu SBR (Svehla et al. 2014). V etapé 5 se koncentrace FA v reaktoru zvysila az na
hodnoty, kdy by dle Anthonisena et al. (1976) mélo dochazet k inhibici NOB i AOB,
koncentrace FNA se zvedla na hodnoty, kdy by dle Zhoua et al. (2011) mélo dochazet
k inhibici NOB, nicméné proces zkracené nitrifikace se nepodafilo obnovit, coz bylo

patrné dano adaptaci NOB na vysoké koncentrace FA 1 FNA (viz kapitola 4. 4. 2).
4. 2 ZKkracena nitrifikace pii ruzné intenzivnich teplotnich vykyvech

Jak jiz bylo zminéno, jednim z probléml limitujicich aplikovatelnost zkracené
nitrifikace pfi CiSténi odpadnich vod je znacnéd citlivost AOB na teplotu prostiedi
(Rodriguez et al. 2011). Pro kalovou vodu vyuzitou béhem vyzkumu v ramci této prace je
typicka vysoka teplota a Svehla et al. (2014) prokazali, Ze je pii jejim zpracovani mozné

dosahnout stabilni zkracené nitrifikace v rezimu SBR pfi teploté 23 + 2 °C. Nicmén¢ toto
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rozmezi muze byt obtizné udrzet zejména v zimnim obdobi a je nutné brat v uvahu vliv

moznych teplotnich vykyvi na prubéh procesu.

U laboratorniho modelu €. 2 bylo dosazeno stabilni zkracené nitrifikace po nahlém
poklesu teploty z 24,3 °C na 17, 4 °C (etapa 4). Po poklesech teploty na 14,3 (etapa 2)
a 15,8 °C (etapa 6) bylo pozorovano vyrazné ovlivnéni procesu. Hodnoty pH na zacatku a
na konci cyklu SBR se vetapach 2 a 6 sjednotily na hodnotach okolo 89. Béhem
nitrifikace ve fazi oxidace N-amon na N-NO>" dochazi k uvoliovani iontd H*, které snizuji
hodnotu pH (Henze et al. 2008), takze pokud je v SBR dosazeno stabilni zkracené
nitrifikace, vlivem aktivity AOB lIze pozorovat pii zpracovani kalové vody, resp. vody
podobnych vlastnosti, vyznamné rozdily mezi hodnotami pH na zacatku a na konci cyklu.
Pokud dojde ke snizeni funkce AOB, rozdil mezi hodnotami pH na zafatku a na konci
cyklu se zmensuje (Svehla et al. 2014). V dal§im prib&hu etap 2 a 6 se oviem prabéh
zkracené nitrifikace opét stabilizoval, takze hodnoty pH na zacatku a na konci cyklu se
zaCaly opét odliSovat. Podobny trend vykazovaly také koncentrace N-NO>". Koncentrace
N-NO; poklesla na zacatku etapy 2 z 650 mg/1 (konec 1. etapy) na 360 mg/l a v etape 6 ze
400 mg/l (konec 5. etapy) na 230 mg/l. Na konci etap 2 a 6 se ale koncentrace N-NO2”
v odtoku z reaktoru opét zvysila na 650 mg/l vetapé¢ 2 a na 490 mg/l vetapé 6. Pri
pozvolném snizovani teploty z 24,3 °C (etapa 8) doslo k vyraznému ovlivnéni stability
procesu az pii teploté 12,7 °C, kdy bylo opét pozorovano sjednoceni hodnoty pH na
zacatku a na konci cyklu SBR okolo 8,9 a koncentrace N-NO;™ klesla z 520 mg/l na 380
mg/l.

Hodnoty FA a FNA zaznamenané béhem experimentu jsou na obr. 4 a 5. V etapach
1, 3, 4, 5 a 7 se koncentrace FA na zacatku cyklu pohybovala v rozmezi 3 — 20 mg/l
a koncentrace FNA na konci cyklu dosahla az 61 mg/l (etapa 5). V etapach, kdy bylo
dosazeno stabilni zkracené nitrifikace, byla aktivita NOB potlacena v dusledku spolecného
inhibicniho pusobeni FA a FNA, zatimco aktivita AOB byla v téchto podminkach
zachovana i pii extrémné vysoké koncentraci FNA (viz kapitola 4. 4. 1). Na zacatku etap 2
a 6 i na konci etapy 8 byla aktivita AOB zifejmé primarné potlacena poklesem teploty. To
v dasledku poklesu intenzity tvorby H* pfi ¢innosti AOB (viz vyse) vyvolalo narust pH po

celou dobu cyklu, a proto doslo sekundarné k extrémnimu narastu koncentrace FA, ktera
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se tak dostala do rozmezi uvadéného Anthonisenem et al. (1976) v souvislosti s inhibici

AOB.
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Obr. 4. - Koncentrace FA na zacatku a na konci cyklu SBR béhem 1. faze experimentu

v laboratornim modelu ¢&. 2
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4. 3 ZKkracena nitrifikace pri teplotnich vykyvech a ménicim se zatiZeni reaktoru

N-amon

Druha faze experimentu v laboratornim modelu ¢. 2 navazovala na poznatky
ziskané pfi prvni fazi pokusu a jejim smyslem bylo vyhodnotit, zda bude aktivita AOB
zachovana v dostatecné mife pro udrzeni stabilni zkracené nitrifikace po nahlych

teplotnich zménach (z 24 na 17 °C) i pii zvySujicim se zatizeni reaktoru N-amon.

Bylo zjisténo, ze sledovany systém byl stabilni, i kdyZ se teplota nahle snizovala
224 °C na 17 °C pii postupné se zvysujicim zatizeni 0,4 do 1,5 kg/(m>-d). Napt. Jenicek
et al. (2004) dosahli v rezimu SBR za podobnych podminek zkracené nitrifikace 1 pfi
nepatrné vy$§im zatizeni amoniakalnim dusikem, které bylo 1,65 kg/(m3-d), nicméné
experiment probihal za teploty 21 + 1 °C a nehodnotil vliv teplotnich vykyvi. Podobné je
tomu 1 u ostatnich studii. Napf. Tora et al. (2014) dosahli zkracené nitrifikace pfi zatizeni
reaktoru N-amon dokonce 5,0 £ 1,0 kg/(m*-d), ale pii teploté 26 °C a svyuzitim
specialniho fidicitho systému s regulaci hodnoty pH, koncentraci rozpusténého kysliku
a hydraulické doby zdrZeni. Vliv teplotnich vykyvi navic opét nebyl hodnocen. Zda se
tedy, ze vysledek experimentu, ktery byl proveden v ramci této prace, by mohl prispét
k optimalizaci systému pro Cisténi odpadni vody s vysokou koncentraci N-amon, které

vétsinou pracuji za vysSich teplot jako napt. systém SHARON (Lackner et al. 2014).
4. 4 Adaptace nitrifikacnich organismi na vysoké koncentrace FA a FNA

V predchazejicim textu byla uvedena rozmezi koncentraci FA a FNA dle
Anthonisena et al. (1976) a Zhoua et al. (2011), v nichz by mélo dochazet k inhibici AOB
a NOB. Rada autort ov§em zaznamenala aktivitu AOB nebo NOB i pii hodnotach, které
do uvedenych rozmezi nespadaji (viz kapitola 1. 4. 5.). Podobna pozorovani byla

zaznamenana i béhem experimentt v ramci této prace.
4. 4.1 Adaptace AOB

V laboratornim modelu €. 1 bylo pfedevs§im béhem etapy 1 (cca prvnich 110 dni)
dosazeno koncentraci FA, které by meély potlacovat ¢innost AOB, protoze inhibice AOB

zacina dle Anthonisena et al. (1976) pfii koncentraci FA v rozmezi 10 — 150 mg/l. Dale
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byly béhem etap 1 - 3 zaznamenany také maximalni koncentrace FNA v rozmezi 0,42 —
1,72 mg/l, v némz Zhou et al. (2011) uvadi, ze dochazi ke snizeni aktivity AOB o 50 %.
Presto béhem etap 1 - 3 nedoslo k vyrazné zméné v zastoupeni N-NO3™ a N-NO2" mezi
oxidovanymi formami dusiku v odtoku z reaktoru (viz obr. 2) a nebylo zaznamenano
vyrazné snizeni ucinnosti odstranéni N-amon. AOB byly zfejmé schopny adaptace na

vysoké hodnoty FA 1 FNA.

Podobny fenomén byl pozorovan i pii provozu laboratorniho modelu €. 2 v prvni
fazi experimentu. V dobé stabilni zkracené nitrifikace pii teploté 24,3 °C (etapa 3, Sa 7) se
AOB dokazaly vyporadat i s koncentracemi FNA az 61 mg/l (viz obrazek 5), které byly
zaznamenany v zaveéru etapy 5, ackoli Zhou et al. (2011) uvadi, Ze jiz koncentrace
v rozmezi 0,42—-1,72 mg/l snizuji aktivitu AOB o 50 % a Vadivelu et al. (2006) uvadi
inhibici AOB pfi koncentraci FNA v rozmezi 0,1 — 0,63 mg/l. To bylo ziejmé dano
provozem v systému SBR, kdy byly AOB patrné po zacatku nového cyklu reaktivovany
diky zvySeni hodnoty pH a s ni souvisejicim poklesem koncentrace FNA v reaktoru, coz
zminuji rovnéz Claros et al. (2013). Jak jiz bylo uvedeno v kapitole 4. 2, v etapach 2
(snizeni teploty na 14,3 °C) a 6 (snizeni teploty na 15,8 °C) byly zaznamenany koncentrace
FA az 150 mg/l, které by dle Anthonisena et al. (1976) meély aktivitu AOB inhibovat.
Prestoze doslo za téchto podminek k naruseni stability procesu (viz kapitola 4. 2), AOB
byly schopny svou aktivitu po urcité dobé opét obnovit (v etapé 2 cca po 15 dnech, v etapé

6 po cca 20 dnech) a s poklesem hodnoty pH klesly nasledné i koncentrace FA.

Ve druhé fazi experimentu v laboratornim modelu ¢. 2 byla opét patrna adaptace
AOB na vysoké hodnoty FA a FNA. Koncentrace zaznamenané béhem této Casti
experimentu jsou uvedeny na obr. 6 a 7. Je patrné, ze koncentrace FA se pohybovaly
v oblasti inhibi¢nich mezi uvadénych Anthonisenem et al. (1976) pro AOB (10 — 150 mg/1
FA), a to Casto 1 na konci cyklu. Rovnéz koncentrace FNA presahovaly inhibi¢ni mez pro
AOB dle Zhoua et al. (2011), ktefi uvadi 50 % snizeni aktivity AOB pfi koncentraci FNA
v rozmezi 0,42—-1,72 mg/l, a také dle Vadivela et al. (2006), kteti udavaji, ze FNA inhibuje
AOB jiz v rozmezi 0,1 — 0,63 mg/l. Podobné pozorovani byla zaznamenana také v jinych
studiich. Napf. Sun et al. (2013) zaznamenali aktivitu AOB pii koncentraci FA vySsi nez
50 mg/l a koncentraci FNA vyss§i nez 2 mg/l.
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Obr. 6 — Koncentrace FA na zacatku a na konci cyklu SBR béhem 2. faze experimentu

v laboratornim modelu ¢. 2
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Obr. 7 — Koncentrace FNA na zacatku a na konci cyklu SBR béhem 2. faze experimentu

v laboratornim modelu ¢&. 2
4. 4. 2 Adaptace NOB

V kapitole 4. 1 bylo uvedeno, ze béhem etap 1 — 3 experimentu v laboratornim

modelu €. 1 bylo dosazeno stabilni zkracené nitrifikace. B€hem etapy 5 ve stejném modelu
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(postupné zvySeni vstupni koncentrace N-amon az na 1000 mg/l) se koncentrace FA
postupné zvySovala a doséhla 1 vy$Sich hodnot nez v etapach 1 - 3, ale k potlaceni Cinnosti
NOB jiz znovu nedoslo, ackoli i koncentrace FNA se jiz pohybovala v rozmezi (viz obr. 1
a 3), kdy by k ni dle Zhoua et al. (2011) mélo dochézet. Byla ovS§em nékolikanasobné nizsi
nez v diivejSich etapach experimentu, kdy byla ¢innost NOB potlacena — napt. v etapé 2
koncentrace FNA dosahovala az 2 mg/l, zatimco v etapé¢ 5 nepiesahla 0,1 mg/l. Tato
situace byla patrné dana adaptaci NOB na vysoké koncentrace FA a FNA, které jsou pfi
dlouhodobém provozu systému po urcité dobé schopny snaset koncentrace FA 1 FNA nad
limity uvadénymi v literatufe. K podobnym zavérim dospéli také Li et al. (2017) a An
et al. (2021). Moznou adaptaci NOB na vysoké koncentrace FA a FNA je proto nutno brat
v potaz pii dlouhodobém provozu urcitého systému predevsim pii Cisténi odpadnich vod
s niz§imi vstupnimi koncentracemi N-amon. V odpadnich vodach s vyS§Simi vstupnimi
koncentracemi totiZ tento jev Gasto pozorovan neni. Napi. Svehla et al. (2014) zaznamenali
v kalové vodé o vstupni koncentraci 970 — 1500 mg/l Cisté€né v rezimu SBR pfi teploté 23
+ 2 °C a pii nelimitované koncentraci rozpusténého kysliku potlaceni ¢innostt NOB po

vice nez 700 dnu.

4.5 Vyznam ziskanych poznatki pro praxi

Poznatky z provedeného vyzkumu jsou aplikovatelné predevSim pro systémy
vyuzivajici zkracenou nitrifikaci pro zpracovavani kalové vody a odpadni vody podobného
charakteru (napt. skladkovy vyluh a fugat z bioplynovych stanic). Realizované pokusy
naznacuji, ze pii C¢iSténi odpadnich vod s vysokou koncentraci N-amon neni nutné za
urcitych podminek udrzovat konstantni a vysokou teplotu, ale ze systém muze fungovat
1 pti nizsich teplotach, které mohou navic v urcitém rozmezi kolisat. To by bylo pfi vyuziti
v realném provozu velmi vyhodné z ekonomického hlediska, protoze by nebylo nutné
reaktor vyhfivat. Bylo navic prokazano, ze je mozné systém provozovat pii vyrazné
kolisajici teploté pii zatizeni amoniakalnim dusikem dosahujicim az 1,5 kg/(m3-d). Tento
poznatek je pro praxi pomérné zajimavy, protoze napt. systém SHARON pracuje obvykle
pfi zatizeni do 1,0 kg/(m?3-d) a pfi teploté dosahujici 30 — 40 °C (van Kempen et al. 2001;
Lackner et al. 2014).
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V laboratornim méfitku je nemozné dokonale simulovat pfirozené kolisani teploty
na COV, pii experimentech simulujicich nahlé teplotni zmény bylo dosazeno pozadované
teploty za cca 4 hodiny, vredlném provozu by teplotni zmény byly s nejveétsi
pravdépodobnosti pozvoln€jsi. Vzhledem k tomu, ze vySe popsany sytém na zpracovani
kalové vody byl v laboratornich podminkach stabilngjsi pfi pozvolnych zménach teploty
nez pii nahlych, Ize predpokladat, ze v provoznich ¢i poloprovoznich podminkach by byl
schopen tolerovat i o néco razantnéjsi vykyvy v teploté nez pfi popsanych experimentech

zamétenych na nahlé poklesy teploty.

Pro vyuziti v praxi je rovné€z dulezitym poznatkem, ze v dob€, kdy bylo
v laboratornich modelech ¢. 1 a 2 dosazeno stabilni zkracené nitrifikace (u laboratorniho
modelu €. 1 se jednalo o etapy 1 - 3, u laboratorniho modelu ¢. 2 v etapé 1,3, 5a 7 v 1. fazi
experimentu a po celou 2. fazi experimentu) se pomér N-NO>/N-amon pohyboval
v rozmezi 0,8 — 1,1 coz je vyhodné pro pfipadny nasledny ANAMMOX (van Dongen et al.
2001; Hendrickx et al. 2012). Vysledky vySe posanych experimenti tak mohou najit
vyuziti zejména ve dvoukalovém PN/A systému. Poznatky z vyzkumu se daji pouzit i pro
optimalizaci postupu nitritace/denitritace, nicméné v takovém piipadé by za ucelem
optimalizace celkové ucinnosti odstranéni slouCenin dusiku bylo patrné nutné zvysit

ucinnost nitritace napt. regulaci hodnoty pH (Tora et al. 2014).

Jak jiz bylo uvedeno, v laboratornim modelu ¢. 1 doSlo po snizeni vstupni
koncentrace N-amon na 75 mg/l (4. etapa) k Uplné nitrifikaci. Nicméné vysledky
kinetického experimentu v etapé 4 (viz obr. 8), kdy jiz nebyla pozorovana zkracena
nitrifikace, ukazuji, ze ke vzniku dusitand v reaktoru béhem prvnich 3 hodin cyklu SBR
dochézelo (koncentrace do 9,2 mg/). To naznaCuje moznost vyuziti specifické strategie
schopné v danych podminkach v podstaté uplného potlaceni aktivity NOB, ktera by vedla
k dosazeni zkracené nitrifikace 1 ve vodach sniz8§i koncentraci N-amon (napf. ve
splaskovych odpadnich vodach) pfi dané teploté. Jako slibné se v posledni dobé jevi
zejména stfidani aerobnich a anoxickych podminek (Regmi et al. 2016) nebo regulace
délky fazi s provzdusnovanim (Yang et al. 2007). Nutno ovSem podotknout, ze vyrazné
vykyvy hodnot pH na za¢atku a na konci cyklu SBR a s nimi spojené dosazeni koncentraci

FA a FNA dostacujicich k potlaceni NOB v ramci vyzkumu shrnutého v této praci jsou
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dané predevsim omezenou kyselinovou neutraliza¢ni kapacitou kalové vody pii vysoké
koncentraci N-amon, a to 1 po jejim nafedéni (Khin & Annachhatre 2004). Uplatnéni vySe
uvedenych poznatkt je tak napf. pro splaskové vody omezené, protoze v nich by patrné
k tak vyraznym vykyvim pH béhem cyklu SBR nedochazelo (tudiz i vykyvy v koncentraci
FA a FNA by byly méné intenzivni a jejich inhibi¢ni G¢inek mensi vzhledem k niz§im

maximalnim dosahovanym koncentracim) 1 pfi stejné vstupni koncentraci N-amon.
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Obr. 8 — Vysledky kinetického experimentu v laboratornim modelu €. 1 (4. etapa)

Velmi diskutovanym problémem jsou v sou€asnosti emise oxidu dusného (N20) pfi
¢isténi odpadnich vod. Oxid dusny patfi mezi sklenikové plyny a je produkovan béhem
nitrifikace 1 denitrifikace zejména pifi nizké koncentraci rozpusténého kysliku, pfi
vysokych koncentracich dusitani a pii nizkém poméru CHSK/N béhem dentrifikace
(Kampschreur et al. 2009; Pitter 2009). Mnozstvi emisi oxidu dusného na jednotlivych
Cistirnach odpadnich vod je tak zavislé na pouziti konkrétni technologie pro odstranéni
dusikatého znecisténi a na provoznich podminkéach. Odhaduje se, Ze emise oxidu dusného
z odpadnich vod tvoifi 4 — 5 % zcelosvétové produkce tohoto plynu zpisobené
antropogenni  ¢innosti  (Ptluciennik-Koropczuk & Myszograj, 2021). Vzhledem
k charakteristickym vlastnostem systému aplikovaného v ramci vyzkumu prezentovaného
v této praci (nitrifikacni, resp. nitritacni, SBR systém pracujici trvale pfi extrémné

vysokych koncentracich N-NO> atd.), nelze na zakladé vySe uvedenych skuteCnosti
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vyloucit zvySenou produkci N>O pfi jeho provozu. Studie zaméfend na vyhodnoceni miry

tohoto rizika se tedy jevi jako zajimavé téma pro navazujici vyzkum.
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5 Zavér

Z vysledkt experimentti provedenych v ramci této prace lze vyvodit nasledujici

Zavery:

e Byla potvrzena hypotéza, ze zmény fyzikalnich a technologickych parametri pfi
nitrifikaci povedou k vyznamnym zménam v aktivité jednotlivych skupin

nitrifika¢nich organisma (AOB, NOB).

e Pii zpracovani kalové vody je mozné dosdhnout =zkracené nitrifikace
i v podminkéch, které nejsou primarn€ vyhodné pro AOB (nizka teplota, teplotni
vykyvy), diky provozu v rezimu SBR a s nim souvisejicimu inhibi¢nimu vlivu FA

a FNA.

e Pro potlaceni aktivity NOB pfi soucasném zachovani funkce AOB mélo v danych

podminkach patrné vétsi vyznam inhibic¢ni ptisobeni FNA nez FA.

e Pii dlouhodobém provozu systému zalozenych na dosazeni zkracené nitrifikace je
nutno brat v uvahu potencialni adaptaci NOB (ale i AOB) na relativné vysoké

koncentrace FA a FNA v reaktoru.

e Pii CiSténi odpadnich vod svysokou koncentraci N-amon s vyuzitim zkracené
nitrifikace neni nutné za urcitych podminek udrzovat konstantni a vysokou teplotu,
ale systém muze fungovat i pfi nizSich teplotach, které mohou navic v ur¢itém

rozmezi kolisat.

e Pii postupném snizovani teploty bylo stabilni zkracené nitrifikace ve srovnani

s nahlymi teplotnimi poklesy dosazeno 1 pfi nizsi teploté.

e Pfi nahlych poklesech teploty z24 na 17 °C byl systém vyuzivajici zkracené
nitrifikace pro zpracovani kalové vody stabilni 1 pfi zatizeni amoniakalnim dusikem

az do 1,5 kg/(m3-d).

e Vysledky popsaného vyzkumu se daji uplatnit zejména pii Cisténi kalové vody,

skladkového vyluhu nebo fugéatu z bioplynovych stanic. Pii provozu laboratornich
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modelt v obdobich, kdy v nich bylo dosazeno stabilni zkracené nitrifikace, byl
pomér N-amon/N-NO2  cca kolem 1, ktery je ideédlni pro nasledny proces

ANAMMOX.

Prahova hodnota vstupni koncentrace N-amon, kdy je mozno uspé$né a dlouhodobé
udrzet zkracenou nitrifikaci, lezi za vySe popsanych podminek patrné v rozmezi 75
— 150 mg/l. Pro dosazeni zkracené nitrifikace pfi zpracovani vody s niz§i vstupni
koncentraci N-amon v rezimu SBR je nutné vyuzit kromé vlivu FA a FNA na
aktivitu NOB specifickou strategii pro provoz systému (napf. prerusovana aerace

apod.).
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