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Abstrakt

PredloZena dizertaéni prace se zabyva vyuzitim pokrocilych oxida¢nich procesti kombinujicich
hydrodynamickou kavitaci (HC) k produkci hydroxylovych radikala a radikédlu na bézi siry. Sle-
dovanymi mikropolutanty jsou vybrané ptirodni estrogeny estron (E1), 173-estradiol (E2), estriol
(E3) a synteticky 17a-ethinylestradiol (EE2). Teoretickd ¢ast obsahuje informace o vlastnostech
estrogent, informace o jejich vyskytu a pisobeni v Zivotnim prostiedi na necilové organismy napti¢
trofickymi drovnémi; a také moZnosti a Gi¢innosti jejich odstrafiovani z odpadnich vod. Déle jsou
rozvedeny samotné pokrocilé oxidacni procesy a shrnuty soucasné poznatky v této oblasti. Ve vy-
zkumné ¢asti jsou popsdny pouZité analytické metody (LC-MS/MS a spektrofotmetrie), designy
jednotlivych experimentli a uvedeny vysledky testovanych variant. Kromé sledovani déinnosti
riznych kombinaci hydrodynamické kavitace a (oxida¢niho) ¢inidla byla zkouména i vhodnost
pouzitych spojovacich materidli na experimentdlni jednotce. A to z pohledu sorpce/desorpce
na povrch hodnocenych plastovych materidlti (SBR, EPDM, PTFE, Tygon S3™, PVDF a PVC).
Na zdkladé vysledku byl pak vybran materidl pro sestaveni jednotky, na které degradaéni experi-
menty probihaly.

Zvolené metody odstrafiovani estrogenti z vody byly HC/Hy02, HC/O3, HC/perkarbonit,
HCl/persulfat, samotnd hydrodynamicka kavitace a samotny H2O2. Design experimentil byl vy-
tvoren za ucelem co nejniz§iho Casu potfebného na oSetfeni vody, idedlné jeden cyklus v jednotce

(4 sekundy), coz odpovida pritokovému uspotradani systému.

Klicova slova
Estrogeny, pokrocilé oxida¢ni procesy, hydrodynamickd kavitace, peroxid vodiku, perkarbonit,

persulfat, ozon



Abstract

The presented doctoral thesis deals with the use of advanced oxidation processes combining
hydrodynamic cavitation (HC) to produce hydroxyl and sulfur-based radical. The investigated
micropollutants are selected natural estrogens estrone (E1), 173-estradiol (E2), estriol (E3) and sy-
thetic 17a-ethinylestradiol (EE2). The theoretical section includes information on the properties
of estrogens, their occurrence and effects in the environment on non-target organisms across trophic
levels; and list of options for their removal from wastewater. The advanced oxidation processes
themselves are also discussed and current knowledge in this area is summarised. In the research
section, used analytical methods (LC-MS/MS and spectrophotometry), designs of individual ex-
periments and results of tested processes are described. In addition monitoring the efficiency
of different combinations of hydrodynamic cavitation and other agent and the suitability of the
materials used on the experimental unit were also investigated. The sorption/desorption onto the sur-
face of selected plastic materials (SBR, EPDM, PTFE, Tygon S3™, PVDF and PVC) was also
evaluated. Based on the results, the material for the unit - on which the degradation experiments
were carried out - was selected.

The methods chosen for the removal of estrogens from water were HC/H2049, HC/O3,
HCl/percarbonate, HC/persulfate, hydrodynamic cavitation alone, and H2O2 alone. The design
of the experiments was created to minimize the time required to treat the water, ideally one cycle

per unit (4 seconds), which corresponds to the flow-through arrangement of the system.

Keywords
Estrogens, Advanced Oxidation Processes, Hydrodynamic Cavitation, Hydrogen Peroxide, Perca-

rbonate, Persulfate, Ozone
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Uvod

Voda je zakladnim kamenem Zivota na Zemi a je nedilnou souc¢ésti nasich kazdodennich aktivit.
Pfesto je ndm k dispozici jako sladkd voda pouze zhruba jedno procento. Pokud jesté vezmeme
v dvahu rozristajici se seznam kontaminantl Zivotniho prostfedi, dileZitost tématu jejich odstra-
novani z vod je nepopiratelna. Aktualni skupinou kontaminanti jsou tzv. CECs (Contaminants
of Emerging Concern), kam fadime pesticidy, farmaka, produkty osobni péce, zmékcovadla, zpo-
malovace hofeni, povrchové aktivni 14tky, nanomateridly, barviva, mikrocystiny a jiné. Tyto konta-
minanty ohroZuji nejen Zivotni prostiedi jako celek, ale také mohou predstavovat zdvazna rizika pro
zdravi lidi, jako jsou bolesti hlavy, nevolnosti, hormondlni nerovnovéha, poruchy plodnosti, posko-
zeni mozku, nervového sytému, krevniho systému i imunitntho sytému, vrozené vady, opoZdény
vyvoj nebo rakovina [1]. Znecisténi vod je zdvaZnym celosvétovym problémem. Nedostatek Cisté
vody zptisobuje az 2,2 miliond dmrti roéné a kazdodenné vede k tisicim onemocnéni [2].

V z4jmu ochrany lidského zdravi, zachovéni ekologické rovnovéahy a zajisténi udrZitelnosti byla
v poslednich desetiletich vyvinuta fada technologii s ti¢elem kvalitniho zpracovani primyslovych
a komunalnich odpadnich vod pied jejich vypousténim do Zivotniho prostiedi. Jednim z nejdileZi-
t&jSich vyvojovych trendli v tomto sméru jsou pokrocilé oxidacni procesy (AOP), fungujici na bazi
vysoce reaktivnich radikall - tradi¢né hydroxylovych radikdli. Nicméné v poslednich dvou dese-
tiletich byla vénovana zna¢nd pozornost technologiim AOP vyuZivajicich i radikaly siry [3].

Jako kazda technologie, AOP maji svd omezeni. Pravé proto je stile potfeba dalSitho vyzkumu,
primdrné metod, které maji potencidl pfevedeni do praxe. Soucasné je nutné myslet na envi-
ronmentdlni i ekonomicky aspekt komeréniho vyuZiti. To se tykd hlavné energetické naro¢nosti
procesu a potencidlniho environmentalniho zatiZeni spojeného s pridavanim dalSich, casto po-
tencidlné Skodlivych, chemikdlii. Nejvétsi vyhodou AOP je jejich neselektivnost, tedy potencidl
odstrafiovat nes¢etné mnozstvi riznych tzv. mikropolutantti z vodni matrice. Mezi takové latky
patfi bezpochyby i skupina oznacovand jako endokrinni disruptory. Jednd se o latky, které in-
terferuji s endokrinnim systémem Zivocichd a tifm mohou zdvazné narusSit fungovani organismu.
Jednim z nejcastéji diskutovanych zdstupct této skupiny jsou estrogeny - Zenské pohlavni hormony.
Verejnost jiZ slySela o piisobeni hormonalni antikoncepce (nebo spiSe syntetického estrogenu v ni)
na feminizaci rybich populaci. BohuZel bylo zjisténo, Ze to zdaleka neni jediny neZddouci d¢inek
a jedna se spiSe o problém globdlniho charakteru ohrozujici stabilitu mnoha ekosystémi po celé
planeté. V tomto kontextu je vyzkum novych technologii - idedln€ univerzalné odstraiujicich Siroké

spektrum podobné znepokojujicich kontaminantt - stale relevantni.



Cile predloZené dizerta¢ni prace jsou ndsledujici:
prehled vyskytu estrogent v Zivotnim prostiedi,
popis stavu soucasného védeckého pozndni vlivu na necilové organismy,
klasifikace a popis technologie pokro€ilych oxidacnich procest,

vyuziti laboratorni AOP jednotky pro rychlé odbourdavani vybranych derivatd estrogeni s dira-
zem na vybér a testovani vhodnych polymernich materidld pro minimalizaci pf¥ipadnych vlivi

sorpce estrogent na tyto materidly,
nalezeni vhodné AOP technologie pro rychlé odbourdni vybranych derivatt estrogent z vod,

vyhodnoceni efektivity jednotky na procentudlni dbytek mnoZstvi estrogend v matrici.



1 Teoreticka cast

1.1 Relevantnost tématu: Mikropolutanty v Zivotnim prostredi

Mikropolutanty (MP) 1ze definovat jako latky, které se ve (vodnim) prostiedi vyskytuji nad (poten-
cidlni) drovni pfirodniho pozadi v disledku lidské ¢innosti, pti¢emz jejichZ koncentrace zlstdvaji
na stopovych trovnich, tj. fddové v mikrogramech na litr [4].

Mikropolutanty ve vodé predstavuji dynamicky celosvétovy problém, ktery zavaznym zputso-
bem ohroZuje Zivotni prostiedi a lidské zdravi. P¥i¢inou miZe byt naruseni fyziologickych funkci
nebo chovani Siroké skaly Zivocicht napfic trofickymi trovnémi. NejbéZnéjsimi priklady MP v Zi-
votnim prostiedi (ZP) jsou pesticidy, 1é¢iva, prostfedky osobni péce, zmék&ovadla a mnoho daliich
skupin, naptiklad hormony a endokrinn{ disruptory. Vyznamnou vlastnosti mnohych MP je jejich
perzistence, kterd spole¢né s rostouci spotiebou predstavuje jeden z divodi, pro¢ se stale Castéji
vyskytuji ve vodé v méfitelnych koncentracich. Zdravotni ti¢inky MP jsou stdle pfedmétem diskuze.
PrestoZe se dilkazy o nepftiznivych ucincich na savce z vodnich zdroji teprve zjistuji, vzhledem
k rostoucim regulacim a z preventivnich divoda se odstranéni téchto polutanti stalo prioritou [5].

Vyznamnou skupinu MP tvofi tzv. endokrinni disruptory, neboli latky naruSujici endokrinni
sytém (ED). PrestoZe je spolecnost €asto chybné vnimd jako farmaka niZ$i kvality nebo vzicné
kontaminanty, data naznaluji, 7e opak je pravdou. Jeden z priizkumd amerického Ufadu pro
kontrolu potravin a 1éCiv identifikoval vice neZ 1800 chemickych latek, které narusuji alespon
jednu ze tfi endokrinnich drah (estrogen, androgen a Stitnou Zlazu). Z 575 chemickych latek
provéienych na pokyn Evropské komise byl u 320 prokazan potencial naruseni endokrinni ¢innosti
[6].

ED jsou nyni povaZoviny za vdZnou a naléhavou hrozbu pro vefejné zdravi a mohou se stat
jednim z hlavnich environmentélnich rizik na celém svéte€. Mezi nevladni organizace a vladni agen-
tury, které dokumentuji rychle ptibyvajici dikazy a disledky pro lidské zdravi, patiif Endokrinni
spole¢nost, Mezinarodni federace gynekologie a porodnictvi, Svétova zdravotnickd organizace
(WHO) a Program OSN pro Zivotni prostfedi (UNEP) a Americka pediatrickd akademie. Zpravy
téchto organizaci popisuji zavazné nepriznivé icinky ED na endokrinni procesy v citlivych obdo-
bich lidského vyvoje a dlouhou dobu latence mezi expozici a onemocnénim v dusledku expozice
chemickym latkdm v raném véku, jako je DDT, které bylo spojeno s vyskytem rakoviny prsu o pil
stoleti pozdéji. Interakce plodu s ED béhem prenatdlniho vyvoje mohou s relativné vysokou prav-
dépodobnosti vést k pfed¢asnému porodu, zméndm v ristu plodu, budouci neplodnosti a akutnimu

naruSeni metabolickych cest [6].



Tabulka 1: Vyznamni zastupci skupiny endokrinnich disruptord a jejich pouziti [7]

Farmaka Trenbolonacetat, dexametazon,

levonorgestrel, rosiglitazon

Kosmetika a produkty DBP, benzofenony, parabeny, triklosan, DEET

osobni péce

Pesticidy, herbicidy, Glyfosat, pyraklostrobin, DDT, atrazin
fungicidy

Primyslové chemické latky | BPA, PCB, trifenylfosfiat, PBDE

Kovy Olovo, kadmium, rtuf, arzen

Syntetické a pfirozené Progesteron, testosteron, kortizol, estron, ethinylestradiol

se vyskytujici hormony

Prenatédlni expozice ED miiZe ovlivnit neurologicky vyvoj plodu minimalné dvéma hormonal-
nimi systémy: v souvislosti s pohlavnimi hormony a hormony Stitné Zlazy. Muze vést ke zméndm
v dimorfizmu mozku nebo zptisobit trvalé a celozZivotni neurovyvojové disledky pro déti, véetné
poruch pozornosti, poruch autistického spektra a kognitivnich a behavioralnich dysfunkei [6, 8].

Kromé vySe zminénych negativnich ucinkl jsou ED spojovany také se zvySenym rizikem
obezity, poruchami metabolismu (diabetes 2. typu), rakovinou prostaty, syndromem polycystickych

vajecnikd, endometriézou a rakovinou vaje¢nikt a prsu [6].

Endokrinni disruptory predstavuji pro spolec¢nost znacné naklady v disledku nérdstu one-
mocnéni a invalidity. Soucasné ale na rozdil od jinych tfid toxickych litek, jako jsou napiiklad
karcinogeny, dosud nebyly zaneseny v pravnich pfedpisech jako nebezpecné latky. Ve vztahu k ED
sméfuje Evropskd unie k minimalizaci expozice C¢lovéka, oznaceni ED jakoZto latek vzbuzuji-
cich mimotddné obavy a zdkaz pouZivani pesticidii. V USA se programy zaméfuji na screening
a testovani primarné ED vykazujicich estrogenovou aktivitu. Problémem pro piipravu legislativy
zabezpecujici minimalizaci expozice je chybéjici jasnd definice ED spolecné s nedostateCnymi
pozadavky pro testovani novych produktii pred prichodem na trh [7]. Odhady finan¢ni zatéZe ne-
moci a zdravotniho postiZeni obyvatelstva a ndkladli na eliminaci poSkozeni Zivotniho prostfedi
se ukdzaly jako vhodny zptisob interpretace zavaznosti situace pfi realizaci politickych rozhodnuti.
Tyto ndkladové odhady jsou zaloZeny na pfisné metodice, kterou poprvé popsala Narodni akade-
mie véd USA [9], a jsou vyuZity k doloZeni potencidlnich ekonomickych piinost kontroverznich
politickych opatieni (napf. postupné vytrazeni olovnatého benzinu s ro¢nim piinosem 110 az 319

miliard USD v USA [10] a 2-4 biliony USD celosvétové [11]) [7].



V poslednich nékolika letech probéhla fada ekonomickych prizkumi, které odhadovaly zatéz
a ndklady na onemocnéni zptisobené ED v souvislosti s riiznymi ndsledky, véetné neurobehavio-
ralnich deficitd a onemocnéni, poruch reprodukce u muzi, obezity a diabetu a poruch reprodukce
u Zen [7, 12]. Zjisténd ekonomicka z4téZz (163 miliard EUR v EU a 340 miliard USD v USA ro¢n¢)
je i tak stdle podhodnocend, protoZe byla zkoumédna pouze mald podmnoZina ED a zdravotnich
nasledkd, které mohou byt expozici ED ovlivnény [13]. Tyto tdaje ukazuji, Ze legislativni regulace
by prostfednictvim sniZeni nebo eliminace expozice mohla zlepsit zdravi ob¢anil a soucasné vést

k vyznamnym ekonomickym p#inostiim [7].
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1.2 Estrogeny
1.2.1 Vlastnosti estrogeni

Estrogeny patii mezi biologicky aktivni 14tky — hormony. Jsou odvozeny od cholesterolu a tvoii se
v kife nadledvinek, varlatech, vaje¢nicich a placenté u lidi i zvitat. U nékterych rostlin byly rovnéz
nalezeny latky vykazujici estrogenitu [15]. Steroidni estrogeny jsou Casto déleny na piirodni nebo
syntetické hormony (Obrazek 3). O estrogenech se také mluvi v souvislosti s tzv. endokrinnimi

distruptory (ED), tedy latkami, které naruSuji spravnou funkci 714z s endokrinni sekreci [16].

PRIRODNI ESTROGENY

SYNTETICKY ESTROGEN

..\\\"—::':CH

EE2

Obr. 3: Struktury estrogent E1, E2, E3 a EE2

Jako ED pusobi fada humadnnich i veterindrnich, pfirodnich a syntetickych hormont, stejné
jako nékteré rostlinné slouc¢eniny mimikrujici estrogenni aktivitu. Vzhledem k jejich pivodu lze

tyto slouceniny také rozdélit do nésledujicich skupin:

i) Pfirodni estrogenni / androgenni hormony: estron (E1), 173-estradiol (E2), estriol (E3), tes-

tosteron, aj.
ii) Syntetické hormony: 17«-ethinylestradiol (EE2), diethylstilbestrol, 19-norethindron aj.
iii) Fyto- a mykoestrogeny: daidzein, genistein, zearalenon aj.

YV o wevs

Tabulka 2 shrnujici chemické vlastnosti nejbéZznéjSich estrogenti mimo jiné srovnava jejich

estrogenitu (silu U¢inku) ve srovndni s E2. Tyto hodnoty jsou ziskdny pomoci in vitro biotestu
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s vyuZitim kvasinek (tzv. YES test). YES test vyuZiva rekombinantni lidsky estrogenovy receptor.
Potencidl estrogenového ticinku se 1i8i v zdvislosti na typu pouZitého biologického testu a metodé
stanoveni; studie vSak ukazuji, Ze EE2 a E2 maji nejvyssi estrogenitu a nasleduji je E1 a E3 [15,
17]. Pravé tyto slouCeniny predstavuji ve vztahu k Zivotnimu prostfedi nejvyssi riziko, protoZe jiz

velmi nizk4 koncentrace (rozmezi ng - 17!) nepfiznivé ovliviiuje fadu vodnich Zivocichd.

Tabulka 2: Fyzikalné chemické vlastnosti estrogenti [15]

hormon Mr | rozpustnost ve vodé | Log Kw | pKa | potencidl estrogenity
(mg-171) (YES)
estron (E1) 270,4 30 3,13 10,33 0,38 [18], 1 [15]
175-estradiol (E2) 2724 3,6 4,01 10,38 1[18], 1 [15]
17a-estradiol 272,4 - 4,01 10,38 | 0,3 [18], 0,075 [15]
Estriol (E3) 288.4 441 2,45 10,33 | 0,024 [18], 0,001 [15]
17a-ethinylestradiol | 296,4 116 3,67 10,33 1,19 [18], 1,5 [15]
(EE2)

Steroidni estrogeny (také znamé jako steroidni skupina C18) maji podobnou molekuldrni
strukturu obsahujici tetracyklicky skelet a jednu fenolovou skupinu. Strukturalni rozdily jsou na
pozicich C16 a C17; E1 m4 karbonylovou skupinu na C17, E2 m4 hydroxylovou skupinu na C17,
zatimco E3 ma dvé alkoholové skupiny na C16 a C17 (obr. 3). C17 hydroxylovad skupina E2
miZe vytvaiet a- nebo - izomer. Konjugované estrogeny, které také predstavuji potencidlni riziko
pro Zivotni prostiedi, jsou tvofeny esterifikaci volnych estrogent glukuronidovymi a sulfatovymi
skupinami v poloze (polohach) C3 a/nebo C17 [15, 16].

Fyzikalné€ chemické vlastnosti t€chto sloucenin hraji vyznamnou roli pfi predvidani jejich osudu
v Zivotni prostiedi. Jak je patrno z tabulky 2, estrogeny jsou $patné rozpustné ve vodé. Hodnoty
rozdélovaciho koeficientu oktanol/voda (Kow), definovaného jako pomér koncentrace slouceniny
v n-oktanolu a vodé za rovnovdznych podminek pfi specifické teploté, naznacuji mirné hydrofobni
chovéni a tedy tendenci sorpce na pevnou fazi [15, 19].

VétSina estrogent je z téla vylou¢ena moci v konjugované formé. Tyto poldrni konjugaty jsou
biologicky neaktivni a ve vodé rozpustnéjsi. Piesto na pfitoku na &istirnu odpadnich vod (COV)
nalézdme primarné volné, nekojungované, estrogeny, coz ukazuje na hydrolyzu konjugatt jesté
pred vstupem na Cistirnu. Za ten jsou zodpoveédné nékteré bakterie, jako napftiklad (E. coli) [20].

Vyskytuji-li se tedy estrogeny v Zivotnim prostiedi, mohou vést k mnoha negativnim disledkim
na zdravi nebo fungovani organismd, které s nim pfimo ¢i nepfimo souviseji. Mezi tyto efekty pati{

feminizace, dysregulace pfirodnich procest souvisejicich s reprodukci, zhorSeni celkového stavu
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organismt, poruchy regulace apoptotickych procesti [21] nebo dokonce podpora procesii vedoucich

ke karcinogenezi [22, 23].

1.2.2 Estrogeny v Zivotnim prostiedi
Zdroje estrogenii v ZP

ZvySeny vyskyt pfirozenych estrogenil ve velmi nizkych koncentracich v Zivotnim prostfedi zkou-
mala fada odbornych publikaci a jednd se o novy problém kontaminace [16]. Voda je celosvétove
zneciSténa steroidnimi hormony, pficemZ mnohé z nich se uvoliujf z ¢istiren odpadnich vod a od-
padnich vod z krmnych zafizeni pro hospodaiska zvitata. Napriklad v mlékdrenském primyslu se
jiz dlouho pouziva fada steroidt regulujicich rist, aby se zvysila rychlost rtstu skotu, d¢innost kr-
miva a zajistila narast svalové hmoty. Tyto pfidavky v§ak maji rizikové dopady na Zivotni prostiedi.
Klic¢ovy je fetézovy efekt, protoZe zvifeci trus pronikld do vodniho prostfedi. Steroidni estrogeny
byly zjistény ve vykalech, tekutém hnoji a pevném odpadu shromazdéném od dobytka, v odpadnich
vodach z lagun a v hnojivech aplikovanych piimo na zeméd€lskou pudu [16, 24]. A pravé chov
zvitat je pravdépodobné nejveétsim zdrojem estrogennich hormonti v pifrodnim prostiedi. UZ v roce
2002 bylo v USA hospodaiskymi zvitaty vylouceno piiblizné 49 tun estrogent a produkce stéle
roste. Ve Spojeném kralovstvi Cinilo celkové vylucovani estronu (E1) a estradiolu (E2) (populace

hospodaiskych zvitat 1 315) 570 kg - rok ! [25].

Tabulka 3: Vybrané koncentrace estrogenii v zemé&délstvi. UND = tidaje nejsou k dispozici. [16]

Druh vzorku El 17a-E2 173 E3 zdroj
praseci kejda 5900-150 000 | 4 000-84 000 | 1 800-49 000 UND [26]
odpadni vody z prasecich farem 5 200-5 400 650-680 1 000-1 500 | 2200-3000 | [16]
kravska kejda 2 500-80 000 | 2 000-5 000 800-27 000 UND [26]
krmné stdje skotu 720 1 100 1250 UND [27]
odpadni vody z mlé¢nych farem 370-2 356 1750-3 270 351-957 UND [26]

Vyznamné vysoké mnoZzstvi pfirozeného estrogenu E1 bylo pozorovéno v lokalitich typu kejdy,
tésné nasledované 17a- a poté 173-E2. Studie zaméfujici se na prasata a dribez ukazuji, ze 173-
estradiol je vyluCovan predevsim ve vykalech (58 %), zatimco 17«-estradiol a estron (E3) prevazné
v moci (96 % u prasat a 69 % u driibeze) [16]. Tyto estrogeny si jako soucast krmnych programit
v rdmci intenzivniho chovu snadno nachézeji cestu do povrchovych a podzemnich vod. V tabulce
3 je také pomérné ndpadnd absence sledovani E3 poukazujici na prostor pro rozsahlejsi vyzkum.

Podle prizkumu zaméfeného na odpady a kaly americké agentury US EPA obsahovalo priblizné
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1 014 724 000 tun pevného odpadu, zejména zvitectho hnoje, odhadem 76 tun estrogend. Pravé
jednou z identifikovanych cest, kterou se estrogeny dostdvaji do ZP, je piima aplikace hnoje na
zemédé€lskou pidu. V samotném hnoji se koncentrace 17«-estradiolu, 173-estradiolu a estronu
pohybuji zhruba mezi 6 a 462 ng - g¢~! susiny [16, 28].

Nejen, Ze je Zivotni prostfedi kontaminovédno lidskou ¢innosti, vyznamnym zdrojem je lidska
populace jako takova. Svétova populace Citajici pfiblizné 7 miliard lidi vypousti ro¢né priblizné
30 000 kg ptirozenych steroidnich estrogenii (E1, E2 a E3) a dal$ich 700 kg syntetickych estrogenti
(EE2) pouze v disledku uzivani hormondlni antikoncepce. V zdvislosti na publikovaném zdroji
vyluéuji t&hotné Zeny v priméru 260-790 jg - den~! estronu, 280-600 g - den~! 173-estradiolu
a 6 000 az tém&F 10 000 g - den~! estriolu (tabulka 4) [16].

Tabulka 4: Primérné vylucovéni steroidnich estrogend ¢lovékem (na osobu) ug - den™'. UND,

udaje nejsou k dispozici. [16]

El 175-E2 E3 EE2
T€hotna Zena 787 277 9 850 0
Zena v menopauze pii hormondlni 1é¢bé 31,50 59,20 90,70 0
Zena v menopauze bez hormonalni 16¢by | 2,3-2,93 1,49-4 1-3,90 0
Zena (v rdmci menstruacniho cyklu) 3,50-9,32 2,40-6,14 4,40-17,4 0
Dité (Zena) 0,60 2,50 0.918 0
Dospély muz 1,60-3,50 1,83-3,90 1,50-3,21 | UND
Dit& (muZ) 0,63 0,54 UND 0
Primérnd hodnota na osobu 19,00 7,70 8 100 0,41

Méstské COV jsou tedy vyznamnym zdrojem zne&isténi steroidnimi estrogeny, kdy vy¢&isténa

odpadni voda zan4asi do recipientu mnohdy vyznamné koncentrace téchto litek [16]. Jako dalsi
vyznamny zdroj byly identifikovdny nemocnice. Nékolik Setfeni totiZ odhalilo, Ze steroidni estro-
geny, zejména vysoké hladiny estriolu, byly nalezeny ve vSech vzorcich nemocni¢nich odpadnich

vod [29].
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Vyskyt estrogenti v ZP

Jak jiz bylo zminéno, estrogeny nachdzeji cestu do Zivotniho prostfedi mnoha riznymi zdroji.
Soucasné vzhledem k jejich fyzikaln€ chemickym vlastnostem neni prekvapivé, Ze byly detekovany
v riiznych slozkach ZP, jako jsou povrchové a podzemni vody, pitnd voda nebo i v piidni vodg,

piipadné sorbované na pidach a sedimentech.

Tabulka 5: Vyskyt piirodnich estrogend v ZP v ng - 1= [44]

Matrice Hodnota El 17a-E2 | 173-E2 E3 Zdroj
feka (3 lokality) maximum 6,6 ND (0,2) 1,0 1,5 [30]
reka (24 lokalit) maximum 51 UND 3.4 5,0 [31]
feka (77 lokalit) rozsah ND-73 | UND | ND-7,8 | ND-9,3 | [32]
feka (10 lokalit) maximum 9,76 ND 0,86 0,70 [33]
feka (26 lokalit) rozsah ND-16.0 | UND | ND-5,79 | ND-10,5 | [34]
feka (25 lokalit) pramér 5 ND 5 32 [35]
29 tek (217 lokalit) maximum 26 UND 10 31 [36]
jezero (4 lokality) maximum 0.8 ND ND ND [36]
mofrska voda (15 lokalit) maximum 0.52 UND 0,09 ND [37]
splach se zemédé€lské pudy | primér 58 12 ND ND [38]
COV piitok 44 UND 11 72 [39]
COV odtok 17 UND 1,6 2,3

COV piitok 333 UND 5,0 89,0 [40]
COV odtok 14,8 UND 2,1 2,1

COV piitok <26 UND <14 <52 [41]
COV odtok <9,7 UND <95 <10

COV piitok pramér 112,5 UND 8 70 [42]
COV odtok 7.7 UND 1.4 2,9

COV piitok pramér 72,7 UND 6,7 52,7 [43]
COV odtok 4,7 UND 0,8 2,4

COV piitok pramér 61 19 15 1000 | [35]
COV odtok 10 3 4 26
nemocni¢ni COV piitok 61 ND 8 591
nemocni¢ni COV odtok 12 ND ND 70
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Obrazek 4 znazoriuje kontaminaci fek a povrchovych vod v globdlnim méfitku. Z dostupnych
dat je patrné, Ze je tento jev omezen primdrné na americky stfedozdpad, na vychodni pobieZzi
Severni Ameriky, Mexiko, Brazilii a Chile, Evropu a Asii a jizni Australii. Otdzkou zUstava, zda
zbytek svéta nepodléhd takové kontaminaci nebo prosté jen chybi data, kterd by znecisténi potvrdila
[16].

Soucasné obrazek 7 obdobné zndzorfiuje zastoupeni estrogenti naméfenych na Cistirnach od-
padnich vod. I zde 1ze pozorovat, Ze distribuce zastoupeni neni uniformni, ale na riznych lokalitach

se vyrazné 1isi [16].
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Obr. 4: Celosvétova distribuce estrogend v ficnich a povrchovych vodach. Kazdy kolacovy graf
obsahuje prirozené estrogeny: E1, E2, E3 a synteticky EE2 jako procenta z celkového mnozZstvi

estrogent detekovaném v dané lokalité. (Na zdkladé dat z obrazku 5 a 6) [16].
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Obr. 5: Vstupni tidaje pro obrazek 4 (1/2): Hladiny estrogenu v povrchovych vodach (ng - 17!) na
ruznych lokalitach [16].
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Obr. 6: Vstupni tidaje pro obrazek 4 (2/2): Hladiny estrogenu v povrchovych vodach (ng - 171) na
ruznych lokalitach [16].
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Obr. 7: Celosvétova distribuce estrogent na COV. Kazdy kold¢ovy graf obsahuje p¥irozené estro-
geny: E1, E2, E3 a synteticky EE2 jako procenta z celkového mnozZstvi estrogenii detekovaném v

dané lokalité. (Na zakladé dat z obrazku 8) [16].
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Obr. 8: Vstupni tidaje pro obrizek 7: Hladiny estrogenu na COV (ng - 1~1) na riiznych lokalitach
[16].



1.2.3 Pusobeni estrogenii na necilové organismy

Vydet ovéfenych i potencidlnich G¢inkd na necilové organismy je sim o sobé& rozsahly a vdZe se na
princip pisoben{ té€chto latek v téle. Estrogeny interaguji s kompatibilnimi receptory v cytoplazmé
bunék, jako komplexy jsou transportovany do jadra buiiky a spousti proces transkripce. Soucasny
vyzkum stdle pfichdzi s novymi poznatky ve spojitosti s funkénosti a podobnosti jednotlivych
receptortl i v oblasti dalSich procesd na drovni genové exprese [45].

Kromé Zivocichl byl pozorovan i vliv na rostlin€. ProtoZe se zvySené koncentrace estrogenti
nachdzeji v hnoji nebo Cistirenském kalu Casto aplikovaném na zemédélskou ptidu jako hnojivo,
byly sledovédny tc¢inky primédrné na zemédélské plodiny [16, 46].

v

Nejvyznamnéjsi ucinky na vodni organismy a zemédélské plodiny shrnuje obrazek 9 [46].

Estriol

VODNI PROSTREDI

Estron et K/’ 5
Estradiol

ZEMEDELSKE PROSTREDI

Ethinylestradiol

Metabolity e podj : ' nil

Obr. 9: Pisobeni estrogent v Zivotnim prostfedi [46]

2%

Nasleduje piehled nejvyznamnéjsich zjisténi o Gcincich estrogend na Zivo€ichy napfic trofic-

kymi drovnémi.

21



Bezobratli

Bezobratli predstavuji jednu ze skupin nejcitlivéjSich na kontaminaci Zivotniho prostiedi -
a to nejen estrogeny. Tento fakt souvisi s jejich Zivotnim stylem a neustdlému vystaveni latkdm
ve vodnim prostfedi v rdmci budto celého Zivotniho cyklu nebo v jeho nejkriti¢téjSich fazich.
V piipadé bezobratlych je také tfeba vénovat pozornost mirné odlisnému fungovani endokrinniho
systému, coZ ovSem nemeéni nic na tom, Ze piirodni i syntetické estrogeny mohou ovlivnit mnoho
aspektu jejich Zivota [47, 48].

Dostupna literatura zmitiuje rozmanitou §kalu negativnich vlivi na bezobratlé. Naptiklad u oc-
tomilky obecné (Drosophila melanogaster), vyznamném modelovém organismu, pri kontaktu s EE2
(jakoZto pridavkem v krmném mediu) do§lo k vyznamnému poklesu plodnosti i imrtnosti ve srov-
nani s kontrolou [49].

Dals{ studie ukazuje, Ze pfitomnost EE2 v Zivotnim prostfedi nezmara obecného (Hydra vul-
garis), blesivet (Gammarus pulex a Hyalella Azteca), pakomara (Chironomus riparius) a plovatky
bahenni (Lymnaea stagnalis) miZe nepiiznivé ovlivnit lfhnuti, velikost, reprodukéni chovéni i pocet
nakladenych vajicek [45]. PrestoZze nejvyznamnéjsi zmény byly pozorovany pfi koncentracich pre-
vySujici koncentrace v ZP, byly odhaleny i piipady statisticky vyznamného vlivu pfi koncentracich
kolem 30 ng - 1=! [50], pfi¢emZ jako nejcitliv&jsi organismus byla pozorovana plovatka bahenni
[45]. Pfirozené jsou ohrozZeny i juvenilni stidia mékkysa. Byl potvrzen negativni tcinek EE2
na vyvoj ustfic (Saccostrea glomerata) [45, 51] nebo vliv na genovou expresi slavky (Mytilus
edulis) jiz pti relativné nizkych koncentracich E2 (3,5-130 ng - 171 [52]. Na druhou stranu studie
proveden4 na hrotnatkach (Daphnia magna) v koncentracich EE2 do 1 000 ug - 1-1) neprokédzala

Zadny vyznamny vliv na generaci FO nebo na rychlost riistu potomstva [45, 53].

Ryby

Endokrinni systém ryb funguje velmi podobné jako endokrinni sytém savcii. Soucasné jsou
pisoben{ estrogent vystaveny jak pfimo - Zivotem v kontaminované vodg, tak i nepfimo - procesem
bioakumulace, uvolfiovani estrogent z fi¢nich sedimentti nebo synergickym efektem zpisobenym
pfitomnosti jinych kontaminantd, které mohou negativni G¢inky zvySovat nebo aZ ndsobit [45, 54].
Estrogeny v télech ryb nereguluji pouze reprodukci, ale také teritoridlni chovéni [55] nebo imunitni
systém [56]. Jednim z nejéastéji diskutovanych G¢inkt na ryby je feminizace samcu. Ta se proje-
vuje zménami jak primdrnich, tak sekundarnich pohlavnich znakd [45, 57, 58, 59]. Tyto zmény
mohou vést ke sniZeni poctu pohlavnich bunék nebo jejich morfologickym zméndm znemoZiujici

reprodukci. Stejné tak mize expozice estrogeniim zpasobit zmény v genderové struktuie populaci,
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tj. nedostatku zastoupeni (zdravych) samcti [45, 57, 58, 60]. U samic byl zjistén vliv na tvorbu
a kvalitu jiker a to u fady sladkovodnich i motskych druhd [60, 61].

Konkrétnim piikladem je situace v jezerech v Kanadé, kde dlouhodobé vystaveni EE2 (5-6
ng - 171) vyznamnym zptisobem ovlivnilo populaci stfevle tuponosé (Pimaphales promelas); femi-
nizace samcl a zmény v oogenezi samic vedly téméf k vyhynuti tohoto druhu v dané oblasti [62].
Obdobny efekt byl pozorovén i v fekach ve Velké Britanii u plotic (Rutilus rutilus) [63]. N&které
studie také poukazuji na poruchy periodické migrace lososovitych ryb zpisobené ptitomnosti estro-

Z s

genti (E2) ve vodach [64, 65]. U nékterych estrogenti byly popsény i jiné toxické tc¢inky. Napiiklad
pri vyssich koncentraci E1 v prostiedi (1-100 nM) dénio pruhované (Danio rerio) vykazuje vetsi
mnoZstvi kosternich deformaci nez u kontroly [45, 66]. Dokonce byly pozorovany toxické dcinky
E1l, E2 a E3 na jaterni buniky pstruha duhového (Oncorhynchus mykiss), pti¢emz jako nejtoxicté;si
se projevil E2 [67]. V tomto kontextu velmi optimistické vysledky vysledky pfinesla modernizace
kanadské COV na Grand River, kde velmi rychle doslo k poklesu koncentrace estrogent v fece a k

vyraznému omezeni poctu intersexudlnich jedinct canddtka modropésého (Etheostoma caeruleum)

[45, 68].

Obojzivelnici

Dals{ skupinou, kterd m4 velmi blizko k vodnimu prostiedi, jsou obojZivelnici. Z toho pfirozené
vyplyva vysoky potencidl ohrozeni riznymi xenobiotiky ve vodach. Celosvétovy trend v poklesu
populace obojzivelniki povazuje nékolik studif prave za disledek znecisténi steroidnimi hormony
[45, 69]. Negativni tcinky estrogentl byly pozorovany na riznych vyvojovych stadiich. Nejcastéji
se jednalo o fyziologické a behaviordlni zmény, pfipadné i smrt jedince [45]. Napiiklad samci
hrotnatky vodni (Xenopus laevis) jsou po vystaveni EE2 ochotni vokalizovat a tim pddem neprildkaji
samicky. Soucasné samice méné& reaguji na vyzvy k pafeni. Mimo to byl pozorovan vliv EE2 (jiZ
od koncentrace pod 3 ng - 1~1) na feminizaci populace, vznik abnormalit samé&ich gonad a také
sniZzen{ hladiny testosteronu [70].

PrestoZe tyto vysledky poukazuji na sniZeni reprodukéni dspés$nosti obojZivelnikt (pfedpoklada
se obdobny vliv EE2 i na jiné druhy, vzhledem k ptisobi na specifickou ¢ast mozku obojzivelniki),
existuji i studie poukazujici na opaény efekt: v pfitomnosti estrogentl se zesiluje odpovéd Jacob-

sonova orgédnu (v nosni dutin€) na feromony [45, 71].
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Plazi

Plazi jsou v kontextu psobeni xenobiotik v Zivotnim prostfedi nejméné Casto sledovanymi
organismy. Ucinek estrogenti na plazy je pomérné sloZité posoudit. Je to ddno zvlastnostmi jejich
biologie - mohou Zit v rozmanitych podminkach, maji pomérné dlouhou délku Zivota a urceni
pohlavi je dvoji (genotypické i zavislé na faktorech prostiedi) [45]. Primarné je hodnocena hladina
vitelogeninu v krvi zkoumanych jedinct. Zvysené mnozstvi E2 vedlo ke zvySené hlading vitelo-
geninu u Zelv (Mauremys reevesii a Trachemys scripta ) a soucasné€ byl pozorovén i negativni vliv
na vyvoj zelvich vaje¢niki [45].

Vysoka hladina E2 v krvi samic aligatorG americkych (Alligator mississippiensis) vede k vyskytu
abnormdlni ovaridlni struktury s nadpocetnymi folikuly a polynukledrnimi oocyty. U mladych

samcu se naopak objevuje podhodnocena hladina testosteronu [72].

Ptaci

U ptaki, stejné jako u savct, jsou estrogeny biosyntetizovany v pohlavnich Zlazach a v jinych
tkanich, jako je ktize, srdce, svaly, jatra, mozek, tukova tkan, slinivka bfi$ni a nadledviny. Estrogeny
hraji klicovou roli v kontrole reprodukéniho chovéani a regulaci endokrinniho systému a jsou
nezbytné pro regulaci rdstu a diferenciaci neuronti v mozku [45]. ZvySend hladina estrogent
u ptakd sniZuje plodnost, zpomaluje pohlavni dospivani samic a narusuje parici chovani samci
i samic (napf. vaimani sam¢ich zvukt samicemi). Mimo to se hromadi v tkanich dospélych jedinct
i ve vejcich, coz miZe negativné az fatdlné ovlivnit vyvoj embryi [73]. Pfili§ vysoka hladina
estrogentl v Zivotnim prostfedi miiZe také narusit chovani ptakd, ¢asto zvySuje riziko agresivniho

chovéani a zhorSovat fungovani imunitniho systému [45].

Savci

Estrogeny se mohou do téla savcd mohou dostdvat mnoha zptsoby. Napiiklad pozitim konta-
minované vody nebo pres kiiZi pfi kontaktu s ni [74], ale také prostfednictvim pfijimané potravy,
a to nejen v rdmci kumulace trofickymi tdrovnémi ale dokonce i v mléce [75]. Byla jiZ popsana
fada potencidlnich negativnich &inkd p¥itomnosti estrogenti v ZP na savce, jako jsou poruchy
reprodukce a sniZeni celkové kondice organismu [76]. Jednou z hrozeb je zvySené riziko karci-
nogeneze u saveim kteff jsou vystavovani zvySenym koncentracim estrogentim [45], nejcastéji

jde o rakovinu prsu, plic nebo prostaty [75, 77]. Estrogeny mimo jiné ovliviiuji i chuf k jidlu
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a energetickou rovnovahu. Studie na zvitatech ukdzaly, Ze naruseni hladiny estrogeni mize tuto
rovnovahu narusit a vést k nadvaze nebo az obezité [78]. U mysi se po podani davky 173-estradiolu
objevily zmény v produkci nékterych receptord v kostni, mozkové i jaterni tkani a soucasné byla

woev

negativné ovlivnéna funkcénost jater [79]. Mezi nejzavaznéjsi ucinky estrogend na samce savcu
patii poruchy vyvoje, struktury a funkcnosti varlat jiZ na drovni genové exprese, kde estrogeny
potlacuji geny zodpovédné praveé za samci schopnost reprodukce. Tento ucinek byl prokdzan u E1,

E2 i E3, pricemZ jako nejsilnéjsi se ukdzal E2 [14]. Problémy s plodnosti v souvislosti s vystavenim

estrogenmuim byly pozorovany také u samic koni, ovei a gepardu [80, 81].

Lidé

Hormondln{ systém clovéka je zodpovédny za udrZzovdni homeostdzy. Hormony, jako jsou
estrogeny, mohou tedy ovliviiovat riizné typy bunék a mohou mit specifické tcinky, které ovliviiuji
nejen Zenské pohlavni organy. Ovliviiuji také fadu patologickych stavii, jako je rakovina prsu, varlat
nebo prostaty, reprodukéni dysfunkce a neplodnost [82]. Obzvlasté neplodnost je v soucasnosti
Casto diskutovanym tématem, prav€ v souvislosti s jeji rostouci Cetnosti v populaci (postihuje
ptiblizné 10-15 % pard ve véku 20-45 let a v 50 % piipadi postihuje Zeny [83]). Nepfiznivé

disledky ucinkt estrogent na lidsky organismus a potomstvo jsou shrnuty na obrazku 10.
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Obr. 10: Negativni uicinky estrogent v Zivotnim prostfedi na lidské zdravi [82]
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Nasledujici tabulka uvadi dostupné informace o prijatelném dennim pfijmu estrogenil v potra-
vindch pro ¢lovéka. Je zde ovSem znét velky nepomér mezi dostupnymi daty pro 173-E2 a jinymi

estrogeny [16].

Tabulka 6: Piipustny denni pifjem estrogent potravou pro &lovéka (u - den™1) [16]

El 175-E2 EE2 Zdroj
Dospély &lovék (na 60 kg) | UND 3 UND [84]
Dospély ¢lovék 0,1 0,1 UND [85]
Dospély &lovek UND 8,2-10°6 561076 [86]
Kojenec UND 321076 221076 [86]
Dit& (na 10 kg) UND 0,5 UND [84]
Muz 1 UND UND [87]
Zena 50 UND UND [87]

Udaje tykajici se potencidlnich rizik a dlohy jednotlivych estrogenti jsou shrnuty v tabulce 7.
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Tabulka 7: Souhrn potencidlnich rizik a dlohy jednotlivych estrogent [45]

Funkce

U¢inek

Ridi menstruacni cyklus a mé zdsadni roli

v endokrinnim systému Zen po menopauze.

Gonad4lni abnormality, sniZend plodnost,
poruchy pareni, zvySend hladina

tyreotropinu a vitellogeninu

E1l Hraje roli v osteoblastogenezi. v krevni plazmé, zvySend hladina
kaspdzy-3 a sniZzena aktivita cholinesterazy,
miZe vyvolat proapoptotickou
a anti-apoptotickou aktivitu, neurotoxicita.
Ridi menstruaéni cyklus, reguluje Gonadalni abnormality, sniZena plodnost,
spravny vyvoj Zenskych pohlavnich orgéni, | zvysena hladina vitellogeninu v séru a tkénich,
podili se na regulaci neuroendokrinniho, miZe vyvolat proapoptotickou
E2 kosterniho a imunitniho systému a anti-apoptotickou aktivitu, neurotoxicita.
u muzi a Zen. Ovliviiuje chovani zvifat pii péarent,
Nejsilngjsi estrogen. potencidln¢ kancerogenni.
Gonadalni abnormality, sniZena plodnost,
E3 Reguluje pritok krve v placenté. zvysend hladina vitellogeninu
v séru a tkdnich.
Synteticky estrogen, pouZivany zejména Gonaddlni abnormality, sniZend plodnost,
jako hormonalni antikoncepce sniZeni télesné hmotnosti,
nebo pii hormondln{ 1é¢bé. zésah do menstruacniho cyklu,
EE2 poruchy chovéni, zvySend hladina

Inhibuje ovulaci.

vitellogeninu v séru a tkdnich.
Muize vyvolat proapoptotickou

anti-apoptotickou aktivitu.
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1.3 Odstranovani estrogenu z odpadnich vod

Ucinnost odstrafiovani estrogenti na b&Znych COV se zna¢né li§f a to nejen v zdvislosti na pou-
Zité technologii, konfiguraci Cistirny a provoznich parametrech. Dal§imi ddlezitymi faktory jsou
vlastnosti samotné odpadni vody, souvisejici s lokalitou (mnoZstvi obyvatel, zemépisné podminky,
kultura, aj.). Napfiklad byla pozorovdna vySsi d¢innost béhem léta (26,4 °C) neZ v zimé (16,4 °C)
[88]. Podobny jev byl potvrzen u teplot 20 °C a 10 °C [89] a v dalsich studiich [90].

Co se tyce biologického odstraiiovani, delsi kontaktni ¢as s aktivovanym kalem dle predpokladi
ptirozenych estrogenii z odpadnich vod (OV) tplné, uvadi Clara a kol. ¢as alespori 10 dni [93].

V tabulce 8 je mozZné pozorovat icinnosti riiznych technologickych procest pii eliminaci E1, E2
a E3. Je zfejmé, Ze aktivacni proces pomérné nespolehlivy pii dosahovani uspokojivych vysledki
u vSech sledovanych latek, pfi¢emz o néco 1épe vychazi hodnoty pro E1 nez pro E2 a E3. Bohuzel
pravé E2 napriklad vykazuje vyS$i karcinogenitu i estrogenitu [90]. Tyto vysledky vypovidaji
o tom, e nejroziifen&js istirensky proces na méstskych COV neni z pohledu moderniho piistupu

zamé&feného na eliminaci Sirokého spektra mikropolutantt dostacujici.

Tabulka 8: Uéinnosti odstran&ni pfirodnich estrogent na méstskych COV; SBR (sequencing batch .
reactor) vsadkovy reaktor; BF biologicka filtrace; MBR membranovy bioreaktor * uvedeno jako
minimum-maximum (primér); ® na zaklad& tif riznych COV; © na zdkladé osmi riiznych COV; 4
na zdklad& dvou riiznych COV; © na zdkladé péti riznych COV; ® na zdklad& &trndcti riznych COV

[90]

proces zemé pritok® odtok® ucinnost | zdroj
(ng-171 (ng-17") (%)

El | aktivace Némecko -(27) ND-70 (8.,6) 68 [26]
aktivace Némecko - (188) -(12,6) 93,3 [94]
aktivaceP Némecko ND-143,1 (62) ND-91 (35) 43,5 [95]
aktivace Itdlie 13-75 (44) ND-0,5 (0,25) 99.4 [96]

0,5-32 (11,2) ND-0,5 (0,25) 97,8
3-71 (31,3) ND-54 (28,3) 9,6
14-38 (28,3 ) ND-19 (10) 64,7
13-32 (21) ND-52 (24) -14,3
aktivace Italie 15-60 (35) 5-30(16) 54,3 [97]
aktivace® Kanada 8-25 (16) 1-54 (5) 68,8 [98]
SBR Kanada -(72,3) -(4,9) 93,2 [99]
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BF Kanada ND-19 (9) ND-147 (41) -355,6 | [100]
aktivaced Kanada 13,1-104 (49,8) 11,2-205 (26,6) 46,6 [101]
aktivace UK -(44,7) -(1,2) 97,3 [102]
aktivace? Spanglsko 11,6-493,9 (99) 7,7-196,8 (30) 69,7 [103]
SBR Austrélie - (54,8) -(8,1) 85,2 [104]
aktivace Austrélie - (45) -(5) 88,9 [105]
aktivace USA -(50,7) -(0,9) 98,2 [106]
aktivace/BF/SBRP | USA 57,8-83,3 (66,7) 6,3-49,1 (22,3) 66,6 [107]
aktivace/BF USA -(2,9) ND-12,3 (10) -257,1 | [108]
aktivace USA 27-28 (27,5) ND-24 (14,5) 43,7 [109]
aktivace USA 5-20 (12,5) 2-10 (6) 52 [110]
aktivace® Japonsko ND-197 (20,7) ND-110 (19,5) 5,8 [88]
aktivace Japonsko - (18) - (105) -476,9 | [111]
aktivace Japonsko - (36,5) - (45,5) -27,9 [112]
aktivace Cina 30,2-62,5 (38,6) | 24,1-60,5 (12,6) 67,4 [113]
aktivace Cina -(56,2) -(12) 78,6 [114]
aktivace Cina 29,5-36,3 (35,5) 1,5-8,7 (7,8) 78 [115]
aktivace Cina 10,2-34,9 (20,2) 8,3-14 (10,2) 49,5 [116]
aktivace Rakousko -(34) -(72) -111,8 [93]

- (60) -(8) 86,7

- (670) -(D) 99,9

29-81 (60,3) ND-4 (2) 96,7

MBR 29-81 (60,3) ND-21 (7,7) 87,2
aktivace/BF" Francie 21,7-181 (78,8) 0,2-64,9 (8,2) 89.6 [89]
E2 | aktivace Némecko -(11,8) (0,8) 93,2 [94]
aktivaceP Némecko ND-89,6 (20) ND-44,6 (17) 15 [95]
aktivace Italie 7-10 (8,5) ND-0,5 (0,25) 97,1 [96]

0,5-20 (8,6) ND-6 (0,25) 65,1

6-17 (13) ND-7 (3,7) 71,5

4-10 (7,7) ND-3 (1,7) 77,9

0,5-8 (4,2) ND-4 (2,3) 45,2
aktivace Italie 10-31 (25) 3-8 (6) 76 [97]
aktivace® Kanada 3-22(9) 1-2(2) 77,8 [98]
SBR Kanada - (26,5) -(4,4) 83,4 [99]
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BF Kanada ND-11 (5) ND-12 (5) 0 [100]
aktivaced Kanada ND-66,9 (16,4) ND-26,7 (8,8) 46,3 [101]
aktivace UK -(22,9) -(0,2) 99,1 [102]
aktivace? Spanélsko | 30,4-373,5 (138) ND 100 [103]
SBR Austrélie -(22) -(0,95) 95,7 [104]
aktivace Austrélie -(19) -(5) 73,7 [105]
aktivace USA - (10,3) -(0,3) 98,1 [106]
aktivace/BF/SBRP | USA ND-161,6 (57,6) ND-5.4 (2,3) 96 [107]
aktivace/BF USA ND-72,6 (52) ND-16,1 (6,4) 87,7 [108]
aktivace USA 1-10 (5) -(0,5) 90 [110]
aktivace® Japonsko ND-25,8 (4,9) ND-16,7 (2,6) 46,9 [88]
aktivace Japonsko -(17,2) -(10,2) 40,7 [111]
aktivace Japonsko -(84,9) -(4,6) 94,6 [112]
aktivace Cina 9,4-41,3 (21,4) 8,5-35,8 (17,9) 16,4 [113]
aktivace Cina -(15,7) - (1) 93,6 | [114]
aktivace Cina 12-23,9 (15,7) 4,1-4,8 (4,7) 79 [115]
aktivace Cina 46,6-93 (62,5) 8,7-32,4 (19,2) 69,3 [116]
aktivace Cina - (64.8) -(22.8) 64,8 | [117]
aktivace Rakousko -(54) - (30) 44 .4 [93]

- (24.5) - (%) 79,6

- (46) -(5) 89,1

67-125 (91,3) ND-8 (5,7) 93,8

MBR 67-125 (91,3) ND-6 (3) 96,7
aktivace/BF" Francie 3,5-49,9 (23,7) 1,1-11,3 (4,2) 82,3 [89]
E3 | aktivaceP Némecko ND-510 (108) ND-251 (62) 99,5 [95]
aktivace Italie 27-103 (65) ND-0,7 (0,35) 97,1 [96]

2-120 (52,3) ND-18 (6,2) 88,1

33-70 (13) ND-5 (3) 94,5

43-102 (73,7) ND-28 (13) 82,4

22-52 (43,7) ND-20 (9) 79,4
aktivace Italie 23-48 (31) 0,5-1 (1) 96,8 [97]
BF Kanada ND-22 (9) ND-29 (15) -66,7 [100]
aktivace/BF/SBRP | USA ND-259,2 (113) ND-3,9 (2) 98,2 [107]
aktivace/BF USA ND-26,9 (19,4) ND-3,4 (3) 84,5 [108]
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aktivace USA 155-179 (167) -(9) 97 [109]
aktivace USA 10-100 (20) -(2) 90 [110]
aktivace Japonsko -(2) -(5,5) -175 [111]
aktivace Japonsko - (65,6) ND 100 [112]
aktivace Cina 25,6-82,4 (53,9) | 23,2-76,3 (47.,5) 11,9 [113]
aktivace Cina -(26,2) -(0,2) 99,2 [114]
aktivace Cina 49,8-216,9 (112,4) | ND-15,8 (6,3) 94,4 [116]
aktivace Rakousko - (336) - (275) 18,2 [93]
-(23,5) -(17) 27,7
- (146) -(D 99,3
326-660 (453) ND-1 (1) 99,8
MBR 326-660 (453) ND-1 (1) 99,8
aktivace/BF" Francie 28,8-676 (313) 10,6-58,3 (33,5) 89,3 [89]
Tabulka 9: Uéinnost biologického odstranéni EE2 [131]
proces ucinnost (%)* zdroj
aktivace >90 [118]
aktivace 1,5-1,8 [119]
aktivace >90 [120]
nitrifikace >95 [121]
kultury ziskané z jezerni vody a sedimentti 0 [122]
bioreaktor <65 [123]
MBR 80 [124]
aktivace 20 [125]
nitrifikace <50 [126]
aktivace 3 (24 hod), 5,6 (7 dni) [102]
bioreaktor (nitrifikace) 90 [127]
aktivace (anaerobni podminky) >97 [128]
MBR 65 [129]
aktivace (anaerobni podminky) <40 [130]
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Kromé vysoké variability ticinnosti biologického odstrafiovani estrogent je také diskutabilni
podil skute¢né biodegradace a sorpce na aktivovany kal. V piipadé sorpce se problém piitomnosti
estrogent pouze “presouva” z odpadni vody do kalového hospodafstvi. Alternativou k (v tomto
kontextu) relativné nespolehlivému procesu nitrifikace/denitrifikace je vyuZiti membranovych tech-
nologii. Membrénova filtrace, jako je mikrofiltrace (MF), ultrafiltrace (UF), nanofiltrace (NF)
a reverzni osméza (RO), se ukdzala jako vhodna varianta eliminace mikropolutant v¢etné stero-
idnich hormont z vody. Nicméné membranové technologie oteviraji otdzku, jak i¢inné nakladat

se zakoncentrovanym odpadem.

Tabulka 10: Uéinnost odstran&ni EE2 pomoci membranovych technologii [131];? za optimalizo-

vanych podminek; HFMF membréana s dutymi vlakny

estrogen zadrZeni (%) typ membrany zdroj
El 99 RO [132]
98 HFMF [133]

99 NF/RO [134]

90 NF/RO [135]

>99 NF [136]

63 NF [137]

95 NF [138]

97 NF [139]

42 NF [140]

44 UF [140]

100 NF [141]

98 NF/RO [142]

100 MF [143]

95 NF [144]

E2 83 RO [145]
90 NF/RO [135]

>99 NF [136]

>95 NF [146]

>95 UF [146]

77 NF [137]

40 NF [140]

8 UF [140]
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E3

EE2

100
100
100
>99
70
>95
38
97
100
>99
90
60
34
99

NF
NF
NF/RO
NF
NF
NF/RO
NF
NF
NF/RO
NF
NF
NF
UF
NF/RO

[141]
[147]
[142]
[136]
[137]
[148]
[140]
[149]
[142]
[136]
[137]
[140]
[140]
[142]
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1.4 Pokrocilé oxidac¢ni procesy (Advanced Oxidation Processes, AOP)

Pokrocilé oxidaéni procesy jsou technologické procesy zaloZené na principu radikdlovych che-
mickych reakci. Objevenim Fentonovy reakce koncem 19. stoleti byly poloZeny zdkladni kameny
dnes propracovanym a stéle se rozvijejicim technologiim. Prvni primyslové aplikace byly prove-
deny jiz v poloviné 20. stoleti. VyuZivaly Fentonovu oxidaci k eliminaci fenolu a jeho derivati
z pramyslovych odpadnich vod. Za nedlouho potom nasly své uplatnéni také jako technologie pro
sanaci podzemnich vod a nasledné jako moderni vodarenské technologie [150, 151, 152]. Podstatou
AOP je formace silné oxidaénich radikald, nejcastéji hydroxylovych *OH nebo na bézi siry (napf.
sulfitovy radikal SO*~). Radikaly reaguji s organickymi sloueninami a potom nasleduje fada
degradacnich reakci destabilizované molekuly [152, 153]. Reakci hydroxylového radikdlu s orga-
nickou latkou vznika uhlikovy radikal Re nebo Re-OH, ktery muiiZze za pfitomnosti kysliku pfejit
na peroxyl radikdl ROOe. VSechna tato nestabilni uskupeni podléhaji degradaci aZ mineralizaci
molekuly. Soucasné jsou tvoreny dalsi velmi reaktivni molekuly, jako napiiklad peroxid vodiku
H5Og, ptipadné superoxidovy radikdl O; ¢ [150, 153]. V disledku své vysoké reaktivity maji radi-
kaly velmi kratkou Zivotnost. Je proto nutnd jejich tvorba in situ, a to celou fadou rtiznych procesu.

Principy téchto metod jsou popsany v dalSich kapitol4ch.

1.4.1 Moznosti aplikace AOP

AOP mohou byt aplikovédny pfi dpravé pitnych vod (eliminace mikroznecisténi, zabarveni a dez-
infekce), ¢isténi méstskych a primyslovych odpadnich vod nebo také procesnich vod s vysokymi
pozadavky na Cistotu [154, 155]. Specifikem primyslovych odpadnich vod je ¢asto pozadavek
na schopnost aplikované technologie odstranit bez omezeni i toxické l4tky. Pfitomnost toxickych
latek midZe siln€ omezit nebo znemoznit dspésny chod tradi¢ni biologické Cistirny odpadnich
vod. Takové vody musi byt nélezité predcistény, pokud jsou vypoustény do kanalizace za tcelem
docisténi na COV. Predtiprava pomoci chemické oxidace b&znymi oxida¢nimi &inidly typu KMnO 4
je velmi limitovana faktem, Ze vétSina primyslové vyuzivanych toxickych latek je timto ¢inidlem
oxidovatelnd jen ¢astecné [151, 156].

Reakce radikélu s organickou latkou je neselektivni. AOP maji potenciél pro odstranéni orga-

nickych polutantt riznych skupin, jakymi jsou;
e ]éCiva,
* pesticidy,

 produkty osobni péce,
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e barviva,
* syntetickd sladidla,

* halogenované slouceniny

aj. [150, 153].

Prestoze k tvorbé pozadovanych radikalt miZe dochazet riznymi cestami, maji AOP fadu

spole¢nych znak:

* reakce radikdlu s organickou latku je malo selektivni,
* reakce radikélu s organickou latku je velmi rychla,

* probihaji za normalniho tlaku a za béZznych teplot,

* nejsou omezeny toxicitou eliminovanych latek,

* jsou variabilni diky rozmanitosti moZnosti tvorby radikala [151].

1.4.2 Vyhody a nevyhody AOP

Jako kazda technologie, maji AOP nejen své vyhody, ale také praktickd omezeni. Zasadni vyhodou
je jiz zminovand nizk4 selektivita reakce radikdlu s nezddoucimi ldtkami a s tim spojené Siroké
spektrum aplikaci. Rychlost téchto procest zajistuje nizké naroky na dobu zdrZeni. AZ na Fentonovu
a Foto-Fentonovu oxidaci nevznika v priibéhu technologie odpad. To znamen4, Ze latky jsou pfimo
ve vodé rozloZeny, nikoliv odseparovény. Zarovei je vedlej$im produktem AOP dezinfekce oSetfené
vody, coz je v nékterych pripadech vitanou pfidanou hodnotou. Na druhou stranu pofizovaci ndklady
mohou byt pro nékteré subjekty az piili§ ekonomicky narocné a v disledku nutnosti spotieby
elektrické energie jsou pomérné vysoké i jejich ndklady na provoz. Zdsadni vliv na ucinnost
technologie ma kvalita odpadni vody. Nejedna se pouze o zdkal, ktery znemoZiiuje patfi¢ny prinik
UV zéreni, ale také jeji chemické sloZeni a pfitomnost takzvanych pohlcovact radikali (mize jit
o jiny radikal, pfi¢emZ se obé &astice moznou reakci deaktivuji). ProtoZe Zddné dvé odpadni vody
nejsou stejné, je moznost predpovédet ucinnost urcitého procesu znacné omezend. V neposledni
fadé je nutné zvazit vhodnost aplikace nékterého z pokrocilych oxida¢nich procesd, a to s ohledem
na moznost vzniku neZadoucich produkti. Tyto produkty je vzhledem k rozmanitému sloZeni

upravovanych a ¢isténych vod v podstaté nemozné predpovédet [150, 155].
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1.4.3 AOP zalozené na hydroxylovych radikalech
UV zareni

Ultrafialovym (UV) zafenim rozumime vysokoenergetické zéreni, jehoZ vinové délky jsou kratsi
nez vlnové délky viditelného svétla a zaroven delsi nez rentgenového zafeni (400 nm > A > 1 nm)

[157]. UV zéafeni je ddle mozné délit na Ctyfi energetické oblasti (tabulka 11).

Tabulka 11: Déleni UV zéafeni podle vinovych délek [157, 158, 159]

Typ UV zareni Vlnova délka [mm] Energie [kJ - mol 1]
UV-A 315-400 380-299
UV-B 280-315 427-380
UV-C 200-280 629-427
VUV (Vacuum Ultraviolet Light) < 200 > 629

Neékteré zdroje rozlisSuji jest€¢ VUV (200-100 nm) a extrémni UV (100-1 nm) [158, 159].
Zdrojem UV zéfeni jsou extrémné rozzhavend t€lesa (hvézdy; jako typicky priklad se uvadi Slunce).
Zaroven také vznikd UV zafeni pfi pruchodu elektrického proudu nékterymi plyny, nejcastéji pak
parami rtuti. Tohoto jevu je vyuZivdno ve vybojkach, kde diky srazkdm elektronti prochazejicimi
mezi elektrodami dochazi k excitaci a k nasledné deexcitaci atomd par pri soucasné vyzareni UV,
viditelného svétla a infracerveného zareni. Nejcastéji pouZivanymi UV emitujicimi vybojkami jsou
vybojky rtufové, deuteriové nebo xenonové [160, 161]. Nizkotlaké a stiedotlaké vybojky nachézi

-----

o jiné pokrocilé kombinace technologii [162]. Na trochu odli$ném principu nez vybojky funguji
tzv. eximerové lampy, jakoZto zdroje emitujici také v oblasti VUV. Jedn4 se o nové&jsi technologii,
jejiz vyznam pro AOP aplikace stdle roste. Nazev vychazi ze slova excimer, coZ je sloZenina slov
excited dimer neboli excitovany dimer. Excitovanym dimerem se rozumi ttvar tvofeny dvéma
atomy inertnich plynid. Za béZnych podminek inertni plyny netvoii stabilni molekuly. Avsak po
prevedeni do vybuzeného energetického stavu mohou tvofit dvouatomové molekuly o omezené
stabilité, pfi jejichZ rozpadu je emitovan foton o energii 5-15 eV. O excimer se jednd v piipadé, Ze
molekula je tvofena dvéma atomy vzacného plynu. V piipad€ molekuly tvofené atomem vzdcného

plynu a halogenu, mluvime o tzv. exciplexu, neboli excitovaném komplexu (excited complex) [163,

164].
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Tabulka 12: Excimery a korespondujici maxima emitovaného spektra [163]

1 * * * * *
Excimer He3 | Nej | Arg | Kry | Xej

Emitované \,ax [nm] | 74 83 | 126 | 146 | 175

Tabulka 13: Excimery a korespondujici maxima emitovaného spektra [163]

Excimer ArCl* | ArF* | KrCl* | KrF* | Xel* | XBr* | XeCl* | XeF*
Emitované A\ ax [nm] 175 193 222 248 253 282 308 354

v

V soucasnosti jsou nejrozsitenéjSim zdrojem UV zafeni pro AOP rtufové vybojky. NejbéZné;si
nizkotlaké rtufové vybojky maji parcidlni tlak rtuti asi 1 Pa. Tento tlak odpovida tlaku par tekuté
emitovanych vlnovych délek. Emisni spektrum nizkotlakych rtufovych vybojek je soustfedéno na
omezeném poctu dobfe definovanych linii. Proto tyto zdroje oznacujeme za monochromatické.
Nejvyznamnéj$i emitovand maxima jsou na vlnovych délkach 253,7 a 184,9 nm. NejzavaZnéjSim
nedostatkem rtufovych vybojek je vSak obsah rtuti. Zac¢dtkem roku 2018 jiz 128 zemi podepsalo
Minamatskou dmluvu o rtuti (Minamata Convention on Mercury, 2013), ktera zavazuje k po-
stupnému ukonceni uzivani rtuti v fadé vyrobkl a procesti do roku 2020. V tomto ohledu jsou
alternativni zdroje ultrafialového zéfeni, tj. exciplexni a excimerové vybojky nebo svételné diody
(LED - Light-Emitting Diode ) aktudlni a pouzivané pfi vyzkumu AOP [165, 166].

LED dioda pfedstavuje polovodiCové zatfizeni, které prevadi stejnosmérny proud na zatfeni s
vinovou délkou, a to v zdvislosti na pasmu polovodi¢d. Materidly pouZivané k vyrobé UV LED
jsou zaloZeny na polovodi¢ich; diamantu (235 nm) a III-nitridu, jako jsou InGaN (365-410 nm),
BN (215 nm), AIN (210 nm), AlGaN / GaN a AllnGaN (do 210 nm) [165]. Obecné plati, Ze UV
diody LED jsou déleny na blizké UV (NUV) a hluboké UV (DUV) LED, které emituji v rozmez{
300400 a 200-300 nm [167, 168]. Pokud se vSak zaméfujeme na aplikaci UV LED v AOP, je
vhodné dodrzovat tradi¢ni klasifikaci vinovych délek UV zifeni a pouzivat ozna¢eni LED UVA,
UVB a UVC. Stfedni emitovana vlnova délka GaN je 365 nm. Pro delsi vlnové délky se vyuziva
InGaN. Diody zaloZené na InGaN emituji v UVA oblasti, zatimco diody na bazi AlIGaN a AllnGaN
primarné v UVB a UVC. Nicméné vysledné vinové délky zavisi na poméru Al, Ga a In. Pouzitim
Al namisto In v nitridech lze dosdhnout kratSich UV vlnovych délek [165].

UV LED diody maji oproti tradiénim rtuftovym vybojkdm nezanedbatelné mnozstvi vyhod.
Kromé absence rtuti je to rychlé zapindni, nezahiivaji se, umoziuji flexibilitu ndvrhu reaktoru

diky malé velikosti ¢ipu (~ 1mm?), maji del§i Zivotnost, vyribi se z odoln&jitho obalového
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materidlu (kov nebo keramika). Nizké pozadavky na napéti (6-30 V) umoZziiuji, aby UV LED
diody byly pohdnény akumuldtorem nebo soldrnim ¢lankem [165, 169]. Tato vlastnost umoZiiuje
konstrukci prenosnych zafizeni, kterd mohou byt pouZita k okamzité dezinfekci vody. Malé velikosti
¢ipd poskytuji jistou variabilitu uspotadani LED diod (linedrni, rovinné, povrchové, trojrozmérné
modely). Reaktory s UV LED diodami jsou navrhovény ve dvou zdkladnich koncepcich, tj. se
zapouzdienym (encased) nebo krytym (covered) LED polem. Zapouzdieny reaktor vyuZziva fady

UV LED umisténych v kfemenné trubici, kolem které protékd voda. Kryty reaktor ma vnéjsi

prstencové sestavy UV LED a voda proudi uvnitf trubice, viz obrazek 11 [169].

t t

<>
LED
(\»L\) | s mh}
\,4:_/ | |ffovvennve v)_/
L) - \ ]
\Kft,rmcltc

- sklo

Pritok vody ——1

\.4 [
\ Prltok vody

Obr. 11: Dva zdkladnf typy rektort s vyuZitim UV LED diod jakoZto zdroje zéafeni [169]

Kremicité sklo

Reflexni material

Piima fotolyza UV zarenim

Za urc¢itych podminek je mozné nékteré organické latky ve vodé degradovat pouze pisobenim UV
zateni. K takovymto jeviim dochdz{ v Zivotnim prostied{ do jisté miry b&zné&. Latky v povrchovych
vodach jsou ucinky UV zéreni degradovany. Tento proces vSak probihd pouze do hloubky dosahu
potfebnych vinovych délek a je znacné omezen nizkou intenzitou UV zdfeni dopadajici na zemsky
povrch.

Organickd latka midZe byt absorpci UV zifeni excitovdna a nasledné reagovat s kyslikem.

Vznika tak superoxidovy radikal. Nestabilni molekula ndsledné podléha degradaci [151].
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A+ hv — A* (D)
A" +03 > Ae+0, 0 2)

Pro vodarenské a Cistirenské aplikace je drtivd vétSina zdrojl zafeni nedostacujici vzhledem
k nizkym energiim emitovaného zafeni nebo vzhledem k velmi nizkym d¢innostem pouZité tech-
nologie. Proto se v praxi vyuZivaji kombinace UV zéfeni s dal$imi ¢inidly, jako jsou napf. peroxid

vodiku, ozon, ionty Zeleza, aj. [151, 155].

Fentonova oxidace

Fentonova oxidace je historicky prvnim z pokrocilych oxida¢nich procesd a nese nazev po svém
objeviteli Johnu Horstmanovi Fentonovi. Obecné se jednd o oxidaci latek pomoci HoOo a Ze-
leznatych iontéi Fe?t v kyselém prostiedi [151, 155]. Pozadované hydroxylové radikély vznikaji
reakci Fe?t s HoOq. Zdrovei jsou Zeleznaté ionty oxidovany na ionty Zelezité Fe3* . Vzniklé
7elezité ionty mohou také reagovat s peroxidem vodiku, pfi¢emZ jsou zpétné redukovany na Fe?*
a tvoif se hyperoxidové radikaly HOqe, které v AOP plnf stejnou funkci, jako radikaly hydroxylové,
tj. reakci destabilizuji nezadouci organickou molekulu. Reakce vzniku hyperoxidovych radikald
probihd mnohem pomaleji. Samotné hyperoxidové radikdly mohou ziroven redukovat Fe3* zpét

na Zeleznaté Fe?t . Podrobny mechanismus reakce je viak nadale zkouman [151].

Fe?T + HyOy — Fe3T + OH™ + OHe (3)
Fe3t + HyOy — Fe?T + OHge 4)
Fe?t + OHge — Fe?t + Oy + HT (5)

Pro optimdlni pribéh reakce je nutné upravit pH vody na hodnotu co mozna nejblizsi pH 3.
V piipadé pH pod 2,5 vznikaji komplexy Zeleza, zpomaluje se reakce s peroxidem vodiku a celkova
produkce hydroxylovych radikald klesa. Pfi vyssich hodnotiach pH dochézi k reakci Zeleznatych
i Zelezitych iontd s hydroxylovymi anionty a vznikaji pfislusné hydroxidy. Ty vSak uZ nereaguji
s peroxidem a tim padem Fentonova oxidace nemtiZe probihat [170]. Pro spravny pribéh reakce

neni ddleZitd jen hodnota pH. Zasadni vliv m4 také pomér mnozstvi Fe?t a peroxidu vodiku.

Nadbytek Fe?* reaguje se vzniklymi hydroxylovymi radidly a tim je vyfadi z procesu[170].
Fe?t + OHe — Fe3™ + OH™ (©6)

Idedlnim hmotnostnim pomérem Fe2t : Hy05 je 1 : 2.V praxi se vSak, a to s ohledem

na néklady, doporucuje pomér 1 : 5 [171, 172].
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Foto-Fentonova oxidace

Zatazenim zdroje UV zéfeni je moZné Fentonovu oxidaci vyrazné urychlit. V takovém pripadé
mluvime o Foto-Fentonové oxidaci. Psobenim UV-Vis (A < 410 nm) zifeni podléhaji Fe3*
komplexy fotolyze a vznikaji hydroxylové radikaly a Fe?>*. Zeleznaté ionty pak podléhaji klasické

Fentonové oxidaci. ZjednoduSené proces popisuji rovnice 7, 8. [151, 173].
Fe?t + hv + HyO — Fe?T + H' + OHe (7

Fe’t + Hy05 — Fe3T + OH™ + OHe 8)

SoubéZné probihd fotolyza peroxidu vodiku, pfi¢emZ jsou produkovany dal$i hydroxylové
radikdly. Kromé vyssi rychlosti se Foto-Fentonova oxidace, v porovnéni s klasickou Fentonovou
oxidaci, vyznacuje niZ§imi spotfebami Zeleza a poklesem mnoZstvi vzniklého kalu [173]. Foto-
Fentonova oxidace vyuZivajici jak slune¢niho zafeni, tak také UV zdroje, zpusobuje ve vyznamné
mife inaktivaci mikroorganismi v oSetfené vode€. Z toho vyplyvaji mozné aplikace pro udrzitelné
opakované vyuziti vody pro zavlaZovéni, v nékterych pfipadech i k piti. Nicméné dic¢innost procesu
zavisi na pfitomnych mikroorganismech a na vlastnostech ¢iSténé/upravované vody. Napiiklad
bakterie rezistentni na klarithromycin (antibiotikum), byly v destilované a modelové odpadni vodé
odstranény Uplné, kdeZto v redlné odpadni vode klesla Gc¢innost na 77 % [174, 175].

Foto-Fentonova oxidace byla prokdzdna jako ucinnd metoda pro odstranéni mnoha skupin
environmentdlnich kontaminantd, jako jsou pesticidy, barviva, farmaka, chlorfenoly a polychloro-
vané bifenyly [176, 177, 178]. Tato technologie také predstavuje vhodny zptisob nakladani s téZce
zpracovatelnymi odpadnimi vodami. Mezi takové patii vyluhy ze sklddek a odpadni vody z farma-
ceutickych, agrochemickych a ropnych rafinérskych zavoda [174]. Ionty Zeleza je moZné nahradit
i jinymi kovy v niz$ich oxidagnich stavech. P¥ikladem jsou Cu®* nebo Co?*. Potom mluvime
o reakcich typu Fenton. Takové procesy jsou pomalejsi a podle dostupnych informaci i méné
ucinné [173, 174]. Mezi AOP méla Foto-Fentonova vzdy své misto, a to hlavné diky moZnosti
vyuziti zdroje obnovitelné energie (tj. slunecni energie), coZ pomdha zlepsit jejich ekonomickou
a environmentélni udrZitelnost, a nizké koncentrace katalyzdtoru. Na druhou stranu je pouZiti Foto-
Fentonova procesu omezeno na kyselé pH (pH < 4). V primyslovém méfitku je tfeba také pocitat
s vysokymi provoznimi naklady [176].

Aby byly nedostatky spojené s nizkymi hodnotami pH pfekondny, mohou byt Foto-Fentonovy
procesy modifikovany pfidanim vybranych chelata¢nich ¢inidel a isp€$né provadény pii neutralnim
pH. Pravé takové mozZnosti jsou tématem soucasného vyzkumu v oblasti Fentonovych reakci.

Pfikladem je studie zabyvajici se eliminaci benzenu z vodného roztoku pomoci Foto-Fentonovy

oxidace s pfidavkem huminové kyseliny pfi pH 5,0 aZ 7,0. Bylo potvrzeno, Ze pii koncentraci
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huminové kyseliny 50-100 mg - 1= ! je rychlost degradace benzenu katalytickou Fentonovou reakc{

pii pH 5 stejné rychlé jako pii pH 3 bez pfidavku huminové kyseliny [179].

Fotokatalyticka oxidace

Obecnym schématem fotokatalytické oxidace je spojeni polovodi¢ovy katalyzator/UV zafeni/Os.
Katalyzatorem je oxid kovu, napfiklad TiO2, ZnO, WO3, aj. Oxid titanicity je vyuZivan nejCastéji
diky své stabilité, nizké toxicité a dobré dostupnosti. TiOs je ve vodé a ve zfedénych kyselinich
nerozpustny, ma vysokou povrchovou aktivitu a dobfe odoldva korozi [180]. Pisobenim UV
zafeni dochdzi k vyraZeni elektronu z katalyzétoru. Tyto elektrony ndsledné reaguji s kyslikem

rozpusténym ve vodé za tvorby superoxidovych radikalti » O, [150, 151, 181].

TiO2 + hv — e~ + OH e +TiO2(h™) Q)
e +02 =0y (10)

Molekuly vody nebo OH- ionty interaguji s elektronovymi dirami (h™) , které vznikly na

povrchu katalyzatoru podle ndsledujictho schématu:

TiOz(h™) + OH™ — TiOz + OHe (11)
TiO(ht) 4+ HyO — TiOg + OH @ +H™ (12)

Soucasné také reaguji superoxidové radikdly s molekulami vody za vzniku dalSich «OH [150,

151, 181].

205 o +2H,0 — 20H ¢ +OH™ + Oy (13)

V piipadé, Ze je organickd molekula sorbovand na povrch katalyzatoru, mize dojit k jeji pfimé
oxidaci aktivovanym katalyzatorem. Proces fotokatalytické degradace neZadoucich organickych
latek je ovlivnén zdvislosti t¢innosti katalyzdtoru na pH. Bod nulového naboje (pH, pfi kterém
neni povrch nabity) TiO3 je kolem pH 7. Pod a nad touto hranici je povrch katalyzatoru nabit budto
kladné nebo zdporné. Vhodna hodnota pH pak zavisi na vlastnostech odstrafiovanych latek [182,
183]. Ucinnost systému je také ovlivnéna piftomnosti nékterych anorganickych iontii. Anorganické
ionty se také mohou sorbovat na povrch katalyzatoru nebo reagovat se vzniklymi *OH radikaly.

Ve vodach bézné anionty ovliviiuji fotokatalytickou oxidaci s intenzitou odpovidajici ndsledujicimu

pofadi [182]: HCO; > Cl~ > CO;~ > SO~ > NOj.
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Fotolyza UV/peroxid vodiku

Kombinace UV a davky peroxidu vodiku je jednim z nejcastéji sledovanych AOP procesi. Jedna
se o konvencni postup, ktery po splnéni nékolika zdkladnich podminek pfedstavuje pomérné
jednoduchou a t¢innou metodu eliminace nezadoucich latek. Metoda ma pozadavky na UV zifent,
jehoz vlnova délka musi mit A < 280 nm a zdrovei je zapotfebi, aby koncentrace peroxidu vodiku
byla vyssi nez 0,1 % [151]. Pisobenim UV zafeni dochazi ke $t€peni molekuly HoO4 a vznikaji
dva *OH. Pfi interakci hydroxylového radikédlu s dal$i molekulou peroxidu vodiku miize dojit
k tvorbé superoxidovych radikdld HOgze. Dva superoxidové radikaly spolu reaguji za vzniku vody

a molekuly kysliku [151].

H04 + hv — 20He (14)
2H505 + 20He — H2O + HO>e (15)
2HO9e — H50O + Oy (16)

Za pritomnosti HO™ iontti reaguji molekuly HoO4 podle rovnice 15 a tvofi se peroxidové ionty

HO; . Ty nésledné vlivem UV zafeni tvoii dalsi «OH radikaly [151].

HyO9 + HO™ + H50 + HO; 17

2HO5 + hv <+ 20H e +09 (18)

s s

Pro ovlivnéni i¢innosti je mozné sniZit pH systému pfiddnim malého mnozZstvi kyseliny. Cilem
je posunuti uhli¢itanové rovnovdhy a s tim spojeny pokles mnoZzstvi uhli¢itand a hydrogenuhlici-
tanii ve vodg. Tyto ionty totiZ zachycuji a inaktivuji vzniklé hydroxylové radikaly [181]. U&innost
na jednotlivé organické latky reagujici za riznych podminek je vSak stdle diskutovana a zkoumana.
Pro mnoho technologii je UV/H20O4 investicné ldkavym feSenim, protoZe ve srovndni s instalaci
ozonizacni stanice je tfeba pouze jednoduchd dévkovaci aparatura peroxidu vodiku [150]. Na dru-
hou stranu je tfeba zvaZzit ndklady na potfebné mnoZstvi peroxidu. Studie uvadi, Ze pouze 5-10 %

davkovaného peroxidu se nakonec podili na AOP procesu [180].
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VUYV Fotolyza

Pokrocilé oxida¢ni procesy na bazi UV zdfeni vyZaduji pfidavek jinych cinidel pro dosaZeni
dostate¢né ucéinnosti. Vyuziti VUV zafeni predstavuje slibnou alternativu bez pozadavkt na dalsi
chemikdlie. VUV zéfeni s vlnovou délkou od 100 do 200 nm je silné absorbovano molekulami
vody a zpulsobuje jejich hydrolyzu. Takto vznikaji hydroxylové radikdly a vodikové radikily He
[184].

H30 + ho(A < 190 nm) — OH e +He (19)

VUV fotolyza byla jiZ aspé$né vyuZita ke sterilizaci vzduchu a k eliminaci fady organickych
kontaminantd, jakymi jsou pesticidy, chlorované latky, 1é¢iva nebo toxiny fas [152, 154, 156]. Byly
také provedeny tspésné pokusy odstranéni nékterych anorganickych latek, jako jsou dusi¢nany
a arsen. VUV tak predstavuje slibnou technologii odstranéni mikropolutanti z vodné matrice
[184].

Za zdroje VUV zéfeni je mozné povaZovat nizkotlaké rtufové vybojky, které vyrazné emituji
kolem 254 nm a 185 nm a jsou pouZivané k desinfekci vody. Je vSak tfeba pouZit vysoce Cisté
kfemenné sklo jako materidl vhodny na vyrobu krytu lampy. Dal§im zdrojem emitujicim v oblasti
VUV jsou excimerové lampy, nejCastéji xenonové eximery (172 nm). Vyvoj svételnych zdroji
naddle otevira nové moZnosti generovani hydroxylovych radikali pomoci VUV [158, 159].

VUV fotolyza prokdzala vysoky potencial k rychlé degradaci mikropolutanti a k postupnému
rozkladu vétSich organickych molekul. Navic vyuZiti nizkotlakych rtufovych vybojek emitujicich
pfi 254 nm vede k soucasné dezinfekci vody. Diky moZnosti kombinace VUV ozéfeni vody a tvorby
ozénu v plynné fazi také pomoci VUV, nabizi technologie mnoho prileZitosti pro budoucnost Gpravy
vody. Kombinace VUV a 0zénu generované stejnou lampou zvySuje oxidacni a dezinfekéni dc¢innost
systému a minimalizuje tvorbu dusitani, které jsou hlavnim anorganickym vedlej$im produktem.
Hlavnim technickym omezenim je nizka propustnost zafeni vodnim médiem. Voda silné absorbuje
VUV zéfeni. Absorpéni koeficient pii 185 nm je o = 1,8 em ™. Vrstva, ve které je absorbovino
90 % zafeni, je velmi tenkd, 1 = 5,5 mm. Srovnéni absorpce UV a VUV zéfeni vodou zndzoriiuje

Obrazek 12 [159, 174].
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Obr. 12: Zavislost intenzity zafeni prochdzejictho vodou o transmitanci 94 % na vzdélenosti

od zdroje zafeni (vypocéteno z Lambert-Beerova zakona) [159].

VUV fotolyza neni v soucasné dobé uvazovana jako praktickd mozZnost nahrazujici konvenéné
uzivané technologie ve vodérenskych a Cistirenskych procesech. Pfesto nabizi nové moZnosti pro
specidlni aplikace, jako je pfiprava ultra Cisté vody nebo jako hlavni proces tGpravy decentralizova-

nych systému [159].

UV/Chlor

Kombinace UV zéfeni a chloru je jiz n€kolik let povazovdna za vhodnou metodu dezinfekce
vody a souc¢asného odstranéni Sirokého spektra organickych latek. Pfi procesu jsou generovany jak
neselektivni *OH radikdly, tak také reaktivni radikdly obsahujici chlor (napt.: *Cl, *Cl, a *ClO).

Obecné tvorbu radikalt po aplikaci chloru ve vodném prostedi popisuje rovnice 21.

HOCI + hv — OH o +Cle (20)

N s

PrestoZe *OH jsou silnéj$imi oxida¢nimi Cinidly, nékteré mikropolutanty jsou ve vétsi mife
eliminovany prave vznikajicimi radikdly obsahujicimi chlor. Pfikladem tohoto jevu je trichlorethy-
len nebo také nékterd 1éCiva [153, 185, 186]. Ve srovnani se systémy UV/H504 kde je vytéZnost
hydroxylovych radikalli srovnatelnd, pfestavuje vyuZiti chloru misto peroxidu mirné ekonomicky
vyhodng&j$i variantu. U&innost procesu eliminace organickych latek je viak velmi ovlivnéna hod-
notou pH upravované vody. Ve vodném roztoku se ustanovuje rovnovdha mezi formou HOCI nebo

OC1™. V oblasti pH 6-9 tucinnost s rostoucim pH klesa [153, 185, 186].
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HOCl < H" + OCl™ 21)

e

DalSim faktorem ovliviiujicim vytéZnost hydroxylovych radikdlu a tim i celkovou tcinnost
procesu je zdroj UV zafeni. Formy HOCl a OCI™ maji odliSnd absorpcni spektra, coz hraje
vyznamnou roli pfi pouZiti nizkotlaké rtufové vybojky s vyraznymi emitovanymi maximy. Za téchto
okolnosti je vytéznost OCl~ az o 30 % nizsi nez HOCI [186, 187]. Vyznamnym aspektem pfi
hodnoceni vhodnosti aplikace UV/Chlor systému je nutné brit v ivahu moZnou tvorbu neZaddoucich
chlorovanych produkti. PfestoZze primarné probihd oxidace organickych latek, a ne adice chloru,
je zde stale riziko vzniku N-nitrosoamint a chlorkyanu. K tomuto dochézi napfiklad pfi pokusu

o eliminaci chloramint a piibuznych latek [187].

AOP vyuzivajici ozon

Ozon je vysoce reaktivni plyn se silnymi oxida¢nimi u¢inky. Na rozdil od hydroxylovych radikald
jeho reakce s kontaminanty jsou selektivni, coZ znamen4, Ze prednostné dochdzi k reakci s disocio-
vanou nebo ionizovanou formou polutantu. Tento jev je pro aplikace Gpravy a ¢isténi odpadnich vod
pfevdzné nezadouci. Za urcitych podminek je vSak moZné pomoci ozonu generovat hydroxylové
radikdly a eliminace polutanti je dale neselektivni. Pfikladem je kombinace s UV zédfenim podle

rovnice [150]:

O3 + hv (A < 320 nm) + HoO — 20H ¢ +0, (22)

Soucasné je vlivem UV zéfeni ¢ast ozonu prevedena na HyOs. Peroxid vodiku nasledné

pasobenim UV tvoi{ dal§i hydroxylové radikaly [150].

O3 + hv + HyO — Hy09 + O (23)

Hs09 + hv — 20He (24)

1.4.4 AOP na bazi siranovych radikalu

Na rozdil od AOP zaloZenych na tvorb€ *OH radikalt, kdy byl mechanismus vzniku a reakce
zkoumadny jiz ptes 100 let, vyzkum SO, m4 vyrazné krats{ historii. VyuZitf siranovych radikald
bylo intenzivné zkouméno v poslednim desetileti, ale stéle se v praxi béZné nerealizuji [155].
Persulfat (PS) i peroxomonosulfat (PMS) maji silnou oxidacni schopnost a dobrou rozpustnost
ve vodé, kde mohou byt stabilni po dobu nékolika mésicti. PS ve vodé ionizuje za vzniku sta-

bilnéjsiho SgOg_ s del§fm polo¢asem rozpadu. Jeho oxida¢ni potencidl (EY = 2,01 V) je blizky
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ozonu (E° = 2,07 V), vyS$8i neZ u manganistanu (E°=1,7V)i peroxidu vodiku (EY =1,77 V).
PtestoZe m4 PS vysoky redoxni potencidl a obsahuje vazby -O-O-, m4 vysokou vazebnou energii
(140 kJ - mol~1) a nesnadno reaguje s organickymi latkami pffmo. Obvykle je nutné jednoduchou
vazbu -O-O- narusit aktivaci, aby vznikl *SO; s vy§3im redoxnim potencidlem (E° = 2,6 V) nebo

nepiimo *OH (EY =2,8V), jak uvadi rovnice 25 a rovnice 26 [188, 155].

S202~ — SO e (25)

SO, e +OH™ — OH e +S02™~ (26)

PS existuje ve formé ti{ soli, jako sloucenina sodiku, drasliku a amonnd sdl (obrazek 13).
PFi 20 °C je rozpustnost persulfitu amonného 2,5 mol - 1=!, persulfitu sodného 2,3 mol - 171
persulfitu draselného 0,17 mol - 171, Jak je vidét, draselnd sdl m4 nevyhodu nizké rozpustnosti.
Soucasné persulfat amonny zpusobuje sekundarni znecisténi v disledku zbytkového amoniaku.
Proto je NaoSoOg nejbéznéjsi pro chemickou oxidaci in situ. Ve srovndni s jinymi bézné pou-
Zivanymi Cinidly - HoO9 nebo O3, ma PS vyssi stabilitu, takZze odpadd problém s prepravou

a skladovanim [188].
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Obr. 13: Persulfatové soli [188]
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V poslednich letech pfitahuji AOP na bazi PS velkou pozornost. Redoxni potencidl SO,
produkovaného PS je podobny jako u *OH, pficemz polocas rozpadu *SO, (40 ps) je mnohem

delsinez u *OH (< 1us) [188, 189]. Zdrovei je *SO, stabilnéjsi neZ *OH a soucasné je mnohem

NI 2R ZIUR L I THL TP MU I, N EP et & di PRI TPV

ucinnéjsi pri eliminaci amoniakalniho dusiku z vod (*OH dosahuji u¢innosti <64 % [190]). Pravé
proto predstavuji AOP na bazi PS metodu, kterd mtize nahradit tradi¢ni postupy zaloZené predevsim
na tvorbé «OH [188].

Ve vodném roztoku reaguje *SO, v ndsledujicim poradi [188]:

i) nearomatické slouceniny obsahujici vazbu -C=C-,

ii) latky obsahujici 7 elektrony na aromatickych kruzich,
1ii) latky obsahujici a-H,
iv) latky bez a-H.

N P2

radikdly interaguji s molekulou polutantu primdrné adici na -C=C- vazbu. KdeZto elektrofilni
*SO, tvofi organické volné radikdly reakcemi pfenosu elektronu, neboli odebrdnim elektronu
z cilové molekuly [188, 191].

Reakeni rychlost se zrychluje, pokud se v aromatické molekule vyskytuji skupiny jako poten-

cidlni donofi elektronu, napft. [188]:
* aminoskupiny (-NHy),

* hydroxylové skupiny (-OH),

* alkoxylové skupiny (-OR) [192].

Reakeni rychlost se zpomaluje, pokud se v aromatické molekule vyskytuji skupiny, které zase

elektrony odebiraji, napt. [188]:

* nitroskupiny (jednoduchd -NOy),

* karbonylové skupiny (aldehydy a ketony) [192].
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Moznosti tvorby siranovych radikala

V publikované literatufe je popsana fada procesu vedoucich ke vzniku siranového radikalu. Ty mo-
hou byt homogenni ¢i heterogenni, chemické a/nebo termické, fotochemické pripadné zaloZzené
na fyzikalnich procesech. Nejbéznéjsi zplisoby jsou zaloZeny na aktivaci persulfatu [1]. Jak jiz
bylo zminéno, PS (Sgog_) je silnym (E° = 2,1 eV) a relativné stabilnim oxidantem, ktery mize
byt tzv. aktivovdn, tedy tvofit «SO; s jeSté vySSim potencidlem (2,6 eV). V praxi je moZné aktivace

dosdhnout tfemi hlavnimi metodami: pfimou UV fotolyzou, tepelné nebo za pfitomnosti kova.

Aktivace teplotou

Zahtatim roztoku persulfatu na teplotu v rozsahu 30-90 °C je prvni ic¢innou metodou aktivace.
Byly takto odstranény rtizné organické kontaminanty z vod. Aktivacni reakce probiha jiz pii 30 °C
a se zvySujici se teplotou jeji rychlost roste. Proces je také moZzné podpofit alkalickym prostfedim

[155].

Fotochemicka aktivace: fotolyza persulfatu a peroxosiranu

Sulfatové radikély jsou tvofeny homolytickym Stépenim vazby O-O pilsobenim UV zaifeni.

0 0O Q O @) O
\S/ \S/ hv; \>S<
N N g

Obr. 14: Reakce Stépeni persulfatu [155]

Tato reakce probihd s vysokymi a pH nezdvislymi kvantovymi vytézky. Diky podobnym
absorpénim spektriim persulfitu a peroxidu vodiku jsou molarni absorp¢ni koeficienty na vinové
délce 254 nm srovnatelné [155]. Tvorba radikél na bazi siry se ve srovnani se systémem UV/HO5

jevi byt o néco mélo Gcinnéjsi [155].
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Aktivace pomoci kavitace

Kavitaci se rozumi vznik, rdst a imploze dutin naplné€nych parou nebo plynem v kratkém casovém
useku (obvykle do 1 ms). B€Zné se v souvislosti s kavitaci mluvi o ultrazvukové a hydrodynamické

kavitaci [188].

Aktivace ultrazvukem (US)

Ultrazvukem aktivovany PS (US/PS) vyuziva kavita¢niho efektu k tomu, aby se v kapaliné
lokdlné vytvorila vysoka teplota a vysoky tlak a aby se vibracemi podporilo michdni. Lokalni
vysoka teplota (5 000 K) a vysoky tlak generované pti implozi kavita¢ni bubliny vedou k homolyze
vazby jednoduchd -O-O- v PS a k produkci dvou «SO; [188].

Mezi faktory ovliviiujici dcinnost US/PS patii frekvence US, davka PS, pocatecni pH apod.
Pocet produkovanych volnych radikalti se zvysuje s rostouci frekvenci US; zvySenim amplitudy
ultrazvuku je moZné zvysit produkci SO . Je-1i v§ak amplituda ultrazvuku pfili§ vysokd, vede
to ke kolapsu kavita¢nich bublin a rekombinaci SO, , coZ sniZuje schopnost systému oxidovat
a rozkladat nezadouci latky [188]. ZvySovani davky PS také nemusi vést k lepsim vysledkdm.

v

Prili§ vysokd koncentrace PS mutZe téinnost rozkladu spiSe sniZit neZ zvysit a nadbytek PS vede
k pfeméné *SO, na siranové ionty. Vhodné pH je neutralni nebo slabé kyselé. Pomoci US/PS byly

s riiznou G¢innosti odstratiovany ndsledujici latky [188].

Tabulka 14: Odstranéni polutantti pomoci US/PS systému [188]

polutant Cpolutant CPS reakéni podminky | T [min] | d¢innost [%] | zdroj
1,1,1-trichlorethan 20 mg - 171 1,5 mM 400 kHz; pH 7 300 100 [193]
1,1,1-trichlorethan 50 mg - 17! 0,94 mM 400 kHz; pH 6.9 120 100 [193]
1,4-dioxan Img-171! 1,5 mM 400 kHz; pH 7 300 80 [194]
1,4-dioxan 13 mg - 1t 7,4 mM 400 kHz; pH 7 600 100 [195]
Diklofenak 5mg-17! | 120mg- 17! - pH 6 240 98 [196]
Furfural 50 mg - 1! 0,3 mM 130 kHz; pH 7 90 95,3 [197]
Karbamazepin 0,025 mM 1 mM 50 kHz; pH 3 120 89,4 [198]
Kys. perfluoroktanova 46,4 uM 10 mM 20 kHz; pH 6 120 51,4 [199]
Naftolové ¢erfi modrd | 5mg-17! 05g-171 585 kHz; pH 6 20 95 [200]
Trichlorethylen 500 mg - 17! 61 uM 24 kHz; 5.5 pH 20 100 [201]

Aktivace pomoci hydrodynamické kavitace (HC)

Hydrodynamicka kavitace (HC) obecné vznika in-situ v diisledku ndhlé zmény hydraulického

tlaku presahujici tlak par kapaliny, coZ vede k vytvoreni mikrobublin pary nebo dutin [202].
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Prochdzi-li proudéni ziZenymi ¢astmi nebo nepravidelnymi geometrickymi tvary, jako jsou otvory
nebo ostré hrany, dochazi ke sniZeni tlaku. Ke kavitaci dochdzi, jakmile tlak klesne pod lokdlni
tlak nasycenych par [203]. Hydrodynamickou kavitaci 1ze vytvofit pomoci ziZeni proudéni, jako
je clona, Venturiho trubice nebo Skrtici ventil. Podle Bernoulliho rovnice se pii proudéni kapaliny
pfes ziZeni zvySuje kinetickd energie kapaliny na dkor energie tlakové. Pokud je pokles tlaku
dostate¢ny, vznikaji dutiny. Tyto dutiny se v navazujicim tseku rozsiiuji a nakonec se pri obnoveni
tlaku zhrouti [204]. KdyZ kavita¢ni bublina ve vodé praskne, miZe vytvofit oblast horkého bodu
s teplotou 4 000-6 000 K a mistni vysokotlakou oblast s tlakem vy$§im neZ 50 MPa a vytvofit

silnou rdzovou vinu a mikrotrysku s rychlosti vy$si nez 100 m - s~ [188].

Obr. 15: Kolaps kavita¢ni bubliny v blizkosti volného povrchu [205, 206]

Rizenim geometrickych a provoznich podminek reaktoru tak lze s maximalni energetickou
ucinnosti generovat poZadovanou intenzitu kavitace pro poZadovanou fyzikdlni nebo chemickou
zménu. Kolapsovy tlak generovany kavitaci miize byt fadové nékolik stovek bard, coZ je dostatecné
vysokd hodnota na to, aby roztrhla biologické slozky vody véetné mikrobidlnich bunék a zptisobila
jejich smrt. Asymetricky kolaps dutin ma rovnéZ za ndsledek vysokorychlostni proud kapaliny
rovnéZz zpusobujici rozpad bunék. Lokalni smykové rychlosti kapaliny v okoli takovych trysek jsou
dostate¢né k tomu, aby znicily pfitomné mikroorganismy [204, 207].

we

Hlavni d¢inky HC lze klasifikovat jako fyzikdlni a chemické. Mezi fyzikdln{ d¢inky patfi vznik

50



rdzovych vln, efekt vodniho kladiva a radidlni pohyb bublin. Kromé toho se v okamZiku prasknuti
kavitaéni bubliny okolni ¢4stice kapaliny pohybuji vysokou rychlosti do mista prasknuti, coz muize
vyvolat velmi vyrazné mechanické naruseni a smykové napéti [204]. Toto silné smykové napéti
muZe prerusit jednoduché vazby na uhlikovém fetézci znecistujicich organickych latek a tim padem
vést k jejich rozpadu. Chemické dcinky kavitace jsou pfi rozrusovani bunék a molekul zplsobeny
vznikem volnych radikalt [188] (tedy zdkladnim principem AOP). Jejich rozsah zavisi na intenzité
kavitace, kterou lze ménit manipulaci s provoznimi parametry, jako je kavitacni ¢islo, geometrie
kavitaéniho prvku, pocet prichodi kavitaéni zénou, teplota, viskozita a obsah rozpusténého plynu
v kapaliné [204].

P1i vysoké teploté a vysokém tlaku, které vznikaji v okamZiku, kdy praskne kavitaéni bublina,
mohou byt naruSeny i nékteré relativné silné chemické vazby. Je tak moZné rozbit chemické vazby
molekul vody za vzniku *OH, *H, *HO3 nebo *O, nebo tcinné aktivovat PS [188].

Ucinnost odstranéni organickych polutantti pomoci HC aktivovaného PS je ovlivnéna hlavné:
vstupnim tlakem, pH, koncentraci PS a pocatecni koncentraci zneciStujicich latek. Po¢4tecni hod-
nota pH je dle dostupné literatury vyznamnym faktorem pii pouziti HC/PS k cisténi odpadnich
vod. Kyselé pH roztoku podporuje vznik *OH a umoziiuje také vyssi oxidaéni potencial. Pfi sniZeni

A

pH z 10 na 2 bylo pozorovano zrychleni degradace KSCN témér petkrat [208]. Stejné tak byla sle-
dovana nejlepsi tcinnost eliminace methyloranze pravé pii pH 2 [209]. Autofi tento jev vysvétluji
jako dusledek toho, Ze v kyselém prostiedi je nepiiznivé ovlivnéna rekombinace generovanych
radikald, je tedy k dispozici vice radikalli pro degradaci polutantu [188]. Kyselé pH ovSem neni
priznivé ve vSech piipadech. Vliv pH souvisi i s vlastnostmi odstraiiovanych latek. Na rozdil od
methyloranze, dekolorizace rhodaminu 6G byla nejicinéjsi pii pH 10 a nejméné tc¢inna pii pH 2
[210]. Zda jsou pro rozklad vyhodné kyselé nebo zdsadité podminky, je tfeba urcit podle povahy
molekul polutantu a moZnych cest rozkladu. Soucasné je ale potieba vzit na védomi, Ze extrémni
hodnoty pH nejsou z pohledu uvedeni do praxe Zadouci z ekonomickych i ekologickych divodi.
Z tabulky 15 vyplyvd, Ze HC/PS ma pomérné dobry degradacni ucinek na fadu rtznych

znecistujicich latek. Diky svému Sirokému uplatnéni, jednoduchosti zafizeni a vysoké energetické

uc¢innosti ma technologie HC velky potencidl pro praktické vyuziti pifi odstrafiovani polutanti z vod.
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Tabulka 15: Odstranéni polutantd pomoci HC/PS systému [188] (TCH = Tetracyklin hydrochlorid,

PAHs = polyaromatické uhlovodiky)

polutant Cpolutant cps reakéni podminky T [min] | d¢innost | zdroj
[%]

Benzen 50 ppm PS:B 5:1 0,8 MPa; pH 6,5; 240 91,51 [211]
20£2,5°C

Bisfenol A 44 uM 0,7 mM 0,5 MPa; pH 6; 50° C 120 81,28 [212]

Brilantni modf | 20 mg - 171 | 541,1 mg - -1 0,71 MPa; 30° C 60 92 [213]

(R250) +676,1 mg - 171 HyOo

Ethylbenzen 50 ppm PS:E 5:1 0,8 MPa; pH 6,5; 240 94,64 [211]
20£2,5°C

o-Xylen 50 ppm PS:X 5:1 0,8 MPa; pH 6,5; 240 94,95 [211]
20£2,5°C

PAHs 20 uM 2 mM 0,05 MPa; pH 8; 30° C 60 79 [202]

TCH 10mg-1"* | 0, mg-171 0,2 MPa; pH 2; 60 79 [202]

30£2°C

Lokalni vysoka teplota a zmény tlaku po prasknuti kavita¢ni bubliny vS§ak zplsobuji, Ze zatfizeni
Casem rychle stirne a opotfebovavd se [188]. Tim se mohou zvySovat provozni ndklady, coz

predstavuje potencidlni hlavni nevyhodu pfenosu do praxe.

Aktivace pomoci plazmového vyboje

Schopnost plazmy vytvéret in situ vysoce reaktivni molekuly je dobfe znama. Jejich vznik je ini-
ciovan predevsim srazkami energetickych elektrond vznikajicich ve vyboji s pfitomnymi atomy
nebo molekulami [214]. Plasmovy vyboj (PV) je tedy velmi dc¢innou metodou pro tvorbu oxidac-
nich latek ve vode€. Mezi bézné pouzivané zdroje patii tzv. dielektricky bariérovy vyboj (DBD) a
pulzni vyboj. Pi pouziti PV dochézi nejen k produkci HoO4, O3 a *OH, ale také pfimé degradaci
organickych l4tek. Soucasné pfi vyboji vznikd UV zdfeni, lok4ln€ vysoké teploty a vibraéni viny,
které mohou aktivovat PS.

Pomoci plasmou aktivovaného PS (PaPS) byl relativné uspésné odstranén atrazin - jeden z nej-
rozsitenéjsich herbicidli v zemé&délstvi, potencidlni karcinogen a endokrinni disruptor. Pfi koncen-
traci PS 1 mM bylo béhem 75 minut odstranéno 89 % ptivodniho mnoZstvi atrazinu (5 mg - 171),
pficemZ byl pozorovan negativni efekt pfitomnosti SOi_, Cl, CO%‘ a HCOg a pozitivni efekt
pritomnosti huminovych kyselin [215].

Ucinnost technologie PaP$ je asto testovdna na antibioticich. Naptiklad tetracyklin byl takto
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odstranén z 87,5 % jiz béhem 15 minut a to aZ do tplné mineralizace (co = 40 mg-171,
PS:tetracyklin = 20, 7kV, DBD) [216]. Jesté rychlejsi se ukédzala eliminace norfloxacinu, a to
86 % b&hem 6 minut (cy = 0,2 g - 17!, PS:norfloxacin = 40, 10 kV) [217]. O néco méné Géinny
z hlediska ¢asové ndrocnosti je PaPS na trimethoprim. Za 50 minut byl sice pozorovin pokles
94,6 %, ale napéti i davka PS musely byt relativng vysoké (co = 50 mg - 1=1, PS:trimethoprim =
110, 30 kV) [218].

Faktory ovlinujici u¢innost aktivace PS

Hodnota pH

Hodnota pH je dlleZitym parametrem téméf u vSech Siroce zkoumanych metod aktivace PS.
V prvé fadé, oxida¢ni ¢inidla pouZzité pro reakci maji pti riznych hodnotach pH rizné formy.
Pfi reakci PS za kyselych podminek je hlavni oxida¢né aktivni ldtkou *SO, , za slabé alkalickych
podminek *OH a za silné alkalickych podminek *O, [188]. Soucasné né¢které z mnoha aktivacnich
metod maji ur¢itd omezeni tykajici se pH nebo je tfeba udrZzovat pH v urcitém rozmezi. Napiiklad
alkalickd aktivace vyZaduje upravu pH systému tak, aby bylo vySsi nez 7, zatimco za pouziti
kavitace, UV zéafeni nebo aktivace plasmou jsou reakéni podminky obecné neutrdlni nebo kyselé.
Ne&kdy je ale poZadovand optimdlni hodnota pH pfili§ nizkd, coZ pro aplikaci do praxe neni iplné
priznivé. Kovové soucasti AOP zafizeni podléhaji v silné kyselych podminkach korozi, coZ zvySuje
provozni néklady a predstavuje potencidlni bezpecnostni rizika. U dal§ich metody, jako je aktivace
viditelnym svétlem a elektrochemickd aktivace, hraje pH jesté¢ vyznamnéjsi roli. Obé je obvykle
nutné doplnit dal§imi kovovymi katalyzatory nebo katalyzatory na bazi uhliku. V takovém piipadé
je tfeba pfi volbé rozsahu pH zohlednit vlastnosti katalyzatoru a to, zda nedochdzi k jeho inaktivaci

a vysrdZeni [188].

Vliv matrice

V redlné odpadni vodé je mnoho aniontti a ptirodnich organickych latek, z nichZ nékteré mohou
mit vliv na aktivaci PS a tcinnost celého systému. To, zda ionty podporuji nebo inhibujf rozklad
polutanti, zaleZi na litce samotné, jejich specifickych reakcich a také na koncentraci danych
ionti ve vodé. V nékterych pripadech mohou Cl—, CO%‘, HCOg3, SO?I_ a dalsi bézné anionty
inhibovat aktivaci PS a rozklad znecistujicich ltek, protoZe zhaSeji *SO, a *OH. Anionty C1™
nemaji zadny zfejmy vliv na degradaci beta blokatoru atenololu [219], ale v rizné mife podporuji
degradaci barviva brilantni ¢erven [220], ibuprofenu [221], pesticidu lindanu [222] nebo insekticidu
thiamethoxamu [223]. Ve vysokych koncentracich (50 mmol - 171) ale sviij pozitivni vliv ztraceji

a tc¢innost naopak snizuji [188]. HCO3 miZe inhibovat odstranéni atenololu [219], ibuprofenu
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nebo valsartanu, I€ku na 1é¢bu vysokého krevniho tlaku [225]. Tento ucinek byl pozorovan zejména
u lindanu a pirixikamu [ 188]. Obdobné také piitomnost SOi_ vedla ke sniZeni ti¢innosti degradace
ibuprofenu [221], lindanu [222] a dalSich latek [188]. U pfirodnich organickych latek mohou
pak huminové kyseliny inhibovat rozklad ibuprofenu [221], lindanu [222], thiamethoxamu [223]
a valsartanu [225]. Mechanismy t¢inku mohou byt riizné. Naptiklad pfi aktivaci pomoci UV zédfeni

s s

HA absorbuje ¢ast zafen{ a tim sniZuje jeho aktivacni Gi¢innost [188].

Vyhody a nevyhody jednotlivych metod aktivace PS

Protoze je pro G¢inné pouZziti PS nutnd jeho aktivace, rizné moznosti tohoto procesu jsou stéile
predmétem vyzkumu. Kazd4 z nich ma své vlastn{ silné a slabé stranky. Kromé zanaseni dal§ich
(potencidlng) toxickych litek do systému je to Casto energetickd ndro¢nost nebo nizkd Zivotnost
zatizen{ vlivem extrémnich podminek provozu. Vyhody a nevyhody riznych metod aktivace jsou

uvedeny na obrdzku 16.

— T Jednoduchost, Géinnost;
Aktivace teplem bez dalSich Einidel R SR
L Aktivace ultrazvukem Dobré odolnost a Zivotnost; g o
bez dalsich inidel
9 5 Vysokd G¢innost; MozZnd niZ3f Zivotnost zaFizenf
[~ Hydrodynamickd kavitace bez dalsich inidel pisobenfm kavitace
Aktivace pomoci
Rychlost a G¢innost Vysokd spotfeba PS

plasmy

Obr. 16: Vyhody a nevyhody jednotlivych metod aktivace PS (prevzato a upraveno z [188])
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Celkové AOP na bazi PS pritahuji pozornost praveé kviili vysoké tcinnosti a kombinovatelnosti
s jinymi technologiemi. Pfi zvdZeni redlnych koncentraci a specifickych vlastnosti dané odpadni
vody, je moZné vhodnym nastavenim reakcénich podminek uspéSné odstrafiovat i velmi perzis-
tentni organické l4tky. Vyzkum této oblasti v soucasnosti sméfuje ke kombinaci vysoké tcinnosti,
energetické Uspory a environmentdlné zodpovédnym piistupem. Cilem je tedy ucinnd aktivace
PS s minimalni energetikou spotiebou a co nejmensimi dopady na Zivotni prostiedi [188]. I pies

neustdlé pokroky, ma tato technologie stdle mnoho omezeni, kter4 je tfeba postupné zlepSovat:

* Nejb&Znéjsim postupem pii vyzkumu je dprava vody s jednosloZkovych znecisténim v laboratofi.
SloZeni organickych odpadnich vod v redlném prostfedi je vSak sloZité a proménlivé. Kromée toho
se Casto vénuje mnohem vétsi pozornost rychlosti rozkladu polutantu a mensi pozornost ostatnim

parametrdm.

* Jak jiz bylo uvedeno, kazd4 z aktiva¢nich metod m4 své nedostatky. Napiiklad tepelnd aktivace
vede k vyssi spotfebé energie, alkalickd aktivace ovliviiuje pH systému, elektrochemicka aktivace
produkuje tzv. anodovy kal, aktivace katalyzdtoru na bdzi uhliku m4 vysoké ndroky na jeho
regeneraci, homogenni aktivace pfechodnych kovi zavadi do vody ionty kovd, coZ zplsobuje
sekundarni zneciSténi aj. V dal$im kroku je nutné prekonat nedostatky jednotlivych aktiva¢nich
metod a vyvinout rizné kombinace tak, aby se maximalizovaly silné stranky a predeslo se t€m

slabym.

* Béhem procesu rozkladu nékterych ldtek mohou vznikat i vysoce toxické meziprodukty, které
maji nepfiznivejsi dopad na Zivotni prostiedi. Proto je nutné kombinovat AOP (celkové, nejen
na bazi persulfatu) s vhodnou technologii predipravy. Cilem je iplné potlacit produkci toxickych

a Skodlivych latek.

* Pfechod z laboratorniho méfitka do (polo)provozu je pro velkou ¢4st technologii velmi naro¢nym
krokem. Mnohdy se technologie projevi jako neaplikovatelnd do praxe a to z riznych ddvodu,
nejcastéji hraji hlavni roli energetické ndklady nebo Casova naro¢nost procesu. Pfi navrhovani

experimentu je vhodné myslet na pfipadny budouci scale-up proces a jeho realizovatelnost [188].

1.4.5 Faktory ovlifiujici G¢innost AOPs

Pokrodilé oxidacni procesy jsou primarné zavislé na tspésné tvorbé radikald, tim padem
na rychlosti jejich tvorby a jejich dostupnosti pro reakci s polutanty. Faktory, které mohou ovlivnit

ucinnost AOP jsou ndsledujici [1].
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Pocadtecni koncentrace kontaminantu

Prestoze se o AOP mluvi jako o neselektivni metodé odstrafiovani znecisténi z vod, byl
pozorovan vyznamny vliv vstupni koncentrace téchto ldtek [1]. Obecné bylo zji§téno, Ze s rostouci
koncentraci kontaminantu klesé ti¢innost procesu. Tento jev zminuji studie zaméfené na odstra-
novani antibiotik pomoci «y zafeni [226], mikrocystinu LR pomoci UVC/H2O5 [227], azobarviva
AR14 fotokatalyzou [228] nebo karbamazepinu s vyuzitim UV/TiO9 [229].

V piipadé karbamazepinu s navySovanim koncentrace z 5 mg -17! na 10, 15 a 20 mg - 1!
klesala d¢innost odstranéni po 30 minutach z 92,8 % na 68,4 %, 54,0 % a 41,2 % [1, 229]. Podobné
vysledky pfinesla studie degradace ibuprofenu s vyuZitim nizkoteplotniho plazmatu. NavySenim
koncentrace z 10 mg - 17! na 60 mg - 1! klesla G&innost z 46 % na 14,2 % [230]. Stejné tak
UVC degradace sulfomethoxazolu navy$enim koncentrace tohoto antibiotika z 1,5 mg-1~! na

24 mg - 17! doglo ke sniZenf rychlostni konstanty na pfiblizné 20 % ptvodni hodnoty [231].

Viiv pH

Hodnota pH roztoku ovliviiuje nejen chovani cilovych molekul, ale také povrchovy niboj
katalyzétoru a tim pddem lze pfedpoklddat vyznamny vliv na efektivitu celého procesu [1]. Vliv
pH posuzovala studie zabyvajici se odstrafiovanim ibuprofenu s vyuzitim v zafeni. Zménu hodnoty
pH z 1,45 na 11,05 se za stejnych podminek sniZila Gcinnost z 92,05 % na 80,25 % [232].
Eliminace antibiotika ciprofloxacinu (CIP) s vyuZitim sfranovych radikalt ziskanych aktivaci
pomoci katalyztoru (Mn) byla negativné ovlivnéna dpravou pH z 2 na 11. Ué&innost se tak sniZila
7 95 % béhem 80 minut na pouhych 27 %. ProtoZe CIP je negativné nabity pii pH>8,1 a pozitivné
nabity pii pH<6,0, negativné nabity SO, udcinéji reaguje s CIP pfi pH<6,0 [233]. Niz§i hodnota
pH (pH = 3) se ukazala jako ucinné&;jsi také pri vyuZiti UV/PS pro odstranéni brilantni zelené [234].
pH 3 [235].

Jak je vidét na uvedenych piikladech, vliv pH neni jednotny a zdvisi na systému jako celku:

zvolené technologii a odstrafiovaném polutantu.

Pocdtecni koncentrace peroxidu

U AOP zaloZenych na tvorbé hydroxylovych radikall z peroxidu vodiku je jeho poéate¢ni kon-
centrace didleZitd z nékolika divodd. Kromé mnozstvi dostupnych radikald ovliviiuje vyznamné
indklady technologie. Pfiddvanim dalSich latek do systému se s vysokymi poZadavky na jeji koncen-
traci miiZe proces vyznamnym zpiisobem prodrazit. U¢innost odstratiovani polutantii se zvysujici

se koncentraci peroxidu roste jen do doby, nez zacne pisobit tzv. scavenging effect, kdy jsou
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radikaly vychytdvany molekulami HsO2 nebo sebou navzdjem [1]. BEhem studie zaméfené na od-
bourdvani antibiotik pomoci UVC/TiOq s pridavkem H2O2 byly pozorovana optimdlni hodnota
koncentrace peroxidu 100 mg - 1~! z hodnoceného rozsahu 50-300 mg - 1= [236]. K podobnym
zavérim vedla studie rozkladu azobarviva (AR14), kde byla jako optimaln{ stanovena koncentrace
H2042 10 mM [237]. V sadé experimentli zam&fené na jiné azobarvivo (AO) a vliv riznych kon-
centraci PS (So 03— ), PMS (HSOj ) a HyO3 autofi pozorovali zvySeni i¢innosti s rostouci ddvkou

oxidantu [238].

Intenzita zdreni

Intenzita zafeni je velmi vyznamnych faktorem u AOP zaloZenych na UV a gamma zafeni.
Obecné feceno, s rostouci intenzitou roste rychlost tvorby radikalt a tim i odstrafiovani nezadoucich
latek. Naptiklad béhem fotokatalytického odstraniovani paracetamolu (UVC/TiO>) se s navySenim
intenzity zafeni (z 1,2 mW - cm ™2 na 12,6 mW - cm™?2) zvysila rychlostn{ konstanta pétatiicet krat
(z 0,3-1073 na 10,5-1073) [1, 239]. Obdobné pfi degradaci vybranych 1é¢iv v systému UV-254
nm/TiO se zvy$enim intenzity (z 12,2 mW - cm ™2 na47,2 mW - cm™?) narostla G¢innost procesu
o 10 a7 40 % [240]. Naopak poklesem intenzity (z 0,1919 W - cm™2 na 0,1048 W - cm™2)

za pouZziti ZnO katalyzatoru se sniZila G¢innost odstranéni barviva (Eosin Y) z 93 % na 82 % [241].

MnoZstvi katalyzdtoru

U AOP zavislych na pfitomnosti katalyzatoru nenf vliv jeho mnoZstvi prekvapujici. Pozitivni
vliv nai¢innost zvysenim davky katalyzatoru byl pozorovan u odstrafiovani antibiotik [242] a jinych
16¢iv (TiO9) [236, 238]. Pfi navyseni mnozstvi TiOg z 0,25 g-17! na 3,0 g- 17! se rychlostni

konstanta zvysila o priblizné 22 %. Jisté zvySeni ucinnosti tedy bylo nékolikrdt potvrzeno, av§ak

ne tak vyrazné, aby vynahradilo zvySené ndklady spojené s navySovanim davky katalyzitoru.

Vliv ionti a necilovych organickych sloucenin

V praxi povrchové i odpadni vody kromé rozmanitych organickych latek obsahuji rtizné
anorganické anionty a kationty. Tyto ionty a organické latky mohou rychle reagovat s vytvore-
nymi radikély a tim padem konkurovat cilovym kontaminantim [233]. Navic se pfi fotokatalyze
mohou hromadit na povrchu katalyzitoru a tim branit v G¢inné tvorbé radikalt [1]. Inhibice
procesu byla pozorovand pii foto-katalytickém odstrafiovani ciprofloxacinu [226] nebo norfloxa-
cinu [243]. Konkrétné anorganické ionty sniZovaly d¢innost degradace cilovych latek v poradi:
NO; > CO5 > HCO3 > CI™ > SOj~ [243]. Vysoky inhibi¢ni potencidl NO; , CO3 a HCO3

muZe byt vysvétlen jejich relativné vysokou rychlostni konstantou reakce (2. fddu) s *OH a SO,
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[1]. Podobné vysledky prezentuje i studie zaméfujici se na antibiotikum enoxacin a k iontim
vyznamné ovliviiujicich rychlost procesu pfidava i Fe3* [244]. Nicméné soucasné uvadi, Ze pfi-
danim Cl~ nebyl pozorovan Zadny vyznamny vliv a to z divodu tvorby sekundarnich radikald

(¢CIOH™,*Cl;, a *Cl) reakci C1~ s «OH [244].
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1.5 AOP a odstranovani estrogenu z vod

Pokrocilé oxidacni procesy byly béhem poslednich dvaceti let intenzivné zkoumény a pozoroviny
ucinnosti jednotlivych technologii na rozmanité skupiny latek. Mezi nimi mimo jiné i na estro-
geny. Nasledujici tabulka shrnuje vyznamné poznatky v oblasti eliminace estrogenti z vod pomoci{

riznych AOP [131].

Tabulka 16: Odstranéni estrogend z vod pomoci riznych AOP [131]
estrogen AOP matrice/ vysledky délka zdroj
experimentdlni podminky experimentu
El, E2 fotolyza vodny roztok E2 degradovalo pod 60 min [245]
pH=2-8 vysokotlakou UV lampou
s G¢innosti pod 65 %,
E1 s ucinnosti ptes 90 %,
s rostouci koncentraci
estrogent klesala uc¢innost
procesu
E2, EE2 fotolyza vodny roztok, E2 a EE2 tspésné odstranény 60 a 400 min [246]
pH =5,5-6,0 pfi 254 nm béhem 60 min,
co=0,5 uM pfi A >254 nm ucinnost 70 %
b&hem 400 min
El,E2 fotolyza fi¢ni voda, E2 degradovalo slune¢nim 6 hod [247]
pH=7, svétlem s déinnosti
co=0,27 mg - -1 pod 30 %, a s tcinnosti pies 70 %,
za pritomnosti organickych latek
EE2 fotolyza vodny roztok, EE2 pod UVC nedegradovalo - [248]
pH=7 (G¢innost 0,4 %)
El fotolyza vodny roztok polocas eliminace E1 ptisobenim 360 min [249]
slune¢niho zdfeni byl 52,50 min
a i¢innost procesu se zvysila
za pritomnosti huminovych kyselin
a neutrdlniho pH
El, E22 fotolyza povrchova voda E1 degradovalo (30 %) pod 8 hodin [250]
UVB, tcinnost byla. niZs{
za piitomnosti organického uhliku,
EE2 nedegradovalo téméf
E2 fotolyza vodny roztok vibec, G¢innost procesu 10 hodin [251]
zvysilo provzdusiovani (z 60 na 80 %),
piiznivé pasobila také pfitomnost
dusi¢nand, Zelezitych iontd
a huminovych kyselin,
hydrogenuhli¢itany G¢innost
sniZily
E2 UV/TiO9 vodny roztok odstranéno 98 % E2 béhem 210 min [252]
3,5 hodiny
El,E2,EE2 | UVAa vodny roztok, fotokatalytickou reakci byla 120 a 500+ min | [253]
UVA/TiO2 co=10pug-171 sniZena estrogenni aktivita

59




E2, EE2

El, E2

E2

El, E2,
E3, EE2
E2, EE2

E1,E2,

EE2

EE2

El

E2

UVa
UV/H509

UV/TiO2

UV/O3

ultrazvuk

Cl/uvc

UV/O3
UV/H202

Fentonova oxidace

foto
Fentonova oxidace
foto

Fentonova oxidace

vodny roztok,

pH=16,8

odpadni voda,

vyuziti slune¢niho zéreni

vodny roztok,

co=0,4 mmol - 171

vodny roztok
co=10pug-171
vodny roztok,
co=100 pug-171
ccr1=2mg- 171

vodny roztok,

vodny roztok
co =200 ug - 171
vodny roztok
co=18,5 ug - -1
vodny roztok

co=272pg 171

na 50 % béhem 10 minut
dévkovanim peroxidu vodiku

se. zvySila i¢innost z 20 %

na vice nez 90 %

povedlo se tspésné eliminovat

El a E2, degradace probihala
podle kinetiky pseudo-prvniho fadu
0,01 h—1)

Pfiddani UV zifeni k Og

zvySilo ucinnost procesu a sniZilo
mnoZstvi potfebného O3

022,5%

80-90 % estrogeni bylo eliminovano
béhem 40-60 minut

SniZenf estrogenity (YES test)
béhem 10 minut, odstranéni 90 %
estrogenti béhem 120 minut
estrogeny byly degradovany béhem
25 minut, byla sledovana sniZena
estrogenita vzorku, UV/O3

bylo 6cinéjsi nez UV/H2 02

bylo dosaZzeno tplné mineralizace
béhem 10 minut

bylo dosaZeno eliminace 98,4 %
béhem 160 minut

bylo dosazeno eliminace 86,4 %

béhem 8 hodin

700 min

90 min

60 min

120 min

25 min

15 min

160 min

8 hodin

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

Tabulka 16 uvadi pouze piiklady studii zabyvajici se riznymi metodami AOP se zaméfenim na
estrogeny. Vyzkum v oblasti AOP se ¢asto zaméfuje na velmi tizkou skupinu polutantt, pfipadné
vyuziti sledované technologie pouze na jednu latku. Spole¢nym jmenovatelem se zda byt relativné
dlouhy kontaktni ¢as. Experimenty jsou Casto designovdny na desitky aZ stovky minut, coZ by
pfi pfipadném prevadéni do praxe zplisobovalo znaéné technologické problémy. V dals{ ¢asti této

prace jsou navrzeny a testoviany metody odstranéni skupiny estrogent z vody s vysokou G¢innosti

v kratkém Case expozice - v fddech sekund.
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2 Vyzkumna ¢ast

s vz

Vyzkumna ¢ast dizertacni prace se zaméfuje na vyuziti hydrodynamické kavitace s HoOs, O3,
perkarbonatem a persulfitem, kde vystupuje jako alternativni zptisob jejich aktivace. Cilovymi
polutanty byly zvoleny tii ptfirodni (E1, E2, E3) a jeden synteticky estrogen (EE2). Cilem je najit
Casové efektivni AOP metodu, kterd dokaze s vysokou ucinnosti eliminovat piislusné nezadouci
latky ve vodé.

Peroxid vodiku je v rdmci AOP béZné pouZivanym ¢inidlem. Nejcastéji je spojovan s kombinac{
H502/UV. V takovém piipadé funguje UV zéfeni jako inicidtor vzniku hydroxylovych radikéld.
PredloZzené experimenty zkoumaji, zda hydrodynamicka kavitace miiZe efektivné iniciovat vznik
*OH a tim pddem tuc¢inné odstrafiovat sledované estrogeny.

Ozon vedle Ho O ptedstavuje dalsi oxidacéni ¢inidlo, které byvd mezi AOP Casto vyuzivano.
V poslednich letech také roste jeho popularita, a to mimo jiné diky klesajicim ndkladim na jeho
vyrobu spojenou s technologickym pokrokem [263]. Sou€asné se ukdzal byt ic¢innou alternativou
pro odstratfiovani organokovovych sloucenin [264], pesticidl, fenolt, barviv nebo 1é¢iv z vod
[263]. Ozon je nestabilni plyn, proto jeho vyroba probihd in sifu. Komeréné dostupné technologie
generovani ozonu jsou zaloZeny na procesu korénového vyboje v plynné fazi obsahujici kyslik
(vzduch). Ozon se kombinuje s HyO4, UV svétlem, katalyzatorem nebo ultrazvukem, aby se zvysila
ucinnost procesu. Kombinace ozonu a hydrodynamické kavitace byla jiz testovana na odstranovani
organickych litek z pitné vody. Sledovany pokles organického uhliku (TOC) ale nebyl vyrazny -
méné nez 9 % za 20 minut a méné neZ 12 % po 60 minutdch cirkulace v systému [265]. Obdobné
pfi degradaci pesticidd bylo dosazeno ucinnosti pfiblizné 26 % po 2 hodinach [266]. Cilem této
¢asti experimentt bylo zjistit potencidl HC/Og pro odstraiiovani estrogend pii nizkém kontaktnim
case.

Perkarbonat sodny (SPC, NaoCOs - 1,5H509) jakozto pevny nosi¢ HoOs ma oproti kapal-
nému peroxidu hned nékolik vyhod. Témi nejvyznamnéj$imi jsou stabilita a bezpecnost pfi ma-
nipulaci, d¢innost v Sirokém rozsahu pH a relativné nizk4 cena [267]. Kromé toho uhli¢itanové
a hydrogenuhli¢itanové ionty vznikajici béhem rozkladu perkarbonatu mohou ptisobit jako pufr pfi
nez4doucim sniZeni pH. U¢innost pouZiti SPC miiZe byt zvy$ena pouzitim katalyzitoru nebo akti-
vaci doddnim energie. Vznikaji tak hydroxylové, superoxidové a uhli¢itanové radikdly. Pro aktivaci
byly publikovany jiz rizné postupy jako jsou ionty pfechodnych kovi, ozon a FeOCl [268, 269,
270], plazmovy vyboj [242], UV zafeni [271] nebo mikrovlny [272]. Prozatim nikdo nezkoumal
moZznost aktivace SPC pomoci hydrodynamické kavitace.

Sulfatové radikdly jsou obvykle generovany z persiranu neboli persulfatu (PS), doddvaného jako
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NasS20g, nebo méné Casto z peroxymonosulfiatu (PMS) ve formé 2 KHSO35 - KHSOy4 - KoSO4
[3]. Varianta s PS je cenové vyhodnéjsi a v praxi i uZivatelsky piivétivéjsi nez PMS [273]. Persiran
sodny je bild krystalicka sloucenina, kterd je vysoce rozpustnd ve vodé¢ (73 na 100 g vody pri 25 °C),
coZ umoZziiuje snadnou manipulaci [3]. V této prici je zkoumana moZnost aktivace PS pomoci HC

s vysokou tcinnosti a nizkym kontaktnim ¢asem.

2.1 Stanoveni vybranych estrogeni pomoci LC-MS/MS

2.1.1 Chemikalie

Analyty

Standardy estronu (E1; 3-Hydroxyestra-1,3,5(10)-trien-17-on; 99 %); estradiolu (E2; estra-
1,3,5(10)-trien-3,173-diol; 98 %), estriolu (E3; estra-1,3,5(10)-trien-3,16c,173-triol; 98 %) a ethi-
nylestradiolu (EE2; 17«-ethynylestra-1,3,5(10)-triene-3,173-diol; 98 %) byly zakoupeny od firmy
Sigma-Aldrich (St. Louis, MO, USA). Jako vnitin{ standardy pro kvantifikaci estrogent byly pou-
zZity deuterovany estradiol (E2D; 173-estradiol-2,4,16,16-d4) pro kvantifikaci estronu, estradiolu
a estriolu, a deuterovany ethinyletradiol (EE2D; 17«a-ethynylestradiol-2,4,16,16-d4) pro kvantifi-
kaci ethinylestradiolu, oba zakoupeny od spole¢nosti C/D/N Isotopes Inc. (Pointe-Claire, Quebec,

Kanada).
Rozpoustédla

Methanol a acetonitril Cistoty pro LC-MS a aceton (pro HPLC) byly zakoupeny od firmy Sigma-
Aldrich (St. Louis, MO, USA). Ultra ¢isténd destilovand voda byla vyrobena pifimo v laboratofi

pomoci zatizeni Millipore system (Merck KGaA, Darmstadt, Germany).
Ostatni

Kyselina mravenc¢i byla pouZita jako mobilni fize (0,7 mM), kyselina chlorovodikovd pro
upravu pH vzorkt, dansylchlorid (1 mg/ml v acetonu) pro derivatizaci estrogenil za icelem zvySen{

citlivosti metody a hydrogenuhlicitan sodny (100 mM; pH = 10,5) jakoZto pufr pro derivatizaci.

2.1.2 Piiprava vzorka

Béhem odbéru byla zmétena vodivost z alikvotu (HI 98129, Hanna Instruments Czech s.r.0.).
Po odebréni se vzorky nechaly 3 a 24 hodin stat pfi laboratorni teploté pfed dalSim zpracovdnim.
Po tomto Case byl upraven objem na 50 ml. Po zaznamenani hodnoty pH (HQ430D HACH,
Loveland, CO; elektroda IntelliCAL pH PHC101) byly vzorky okyseleny 10% HCl na pH =3 +

0,2 a byla pfiddna smés vnitfnich standardd (20 zl, 25 ng - ml™1).
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Extrakce estrogeni

Extrakce estrogenti z analyzovanych vzorkl byla provedena metodou extrakce na pevné fazi
(SPE) na kolonkdch Oasis® HLB (500 mg, 6 ml) od firmy Waters (Waters Corporation, Massa-
chusetts, USA). SPE kolonky byly kondicionovdny 5 ml methanolu a nisledné proplachnuty 5 ml
destilované vody. Poté bylo na kolonky pomoci podtlaku aplikovano 50 ml vzorku pfi pritoku
maximalné 5 ml - min~!. Poté byly SPE kolonky propldchnuty 5 ml destilované vody a suSeny
po dobu 20 min. Analyty byly eluovdny do vialek 8 ml methanolu. Nésledné byly vzorky vysuSeny
pod mirnym proudem dusiku pfi 40 °C.

Derivatizace estrogenii

Vysuseny extrakt byl rekonstituovan ve 20 ul acetonu, poté bylo priddno 50 ul pufru - hyd-
rogenuhli¢itanu sodného (100 mM, pH = 10,5) a 50 pl dansylchloridu (1 mg - ml~!, v acetonu).
Reak¢ni smés byla 1 minutu intenzivné protfepdvana a 5 minut temperovédna pii 60 °C. Po ochlazeni
na laboratorni teplotu se smés nechala vysusit pod mirnym proudem dusiku pii 55 °C. Vzorky byly
néasledné rekonstituovany v 1 ml smé&si methanol:voda (40:60; v/v) a pted analyzou prefiltrovany

pres stifkackové filtry (nylon; 0,45 pm) do chromatografické vialky.

2.1.3 Analyza LC-MS/MS

Pro stanoveni koncentrace dansylovanych estrogend byla vyuZzita vysokoucinnd kapalinova
chromatografie HPLC Agilent 1260 Infinity v kombinaci s hmotnostnim spektrometrem Agilent
6460 TripleQuad (oboji Agilent Technologies, CA, USA) s ionizaci elektrosprejem (ESI). Separace
probéhla na koloné Poroshell 120 EC-C18 (2,1 x 100 mm; 2,7 pm) chranéné predkolonou Poroshell
120 EC-C18 (2,1 x 5 mm; 2,7 pm) od spolecnosti Agilent Technologies, CA, USA. Jako mobiln{
faze A a B byly zvoleny kyselina mravenci (7 mM) a acetonitril. K separaci byla vyuZita gradientova
eluce (tabulka 17) pfi priitoku mobilni faze 0,35 ml - min—!. Délka analyzy byla 15 minut v&etng&

5 minut ekvilibrace.
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Tabulka 17: Gradient HPLC separace

¢as (min) | obj. % mobilni fize A | obj. % mobilni faze B | pritok (ml - min~1)
0,0 50 50 0,35
10,0 0 100 0,35
11,0 0 100 0,35
11,1 50 50 0,35
15,0 50 50 0,35

Déavkovany objem byl 10 ul. Méfeni pomoci hmotnosti spektrometrie probihala v MRM (Mul-
tiple reaction monitoring) pozitivnim rezZimu s vyuZzitim softwaru MassHunter Workstation (Agilent

Technologies, CA, USA). Nastaveni MS detektoru uvadi tabulka 18.

Tabulka 18: Nastaveni detektoru

napéti na kapildre 3500V
napéti na vstupu 2000V,
teplota nosného plynu (N») 200 °C

10 ml - min—1!

50 psi
350 °C,

pritok nosného plynu (N9)
nebulizer
teplota susiciho plynu (N3)

10 ml - min—?!

pritok susiciho plynu (No)

Identifika¢nimi parametry pro jednotlivé estrogeny byly reten¢ni ¢as piki a 2 iontové prechody
(kvantifika¢ni a identifikacn{). Retenc¢ni ¢as, iontové pfechody, kolizni energie a napéti fragmentoru

pouZité pro MRM jsou uvedeny v tabulce 19.

Tabulka 19: Retenc¢ni ¢as jednotlivych estrogenti a jejich MRM piechody

analyt tr prekurzor | kvantifika¢ni/identifikacni kolizn{ napéti
(min) (m/z) ion (m/z) energie (V) | fragmentoru (V)
El 8,4 504 171/156 140 38
E2 7,8 506 171/156 140 42
EE2 8,1 530 171/156 140 40
E3 4,7 522 171/156 140 42
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Obr. 17: Chromatogram LC-MS/MS analyzy (kalibra¢ni bod, ¢ = 300 ng - 171)

2.1.4 Validace metody

Identifikace estrogentli ve vzorcich byla provedena na zdkladé jednotlivich MRM piechodt
a porovninim retencniho ¢asu kazdého piku estrogenu s odpovidajicim standardem. Koncentrace
estrogent ve vzorcich byla stanovena metodou kalibra¢ni kiivky v odpovidajici matrici (5 bodu
v rozmezi od 5 do 600 ng - 17!) se standardy estrogent s korela¢nim koeficientem nejméné 0,99

pro vSechny analyty. Hodnoty validovanych parametri jsou uvedeny v tabulce 20.

Tabulka 20: Validované parametry analytické metody; *k vyhodnoceni byly pouZity vzorky obsahuji

100 ng - 17! jednotlivych estrogentd v kohoutkové vodg, poéet méfeni n = 6

El E2 EE2 E3
limit detekce metody MLD (nl - -1 0,92 2,49 2,84 4,51
limit kvantifikace metody MLQ (nl - -1 2,78 7,55 8,60 13,66
kovariance inter-day (%)* 7,54 4,47 3,69 6,43
kovariance intra-day (%)* 10,41 7,33 7,65 3,84
matricovy efekt (%)* 87,13 99,39 78,82 124,87
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Tabulka 21: VytéZnost (%) estrogenti na jednotlivych koncentra¢nich drovnich a matricich (* dei-

onizovand voda, P kohoutkovad voda)

koncentrace E1l E2 EE2 E3
100 ng - 1712 97,06 100,35 99,03 123,84
300 ng - 1712 73,15 83,34 88,52 94,11
300 ng - 171P 88,47 92,43 92,91 95,17
500 ng - 1712 114,33 104,61 111,48 83,62
500 ng - 171P 96,80 107,75 103,07 113,09

2.1.5 Stanoveni peroxidu vodiku ve vzorcich

Znacna ¢ast experimentu je zaloZena na vyuZziti peroxidu vodiku jakoZto zdroje *OH radikali.
Mnozstvi HoOo ve vzorcich v danych Casech je tedy vedle samotné koncentrace odstrafiova-
nych estrogent dal$im validnim sledovanym parametrem. Pro stanoveni obsahu peroxidu vodiku
byla pouZita jiz diive v literatufe popsané kolorimetrickd metoda [274]. Tato metoda je zaloZena
na specifické reakci mezi peroxidem vodiku a ionty titanu, pfi niZ vznikd Zluté zbarveny kom-
plex kyseliny pertitanové s absorpénim maximem pii 407 nm. Vzorek byl smichén s titanalovym
¢inidlem v poméru 2:1 (vzorek:¢inidlo, v/v) a absorbance byla méfena pomoci spektrofotometru

Spark™ multimode microplate reader (Tecan, Rakousko).

1,4

1,2

0.8 y =0,013x + 0,0061
R? = 0,9999
0,6

absorbance
&

0,4
0,2

0o e
0 20 40 60 80 100 120
¢ H,0, (mg/l)

Graf 1: Kalibra¢ni kiivka pro stanoveni HoOs ve vzorcich, absorbance méfena pti 407 nm
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2.1.6 Stanoveni persiranu sodného ve vzorcich

Ke stanoveni koncentrace persiranu byla rovnéz pouZzita spektrofotometrie. K 200 pl vzorku byl
pfidan 1 ml ¢inidla KI/NaHCOj3. Cinidlo bylo piipraveno rozpusténim 100 g KI a 5 g NaHCO3
(aby se zabranilo oxidaci jodidu kyslikem) v 1 litru vody. Vzorek s ddvkovanym KI/NaHCO3 byl
promichdn a ponechan 20 minut reagovat ve tmé [275]. Reakéni produkt byl analyzovén pfi vinové
KT™M

délce 394 nm v 96jamkové desticce pomoci spektrofotometru Spar multimode microplate

reader (Tecan, Rakousko).
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Graf 2: Kalibra¢ni kfivka pro stanoveni PS ve vzorcich, absorbance méfena pti 394 nm
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2.2 Adsorpce a desorpce estrogenti na materialech bézné pouzivanych p¥i manipu-

laci a odbéru vzorku ve vodni matrici

Na zdkladé fyzikalné-chemickych vlastnosti estrogeni je mozné predpokladat jejich sorpci
na rtizné materidly. Tato vlastnost mize byt zdrojem fady problémd nejen v Zivotnim prostfedi
ale také v laboratofi pfi jejich stanoveni nebo naklddani se vzorky. Vzhledem k prevazné hydro-
fobni povaze estrogenti jsou ofekavany slabé interakce s polymernimi materidly. A pravé plastové
a pryzové materidly se v soucasné dobé pouzivaji v Siroké Skéle aplikaci - rizné laboratorni
vybaveni nebo testovaci a poloprovozni jednotky (napiiklad pravé AOP).

S vyjimkou jednordzovych predmétt (Spicky pipet, lahvicky, nadoby, rukavice atd.) je mnoho
téchto predméti urceno k opakovanému pouziti, napiiklad spojovaci materidl v AOP jednot-
kach. Konkrétnim piikladem jsou hadice laboratornich a polo/provoznich zafizeni, kde je Zadouci,
aby byly inertni a odolné vii¢i mechanickému a chemickému poskozeni. Nicméné jejich polymerni
povaha pfedstavuje riziko kontaminace a pti volbé vhodného materidlu je nutné vzit v potaz i vlast-
nosti analytd. Nezadouci adsorpce a desorpce stopovych mnozstvi organickych polutantd muze
zpusobit vazné nesrovnalosti pfi manipulaci se vzorky a jejich analyzach, zejména pokud se jedna
o0 nizk4, pro Zivotni prostiedi relevantni mnoZstvi.

Cilem této Casti studie bylo vyhodnotit miru adsorpce a desorpce tii piirodnich estrogenti
(E1, E2 a E3) a syntetického estrogenu (EE2) na povrchu Sesti riznych materild, které se béZné
pouZivaji pro konstrukci laboratornich jednotek a pfistroju.

Charakteristiky materialti a navrhované aplikace jsou uvedeny v ndsledujici tabulce 22.
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Tabulka 22: Vlastnosti materialti testovanych na sorpci/desorpci estrogend

material charakteristika aplikace
Tygon S3™ PVC bez DEHP, netoxicky, analytické pfistroje; laboratornd,
E-3603 inertni s hladkym peristaltické a vakuové pumpy;
vnitinim povrchem biofarmaceutika; inkubdtory; exsikdtory;
plynové rozvody; potraviny a nipoje
Polyvinylchlorid  odolny proti povétrnostnim voda, plyn, odpadni vody,
PVO) vlivim, hnilobég, korozi, prumyslové procesy, zavlaZovani, 1ékafska
narazim a odéru, samo-zhaSec{ zafizeni, vaky na skladovani krve
Teflon (PTFE) inertni, vysoce odolny proti kapaliny pod tlakem a za zvySenych
starnuti a vyS8im teplotdm teplot; korozivni kapaliny
Kynar® (PVDF) vynikajici odolnost UV zéifend, kontaktni plocha pro vyrobu, skladovani
chemicka odolnost Siroké a prenos korozivnich kapalin; v nadrzich,
Skéle agresivnich chemikalif cerpadlech, ventilech, filtrech,
vyménicich tepla a potrubnich systémech
Ethylen propylen odolny 0z6nu a povétrnostnim vhodna pro pouziti jako vytlaénd hadice

dien monomer

vliviim, otéruvzdorny,

v chemickém primyslu a pfi téZbé

(EPDM) elektricky vodivy surovin

Styren dobra odolnost a pevnost v tahu, primyslové aplikace, lepidla,
butadienovy vynikajici odolnost proti odéru, pryZové/mechanické zboZi,
kaucuk (SBR) odolnost pisobeni vody, organickym pneumatiky pro automobily

kyselindm, ketontim, chemikaliim,
alkoholu a aldehydiim,

nizka odolnost vic¢i ozénu

2.2.1 Design experimentu

Studie byla rozdélena na dvé ¢asti a v obou se testovala nejprve sorpce estrogent na vybrané

materidly a nasledné€ pak moZnd desorpce do deionizované vody. V prvni fazi studie byly prove-

deny sorp¢ni experimenty se vSemi Sesti materidly: styren-butadien (SBR), ethylen-propylen-dien-

monomer (EPDM), polytetrafluoretylen (PTFE), Tygon S3™, KYNAR® (polyvinylidenfluorid,

PVDF) a polyvinylchlorid (PVC). Kazdy materidl o plose 1 000 cm? byl jednotlivé ponofen

do 14zn& (2 litry) s deionizovanou vodou obsahujici smés estrogenti o koncentraci 100 ng - 171

Obsah byl kontinualné michdn magnetickym michadlem pti 400 otd¢kach za minutu pii 21 °C po
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dobu 30 minut. Poté byl v roztoku stanoven obsah estrogeni pomoci LC-MS/MS a pro analyzu
estrogentl bylo odebrano 50 ml vzorku.

V desorpénich pokusech byl roztok nad testovanym materidlem nahrazen ¢istou deionizovanou
vodou a znovu promichdvan. Vzorky byly odebrany po 30, 60 a 90 minutach.

Pro dalsi f4zi studie byl zvolen EPDM a doba sorpce byla prodlouZena na 1, 3, 5 a 12 hodin.
Koncentrace estrogenti byly navyseny na 300 a 500 ng - 1~ !. experimenty probihaly v deionizované
vodé a v kohoutkové vodé. Po 12hodinové expozici byla testovana desorpce po 30, 60 a 90 minutach

do deionizované vody.

2.2.2 Statistické vyhodnoceni dat

Statistické analyzy byly provedeny pomoci softwaru GraphPad Prism. Pro stanoveni rozdild
mezi kontrolou (poc¢ate¢ni koncentrace) a vzorky (koncentrace estrogenti v roztoku po dané dob¢)
byla pouZita neparametrickd jednofaktorovdi ANOVA s naslednym Dunnovym testem. Rozdily
mezi jednotlivymi priméry byly hodnoceny Man-Whitneyho testem. Za statisticky vyznamnou
byla povaZovana hladina pravdépodobnosti p < 0,05. VSechny tdaje jsou uvedeny jako primér +
smérodatnd odchylka relativnich koncentraci (vztaZeno k pocdtecni koncentraci). Relativni adsor-
bovana nebo desorbovand koncentrace byla vypoctena nasledujicim zptisobem:

Adsorpce = (1 - (koncentrace v Case / pocatecni koncentrace)) * 100 %

Desorpce = (koncentrace v ¢ase / po¢itecni koncentrace) * 100 %.

2.2.3 Vysledky: Kratkodoba expozice

Pro prvni screening adsorpce a desorpce estrogenti bylo hodnoceno Sest materidli obecné do-
porucovanych pro manipulaci s chemickymi latkami. Po 30minutové expozici v roztoku estrogent
(c = 100 ng - 171) bylo pozorovano sniZeni koncentrace estrogenti v roztoku, zejména v piipadé
SBR, kdy se jednalo o téméf 50 % ptvodni koncentrace, a v piipadé PVC a Tygonu S3™ o vice
nez 20 %. Tygon S3™ (PVC bez DEHP) absorboval i dal${ estrogeny, pfedevs§im E2 (27 %) a EE2
(37 %). U E3 nebyl pozorovan vyznamny ubytek koncentrace naznacujici sorpci na sledované
materidly. Hodnoty sorpce estrogend na ostatnich materidlech byly relativné nizké (méné nez
20 %).

Vhodnost materidld jako PVC a PTFE jiZ byly testovany i jinymi autory [276], byly shleddny
jako vhodné pro manipulaci s estrogeny a nase vysledky tomu také odpovidaji. Naopak Tygon S3™
z dGivodu pomérné vysokého stupné sorpce estrogenil (cca 30 %) vhodny neni, protoZe v takovém
piipadé muze dojit ke znaénému podhodnoceni skute¢né koncentrace estrogenti ve vzorku (graf

3).
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Pouzit{ kontaminovaného vybaveni miZe zplsobit zdvazné nepiesnosti pii zpracovani vzorku.
Proto bylo také zjisfovano, zda se estrogeny desorbuji z povrchu materidlu zpét do deionizované
vody. V piipadé materidlu SBR byla desorbovidna pouze 2 % pocéatecni koncentrace E1 (graf 4).
Na druhou stranu PVC a zejména Tygon S3™ v deionizované vodé uvoliiovaly estrogeny z povrchu
kontinudlné po celou dobu experimentu, nejvyznamnéji béhem prvnich 30 minut. Po 90 minutach
dosédhla hodnota desorpce vSech sorbovanych estrogent témét 10 % jejich pocatecni koncentrace

(graf 4).
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Graf 3: Screening relativni adsorpce po 30 minutdch inkubace Sesti polymernich materidlt v dei-
onizované vodé se sledovanymi estrogeny. Hvézdicky oznacuji vyznamné rozdily zjisténé pomoci

ANOVA a Dunnova testu pfi p < 0,05.
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Graf 4: Screening relativni kumulativni desorpce po 30, 60 a 90 minutiach inkubace materiala v

Cisté deionizované vodeé.

2.2.4 Vysledky: ProdlouzZena expozice

S ohledem na vysledky screeningového testu a na skutecnost, Ze jinf autofi se jiz zabyvali sorpci
estrogent na PVC, PTFE a PVDF, byl pro podrobné&;jsi hodnoceni zvolen materidl EPDM. Ten ma
mimo jiné i dobré konstrukéni vlastnosti, napf. 1épe se ohybd neZ PTFE nebo PVDEF. V dalsi fazi
studie byla testovana sorpce pii vy$$i koncentraci estrogent (300 a 500 ng - 1=1) ve dvou riiznych
matricich (deionizovana a kohoutkovd voda) a po dobu expozice prodlouzené na 1-12 hodin.
Jak je vidét na grafu 5 A a B,vyznamny pokles koncentrace estrogenti byl pozorovan pouze u EE2
po 12 hodindch v obou koncentra¢nich hladindch a vodnich matricich. Sorbovano bylo az 40 %
EE2 po 12 hodindch. Druhou nejvyznamnéjsi byla sorpce El, kterd dosahovala hodnot az 20 %
pocatecni koncentrace a ndsledné E2 a E3, u které byly pozorované hodnoty ve srovnani s EE2

vyznamné nizsi.

72



60

* Olh ©O3h ®5h ®12h
50 A T

*
T

E]li ﬁ@? Hi‘ i j‘ L Il L;;

Deionizovana voda Kohoutkova voda

40

30
2

(=]

1

(=]

Absorpce (%) ¢, =300 ng/L)

o

~
(=]

*

B T

=500 ng/L
- N W B W N
S © © © o O

Absorpce (%) ¢,

S

| ‘
l‘lﬁ&i ﬁlﬁﬁ &ﬁil e [ ﬁlllll ratll i MJ T
El E2 EE2 E3 El E2 EE2 E3
Deionizovana voda Kohoutkova voda

Graf 5: Relativni adsorpce po 1, 3, 5 a 12 hodinédch inkubace EPDM v deionizované nebo kohout-
kové vodé s piidavkem estrogenti (pocateni koncentrace 300 a 500 ng - 1~1) Hvézdicky oznacuji

vyznamné rozdily zji$téné pomoci ANOVA a Dunnova testu pii p < 0,05.

Dals{ faze experimentu zaméfend na moznou desorpci estrogeni zpét do vody byla provedena
pro EPDM v deionizované vodé. Béhem 90 minut bylo desorbovano témér 10 % E1, 6 % E2 a 8 %
EE2, a to u obou pocate¢nich koncentraci a v obou matricich. Kumulativni koncentrace estrogent

desorbovanych z povrchu EPDM jsou uvedeny v grafu 6.
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Graf 6: Relativni kumulativni desorpce po 30, 60 a 90 min inkubace v deionizované nebo kohout-

kové vodé. Hvézdicky oznacuji vyznamné rozdily zjiSténé pomoci ANOVA a Dunnova testu pii

p < 0,05.

Kavitacni jednotka byla v dalSich experimentech osazena hadicemi z EPDM, ktery ma také
ve srovnani s dal$imi sledovanymi materidly vhodné konstrukéni vlastnosti. Mezi né pati{ naptiklad
poddajnost umoZiujici hadice dobfe ohybat a tim piddem sniZit mnoZstvi potfebné ke konstrukci za-
fizeni. To soucasné vede ke sniZzeni mrtvého objemu a leps$i manipulaci. Potencidlni sorpce/desorpce

estrogent v systému byla i nadéle v pravidelnych intervalech mezi experimenty monitorovana.
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2.3 Odstranéni estrogenu pomoci AOP vyuzivajicich hydrodynamickou kavitaci

Hydrodynamickd kavitace ma potencidl pfispivat ke tvorbé radikdli v rdmci rozmanitého
usporadani AOP systémti. Mimo jiné ma také schopnost ticinné aktivovat persulfat tj. podpofit
vznik hydroxylovych nebo siranovych radikalti. V nasledujicich kapitoldch je sledovdna ucinnost

jeji aplikace v kombinacich pravé s perkarbondtem, persulfitem, peroxidem vodiku a ozonem.

Abychom vylouc¢ili vliv HC samotné na degradaci estrogenti, byl proveden set pokusu vy-
uzivajicich pouze hydrodynamické kavitace. Experimenty byly provedeny na kavitacni jednotce
(obrazek 18) sestavajici se z nadrZe, Cerpadla, Venturiho trubice a regulaénich ventild. Jednotka
operuje v cirkuladnim reZimu pfi rychlosti proudéni 0,45 1 - s~1. Jeden cyklus kavita¢n{ jednotkou

odpovida 4 sekunddm.

Venturiho trubice

eD

Cerpadlo/

Obr. 18: Schematické zndzornéni kavitacni jednotky

Experimenty byly provedeny v rezimu 5 cykll kavita¢ni jednotkou, tedy po 20 sekundich.
Vzorky byly analyzovany vyse popsanou LC-MS/MS metodou po 3 a 24 hodin4ch st4ni pfi labo-
ratorni teploté.

Z grafu 7 je patrné, Ze samotnd HC neni schopna t¢inné odstrafiovat sledované latky. V nasle-

dujicich experimentech tedy vystupuje pouze jako aktivacni prvek.
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Graf 7: Relativni koncentrace estrogenti po 5 cyklech kavita¢ni jednotkou (20 sekund); vzorky byly

analyzovédny po 3 a 24 hodindch stdni za laboratornf teploty.
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2.3.1 Hydrodynamicka kavitace a peroxid vodiku
2.3.1.1 Design experimentu

Néadrz kavitacni jednotky (obrdzek 18) byla naplnéna 2 1 vodného roztoku obsahujiciho 300
ng - 17! kazdého sledovaného estrogenu. Experimenty byly provedeny v kohoutkové vodé (x =
582 uS/cm; pH = 7,62). Do systému byl davkovan HyO9 tak, aby bylo dosazeno koncentrace
20 a 50 mg - 17!, Vzorky byly odebrany po 1, 2, 3, 10 a 30 cyklech kavitaéni jednotkou, co#
odpovidad 4, 8, 12, 40 a 120 sekundam. Iontova sila ani pH roztokti nebyly nijak upravovany, aby se
minimalizovaly provozni kroky, postup byl co nejekonomictéjsi a potencidlné vhodny pro praktické
provedeni. Hodnota pH, teplota a vodivost byly méfeny pomoci Combo pH/EC metru (Hanna, HI
98129). Po odbéru byly vzorky pred (vySe popsanou) LC-MS/MS analyzou ponechény stt 3 a 24

hodin aby byl zajistén dostate¢ny ¢as pro zreagovani vzniklych nestabilnich meziproduktii.

2.3.1.2 Vysledky: Vliv koncentrace peroxidu vodiku

Vysledky experimenti pro HoOp = 20 mg - 171 a HyO = 50 mg - 17! jsou shrnuty formou

relativnich koncentraci estrogenti v grafech 8 a 9.
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Graf 8: Relativni koncentrace sledovanych estrogent po 1, 2, 3, 10 a 30 cyklech kavitaéni jednotkou

(4, 8, 12, 40 a 120 sekund); davka HoO9 =20 mg - 1-1.
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Graf 9: Relativni koncentrace sledovanych estrogent po 1, 2, 3, 10 a 30 cyklech kavita¢ni jednotkou

(4, 8, 12, 40 a 120 sekund); ddvka HoO9 = 50 mg - 1-1.

Ve vzorcich odebranych po 40 a 120 sekundéch analyzovanych po 24 hodindch byly hodnoty
mnozstvi estrogend pod MLQ (v pfipadé E3 pod MLD). Soucasné je mozné pozorovat, Ze se
rozdily v G¢innosti po prodlouzeni expozice u vyssi davky peroxidu (HoO2 = 50 mg -171) po 24

hodindach stan{ stiraji.

Z grafi je zjevné, Ze navyseni koncentrace HoO4 vedlo ke zvyseni rychlosti degradace es-
trogent. Grafické znazornéni je podpofeno vypoctem rychlostni konstanty v tabulce 23. Vypocet
rychlostnich konstant (k) eliminace estrogent byl proveden za pouZiti kinetického modelu pseudo-
prvniho fadu —In(cy /co) = k - t[259, 277], kde ¢ a ¢, predstavuji pocate¢ni koncentraci a koncen-
traci v ase t. ZvySeni koncentrace HoO4 vedlo i ke zvyseni hodnoty prislusné rychlostni konstanty

a to aZ na trojndsobek.

Tabulka 23: Rychlostni konstanty degradace estrogeni pomoci HC/H2Oq; 1 > 0,97

kEl(min_l) kEg(min_l) kEEg(min_l) kEg(min_l)

20 mg - 17! HyO5 + HC 0,7649 0,9269 0,7233 0,7786
50 mg - 17! HoO5 + HC 2,4236 3,4014 2,8023 2,5893

Béhem experimentu byla sledovana i koncentrace HoOo v systému. Na grafu 12 je vidét jeho

postupnd spotieba.
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Graf 10: Koncentrace HoO4 po 1, 2, 3, 10 a 30 cyklech kavitaéni jednotkou (4, 8, 12, 40 a 120
sekund).

ProtoZe samotny Ho O je oxida¢nim ¢inidlem, byla provedena série experimentti zamétujici
se na ucinnost odstranéni sledovanych estrogenti jen ptisobenim H2O5. Testovany byly tii koncen-
trace, a to 20, 50 a 100 mg - 17! Hy,O9 (graf 11). Pro provedeni pokusu bylo zvoleno vsadkové
usporddani, tedy v laboratornim skle odpovidajictho objemu za laboratorni teploty. Systém byl
po celou dobu promichdvdn magnetickym michadlem. Vzorky byly odebrany v ¢asech 60 a 120

minut a Zzpracovany vySe popsanym zpusobem.
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Graf 11: Vsadkovy experiment odstranéni sledovanych estrogenti jen ptisobenim HyOs.
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Vyrazné&jsi pokles koncentrace estrogent byl pozorovan az po 120 minutach, v piipadé Ho O,
=100 mg - 17! po 60 minutich (E3). V kontextu piedeslych experimenti je tedy vliv samotného
H50O5 zanedbatelny.

Vysledky byly podpofeny i sledovanim koncentrace HyO2, kdy nebyla jeho spotieba béhem

experimentu pozorovana.
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Graf 12: Koncentrace HoO2 béhem vsadkového experimentu.

2.3.2 Hydrodynamicka kavitace a ozon
2.3.2.1 Design experimentu

Pokusy byly provedeny na diive popsané kavitaéni jednotce (obrdzek 18). NadrZ byla naplnéna
2 1 vodného roztoku obsahujictho 300 ng - 1=! kaZdého sledovaného estrogenu. Do systému byl
pfivadén ozon ze zaifzeni generujiciho tento plyn v mnozstvi 400 mg - hod~! (model GL-3210;
9 W; 220 V; 50 Hz). Vzorky byly odebréany po 1, 2 a 3 cyklech kavitaéni jednotkou, coZ odpovida
4, 8 a 12 sekunddm pasobeni HC/O3. Vzorky byly analyzovany po 3 a 24 hodinéch.

2.3.2.2 Vysledky

Pri soucasném pisobeni HC a ozonu klesla koncentrace vSech estrogent jiz po 1 cyklu na
hodnotu nizsf nez 5 % z piivodnich 300 ng - 17, Ve vzorcich odebranych po 2 a 3 cyklech (8 a 12
sekund) analyzovanych po 24 hodinich bylo stanovené mnoZstvi estrogend pod hodnotou MLD.

Oproti vyse uvedenym piikladim bylo dosaZeno vyrazné vyssi Gcinnosti za vyznamného sniZen{

Casového intervalu.
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Graf 13: Relativni koncentrace sledovanych estrogend po 1, 2 a 3 cyklech kavita¢ni jednotkou (4,

8 a 12 sekund); ozon byl generovin na misté¢ v mnozstvi 400 mg - hod ™!

Vyznamnou nevyhodou ozonu je fakt, Ze se jednd o zdravi $kodlivy plyn a expozice muze
zplisobit podrazdéni oci, nosu a krku, zatfmco vysoké hladiny ozonu (aZz 95 mg - 1~ 1) mohou mit
fatalni icinky. Z tohoto divodu jsou pozadovany tG¢inné systémy detekce a destrukce nadbyteéného
ozonu, aby byla zabezpecena bezpeCnost persondlu a obsluhy zafizeni [263, 278]. To zvySuje
celkové naklady a ndro¢nost provozu, coZ je jeden z faktord, ktery je v soucasné dobé snaha

snizovat.
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2.3.3 Aktivace perkarbonatu sodného hydrodynamickou kavitaci

V této kapitole jsme se zabyvali rozkladem estrogent vyuzitim SPC aktivovaného pomoci
hydrodynamické kavitace. Pfedpokladali jsme, Ze hydrodynamicka kavitace miZe rozpoustét a ak-
tivovat SPC bez dalstho zahfivani nebo pfidani chemickych latek. Takovy proces by mél byt
ekonomicky vyhodnéjsi a ekologicky Setrnéjsi nez vyuZivani umélého zvySovéni teploty. Zkou-

many byly nasledujici parametry: koncentrace SPC, pocet kavitacnich cykli (kontaktn{ ¢as) a vliv

zvyseni teploty ddvkovaného roztoku SPC.

2.3.3.1 Design experimentu

Experimenty byly provedeny na vySe popsané kavitacni jednotce (obrdzek 18). NadrZ byla na-
plnéna 2 1 vodného roztoku obsahujictho 300 ng - 1! kazdého sledovaného estrogenu. Do systému
byl pfidan roztok SPC aby byla dosaZena jeho koncentrace 80 a 200 mg - 1=, Experimenty s obéma
koncentracemi byly provedeny jak za laboratorni teploty, tak po zahiati divkovaného roztoku SPC
na 60 °C. Iontova sila ani pH roztokt nebyly nijak upravovéany, aby se minimalizovaly provozni
kroky, postup byl co nejekonomictéjsi a potencidlné vhodny pro praktické provedeni. Hodnota pH,
teplota a vodivost byly méfeny pomoci Combo pH/EC metru (Hanna, HI 98129). Vzorky byly
analyzovany po 3 a 24 hodindch. Uginnost procesu degradace byla hodnocena na zékladé vypoctu
rychlostnich konstant (k) eliminace estrogenil. Tyto rychlostni konstanty byly stanoveny za pouziti
kinetického modelu pseudo-prvniho fadu —In(cy/co) = k - t [259, 277], kde c¢ a ¢ predstavuji

pocétecni koncentraci a koncentraci v Case t.

2.3.3.2 Vysledky: Vliv davky SPC

Pro experimenty byly zvoleny davky SPC 80 a 200 mg - 17!, coZ odpovidd obsahu 20 a 50
mg - 17! HyOs. Zjistény vliv ddvky pro varianty s i bez tepelné aktivace SPC znazoriiuji grafy 14,

15,16 a17.
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Graf 14: Relativni koncentrace sledovanych estrogenti po 1, 2, 3 a 5 cyklech kavitaéni jednotkou

(4, 8, 12 a 20 sekund); ddvka SPC = 80 mg - 1L
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Graf 15: Relativni koncentrace sledovanych estrogenti po 1, 2, 3 a 5 cyklech kavitaéni jednotkou

(4, 8, 12 a 20 sekund); ddvka SPC =80 mg - 1~1; t = 60 °C.
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Graf 16: Relativni koncentrace sledovanych estrogenti po 1, 2, 3 a 5 cyklech kavitaéni jednotkou

(4, 8, 12 a 20 sekund); davka SPC =200 mg - 171
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Graf 17: Relativni koncentrace sledovanych estrogenti po 1, 2, 3 a 5 cyklech kavitaéni jednotkou

(4, 8, 12 a 20 sekund); davka SPC =200 mg - 1-1; t = 60 °C.

Vyssi koncentrace SPC pozitivné ovlivnila rychlost degradace estrogenti, zejména pfi delsi dobé
v kavitaéni jednotce. ProdlouZenim doby procesu ze 4 s (1 cyklus) na 20 s (5 cykli) se mnoZstvi
odstran&nych estrogenti také zvysilo. Konkrétné z 31 % na 62 % pfi pfidani 80 mg - 1~ SPC a 47
% na 90 % pfi pouZiti 200 mg - 1~ SPC. Grafické hodnoceni je podpofeno vypodtem rychlostnich

konstant v tabulce 24.
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Tabulka 24: Rychlostn{ konstanty degradace estrogenti pomoci HC/SPC; r > 0,97

kgt (min™!) | kga(min~!) | kgge(min=!) | kgz(min~!)
SPC 80 mg - 17! + HC 3,41 3,46 3,38 3,42
SPC 80 mg - 17! (60 °C) + HC 4,42 4,69 5,10 4,49
SPC 200 mg - 1! + HC 7,27 8,44 7,58 7,59
SPC 200 mg - 17! (60 °C) + HC 8,41 8,89 8,26 8,43

Vypocet rychlostnich konstant (k) eliminace estrogenti byl proveden stejnym zplisobem, jako
u kombinace hydrodynamické kavitace s Ho O tedy s pouZitim kinetického modelu pseudo-prvniho
fadu. Obdobné jako u experimentd s HC/H0O2 navySenim koncentrace SPC vedlo i ke zvySeni
hodnoty piislusné rychlostni konstanty, avSak ne v takové mite. U HC/H3O2 byl pozorovan nértist
rychlostni konstanty na dvojndsobek, u PSC az na pfibliZzné trojndsobek. Nicméné v porovnani
s HC/H304 byla vypoctend hodnota rychlostnich konstant pro odpovidajici koncentrace primérné
4 krat vyssi.

Vzhledem k tomu, Ze SPC byl v této studii pouzit k odstranéni estrogent poprvé, vysledky
byly porovndny s jinymi autory, ktefi pouZili obdobnou koncentraci HoO». Napiiklad Perondi et
al. [277] pouZili k odstranéni E2 z povrchovych vod kombinaci HoO5 (15 mg - 171) a UV zéfeni.
Vysledné rychlostni konstanty byly ve srovnani s nasimi vysledky 100krét niZsi, koncentrace E2
klesla 0 89 % aZ po 60 minutach. V jiné studii Sun a spol. [259] kombinovali HyO5 (0,7 mg - 171)
s ptidavkem 2,5 mg ozonu za ticelem odstranéni E1, E2 a E3. Byli tak schopni odstranit 84,5-
90,5 % sledovanych latek a to béhem 10 minut. Rychlostni konstanty eliminace estrogeni se tedy
pohybovaly mezi hodnotami 0,18-0,24. V rychlosti a ti¢innosti HC/SPC vyrazné pfevysuje bézné

publikované studie vyuzivajici pokrocilé oxidacni procesy k odstranéni estrogenti z vodni matrice.

2.3.3.3 Vysledky: Vliv teploty

Liu et al. ve své publikaci [279] uvadi, Ze teplota je klicovym parametrem ovliviiujicim tucin-
nost aktivovaného systému SPC. Proto byl mimo jiné sledovan i vliv teploty na aktivaci SPC.
Vysledky ukazuji, Ze zahtati roztoku SPC na 60 °C v kombinaci s HC nemélo Zddny vyznamny
vliv na déinnost odstranéni estrogend (grafy 14, 15, 16 a 17).

Obdobné se chovaly i hodnoty rychlostnich konstant, které se s teplotou jen mirné zvySo-
valy. Rozdily mezi jednotlivymi rychlostnimi konstantami se vSak pohybovaly v rozmezi od 0,45
do 1,72. Rozdil mezi teplem aktivovanym SPC a bez tepelné aktivace je v kontextu vysokych teplot

vznikajicich béhem kavitace (az 5 000 K) zanedbatelny [280].
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2.3.3.4 Vysledky: Vliv reakcni doby po HC/SPC

Dal$im sledovanym parametrem byl vliv nédslednych degradacnich reakci po SPC/HC, kdy
byl obsah estrogend hodnocen po 24hodinovém stan{ v laboratornich podminkach. Jak je vidét
na grafech 14, 15, 16 a 17 proces degradace pokracoval jesté dalSich 24 hodin po osetfeni SPC/HC.
Koncentrace estrogent tak klesla aZ na 5 % nebo méné z ptivodnich 300 ng - 1=, V souladu s tim
byl pozorovéan prudky pokles obsahu peroxidu vodiku (graf 18).

Po 24 hodinach bylo ve vzorcich stanoveno jen stopové mnozstvi estrogenti, pfipadné pod hra-
nici detekce. Tyto vysledky zdiiraziiuji vyznam procesti probihajicich po samotném oSetfeni vody.
V soucasné literatufe se primdrné mluvi o zvySovdni energie nebo ptidavani dalSich latek k pod-
poreni degradace mikropolutantti, coz je ekonomicky i ekologicky nevyhodné. Uvedené vysledky
naznacuji, Ze je potfeba brat v Gvahu i dostate¢nou post-procesni dobu, kterd miize G¢innost procesu

vyznamné zvySit.
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Graf 18: Koncentrace peroxidu vodiku méfend (A) za 3 hodiny po kavitaci a (B) za 24 hodin

po kavitaci.
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2.3.4 Hydrodynamicka kavitace jako aktivace persulfatu
2.3.4.1 Design experimentu

Dva litry vody obsahujici smés estrogenti o koncentraci 300 ng - 1~! byly ddvkovany do vyse
popsané kavitaéni jednotky (obrdzek 18). Davka PS byla zvolena 0,1 mM v souladu s dostupnou
literaturou zabyvajici se podobnym tématem [188, 198, 201, 202] a soucasné se snahou udrZet

davku na co relativné nizké trovni. Experiment byl proveden ve dvou variantach:
* PS aktivovan pouze pomoci HC,
* PS tepeln¢ aktivovan (60 °C) v kombinaci s HC.

Vzorky byly odebirdny po 4, 8, 12 a 20 sekundach experimentu, coZ odpovida 1, 2, 3 a 5
cyklim v jednotce. Mezi sledované parametry patfily pH, vodivost a koncentrace PS a estrogent.
Po odbéru byly vzorky 3 hodiny a 24 hodin ponechdny stat, a ndsledné analyzovany pomoci dfive

popsanych analytickych metod.

2.34.2 Vysledky

V prvni sadé experimentd byl PS aktivovan pouze hydrodynamickou kavitaci (bez ohfevu).
Vyrazny pokles mnoZstvi estrogend byl pozorovan uz u vzorkt odebranych po 4 sekundéch a analy-
zovanych po tfech hodindch stani. V tomto experimentu kleslo po 24 hodindch mnoZstvi estrogend

ve vzorcich pod 2 % plivodni koncentrace 300 ng - 1=! (graf 19).
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Graf 19: Relativni koncentrace sledovanych estrogent po 1, 2, 3 a 5 cyklech kavita¢ni jednotkou

(4, 8, 12 a 20 sekund); davka PS = 0,1 mM bez tepelné aktivace.
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Obdobné vysledky byly pozorovéany pfi aktivaci PS ohfevem na 60 °C. Po 24 hodindch bylo ve

vSech vzorcich stanoveno méné nez 1 % ptivodni koncentrace sledovanych estrogenti.
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Graf 20: Relativni koncentrace sledovanych estrogenti po 1, 2, 3 a 5 cyklech kavitaéni jednotkou

(4, 8, 12 a 20 sekund); ddvka PS = 0,1 mM s tepelnou aktivaci 60 °C.

Soucasné byly na zdkladé méfeni vypocteny rychlostni konstanty eliminace estrogenti (k), a to

s pouzitim kinetického modelu pseudo-prvniho fadu. Vypoctené hodnoty uvadi tabulka 25.

Tabulka 25: Rychlostni konstanty degradace estrogenti pomoci PS aktivovaného pomoci HC a HC

+60°C;r > 0,97

kEl(min_l) kE2(min_1) kEEg(min_l) kEg(min_l)

PS 0,1 mM + HC 1,24 1,51 0,94 1,62
PS 0,1 mM (60°C) + HC 1,15 1,40 1,68 1,54

Béhem experimentl byla také sledovana koncentrace PS. Z vysledkd vyplyva, Ze byla spotie-
bovéana pouze priblizné€ polovina ddvkovaného PS a je zde prostor pro piipadné snizovani davky.

Nebyl pozorovan vyznamny rozdil v koncentracich PS mezi sadou s a bez tepelné aktivace.
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Graf 21: Koncentrace PS ve vzorcich bez tepelné aktivace (A) a s vyuZitim tepelné aktivace (60

°C) (B).

Mimo jiné byla u vSech vzorkl sledovdna hodnota pH. Je vidét, Ze hodnota pH mirné klesa
s rostoucim pocétem cykll (a tim padem delsi reakéni dobou), coZ je pravdépodobné zplsobeno
tvorbou sirant ve vodném roztoku [281]. Tento trend byl pozorovén jak u experiment( s aktivac{
pouze HC, tak u kombinace HC a zahiivani. Ani v tomto pfipad¢ v§ak nebyl mezi obéma variantami

pozorovan vyznamny rozdil.
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Graf 22: Hodnota pH u odebranych vzorki po 1, 2, 3 a 5 cyklech kavitaén{ jednotkou (4, 8, 12 a 20
sekund).

Provedené experimenty ukazaly, Ze HC je uc¢innym zptisobem aktivace PS, vedle zahtati
a/nebo pouziti UV zafeni, piipadné pridani dalSich chemikalii. Tyto techniky maji vys$si investi¢ni
a provozni ndklady, at uZ v podobé rostoucich cen energii nebo vstupnich chemikalii. Mimo jiné
HC ve spojeni s tepelnou aktivaci nevykazuje synergicky efekt, ¢imz odpadd vyznam umélého

zahf{vani systému.

2.3.5 Porovnani energetické naro¢nosti AOP procesu zaloZenych na hydrodynamické kavi-

taci

Pro déely srovnavani nakladi nékterych pokrocilych oxida¢nich procest lze vyuZzit sledovani spo-
tteby elektrické energie [282]. V literatufe se pouZzivaji tzv. Electric energy per mass (EEM) nebo
Electric energy per order (EEO) jako nastroje k porovnani nakladi na rizné varianty technologic-
kych usporadani [283, 202]. V piipadé, Ze jsou koncentrace polutantl vy3si nez 10 mg - 171, mély

by byt pouzita hodnota EEM, zatimco EEO jsou aplikovany pfi koncentracich pod 10 mg - 171

Pro srovnani nami sledovanych uspofddani pfi koncentracich estrogenti 300 ng -1=! byly
vypocteny hodnoty EEO dle vzorce [283]:

Pyc-t-1000

EEO = log #-V

’
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kde Pyc je vykon Cerpadla (kWh) v systému, t je doba pusobeni (h), ¢; a ¢t jsou poéateéni
a koneéné koncentrace (mol - 171) kazdého estrogenu a V je objem systému (1).

Hodnoty jsou nasledn& uvedeny v jednotkdch kWh - m™3 - jednotka™! v grafu 23. Porovna-
vany jsou ty varianty experimentu, které nevyuzivaji dalsi energeticky ndro¢nd zatizeni (ozonizétor,

zah¥ivani).
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Graf 23: Vypoctené hodnoty EEO pro relevantni varianty.
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Diskuze

Experimenty provedené v ramci dizertacni prace se zaméfuji na nechemicky zpusob aktivace
(tvorby radikald) pomoci hydrodynamické kavitace. Nejvyssich tcinnosti bylo dosaZeno pii kom-
binaci HC s ozonem, kdy koncentrace vSech sledovanych estrogena klesla pod 5 % jiZ po jednom
cyklu kavitaéni jednotkou (4 s, bez post-treatmentu). Nevyhodou tohoto usporddani je nutnost
zafizeni na generovani ozonu a jeho relativné vysoké davky (v naSem pripadé bylo pouZito zatizen{
generujici 400 mg - hod™!). V tomto (jediném) piipadé také nebyl pozorovan vyznamny rozdil
mezi vzorky analyzovanymi po 3 a po 24 hodinéach.

Ostatni uspofddani produkovala u vzorkt analyzovanych po 24 hodindch srovnatelné vysledky,
pfi¢emZ nejlépe tcinkovala kombinace HC/SPC (200 mg -171) s piidavnou tepelnou aktivaci
SPC roztoku. MnozZstvi estrogenti ve vzorcich bylo pod/blizko MQL, pfipadné MDL. Takové
usporddani ale vyZaduje pomérné vysoké davky Cinidla a dalsi krok zahtfivani systému. Tato zatéz
je neproporciondlni rozdilu v G¢innosti oproti ndmi testovanym jednoduss$im uspotdddnim.

Jako nejméné G¢innd se ukazala byt kombinace HC /HOs (¢ = 20 mg - 171). PfestoZe ve vzor-
cich osetfenych jednim cyklem v jednotce bylo po 3 hodinéch stani kolem 90 % ptivodniho mnoZzstvi

estrogentl, po 24 hodinich tato koncentrace klesla pod 10 % u vsech sledovanych latek.

Prokézali jsme, Ze sledované estrogeny lze ucinné eliminovat z vody béhem kritké doby
pasobeni AOP a to b&hem né&kolika sekund. Vyrazné tbytky byly pozorovany jiz po 1 cyklu
jednotkou. Po 24 hodinéach stani bylo ve vSech pripadech méné nez 10 % pocatecni koncentrace
vSech sledovanych estrogeni. Relativné kratké ¢asy pusobeni technologie nejsou v kontextu AOP
bézné. Velmi Casto jsou experimenty provadény po dobu desitek az stovek minut. B€Zné jsou také
relativné mald mnoZstvi oSetfované vody a vysoké koncentrace sledovanych polutantii. Na druhou
stranu vyrazny rozdil mezi vzorky analyzovanymi po 3 a 24 hodinidch vypovid4 o probihajicich
degradacénich pokusech i post-treatment. V praxi by tak bylo nutné zvazit vhodnou dobu zdrzeni
po technologii/pfed vypusténim do recipientu.

Nicméné instalace Venturiho trubice je ve srovndni s jinymi zndmymi alternativami AOP
relativné snadnd, snadno pouZitelnd, ekonomicky a ekologicky Setrnd. PrestoZe byla hydrodyna-
micka kavitace vyznamnym prvkem vSech sledovanych usporadani, sama o sob€ se neukdzala byt

ucinnym zpisobem, jak eliminovat estrogeny z vody.
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Graf 24: Porovnani relativnich koncentraci jednotlivych estrogenti po 4 s pusobeni sledovanych

kombinaci HC a oxidacnich c¢inidel po 3 a 24 hodinach stdni.
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Graf 25: Porovnani vypoctenych rychlostnich konstant odbourdvani sledovanych estrogend.

Kromé vybranych AOP procesi byla hodnocena i vhodnost materialu pouZivaného pii nakla-
danf se vzorky estrogent. VSechny testované plastové materidly se béZné pouzivaji v laboratofich,
chemickém priimyslu nebo potravinaiské vyrobé véetné nebo také kontrole kvality vody. Adsorpce
estrogentl na né miZe zplsobit potencidlni ztraty, a tim podcenéni skute¢né koncentrace estrogent
v analyzovaném vzorku. Naopak desorpce do vzorku muze zvysit pfinejmensim hladinu pozadi
a zplsobit nesrovnalosti pfi analyzach, zejména u vzorkd s koncentracemi blizkymi mezim de-
tekce/kvantifikace. Sorpéni experimenty byly provedeny pro Sest materiali: SBR, EPDM, PTFE,
Tygon S3™, PVDF a PVC. V nasem piipadé se primarné jednalo o vybér spojovaciho materidlu
na kavita¢ni jednotce typu hadice a tésnéni. Cilem bylo zabrénit sorpci a pfipadné ¢asem desorpci
analytl, coz by vedlo ke zkresleni vysledkt. Na zdkladé vysledkl screeningovych testi byl pro
nésledujici experimenty zvolen EPDM, ktery byl i nakonec redlné pouZit pfi dalSich experimentech
s odstraiovanim estrogentl z vody. Materidl EPDM ma ve srovnani s obdobné vychazejicimi PTFE
a PVDF privétivéjsi materidlové vlastnosti, jako je poddajnost, kterd umoziiuje mensi ihel ohybu

a tifm padem dsporu materidlu vedouci k sniZeni celkového objemu systému.
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Zavér

Cilem piedlozené dizertacni prace bylo popsat soucasny stav vyskytu estrogend v Zivotnim
prostieni a jejich vlivu na necilové organismy, klasifikovat a popsat AOP technologie a posoudit
ucinnost vybranych AOP procest pii odstrafiovani estrogenti z vodni matrice. Kli¢ovou roli hrila
hydrodynamicka kavitace jakozto technologicky jednoduchy a G¢inny zptisob produkce hydroxy-
lovych a siranovych radikdlt z riiznych oxida¢nich ¢inidel.

Prvnim krokem bylo posouzeni vhodnosti spojovacich materidlG pouZzitych pii konstrukci
laboratorni AOP jednotky. Prioritou bylo minimalizovat pifipadny vliv sorpce na povrchy uvnitf
systému a béhem manipulace se vzorky. Na zdklade€ vysledki byla jednotka konstruovana s vyuzitim
EPDM jakoZto materidlu hadic spojujicich jednotlivé ¢4sti systému.

V dalsi ¢asti, kde jsme sledovali Gcinnost spojeni hydrodynamické kavitace a béZné pouZi-
vanych oxidac¢nich ¢inidel, jsme prokazali vyznamny pokles jiz po 4 s, tedy po jednom cyklu.
Redlné je tak moZné uvazovat o tomto experimentu jako o pritoéném usporadani, coz predsta-
vuje nemalou vyhodu pro potencidlni aplikaci do redlného provozu, stejné jako jednoduchost a ve
srovnani napiiklad s vyuzitim UV zéreni energeticka nendrocnost. Na druhou stranu je i v malém
méfitku kavitace relativné hlu¢ny proces. To by mohlo byt dileZitym faktorem pro rozhodovand,
zda bude potencidlni subjekt chtit technologii vyuZivat. PfedloZend préce otevird prostor pro dalsi
vyzkum zaméfeny na redlné odpadni vody a hledan{ technologicky prijatelného zptisobu zaclenéni

do cistirenského provozu.
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VUV
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persulfat
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polyvinylchlorid

reverzni osmdza
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ultrazvuk (Ultrasound)
ultrafialové zareni

tdaje nejsoou k dispozici
Vacuum Ultraviolet Light
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Zivotni prostedi

136



Seznam obrazku

10
11
12

13
14
15
16
17
18

Zatazeni estrogentli do skupiny endokrinnich disruptora [14] . . . . .. ... ..
Pozorované koncentrace (ng - 17 !) jednotlivych skupin endokrinnich disruptort ve
SVELE [14] . . . . o e e e
Struktury estrogend E1, E2, E3aEE2 . . ... ... ... ............
Celosvétova distribuce estrogeni v fi¢nich a povrchovych vodach. Kazdy kolacovy
graf obsahuje pfirozené estrogeny: E1, E2, E3 a synteticky EE2 jako procenta
z celkového mnozstvi estrogent detekovaném v dané lokalité. (Na zakladé dat z
obrazku5a6)[16]. . . . . . . . . e
Vstupni udaje pro obrdzek 4 (1/2): Hladiny estrogenu v povrchovych vodach
(ng - 1" na riznych lokalitaich [16]. . . . . . . . . .. ... ... ... .....
Vstupni ddaje pro obrdzek 4 (2/2): Hladiny estrogenu v povrchovych vodich
(ng - 17 Y narGznych lokalitaich [16]. . . . . . . . ... ... ... ........
Celosvétovd distribuce estrogent na COV. Kazdy kold¢ovy graf obsahuje pfiro-
zené estrogeny: E1, E2, E3 a synteticky EE2 jako procenta z celkového mnozstvi
estrogent detekovaném v dané lokalité. (Na zakladé dat z obrazku 8) [16]. . . . .
Vstupni tdaje pro obrdzek 7: Hladiny estrogenu na COV (ng -171) na réiznych
lokalitach [16]. . . . . . . . . e
Plsobeni estrogent v Zivotnim prostfedi [46] . . . . . ... ... ...
Negativni G¢inky estrogenti v Zivotnim prostfedi na lidské zdravi [82] . . . . . .
Dva zdkladn{ typy rektort s vyuzitim UV LED diod jakoZto zdroje zafeni [169] .
Zavislost intenzity zareni prochazejictho vodou o transmitanci 94 % na vzdalenosti
od zdroje zareni (vypocteno z Lambert-Beerova zdkona) [159]. . . . . . . .. ..
Persulfatové soli [188] . . . . . . . . . . . . .
Reakce Stépeni persulfatu [155] . . . . . . . . . . . ...
Kolaps kavitacni bubliny v blizkosti volného povrchu [205,206] . . .. ... ..
Vyhody a nevyhody jednotlivych metod aktivace PS (pfevzato a upraveno z [188])
Chromatogram LC-MS/MS analyzy (kalibra¢ni bod, c=300ng -17') . . .. ..

Schematické zndzornéni kavitacni jednotky . . . . . ... ... ... ... ...

137

10

16

17

18

19

20
21
25
38



Seznam tabulek

VS I \S]

[o B e Y|

10

11
12
13
14
15

16
17
18
19
20

21

22
23

Vyznamni zastupci skupiny endokrinnich disruptort a jejich pouziti [7] . . . . . 6
Fyzikalné chemické vlastnosti estrogenti [15] . . . . .. ... ... ... .... 11
Vybrané koncentrace estrogenti v zem&délstvi. UND = tddaje nejsou k dispozici. [16] 12

Pramérné vyluGovani steroidnich estrogent ¢lovékem (na osobu) pg - den—!. UND,

udaje nejsou k dispozici. [16] . . . . . . . . . ... 13
Vyskyt piirodnich estrogent v ZP vng - 171 [44] . . ... ... .. 14
Piipustny denni piijem estrogenti potravou pro ¢lovéka (i - den™) [16] . . . . . 26
Souhrn potencidlnich rizik a dlohy jednotlivych estrogenti [45] . . . . . ... .. 27

Utinnosti odstranéni piirodnich estrogenti na méstskych COV; SBR (sequencing
batch reactor) vsadkovy reaktor; BF biologicka filtrace; MBR membranovy biore-
aktor  uvedeno jako minimum-maximum (pramér); ® na zdkladé ti{ riznych COV;
¢ na zdklad& osmi riznych COV; ¢ na zdkladé dvou riznych COV; © na zakladé
péti riiznych COV; ™ na zdkladg &trndcti riznych COV [90] . . . . . . . ... .. 28
Utinnost biologického odstranéni EE2 [131] . . . . . . . ... ... ... .... 31

Ucinnost odstranéni EE2 pomoci membranovych technologif [131];* za optimali-

zovanych podminek; HFMF membrdna s dutymi vldkny . . . . . . ... .. .. 32
Déleni UV zéfeni podle vinovych délek [157,158,159] . . . . .. .. ... ... 36
Excimery a korespondujici maxima emitovaného spektra [163] . . . . . . . . .. 37
Excimery a korespondujici maxima emitovaného spektra [163] . . . . . . . . .. 37
Odstranéni polutantt pomoci US/PS systému [188] . . .. .. ... ... .... 49

Odstranéni polutantii pomoci HC/PS systému [ 188] (TCH = Tetracyklin hydrochlo-

rid, PAHs = polyaromatické uhlovodiky) . . . . . . .. ... ... ... 52
Odstranéni estrogent z vod pomoci riznych AOP [131] . . .. ... ... .... 59
Gradient HPLC separace . . . . . . . . . . . . . . i 64
Nastaveni detektoru . . . . . . . . ... L 64
Retenéni ¢as jednotlivych estrogend a jejich MRM prechody . . . .. ... ... 64

Validované parametry analytické metody; *k vyhodnoceni byly pouZity vzorky
obsahuji 100 ng - 1= jednotlivych estrogenid v kohoutkové vodé, potet mé&feni n = 6 65

Vytéznost (%) estrogend na jednotlivych koncentraénich trovnich a matricich

(* deionizovand voda, P kohoutkovd voda) . . . . . .. .. ... ... 66
Vlastnosti materidlli testovanych na sorpci/desorpci estrogentt . . . . . . . . . . 69
Rychlostn{ konstanty degradace estrogenti pomoci HC/H2O9;1r > 0,97 . . . . . 78

138



24 Rychlostni konstanty degradace estrogenit pomoci HC/SPC; r > 0,97

25 Rychlostni konstanty degradace estrogenti pomoci PS aktivovaného pomoci HC a

HC+60°C;r>097 . ... . . . . . . . e

139



Seznam priloh

Pfiloha1l  Rapid AOP method for estrogens removal via persulfate activated by hydrodynamic cavitation
Piiloha2  New, fast and green approach of percarbonate activation using hydrodynamic cavitation
and its application in estrogens removal
Pfiloha3  Adsorption and desorption of selected estrogens on materials commonly used in water sampling
and sample handling

Piiloha4  Anxiety in Duckweed—Metabolism and Effect of Diazepam on Lemna minor

140



B ater

Article

Rapid AOP method for estrogens removal via persulfate acti-
vated by hydrodynamic cavitation

Petra Pfibilova 12, Klara Odehnalova 2, Pavel Rudolf 3, Frantisek Pochyly3, étépén Zezulka 2, Eliska Marsalkova 2,
Radka Opaftilova ¢, Blahoslav Marsalek 2*

Citation: To be added by editorial

staff during production.

Academic Editor: Firstname Last-

name

Received: date
Accepted: date
Published: date

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution  (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

1 Institute of Chemistry and Technology of Environmental Protection, Faculty of Chemistry, Bro University of Tech-
nology, Purkynova 118, 612 00 Brno, Czech Republic; petra.pribilova@ibot.cas.cz

2 Institute of Botany, Czech Academy of Sciences, Lidicka 25/27, 602 00 Brno, Czech Republic;
klara.odehnalova@ibot.cas.cz (K.O.); stepan.zezulka@ibot.cas.cz (5.Z.); eliska.marsalkova@ibot.cas.cz (E.M.)

3 Brno University of Technology, Faculty of Mechanical Engineering, V. Kaplan Department of Fluid Engi-
neering, Technicka 2896/2, 61669 Brno, Czech Republic; rudolf@fme.vutbr.cz (P.R.); pochyly@fme.vutbr.cz
(E.P.)

4 Faculty of Pharmacy, Masaryk University, Zerotinovo ndm. 1, 602 00 Brno, Czech Republic; opatri-

lovar@pharm.muni.cz (R.O.)

Correspondence: marsalek@sinice.cz

Abstract: The production and use of manufactured chemicals have risen significantly in the last few
decades. With interest in preserving and improving the state of the environment, there is also grow-
ing interested in new technologies for water purification and wastewater treatment. One frequently
discussed technological group is advanced oxidation processes (AOPs). AOPs using sulphur-based
radicals appear to reduce the volume of organic contaminants in wastewater significantly. The use
of persulfate has excellent potential to successfully eliminate the number of emerging contaminants
released into the environment. The main disadvantage of sulphur-based AOPs is the need for acti-
vation. We investigated an economically and environmentally friendly solution based on hydrody-
namic cavitation, which does not require heating or additional activation of chemical substances.
The method was evaluated for emerging contaminant removal research, specifically for the group
of steroid estrogens. The mixture of estrone (E1), 17B-estradiol (E2), estriol (E3) and 17«a-ethi-
nylestradiol (EE2) was effectively eliminated and completely removed during a treatment which
lasted just a few seconds. This novel method can be used in a broad spectrum of water treatment

processes or as the intensification of reactions in chemical engineering technologies.
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1. Introduction

Steroid estrogens are representatives of a group of pollutants called endocrine dis-
ruptors. Their increased environmental presence poses a potential risk to wildlife and hu-
man health, even at low concentrations. Estrogens are suspected of developing defects or
diseases, such as reproduction dysfunction, metabolic diseases, cancer, and many others.
The suggested link to increased numbers of patients with breast cancer — the most diag-
nosed cancer in women - is alarming [1]. Besides harming humans and animals, steroid
estrogens also affect plant growth [2].

HO

HO

EE2

Figure 1: chemical structure of selected estrogens

The physical-chemical properties of these compounds play an essential role in predicting
their fate in the environment. Estrogens are poorly soluble in water. The values of the
octanol/water coefficient (Kow) - defined as the ratio of the concentration of a compound
in n-octanol and water under equilibrium conditions at a specific temperature - indicate
a~slightly hydrophobic behavior and thus a tendency to sorb to the solid phase and thus
be retained in the environment. [3, 4].

Most estrogens are excreted from the body in the urine in conjugated form. These polar
conjugates are biologically inactive and more soluble in water. Nevertheless, at the influ-
ent of the wastewater treatment plant, they are found primarily unconjugated estrogens
indicating hydrolysis of the conjugates prior to entering the treatment plant caused by
bacteria like E.coli [4].

The crucial factor in polluting the environment with these substances is inadequate
wastewater treatment. Although there already are methods that can satisfactorily reduce
concentrations of various pollutants entering the environment, their application in prac-
tice demands both technologically and economically. On the other hand, wastewater treat-
ment research has been actively producing new technologies based on various mecha-
nisms with various efficiency levels. Traditional Fenton and Fenton-like processes, ozoni-
zation, UV-based methods or other heterogenous photocatalyzed processes have been
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studied, modified, and intensified for over two decades [5]. Significant development has
been achieved in advanced oxidation processes (AOPs) based on highly reactive radicals.

Sulphate radical (504:") based AOPs play a significant role in advanced wastewater treat-
ment development. Sulphate radicals are usually generated from persulfate (PS), supplied
as Na25:0s, or less commonly from peroxymonosulphate (PMS) in the form of
2 KHSOs-KHSO4+K250s4 [6]. It should be noted that the PS method is more cost-effective
and, in practice, more user-friendly than PMS [7]. Sodium persulfate is a white crystalline
compound highly soluble in water (73 g/100 g H20 at 25°C [6,8], providing easy manipu-
lation. Although PS is a powerful oxidant, some form of activation is needed to be used
for pollutant degradation at a reasonable rate [7]. Many papers have already been pub-
lished on PS activation; some introduce potentially environmentally responsible technol-
ogies, such as thermolysis or photolysis.

Heat- or UV-activated persulfate has a significant advantage as it does not require addi-
tional chemicals, thus being a potentially environmentally responsible technology. How-
ever, it is necessary to consider the cost and impact of using the electric energy needed for
UV lamps or other additional energy to heat the system. Also, it must be recognized that

heating is not economical since thermal heating has been classified as pollution, nor is it
ecological [6] in recent literature. Table 1 lists some examples of PS activation methods.
Table 1: Examples of PS activation methods
Method Pollutant Efficiency Commentary Reference
The high scavenging effect, possible in- [9]
UV and/or transition ' 99.9% within 4 hibition by dissolved oxygen, .
metals: Fe(II), Fe(III), 2,4-dichlorophenol secondhand water contamination with
hours . . .
Co(ID), Ag(I) high concentrations of metal ions, pro-
longed reaction time
Iron-based nanoparti- High cost and potential environmental [10]
cles (bimetallic zero va- . >99% in 20 s risk caused by nanoparticles
. trichloroethylene ..
lent nanoparticles) reaction time
Fe/PS process
PS and PMS activation Best results achieved at lower pH [11]
by electrophilic transi- (pH=3) and higher PS concentrations
tion metal cations microcystin-LR ~77% in 10 [PMS]/[MC-LR] molar ratio = 100
(Ag* and Co%*), UV minutes
(300 < A <400 nm)
and/or heat (T =30 °C)
. . o The concentration of PS 1 mM; dose of [12]
Magnetite nanoparti- . 90% within . _ .
norfloxacin . nanoparticles: 0.3 g L!; adjusted pH =
cles/PS 60 min 40
. High costs and complicated in practice [13]
o)
TiO2/light/PS acetaminophen up to 100% in’9 (high dose of PS, pH adjustment, pro-
hours, pH9 L
longed reaction time)
. Addition of hazardous chemicals and [14]
. over 60% in 8 L .
Phenols/PS nitrobenzene the need for significant pH adjustment,
hours, pH11.5 L
prolonged reaction time
. . over 60% in 1 The mechanism of persulfate activation [15]
P tivat -
S activated by qui PCBs hour, over 80% was primarily elucidated
nones .
in 2 hours
PS activated by Fe? diuron, il?uprofen >9'0% in 240 pH adjgstment needed; kinetics model [16]
and caffeine minutes primarily evaluated
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PS activa.te.d by nitro- 590% under 30 Phenol concentration = 20 ppm; catalyst [17]
gen-modified carbon phenol . dose 0.2 g/L

minutes
nanotubes
80% degrada- The activation effectiveness decreased [18]
. o .
PS/activated carbon Azo dye (orange 7) t10'n anc} 50‘A) by adsorption of the pollutant on the
mineralization catalyst
in5h
. . . The best results were achieved in com- [19]
O,
Thermally activated PS 59 volatile organic >90% in 72 bination with 5 g I"! of Na25:0s at 40 °C
compounds hours
for 72 h
. N 80% removal Anaerobic conditions favoured degra- [20]
Thermally activated PS antipyrine within 2 h dation (20%)
595% in 45 Photolysis (22.0%), persulfate oxidation [21]
UV/PS sulfamethazine o (15.10%), UV/H202 (87.5%) efficiencies
minutes . .
were also investigated
o/ 1 (o) ~ 00
UV/PS cylindrospermopsin >9'9 % in 20 UY (.less'than 5%) and' UV/HzOz (~20%) [22]
minutes efficiencies were also investigated
UV/PS 2,4,6-trichloroan- >80% in 30 Mechanism and kinetics were primarily [23]
isole minutes investigated
89.4% in 120 PS and ultrasound efficiencies were also [24]
PS/sonolysis carbamazepine minutes, pH investigated; PS alone with less than
3.0 50% and ultrasound with less than 5%
High temperatures enhanced sulfate [25]
o . . . :
PS/sonolysis bisphenol A >9'0 % under 60 I‘adlCE.ll form.:at%on but impeded sono
minutes chemical activity.

By-products were also investigated

Both environmentally and economically sustainable methods are still needed in optimal
wastewater treatment technology. The methods mentioned above are only effective to a
certain extent and are associated with high time requirements. Experiments are usually
performed within tens of minutes, sometimes up to two or three hours, once for days [9-
30]. Such a time delay is difficult to achieve in actual life water treatment. Therefore, we
present results with a time allowance of a few seconds and an efficiency comparable to or
higher than previously published alternatives.

We studied hydrodynamic cavitation (HC) as a persulfate activation process, which is
presented as an essential step in persulfate-based advanced oxidation processes (AOP).
Hydrodynamic cavitation is based on lowering the pressure in the system, causing the
formation of imploding bubbles and a local increase in temperature. The imploding pro-
cess generates a shock wave with enough energy to produce radicals that are the basis of
AOQOP [31, 32]. The main advantage is that there is no need for other added substances, no
pH adjustment, significantly shorter treatment time (seconds) and saving energy (the sys-
tem does not need to be heated, and cavitation can be provided just with the gravitation-
based flow).

2. Materials and Methods
2.1 Chemicals and reagents

Estrone standards (E1; 99%); 17p-estradiol (E2; 98%), estriol (E3; 98%) and 17a-ethi-
nylestradiol (EE2; 98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). As
internal standards for the quantification of estrogens, deuterated 173-estradiol (E2D) was
used for the quantification of estrone, estradiol and estriol, and deuterated 17ca-ethi-
nylestradiol (EE2D) for the quantification of ethinylestradiol cations, both purchased from
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C/D/N Isotopes Inc. (Pointe-Claire, Quebec, Canada). Solvents methanol and acetonitrile 108
for LC-MS and acetone for HPLC were purchased from Sigma-Aldrich (St. Louis, MO, 109
USA). Ultra-purified distilled water was produced directly in the laboratory using a Mil- 110
lipore system (Merck KGaA, Darmstadt, Germany). 111

Formic acid was used as the mobile phase (0.7 mM), hydrochloric acid to adjust the pH of 112
the samples before analysis, dansyl chloride (1 mg/ml in acetone) in the derivatization of =~ 113
estrogens to increase the sensitivity of the method, and sodium bicarbonate (100 mM; pH 114
=10.5) as a derivatization buffer. 115

In experiments, Na25:0s was purchased from Sigma-Aldrich (St. Louis, MO, USA); Kland 116
NaHCOs which was used in spectrophotometric determination of PS by Penta, s.r.0., 117
(Czech Republic). 118

2.2 Experiment design 119

The experiments were performed on two litres of spiked water with an estrogen con- 120
centration of 300 ng'L! in the cavitation unit consisting of a tank, a pump, Venturi tube 121
and control valves (Fig. 2). The unit operates in circulation mode at speed flow 0.45L's?, 122
inlet pressure 450 kPa and power of the pump 0.75 kW. The experiment was performed 123
in three variants: (i) PS activation by HC, (ii) with thermal activation of persulfate (60 °C) 124
combined with HC and (iii) HC only. 125

The PS dose was chosen to be 0.1 mM in accordance with the available literature 126
dealing with a similar topic with a low time requirement and a task to keep the dose at 127
a reasonable level [12, 19-25, 31]. 128

VT - Venturi tube

D od _

Vg
i

@ | |

Pump > il

129

Figure 2: Design of laboratory cavitation equipment 130

Treated water was circulated through the system and sampled after 4, 8, 12 and 20 seconds 131
of treatment (1, 2, 3 and 5 cycles through the system). The monitored parameters include 132
pH, conductivity, persulfate and estrogen concentrations. With regard to future research, 133
neither the ionic strength nor the pH of the solutions was adjusted in any way to minimize 134
the operational steps, so the procedure was as economical as possible and potentially suit- 135
able for practical implementation. The pH, temperature and conductivity were measured 136
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using a Combo pH/EC meter (Hanna, HI 98129). Since the sulfate radical is more stable 137
and, therefore, it has a longer lifetime than the hydroxyl radical and its reaction rate is 138
slower [33], after collection, the samples were untouched for 3 hours and 24 hours, so the 139
degradation of destabilized molecules had sufficient time to take place. 140

2.3 Analytical method 141

The analytical method of estrogen analysis has already been published and described 142
[34]. The sample was analyzed using the HPLC/MS (QQQ) system by Agilent Technolo- 143
gies, CA, USA. The column used for analysis was Poroshell 120 EC-C18 (2.1 x 100 mm, 2.7 144
pm); the mobile phase was a mixture of 7mM HCOOH and acetonitrile with a flow of 0.35 145
mL 'min™. In short, the pH of 50 mL of the sample was adjusted to pH =3 (+0,2), extracted 146
with an SPE cartridge (Waters Oasis hydrophilic-lipophilic balance (HLB) cartridges) to 147
8 mL of methanol, dried, reconstituted in 20 pL of acetone, derivatized with dansyl chlo- 148
ride, dried again and dissolved in 1 mL of 40% methanol. 149

Spectrophotometric analysis was used to determine the persulfate concentration. 1 mL of 150
reagent (KI/NaHCOs) was added to 200 puL of the sample [35], and the sample was mixed 151
well and allowed to react for 20 minutes in the dark. The reaction product was analyzed 152
at 394 nm in a 96-well plate using a SparkTM multimode microplate reader (Tecan, Aus- 153
tria). 154

3. Results 155

All the experiments were performed using a persulfate concentration of 0.1 mM. In 156
the first set, the system was activated by hydrodynamic cavitation only (without heating). 157
As can be seen in Fig. 3, after only one cycle through the cavitation unit (f = 4s), the con- 158
centration of the estrogen mixture drops to approximately 60% of the initial concentration. 159
After 24 hours, the concentration lowered to a fraction of the initial amount. Simultane- 160
ously, a decrease in persulfate content in the mixture was observed, confirming its con- 161
sumption in estrogens removal (see Fig. 3B). 162
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Figure 3: 3A.: Relative concentration of estrogens after treatment with persulfate (0.1 mM) activated
by HC; 3B.: Relative concentration of estrogens after treatment with persulfate (0.1 mM) activated
by HC combined with heat (60°C); 3C.: Relative concentrations of estrogens treated with persulfate
(0.1 mM) activated by HC (8, 12 and 20 s treatment) analyzed 3 and 24 hours after reaction; 3D.:
Relative concentrations of estrogens treated with persulfate (0.1 mM) activated by the combination
of HC (8, 12 and 20 s treatment) and heat (60°C) analyzed 3 and 24 hours after the reaction

The second set of experiments was performed by combining heat and HC activation. The
combined activation showed slightly less pronounced results three hours after treatment,
but no significant difference was observed after 24 hours (Fig. 3B).

Although the most significant data obtained are related to a single flow through the cavi-
tation device, degradation after 2, 3, and 5 cycles (8, 12, and 20 seconds) were also ob-
served. Within 3 hours, post-reaction processes occurred, and more intensive estrogen re-
moval was observed. However, after 24 hours, these differences disappeared, and PS ac-
tivated by hydrodynamic cavitation destroyed 95-99% of selected estrogenic compounds,
similar to the PS activated by HC and 60°C heating (compare Fig. 3C and Fig. 3D).

The graphical results are supported by the calculation of the rate constants in Table 2.
Based on the kinetic model of pseudo-first order, degradation constants (k) of estrogens

were calculated according to Formula 1:

~In (z—:) —kxt, 1)
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182

where co and c: represent the initial concertation and concentration at time ¢ (min), respec- 183

tively [32, 36]. 184
Table 2: The pseudo-first-rate constants of estrogens degradation; r > 0.97. 185
Conditions ke1 (min?) ke2 (min?) kes (min?) kee2 (min?)
PS 0.1 mM + HC 1,24 1,51 0,94 1,62
PS 0.1 mM (heat activated 60°C) + HC 1,15 1,40 1,68 1,54
186

PS concentration was also monitored during the experiments. The results show that only 187

about half of the dosed PS was needed, and there is room for possible dose reduction. 188
Also, no significant difference in PS concentrations was observed between the set with 189
and without thermal activation. 190
A
0,14
0,12
0,1
§ 0,08
&
S 0,06
0,04
0,02
0
control 1_cyde 2_cycles 3_cydes 5_cydes
B
0,14
0,12
0,1
g 0,08
&
5 0,06
0,04
0,02
0
control 1_cyde 2_cycles 3_cycles 5_cydles

BPS(mM) MPS(mM)after3h WPS(mM) after24h

191

Figure 4: 4A.: Concentration of PS after treatment with PS (0.1 mM) activated by HC; 1,2,3and 5 192
cycles through the unit corresponding with 4, 8, 12 and 20 seconds of treatment 4B.: Concentration 193
of PS after treatment with PS (0.1 mM) activated by HC combined with heat (60°C); 1,2, 3 and 5 194
cycles through the unit corresponding with 4, 8, 12 and 20 seconds of treatment 195

To evaluate the effect of HC alone, a set of experiments was performed without added PS. 196
Figure 5 shows that HC alone does not eliminate estrogens and only acts as a tool to acti- 197
vate PS. 198
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Figure 5: Relative concentration of estrogens after treatment with HC only. 200

Simultaneously, the pH value was monitored for all samples. It can be seen that the pH 201
value decreases slightly with an increasing number of cycles (longer reaction time). This 202
phenomenon is possibly caused by the formation of sulphates in the aqueous solution 203
[37]. This trend was observed for both the HC-only and HC-heat-activated sets. However, 204

even in this case, no difference was observed between the two variants. 205
8
7
-
Q.
6
5
control 1_cycle 2_cycles 3_cycles 5_cycles
-@= PSO0.1mM+ HC = PS0.1 mM (heatactivated 60 °C)+ HC
206

Figure 6: pH levels of samples after treatment with PS (0.1 mM) activated by HC; 1, 2, 3 and 5 cycles 207
through the unit corresponding with 4, 8, 12 and 20 seconds of treatment; and after treatment with 208
PS (0.1 mM) activated by HC combined with heat (60°C); 1, 2, 3 and 5 cycles through the unit corre- 209
sponding with 4, 8, 12 and 20 seconds of treatment 210

For the purpose of cost comparison of some advanced oxidation processes, electricity con- 211
sumption can be used [33]. Electric energy per mass (Eem) and Electric energy per order 212
(Eeo) were reported to be useful for calculating of diffrent types of treatment [38, 39]. When 213
contaminant concentrations are greater than 10 mg-L-!, the Eem should be applied, while 214
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the Eeo should be applied when contamination concentrations are less than 10 mg-L-'. To
calculate treatment costs for the estrogen’s concentrations (300 pg-L") Eeo was selected.
Eeovalues (kWh-m--order') were calculated using the following Formula 2 [38].

Py X t X 1000

Epo = C: ) 2
log(=) xV 2)
g(; f)

where Prc is the rated power of the pump (kW) in the HC system, ¢ is the treatment time
(h), ci and cf are the initial and final concentrations (mol-L!) of each estrogen and V is the
reaction volume (L).

Calculated values in kWh-m--order? for PS 0.1 mM activated by HC, 4 s long treatment
are Eeo(E1) = 2.02; Ero(E2) = 2.10 Ero(E3) = 1.12 and Eeo(EE2) = 2.15. In the case of PS 0.1
mM activated by the combination of HC and heat, the energy of external heating depend-
ing on the heating source must be considered, so the formula cannot be applied. Obvi-
ously, the energy consumption is much higher in heat combined activation than in the
case of HC activation.

4. Discussion

Our experiment setup is unique in the short time needed for the actual treatment and
proves no need for additional system heating. For comparison, the study performed on
wastewater to eliminate frequently occurring pharmaceuticals using PS was accom-
plished at increased temperatures of 55, 64 and 75°C. To achieve at least a 50% decrease
in the concentration of the monitored drugs, the wastewater had to be heated up to 75°C
and allowed to react for 50 minutes (PS concentration <500 uM) [30].

Other studies focusing on eliminating estrogens by AOP produced results in reduc-
ing concentration, summarised in Table 3 [26].

Table 3: Estrogen removal based on AOP with focus on PS-based AOP

Method Estrogen Efficiency Reference
Fenton oxidation EE2 (200 pg-L1) 100% in 10 minutes [27]
Photo-Fenton E2 (272 ug-L?) 86.4% in 8 hours [28]
Photo-Fenton E2 (1 mgL?) 98% in 60 minutes [29]
PS/modified Fenton-like process E2 (6 mg-L") 100% in 90 minutes [30]
PS/UV El, E2 and EE2 (5 pM) over 95% in 5 minutes [31]
UVC/PS/TiO: (on ceramic membrane) E2 and EE2 (100 pg-L?) uder 45% ir:n::i)ation time [40]
PS activated on nanoscale zero-valent
iron loaded porous graphitized E2 (3 mg-L1) 100% in 45 minutes [41]
biochar
PS/visible light/Bi2WOs/Fe304 E2 (5 mg-L") ~70% in 60 minutes [42]
PS activated by reduced graphene
oxide—elemental silver/magnetite EE2 (10 uM) ~90% in 15 minutes [43]

nanohybrids
PS/ultrasound E2 (5 mg-L") over 90% in 90 minutes [44]

215
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PS/HC

El, E2, E3 and EE2 (17-239 ng-L), real

PS/ultrasound over 95% in 10 minutes [45]
wastewater sample
99% in 4 seconds This
E1, E2, E3 and EE2 (300 ug-L™)
treatment study

Although these methods show promising efficiencies and some even in a relatively short
time, Fenton-like oxidations are specific for the relatively high amount of waste and the
demand for added chemicals and/or energy; for example, to eliminate EE2 200 ug-L-!
within 10 minutes, 5 mg-L-" of Fe?* and 8.6 mg-L-! of H20: is needed [26].

Promising results were observed in literature; using UV-activated PS (c =40 mg-L1), 50%
of the E2 concentration was removed in deionized water within 5 minutes. However, in
natural wastewater, it was necessary to increase the concentration of PS to 200 mg-L to
achieve similar results [47]. Similar results were observed in a study degrading E1, E2 and
EE2 (5 uM) in 5 minutes (PS dose 5 mM, pH = 6, UV-B) [31]. UV-based activation of PS
has shown to be fast and effective. The main disadvantage in comparison to PS/HC system
is the need of a UV source, which represents extra operation costs.

Also, heating activation was performed to eliminate the common pharmaceutical drug
ibuprofen —the temperature required to achieve the half-life of 3.6 minutes (initial concen-
tration 20.36 uM) was 70°C [48]. When using a PS concentration of 2 mM and 50°C tem-
perature conditions, more than 360 minutes were required to remove at least 50% of the
sulfamethoxazole. For other sulfonamides, at least six minutes were required to halve the
initial concentration [9].

Another drug, the antibiotic chloramphenicol, was degraded by combining PS/UV. The
experiments were performed under natural conditions, and complete elimination was
achieved within 1 hour [50]. Similarly time-consuming is the successful degradation of
the beta-blocker bisoprolol, which requires thermal activation of PS for at least 60°C and
a contact time of 1 hour [51]. A study combining thermal and UV activation on municipal
wastewater, achieved E2 removal of over 90% within an hour [52].

Based on the available literature, it is assumed that SO+ and HO® radicals are involved
in removing estrogens by HC-activated PS [45,52]. HC-based treatment has also been re-
ported to promote the generation of HO:e and O:-radicals [53, 54]. Nevertheless
SO4s e and HOe are significantly stronger oxidants than HO2¢ and Oz [53].

The positive synergy of PS and HC has already been proven on degradation of polycyclic
aromatic hydrocarbons in sediments removing PAH by 79% in 60 min [39], our set-up
proves the ability of HC-activated PS effectively eliminate estrogens in a short time, even
on a flow-through-like system.

Since AOPs represent a large number of various processes they are difficult to compare
with each other from different points of view. Based on Eeo values, AOP can be classified
into three groups:

e <1kWhm?3order! for representing a realistic range for full-scale application,
e 1-100 kWh-m3-order for, a group that is possibly too energy intensive for most

practical applications but still can be recommended for further full-scale-applica-
tion investigation,
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e >100 kWh-m?-order?, that is considered as not (yet) energy efficient [55]. 277
278

Our results show that the PS activated by HC should be classified in group 2. Neverthe- 279
less, the financial complexity of AOP processes is highly dependent on operating costs. 280
Here, it is necessary to think about the equipment's lifespan. For comparison, this can be 281
a limiting factor in PS activation in frequently used UV lamps (with a lifespan of around 282
12000 h) and other UV-based AOPs. Also, compared to similarly operating ultrasonic ac- 283
tivation, HC has been reported to be 10 times more efficient in the means of electricity 284
consumption [56]. 285

The above examples show that heating, adding additional chemicals, and/or UV radiation 286
is required to eliminate estrogens or other drugs using PS-based AOPs successfully. Com- 287
pared to using hydrodynamic cavitation as PS activation, all these processes require 288
higher initial costs and high operating costs, whether in the form of rising energy prices 289
or input chemicals. With the increasing demand for environmental responsibility, thereis 290
a growing need for functional “green” technologies, and cavitation activation has the po- 291
tential to become an example of such technology. 292

5. Conclusions 293

We demonstrated that selected estrogens could be effectively eliminated from water 294
during a short treatment time - within seconds. Venturi tube cavitation is an easy-to-install 295
and easy-to-use economically and environmentally friendly technique compared to other 296
known AOP (PS/AOP) alternatives. Based on the presented results, it can be assumed that 297
cavitation acts as persulfate activation. Its main advantage is that it requires neither add- 298
ing/dosing other substances into the treated water nor heating it, as opposed to methods 299
described in earlier papers. This method can be used in a broad spectrum of water treat- 300
ment processes or to intensify reactions in chemical engineering technologies. Calculated 301
values of Ero can be used for further comparison with other similar techniques and scale- 302
up. 303

A lab-scale experiment, which proved the efficiency of PS activation, was conducted 304
in this study. Pilot or other scale-up experiments are required to assess the different pro- 305
cesses' efficacy on real wastewater fully. Still, the short treatment time (4 seconds), estro- 306
gens removal rate 99% and flow rate of this lab-scale equipment 4.5 m3h-! proved that this 307
novel technology for removing estrogenic compounds is promising. 308
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Abstract
The paper introduces a novel approach to sodium percarbonate (SPC) activation using
hydrodynamic cavitation (HC). The method's efficiency was demonstrated by removing
estrogens, pollutants with adverse impact on human health and the health of aquatic ecosystems.
The effects of the concentration of the oxidant (SPC), the temperature of the solution, and
cavitation time were evaluated. After SPC/HC treatment, the removal of estrogens was
monitored by LC-MS/MS. The results proved that after 4s of HC treatment, the removal of
selected estrogenic compounds reached 97% at the SPC of 80 mg/L (corresponding to 20 mg/L
of H20»). The effect of temperature and the SPC dosage was negligible in all cases. The results
were confirmed by evaluating estrogens degradation rate constants which fitted pseudo-first-
order. In conclusion, the combination of SPC and HC appears to be a promising approach for
the rapid degradation of micropollutants like estrogenic compounds without the need for any

additional sample handling, such as pH or temperature adjustment.
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1. Introduction

Estrogens such as naturally occurring estrone (E1), 17p-estradiol (E2), and estriol (E3), as
well as the synthetic 17a-ethinylestradiol (EE2), belong among contaminants that are of
particular environmental concern (Barreiros et al. 2016, Kuster et al. 2004, Kuster et al. 2008,
Meffe and de Bustamante 2014). They represent one group of so-called endocrine-disrupting
chemicals (EDCs), compounds altering the function of the endocrine system, and consequently
have adverse health effects on intact organisms even at ng/L levels (Vilela, Bassin and Peixoto
2018, Lafont and Mathieu 2007, Adeel et al. 2017, Pessoa et al. 2014). Therefore, the European
Decision E.U. 2015/495 included E1, E2, and EE2 in the "watch-list" of the Water Framework
Directive (E.U.). Estrogens enter the environment through incomplete sewage discharge and
animal waste disposal (Tiedeken et al. 2017, Atkinson et al. 2012, Sarmah et al. 2006). As the
conventional methods of estrogens removal fail, other processes, including sorption, membrane
filtration, biodegradation, photolysis, and advanced oxidation processes (AOPs), have been
investigated (Silva, Otero and Esteves 2012, Pereira et al. 2012, Rosenfeldt et al. 2007).

Recently, the AOPs have been used in advanced water treatment processes as an efficient,
rapid, and simple technology. During AOPs, oxygen radicals such as hydroxyl radicals (-OH)
are formed, as highly reactive and unselective species, in a quantity sufficient to oxidize the
majority of organic pollution present (Miklos et al. 2018). These technologies involve different
methods of activation and can potentially utilize several diverse mechanisms. The AOPs could
be broadly classified into chemical (e.g. O3, H2O2, persulfate), photolytic (e.g. UV/oxidant or
UV/photocatalyst), electrochemical (e.g. TiO; electrodes), catalytic (e.g. Fenton process), and
physical (e.g. ultrasound, plasma discharge, microwave). Each of these particular techniques
has its benefits and drawbacks, like the formation of toxic by-products or micropollutants,
which can have similar or increased toxicity relative to the parent compounds (Tufail et al.

2021). Thus, to overcome the drawbacks or increase the efficiency of pollution degradation, the
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use of combinations of different mechanisms is advantageous (Silva et al. 2012, Tufail, Price
and Hai 2020). In addition to effectiveness, the operational costs, sustainability, and general
feasibility are definitely of great importance.

Sodium percarbonate (SPC, Na,CO3-1.5 H20»), as a solid carrier of H>O», acts similarly but
has several advantages compared to the liquid phase. Its main benefits are that it is stable and
safe to handle, environmentally acceptable — without toxic residues, effective in a wide pH
range, and relatively low cost (Ma et al. 2020, Zhang et al. 2021). In addition, SPC
decomposition products (CO32~ and HCO;3") can act as a buffer for an undesired pH decrease.
Although SPC can directly decompose various pollutants, catalyst or energy activation
enhances the degradation efficiency. In an activated SPC system, hydroxyl, superoxide and
carbonate radicals are generated (Zhang et al. 2021). For SPC activation, various chemicals like
transition metal ions, ozone, and FeOCl (Miao et al. 2015, Fu et al. 2016, Guo et al. 2021) and
physical approaches such as discharge plasma (Wang et al. 2018, Tang et al. 2019), UV light
(Sindelar, Brown and Boyer 2014), microwaves (Wang et al. 2018, Tang et al. 2019, Sindelar
et al. 2014, Zuo et al. 2020) were tried. To date, nobody investigated the possibility of
hydrodynamic cavitation (HC) to activate SPC. HC belongs to the up-and-coming physical
methods of AOPs (Panda, Saharan and Manickam 2020, Dular et al. 2016, Zupanc et al. 2013,
Marsalek et al. 2020). Combining HC with other AOPs is a novel approach and offers several
advantages, such as higher degradation efficiencies, cost-effectiveness, and a reduction in
chemicals utilized which means lower environmental impact.

This paper studies the degradation of estrogens using SPC activated by HC. We hypothesised
that hydrodynamic cavitation can dissolve and activate the SPC without any further activation
by heating or adding chemicals. Such a process should be more economically convenient and

environmentally acceptable. The work focuses on optimising the new treatment technology for
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removing organic micropollutants in treated wastewater, especially on the effects of SPC

dosage, the number of cavitation cycles (time), and the temperature.

2. Materials and methods

2.1. Chemicals and Materials

Standard compounds of estrone (>99%), 17B-estradiol (>98%), estriol (>98%) and 17a-
ethinylestradiol (=98%), as well as all solvents and reagents, were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Internal standard 17f3-estradiol-ds and 17a-ethinylestradiol-d4
were acquired from C/D/N Isotopes Inc. (Pointe-Claire, Quebec, Canada). All standards were
prepared in HPLC grade methanol. Methanol, acetonitrile and acetone (HPLC grade), formic
acid, hydrochloric acid, sodium percarbonate (sesquihydrate, avail. H-O> 20-30%), titanium
(IV) oxysulfate — sulfuric acid solution, dansyl chloride and sodium bicarbonate were used.
2.2. Degradation experiments

The experiments were carried out on an HC reactor (Fig. 1) which consisted of a holding tank,
a pump, a venturi tube, and control valves, operated in circular mode at a flow velocity of
0.45 L/s. The tank was filled with 2 L of the aqueous solution containing 300 ng/L of each
estrogen. The SPC in concentrations of 80 and 200 mg/L was added. Neither the ionic strength
nor the pH of the solutions were adjusted to minimize operating steps so that the procedure
remained economical and suitable for practical implementation. The pH value, temperature and
conductivity were measured by the Combo pH/EC meter (Hanna, HI 98129). After collection,
the samples were left to stand for 3 and 24 hours before the LC-MS/MS analysis.

The degradation constants (k) of estrogens were obtained by fitting the data to the kinetic
model of pseudo-first-order -In(C/Cy) = k.t (Sun et al. 2019, Perondi et al. 2020). Cp and C;
represent here the initial and actual concentrations at time ¢ min, respectively, and & is the
constant rate of pseudo-first-order.

2.3. Solid Phase Extraction and Derivatization
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The estrogens were extracted from water samples using SPE Oasis® HLB (500 mg, 6 mL)
cartridges (Waters, Milford, MA) according to Sadilek et al. (Sadilek et al. 2016) with slight
changes. The cartridges were conditioned using 5 mL of methanol followed by 5 mL of Milli-
Q water. A portion of 50 mL of acidified samples (pH = 3.0+0.2) was fortified with a mixture
of internal standards (50 pL, 100 ng/L) and extracted under vacuum at a flow rate of
approximately 5 mL/min. Afterwards, the sample holders were rinsed with 5 mL of distilled
water and dried under vacuum suction for 20 min. Once extraction was completed, analytes
were eluted with 8 mL of methanol and dried under a gentle nitrogen stream at 40°C. The dried
extract was reconstituted in 20 pl of acetone, and then 50 pl of sodium bicarbonate buffer
(100 mM, pH = 10.5) and 50 pl of dansyl chloride (1 mg/mL, in acetone) was added. The
reaction mixture was vortexed and tempered at 60°C for 5 min. After cooling to the laboratory
temperature, the mixture was dried under a gentle nitrogen stream at 55°C. The samples were
then reconstituted in 1 mL of methanol:water mixture (40:60; v/v) and filtered through syringe
filters (nylon; 0.45 um) before analysis.

2.4. LC-MS/MS Analysis

In this study, the Agilent 1260 Infinity high-performance liquid chromatography system
(Agilent Technologies, CA, USA) combined with the Agilent 6460 TripleQuad mass
spectrometer (Agilent Technologies, CA, USA) equipped with electrospray ionization interface
(ESI) were used for estrogens quantification. The separation was achieved using Poroshell 120
EC-C18 (2.1 x 100 mm; 2.7 um) fitted with a security guard column of the same packing
material (Agilent Technologies, CA, USA). The mobile phase A and B consisted of formic acid
(7 mM) and acetonitrile, respectively. A gradient raising the acetonitrile from 50% to 100% in
10 minutes, then held for 1 min, was used. The flow rate was 350 pL/min, and the injection
volume was 10 pL. Mass data were acquired using MassHunter Workstation software (Agilent

Technologies, CA, USA) multiple reaction monitoring (MRM) in the positive mode. The
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detector settings were: capillary voltage 3500 V, nozzle voltage 2000 V, gas temperature (N>)
200°C, gas flow 10 mL/min, nebulizer 50 psi, sheath gas temperature (N2) 350°C, sheath gas
flow 10 ml/min. For the quantification and qualification of the estrogen, MRM transitions of
protonated dansyl-derivatives to 171 and 156 were used.
2.5. Content of hydrogen peroxide

The colorimetric method previously described was used to determine the content of hydrogen
peroxide (Eisenberg 1943). This method is based on a specific reaction between hydrogen
peroxide and titanyl ions, giving a yellow complex of pertitanic acid with absorption maxima
at 407 nm. The sample was mixed with the titanium reagent in a ratio of 2:1 (sample:reagent,

v/v), and the absorbance was measured using a Spark™

multimode microplate reader (Tecan,
Austria).
2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.04 (GraphPad Software Inc., CA,
USA). A t-test was used to determine the differences between individual groups of samples. A

probability level of p < 0.05 was considered statistically significant. All data are represented as

mean + SD of relative concentrations (related to the initial concentration).

3. Results and discussion

3.1.Effect of SPC dosage

We assessed the estrogen removal using two concentrations of SPC, at 80 and 200 mg/L,
which correspond to 20 and 50 mg/L of H20O,. The effect of the SPC dosage on estrogen
degradation is graphically illustrated in Fig. 2. It is evident from Fig. 2 that a higher
concentration of SPC increased the rate of estrogen degradation, especially with prolonged
cavitation time. With increasing cavitation time from 4s to 20s, the estrogen degradation went

from 31% to 62% once 80 mg/L of SPC was added. Furthermore, the degradation increased
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from 47% to 90% when 200 mg/L. of SPC was used. The observation was supported by
comparing degradation constants (see Table 1). The increase of the amount of SPC more than
doubled the corresponding kinetic constants. As SPC was used for estrogen removal for the
first time in this study, we compared our results with a similar concentration of liquid H>O»
used by other authors. For example, Perondi et al. (Perondi et al. 2020) employed a combination
of H202 (15 mg/L) and UV to remove E2 from surface water, and they obtained constants that
were 100 times lower than those reached in our experiments. They removed 89% of E2 during
a 60 min treatment. In another study, Sun et al. (Sun et al. 2019) combined H>0O; (0.7 mg/L)
with 2.5 mg of O3 to remove E1, E2 and E3. They generated ozone from high-purity oxygen
and reached estrogen removal efficiency of 89.7%, 84.5%, and 90.5% for E1, E2, and E3 after
10 min treatment with reaction rate constants of 0.18, 0.22, and 0.24, respectively. Our
experiments achieved 90% removal using 200 mg/L of SPC (equal to 50 mg/L. of H>O»)
in 20 s treatment without any ozone needed.

3.2.Effect of temperature

Liu et al. stated in their review (Liu et al. 2021) that temperature is a key parameter affecting
the efficiency of the SPC-activated system. Therefore, we examined the effect of temperature
on SPC activation. Our results showed no significant impact on estrogen removal when the
solution of SPC was heated to 60°C and combined with HC (Fig. 2). Similarly, the observation
was confirmed by the values of the rate constants, which increased moderately with increased
temperature. However, the differences between the individual rate constants ranged from 0.45
to 1.72. In contrast, Ma et al. (Ma et al. 2018) found that sole SPC is highly affected by
increased temperature. They observed that as the temperature increased from 4°C to 30°C, the
peroxide rate constants increased by two orders of magnitude (from 8.26*107 to 7.69*10°! h'h).
The difference we observed can be most probably explained by the fact that during the process

of hydrodynamic cavitation, high local temperatures (up to 5000 K) occur; thus, the difference
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in solution temperature is negligible (Zupanc et al. 2013). Moreover, the duration of our whole
process is so short, as it took place in units of tens of seconds, and thus, it was not affected by
the temperature of the solution.

3.3.Effect of reaction time after SPC/HC treatment

Our study examined the effect of subsequent degradation reactions after SPC/HC, where the
estrogen content was evaluated after standing for 24 hours in laboratory conditions. As shown
in Fig. 2, the process of estrogens degradation continued over time, and their concentration was
subsequently reduced to 5% or less of the initial one. Correspondingly, we observed a sharp
decrease in peroxide content (Fig. 3) which dropped dramatically after 24h. Moreover, after
24h of post-treatment time using 80 mg/L of SPC and 4s of cavitation, we detected only trace
estrogen concentrations (near the limit of quantification) or even no estrogens using LC-
MS/MS. These results highlighted the importance of post-treatment processes. It is rarely
discussed that molecules like pharmaceuticals, or estrogenic compounds, as in this case, do not
need any further treatment or energy, which is problematic for economic or ecological reasons,

but need the post-reaction time to degrade substances successfully.

3.4.SPC activation

Sodium percarbonate, calcium percarbonate, or peroxymonocarbonate are per-oxo
substances, which are used in chemical engineering, or water treatment as oxidizing substances.
Most commonly, the SPC is used as a solid carrier of hydrogen peroxide because it is considered
safer to transport and store, has lower explosive potential than liquid hydrogen peroxide, is
suitable for longer storage, and is an environmentally friendly oxidant. It is particularly
important for one practical reason: SPC can react in a wide range of pH compared to a broad
spectrum of different Fenton-like reactions. The practical use of SPC is supported by the fact
that carbonate radicals boost a multi-ROS process, where reactions can generate superoxide

radicals, singlet oxide, or hydroxyl radicals (L1 et al. 2021).
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Even SPC can react with pollutants directly, dominantly due to hydrogen peroxide, to reach the
maximum effect of SPC oxidation potential, activated SPC enhance decomposing potential,
which is why appropriate SPC activation is recommended. Two types of SPC activation can be
differentiated: i) homogenous and ii) heterogeneous. Homogenous activation is based on direct
contact with reactants, typically activated by increased temperature, UV, ozone, microwave,
ultrasound, or discharge plasma activation (Liu et al. 2021). Heterogenous activation requires
the addition of other chemicals, dominantly based on transition metal ions, especially iron. The
forms of iron ions depend on the technology used and vary from ferrate (Fe ®*), through Fe 273"
used in modified Fenton reactions up to NZVI (nano zero-valent iron), see (Liu et al. 2021).
Recently, the degradation of sulfamethazine via the activation of 157 mg/l SPC by 500 mg/I
chalcopyrite (CuFeS;) was published (Li et al. 2021). The concentration of SPC used in their
study was two times higher than the concentration used in our study. Moreover, the chalcopyrite
used in the concentration of 500 mg/l can contaminate water with copper. Hydrodynamic
cavitation (HC) is a novel way of homogenous activation of SPC, which does not need any
chemicals or expensive activation like ozone, UV, or heating. HC provides the opportunity to
treat realistic volumes of water (the outlet of wastewater treatment plants in tens m* /h). HC, in
combination with hydrogen peroxide, provides synergic effects (Marsalek et al. 2020) and
represents a promising tool for the intensification of AOP reactions, particularly for the cheap

and environmentally friendly activation of SPC for organic pollutants removal.

4. Conclusions

We proposed a new approach to SPC activation via hydrodynamic cavitation and
demonstrated its usefulness for the simultaneous degradation of four estrogens: E1, E2, E3 and
EE2 in an aqueous solution. By the synergistic action of these two AOP methods, more than

95% of the investigated pollutants were removed within the 20s HC treatment using 200 mg/L
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of SPC. The experimental results indicated that the proposed treatment method was independent
of the solution temperature. All tested estrogens compete to react with the generated radicals
because the individual reaction constants were similar. The proposed process is a promising
technique for the effective removal of estrogens from an aqueous solution. The advantage of
our proposed activation is its low operating costs compared to other combinations such as the
heating of the solution. In addition, this method does not require any additional chemicals, e.g.
to adjust pH or increase efficiency, so it does not pose an additional burden on the environment.
Hydrodynamic cavitation can treat large volumes of water, which is important for any practical
applications thus we expect that this practical and environmentally safe technology can help

clean waters, for example, as the tertial treatment.

Declaration of competing interest
The authors declare that they have no known competing financial interests or personal

relationships that could have influenced the work reported in this paper.

Acknowledgement

This work was supported by the Czech Science Foundation [Project No. 19-10660S].



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

References

Adeel, M., X. M. Song, Y. Y. Wang, D. Francis & Y. S. Yang (2017) Environmental impact of estrogens on
human, animal and plant life: A critical review. Environment International, 99, 107-119.

Atkinson, S. K., V. L. Marlatt, L. E. Kimpe, D. R. S. Lean, V. L. Trudeau & J. M. Blais (2012) The occurrence
of steroidal estrogens in south-eastern Ontario wastewater treatment plants. Science of the Total
Environment, 430, 119-125.

Barreiros, L., J. F. Queiroz, L. M. Magalhaes, A. M. T. Silva & M. A. Segundo (2016) Analysis of 17-beta-
estradiol and 17-alpha-ethinylestradiol in biological and environmental matrices - A review.
Microchemical Journal, 126, 243-262.

Dular, M., T. Griessler-Bulc, |. Gutierrez-Aguirre, E. Heath, T. Kosjek, A. K. Klemencic, M. Oder, M.
Petkovsek, N. Racki, M. Ravnikar, A. Sarc, B. Sirok, M. Zupanc, M. Zitnik & B. Kompare (2016) Use of
hydrodynamic cavitation in (waste)water treatment. Ultrasonics Sonochemistry, 29, 577-588.

E.U., E. c. Commission implementing decision (EU) 2015/495 of 20 March 2015 establishing a watch
list of substances for Union-wide monitoring in the field of water policy pursuant to Directive
2008/105/EC of the European Parliament and of the Council.

Eisenberg, G. (1943) Colorimetric Determination of Hydrogen Peroxide. Industrial & Engineering
Chemistry Analytical Edition, 15, 327-328.

Fu, X. R., X. G. Gu, S. G. Lu, M. H. Xu, Z. W. Miao, X. Zhang, Y. C. Zhang, Y. F. Xue, Z. F. Qiu & Q. Sui
(2016) Enhanced degradation of benzene in aqueous solution by sodium percarbonate activated with
chelated-Fe(ll). Chemical Engineering Journal, 285, 180-188.

Guo, H.,D.S. Li,Z.Li,S.Y.Lin,Y.W. Wang, S.J. Pan & J. G. Han (2021) Promoted elimination of antibiotic
sulfamethoxazole in water using sodium percarbonate activated by ozone: Mechanism, degradation
pathway and toxicity assessment. Separation and Purification Technology, 266, 12.

Kuster, M., M. J. de Alda, M. D. Hernando, M. Petrovic, J. Martin-Alonso & D. Barcelo (2008) Analysis

and occurrence of pharmaceuticals, estrogens, progestogens and polar pesticides in sewage treatment



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

plant effluents, river water and drinking water in the Llobregat river basin (Barcelona, Spain). Journal
of Hydrology, 358, 112-123.

Kuster, M., M. J. Lopez, M. J. L. de Alda & D. Barcelo (2004) Analysis and distribution of estrogens and
progestogens in sewage sludge, soils and sediments. Trac-Trends in Analytical Chemistry, 23, 790-798.
Lafont, R. & M. Mathieu (2007) Steroids in aquatic invertebrates. Ecotoxicology, 16, 109-130.

Li, Y. J.,, H. R. Dong, L. Li, J. Y. Xiao, S. J. Xiao & Z. L. Jin (2021) Efficient degradation of sulfamethazine
via activation of percarbonate by chalcopyrite. Water Research, 202, 11.

Liu, X., S. He, Y. Yang, B. Yao, Y. F. Tang, L. Luo, D. Zhi, Z. H. Wan, L. Wang & Y. Y. Zhou (2021) A review
on percarbonate-based advanced oxidation processes for remediation of organic compounds in water.
Environmental Research, 200, 11.

Ma, J., X. C. Xia, Y. Ma, Y. J. Luo & Y. J. Zhong (2018) Stability of dissolved percarbonate and its
implications for groundwater remediation. Chemosphere, 205, 41-44,

Ma, J., X. Yang, X. C. H. Jiang, J. Wen, J. Q. Li, Y. J. Zhong, L. P. Chi & Y. X. Wang (2020) Percarbonate
persistence under different water chemistry conditions. Chemical Engineering Journal, 389, 5.
Marsalek, B., S. Zezulka, E. Marsalkova, F. Pochyly & P. Rudolf (2020) Synergistic effects of trace
concentrations of hydrogen peroxide used in a novel hydrodynamic cavitation device allows for
selective removal of cyanobacteria. Chemical Engineering Journal, 382, 5.

Meffe, R. & |. de Bustamante (2014) Emerging organic contaminants in surface water and groundwater:
A first overview of the situation in Italy. Science of the Total Environment, 481, 280-295.

Miao, Z. W., X. G. Gu, S. G. Lu, M. L. Brusseau, X. Zhang, X. R. Fu, M. Danish, Z. F. Qiu & Q. Sui (2015)
Enhancement effects of chelating agents on the degradation of tetrachloroethene in Fe(lll) catalyzed
percarbonate system. Chemical Engineering Journal, 281, 286-294.

Panda, D., V. K. Saharan & S. Manickam (2020) Controlled Hydrodynamic Cavitation: A Review of

Recent Advances and Perspectives for Greener Processing. Processes, 8, 31.



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

Pereira, V. J., J. Galinha, M. T. B. Crespo, C. T. Matos & J. G. Crespo (2012) Integration of nanofiltration,
UV photolysis, and advanced oxidation processes for the removal of hormones from surface water
sources. Separation and Purification Technology, 95, 89-96.

Perondi, T., W. Michelon, P. R. Junior, P. M. Knoblauch, M. Chiareloto, R. Moreira, R. A. Peralta, E.
Dusman & T. S. Pokrywiecki (2020) Advanced oxidative processes in the degradation of 17 beta-
estradiol present on surface waters: kinetics, byproducts and ecotoxicity. Environmental Science and
Pollution Research, 27, 21032-21039.

Pessoa, G. P., N. C. de Souza, C. B. Vidal, J. A. C. Alves, P. I. M. Firmino, R. F. Nascimento & A. B. dos
Santos (2014) Occurrence and removal of estrogens in Brazilian wastewater treatment plants. Science
of the Total Environment, 490, 288-295.

Rosenfeldt, E. J., P. J. Chen, S. Kullman & K. G. Linden (2007) Destruction of estrogenic activity in water
using UV advanced oxidation. Science of the Total Environment, 377, 105-113.

Sadilek, J., P. Spalovska, B. Vrana, M. Vavrova, B. Marsalek & Z. Simek (2016) Comparison of extraction
techniques for isolation of steroid oestrogens in environmentally relevant concentrations from
sediment. International Journal of Environmental Analytical Chemistry, 96, 1022-1037.

Sarmah, A. K., G. L. Northcott, F. D. L. Leusch & L. A. Tremblay (2006) A survey of endocrine disrupting
chemicals (EDCs) in municipal sewage and animal waste effluents in the Waikato region of New
Zealand. Science of the Total Environment, 355, 135-144,

Silva, C. P., M. Otero & V. Esteves (2012) Processes for the elimination of estrogenic steroid hormones
from water: A review. Environmental Pollution, 165, 38-58.

Sindelar, H. R.,, M. T. Brown & T. H. Boyer (2014) Evaluating UV/H202, UV/percarbonate, and
UV/perborate for natural organic matter reduction from alternative water sources. Chemosphere, 105,
112-118.

Sun, Q., G. C. Zhu, C. Y. Wang, Z. L. Yang & Q. Xue (2019) Removal Characteristics of Steroid Estrogen
in the Mixed System through an Ozone-Based Advanced Oxidation Process. Water Air and Soil

Pollution, 230, 14.



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

Tang, S. F., D. L. Yuan, Y. D. Rao, M. H. Li, G. M. Shi, J. M. Gu & T. H. Zhang (2019) Percarbonate
promoted antibiotic decomposition in dielectric barrier discharge plasma. Journal of Hazardous
Materials, 366, 669-676.

Tiedeken, E. J., A. Tahar, B. McHugh & N. J. Rowan (2017) Monitoring, sources, receptors, and control
measures for three European Union watch list substances of emerging concern in receiving waters - A
20 year systematic review. Science of the Total Environment, 574, 1140-1163.

Tufail, A., W. E. Price & F. |. Hai (2020) A critical review on advanced oxidation processes for the removal
of trace organic contaminants: A voyage from individual to integrated processes. Chemosphere, 260.
Tufail, A., W. E. Price, M. Mohseni, B. K. Pramanik & F. S. |. Hai (2021) A critical review of advanced
oxidation processes for emerging trace organic contaminant degradation: Mechanisms, factors,
degradation products, and effluent toxicity. Journal of Water Process Engineering, 40, 22.

Vilela, C. L. S., J. P. Bassin & R. S. Peixoto (2018) Water contamination by endocrine disruptors: Impacts,
microbiological aspects and trends for environmental protection. Environmental Pollution, 235, 546-
559.

Wang, T.C., H. Z. Jia, X. T. Guo, T. J. Xia, G. Z. Qu, Q. H. Sun & X. Q. Yin (2018) Evaluation of the potential
of dimethyl phthalate degradation in aqueous using sodium percarbonate activated by discharge
plasma. Chemical Engineering Journal, 346, 65-76.

Zhang, B. T.,, L. L. Kuang, Y. G. Teng, M. H. Fan & Y. Ma (2021) Application of percarbonate and
peroxymonocarbonate in decontamination technologies. Journal of Environmental Sciences, 105, 100-
115.

Zuo, S. Y., D. Y. Li, H. M. Xu & D. S. Xia (2020) An integrated microwave-ultraviolet catalysis process of
four peroxides for wastewater treatment: Free radical generation rate and mechanism. Chemical
Engineering Journal, 380, 12.

Zupanc, M., T. Kosjek, M. Petkovsek, M. Dular, B. Kompare, B. Sirok, Z. Blazeka & E. Heath (2013)
Removal of pharmaceuticals from wastewater by biological processes, hydrodynamic cavitation and

UV treatment. Ultrasonics Sonochemistry, 20, 1104-1112.



364  Artwork and Tables
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Fig. 2. (2-column fitting image) Decrease of estrone (a), 17B-estradiol (b), estriol (¢) and 170-
ethinylestradiol (d) concentration during the treatment time. All experiments were conducted
without pH adjustment. Data represent mean over 3 repetitions, standard deviations are
indicated by whiskers. The initial concentration of estrogens was 300 ng/L. The measurement

was realised 3 and 24 hours after the HC treatment.
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380  Fig. 3. (Z-column fitting image) Content of hydrogen peroxide (in mg/L) measured (a) 3 hours
381  after cavitation and (b) 24 hours after cavitation. Data represent mean over 3 repetitions,
382  standard deviations are indicated by whiskers.
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384  Table 1. The pseudo-first-rate constants of estrogens degradation; r > 0.97.

Conditions ki (min') kg (min')  kgs (min)  kggz2 (min™)
SPC 80 mg/L + HC 341 3.46 3.38 3.42
SPC 80 mg/L (60°C) + HC 4.42 4.69 5.10 4.49
SPC 200 mg/L + HC 7.27 8.44 7.58 7.59
SPC 200 mg/L (60°C) + HC 8.41 8.89 8.26 8.43
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Abstract

Advanced oxidation processes (AOPs) represent a promising way to remove estrogens from water. With
respect to their hydrophobic nature, the suitability of plastic materials for AOP unit construction must
also be considered, as undesired adsorption/desorption events may occur instead of removal. Possible
interactions of four estrogens - estrone (E1), 17B-estradiol (E2), estriol (E3), and 17a-ethinylestradiol (EE2)
- with six different polymeric materials commonly used for laboratory equipment were investigated at
environmentally relevant concentrations (100 — 500 ng/L). After 30 min soaking in deionised water spiked
with estrogens, PVC, PTFE, Kynar® and EPDM materials adsorbed only negligible amounts (less than 20%
of initial concentration). Significant amounts of E1, E2 and EE2, reaching up to 40%, were adsorbed onto
Tygon S3™ material. When assessing the estrogens desorption, PVC and Tygon desorbed approx. 5% of
initial concentration within 30 min and 10% within 90 min. The desorption from other materials was
negligible. Detailed test of ethylene propylene diene monomer (EPDM) at higher estrogen concentrations
(300 and 500 ng/L) and prolonged soaking time (up to 12 h) showed significant sorption of EE2 (up to 50%
of initial concentration) after soaking in both deionised and tap water matrices. The adsorption of other
estrogens reached less than 17%. The overall desorption of estrogens during 90 min reached up to 10%
for E1, E2 and EE2; the desorption of E3 was negligible. Careful selection of plastic materials getting in

contact with the contaminated water should be considered, mainly when low concentrations are present.
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estrogenic hormones; environmentally relevant concentrations; tubing materials; sampling materials.



O J o U bW

AN TTUIUTUITUTUTUTUTOTUTE BB DD B DS DNWWDWWWWWWWWWNNNNNNONNNONNNNR R R R R PR PR
O™ WNFROWOJdNT D WNRPOW®O-IAAUDRWNR,OW®OWJNTIB®WNRFROWO®OW-TNUB®™WNROWOW-10U D WK R O WO

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

1 Introduction

Natural estrogenic hormones such as estrone (E1), 17B-estradiol (E2), estriol (E3), and synthetic
contraceptive 17a-ethinylestradiol (EE2) are emerging micro-pollutants established in the Watch List of
Substances for European Union-wide monitoring reported in the Decision 2015/495/EU of 20 March 2015
[1] and US EPA [2]. They are released into the environment via wastewater-treated effluents, as they are
poorly removed with conventional wastewater treatment plant (WWTP) processes [3-6]. Various studies
have reported their occurrence in aqueous and solid environmental matrices and tap water [7-11].
Although their concentrations in the environment were found in the ng/L range, they have high estrogenic
potency. The presence and persistence of estrogens in the environment raise concerns regarding the
potential adverse effects on the sexual and reproductive systems of wild animals, fish and humans [12-
16]. Therefore, improvement of WWTP processes is needed as they are a major cause of estrogens
discharge in the environment.

Currently, many physical, chemical and biological methods or their combinations have been developed
and more or less successfully tested [17-25] to be included in WWTP. One of the methods used for
estrogens removal (and many other artificial organic pollutants such as drugs, pesticides, industrial by-
products, etc.) exploits their ability to adsorb to various materials [26-30]. On the other hand, the
adsorption and following desorption of such chemicals can be a source of problems. For example, due to
organic carbon as an absorbent (e.g. humic acids), they can reach deeper layers of soil (possessing
divergent conditions), where they can be desorbed and thus contaminate groundwater [16, 31]. Similarly,
plastic waste [32], especially microplastics [33, 34] as an important part of current environmental
pollution, can serve as a source and vector for various chemicals in aquatic and terrestrial environments.
Because of the predominantly hydrophobic nature of many organic pollutants, polymeric materials are
expected to interact with them by weak hydrophobic interactions or Van der Waals forces [35, 36]. Plastic

and rubber materials are currently used in various applications, including laboratory or technological



O J o U bW

AN TTUIUTUITUTUTUTUTOTUTE BB DD B DS DNWWDWWWWWWWWWNNNNNNONNNONNNNR R R R R PR PR
O™ WNFROWOJdNT D WNRPOW®O-IAAUDRWNR,OW®OWJNTIB®WNRFROWO®OW-TNUB®™WNROWOW-10U D WK R O WO

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

equipment. Except for disposable items (pipette tips, vials, containers, gloves etc.), many of these
materials are designed for repeated use, like instrument hoses. Tubing materials are desired to be durable,
inert and resistant to mechanical and chemical irritation, especially in applications like advanced oxidation
processes (AOP), where specific oxidative and irritating conditions can occur. Nevertheless, their
polymeric nature poses a risk of contamination by hydrophobic compounds, and only a little is known
about these materials' adsorption and desorption capabilities. Unwanted adsorption and desorption
events of trace amounts of organic pollutants can cause severe discrepancies during sample handling and
analyses [35, 37], especially when only trace and environmentally relevant quantities are present.

The main hypothesis of this study was that the adsorption/desorption events in materials commonly used
for sample handling or tubing in laboratory instruments can cause inaccuracies in analyses of estrogenic
compounds content in water samples, especially when present in low, environmentally relevant
concentrations. The extent of adsorption and desorption of three natural estrogens (E1, E2 and E3) and a

synthetic one (EE2) to and from six different polymeric materials was monitored by LC-MS/MS technique.

2 Material and Methods

2.1 Chemicals and materials

Standard compounds of estrone (E1; 299%), 17B-estradiol (E2; >298%), estriol (E3;>98%) and 170a-
ethinylestradiol (EE2; 298%; for an overview of physicochemical properties see Table S1 in Supplementary
Materials), as well as all solvents and reagents, were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Internal standard 17B-estradiol-d4 and 17a-ethinylestradiol-ds were purchased from C/D/N Isotopes Inc.
(Pointe-Claire, Quebec, Canada). All standards were prepared in HPLC grade methanol. Methanol,
acetonitrile and acetone (HPLC grade), formic acid, hydrochloric acid, dansylchloride and sodium
bicarbonate were used. All tested materials/tubes were purchased from Gumex, spol. s r.o. (Brno, Czech

Republic). Material characteristics and suggested applications are given in Table 1 and Table S2.
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Table 1 Tested materials for estrogen adsorption/desorption

Material

Characteristics *

Applications

Tygon S3™ E-3603

non-DEHP PVC, non-toxic, non-
contaminating, glassy-smooth
inner bore

analytical instruments, general laboratory,
peristaltic and vacuum pumps,
biopharmaceutical, incubators, desiccators,
gas lines, and food and beverage

Polyvinyl  chloride

(PVC)

resistant to weathering, chemical
rotting, corrosion, shock and
abrasion, self-extinguishing

water, gas, sewage, industrial process,
irrigation, medical devices, blood storage
bags

Teflon (PTFE)

chemical inertness, high resistance
to ageing, temperature resistance

conveying impressures and temperatures;
fluids, corrosive fluids, steam; push-pull
cables

Kynar® (PVDF)

outstanding resistance to UV
exposure, tremendous chemical
resistance to a wide range of
aggressive chemicals, resistance to
chemical products

contact surface for the production, storage
and transfer of corrosive fluids, used in
mechanical components, fabricated
vessels, tanks, pumps, valves, filters, heat
exchangers, tower packing, piping systems

Ethylene propylene

resistant to ozone and weather,

suitable for use as a discharge hose in the

diene monomer abrasion resistant, electrically chemical industry and raw materials
(EPDM) conductive, cloth impression extraction

Styrene butadiene good resilience and tensile industrial applications, adhesives,
rubber (SBR) strength, outstanding resistance to rubber/mechanical goods, car tires

abrasion and fatigue, water,
organic acid, ketone, chemical,
alcohol, and aldehyde resistance,
low resistance to ozone

* Selected physical characteristics are summarised in Table S2.

2.2 Short-term material exposure

In the first phase of the study, the sorption experiments were carried out with all six materials: styrene

butadiene rubber (SBR), ethylene propylene diene monomer (EPDM), polytetrafluoroethylene (PTFE),

Tygon S3™ E-3603, KYNAR® (polyvinylidene fluoride, PVDF) and polyvinyl chloride (PVC). A piece of each

material with a surface area of 1000 cm? was individually immersed in a bath (2 L) with deionised water

containing a mixture of estrogens with a concentration of 100 ng/L each. The content was continuously

stirred with a magnetic stirrer at 400 rpm at 21°C. After 30 min of incubation, the solution was sampled
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(50 mL) for analysis of estrogens content. For desorption assessment, the estrogen solution was replaced
with clean deionised water and stirred again under the same conditions. Samples (50 mL) for desorbed

estrogens analyses were taken out after 30, 60 and 90 min.

2.3 Long-term EPDM exposure

For further testing, EPDM was chosen, and the sorption period was expanded to 1, 3, 5, and 12 hours
using estrogens concentrations of 300 and 500 ng/L. Soaking with estrogens was carried out in deionised
water (pH =5.8 £ 0.1, k < 0.05 uS/cm) as well as in tap water (pH=7.1+0.1; k = 417 £ 2.0 uS/cm) matrix.
After 12 h exposure, the estrogens desorption after 30, 60 and 90 min into deionised water was tested

again.

2.4 LC-MS/MS analyses

2.4.1 Solid Phase Extraction and Derivatisation

Extraction of the estrogen samples was performed using SPE Oasis® HLB (500 mg, 6 mL) cartridges
(Waters, Milford, MA) according to Sadilek et al. [38] with minor modifications. The cartridges were pre-
conditioned using 5 mL of methanol followed by 5 mL of Milli-Q water. Acidified samples (pH =3 £ 0.2)
were loaded onto the cartridges and extracted under vacuum at a flow rate of approximately 5 mL/min.
Afterwards, the sample holders were rinsed with 5 mL of distilled water and dried under vacuum suction
for 20 min. Once the extraction was completed, analytes were eluted with 8 mL of methanol, and a
mixture of internal standards (20 pL, 25 ng/mL) was added and dried under a gentle nitrogen stream at
40°C.

The dried extract was reconstituted in 20 ul of acetone, and then 50 pl sodium bicarbonate buffer (100
mM, pH = 10.5) and 50 pl dansylchloride (1 mg/mL, in acetone) was added. The reaction mixture was

vigorously shaken for 1 min and tempered at 60°C for 5 min. After cooling to the laboratory temperature,
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the mixture was allowed to dry under a gentle nitrogen stream at 55°C. Samples were then reconstituted
in 1 mL of methanol:water mixture (40:60; v/v) and filtered through a syringe filter (nylon; 0.45 um) before

analysis.

2.4.2 Instrumental analysis

An Agilent 1260 Infinity HPLC system combined with an Agilent 6460 TripleQuad mass spectrometer (both
Agilent Technologies, CA, USA) equipped with electrospray ionisation interface (ESI) were used for
guantification of estrogens. Separation was achieved using Poroshell 120 EC-C18 (2.1 x 100 mm; 2.7 um)
fitted with a security guard column of the same packing material (Agilent Technologies, CA, USA). Mobile
phases A and B consisted of formic acid (7 mM) and acetonitrile, respectively. The solvent gradient
program concerning mobile phase B was as follows: 0 min 50%; 0 — 10 min 100%; 10 — 11 min 100%;
11 -11.1 min 50%, followed by equilibration for 5 min. The flow rate was 350 pL/min, and the injection
volume was 10 plL. Mass data were acquired using MassHunter Workstation software (Agilent
Technologies, CA, USA) and multiple reaction monitoring (MRM) in the positive mode. The detector
settings were: capillary voltage 3500 V, nozzle voltage 2000 V, gas temperature (N2) 200°C, gas flow 10
mL/min, nebuliser 50 psi, sheath gas temperature (N;) 350°C, sheath gas flow 10 ml/min. The precursor

and product ions, collision energy and fragmentor voltage used for MRM are summarized in Table S3.

2.4.3 Data analysis and quality control

All sorption/desorption experiments were performed in duplicate. Confirmation of estrogens in samples
was based on the MRM ion transitions and comparing the retention time of each peak to the
corresponding standard. The method’s performance was evaluated by considering both water matrices'
response linearity, method detection and quantification limits, recovery (Tab. S4), and repeatability (intra-

and inter-day variations). Matrix matched calibration curves (5 points, ranging from 5 to 600 ng/L) with
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standards of estrogens were used for quantification with the r? of at least 0.99 for all analytes each day.
Limits of detection (MDL) and quantification (MQL) were calculated based on a signal-to-noise ratio of 3.3

and 10, respectively, and their values are given in Table S5.

2.5 Statistical evaluation

Statistical analyses were performed using GraphPad Prism software. A one-way ANOVA on ranks followed
by a Dunn's Test was used to determine differences between the control (initial concentration) and the
treated samples (concentration of estrogens in solution after incubation period). The differences between
individual means were indicated by Mann-Whitney’s test. A probability level of p < 0.05 was considered
statistically significant. All data are represented as mean * standard deviation of relative concentrations
(related to initial concentration). Relative adsorbed or desorbed concentration was calculated as follows:
Adsorption = (1 - (Concentration at Time/Initial Concentration)) * 100%

Desorption = (Concentration at Time/Initial Concentration) * 100%

3 Results and discussion

3.1 Short-term material exposure

For the first screening of estrogen adsorption and desorption, six materials generally recommended for
handling with chemicals were evaluated after 30 min soaking in a solution consisting of deionised water
and 100 ng/L of each estrogen. As can be seen in Fig. 1A, significant changes in concentrations were
observed in the case of estrone (E1), especially when adsorbed on SBR (nearly 50% of the initial
concentration in solution), or PVC and Tygon S3™ (more than 20%). The Tygon S3™ (non-DEHP PVC)
absorbed even other estrogens, mainly E2 (27%) and EE2 (37%). The sorption of E3 was not observed or
was negligible on all tested materials in the first phase experiments. The extent of estrogens sorption on

the other materials was found to be similarly low (less than 20%). Materials such as PVC and PTFE have
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been tested even by other authors [35] and found suitable for estrogen handling. Conversely, Tygon S3™
was seen as unsuitable because of a relatively high degree of estrogen adsorption (approx. 30%), which
can lead to a considerable underestimation of actual estrogen concentration in the sample.

The usage of contaminated equipment can cause severe inaccuracies in the processing of samples.
Therefore, we tested whether the estrogens were desorbed back from the material surface into the
deionised water. In the case of SBR, only 2% of E1 initial concentration was desorbed (Fig. 1B). On the
other hand, PVC and especially Tygon S3™ in deionised water released the estrogens continuously from
the surface throughout the time frame with maximal concentration (approx. 5% of initial concentration)
during the first 30 min. After 90 min, the desorption of E1, E2, and EE2 from PVC and Tygon reached nearly
10% of their initial concentration (Fig. 1B). The overall desorption of estrogens from other tested materials

was lower than 2% of initial concentration even after 90 min soaking in clean deionised water.
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Fig. 1 Screening of the relative estrogen adsorption (A) after 30 min of incubation of six polymeric
materials in the deionised water with estrogens (E1, E2, EE2, and E3) and the relative cumulative estrogen
desorption (B) after 30, 60, and 90 min incubation of the contaminated materials in clean deionised water.
The initial concentration of all estrogens was 100 ng/L. Data represent the mean * standard deviation of
relative concentrations (related to initial concentration). Asterisks mark significant differences detected

by ANOVA and Dunn’s test at p < 0.05.

3.2 Long-term EPDM exposure
Concerning our preliminary results and the fact that other authors already proved PVC, PTFE and PVDF

for estrogen sorption, we chose EPDM material for more detailed evaluation. In the next phase of the

10
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study, sorption at higher estrogens concentrations (300 and 500 ng/L) in two different matrices (deionised
water and tap water) and prolonged exposure period (1-12 h) on EPDM was tested. As can be seen in Figs.
2A and B, the only significant adsorption (up to 40%) was observed for EE2 after 12 h in both concentration
levels and water matrices. The sorption of E1 and E2 reached up to 20% of the initial concentration, and
the sorption of E3 was negligible in all experiments.

In the desorption experiment, which was subsequently conducted with the 12 h estrogens-treated EPDM
in deionised water for 90 min, the amount of desorbed estrogens, namely E1, E2 and EE2, reached nearly
10%, 6% and 8%, respectively, in both initial concentration levels 300 and 500 ng/L and both water
matrices. Estrogen cumulative concentrations desorbed from the EPDM surface are shown in Fig. 2C.

All tested plastic materials are commonly used in laboratories, the chemical industry or food production,
including, e.g. water quality control processes. Adsorption of estrogens to them can cause potential losses
and thus underestimate real estrogen concentration in the analysed sample [35]. On the other hand, the
desorption into the sample can elevate at least the background level and cause discrepancies during
analyses, especially in samples with concentrations close to limits of detection/quantification.
Concerning log Kow values (Tab. S1) of selected estrogens, which are supposed to have moderate (E2, E3
and EE2) to high (E1) sorption potential, they are expected to interact with polymeric materials by weak
hydrophobic interactions or Van der Waals forces [39]. Although the highest log Kow value has estrone,
higher EE2 adsorption was found in both matrices on EPDM. Han et al. [26] described a successful
reduction of estrone adsorption to PTFE and PP membrane filters when organic solvent (ethanol) was

added to the filtered estrogen solution.

11



O J o U bW

AN TTUIUTUITUTUTUTUTOTUTE BB DD B DS DNWWDWWWWWWWWWNNNNNNONNNONNNNR R R R R PR PR
O™ WNFROWOJdNT D WNRPOW®O-IAAUDRWNR,OW®OWJNTIB®WNRFROWO®OW-TNUB®™WNROWOW-10U D WK R O WO

224

225

226

Absorption (%, ¢, = 300 ng/L)

Absorption (%, ¢, = 500 ng/L)

Desorption (%)

60

50

40

30

20

10

70
60
50
40
30
20
10

14
12
10

A O

1A
*
§ T
R *
%
H“ i H]ii L. L.
| | |
*
7 T
O1h O3h [ 5h W 12h
- *
j ﬁlj ﬁil rL I Il||l|li Tmi LMT
EE2 E3
Delonlzed water Tap water
1C
HW30 min 060 min 090 min

E2 EE2 E3 | E1 E2 EE2 E3 | E1 E2 EE2 E3 | E1 E2 EE2 E3
c0 =300 ng/L c0 =500 ng/L c0 =300 ng/L c0 =500 ng/L
Deionized water Tap water

Fig. 2 Relative adsorption (A, B) after 1, 3, 5 and 12h of incubation of ethylene propylene diene monomer

(EPDM) in the deionised or tap water added with estrogens (initials concentrations of 300 and 500 ng/L)
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and the relative cumulative desorption (C) after 30, 60, and 90 min incubation in clean deionised or tap

water. Statistical evaluation as given in Fig. 1.

Dissociation constants (pK,) of selected estrogens have values around 10.3 (Tab. S1), indicating that in
both matrices (pH of 5.8 and 7.1 for deionised water and tap water, respectively), they stay uncharged.
Another property that may affect interaction with polymers is a proton donor and acceptor
characteristics, in particular, the ability to form hydrogen bonds, which has been attributed to play a
predominant factor in the transport of estrogens in biological systems [26, 40]. On the other hand, a highly
alkaline pH level (around 10) can restrict the hydrogen bonds formation [26] and thus limit estrogen

adsorption.

4 Conclusions

The present study confirmed that plastic materials differ in their ability to adsorb and desorb estrogenic
compounds. After short-term exposure to low estrogen concentrations (100 — 500 ng/L), reflecting the
actual situation in environmental samples, materials like PVDF, PTFE and EPDM exhibited only low
absorption and desorption capability to E1, E2, EE2, and E3 estrogens. SBR material absorbed a
considerable amount of E1 but without significant desorption. EPDM was proven as material appropriate
for manipulation with this group of estrogens. On the other hand, materials like PVC, especially Tygon
S3™ E-3603, absorbed and desorbed substantial amounts of estrogens in short periods (up to 30 min) and
are therefore inappropriate for handling samples contaminated with trace amounts of estrogens. The

sorption of estriol (E3) was negligible on all the tested materials and all tested concentration levels.
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Abstract: The fate of pharmaceuticals in the human body, from their absorption to excretion is well
studied. However, medication often leaves the patient’s body in an unchanged or metabolised, yet still
active, form. Diazepam and its metabolites, ranging up to 100 pg/L, have been detected in surface
waters worldwide; therefore, the question of its influence on model aquatic plants, such as duckweed
(Lemna minor), needs to be addressed. Lemna was cultivated in a Steinberg medium containing diazepam
in three concentrations—0.2, 20, and 2000 ug/L. The activity of superoxide dismutase (SOD) and catalase
(CAT), leaf count, mass, and the fluorescence quantum yield of photosynthesis were assessed. The
medium was also analysed by LC-MS/MS to determine the concentration of diazepam metabolites.
Our results show no negative impact of diazepam on Lemna minor, even in concentrations significantly
higher than those that are ecotoxicologically relevant. On the contrary, the influence of diazepam on
Lemna suggests growth stimulation and a similarity to the effect diazepam has on the human body. The
comparison to the human body may be accurate because y-Aminobutyric acid-like (GABA-like) receptors
responsible for the effect in humans have also been recently described in plants. Therefore, our results can
open an interesting scientific area, indicating that GABA receptors and interference with benzodiazepines
are evolutionarily much older than previously anticipated. This could help to answer more questions
related to the reaction of aquatic organisms to micropollutants such as psychopharmaceuticals.

Keywords: Lemna minor; benzodiazepines; diazepam; oxazepam; temazepam; nordazepam; ecotoxicology;
surface water; aquatic plants; phytoremediation

1. Introduction

The fate of different pharmaceuticals in the human body has been well studied [1].
However, only a small portion of the attention focuses on the fact that medication often
leaves the patient’s body in unchanged or metabolised, yet still active, form, and if not
properly removed at wastewater treatment plants, it enters the aquatic environment [2].

Worldwide, future water availability causes concern. According to the 2019 OECD
Survey on the Implementation of the OECD Council Recommendation on Water, 22 out of
26 countries responded that their national water management plan consider uncertainties
about future water availability and demand [3].

In 2000, the EU Water Framework Directive laid the foundations for Directive 2013/39/EU
regarding priority substances in the field of water policy. According to the Directive, acute
toxicity effects of chemical and pharmaceutical pollution of surface water and the chronic
exposure and accumulation of chemicals in the environment pose a serious threat, not only to
human health, but also to biodiversity and cause the loss of natural habitats [4].

The EU Member States reported that an average 48.6% of their population was using
prescribed medicines in 2014, ranging from 22.8% in Romania to 60.2% in Belgium. This
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average clearly depends on age, ranging from 2.4% in the age group of 15 to 24 years in
Romania to 96.3% in the age group of 75 years and over in the Czech Republic [5,6].

When it comes to non-prescription medicines, the average is 34.6% across the EU
Member States, ranging from 15.2% in Romania to 84.4% in Iceland. The age dependency
has, however, shifted when compared to prescription medicines, ranging from 9.8% in the
age group from 15 to 24 years in Romania to 87.0% in the age group of 65 to 74 years in
Iceland [6].

A range of different pharmaceuticals including diazepam has been reported in surface
water [7], WWTP effluents [8,9], underground water [10,11], drinking water [12], fish tissue,
and in the tissue of other aquatic organisms [13-15]. The most commonly detected phar-
maceuticals are antibiotics (erythromycin, ofloxacin), antiinflamatory drugs/analgesics
(diclofenac, ibuprofen), lipid regulators (benzafibrate, gemfibrozil), beta-blockers (meto-
prolol, propranolol), cancer therapeutics (cyclophosphamide, ifosphamide), diuretics
(furosemide), antiepileptics (carbamazepine), antidepressants (mianserin), steroids and
hormones (17(3-estradiol, estrone), and tranquilisers (diazepam) [2].

Most of these groups of pharmaceuticals have been thoroughly studied in relation to
the aquatic environment; however, the evidence on benzodiazepines, namely diazepam
and its metabolites, is limited.

In humans, diazepam (DIA) binds to a specific benzodiazepine binding site on GABA
receptors to mediate its sedative and anxiolytic effect by opening C1~ channels and hyperpo-
larizing the membrane of neuronal cells [16]. It is metabolised by the P450 cytochrome. Di-
azepam is demethylated into nordazepam (NOR, desmethyldiazepam) and further hydrox-
ylated into an even more active form—oxazepam (OXA) (Figure 1) [17]. The hydroxylation
of the diazepam molecule itself results in a second intermediate metabolite—temazepam
(TEM), which is hydroxylated into oxazepam. Oxazepam is then glucuronised and leaves
the human body in urine [18,19]. Diazepam and its metabolites ranging up to 100 ng/L
have been detected in both fresh and saline surface waters worldwide [12,14,20-22] and
have been marked as highly persistent in the sediment [23]. Diazepam has been shown
to reduce motile response to light in Daphnia magna [24], decrease heart rate and delay
hatching time of Danio rerio embryos, increase locomotion activity and reduce thigmotaxis
of Danio rerio larvae [25], and reduce serotonin levels in Elliptio complanate [26]. The influ-
ence of the diazepam metabolite oxazepam on different aquatic organisms has also been
studied, showing adverse effects connected to activity, sociality, boldness, and feeding
rates [13,27,28].

Lemna minor, L., commonly called duckweed, is a globally cosmopolitan species of
monocotyledons, which is reflected by the OECD by defining Test No. 221: Lemna sp.
Growth Inhibition Test in the OECD Guidelines for the Testing of Chemicals [29]. It
has been used as a model plant for many ecotoxicological tests, including tests of the
toxicity of pharmaceuticals such as estrogens, ibuprofen, caffeine, and others [30]. Because
Lemna is an aquatic organism, it is possible to precisely analyse the concentration of tested
pharmaceuticals in the medium, including their eventual metabolites.

Moreover, Lermna is often a source of protein for ducks, fish, and other animals, which
would allow the pharmaceuticals to enter the food chain in cases where they have been
absorbed by the plant. Lemna is also used for phytoremediation and has been studied for
its capacity to remove heavy metals [31,32]. This is why understanding the influence of
pharmaceuticals is crucial.

The aim of the study is to investigate the subchronic effect of three different concentra-
tions of diazepam (0.2, 20, and 2000 ug/L) on Lemna minor over a seven-day exposure and
to assess the products of diazepam metabolism both qualitatively and quantitatively.
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Figure 1. Diazepam metabolism. In the first phase, diazepam is metabolised into nordazepam by
N-demethylation and into temazepam by hydroxylation. Further on, these are metabolised into
oxazepam by hydroxylation or N-demethylation, respectively. Figure modified from [17].

2. Materials and Methods
2.1. Chemicals

Non-labelled diazepam was purchased from Fagron (Rotterdam, Netherlands). La-
belled diazepam-d5 and analytical standards of diazepam metabolites (oxazepam, temazepam
and nordazepam) were purchased from Fisher Scientific (Walthman, MA, USA), diluted by
methanol, and stored in the refrigerator at 8 °C. Dimethyl sulfoxide (>99.9%), dichloromethane,
ether, hexane, methanol, formic acid, and chemicals for the Steinberg medium (potassium
nitrate, calcium nitrate tetrahydrate, potassium phosphate monobasic, potassium phosphate
dibasic, magnesium sulphate heptahydrate, boric acid, zinc sulphate heptahydrate, sodium
molybdate dihydrate, manganese(Il) chloride tetrahydrate, iron(Il) chloride hexahydrate,
EDTA disodium-dihydrate, sodium hydroxide, hydrochloric acid) were purchased from
Sigma—Aldrich (Walthman, MA, USA). Reactive oxygen species (ROS) kits (catalase and
superoxide dismutase) were purchased from Invitrogen (Walthman, MA, USA).

2.2. Lemna Cultivation

Diazepam was dissolved in >99.9% dimethyl sulfoxide (DMSO) and further diluted
in a Steinberg medium to achieve the selected concentrations of 0.2 ug/L, 20 ug/L, and
2000 pg/L, with a maximum of 1% DMSO. Three sets of black opaque plastic cups were cut
to the height of 5 cm and filled with 40 mL of diazepam solution of the given concentration.
Pure Steinberg medium-filled cups served as a control. One more set was used to control the
natural photodegradability and sorption of diazepam without the presence of the plants.

Lemna minor was cultivated in Steinberg medium under laboratory conditions (12 h
light-darkness cycle, white light 100 wmol/m?.s, provided by fluorescent lamps, at 22 + 2 °C).
Ten to twelve healthy leaves were selected, counted, documented, and transplanted into the
prepared plastic cups containing the medium with or without the diazepam solution, beside
the photodegradability and sorption control set.

The experiment was carried out over 7 days. At each timepoint of t = 0, 24, 72, 120, and
168 h, one cup from each set was removed, the leaves were counted and documented, and
their photosynthetic activity was measured. The plants were then removed, dried carefully
with a paper towel, weighed on analytical scales, and frozen in 2 mL Eppendorf tubes
at —80 °C for no more than 3 months prior to the biochemical analysis. The remaining
medium was collected into sterile 50 mL plastic tubes and stored at —80 °C for up to
8 months prior to the LC-MS/MS analysis.
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2.3. Chlorophyll Fluorescence Measurement

Before the measurements, all cups containing Lemna were dark-adapted for 5 min
and then scanned by the chlorophyll fluorescence imaging camera FluorCam MF 700 (Pho-
ton Systems Instruments, Drasov, Czech Republic). Slow Kautsky kinetics supplemented
with saturation pulses was applied. During the procedure, the leaves were illuminated
by short weak pulses of red-measuring light (0.5 pmol/ m?.s) to record the basal chloro-
phyll fluorescence level (Fy) followed by a strong pulse of white saturating light (0.8 ms,
2000 pmol/m?.s) to reach the maximum fluorescence level (Fy;). After a 30 s relaxation
in the darkness, red actinic light (120 pumol/m?.s) was turned on for 3 min. After this
light-adaptation period, a steady-state fluorescence level (Ft, Ft_Lss) was recorded and
another saturation pulse was applied to reach Fy;” in the light-adapted state. The chloro-
phyll fluorescence values recorded were then used for calculating a set of chlorophyll
fluorescence characteristics, including the leaf surface area, which was assessed by pixel
count performed directly by FluorCam software (PSI, Drasov, Czech Republic).

2.4. ROS Analysis

Frozen plant samples with 1 mL of ultrapure water were sonicated by impulse ul-
trasound on ice. The samples were centrifuged, and supernatant protein was quantified.
Standard catalase (CAT) and superoxide dismutase (SOD) assays were performed and
assessed as instructed by the manufacturer using a Tecan Spark® reader (Tecan Trading
AG, Mannedorf, Switzerland).

2.5. Medium Extraction

One millilitre of the medium was extracted by 1 mL of dichloromethane-ether-hexane
(30:50:20), spiked by 10 ng diazepam-d5, dried under nitrogen gas, and reconstituted by
1 mL of 50% methanol. All samples were immediately measured by liquid chromatography
coupled with tandem mass spectrometer (LC-MS/MS).

2.6. LC-MS/MS Analysis

The concentrations of the target molecules in the samples were determined using
LC-MS/MS. Benzodiazepines were detected and quantified by the Agilent 1260 Infinity
high-performance liquid chromatography system (Agilent Technologies, Santa Clara, CA,
USA) combined with the Agilent 6460 TripleQuad mass spectrometer (Agilent Technolo-
gies, CA, USA) equipped with the electrospray ionization interface (ESI). Separation was
achieved using Poroshell 120 EC-C18 (2.1 x 50 mm; 2.7 um) fitted with a security guard
column of the same packing material (Agilent Technologies, Santa Clara, CA, USA). The
mobile phase A and B consisted of 0.2% formic acid and methanol, respectively. The
gradient used was: 0-10 min, linear gradient from 50% to 100% B; 10-13 min, held at
100% B followed by 4 min of re-equilibration before the next injection. The flow rate
was 200 pL/min, and the injection volume was 2 pL. Mass data were acquired using
MassHunter Workstation software (Agilent Technologies, Santa Clara, CA, USA) multiple
reaction monitoring (MRM) in the positive mode. The detector settings were: capillary
voltage 3000 V, nozzle voltage 300 V, gas temperature (N7) 200 °C, gas flow 6 mL/min,
nebulizer 40 psi, sheath gas temperature (N) 250 °C, sheath gas flow 10 mL/min. For the
quantification and qualification of benzodiazepines, MRM transitions of protonated ions
were used (see Table Al of Appendix A).

To ensure quality, the instrument was calibrated daily with multi-level calibration
curves. The detection limits were determined as a 3:1 signal-to-noise ratio (5/N) and were
0.02 pg/L for oxazepam and temazepam, and 0.01 pg/L for diazepam and nordazepam.
Process efficiency (PE) and spiked recoveries (RE) determined according to the previously
published method [33] differed for each metabolite and each concentration, and can be
found in Table 1. The coefficients of variation ranged from 8.2 to 11.9% for oxazepam, from
5.8 to 10.3% for temazepam, from 4.6 to 9.5% for nordazepam, and from 3.3 to 7.5% for
diazepam at three different target levels (0.20, 20, and 2000 ug/L).
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Table 1. Sensitivity of detection, process efficiency and spiked recoveries of diazepam and its
metabolites temazepam, nordazepam, and oxazepam in three different concentrations.

Oxazepam Temazepam Nordazepam Diazepam
Concentration [ug/L] 0.2 20 2000 0.2 20 2000 0.2 20 2000 0.2 20 2000
Process efficiency * 102.99 77.89 £ 103.59 111.15 86.00 £ 104.56 104.74 85.10 £ 104.10 134.76 82.90 £ 102.05
y +5.96 10.00 + 19.06 +6.14 5.75 + 15.65 +2.81 7.67 + 15.80 +9.38 3.61 + 14.51
Spiked 1 Fies * 113.58 102.76 124.23 115.76 109.05 122.98 113.50 110.00 121.29 110.14 105.15 119.57
piied recoveries +£471 +999  +£1837  +586  +562 +1493  +550  +757  +1508 +832 £330  +1391

* data represent mean (%) + standard deviation over 6 repetitions.

2.7. Statistical Analysis

Data were evaluated using IBM SPSS Statistics software. Normal distribution in the
samples was assessed using the Shapiro-Wilk normality test, and significance was assessed
by Student’s t-test, comparing sample values against the control.

3. Results

From all three concentration levels, most of the effects were observed in plants treated
by 2000 ug/L of diazepam, which is high above the ecotoxicologically relevant levels.
However, some of the effects were detected even at lower concentrations, which correspond
to diazepam levels already reported in surface waters worldwide.

The influence of diazepam in the form of oxidative stress was observed at the molecu-
lar level already on day 1. SOD synthesis was 16.36% higher in diazepam-treated samples
on day 1 as compared to the control, and 9.39% lower than the control on day 2; how-
ever, differences were not statistically significant. On day 3, the changes were visible also
physiologically—the leaf count increased by 8.18% in samples treated with the lowest con-
centration of 0.2 pug/L diazepam; however, a statistically significant change was observed
only on day 7 in the highest concentration of 2000 ug/L. The maximum quantum yield of
photosynthesis was significantly higher in the lowest diazepam-treated samples (0.2 ug/L)
on day 7; however, the trend was observed in all concentrations. This suggests that the
ecologically relevant concentrations of diazepam stimulate photosynthesis slightly and it
proves that high concentrations of diazepam do not inhibit photosynthesis in Lemna minor.
The first metabolites of diazepam (temazepam and nordazepam) were detected in the
medium already on day 2, and their concentration increased over time. The specific mecha-
nism of the metabolic degradation of the mother molecule is yet to be discovered, and the
eventual bacterial degradation should also be considered.

3.1. Biochemistry

Superoxide dismutase levels were elevated on the first day after exposure and dropped
below the control level on day 3, where they stayed for next 2 days before returning to the
control level (Figure 2A).

The Photosynthesis yield was affected on day 7 of the experiment and was statistically
significant only in the samples treated with the lowest diazepam concentration (0.2 pug/L).
No negative effect was observed, even at the highest diazepam concentration (2000 pg/L).
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Figure 2. Biochemistry parameters of Lermna minor. Superoxide dismutase synthesis (A) increased
immediately after 24 h, and it dropped below the control levels on days 3 and 5. The catalase level
B) remained elevated for the first five days after exposure before decreasing back to the control levels.
Y P )
The positive control was treated by 500 mg/L of potassium dichromate(VII) for 12 h. Data represent
mean over 3 repetitions; standard deviations are indicated by whiskers.
Catalase synthesis was above the control levels starting on day 1, continued to grow
between days 3 and 5, and returned to the control levels on day 7 (Figure 2B).
3.2. QY max
The levels of QYmax ranged from 0.71 to 0.81 throughout the experiment (Figure 3A).
A B
Influence of diazepam on QYmax Fronds growth
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Figure 3. A stimulating effect on photosynthesis (A) was observed on the last day at the lowest
concentration level of 0.2 ug/L of diazepam, while no negative effects were observed. A significant
increase in fronds growth (B) was observed on the last day in plants treated with the highest diazepam
concentration (2000 pug/L). The biomass of treated plants (C) increased by 470.4% by day 7, while
the control group’s biomass only increased by 350%. Mass per leaf (D) was higher in the plants
treated with 2000 pg/L of diazepam on the last day of the experiment, as compared to the control;
lower concentrations were not statistically different from the control. Data represent the mean
over 3 repetitions; standard deviations are indicated by whiskers. Statistical significance is marked
according to the ¢-test p-values: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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3.3. Fronds Growth

On day 7, the number of fronds significantly increased at ¢ = 2000 ug/L (Figure 3B).
For other days and concentrations, no significant effect was observed. In the control group,
the average increase was 334.7%, while in samples treated with 2000 pug/L of diazepam, it
was 372.2%.

3.4. Mass Growth

After seven days, the fronds biomass increased by 350% in the control and by 470.4%
in the sample treated with 2000 ug/L diazepam. The mass per leaf ratio increased by 21.2%
for the highest concentration of diazepam (Figure 3C,D). The plant leaf area was measured
by PSI FluorCam FC 800-C and re-calculated per leaf. No statistical difference between the
control and the treated samples was detected.

3.5. Metabolism

In the 0.2 ng/L diazepam-treated samples, the only metabolite detected was oxazepam,
which appeared already on day 1 (Figure 4A). After 24 h, the amount of oxazepam started
to decrease and was below LOD on day 5.

OXA concentration in medium (0.2 ug/L DIA)

0.004

0.003

0.002

0.001

W without Lemna
M with Lemna

C
TEM concentration in medium (20 pg/L DIA) NOR concentration in medium (20 pg/L DIA)
0.05 —
it N without Lemna %, 0.06 Nwithout Lemna
M with Lemna = M with Lemna
0.03 o 004
0.02
\ g 002 '
0.0 4 o
0.00 0.00
3 5 7 1 3 5 7
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E
TEM concentration in medium (2 000 pg/L DIA) NOR concentration in medium (2 000 ug/L DIA)
- d ’
N without Lemna =) N without Lemna
M with Lemna % B with Lemna
©
o
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Figure 4. Quantification of diazepam metabolites in the medium after 7 days of cultivation of Lemna
and in the medium without Lemna. The highest concentration of oxazepam (OXA) in the medium of
the plants treated with 0.2 ug/L of diazepam (A) was detected on day 1 and decreased below LOD by
day 5. The concentration of oxazepam in the control cups without the plants kept growing until the
last day of the experiment. No other metabolites were detected at this diazepam concentration level.
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For the medium of plants treated with 20 ug/L of diazepam, temazepam (TEM) (B) was detected on
day 3 and was slowly increasing, as opposed to the control group without any plants. Nordazepam
(C) followed the same trend. In the plants treated with the highest concentration of diazepam
(2000 pg/L), the first metabolites were detected already on day 1, and their concentrations kept
increasing rapidly (D,E).

For the diazepam concentration of 20 ng/L, the first detected metabolite was temazepam
on day 1 (Figure 4B), followed by nordazepam on day 3 (Figure 4C). The concentration of both
metabolites kept growing throughout the test, as opposed to the control samples without the
plants, where the metabolites were only detected on day 3 and kept decreasing. Oxazepam
was not detected in the samples at all.

The concentration of 2000 pg/L exhibited a steady growth in both temazepam and
nordazepam concentrations (Figure 4D,E). The detected levels of metabolites increased
with a tendency which was steeper than in the control samples without the plants. No
oxazepam was detected in the medium.

4. Discussion
4.1. Diazepam Concentration Levels

Currently, most studies are concerned with the benzodiazepine levels detected in
surface waters worldwide. However, it is important to know where the effect threshold
lies. This is why three diazepam levels were evaluated—the ecotoxicologically relevant
concentration of 20 ug/L and 100x lower (0.2 ug/L) and 100x higher (2000 pug/L) concen-
trations. During the 7-day exposure, the synthesis of new leaves occurred and, therefore,
semi-chronic effects could be observed in several life cycle phases of Lemna.

4.2. Biochemistry

The superoxide dismutase levels rose immediately on the first day after exposure and
dropped below the control levels on day 3. Superoxide dismutase levels followed this trend
for two more days before rising back to the control level on day 7. We hypothesize that
diazepam interferes with oxidative stress and initially induces a superoxide dismutase
synthesis and reduces the stress answer.

Catalase levels rose over the first five days, leaving more catalase available for oxida-
tive stress reactions. The results suggest that diazepam reduces the stress answer in Lemna
for the first five days before it decreases back to the control levels.

4.3. Photosynthesis

A statistically significant difference (p < 0.05) in photosynthesis was observed only
in the plants treated with the lowest concentrations of diazepam (0.2 ug/L) (Figure 3A).
Because the standardized mean difference was not high, the effect seems to be minimal.
Therefore, diazepam possibly does not interact with the response of plant photosystem II.

4.4. Physiological Changes

After seven days, samples treated with the highest concentration of diazepam ex-
hibited a significantly higher fronds count, resulting in higher total biomass and area.
When recalculated to mass per leaf ratio, the samples treated with the highest diazepam
concentration also increased in mass, supporting the hypothesis that diazepam not only
stimulates growth and frond division, but also increases the mass of each leaf. According
to our observations, the area of individual fronds did not grow, meaning the fronds are
thicker, but do not have a larger surface area as compared to the control.

Because the results show that diazepam in plants does not have a toxic effect at higher
concentrations, and even exhibits stimulation, the underlying molecular mechanisms of
action of diazepam and its metabolic pathways ought to be investigated. Previous studies
reported GABA-like receptors in plants [34-36], and therefore the idea of a benzodiazepine-
specific binding site in plant cells could be one of the answers.
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In the past, several studies reported the effect of oxazepam on aquatic organisms,
suggesting an effect on activity, sociality, boldness, and feeding rate (see Table 2.). Bourioug
et al. reported no effect of oxazepam on Lemna plants in terms of frond number, fresh
biomass, or frond area; however, the studied concentrations ranged from 0.5 to 50 pug/L
and were administered in a mix containing other psychoactive compounds [37].

Table 2. Effects of oxazepam on selected aquatic organisms.

Organism Compound Dose Exposure Effect Reference
) . 0.5 ug/L 7days
Lemna minor mixture of psychoactive 5 L 7d No effect on frond number,
drugs incl. oxazepam ug/ ays fresh biomass or frond area

50 pug/L 7days [37]

mixture of psychoactive

Elevated EROD, GST, CAT,

Corbicula fluminea drugs including 50 ug/L 3 days otherwise no effect
oxazepam
Increased activity, reduced
1.8 ug/L 7 days sociality
Perca fluviatilis OXazepam Increased activity, reduced [27]
910 png/L 7 days sociality, increased boldness,
higher feeding rate
280 pug/L - Increased boldness
Rutilus rutilus oxazepam Increased boldness [28]
0.84 ug/L - ..
and activity
9.1,69,57, Increased boldness
7 days .
Perca fluviatili benzodiazepine mix 8.1 ug/L and activity [13]
erca fluviatilis
(OXA, BRO, TEM, CLO) 0.5,0.5,0.3, 7 davs Increased boldness
0.4 ug/L y and activity

4.5. Metabolism

Quite recent studies suggest that plant metabolic pathways decompose diazepam in
the same manner that the human body does. [38,39]. All three metabolites were detected
in the medium (Figure 4). While the concentration of oxazepam in the medium without
plants has increased steadily, this was not the case for the samples with Lemna biomass.
The outcome suggests that oxazepam in the medium without Lemna is a result of pho-
todegradation. As expected, the formation of oxazepam was only observed in the lowest
concentration of diazepam, because the second phase of metabolism only follows the first
phase. For any of the higher concentrations, no oxazepam levels were detected during
the seven-day test, though the intermediate metabolites temazepam and nordazepam
were detected, increasing every day. Arguably, when the metabolic pathways are busy
with the first stage of metabolism, it takes longer than 7 days to degrade temazepam and
nordazepam into oxazepam.

The precise metabolic pathways of diazepam in plants have not yet been described. In
humans, the main effect is caused by the benzodiazepine-specific binding site in GABA
receptors. Recently, GABA-like receptors have been found in plants; however, their precise
structure remains unknown and so does the eventual presence of a benzodiazepine-binding
site. Confirmation of an in-plant benzodiazepine-specific binding site in GABA-like re-
ceptors would be extremely scientifically interesting and could reveal the fact that, on a
molecular level, psychopharmaceuticals such as diazepam can act similarly in animals as
in plants.

5. Conclusions

Our research brings two important conclusions. Firstly, the influence of diazepam
on Lemna minor suggests similarity to the human body—a reduction in oxidative stress
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markers, growth propagation, and identical metabolites. A comparison to the human body
may be accurate because a similar form of GABA receptors responsible for the effect in
humans has recently also been described in plants [40-42].

Secondly, fundamental findings relevant for freshwater phytoremediation technologies
are presented, proving that even in high concentrations, diazepam does not exhibit acute
nor subchronic adverse effects on Lemna minor’s growth, propagation, nor photosynthesis,
but on the contrary, can slightly increase the biomass of Lemna.
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Appendix A

Table A1l. LC-MS/MS parameters specific to each benzodiazepine.

Parention(m/z) Quantifier/Qualifier Fragmentor Collision Energy (V)

diazepam 285 154/193 150 30/30
diazepam-Ds 290 154/198 150 30/30
nordiazepam 271 140/165 150 30/30
oxazepam 287 241/104 100 30/40
temazepam 301 255/177 100 25/45
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