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SOUHRN

Predlozena habilitaéni prace se zabyva vyvojem a aplikaci jednotek vyuzivanych
pfi odstraiiovani pramyslového znecisténi z podzemnich, piipadné procesnich vod.
Prvni z prezentovanych technologii se zaméfuje na odstranovani organickych latek, kam
muzeme zatadit fenolické latky a dalsi aromatické uhlovodiky, chlorované uhlovodiky nebo
dusikaté aromatické slouceniny. Metoda je zalozena na pitimé fotolyze peroxidu vodiku
UV-C zafenim, jez generuje hydroxylovy radikal jako oxidacni ¢inidlo. V rdmci postupného
vyvoje od stadia laboratorniho prototypu se podafilo jednotku vyvinout do stupné funkcni
pilotni technologie umisténé v kontejneru, ktera byla Gispésné provozovana na kontaminované
lokalité v Usti nad Labem — Piedlicich Kk feSeni zne¢isténi podzemnich vod chlorovanymi
uhlovodiky s vysokou ucinnosti.

Druhou metodou je technologie elektrochemické koagulace. Ta se soustfedi
na odstranovani zejména anorganickych latek ve formé rozpusténych kovovych ionti. Metoda
je zaloZena na in-situ genezi koagula¢niho ¢inidla elektrochemickym rozpousténim obé&tované
elektrody a nasledné separaci vysrazeného kalu, ktery rozpusténé necistoty adsorbuje, nebo jsou
v ném ko-precipitovany. Elektrokoagulaé¢ni jednotka byla, podobné jako v pfedchozim piipadé,
vyvinuta z laboratorniho méfitka do stadia pilotni technologie umisténé v kontejneru.
Byla tspésné provozovana na evropsky vyznamné lokalit¢ Natura 2000 ve Zlatych Horach
kontaminované dvojmocnymi ionty niklu a Sestimocnymi ionty chromu. Elektrochemickou
jednotku se dale podatilo aplikovat do plného pramyslového méfitka, je provozovana v zatizeni
pro energetické vyuziti odpadi v Liberci a kontroluje vystupni koncentrace zineénatych iontd
V procesnich vodach.

Habilita¢ni prace sleduje vyvojovou cestu obou technologii od laboratorniho vyzkumu
az po konec¢nou aplikaci Vv praktickém vyuziti. Jednotlivé vyvojové stupné jsou komentovany
z hlediska dosazeni nejvyznamnéjsich vysledkt a nejvyssi efektivity. Prezentované metody
jsou podlozeny ptislusnymi odbornymi publikacemi a spisy deklarujicimi ochranu dusevniho

vlastnictvi. Jedna se tedy o soubor uvefejnénych praci, doplnény privodnim komentarem.
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1 UVOD

V dusledku prudkého rozvoje spole¢nosti spjatého nejen s primyslovou revoluci se
ptiblizné od poloviny 19. stoleti neustéle vyvijely primyslové technologie vedouci k usnadnéni
kazdodenniho zivota ¢lovéka [1]. V dobach nejvétsiho rozmachu se pfili§ nedbalo na ochranu
zivotniho prosttedi, ¢imz byly postupné polozeny zéklady zneciSténi Zivotniho prostiedi
vV masivnim mé&fitku [2,3]. AZ v poloving 20. stoleti se zacalo feSit tzv. vypousténé znecisténi
z pramyslovych podniki formou fedéni procesnich proudu. V 70. letech 20. stoleti byla
zavedena metoda tzv. ¢isténi na konci trubky (end-of-pipe), zatimco komplexni feSeni jsou
neustale vyvijena [4,5].

V soucasné dobé se v mnoha regionech svéta vyskytuji staré ekologické zatéze
ve znecisténych a nevyuzitych lokalitach, jejichz opétovné vyuziti neni prakticky mozné
bez tadné dekontaminace nebo sanace. Casto se jedna o 0dstranéni kontaminantii z ptidy nebo
podzemni vody [6]. Prezentované technologie v habilita¢ni praci jsou sice zaméfeny pouze
na nekteré typy znecisténi podzemnich, pfipadné procesnich vod, avsak mohou pfinést nové
moznosti oziveni zasazenych mist.

V pribéhu své akademické kariéry jsem se zabyval pifedev§im aplikovanymi
fotochemickymi a elektrochemickymi procesy pro ¢isténi kontaminovanych vod.
V oblasti fotochemickych procesti se mij vyzkum zamétfoval vyhradné na fotochemické
oxidace vyuzivajici rozklad peroxidu vodiku iniciovaného UV-C zatenim [7]. Pfi nich dochazi
ke genezi jednoho z nejsilngjsich oxidacnich ¢inidel, hydroxylového radikalu, s jehoz pomoci
dochazi k eliminaci organického zne€isténi [8]. Zminovand problematika byla pfedmétem
mého odborného zajmu od pocatku mého doktorského studia, kdy jsem spolecné s dalSimi
kolegy publikoval sedm odbornych c¢lankti v impaktovanych periodikach, dale jsem
spoludrzitelem dvou uzitnych vzora a jednoho patentu.

Druhym vyvijenym procesem je elektrokoagulace. Jedna se o metodu zalozenou
na vyuZziti srazecich postupti, pfi nichz dochazi k odstranovani ptfedevSim anorganického
znec€isténi z kontaminovanych vod ve form¢ rozpusténych kova [9]. Elektrokoagulace je tedy
v podstaté alternativni metoda ke klasickému chemickému srdZeni, nicméné bez pouziti
koagulac¢nich ¢inidel, ale fizenym elektrochemickym rozpousténim obétované elektrody [10].
V ramci této tematiky jsem s dals§imi kolegy zatim publikoval sedm odbornych ¢lanku
v impaktovanych periodikach — dva z nich se vénuji mozné kombinaci s fotochemickymi nebo
jinymi oxidac¢nimi procesy. Déle jsme ziskali dva uzitné vzory, znichz jeden se zabyva

kombinaci obou tematik.



Oba procesy jsou zamétené na feSeni kontaminaci ohrozujicich lidské zdravi v ptipadé
zne€isténi zdroji pitné vody. Stavajici procesy probihajici na Gpravnach a Cistirnach vody je
v soucasné konfiguraci nejsou schopny odstrafiovat s dostate¢nou G¢innosti. Znalosti vlivu
ucinku takovych typt kontaminaci na lidské zdravi jsem nasledné v praxi uplatnil pfi svém
pedagogickém ptisobeni na FZP UJEP. Od roku 2014 prednasim kurzy soustiedéné na obecnou
I specialni toxikologii, ve kterych se vénuji jednak obecnym aspektiim uc¢ink chemickych latek
na lidské zdravi, jednak konkrétnim ptikladim. V novych studijnich programech pfednasim
lekce souvisejici S tématy specialnich technologii pro ochranu zivotniho prostiedi, kde jsou
zatazeny konkrétni poznatky ziskané pifi vyvoji obou popisovanych technologii.
V ramci zkoumané problematiky bylo uspésné doposud obhéjeno né€kolik bakalatskych
a diplomovych praci, které jsem vedl nebo u nich ptsobil jako konzultant. VéEtSina téchto praci
byla vedena na FZP UJEP, v n&kolika piipadech pak formou externiho $kolitele ¢i konzultanta
na Ustavu pro Zivotni prostiedi PiF UK.

Predmétem predkladané habilitacni prace jsou dvé vzajemné se doplitujici témata, ktera
sleduji spole¢ny cil v podobé zvétsovani méfitka a nasledné aplikace Vv realnych podminkach.
V ramci postupného vyvoje byly feSeny specifické praktické problémy, vedouci
k implementaci vétSich vyvojovych stupnd. Piikladem lze uvést jednotliva tskali pti zvétSovani
m¢éfitka fotochemického stupné, kde se jako limit ukazala komeréni dostupnost rozméru
ktemennych trubic tvoficich srdce reaktorii. Kiemenné trubice byly nutné z dtivodu vysoké
propustnosti zafeni v UV-C oblasti. U elektrokoagulace naopak bylo nutné vyuzit existujicich
materidlti (mekka, neuslechtila ocel) pro vytvoreni elektrodovych kazet a jejich implementace
do elektrokoagulac¢nich reaktord. Jednoznaénym uspéchem pii vyvoji obou technologii bylo
dosazeni funkénich pilotnich jednotek pracujicich s vysokou ucinnosti blizkych idealnim
podminkam v laboratornim prostiedi. Byly umistény Ve standardizovaném transportovatelném
kontejneru umoznujicim ptfevoz béznym nakladnim automobilem do konkrétni znecisténé
oblasti bez omezeni. V této podobé byly provedeny pilotni experimenty na kontaminovanych
lokalitach v Usti nad Labem, Ptedlicich a Zlatych Horach.

Oxida¢ni  jednotka byla provozovédna v Pfedlicich varedlu spolecnosti
RWE Energie, a.s., ktera sousedi s arealem byvalé chemické pradelny a Cistirny, kde se
pouzivaly trichlorethylen a tetrachlorethylen. Tato rozpoustédla tvotila hlavni kontaminanty
znecisténi podzemnich vod. Elektrokoagulacni jednotka byla provozovana v arealu spolecnosti
Velobel, s.r.o. ve Zlatych Horach, protoze podzemni vody byly zneCiStény primarné

Sestimocnymi ionty chromu a dvojmocnymi ionty niklu.



Po uspésném testovani a dosazeni vybornych vysledkil v terénu byly tyto jednotky
zatazeny do komer¢niho nabidkového portfolia spole¢nosti Dekonta, a.s., ktera je nasim
dlouholetym pramyslovym partnerem ve vyvojovych projektech. U elektrokoagulace se
podafilo dosahnout jesté vyssiho vyvojového stupné, nebot’ byla Uspésné implementovana
do plného provozu zatizeni pro energetické vyuziti odpadi (ZEVO) v Liberci, kde kontroluje
vystupni koncentraci Zn ve vypousténych procesnich vodach. Tato technologie je stéle
provozovana S pozadovanou U¢innosti.

V pribéhu vyvoje obou technik se ukéazala nutnost hledat komplexnéjsi feSeni
odstranovani kontaminantd, tedy jak anorganického, tak i organického charakteru, proto jejich
vyvoj i testovani ¢asto probihaly paraleln€. Pro vétsi prehlednost jsou nicméné v predkladané
praci diskutovany oba procesy zvlast' kvili logické posloupnosti z hlediska jejich vyvoje.
Elektrochemické procesy by v pfipadé spole¢né aplikace obou metod Vredlném provozu
snejvetsi pravdépodobnosti piedchazely fotochemickym, piesto jsou Vv ptedlozené praci
diskutovany az jako druhé. Jejich vyvoj se zastavil ve fazi finalni provozni aplikace.
Fotochemicky stupeni se podafilo vyvinout nejvySe do stadia pilotni jednotky umisténé
v kontejneru a otestované na konkrétni kontaminované lokalité.

Habilita¢ni prace sleduje celou vyvojovou cestu od prvotniho teoretického néapadu
k jeho postupnému hlub§imu zkoumani v jednotlivych vyvojovych fazich a postupny piechod
z idealniho laboratorniho prostredi k plné funkénim aplikacim v redlném provozu po finalni
komeréni nabidku na trhu. Jedna se tak o ,,piibéh* obou technologii ,,z laboratoie k aplikacim*
v podobé komentate jiz publikovanych vysledkti mapujicich jednotlivé vyvojové stupné.
Prace je formou pfilohy doplnéna plnymi texty pftislusnych publikaci v impaktovanych
periodicich, které byly podrobeny recenznimu tizeni. Tam, kde je to vhodné, jsou také pfilozeny
ptislusné spisy deklarujici ziskanou ochranu dusevniho vlastnictvi. Vystupy jsou V piiloze

chronologicky sefazeny tak, jak jsou zminovany v piedkladaném textu pro snazsi orientaci.



2 FOTOCHEMICKE PROCESY

2.1 Teoreticky uvod

Pokrocilé oxidacni procesy (z anglického Advanced Oxidation Processes, AOP)
predstavuji skupinu metod chemické oxidace v kapalné fazi, které se pouzivaji k likvidaci
rozpus$ténych organickych slou¢enin [11]. AOP byly vyvinuty za uc¢elem oxidace organickych
sloucenin, které mohou byt odolné nebo jsou schopny deaktivovat tradiéné pouzivany
biologicky stupen v (Cistirnach odpadnich vod (tyto slouceniny jsou biologicky
nerozlozitelné) [12]. Pokud jsou kone¢nymi produkty chemické oxidace pouze CO2, H.O
a dalsi neskodné anorganické slouceniny, hovotime o uplné mineralizaci nebo totalni oxidaci.
AOP se pouzivaji k nahrazeni standardnich oxidac¢nich technologii, jako je oxidace za pouziti
KMnOg4, K2Cr207 a Na2S20s, protoze zminéné metody nevykazuji reaktivitu vedouci k totalni
oxidaci polutantii nebo je reakéni doba nepiimétené dlouha [13]. Tyto oxidanty mohou také
slouzit jako sekundéarni zdroje znecisténi, napt. ionty Sestimocného chromu vykazuji znacnou
toxicitu. Mezi spoleéné znaky AOP mizeme zatadit napt. [7,14,15]:

e AOP pracuji pfi okolni teploté¢ a atmosférickém tlaku; neni vyzZadovéna stavba
nakladnych tlakovych zafizeni.

e Hydroxylovy radikal (*OH), jeZ slouzi jako oxidac¢ni Cinidlo, lze generovat n€kolika
zpusoby, takze poskytuje flexibilitu vyuZiti AOP pro rizné praktické problémy.

e +OH vykazuje nizkou selektivitu a vysokou rychlostni konstantu 10° mol-1-t-s%, coz mu
poskytuje vysoké piredpoklady pro odbouravani Siroké Skaly biologicky

nerozloZitelnych kontaminanta.

Hlavni nevyhodou AOP jsou relativné vysoké provozni néklady (spotieba elektiiny
Vv ptipad¢ svétlem indukovanych procesil) a specialni pozadavky na bezpecnost z divodu

pouziti velmi reaktivnich chemikalii (ozon, peroxid vodiku) atd.

2.1.1 UV-C/H202

Piima fotolyza peroxidu vodiku ultrafialovym zafenim (UV-C/H202) je jednim
z nejucinngjsich typt AOP. Systém UV-C/H20:2 je zalozen na rozkladu peroxidu vodiku
produkujici hydroxylové radikaly pomoci zafeni o vinovych délkach kratsich nez 280 nm [8].
Mechanismus vzniku hydroxylovych radikala je popisovan homolytickym $tépenim molekuly
peroxidu vodiku za vzniku dvou radikald z jedné molekuly [16]. Peroxid vodiku nicméné ma

nizky molarni absorpéni koeficient ve vodé (18,6 1-mol~t-cm pi#i 254 nm), v jehoz disledku



mize byt u siln€ znecisténych vod snizena ucinnost procesu diky absorpci zareni organickymi

latkami, které se tak mohou chovat jako opticky filtr [17].

2.2 Oxidacni systémy

V této casti jiz budou predstaveny vyvinuté¢ fotochemické oxidacni systémy, které
sméiovaly k praktickému vyuziti pro likvidaci rGznych typi organického znecisténi.
Ptedstaveni jednotlivych oxida¢nich systému bude korespondovat s jejich rostoucim métitkem

podobné, jako schematicky znazorfiuje Obr. 1., podrobnéji rozepsano v Tab. 1.

f

\\‘ |
n N V.V
Obr. 1 Schematické znazornéni zvétSovani métitka.
Tab. 1 Porovnani méfitek jednotlivych vyvojovych stupiiti fotochemického reaktoru.
Rozméry reaktoru Zativy vykon Zpracovavany
Jednotka (mm) (W) objem (1)
Laboratorni prototyp 245 x 34 1x14 2-10
RECHEBA-A 300 x 50 12x8 10-60
RECHEBA-B 590 x 56 10 x 18 10-60
RECHEBA-L 1200 x 153 20 x 32 50-150
RECHEBA-XL 2 x (1200 x 153) 40 x 32 160-1000

2.2.1 Laboratorni prototyp

Nejmensi systém z hlediska velikosti byl vramci budouciho vyvoje soucasti

viceslozkového systému, jehoZ primarnim Gcelem bylo zajiSténi nekolika litrt pitné vody denné
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Vv riznych katastrofickych scénafich (zivelné pohromy, valecné konflikty apod.) [18]. Tyto
a podobné situace se vyznacuji omezenou dostupnosti Cisté, mikrobidlné¢ neSkodné vody.
Vyvinuté zafizeni obsahuje elektrokoagulacni stupen, filtracni mezistupen a oxidacni stupen.
Pii téchto jednotlivych stupnich zpracovani dojde k postupnému odstranéni rozpusténych
anorganickych kontaminanti elektrokoagulaci, mechanickych necistot (v podobé vysrazené¢ho
kalu nebo ptitomnych necistot z ptivodniho nabéru), a v poslednim stupni dojde k oxida¢nimu
rozlozeni organickych latek pfimou fotolyzou peroxidu vodiku UV-C zafenim, které zaroven
pomiize eliminovat mikrobidlni zne¢isténi. Blokové schéma této kombinované jednotky, podle

které probihal detailni navrh, je znazornéno na Obr. 2.

<]

[(5)

® X i
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Obr. 2 Blokové schéma vyvinutého vicesloZzkového systému: Zelené — elektrochemicky ¢len; ¢erné — filtradni mezistupen;
modfe — oxidaéni €len. 1) pfediprava filtraci, 2) michana zasobni nadrz, 3) vzorkovaci/vypustni ventil, 4) ob&hové Cerpadlo,

5) regulace pritoku, 6) elektrokoagulaéni cela, 7) precerpavaci pumpa, 8) filtraéni mezistupen, 9) zasobnik H202, 10) davkovaci
pumpa, 11) zasobni nadrz, 12) vzorkovaci/vypustni ventil, 13) obéhové ¢erpadlo, 14) fotochemicky reaktor.

Fotochemicky stupeii je v tomto ptipadé tvofen reaktorem, v jehoz stfedu je umisténa
nizkotlakd germicidni vybojka o zafivém vykonu 14 W, je umisténa v kiemenném rukavu
(fused silica) o priméru 30 mm. Délka ozafované zony ¢ini 245 mm, vnitini pramér 64 mm
a celkovy ozafovany objem zpracovavané vody je 614,47 mm.

Cely systém byl navrzen tak, aby byl schopen piipravit az 10 I-den™! pitné vody, coz
Vv piipadé nouze je zcela dostacujici mnozstvi pro 4-5 ¢lennou rodinu. Jednotka spojuje
odstranéni organickych 1 anorganickych kontaminanta s vysokou ucinnosti, véetné¢ mikrobidlni
desinfekce diky aplikovanému UV-C zéfeni, navic v ,,user-friendly* podobé. V zatizeni lze
jako surovy zdroj pouzit vodu nalezenou napft. v kaluzi, v fece, ve vodni nadrzi, zachycené
destové vody apod. Nejvétsim nedostatkem jednotky je nutnost pouziti elektrického proudu,
a tudiz pripojeni k elektrické siti [18]. V piivodnim navrhu jednotky byla myslenka cely systém

opatfit bud’to solarnim panelem pro zisk potiebné energie, nebo systémem dynama a ru¢ni
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otacivé kliky, pomoci které by bylo zafizeni napajeno a provozovano. K finalni realizaci navrha
alternativniho pohonu nedoslo, ale jedna se jisté o zajimavy, do budoucna vyuzitelny koncept.
Elektrochemicky stupenn bude podrobnéji popséan v kapitole pojednavajici o elektrokoagulaci.

Oxidacni ¢ast prototypového zafizeni je uvedena na Obr. 3.

Obr. 3 Prototyp jednotky vyvinuté k zajisténi pitné vody — oxidaéni ¢len (dle komentované polozky 1). 1) zasobni nadrz
s ponornym ob&hovym &erpadlem (2), 3) sméSovaci ventil pro davkovani H202, 4) UV-C reaktor, 5) vzorkovaci ventil,
6) regulacni ventil, 7) vypust, 8) elektricky rozvadé¢, 9) pieCerpavaci pumpa z elektrokoagulaéni ¢asti, 10) filtra¢ni
mezistupen, 11) vzorkovaci ventil filtratu. Vlastni foto.

V ramci laboratorniho vyzkumu byl také zkouman a optimalizovan reak¢ni systém
s vyuzitim svétlocitlivych ftalocyanini, které po osvitu vhodnou vinovou délkou viditelného
zafeni generuji singletni kyslik, jakozto dalsi silné oxidac¢ni ¢inidlo. Pro vyzkumné ucely
vlastnosti svétlocitlivych ftalocyaninli pro genezi singletniho kysliku byl vyuZit fotochemicky

mikroreaktor, jehoz unikatni konstrukce umoznuje velmi pfesna kineticka méteni [19].

2.2.2 Laboratorné-¢tvrtprovozni jednotka

Druhym fotochemickym stupném vyvinutym v naSich laboratotich byl fotochemicky
reaktor, pracovné nazvany, RECHEBA (dle akronymu projektu, v rdmci kterého jeho vyvoj

probihal; Reaktivni chemické bariéry pro dekontaminaci siln¢ znecisténych podzemnich vod).

Jedna se taktéz o systém vyuzivajici pfimou fotolyzu peroxidu vodiku UV-C zatfenim, piic¢emz
vyvojovym cilem byla eliminace Sirokého spektra kontaminanti v primysloveé znecisténych
vodach nebo v podzemnich vodach kontaminovanych v disledku diivéjsi primyslové ¢innosti
(likvidace starych ekologickych zatézi). Pfi vhodném nastaveni reak¢nich podminek je mozné

vést oxidacni reakce smérem k uplné eliminaci organickych kontaminantli na neskodné
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anorganické produkty [20,21]. Laboratorné-¢tvrtprovozni systém zalozeny na UV-C zateni byl

pracovné nazvan RECHEBA-A a je zdokumentovan na Obr. 4.

Oxidacni ¢len byl navrzen jako kiemenna trubice o pruméru 50 mm, kterd je po svém
obvodu obklopena dvanacti nizkotlakymi germicidnimi vybojkami o zafivém vykonu 8 W,
pficemz celkovy vykon pak ¢inil 96 W. Délka reakéni zony Cinila 290 mm, celkovy ozéatfeny
objem byl 569 ml. Vngjsi plast’ byl tvofen hlinikovym platem, ktery reaktor obklopoval
Vv kruhovitém uspofadani, jez zajisStoval maximalni odrazivost UV-C zéfeni zpét do ozafované
z6ny uvniti kfemenné trubice. P1aSt’ byl opatfen Zebrovanim zajiStujici odvod ptebytkového
tepla generovaného zafivkami. Reaktor byl vybaven také elektronickym ptedfadnikem, ktery
umoznoval spousténi libovolného poctu germicidnich vybojek, ¢imz byl umoznén také

podrobny vyzkum vlivu intenzity zafeni na rychlost a G¢innost probihajicich reakci.

Obr. 4 Vzhled a uspofadani laboratorné-Etvrtprovozni jednotky: vlevo — pfedni strana; uprostied — zadni strana; vpravo — detail
reaktorové Casti (dle komentovanych polozek 2 a 3). 1) zasobni nadrz, 2) vypust’, 3) davkovaci ventil, 4) ob&éhové Cerpadlo,
5) vzorkovaci ventil, 6) regulaéni ventil, 7) pritokomér, 8) by-pass, 9) davkovaci ventil, 10) vzorkovaci ventil, 11) rozvadéc,
12) piediadnik, 13) UV-C reaktor. Vlastni foto.

Na laboratorné-Ctvrtprovozni jednotce probéhl detailni vyzkum a optimalizace
procesnich parametrti pro odbouravani organickych latek na modelovych kontaminacich 4-
chlorfenolu, anilinu a nitrobenzenu. Kromé modelovych kontaminaci bylo nasledné provedeno
ovéfeni s realné¢ znecCisténymi podzemnimi vodami dokazujici vhodnost a u¢innost zvolené
metody. Mezi testované procesni parametry, které vyznamnym zptisobem ovliviiuji rychlost

a ucinnost odbouravani kontaminant, mizeme zatfadit napt. vstupni koncentrace polutantu,
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objem reak¢ni smési, koncentrace peroxidu vodiku nebo intenzita zafeni [22]. Oproti tomu,
zpisob davkovani peroxidu vodiku mél pouze castecny vliv — z hlediska odbourdvani
vychoziho kontaminantu byl jeho efekt znacny, zatimco z hlediska UpIné oxidace nebyl efekt
pii vhodné zvolené koncentraci vyznamny. Rychlost pratoku reakéni smési aparaturou naopak
vliv na uc€innost odbourdvani polutantu neméla, nebot’ se jedna o reaktor pracujici
Vv recirkula¢nim rezimu. SniZeni prutoku sice vede k mensimu poctu prichodu reakéni zoénou,
na druhou stranu se ale zvysi doba zdrZzeni v ozafované ¢asti. Diky recirkula¢nimu uspotfadani
se v podstaté jedna o vsadkovy reaktor, ve kterém celkova doba reakce hraje primarni vliv.
Pti zachovani konstantniho reakéniho ¢asu se neméni celkova doba zdrzeni v ozafované zoné
reaktoru, a proto u¢innost odbouravani celkového organického uhliku je totozna.

Dalo by se fici, Ze jednotka pracuje na principu diferencidlniho reaktoru, kdy jeden
pruchod ozafovanou zonou zptisobi malou zménu v celkové koncentraci TOC (z angl. Total
Organic Carbon, celkovy organicky uhlik), a proto se musi pracovat v opakovaném rezimu
mnoha prichodd. To se mize jevit jako nevyhodné z hlediska uplného odbourani organického
znedisténi, nicméné i tak ma reaktorova jednotka potencial pro realné vyuziti. Casto totiz stati
pouze Caste¢na oxidace organickych latek, kdy ,,narusenim® piivodni struktury mtize u obtizné
odbouratelnych kontaminantii dojit ke zvyseni jejich biodegradability [17]. Proto je mozné
uvazovat vyuziti takového reaktoru pied biologickym stupném zpracovani odpadnich vod [23].
Nakres procesniho zapojeni oxida¢niho reaktoru ukazuje Obr. 5. Dle podobného schématu byly

sestaveny oxidacni jednotky vSech vyvojovych stupnd.

Obr. 5 Schéma uspofadani oxidac¢nich reaktorii ve vSech vyvojovych stupnich: 1) zasobni nadrz, 2) ob&hové Cerpadlo,
3) regulacni ventil, 4) pritokomér, 5) by-pass, 6) oxida¢ni reaktor, 7) vzorkovaci ventil, 8) zasobnik peroxidu vodiku, 9) misi¢
peroxidu vodiku a zpracovavané vody, 10) vypust’, 11) volitelné zapojeni tepelného vymeéniku.
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Pro ucely charakterizace fotochemického reaktoru, u kterého je mozné libovolné
upravovat zativy vykon, byl navrzen test vnitini integrity (angl. Internal Integrity Test), pomoci
kterého je mozné spolehlivé ur€it vykon reaktoru. V experimentu se stanovuje ucinnost
rozkladu peroxidu vodiku v pfedem definované reakcni dobé v zavislosti na intenzité zareni.
Utelem tohoto experimentu je jednoduché ovéfeni, ze fotochemicky reaktor pracuje v tzv.
rezimu maximalniho vykonu. Je pfirozené, ze kazda zativka jakéhokoliv druhu ma omezenou
zivotnost, béhem niz dochazi k postupnému poklesu zativého vykonu.

Tento jednoduchy test provedeny jednou za ¢as umozni sledovat, zdali se jednotka stale
pohybuje v rezimu maximalniho vykonu, ¢i jiz nastalo takové snizeni Gi¢innosti, ze je tieba
instalované zativky vymeénit. Zavislost i€innosti rozkladu peroxidu vodiku v definovaném Case
reakce na intenzité¢ vyzafovani je znazornéna na Obr. 6. Z kiivky je zifejmé, Ze pii poklesu
intenzity vyzafovani z ptivodnich 1740 mW-cm2 o cca 30 % nedojde k ovlivnéni G¢innosti
rozkladu peroxidu vodiku, zatimco pfi dal§im poklesu zativého vykonu uz ke snizeni dochézi.
Jednotlivé hodnoty intenzity jsou pak odpovidajici po¢tu lamp, kdy 1740 mW-cm~2 odpovida
vSem 12 lampam. Kazda dalsi hodnota odpovida snizeni poctu aktivnich lamp o dvé. Pii
snizovani poctu rozsvicenych lamp se postupovalo rovnomérn¢, aby nebyl ohroZzen rovnomérny
osvit reak¢éni smési. Detailni experimentalni optimaliza¢ni data je pak moZzné shlédnout

v pfilozené publikaci. [24]
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Relativni intenzita vyzafovani

Obr. 6 Test vnitini integrity pro laboratorné-&tvrtprovozni jednotku. Méfeno pomoci UV-VIS spektrofotometrie v UV oblasti
pii vinové délce 220 nm. Relativni intenzita 1 odpovida 1740 mW-cm2.

V ramci laboratorné-Ctvrtprovozniho stupné byla také vyvinuta sesterska jednotka

RECHEBA-B, ktera pracuje na principu osvitu svétlocitlivych molekul ftalocyaninti viditelnym
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zatenim, pii kterych dochazi ke genezi primarné singletniho kysliku jako oxidac¢niho ¢inidla,
pficemz konstrukce jednotky byla identicka s jednotkou RECHEBA-A s vyjimkou
reaktorového stupné [25]. Zde byla vyuzita sklenéna trubice o délce 570 mm, po obvodu
obklopena deseti zafivkami Narva LT 18W/015 HRA 4348 RED o délce 60 cm, s maximem
vyzatovani v 630-670 nm. Vngjsi plast’ byl tvotfen zaoblenou hlinikovou deskou o tloustce
2 mm K zajisténi maximalni odrazivosti zateni zpét do ozafované zony. Rozdily v rozmérech

reaktorové ¢asti jednotek RECHEBA-A a RECHEBA-B jsou uvedeny na Obr. 7.
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Obr. 7 Porovnani rozméri reaktorové ¢asti RECHEBA-A a RECHEBA-B (krat$i délka reaktorové &asti nalezi jednotce
RECHEBA-A). Rozméry jsou uvedeny v mm (dle komentované polozky 3).

Jednotky A a B byly vyuzity k pfimému srovnani uc¢innosti odbouravani 4-chlorfenolu
jako modelové slouceniny, v€etné ubytku celkového organického uhliku. V ramci srovnéavaci
studie byly vzajemné porovnavany dvé nejsilngjs$i oxidacni Cinidla (hydroxylovy radikal
asingletni kyslik) s vyjimkou nejreaktivnéj§iho prvku vibec, fluoru. Komparace obou

oxidacnich ¢inidel je uvedena v Tab. 2.

Tab. 2 Standardni redoxni potencial (E°) vybranych oxidacnich ¢inidel pfi teploté 25 °C.

Oxidacni ¢inidlo Reakce E° (V)
Hydroxylovy radikal OHe +H"+e” == H20 2,8
Singletni kyslik 10, +2H" + 26 =—= H0 2,42

Je ziejmé, ze dle hodnot jejich redoxniho potencialu se jedna o velmi reaktivni oxidacni
¢inidla a jejich pfimé srovnani v homogennich reak¢nich systémech bylo predmétem
komparativni studie [26]. Zde byla provedena nejprve dikladnd optimalizace procesnich
parametri (optimalizace jednotky RECHEBA-A vychazela z jiz vySe diskutované studie [24]
a poslouzila jako zaklad pro oxida¢ni systém s ftalocyaninem) a pfi optimalnim rezimu provozu

obou reaktorti bylo provedeno kinetické a ekonomické srovnani obou procesii.
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Jednotka RECHEBA-A byla samoziejmé charakterizovana vnitinim testem integrity,
jednotka RECHEBA-B byla charakterizovana dlouhodobym osvitem vodného roztoku
rozpus$téného ftalocyaninu Zn viditelnym zafenim, pfi¢emz na absorbanci v oblasti 630-670 nm
se sledoval ubytek absorbance. Protoze Cerstvé piipraveny roztok ani po 10 h osvitu
nevykazoval pokles sledovaného parametru, byl ftalocyanin Zn povazovan za dostatecné
stabilni pro provedeni degrada¢nich experimentti se 4-chlorfenolem (4-CP). Byla pozorovana
jednak ucinnost odstranéni vychoziho kontaminantu, jednak ucinnost odstranéni celkového
organického uhliku, kinetické parametry obou procesti a jejich ekonomické zhodnoceni.
Ukézalo se, ze jak ubytek vychozi koncentrace kontaminantu, tak pokles celkového
organického uhliku je siln¢ zavisly na koncentraci peroxidu vodiku nebo ftalocyaninu (dle
ocekavani) a dochézelo také k poklesu rychlostnich konstant (dle pfedpokladil). Srovnani obou
technologii shrnuji Tab. 3 a Tab. 4. Rychlostni konstanty byly vypoéteny s vyuzitim
matematického programu ERA pro pocate¢ni koncentrace 4-CP 0,5-2 mmol-I-t. Dale je

Vv tabulce uveden stupeii odbourani TOC Vv ptislusnych experimentech.

Tab. 3 Porovnani rychlostnich konstant a Gi¢innosti odstranéni TOC. Koncentrace 4-CP méfena pomoci HPLC, TOC bylo
méteno spalovaci metodou. Standardni chyby méfeni Cinila + 20 %.

RECHEBA-A RECHEBA-B
Rychlostni Ucinnost odstranéni Rychlostni Ucinnost odstranéni
4-CP (mmol-I"*)  konstanta (1-s7%) TOC (%) konstanta (1-s7%) TOC (%)
0,5 0,141 + 0,028 > 99 0,015 £+ 0,003 29
1 0,076 £ 0,015 78 0,016 + 0,003 21
15 0,068 + 0,013 55 0,015 + 0,003 15
2 0,039 + 0,007 32 0,009 + 0,002 10

Tab. 4 Porovnani ekonomickych parametrti procesu na jednotkich RECHEBA-A a RECHEBA-B.

RECHEBA-A RECHEBA-B
Spotieba Néklady na 1 m® | Spotieba energie  Néklady na 1
energie na 1 m® vody (EUR) na 1 m® vody m? vody

vody (EUR)
Elektricka energie 10 kWh 1,53 75 kWh 11,54
Peroxid vodiku 1000 ml 0,35 X X
Ftalocyanin Zn X X 4,1 kg 0,047
Naklady na udrzbu 0,08 0,02
Celkové naklady 1,96 12,03
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Ackoliv bylo jiz pred studii zfejmé, ze ucinnost systtmu RECHEBA-A bude
jednoznacné vyssi, nez u jednotky RECHEBA-B, vysledky s ftalocyaninovou jednotkou nebyly
vibec Spatné. Zejména ekonomicka ndarocnost vSak v pifipadé ftalocyaninu byla znaéna.
Procesni naklady vykazovala fadové vyssi nez jednotka pracujici s peroxidem vodiku. V takto
velkém méfitku byl ftalocyanin, v ramci srovnavaci studie, jako iniciator geneze singletniho
kysliku aplikovan viibec poprvé [26]. Ftalocyaninova jednotka pak byla pfedmétem ochrany

dusevniho vlastnictvi [25].

2.2.3 Poloprovozni jednotka

Dalsim vyvojovym stupném byla poloprovozni jednotka, ktera vychazela z jednotky
RECHEBA-A a pracovné¢ byla nazvana RECHEBA-L. Jednotka byla navrzena na hodinovy
vykon 50-150 I-h~1. Oxidac¢ni systém jiz byl sestaven jako velka procesni jednotka, jejiz srdce
bylo tvoteno fotoreaktorem ze 1200 mm dlouh¢ a 153 mm Siroké kifemenné trubice, kterd byla

po obvodu osazena celkem 20 nizkotlakymi germicidnimu zafivkami o okamzitém vykonu
36 W (Narva, LT 36W/UV-C), viz Obr. 8.

“mﬂﬂlw b Mlh“m

Obr. 8 Detail reaktorové &asti jednotky RECHEBA-L (dle komentované polozky 5 a 6). Pramér kiemenné trubice je 153 mm.
Vlastni foto.

Vstupni narokovéa ¢ast reaktoru je opatfena redistributorem a sérii plastovych sit, ktera
zajistuji rovnomérny tok ozafovanou zoénou v reaktoru. Vngjsi plast’ fotoreaktoru je tvoren
hlinikem a jeho vnitini strana je potazena vylesténou hlinikovou folii zarucujici minimalni

ztraty pii odrazu kratkovinného UV-C zafeni [27]. Vng&j$i Cast reaktorového plaste je opatiena
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podélnymi zebry v celé délce reaktoru a jsou vyhrazeny pro ¢astecny odvod tepla generovaného
zafivkami, zbylé teplo je poté regulovano chladicim hadem umisténym v zdsobni nadrzi.
Reaktorovd komora byla také odvétravana ventildtorem, ¢imz doSlo ke snizeni ndro€nosti

na externi chlazeni. Vzhled jednotky je znazornén na Obr. 9. Experimentalné byla uspofadana
podle Obr. 5.

Obr. 9 Jednotka RECHEBA-L (dle komentované polozky 5 a 6). 1) zasobni nadrz, 2) ob&hové &erpadlo, 3) regulaéni ventil,
4) priatokomeér, 5) vypust, 6) UV-C reaktor, 7) vzorkovaci ventil, 8) zasobnik H202, 9) davkovaci ¢erpadlo, 10) rozvadéc.
Vlastni foto.

Jednotka byla po sestaveni a zdkladnim odzkouSeni testovana na tfech typech
organického znecisténi [28]:
e Chlorované alifatické uhlovodiky (PCE — tetrachlorethylen, TCE — trichlorethylen,
DCE - dichlorethylen).
e Ropné latky a polyaromatické uhlovodiky.

e Anilin, nitrobenzen.

Systém byl provozovan v semikontinudlnim a semiautomatickém rezimu, tzn. obsluha
vzdy byla pfitomna. Byly optimalizovany jednotlivé parametry procesu fotochemické oxidace,
jako jsou priatok fotochemickym reaktorem, doba cirkulace c¢isténé vody fotoreaktorem,
mnozstvi a zpisob davkovani H>O; (jednorazové, kontinualni, kombinované). Ve vzorcich byl
sledovan ubytek kontaminace jednak pomoci skupinovych ukazateld TOC, NEL (nepolarni
extrahovatelné latky) a déle byly analyzovany jednotlivé kontaminujici latky.

Poloprovozni ovéfovani na redlné kontaminovanych lokalitich ukazalo vhodné
konstrukéni uspotadani, vysokou technologickou spolehlivost a ucinnost na odstranéni

vybranych kontaminantii. Vyhodnocenim ekonomické naroc¢nosti bylo zjisténo, Ze nejvetsi
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polozku provoznich nakladl predstavuje, dle o¢ekavani, spotieba elektricka energie vyuzivana
zejména k napéjeni zatrivek a na druhém miste jsou ndklady na peroxid vodiku, jakozto zdroje
oxidac¢niho ¢inidla. Néklady na cirkulaci zpracovavané vody pomoci cirkulacniho ¢erpadla byly
minoritniho charakteru v porovnani s naklady na elektrickou energii. Ptiklad vyvoje provoznich

nakladt v pribéhu experimentu pii odbouravani anilinu a nitrobenzenu ukazuje Obr. 10.
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Obr. 10 Ptiklad vyvoje provoznich nakladi na 100 | vy¢isténé vody v zavislosti na délce experimentu a davce peroxidu vodiku
pfi odbouravani anilinu a nitrobenzenu.

Pti dlouhodobych testech pro odbouravani sledovanych kontaminant se mj. ukéazalo,
ze zvysujici se davka peroxidu vodiku zkracuje celkovou reakéni dobu, coz v kone¢ném
disledku vede ke sniZeni celkovych provoznich nakladi. Nicméné snizeni ndkladli pomoci
vysSich davek peroxidu vodiku je moZzné dosahnout pouze do urcité limitni hodnoty, pfi jejimz
ptekroceni jiz nedojde k urychleni reakci. Nasledné tak dochazi k opétovnému riistu provoznich
nakladl a zvysené naklady na peroxid vodiku pak prevysi ndklady na elektrickou energii.
K urychleni nedojde napt. z toho divodu, ze ptili§ vysoké davky peroxidu vodiku zplsobi
nadmérny vyskyt nezddoucich rekombinac¢nich reakci, kdy vzniklé radikaly jiz nejsou efektivné
vyuzity k likvidaci organickych kontaminantt, ale zanikaji ve formé molekul vody a kysliku

[7,15,29]. Tab. 5 pak ukazuje souhrn provoznich nakladi pro testované typy kontaminantt,

pfi¢emz cilova ucinnost jejich odstranéni byla 99 %.
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Tab. 5 Néklady na dekontaminaci 1 m® vody Vv zavislosti na typu kontaminace.

Typ kontaminantu/naklady (K¢) El. energie H202 Celkem
Polychlorované uhlovodiky 25 10 35
Polycyklické aromatické uhlovodiky 150 60 210
Anilin, nitrobenzen 250 150 400

Vyse provoznich nakladid plné koreluje se slozenim a mnozstvim odstraiiovanych
kontaminantt. Je pravdépodobné, Ze v praktickém feSeni by byla dostacujici niz$i G¢innost
odstranéni, protoze fotochemicky stupeii by mohl byt napf. ,,pfedfazen‘ biologickému stupni
zpracovani takto znecisténych vod. Niz$i celkova tcinnost by polutanty ¢aste¢né odbourala,
castecn¢ naoxidovala a tim by umoznila jejich dodate¢né biologické zpracovani pomoci
mikroorganisml. Na druhou stranu, takto vypoctené provozni naklady jsou zcela zavislé
na vstupni koncentraci sledovanych kontaminantd.

V ramci kone¢né aplikace by bylo zadouci rozsitit vykonovou kapacitu jednotky, ktera
je nicméné limitovana geometrickymi rozméry komercné dodévanych kiemennych
trubic — takto navrzena jednotka je optimalni z hlediska priniku UV-C zafeni do zpracovavané
vody. ZvySeni kapacity reaktoru bylo provedeno znasobenim reakéni zony a je prezentovano

Vv nésledujici kapitole.

2.2.4 Pilotni jednotka

Poslednim vyvojovym stupném oxida¢ni jednotky byla tzv. RECHEBA-XL, jejiz
reaktorova c¢ast konstrukéné vychazela zjednotky RECHEBA-L, nicméné v piipadé
RECHEBA-XL doslo duplikaci. Tzn., Ze zafivy vykon i1 ozafovana zona byly zdvojnasobené,
coz je v pripadé germicidnich zativek s ohledem na komeréni dostupnost kiemennych trubic
jediny zpusob, jak zvétsit pozadované métitko. Vyraznym posunem kupiedu bylo umisténi celé
jednotky do standardniho kontejneru, ktery je mozno velmi snadno pievézt na konkrétni
zneCisténou lokalitu a systémem ,,plug-and-play“ provozovat. Jednotka RECHEBA-XL
pracuje Vv uspofadani on-site, kde je napojena na Cerpanou podzemni vodu z vrtu, ktera je
po vycisténi injektovana zpét do horninového podlozi. Vyuziti lze spatfovat zejména
na mensich lokalitach s obtizn€ rozlozitelnymi kontaminanty, pro které dnes neexistuji

spolehlivé, ekonomicky zajimavé, technologie.

21



Obr. 11 Procesni schéma zapojeni pilotni jednotky RECHEBA-XL v kontejneru. 1) &erpani podzemni vody, 2) ponorné
Cerpadlo, 3) usazovaci nadrz, 4) filtratni mezistupen, 5) recirkulaéni nadrz, 6) obéhové Cerpadlo, 7) fotoreaktory, 8) zasobnik
H202, 9) smé&Sovaci ventil, 10) vzorkovaci ventil, 11) vyrovnavaci nadrz, 12) zasakovaci &erpadlo, 13) zasakovaci vrt, 14)
horninové podlozi

Na zaklad¢ studie v poloprovoznim méftitku byla vybrana lokalita se siln€¢ zneciSténou
podzemni vodou polychlorovanymi uhlovodiky nachazejici se v Usti nad Labem, Piedlicich.
Jednotka v kontejneru byla pievezena na kontaminovanou lokalitu, kde byly provedeny
nezbytné Gpravy z hlediska ¢erpani podzemni vody [30]. Principem provozu jednotky bylo
nacerpani kontaminované vody do vyrovnavaci nadrze (3), jeji pfeCerpani do cirkulacni
nadrze (5), pfi¢emz mezistupen byl opatien mechanickym filtrem pro odstranéni nacerpanych
necistot a zabranéni zaneseni reaktorové ¢asti (4). Jednotka pracovala v obdobném systému
recirkulace reakéni smési, jako tomu bylo v pfedchozich vyvojovych stupnich a po ukonceni
experimentu je voda zasakovana zpét do horninového podloZi. Potrubni systém je déle opatien
ptipojkou nadrze na peroxid vodiku (8), ze které je do zpracovavané vody davkovano oxidacni
¢inidlo jako zdroj hydroxylovych radikala (9). Lokality jsou vybirany podle soustavy vnitinich
vrtl, které zabraiiuji smiseni kontaminované surové a vycisténé vody. Schematické zapojeni
kontejnerové jednotky je znazornéno na Obr. 11, instalaci na konkrétni ¢isténé lokalité a vnitini

uspotadani pak ukazuje Obr. 12.
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Obr. 12 Vngjsi uspotadani jednotky RECHEBA-XL (dle komentované polozky 7). 1) sedimentacni nadrz, 2) vn&jsi
recirkulaéni nadrz, 3) reaktorovy kontejner, 4) vnitini nadrz, 5) fotoreaktory, 6) by-pass, 7) elektronicky piediadnik, 8)
rozvadée, 9) zasobnik H202, 10) davkovaci pumpa, 11) sméSovaci ventil. Vlastni foto.

Potrubni systém jednotky RECHEBA-XL umoziioval provoz UV reaktorii v rezimu
sériového nebo paralelniho zapojeni. Testy na kontaminované lokalité byly samoziejmé
provedeny v obou rezimech a nasledné bylo také provedeno ekonomické zhodnoceni Gi¢innosti
technologie pii odstraniovani z4jmové kontaminace. Tak jako ve vSech piedchozich oxida¢nich
jednotkach, i v této jednotce byl proveden test vnitini integrity s degradaci peroxidu vodiku

% v

Vv obou rezimech zapojeni, pricemz provedeni tohoto testu indikovalo, Ze sériové zapojeni
reaktorti bude vykazovat lepsi ucinnost odstranéni nez paralelni zapojeni. Rychlost degradace
peroxidu vodiku byla pfiblizné o 10-15 % vysS$i pii sériovém zapojeni neZ pii paralelnim.
U testli s kontaminovanou podzemni vodou se projevila pfirozena variabilita koncentrace
kontaminantt, ktera se miize ménit v zavislosti na lokalnich meteorologickych podminkach.

Vstupni charakterizace kontaminované vody pro jednotlivé experimenty odrazejici jejich

pfirozenou variabilitu je uvedena v Tab. 6.

Tab. 6 Charakterizace vstupni kontaminace pii jednotlivych experimentech (mg-17t). PCE, TCE méfeny pomoci SPME —
GC/MS s nejistotou stanoveni + 20 %. TOC stanoveno spalovaci metodou, Chloridy stanoveny titraéné.

Mérna vodivost

Test pH (mS-cm™?) TCE PCE TOC Cl-

Is 6,85 1324 94,8 16,5 66,4 180,4
Ip 7,15 1255 107,6 28,7 81,2 195,6
lls 7,12 1318 61,8 10,9 37,3 221,5
llp 6,95 1226 102,4 20,7 66,6 201,6
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Testy Isa lls byly provedeny se sériovym zapojenim reaktoru, testy Ip a [Ip s paralelnim
zapojenim reaktorti. Oba typy experimentt byly provedeny s jiz pfedem optimalizovanym
davkovanim peroxidu vodiku, pfi¢emz odliSnosti mezi Is a IIs, potazmo Ip a IIp spocivala
Vtom, Ze testy s Ciselnym oznacenim ,,I probihaly s konstantnim davkovanim peroxidu,
zatimco testy s ¢iselnym oznacenim ,,II* byly provedeny s proporéné klesajicim davkovanim
peroxidu. Cilem téchto experimentd byla snaha snizit celkové mnozstvi davkovaného peroxidu
vodiku tak, aby vysledné¢ ekonomické ndklady byly, pokud mozno, co nejnizsi. Kazdy
Z experimentt byl vzdy proveden s Cerstvé nacerpanou vodou, vzdy bylo mozno provést pouze
jeden experiment denné (s ohledem na mnozstvi Cerpané vody, které vzdy ¢inilo 1 m?
a vydatnost vrtu). Nacerpana podzemni voda byla nejprve zpracovana sedimentaci k oddéleni

pevnych ¢astic nacerpanych s vodou (pisek, hlina, jil, kameny).
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Obr. 13 Ukazka pribéhu experimentu (v tomto pifipadé jsou prezentovana data testu IIs). PCE, TCE meéfeny pomoci
SPME — GC/MS s nejistotou stanoveni + 20 %. TOC stanoveno spalovaci metodou, Chloridy stanoveny titraéné.

Na Obr. 13 jsou ukazana data z experimentu pii sériovém zapojeni fotoreaktort
a s progresivnim postupnym snizovanim kontinudlni davky peroxidu vodiku. Myslenka byla
zalozena na piedpokladu, Ze postupné snizovani obsahu kontaminanti spojené s poklesem
celkového organického uhliku nebude vyzadovat davku peroxidu vodiku optimalizovanou na
puvodni koncentraci polutanti. Tim dojde, mj. komezeni vyskytu nezaddoucich
rekombinacnich reakci, které by snizovali vyuzitelnost peroxidu vodiku pro degradac¢ni reakce.
Pocateéni davka 2 mmol-1-t-h™! byla kazdou hodinu sniZena o 0,5 mmol-I-*-h~! az do finalni
hodnoty 0,5 mmol-I-t-h-%, pii které by jiz experiment probihal az do konce. Nartist koncentrace

chloridovych iontl je pozorovan diky u€¢innému rozkladu vstupnich kontaminanti.
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Jak vidno z Obr. 13, vychozi kontaminanty v podobé¢ TCE a PCE byly odstranovany
velice u¢inng. Jasné pozorovatelny je také postupny pokles TOC naznacujici totalni oxidaci
reak¢nich meziprodukti doprovazené nartistem obsahu chloridovych iont. Nejen v tomto, ale
ve vSech dalSich experimentech byla po urcité dobé dosazena minimalni koncentrace TOC
v fadu jednotek mg-I-! a ani prodlouzeni doby oxidace nezpiisobilo jeho dalsi snizeni. Tento
jev byl pozorovan u vsech experimentd s kontaminovanou podzemni vodou indikujici
pfitomnost obtizn¢ rozlozitelné organické matrice, kam mohou v podzemnich vodach patfit tzv.
ptirodni organické latky (NOM — Natural Organic Matter) [31]. Jedna se o vysokomolekularni
polycyklické slouceniny s vysokou relativni molekulovou hmotnosti, které oxidacnimi
metodami nelze zcela odstranit [32]. Proto byla voda po dosaZeni této limitni hodnoty TOC
povazovana za vyc¢isténou a nasledné byla zasakovana zpét do horninového podlozi. Provozni

naklady vztaZené na vy¢isténi 1 m® pro kazdy typ provadéného experimentu shrnuje Tab. 7.

Tab. 7 Provozni naklady experimentt provadénych v jednotce RECHEBA-XL. TOC stanoveno spalovaci metodou
S nejistotou stanoveni + 20 %.

Provozni néklady Celkova doba Finalni hodnota  Totalni oxidace
Test (€-m=3) experimentu (min) ~ TOC (mg-1) TCE, PCE
Is 3,60 300 7,8 ano
Is 2,05 240 7,9 ano
Ip 3,82 360 18 ne
lp 2,23 240 32 ne

Z tabulky je ziejmé, ze provozni naklady technologie zna¢né kolisaji, coz je v kontextu
vstupni kontaminace (viz Tab. 6) o¢ekavatelné. S ohledem na vysledky v Tab. 7 by se dalo fici,
ze provozni naklady jsou niz$i pro experimenty s postupnym snizovanim davkovani peroxidu
vodiku a ze mezi sériovym, nebo paralelnim zapojenim neni pfilisny rozdil. Pfi pohledu na
Tab. 6 je nicméné ziejmé, ze test IIs vykazuje niz$i naklady nez Ilp pfi takika poloviéni
koncentraci kontaminantl. Je nutné vSak zduraznit, ze u experimentu IIp ani zdaleka nedoslo
ke kompletnimu odstranéni jak vychozich kontaminantt, tak celkového organického uhliku
a celkova reakéni doba by pro uspokojivé vysledky byla mnohem delsi. Proto Ize z testovaci
kampané usoudit, ze sériové zapojeni reaktort je pro ptiznivéjsi ekonomicky provoz s vyssi
celkovou ucinnosti vyhodné;jsi.

Takto vyvinutd oxidacni jednotka byla zatfazena do nabidkového portfolia spole¢nosti

Dekonta, a.s., produktovy list je pfilozen v pfiloze.

25



3 ELEKTROCHEMICKE PROCESY

Technologické znecisténi organickymi latkami je velmi casto doprovédzeno také
anorganickymi necistotami, obvykle ve formé rozpusténych kovovych iontt [33]. Takové
kontaminanty nelze z vody odstranovat fotochemickymi metodami a v piipadé fotochemickych
oxidaci piedstavenych v pfedchazejicim oddilu mohou dokonce piisobit negativné na celkovou
ucinnost procesu. Srdcem fotochemickych reaktorG je totiz kiemennd trubice, jez
ze zpracovavaného roztoku selektivné vychytava zejména zeleznaté a Zelezité ionty, které se
usazuji na vnitinim povrchu a postupné snizuji priichodnost UV zafeni kiemennym sklem [34].
Tim by dochazelo ke snizovani G¢innosti procesu, prodlouzeni reakéni doby, zvySeni spotieby
energie a s tim souvisejici zvyseni celkovych provoznich naklada. Jednim z nejlep$ich zptisobt,
jak rozpusténé kovové ionty odstraiiovat je chemickd koagulace neboli srdZeni. V ramci
vyzkumnych aktivit pak byla vyvinuta elektrokoagulace, kterou lze chapat jako alternativu
ke standardni chemické koagulaci [35,36]. Zdrojem koagula¢niho C¢inidla je obé&tovana
elektroda, ktera se do zpracovavané vody fizen¢ rozpousti v disledku aplikace elektrického
proudu [37,38]. Koagula¢ni ¢inidlo ve formé roztoku kovové soli muze dale pusobit jako

sekundarni zdroj znecisténi diky rozpousténi pifislusnych aniontd.

3.1 Teoreticky uvod

Principem elektrokoagulace je fizené rozpousténi tzv. obétované elektrody (anody),
kterd v disledku aplikace elektrického proudu uvoliiuje kationty pfislusného kovového
materidlu (nejcastéji Zelezo nebo hlinik jako alternativa k chloridu a siranu Zelezitému a siranu
hlinittmu nebo polyaluminiumchloridu) [39-41]. Tyto kationty nasledné reaguji
s hydroxidovymi anionty vzniklymi v dtasledku elektrolyzy vody na katod¢ a spolecné vytvareji
nerozpustné kovové hydroxidy, které pomahaji odstranovat rozpusténé necistoty [42]. K tomu
dochazi pomoci adsorpce nebo se objevuje tzv. simultdnni ko-precipitace, coZ znamena,
ze dochédzi k soucasnému vytvareni nerozpustnych smésnych oxo-hydroxidi ptislusnych
kontaminant [43]. Jednotlivé mechanismy odstranéni rozpusténych kontaminantt je v zasadé
nemozné od sebe oddélit. Cely proces lze charakterizovat nasledovné [10,39,44]:

e Tvorba koagula¢niho ¢inidla vlivem elektrochemického rozpousténi obétované
elektrody (anody).

e Interakce Castic koagula¢niho ¢inidla s kontaminanty a jejich destabilizace.

e Shlukovani destabilizovanych ¢astic, tvorba 0xo-hydroxidi koagula¢niho ¢inidla a

kontaminantt.
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e Vytvareni agregatl (vlocek), které Ize odstranit sedimentaci nebo filtraci.

Vlocky lze popsat jako porézni shluky c¢astic vytvofenych z mensSich utvart. Jsou
tvofeny prevazné hydroxidy a polyhydroxidy piislusnych iont, dale pak jejich oxidy a
smésnymi oxo-hydroxidy [45]. Elektrokoagula¢ni reaktor pak obsahuje minimalné jeden
elektrodovy par (anoda-katoda), ktery je pfipojeny k externimu zdroji elektrické energie [46].
Aplikaci elektrického proudu pak dojde k oxida¢nim reakcim na anod¢ a redukénim reakcim
na katod€. Na anod¢ dojde k vytvoreni ptisluSnych kationti a v disledku sté€peni vody také
uvoliovani kysliku. Na katodé¢ je pozorovana evoluce vodiku soucasné s tvorbou
hydroxidovych aniontd [47]. Na zavér pak dojde k vytvofeni jiz dfive zmifhovanych

vlocek [37].

3.2 Elektrokoagulacni systémy

V této ¢asti budou popsany vyvinuté elektrokoagulacni systémy. Budou diskutovany
nejvyznamnéjsi vysledky ziskané na kazdé z nich podobnym zpusobem, jako v kapitole

pojednavajici o fotochemickych systémech, shrnuti je uvedeno v Tab. 8.

Tab. 8 Porovnani méfitek elektrokoagula¢nich reaktori.

Rozméry elektrod Zpracovavany objem
Jednotka (mm) Pocet elektrod ()
Laboratorni jednotka 190 x 10 1+1 10-40
Ctvrtprovozni jednotka 460 x 55 x 3 4+4 50-150
Pilotni jednotka 750 x 75 x 5 4+4 200-500
Provozni jednotka 960 x 100 x 6 7+7 600-1200

3.2.1 Laboratorni jednotka

Laboratorni jednotka byla soucasti vicestupiiového systému zminovaného v kapitole
2.2.1, kde byla popisovana jeho fotochemicka cast. Elektrochemicka cast laboratorniho

prototypu je predstavena na Obr. 14.
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Obr. 14 Laboratorni elektrokoagulaéni jednotka (dle komentovanych polozek 1, 8 a 9). Vlastni foto.

Tato jednotka byla prvnim vyvojovym stupném elektrokoagulacnich systémul
a obsahovala 10l zasobni/sedimenta¢ni nadrz s konickym dnem, michanou dvoulopatkovym
michadlem (1), voda byla obéhovym ¢erpadlem (2) vedena ptes skrtici ventil (3) a pritokomér
(4) do elektrokoagulacni cely (5) napajené elektrickym zdrojem energie (6; CPX 400 DP).
Po prichodu elektrokoagulaéni celou byla voda vedena zpét do zasobni nadrze. Aparatura dale
obsahuje vzorkovaci ventily (7 a 9), motor michadla (8) a vypust’ (10).

Na laboratorni jednotce probihal detailni optimalizacni vyzkum vlivu procesnich
parametrii na G¢innost odstranéni rtiznych typd kontaminantd, mezi které mizeme zafadit
naptiklad t€zké nebo toxické kovy (Zn), nutrienty (P) nebo zakal (kaolin) [48]. V ramci tohoto
laboratorniho vyzkumu probé&hlo, kromé detailni optimalizace, pfedstaveni navrhu unifikace
vyhodnocovani dat laboratornich studii a sjednocovani ptislusného odborného nazvoslovi.
To muze byt demonstrovano na anglickych vyrazech pro ucinnost procesu [49]. Zatimco
v ¢eském jazyce v podstaté neexistuje synonymum s dostatecné odliSnym vyznénim
(napt. efektivita procesu), v anglickém jazyce rozliSujeme vyrazy ,process efficiency*
a ,,process efficacy®. V literatufe byvaji Casto tyto vyrazy nespravn¢ pouzivany jako synonyma,
presto 1ze hovofit o jejich odliSném vyznamu:

e “Process efficiency” — tento vyraz lze definovat jako schopnost konkrétniho procesu
dosahnout pozadovaného efektu bez ohledu na vynalozené usili; souvisi tedy

S mnozstvim odstranéného kontaminantu [50].
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e Process efficacy* — tento obrat pak muize byt definovan jako energie vynalozena
k dosaZzeni pozadovaného efektu; souvisi tedy s vyuzitim zdroji pro pozadovanou

ucinnost a zohlednuje tak procesni naklady [51].

Provézanost a rozdilnost obou technickych vyrazii pak lze demonstrovat pomoci
vysledku prezentovanych na Obr. 15. Jednalo se o elektrokoagula¢ni experimenty provadéné

s zeleznou elektrodou pro odstranovani nutrientt (P), kovii (Zn) a zakalu (kaolin).
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Obr. 15 Vlevo — Spotieba elektrické energie pro odstranéni jednotlivych kontaminant; Vpravo — ucinnost odstranéni
jednotlivych kontaminantl pii souvisejicich spotfebach energie; experimenty byly provadény pii konstantni proudové hustote.

P a Zn méfen pomoci ICP-OES s nejistotou stanoveni + 20 %, zakal pomoci UV-VIS spektrofotometrie pii vinové délce
550 nm.
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Ke zhodnoceni celkové u€innosti procesu je nutnd srovnavaci analyza, podle které je
zapotiebi urcit, zda Ize stejného vykonu dosahnout na ukor vétsi ¢i mensi spotieby energie
a penéz. Utinnost viak miize byt kvantitativné stanovena zaznamenanim koncentrace cilového
kontaminantu pfed a po zpracovani a jednoduchym vypoctem rozsahu jeho odstranéni.
Nicméné, abychom dospéli k zavéru o vhodnosti techniky pro zpracovani konkrétniho
technologického proudu, je zapotiebi rovnovaha mezi obéma parametry.

Pfi pohledu na vysledky Obr. 15 se jasné ukazuje, Ze pii nejnizsich spotfebach energie
samoziejme nedochazi k nejvyssim Gi¢innostem odstranéni, protoze procesni parametry nebyly
dostate¢n¢ dobfe nastaveny. S rostouci spotiebou energie se vSak ucinnost odstranéni
modelovych kontaminantii zvySuje az do bodu, kdy vyssi spotieba energie uz nevede k vyssi
ucinnosti odstranéni. Zdanliveé tak dochazi ke snizovani energetické ti€innosti procesu, protoze
rychlost nérGstu spotfeby energie je vyssi nez rychlost nariistu u¢innosti odstranéni az do bodu,

kdy uc¢innost odstranéni se uz nezvysuje, zatimco spotieba energie neustale roste. Spotieba
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energie je v tomto pfipad¢ vztazena na mnozstvi nadavkovaného koagulac¢niho ¢inidla, kdy
rostouci davka koagulacniho cinidla vede k vysSi ucinnosti odstranéni sledovanych
kontaminantt, ale jen do urcitého bodu, kdy dalsi zvySovani koncentrace koagulantu jiz nevede
Kk vys8i a¢innosti odstranéni. Nalezeni tohoto energeticky ti¢innostiniho optima je z procesniho
hlediska velice dulezité, nebot’ dokaze urcit jakousi rovnovahu mezi mnozstvim odstranénych
kontaminantii a spotfebou energie, potazmo procesnimi ndklady. Je nasnadé¢ zminit, Ze
V primyslu mohou nastat rizné situace = pozadavky pro zpracovani technologického proudu:

e Preference procesnich nakladu.

e Preference maximalni uc€innosti procesu.

Kazda primyslova aplikace ma sva specifika a pfi zvazovani vhodnosti rozsahu procesu
je nutno vzit v avahu mnoho externich vlivil, které v laboratofi nelze simulovat. Casto se tak
technolog miize dostat do situace, kdy je po ném poZzadovéna maximalni Gspora vynaloZenych
zdrojt, a tudiz nejnizsi procesni naklady pii ,,rozumné* celkové Gi¢innosti (,,rozumnd* hranice
ucinnosti nelze kvantifikovat). Tato situace je nezavidénihodna a jist¢ velmi obtizna k feSeni.
Nebo muze dojit k pozadavku maximalni i¢innosti odstranéni bez ohledu na procesni naklady.
V tomto piipad¢ je prace technologa o mnoho piijemné;si.

Dale bylo ve stejné [48] a navazujici studii [52] prokazano, Ze parametr proudové
hustoty je z hlediska celkové u¢innosti procesu sekundarniho vyznamu a intenzita vstupujiciho

proudu (potazmo celkova davka koagulantu) je parametrem primarniho vyznamu.
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Obr. 16 Spotteba energie pro odstranéni jednotlivych kontaminantii; Vpravo — G¢innost odstranéni jednotlivych kontaminantti
pfi souvisejicich spotfebach energie; experimenty byly provadény pii konstantnim vstupujicim proudu (déavce koagulantu).
P aZn meéfen pomoci ICP-OES s nejistotou stanoveni + 20 %, zakal pomoci UV-VIS spektrofotometrie pii vinové délce
550 nm.
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Proudové hustota je v mnoha studiich tykajici se elektrochemickych experimentt
je [53-56]. V elektrokoagulaci je nicméné situace jina. Jednou z prvnich indicii mize byt znéni
Faradayova zékona, kde se mnozstvi koagula¢niho Cinidla uvolnéného z obétované elektrody
vypocita ze vztahu [57-59]:

I-t-M
z-F

kde w je mnozstvi vydavkovaného koagulantu pfi konkrétnim vstupnim proudu I, t je doba
zdrzeni v elektrokoagulaéni cele, M je molarni hmotnost pfislusného kovu materialu elektrody,
z je mnozstvi elektronti Gcastnici se elektrochemické koroze a F je Faradayova konstanta
(96 485 C-molt). Uz z tohoto vztahu je ziejmé, Ze parametr proudové hustoty zde nevystupuje,
a navic bylo prokazano, ze mnozstvi nadavkovaného koagulantu je urcujicim parametrem pro
rozsah odstranéni kontaminantu [60,61]. Proudova hustota hraje vyznamnou roli z hlediska
funkcénosti procesu. Existuje zde tzv. horni a dolni hranice, kdy nad horni hranici probiha
elektrochemicka produkce magnetitu, ktery sniZzuje rozsah odstranéni kontaminantu [62,63].
KdyZ proudova hustota naopak nedosahne na minimalni u¢innou hodnotu, elektrochemicka
koroze elektrody neprobiha a davkovani koagulantu je tudiz nefunkéni [64]. Ve sledovaném
rozsahu hodnot proudové hustoty se pak ukéazalo, Ze jeji efekt na celkovou i€innost procesu je
zanedbatelny. Z Obr. 16 je pak patrné, Ze ucinnost odstranéni sledovanych kontaminanti je
prakticky neménna, zatimco leva ¢ast obrazku ukazuje, Ze celkova spotieba energie k dosazeni
ziskanych U¢innosti umérné roste s rostouci proudovou hustotou. Ve vsech ptipadech bylo
zachovano konstantni davkovani koagulantu. Toho bylo dosazeno postupnym zakryvanim

povrchu elektrody teflonovou paskou pii zachovani konstantniho proudu, viz Obr. 17.

Obr. 17 Castetné zakryvany povrch elektrod teflonovou paskou (dle komentované polozky 9), délka 250 mm, primér 12 mm.
Vlastni foto.

Lze tedy prohlésit, Ze proudova hustota sice neovliviiuje uc¢innost procesu ve smyslu
»process efficiency®, ale vyznamné ovlivituje u¢innost ve smyslu ,,process efficacy®, protoze

spotfeba energie pro dosazeni stejného rozsahu odstranéni kontaminantii je zna¢né rozdilna.
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Vyse uvedena studie [48] prezentovala vysledky, které Ize dosahnout ve vsadkovém
I kontinualnim uspotadani. Protoze ale pro primyslové aplikace je dilezité zejména kontinualni
provedeni, byla dikladné testovana rychlost pritoku elektrokoagulacni celou s ptihlédnutim
k pfedchozim zjisténim tak, aby byly jednotlivé dil¢i parametry od sebe dostateéné oddéleny
a byl testovan vliv kazdého zvlast’ v kontinudlnim provedeni. Toho bylo dosazeno za pomoci
tii riznych scénait [52]:

e Scénaf (i): Zména pritoku byla doprovazena zménou vstupujiciho proudu tak, aby
mnozstvi naddvkovaného Cinidla bylo konstantni. Povrch elektrody nebyl zakryvan,
takze se ménila proudova hustota.

e Scénaf (il): Vstupni proud byl konstantni, zatimco prutok se ménil, to zpusobilo zménu
v celkovém nadavkovaném mnozstvi koagulantu. Povrch elektrody nebyl zakryvan,
takze proudova hustota zlstavala konstantni.

e Scénaf (iii): Zmeéna pratoku byla doprovazena zménou vstupujiciho proudu
a zakryvanim celkového povrchu elektrody tak, aby proudova hustota i mnozstvi

nadavkovaného koagulantu bylo konstantni.
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Obr. 18 Utinnost odstranéni As pii riiznych scénafich kontinualni provedeni elektrokoagulace. As méfen pomoci ICP-OES
S nejistotou stanoveni + 20 %.

Jak je z Obr. 18 ziejmé, ucinnost odstranéni kontaminantti z hlediska rozsahu odstranéni
kontaminantu pfi scénafi (i) konstantni navzdory ménici se proudové hustoté. To bylo v souladu
s predchozi studii a v pomémé Sirokém rozsahu proudové hustoty se jeji efekt na rozsah
odstranéni kontaminantu ukazal jako marginalni. Ve scénafi (ii), kdy se mnozstvi
nadavkovaného koagulantu ménilo v diisledku méniciho se prutoku (vstupni proud, a tudiz

proudova hustota byla konstantni), pii vysSich pritocich, a proto pfi nizSich davkach
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koagulantu byl pozorovan pokles rozsahu odstranéni kontaminantu. To je opét ve shodé¢ se
zjisténim, ze davka koagula¢niho c¢inidla je rozhodujicim parametrem urcujicim rozsah
vstupujiciho proudu zajistujici konstantni davku koagulantu vykazuje konstantni rozsah
odstranéni kontaminantu. Povrch elektrody byl soubézné se zménou proudu zakryvan nebo
odkryvan, takze proudova hustota byla konstantni a neméla tak synergicky efekt na zménu
rozsahu odstranéni sledovaného znecisténi.

Bylo tedy spolehlivé prokazéano, Ze priitok je, podobné jako proudova hustota, parametr
druhotného vyznamu s ohledem na mnozstvi nadavkovaného koagulantu — kdyz je se zvySenim
pratoku snizena davka koagulac¢niho ¢inidla v disledku konstantniho proudu, uc¢innost klesne,
ale kdyz se zvysi proud tak, aby se davka zachovala konstantni, u¢innost neklesne. Role priitoku
elektrokoagulacni celou je ponékud jind. Pfi kontinudlnich experimentech musi byt dosaZeno
tzv. minimdlni rychlosti proudéni, pifi které nedochazi k usazovani vysrazenych vlocek
v elektrokoagula¢ni cele — tato oblast se Casto pohybuje pii hodnotach Reynoldsova
¢isla > 4000, ¢ili v turbulentni oblasti [65]. Rozpéti sledovaného pritoku v této studii vzdy

prevySovalo tuto hodnotu. V laboratofi to vSak bylo experimentalné prokazano.

3.2.2 Ctvrtprovozni jednotka

Ctvrtprovozni jednotka tvofila jakysi mezistupeii, ktery slouzil k ovéfovani
experimentli zejména s prumyslové kontaminovanymi vodami pied tim, nez s nimi bude
operovano v pilotnim méfitku. Ctvrtprovozni jednotka byla navrzena podobné jako laboratorni

aparatura a umoznovala jednak vsadkové a jednak kontinudlni provedeni experimentd.

Obr. 19 Ctvrtprovozni jednotka elektrokoagulace.
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Jednotka obsahuje zasobni nadrz (1), ze které je voda obéhovym cerpadlem (2) ptes
Skrtici ventil (3) a rotametr (4) Cerpana do elektrokoagulacni cely (5) tvoiené soustavou
deskovych elektrod z mékké oceli nebo hliniku. Rozmér elektrod ¢inil 460 x 55 mm s tloustkou
3 mm. Cela je napajena elektrickym zdrojem (6) o maximalnim vystupnim proudu 40 A a je
vybavena piepinatem polarity (7), ktery slouzi k pravidelnému piepinani mezi anodou
a katodou zajist'ujici rovnomérné opotiebeni elektrod. Voda dale putuje odvodovym porubim
(9) ptes vzorkovaci ventil (10) k provedeni sklenicové zkousky (Jar-test) v laboratorni michaci
lavici. Nasledné¢ voda putuje do sedimentaéni nadrze (12) s pomalym agrega¢nim
michanim (13) a konickym dnem. Déle jsou zde vzorkovaci ventily (14), nddrzka na méteni pH
a vodivosti (15), zasobni nadrz s neutraliza¢nim ¢inidlem (16) a peristaltickym cerpadlem pro
pripadné davkovani (17) se vstupem na horni ¢asti sedimentacni nadrze (18). Elektrokoagulacni
cela je jeste opatfena odvzduSnovacim ventilem (8) umoziujicim také natok kyseliny
fosfore¢né pro regeneraci elektrod.

Ackoliv tato cela slouzila primarné k ovéfovacim experimentim s realné
kontaminovanymi vodami, které vykazovaly piiznivé vysledky na laboratorni aparatuie, byla
tato jednotka pouZivana v kombinaci se Ctvrtprovoznim fotochemickym stupném pro
kombinované zpracovani. Ugelem bylo odstranit ze zpracovavané vody rozpuiténé kovové
ionty, zejména ionty zeleza, které je selektivné vychytdvano kiemennou trubici
ve fotoreaktoru [34]. Pokryti vnitiniho povrchu kifemenného skla by vedlo ke snizeni
prichodnosti UV zafeni a tim ke sniZeni celkové Gi¢innosti fotochemickych reakci. Vzhledem
K tomu, ze v laboratornich experimentech bylo dosazeno ptiznivych vysledkt s odstranovanim
kovovych kontaminantli, nebyly pochyby, Ze ve Ctvrtprovoznim méfitku by tomu mélo byt
jinak. Naopak se ukézalo, ze krom¢ rozpusténych kovii dochazi také k ¢astenému snizeni

obsahu organickych latek.
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Obr. 20 Uginnost odstranéni organickych latek pii elektrokoagulaci pied oxidanim zpracovanim. TOC méfeno spalovaci
metodou, Fe pomoci ICP-OES s nejistotou stanoveni + 20 %.

V kombinovaném uspoiadani elektrokoagulace a fotochemické oxidace byla testovana
udinnost odstranéni rozpusténych Fe iontli a nitrobenzenu [66]. Obr. 20 ukazuje vliv
vstupujiciho proudu/davky koagulantu na mnozstvi odstranéné¢ho celkového organického
uhliku ze zpracovavané vody. Ukdzalo se, zZe nejvysSich u€innosti se dosahovalo pti pH = 4-5,
maximum U¢innosti odstranéni nitrobenzenu se pohybuje kolem 30 %, coZ je vyznamné sniZeni
jeho koncentrace. Zaroven pii vysSich davkach dochazi k poklesu u¢innosti, coz mize byt
zpisobené nezadouci pasivaci povrchu elektrody nebo moznou produkci magnetitu, ktery
vykazuje zhorSené adsorpcni vlastnosti nez vlo¢ky smésnych oxo-hydroxidi, protoze maji nizsi
specificky povrch [62]. Rozpusténé Fe pak bylo odstranéno z vice nez 99 % pfi vstupujicich
hodnotach Fein = 50 mg-I-!, TOCin = 50 mg-1-%. V koneéném disledku toto snizeni pak ma
zanasledek snizeni spotfeby oxida¢niho cinidla pfi navazujici fotooxidacni eliminaci
organického zne€isténi, k cemuz ve sledované studii skute¢né doSlo. Pii navazujicich
oxidacnich experimentech pak nejenze doslo ke sniZzené spotiebé peroxidu vodiku, ale diky
snizenému pocate¢nimu obsahu nitrobenzenu pii fotooxidaci se zkratil reakéni ¢as, coz s Sebou
jako jeden z hlavnich benefiti pfinasi snizenou spotfebu energie a nasledné celkovych
provoznich nakladii. Pfi kombinovaném zpracovani znecisténych vod lze hledat optimum
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a prinasi tak technologim vice moznosti z hlediska Gspory.
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3.2.3 Pilotni jednotka

Pilotni elektrokoagulacni jednotka ptedstavuje tieti vyvojovy stupen a byla podobné,
jako oxidacni pilotni jednotka, umisténa v pfepravnim kontejneru. Tim je bylo umoznéno, aby
Vv ptipad¢ potieby mohla byt pievezena na kontaminovanou lokalitu a tam byt systémem ,,plug
and play*“ provozovana. V tomto stupni uz byl kladen diraz na vétsi ¢ast automatizace a oproti
pfedchozim vyvojovym stupiiim zde byly zahrnuty prvky jako teplotni ¢idla nebo hladinové
senzory, které¢ automaticky umoznovaly pfizptsobit dekontamina¢ni prace aktudlnimu stavu.
Zaroven byla tato jednotka opatfena dotykovym ovladacim PLC panelem s moZnosti ovladat
jednotlivé soucasti celkového kontejnerového systému véetné dalkového pripojeni.

Technologicka linka pilotni jednotky elektrokoagulace byla uspotfadana ve dvou
mobilnich kontejnerech délky 6 m, kde v prvnim byla technologie elektrokoagulace
a pridruZzenych michanych a sedimenta¢nich nddrzi. Ve druhém byl kalolis, jez slouzil
pro odvodnéni elektrokoagulaéniho kalu. Navrh elektrokoagulaénich cel vychazel
ze ¢tvrtprovozni jednotky a sestaval se z 3D tisténého vnéjsiho plasté s otvory pro natok a vytok
zpracovavané vody a obsahoval elektrické uchyty k propojeni elektrod se zdrojem energie.

Uvnitf byla umisténa elektrodova kazeta s deskovymi obdélnikovymi elektrodami, viz Obr. 21.

Obr. 21 3D tisténa elektrokoagulacéni cela v pilotni jednotce. Vlevo — vné&jsi plast’; vpravo — detail (dle komentovanych polozek
12 a 13). Vlastni foto.

Cela byla navrzena pro praci pti pritocich 200-500 I-hod=t. Uvnitf se nachdzely
elektrodové kazety tvofené osmi zeleznymi elektrodami o rozmérech (750 x 75 x 5 mm)
s deskovym uspotfadanim umisténymi v kompaktnim vyjimatelném bloku. Mezi jednotlivymi
elektrodami jsou Stérbiny 0 tloustce 5 mm, jimiz protéka ¢isténa voda. Deskové elektrody jsou
vzajemné sttidany jako katoda (4 ks) a anoda (4 ks). Celou elektrodovou kazetou miize protékat
maximalni proud 90 A, poté jiz dochazi k vyraznému piehiivani ptivodnich vodi¢i, coz by

mohlo mit za nasledek vypnuti zdroje napéti. Obé elektrokoagulacni cely byly pfipojeny
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na programovatelny napajeci zdroj (typ EA PSI 8080 120 2U), poskytujici stejnosmérny
elektricky proud s plynulou regulaci v intervalu 0-120 A, a napéti v intervalu 0-80 V. Pomoci
sttidace polarity pak byly automaticky ptfepindny bloky katody a anody, coz umoznuje
rovhomeérné spotiebovavani elektrod a prodlouzeni zivotnosti celé kazety. Stfida¢ polarity
vyuziva trifazové stykace o maximalnim proudu 115 A (typ LCID115P7), kdy jednotlivé
kontakty jsou =zapojeny tak, aby pfi sepnuti obratily polaritu stejnosmérného napéti
ze fiditelného zdroje. Vzhled pilotni jednotky je znazornén na Obr. 22. Procesni schéma

kontejnerové jednotky je uvedeno na Obr. 24.

Obr. 22 Pohled na vnitini soucasti kontejneru. 1) zasobni nadrz, 2) prutokoméry, 3) zasobniky regenera¢nich roztoki,
4) elektrokoagulacni cely (na obr. Vlevo schované za hadicemi), 5) rychle michana nadrz, 6) zasobnik flokulantu, 7) pomalu
michana nadrz, 8) vzorkovaci ventily, 9) ptepad do usazovaci nadrze (dle komentovanych polozek 12 a 13). Vlastni foto.

Zatizeni podle tohoto technického feseni pak bylo pfedmétem ochrany formou uZitného
vzoru [67]. Jednotka pak na zakladé€ laboratornich a ¢tvrtprovoznich vysledki byla pfevezena
na kontaminovanou lokalitu, kde byla provozovéna za i¢elem feSeni kontaminace podzemnich
vod Sestimocnym chromem a dvojmocnym niklem [68,69].

Cerpana kontaminovana voda vstupovala pfes mechanicky filtr s kovovou sitkou
do zasobniku vstupni vody (1), o objemu 500 1, vybaveného hladinoméry snimajicimi
minimalni a maximalni hladinu kontaminované vody. Ze zasobniku byla kontaminované voda
cerpana dle pozadovaného pritoku jednim ze dvou volitelnych vzduchomembranovych
Cerpadel s plynulou regulaci vykonu ptes indukéni pritokomér do dvou vétvi vybavenych
mechanickymi rotametry (2) vedoucich vodu do obou elektrokoagula¢nich cel A a B (4).
Elektrokoagulacni cely musely byt pravidelné€ po 4 az 6 hod promyvany cirkulaci vstupni vody
pii prtoku 1200 1-hod~! a 1x denné pak byly regenerovany cirkulaci 8% roztokem HzPOa.

Cisténa voda po opusténi elektrokoagula¢nich cel vstupovala do koagulaéniho zasobniku (5)
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oobjemu 151, ve kterém dochdzi k intenzivnimu promichavani davkovanych vlocek Fe
v &isténé vodg, pomoci vrtulového michadla, pii otackach 96 ot-min—t. Doba zdrzeni vody je
zde viadu 1 az 2 minut dle aktudlniho pritoku. Nasledné voda prochazela spiralovym
sméSovacim elementem, a vstupovala do michaného zasobniku (7) o objemu 180 1, ktery je
pomalu promichavan kotvovym michadlem pii otadkach 12 ot-min~t. Ve smé3ovaéi byla
do ¢isténé vody davkovana pomoci peristaltickych Cerpadel piidavna ¢inidla — anionicky
flokulant, pro lepsi agregaci a sedimentaci vlo¢ek kalu a roztok Ca(OH). pro Upravu pH
vystupni vody. Vycisténd voda se shluklymi vlockami kalu byla postupné vynasena
do sedimenta¢ni nadrze o objemu 3 300 | (zdola nahoru), v niz je umistén specialni vnitini kuzel
zabranujici vifeni kalu a odsazend vyc¢isténd voda odchdzela ptelivnou hranou (s pilovym
piepadem), umisténou po celém obvodé nadrze do cilového recipientu. Pfed vstupem cisténé
vody do sedimenta¢ni nadrze byly méteny hodnoty pH a vodivosti, aby bylo mozné vc¢as
piizptsobit davkovani Ca(OH)2. Schéma postupu praci pfi pilotnim testovani ukazuje Obr. 23.,

technologické zapojeni Obr. 24.
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Obr. 23 Schéma pilotniho testovani na lokalité Zlaté hory.

Pilotni jednotka byla po sérii laboratornich optimalizaci s vodou z kontaminované
lokality dovezena do zneCiSténé oblasti, kde byla nejprve otestovana, nasledné
optimalizovana [68]. Po provedeni vSech potiebnych zkousek a vyfeseni provoznich problémi
byla jednotka spusténa k dlouhodobému testovani v periodé piiblizné jeden mésic
(24.7.-18. 8. 2017) v jednosménném provozu, kdy hlavnim ucelem bylo prokazat vhodnost
a zptisobilost elektrokoagulaéni metody pro odstrafiovani vysokych koncentraci Cr®* a Ni%*
z podzemni vody. Jednotka byla instalovana v areélu firmy Velobel ve Zlatych Horach, coz je
lokalita s oznacenim Natura 2000 (evropsky vyznamna lokalita). Takova lokalita Casto
Z historického hlediska obsahuje prumyslové kontaminace a vyzaduje zvlastni zachazeni, co se

tyCe feSeni historického znecisténi. B€zné dekontaminacni technologie mnohdy byvaji nesetrné
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Kk zivotnimu prostiedi a je tfeba hledat alternativy. Dekontamina¢ni jednotka umisténa

v kontejneru s nizkym zabérem na kontaminované misto se jevila jako idealni feSeni [69].
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Obr. 24 Technologické zapojeni pilotni jednotky v kontejneru.
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Kontaminovand podzemni voda byla nejprve cCerpana do vstupniho zasobniku,
pro odsazeni necistot (jilovité ¢astice apod.) a poté prochazela ptes elektrokoagulacni cely, kde
pusobenim elektrického proudu dochéazelo k davkovani koagula¢niho ¢inidla. Zde pak témér
kvantitativné probihala redukce ionti Cr®* na Cr3* pti hodnoté pH vstupni vody 4,5 az 4,8 dle
rovnice:

Cr207%” +6Fe?* +7H,0 — 2Cr** +6Fe®" +140H"

Cely provoz jednotky byl koncipovan tak, aby v dlouhodobém horizontu vystupni
koncentrace kontaminantli neptfesahovala povolené hodnoty mistnim vodohospodaiskym
Gifadem, které ¢inily 0,5 mg-1"* pro Cryt, 0,8 mg:-I"t pro Ni** a 0,8 mg-It pro Fe?".
Charakteristické vstupni koncentrace kontaminantti bézn¢ se nachazejici v podzemnich vodach
prezentuje Tab. 9. V priubéhu méfici kampané se slozeni ménilo v intervalu + 30 %, nebot’ je

zavislé na lokalnich klimatickych podminkéch, stupni nasyceni ptidy atd.

Tab. 9 Priklad sloZeni kontaminované vody. Kovy méfeny pomoci ICP-OES s nejistotou stanoveni + 20 %.

Cri. Cr®* Ni Zn Fe Mn pH «(mS-cm™?
Koncentrace (mg-I") 43 419 916 89 13 10,7 44 35

Jednim z nejcastéjSich problému, ktery se vyskytuje nejen pii testovani pred nabéhem
technologie do ostrého provozu, ale vyskytuje se také naprosto bézné pfi provozu, je zanaseni
elektrodovych kazet pasivacni vrstvou (smés shlukii vlocek a soli obsaZenych ve zpracovavané
vode€) snizujici celkovou ucinnost procesu. Byla proto vénovana zvySend pozornost
systematickému zpiisobu regenerace elektrodovych kazet. Celkem byly provadény regenerace
elektrodovych kazet nékolika zptsoby:

1. Periodicky proplach elektrokoagulaénich cel velkym priitokem 1000 az 1300 1-hod!
kontaminované vody, cirkulujici ze vstupni nadrze pies EC cely zpét do vstupni nadrze.
Tento proplach byl provadén kazdé 4 hod.

2. Napusténi 4% roztoku HaPO4 z 25 | barelu do elektrokoagulacnich cel a ponechani po
dobu 1 hodiny, poté vyplachnuti roztoku mnozstvim 50 1 vody zpét do barelu. Tento
zpisob regenerace se prili§ neosveédcil.

3. Demontéaz elektrokoagulacni cely, vyjmuti elektrodové kazety a jeji oplach tlakovou
ruéni myckou, pfipadné mechanické obrouseni. Tento zplisob byl nejucinnéjsi, ale

casove zdlouhavy a pracny.
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Pilotni jednotka proto obsahovala dvé cely — kdyz jedna cela vyzaduje regeneraci
elektrod, uvede se do provozu identicka druhd cela, aby prvni mohla byt regenerovana a naopak.
Po nastaveni vhodnych procesnich parametrti pak probihal dlouhodoby provoz, kdy byly

sledovany vystupni koncentrace zajmovych kontaminantt.

1,50

mCr HFe Ni

U
o
o

Koncentrace (mg-I-2)
o
(O}
o

0,00

Obr. 25 Primérné vystupni koncentrace sledovanych kontaminantii pii testovaci kampani. Méfeno pomoci ICP-OES
S nejistotou stanoveni + 20 %.

Jak je patrné z Obr. 25, cilové koncentrace monitorovanych kontaminantii byly
z dlouhodobého hlediska dosaZeny. V prib¢hu testovaci kampané se samoziejmée vyskytovaly
urcité vykyvy od primérné ucinnosti, a to jak k lep$im, tak k hor§im hodnotam. To se
samoziejm¢ da oCekavat pii provozu kazdé technologie. Z dlouhodobého hlediska je nicméné
dilezité, ze procesni parametry Ize nastavit takovym zptisobem, aby mohlo dojit k tspéSnému
vyc¢isténi lokality. Byla sledovana spotieba energie k vy¢isleni celkovych procesnich nakladd.

Jejich odhad s uvazenim ceny na 1 m? je zndzornén v Tab. 10.

Tab. 10 Provozni naklady na zpracovani 1 m® na lokalité Zlaté Hory.

Jednotkova soucast Mnozstvi Cena (EUR)

Energie dodana elektrokoagula¢nim celam 1,28 kWh 0,19
Celkova energie zahrnujici vSechny aparaty 8,8 kWh 1,35

Elektrodova kazeta (1.58 EUR/ks) 1ks/70m® 0,02
Ca(OH)2 0,8 kg 0,09
Flokulant 49 0,02
H3POa4 X 0,11
Zpracovani kalu 2,97 kg 0,11
Neptimé naklady X 0,08
Celkem x 1,97
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Pii pohledu na cenu za jednotlivé polozky je patrné, Ze elektrickd energie tvofi
dominantni polozku, nicmén¢ elektrickd energie dodand na elektrodové kazety je v celkovém
objemu pouzité energie pouze zlomkova. Vyznamnéjsi spotiebu maji dalsi piipojené aparaty,
jako michadlové motory, obéhova vzduchomembranova cerpadla a samoziejmé kalolis.
Je ziejmé, 7e cena za vy¢isténi 1 m® neni nejnizsi, nicméné s ohledem na fakt, Ze se jedna
0 evropsky vyznamnou lokalitu vyzadujici zvlastni zachazeni se jednd o zajimavy vysledek.

Byl také stanoven scénai k vycisténi celé lokality, pfi¢emzZ tento scénaf je zalozen
natad¢ zjednodusujicich predpokladli, aby jeho realizace byla proveditelna. Orientacni
zjednoduseni byla nasledujici:

e Na sledované lokalité je znemoznéno miseni kontaminované vody s vycisténou a jeji
objem se povazuje za konstantni.

e Toho lze docilit sérii hydraulickych vrti tvoficich hydraulickou bariéru.

e Kontaminovana zona je dobfe popsana a neni povazovana za brownfield.

o Kontaminace je konstantni a ¢isténim lokality se snizuje az do uplného vy¢isténi.

e Pida je jiz dekontaminovana a nedochazi tak k vyluhovani z nasycené zeminy.

Na zéklad¢ téchto predpokladii byla odhadnuta celkovda kontaminovana plocha
a odhadnut celkovy objem znecisténé podzemni vody, u kterého bylo dle pouZitych procesnich
parametrii odhadnuta celkova doba nutna pro uplné vycisténi podzemni vody. Kontejnerové
jednotky maji ale velkou vyhodu v tom, ze jejich multiplikaci dojde k velmi elegantnimu

zvyseni kapacity a tim nasledné ke zkraceni celkové doby ¢isténi lokality.

Jesté je tfeba nastinit, pro¢ miiZe byt elektrokoagulace v nékterych ptipadech vhodné;jsi,
nez klasicka chemicka koagulace. K tomu poslouzi Tab. 11 s modelovym piikladem davky
1000 kg Fe do zpracovavané vody. Chemicka koagulace se nejéastéji provadi se siranem nebo
chloridem Zelezitym, ve kterém je hmotnostni koncentrace Fe necelych 14 % hm, zatimco
pti elektrokoagulaci se pouzije elektroda z mékké oceli obsahujici 99,95 % hm. Fe. Rozdil
V hustotach obou materidlti je zfejmy na prvni pohled a je tak snadno odvoditelné, Ze
pro teoretickou davku 1000 kg Fe je potieba 7246 kg 40% roztoku FeCls, coz je bé€zna
komer¢né dostupna koncentrace. Pro elektrokoagulaci je naopak tieba ,,pouze® 1001 kg oceli
pro stejnou davku Fe. To ¢ini 7x méné oproti chemické koagulaci. Pi pfepoctu na teoreticky
objem suroviny nutného dopravit na zajmovou lokalitu je v ptipadé FeCls je zapotiebi vice
nez 5 m3, coz je v celkovém vyjadfeni 41x vice nez v piipadé ocelovych elektrod, kdy je nutné

pfepravit ,,pouze® 127 1 objemu.
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Tab. 11 Srovnani chemické koagulace a elektrokoagulace pro modelovy ptiklad davky 1000 kg Fe.

FeCl3z (40% roztok) Ocelova elektroda Rozdil

Hm. koncentrace Fe 13,8 99,95
Hustota (g-cm™) 1,4 7,85
Hmotnost (kg) 7246 1001 7x
Objem (1) 5176 127 41x

3.2.4 Provozni jednotka

Kontejnerova jednotka byla dale otestovana v aredlu ZEVO v Liberci, kde po uspesnych
pilotnich testech byla navrzena provozni technologie [70]. Jeji vyuziti spociva ve sniZzovani
vystupni koncentrace Zn ve vypousténych vodach. Hlavnim cilem a motivaci bylo dodrzet
emisni limity pro Zn 2,1 mg-1-! (platné v dobé testovéni) a zajistit tak, aby vypousténd voda
nemusela byt podrobena ndkladnému membranovému c¢iSténi. Dnes jsou emisni limity
1,5 mg-I-! a ogekava se jejich zpiisnéni na 1 mg-1-1. Cela je tvofena rourou z PVC o priméru
200 mm a délce 1200 mm, s konickym dnem, opatienym roStem a natokem znecisténé vody.
Voda s nadavkovanymi vloé¢kami Fe?* iontli pak odchazi hlavou cely (proudéni zdola nahoru).
Tim je zajiSténo optimalni proudéni a kontakt vody s deskovymi elektrodami a snadné
odvzdusiiovani béhem provozu. Uvnitf cely je vlozena elektrodova kazeta skladajici se
z katodického a anodického bloku, celkem o poctu 7+ 7 ocelovych desek, vyrobenych
z konstrukéni neuslechtilé oceli ti. 11 (tf.11 373) o rozméru 960 x 100 x 6 mm. Kazda cela je
navrzena na pritok ¢isténé vody 500-1200 I-hod a je napéjena ze zdroje proudu (typ EA-PSI-
9080-120-2U) s plynulou regulaci od 0-120 A.

Vstupni kontaminovanéa voda je ¢erpana vzduchomembranovym cerpadlem z nadrze
oobjemu 6 m3. Pritok vstupni vody je regulovan zménou otadek (vykonu) &erpadla.
Na potrubni trase je pied kazdou celou umistén ventil a rotametr k indikaci aktudlniho pritoku.
Na vystupni potrubi z elektrokoagulaénich cel navazuje rychle michana nadrz o objemu 180 I,
vybavena lopatkovym michadlem s regulaci otaéek (60-200 ot-mint), ktera slouzi pro nukleaci
zarodeénych vlocek davkovaného Fe. Pii nukleaci dochazi k pomalému ristu vlocek
z uvolnénych Fe?* iontt, které jsou v intenzivnim kontaktu s ¢isténou vodou. Na tyto viocky
jsou ionty toxickych kovil (zejména Zn?*) vazany adsorp&nimi silami, pfipadné probihaji dalsi
interakce napf. oxida¢né redukéni nebo ko-precipitacni pochody [71,72]. Vzhled provoznich

cel je uveden na Obr. 26. Procesni schéma elektrokoagulaéni linky je znazornéno na Obr. 27.
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Obr. 26 Vlevo — provozni linka elektrokoagulace; Vpravo — detail na umisténi elektrodové kazety (dle komentované polozky 15). Vlastni
foto.

V dalsim kroku vstupuje voda do pomalu michané nadrZe o objemu 2 m®, kde dochézi
k agregaci a rastu vlo¢ek do dobife sedimentujicich aglomerati. Soucasné dochazi k jejich
oxidaci z Fe?* na Fe*". Na vystupnim potrubi z rychle michané nadrze je divkovan roztok
anionického flokulantu podporujici shlukovani a sedimentaci vlo¢ek Fe kalu.

Nakonec probiha sedimentace vlocek Zelezitého kalu v sedimentaéni nadrzi (35 m3),
Z niz odchazi vycisténa voda prepadem a zahustény kal je odtahovan vzduchomembranovym
cerpadlem do svickovych filtrli. Sedimentacni nadrz je vybavena ultrazvukovym snimacem,
ktery mé&fi vySku sloupce kalu (rozhrani vody a suspenze kalu). Na zdklad¢ ptedem nastavenych
hodnot mocnosti kalu je spinano vzduchomembranové kalové ¢erpadlo. Soucasti technologie
je autonomni fidici systém, umoziujici pomoci dotykového PLC panelu ovladani jednotlivych
komponent celé technologie — Cerpadel vody, elektrokoagulaénich cel, trojcestnych ventilt
a michadel, zobrazovani a ukladani dat.
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Obr. 27 Procesni schéma provozni elektrokoagulaéni linky v ZEVO.
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Pfi ostrém provozu byly v chodu vzdy 2 cely, na kazdou byl vkladan proud 50 A,
pfi prittoku vody 600-1000 I-hod~! dle pfedem stanovenych optimalizovanych podminek.
Béhem provozu dochazelo k postupnému zanaseni elektrodovych kazet vlo¢kami Fe a mirnému
poklesu napéti, proto byly provadény v periodickych intervalech po 48 h proplachy Quench
vodou (vodny roztok 8 % HCI vznikajici po vypirce spalin), po némz nasledoval proplach
vodou. Roztok Quench vody je v ZEVO veden v uzavieném okruhu a pouzivan k louzeni
popilku. Tento okruh je propojen s linkou elektrokoagulace.

Hodnoceni ucinnosti odstranéni Zn a piipadnych dalSich kovli (As a Pb) procesem
elektrokoagulace bylo provedeno na zidkladé analyz vzorkd vstupni a vystupni (vycisténé)
vody. Vzorkovani bylo provadéno v pravidelnych 12hodinovych intervalech na vstupu a
vystupu z technologie. Na zakladé pilotnich experimentt a sloZzeni zpracovavané vody byla
davka Fe stanovena na pfiblizné 40 £ 5 mg-I-%, pfiéemz béhem provozu jsou oéekavany vykyvy
smérem dolt k hodnotam kolem 20 + 5 mg-I-X. Tyto hodnoty viak stéle predstavuji dostate¢ny
pomér davky koagula¢niho ¢inidla vs. kontaminanty k jejich efektivnimu odstranéni. K poklesu
koncentraci Fe dochéazelo ptfedev§im vlivem ucpavani elektrodovych kazet mezi jejich

periodickymi regeneracemi.

—8—7Znin

—@—7Zn out

Koncentrace (mg-I2)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Dny provozu

Obr. 28 Vstupni a vystupni koncentrace Zn v provozni jednotce. Stanoveno pomoci ICP-OES s nejistotou stanoveni 20 %.

Prib¢éh koncentraci Zn na vstupu a vystupu z linky elektrokoagulace je predstaven
na Obr. 28. Koncentrace Zn ve vy¢isténé vodé byly trvale nizsi nez 0,5 mg-1-* s vyjimkou
13. dne provozu, kde koncentrace Zn doséhla az 1 mg-1-t. Nicméné& i pfes tuto skute¢nost je
bezpeéné splnén limit 2,1 mg-1-! obsahu Zn ve vy¢isténé vode, vypousténé do kanalizacniho
fadu. Vstupni koncentrace Zn jsou proménlivé a zaviseji na druhu spalovaného odpadu,

na rezimech extrakei popilku atd. Ukazalo se vSak, Ze jednotku je pfi vhodném nastaveni mozno
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provozovat dlouhodobé a je pfipravena na budouci zptisnéni emisnich limitli pro Zn v hodnoté
1 mg-I-%,

Z hlediska zbytkovych koncentraci Fe se jeho hodnoty vétSinou pohybovaly
do 3mg-I"t, vojedinélych piipadech pak koncentrace vzrostly, nejvyse az na 6 mg-I-2.
Dtvodem muze byt zhorSena sedimentace vlocek Fe, které zlstavaji ve vznosu. Pro eliminaci
tohoto jevu bylo otestovano vice druht anionickych flokulantti riizné sily, rezimy pomalého
arychlého michani apod. Vzorkovani v sedimentacni nadrzi ukdzalo ucinnou separaci
vysrazeného kalu od vycisténé vody, coz doklada Tab. 12, ktera ukazuje primérné hodnoty

sledovanych kontaminantd na vystupu procesu v priubéhu dalsich tydnti provozu.
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Tab. 12 Charakteristika vystupnich proudil. Primérné tydenni hodnoty. Nejistota stanoveni 25 %. Kovy méfeny pomoci ICP-

, RAS (rozpusténé anorganické soli) stanoveno gravimetricky.
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Spotieba elektrické energie pro provoz elektrokoagulacnich cel cinila 0,75-
1,1 KWh-m=3 ¢isténé vody. Vyznamnéjsi polozkou byly naklady na vyrobu elektrodovych
kazet. Zivotnost elektrodovych patron s tloustkou desky 5 mm je cca 1 000 m® vody, coz
predstavuje naklady kolem 0,8 EUR-m~2 vy¢isténé vody. Celkové procesni naklady shrnuje
Tab. 13. Velkou vyhodou aplikace elektrokoagulace v zafizeni pro energetické vyuziti odpadu
je autonomni vyroba elektfiny pies zpracovani odpadu na energii. Diky tomu je proces
konkurenceschopny, protoze cena elektfiny je obvykle dominantnim parametrem pii urCovani
procesni ceny, zatimco aplikace v ZEVO tuto nevyhodu uplné eliminuje. Proces

elektrokoagulace je stale uspésné kontinualné provozovan.

Tab. 13 Procesni ndklady provozni jednotky.

Jednotkova soucast Mnozstvi-m= Cena (EUR)
Energie dodana elektrokoagula¢nim celam  0,75-1,1 kWh 0
Celkova energie zahrnujici v§echny aparaty 11,4 KWh 0
Elektrodové kazeta 1 ks/1000 m? 0,8
Flokulant 49 0,12
HCI pro regeneraci / 0,1
Zpracovani kalu 0,4 kg 0,2
Neptimé naklady / 0,28
Celkem / 1,60

Jesté je vhodné zminit, Ze u vSech studii prezentovanych vyse a kde probihalo orienta¢ni
stanoveni provoznich ndkladt, se jednd o provozni ndklady v dobé ziskani konkrétnich
experimentalnich dat. Obdobi zisku téchto dat se pohybuje v letech 2013-2020, ¢ili v dobé cen
energii velice nizkych, nicméné srovnatelnych s cenami energii v prvni poloviné roku 2021.
V roce 2022, zejména v dusledku nestabilnich a neumérmné vysokych cen energii vyvolanych
vojenskym konfliktem na Ukrajin€ by se provozni naklady pohybovaly nesrovnatelné vyse.
Vysoké ceny energii totiz ovliviiuji v§echna primyslova odvétvi a v podstaté vSechny komodity
na trhu ¢eli vyraznému nartstu cen v dusledku vysokych hodnot inflace. V soucasnosti je sice
jiz pozorovan pokles cen energetickych komodit, pfesto se neocekava navrat na hodnoty bézné

pted rokem 2022 a budou se tak pravdépodobné pohybovat na dvoj — az trojnasobku.
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4 ZAVER

PredloZena habilita¢ni prace ve formé komentaie ptivodnich vysledkt shrnuje popis
vyvoje a aplikace technologii uplatnénych pii ochran¢ zivotniho prostiedi se zamétenim
na odstranovani znec€isténi podzemnich, ptipadné procesnich vod. Technologické postupy byly
diskutovany z hlediska jejich vyvoje, ktery probihal od laboratofe smérem k realnym
aplikacim, a to na zdklad¢ postupného zvétSovani méfitka S vyhodnocenim dosazenych
vysledku. V praci jsou diskutovany nejvyznamnéj$i milniky a vysledky pro kazdy vyvojovy
stupen, pficemz tyto vysledky jsou v ptiloze dolozeny plnymi texty publikacnich vystupl
a dokumentti deklarujicich ochranu duSevniho vlastnictvi a pfichazejicich ve stejném
chronologickém portadi, ve kterém jsou Vv predlozeném textu diskutovany.

V prvnim piipadé jde o fotochemické oxidace vyuzivajici pfimou fotolyzu peroxidu
vodiku, kterd byla aplikovana na odstrafiovani Sirokého spektra organickych latek
z podzemnich vod. Tyto latky se v podzemnich vodach nachézely v disledku priamyslové
¢innosti. Primyslovym partnerem pro aplikovany vyzkum byla spole¢nost Dekonta, a.s., ktera
technologii fotochemické oxidace v pilotnim méfitku umisténou Vv kontejneru, zatadila
do svého portfolia nabizenych sluzeb. Funk¢nost oxida¢ni jednotky byla realné ovétena
na lokalit¢ Ptedlice, kde byla v ramci pilotni testovaci kampané odstraniovana kontaminace
podzemni vody chlorovanymi uhlovodiky. Celkové provozni naklady na 1 m® pii optimalnich
podminkach ¢inily 2 €, coz podtrhuje ekonomickou efektivitu provozu. Lokalita neumoznuje
vystavbu specializovanych Cisticich linek, proto se kontejnerova jednotka jevi jako idealni
feSeni pro dekontaminaci mista s omezenou prostorovou dispozici.

Ve druhém piipad€ byl sledovan vyvoj elektrokoagulaéni jednotky pro odstraiiovani
rozpusténych kovl ze znecisténych vod. Ackoliv byla primarnim ucelem této jednotky ochrana
fotochemického systému, ukézalo se, ze na nékteré aplikace je vhodné vyuZzit ji zcela
samostatné. V pilotnim méfitku byla jednotka provozovana na lokalité Zlaté Hory, kde tspésné
odstranovala kontaminaci Sestimocnymi ionty chromu a dvojmocnymi ionty niklu
z podzemnich vod pii nakladech piiblizné 2 €-m~3. Takové néklady jsou, s ohledem na provoz
v evropsky vyznamné lokalité velice piiznivé, nebot’ takové oblasti neumoznuji invazivni
zasahy do okoli pfi vystavbé specializovanych ¢istiren. Takto se kontejner doveze na lokalitu,
spusti se jeho provoz a po ukonceni ¢innosti se opét odveze, ¢imz zlstane okolni prostiedi
nedotcené. Elektrokoagulacni jednotka byla nasledné uspésné pievedena do provozniho

méfitka Vv autonomnim rezimu. Provozni jednotka kontroluje vystupni koncentrace Zn
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ze zafizeni pro energetické vyuziti odpadd v Liberci pii provoznich nakladech cca 1,6 €- m=
a je stale Gspesné kontinualné provozovana i v souc¢asné dobg.

Vyvoj obou jednotek byl diskutovan na urovni vSech méftitek — od laboratorniho
pies poloprovozni a pilotni stadium — a zabyval se feSenim jednotlivych technologickych
aspektt. Duraz byl kladen mj. také na ekonomickou naroc¢nost z hlediska jednotkovych
procesnich nakladt, které vkoneéném dusledku tvofi tu nejpodstatnéjsi polozku
pro primyslovy podnik s ohledem na jeji provoz.

Problematice fotochemickych a elektrochemickych procesu se budu vénovat i v dalsi
fazi své akademické kariéry, nebot’ existuje fada oblasti, kde 1ze studované technologie uplatnit.
V ptipadé fotochemickych technologii se jednd napi. o vyvoj jednotky zaméiené
na odstranovani mikropolutanti a farmaceutickych rezidui ze specifickych maloobjemovych
zdroji. V soucasnosti jiz pracujeme na vyzkumu spoleéné s vybranym priamyslovym
partnerem, avSak detaily této spoluprace jsou prozatim Vv rezimu utajeni. U elektrochemickych
technologii se jedna o moznost jejich uplatnéni pii Gipravé pitné vody, zejména pak odstranovani
rozpus$ténych organickych latek v podob¢ pfirodni organické matrice (NOM — natural organic
matter, AOM — algal organic matter) [73].
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6 SEZNAM SYMBOLU A ZKRATEK

«OH
AOP
AOM
DCE
FZP
NEL
NOM
PCE
PLC
PiF UK
RAS

RECHEBA

RWE

RPM

TCE

TOC

UJEP
uv-C
UV-C/H20;
ZEVO

Hydroxylovy radikal

Pokrocilé oxidacni procesy (angl. Advanced Oxidation Processes)
Rasova slozka organické matrice (angl. Algal Organic Matter)
Dichlorethylen

Fakulta zivotniho prostiedi

Nepolarni extrahovatelné latky

Ptirodni organicka matrice (Natural Organic Mater)
Tetrachlorethylen

Programovatelny logicky automat (angl. Programmable Logic Controller)
Piirodovédecka fakulta Univerzity Karlovy

Rozpusténé anorganické soli

Reaktivni chemické bariéry pro dekontaminaci siln€ znecisténych podzemnich
vod

Rynsko-vestfalské elektrarny (ném. Rheinisch-Westfalische Elektrizitdtswerke)
Otacek za minutu (angl. Rotation per minute)

Trichlorethylen

Celkovy organicky uhlik (angl. Total Organic Carbon)

Univerzita Jana Evangelisty Purkyné

KratkovInné ultrafialové zateni

Piima fotolyza peroxidu vodiku UV zafenim

Zatizeni pro energetické vyuziti odpadi
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Zarizeni pro vyrobu pitné vody

Oblast techniky

Technické feSeni se tyka zafizeni pro vyrobu chemicky a bakterialn€ nezdvadné pitné vody.
Dosavadni stav techniky

Neékterd dosavadni zafizeni pro vyrobu omezeného mnoZstvi pitné vody jsou zaloZena na vyuZiti
membranovych procesl typu reverzni osmoézy, nicméné tato zafizeni jsou energeticky vysoce
naro¢na, membrany jsou velice citlivé na typ zne€idténi, coZ mize byt pfi¢inou jejich brzké de-
aktivace, a jsou investicné€ velmi nakladna (US 4894154 (A)).

Dalsi dosavadni zafizeni vyuZivaji recirkulacné zapojeny prutocny trubkovy sterilizator vody
s UV zafenim za soucasného pouZiti ozonu. Timto zafizenim vyrobend voda je i s rozpusténym
ozonem uzaviena do lahvi (Pat. RU 2014102026, RU 2013122621). Nevyhodou takového zafi-
zeni je piedevsim to, Ze neodstratiuje anorganické kontaminace. Dal§i nevyhodou je manipulace
s ozonem. Jako plynna latka vyzaduje té€sné a odolné sofistikované nadoby a v pfipadé tniku
a vdechnuti pisobi velmi drazdive na dychaci cesty.

Dalsi zafizeni jsou zaloZena na prltoénych trubkovych nadobach s implementovanymi nano-
trubi¢kovymi hlinikovymi filtry vyuZivajici antibakteridlnich kovovych nanocastic, jako napf.
stiibro, méd’ a zinek, které vSak odstrariuji pouze bakterialni znecisténi (US 7390343).

Také je moZné vyuZit specialnich lahvi s funkénimi uzavéry obsahujici trubicku zasahujici do
objemu vody, ve které jsou umistény latky jako aktivni uhli, antibakteridlni nanoc¢astice stiibra,

iontoménice, nicméné tato zafizeni jsou vhodna pfedev§im na dolpravu pitné vody, ale nejsou
vhodna pro surové ¢isténi (US 4695379).

Podstata technického feSeni

Uvedené nedostatky alespoii z asti odstrartiuje zafizeni pro vyrobu pitné vody, charakterizované
tim, Ze zahrnuje zésobni nddrZ opatfenou michadlem, jejiZz jeden vystup je pfipojen pies vyto-
kovy ventil k vypoustécimu ventilu a ke vstupu Cerpadla, jehoZ vystup, opatieny regulanim
ventilem a priitokomérem, je ptipojen ke vstupu elektrokoagulacni cely pfipojené ke zdroji elek-
trické energie, pficemzZ vystup elektrokoagulaéni cely je pfipojen ke vstupu zdsobni nddrZe, jejiz
dalsi vystup je pfipojen pies vytokovy ventil ke vstupu Cerpadla, jehoZ vystup, opatfeny regulac-
nim ventilem, je pfipojen ke vstupu alespoii jednoho filtru, jehoZ vystup je pfipojen ke vstupu
nadrZe, jejiz vystup je pfipojen k vypoustécimu ventilu a pfes regulatni ventil a Cerpadlo ke
vstupu Venturiho trubice, jejiz dal§i vstup je pfipojen pies regulatni ventil k vystupu nadrzky
peroxidu vodiku, pfi¢emZ vystup Venturiho trubice je pfipojen ke vstupu fotochemického reak-
toru, opatfeného zdrojem UV-C zéfeni, jehoZ vystup je pfipojen ke vstupu nadrze.

Vyhodné zafizeni pro vyrobu pitné vody, charakterizované tim, ze k vystupu elektrokoagulacni
cely je pfipojen vzorkovaci ventil.

Dal$i vyhodné zaiizeni pro vyrobu pitné vody, vyznacujici se tim, Ze vystup jednoho filtru je
pfipojen ke vstupu druhého filtru.

Dalsi vyhodné zafizeni pro vyrobu pitné vody, charakterizované tim, Ze pfivod kontaminované
vody do zasobni nadrZe je opatfen napoustécim ventilem.

Zatizeni pro vyrobu pitné vody z rozmanitych zdroji zne¢isténé vody podle technického feSeni je
schopné produkovat pitnou vodu s pouZitim bud’ ndhradnich zdroji elektrické energie (motorové
agregaty, solami energie), nebo s vyuZitim mechanického (ru¢niho) pohonu. Zafizeni pro vyrobu
pitné vody podle technického feseni vyuZiva nékolika principii ¢isténi vody a spojuje je do uni-
kéatniho celku, kterym je kompaktni jednotka s jednoduchou obsluhou schopna dlouhodobé zéaso-
bovat pitnou vodou omezenou skupinu lidi.
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Jedna ¢&ast zafizeni pro vyrobu pitné vody podle technického feSeni obsahuje tzv. elektrokoagu-
la¢ni celu urCenou k eliminaci zne¢ist'ujicich anorganickych iontli a ke sniZeni obsahu organic-
kych sloucenin. Tato ¢4st obsahuje téZ soustavu filtrii uréenou pro odstraniovani pevnych &astic
vznikajicich v elektrokoagulaéni cele.

Druh4 Cast zafizeni pro vyrobu pitné vody podle technického feSeni obsahuje fotochemicky re-
aktor opatieny zdrojem UV-C zéfeni odd€lenym kiemennou objimkou. Tato ¢ast je ur€ena pro
¢isténi znecisténé vody peroxidem vodiku, ktery se ve fotochemickém reaktoru rozklada na vy-
soce reaktivni ¢astice. Zdroj UV-C zéfeni je tedy uréen piedevsim k vytvéareni superoxidovych
a hydroxylovych radikali z peroxidu vodiku, které jsou velice aktivni v oxidacnich reakcich.
Jejich u€inkem dochazi k rozkladu pfitomnych organickych slou€enin aZ na oxid uhli¢ity a vodu.
Fotochemicky rektor je tedy uréen ke zneSkodriovani organickych latek za soucasného pisobeni
peroxidu vodiku a ultrafialového zafeni.

Bakterialni kontaminace je primarné€ odstraiovana UV-C zafenim. Jeho efektivita je v tomto
ohledu 100%. Podil u¢inku peroxidu vodiku a vzniklych radikali na dezinfekei je také znacny.

Zatizeni pro vyrobu pitné vody podle technického feseni je ur€eno pro C€isténi kontaminované
vody tim, Ze umoZituje odstrafiovani organickych a anorganickych latek a téZ vysoce ucinnou
dezinfekci. Zatizeni pro vyrobu pitné vody podle technického feSeni je velmi robustni a jednodu-
ché.

Zatizeni pro vyrobu pitné vody podle technického feSeni je energeticky zcela autonomni, nevy-
Zaduje pridavky chemickych sloucenin s vyjimkou peroxidu vodiku, je odolné mechanicky a pro
svilj provoz nevyZaduje zvlastni znalosti, dovednosti nebo $koleni.

Zafizeni pro vyrobu pitné vody podle technického feSeni je vybaveno zasobni nadrZi pro konta-
minovanou vodu. K ni je pfipojena elektrokoagulatni cela uzavienid na obou stranach Cely,
z nichZ jedno je uréeno pro pfivod kontaminované vody a druhé pro vytok vystupujiciho media,
které je pfivadéno zpét do zésobni nadrze. Elektricky proud ze zdroje elektrické energie je uréen
k fizenému rozpousténi elektrody v elektrokoagulaéni cele, ¢imZ zde dojde k vysraZeni vlocek,
jejichz povrch je ur€en pro zachycovani rozpusténych anorganickych necistot. Tyto vlo¢ky se po
ukonceni prvniho stupné &isticiho cyklu nechaji usadit na dno zasobni nadrZe. K jejich odstranéni
Jje urCen vypoustéci ventil na dné zasobni nadrZe. Ta je opatfena lopatkovym michadlem pro vy-
tvofeni dobfe oddélitelnych vliocek. Ob&hové potrubi je dale opatieno ¢erpadlem, regulaénim
ventilem, vzorkovacim ventilem, vypoustécim ventilem, vytokovym ventilem a pritokomérem.
Navazujici filtry jsou ur€eny k zachycovani zbytki vysraZenych vlio&ek.

Dal3i zasobni nadrz a fotochemicky reaktor jsou uréeny k oxidaénimu ¢isténi zpracovavané vody
pusobenim ultrafialového zafeni a peroxidu vodiku na €i§ténou vodu, pfiCemz jsou vytvareny
vysoce reaktivni hydroxylové radikaly, které oxiduji organické latky obsaZené ve vodé postupné
aZ na ne$kodné produkty v podobé oxidu uhli¢itého a vody. Ultrafialové zafeni plisobi na zpra-
covavanou vodu ve fotochemickém reaktoru opatfeném vné&jS§im hlinikovym plastém uréenym
pro odraz UV-C zafeni do zpracovdvané vody. Peroxid vodiku je davkovan Venturiho trubici
z uzaviene lahve. Ob&hové potrubi je dale vybaveno ponornym Cerpadlem, regulaénim ventilem
a vypoustécim ventilem.

Zafizeni pro vyrobu pitné vody podle technického feSeni je uréeno pro efektivni &isténi
z konzumniho hlediska nevhodnych, kontaminovanych vod obsahujicich rozpusténé kovové
ionty a organické latky, pfipadné bakterie. Je zaloZeno na kombinaci ti technologii, jejichz cel-
kovy efekt pfevysuje uinky dosazené samostatn& kazdou z nich.

Objasnéni vykresu

Na vykrese, s jehoZ pomoci bude technické fedeni bliZe objasnéno, je znazornén nasledujici obra-
zek:

Chyba! Nenalezen zdroj odkazi. znézorfiuje schéma zafizeni pro vyrobu pitné vody.
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Priklady uskutenéni technického fefeni

Piiklad 1

Jak je patrné z obrazku 1, zafizeni pro vyrobu pitné vody zahrnuje zasobni nadrz EC1 zhotove-
nou z polypropylenu, jez je opatfena lopatkovym michadlem EC11 z nerezové oceli. Nadrz EC1
je opatfena vytokovym ventilem EC2, ktery je potrubnim systémem pfipojen do vstupu odstiedi-
vého Cerpadla EC4 pro dopravu ¢isténé vody, jehoZ vystup, opatfeny regulaénim ventilem EC5
a pritokomérem EC6, je pfipojen ke vstupu do elektrokoagulaéni cely EC7, jeZ je opatiena na
obou koncich Cely slouzici k vtoku a vytoku &isténého media. Elektrokoagula¢ni cela EC7 je
zaroven piipojena ke zdroji elektrické energie EC9 pro fizené elektrochemické rozpousténi elek-
trody a néaslednou tvorbu elektrochemicky vysraZzenych vlocek, které na sviij povrch adsorbuji
rozpuSténé anorganické ne€istoty z Cist€éného media. Vystup z elektrokoagulaéni cely EC7 je
pfipojen pres vzorkovaci ventil EC8 zpét do zasobni nadrze EC1 pro michéni ¢isténého media
a agregaci vysrazenych vloCek ve veétsi Castice, které se usadi na dn€ zasobni nadrze EC1. Ventily
EC2 a EC3 jsou urCeny pro vypusténi vétsiny usazenych vlocek.

Zésobni nadrz EC1 je dale opatfena vytokovym ventilem F1, pfipojenym k membranovému ¢er-
padlu F2, jehoz vystup je pfes regulacni ventil F3 pfipojen na soustavu filtrt F4 a F5 urenych
pro oddéleni zbytku vysraZenych vlocek od zpracovavané vody. Vystup ze soustavy filtri F4
a F5 je pfipojen do dal$i zasobni nadrze UV1.

Vystup ze zasobni nadrze UV1 je pfipojen pres regulaéni ventil UV4 a odstiedivé Cerpadlo UV3
do fotochemického reaktoru UV2, ktery obsahuje alespoti jeden svételny zdroj emitujici UV-C
zafeni s energii odpovidajici nizkotlakym energetickym hladindm rtuti emitujici predev§im pfi
254 nm a je od ¢i§téného media oddélena kfemennou objimkou zaji§tujici priichodnost UV-C
zafeni do ¢isténého media. Vystup z fotochemického reaktoru je pfipojen do zasobni nadrze
UV1. Fotochemicky reaktor UV1 je kromé jiného opatfen vnéj$§im plastém, ktery zabranuje
uniku UV-C zéfeni do okoli a odrazi je do ozafovaného media, ¢imz dochazi k jeho lep§imu vyu-
Ziti. Vystup ze zadsobni nadrze UV1 je také opatfen vypustnim ventilem UVS, ktery slouzi
k vypousténi vy€isténého media.

Zatizeni také obsahuje zasobni nadrzku H1 peroxidu vodiku pfipojenou pies regulacni ventil H2
ke vstupu Venturiho trubice H3 ur€ené pro ddvkovani peroxidu vodiku do ¢i$téného media. Foto-
chemicky reaktor je urCen ke $té€peni peroxidu vodiku na hydroxylové radikaly, které retézoveé
reaguji s organickymi latkami, coZ vede kjejich uplnému rozkladu na neskodné anorganické
produkty.

Prumyslova vyuZitelnost

Zafizeni pro vyrobu pitné¢ vody podle technického feSeni je prumyslové vyuzitelné pro vyrobu
omezeného mnoZstvi pitné vody z rozmanitych zdroju zne€i$t€éné vody, obsahujici neZadouci
anorganické a organické chemické latky a pfipadn€ t€z Skodlive bakterie.

NAROKY NA OCHRANU

1. Zatizeni pro vyrobu pitné vody, vyznacujici se tim, Ze zahrnuje zasobni nadrz
(EC1) opatienou michadlem (EC11), jejiZ jeden vystup je pfipojen pies vytokovy ventil (EC2)
k vypoustécimu ventilu (EC3) a ke vstupu Cerpadla (EC4), jehoz vystup, opatfeny regulatnim
ventilem (EC5) a pritokomérem (EC6), je pfipojen ke vstupu elektrokoagulacni cely (EC7) pfi-
pojené ke zdroji (EC9) elektrické energie, pfiCemz vystup elektrokoagulacni cely (EC7) je pfi-
pojen ke vstupu zasobni nadrze (EC1), jejiz dalsi vystup je pfipojen pies vytokovy ventil (F1) ke
vstupu &erpadla (F2), jehoZ vystup, opatfeny regulaénim ventilem (F3), je pfipojen ke vstupu
alesponi jednoho filtru (F4, F5), jehoz vystup je pfipojen ke vstupu nadrze (UV1), jejiz vystup je
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pfipojen k vypoustécimu ventilu (UV5) a ptes regulaéni ventil (UV4) a Cerpadlo (UV3) ke vstupu
Venturiho trubice (H3), jejiz dalsi vstup je piipojen ptes regulacni ventil (H2) k vystupu nadrzky
(H1) peroxidu vodiku, pti€emZ vystup Venturiho trubice (H3) je pfipojen ke vstupu fotochemic-
kého reaktoru (UV2), opatieného zdrojem UV-C zéafeni, jehoZ vystup je pfipojen ke vstupu na-
drze (UV1).

2.  Zafizeni podle naroku 1, vyznadujici se tim, Ze k vystupu elektrokoagulani
cely (EC7) je pfipojen vzorkovaci ventil (ECS).

3.  Zafizeni podle nékterého z naroki 1 az2, vyznacujici se tim, Ze vystup filtru
(F4) je pfipojen ke vstupu filtru (F5).

4.  Zafizeni podle nékterého z narokti 1 a7z 3, vyznadujici se tim, Ze pfivod
kontaminované vody do zasobni nadrze (EC1) je opatfen napoustécim ventilem (EC10).

1 vykres

Seznam vztahovych znacek:

EC1 zasobni nadrz

EC2 vytokovy ventil

EC3 vypoustéci ventil

EC4 ¢erpadlo

EC5 regula¢ni ventil

ECé6 pritokomer

EC7 elektrokoagulaéni cela
EC8 vzorkovaci ventil

EC9 zdroj elektrické energie
EC10 napoustéci ventil
EC11 michadlo

F1 vytokovy ventil

F2 ¢erpadlo

F3 regulaéni ventil

F4 filtr

F5 filtr

H1 nadrzka peroxidu vodiku
H2 regulaéni ventil

H3 Venturiho trubice

UVl nadrz

uv2 fotochemicky reaktor
Uuv3 Cerpadlo

uv4 regula¢ni ventil

Uvs vypoustéci ventil.
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A Highly Effective Photochemical System for
Complex Treatment of Heavily Contaminated
Wastewaters

Pavel Krystynik'", Petr Kluson"?, Stanislav Hejda?, Pavel Masin®, Duarte Novaes Tito?

ABSTRACT: Significant efforts have been committed to the research
and development of many advanced oxidation processes, including
photocatalytic oxidations with titanium dioxide or the hydrogen
peroxide and ferrous/ferric ion (H,O,/Fe*"(Fe*")/UV (photo-assisted
Fenton) process. This study reports the development of a novel
photochemical system for complex treatment of heavily contaminated
wastewaters based on the use of UV-C light and H,O,. Special attention
was focused on the technology employed, including the reactor design,
process controls, and performance optimization. The effects of process
parameters were studied using 4-chlorophenol (4CP) as model
compound, and verification of this treatment technology was assessed
using actual contaminated water. Among the most influential parameters
were the 4CP concentration, reaction mixture volume, H,O, concen-
tration, and irradiation intensity. In contrast, for H,O, dosing
(proportional continuous or cumulative one-time), the flow rate did
not significantly affect process efficacy. Water Environ. Res., 86, 2212
(2014).

KEYWORDS: advanced oxidation processes (AOPs), photochemical
oxidation, wastewater, UV-C/H,0O, system, water treatment.

doi:10.2175/106143014X14062131178510

Introduction

Massive industrial development and environment-unfriendly
waste disposal practices in the past have led to non-negligible
contamination of soil and groundwaters in many locations
around the world. Contamination of subsurface suburban waters
with a large variety of organic compounds can be found near
many former chemical or refinery plants across Central Europe.
The need for comprehensive decontamination treatment of such
areas is obvious. Conventional approaches, such as biodegrada-
tion or sorption, are not always sufficient. In such cases,
methods of chemical oxidation may be appropriate, including
advanced oxidation processes (AOPs). Regarding AOP, it is
important to consider the following treatment approaches:
hydrogen peroxide/ferrous ion (H,O,/Fe*") (Fenton), H,O,/
Fe*" (Fenton-like), H,O,/Fe*'(Fe*")/UV (photo-assisted Fen-
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3 Dekonta a.s., Volutova 2523, 158 00 Prague, Czech Republic.
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ton), titanium dioxide (TiO,/hv/O,), UV/O3 (UV-ozone), and
UV/H,0, reaction systems (Andreozzi et al., 1999; Badawy et al.,
2006; Dusek, 2010; Kubal et al., 2008; Legrini et al., 1993; Malato
et al.,, 2003). Several features are common to each of these AOP
processes, including (1) evolved active species that are highly
reactive, (2) involved hydroxyl (-OH) radicals that react
immediately with no considerations of special reaction mech-
anism, (3) radicals that react with organic molecules associated
with extremely low activation energy, (4) low selectivity of the
processes that enable oxidation of a wide range of organic
molecules, and (5) processes that operate at ambient temper-
ature and pressure.

Significant effort to date has been committed to researching
photocatalytic oxidations with TiO, or to the H,O,/ Fe?*(Fe*h)/
UV process. However, simpler, albeit less comparable but more
effective systems have been often neglected. This study reports
on a photochemical system for complex treatment of heavily
contaminated wastewaters using short-wavelength ultraviolet
radiation (UV-C light) and H,O,. Special attention is provided to
the technology, addressing in detail reactor design, process
control, and process performance optimization considerations.
Many types of organic compounds can be effectively removed
from contaminated water by the UV-C/H,O, technique,
including phenols or chlorophenols, dichloracetic acid, nitro-
and aminoaromatics, furfural, and others (Alnaizy et al., 2000;
Borghei and Hossen, 2008; Crittenden et al., 1999; Huang and
Shu, 1995; Poulopoulos et al., 2008; Scheck and Frimmel, 1995;
Zalazar et al., 2007, 2008; Zimbron and Reardon, 2004). 4-
Chlorophenol (CsHsOCI)(4CP), a widely used model pollutant
because of its persistence in the environment, was selected. The
minimum stoichiometry amount needed for total oxidation of
4CP is given by eq 1 per Benitez et al. (2000)

C¢H50Cl + 13H,05 — 6CO;, + 15H,0 + HCI (1)

Although the oxidation process is more efficient in the
presence of an excess of HyO, to prevent loss of performance as
a result of consumption by side reactions that occur under UV
irradiation, it is critical to optimize H,O, excess in order to limit
side reactions. The simplified mechanism of H,O, decomposi-
tion with UV irradiation is expressed in eqs 2 to 5 per Ogata et
al. (1981):

H,O, + hv — 2- OH (2)

Water Environment Research, Volume 86, Number 11
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Figure 1—Proposed reaction pathway of 4-chlorophenol (4CP) photooxidation with hydroxyl radicals (Zhou et al., 2008).

HOzA + H202 — OH -+ H20 + 02 (4')
2HO,. — HyO, + O, (5)

It is important to note that the oxidation process is effective
only when the UV source emits photons at wavelengths <280
nm (e.g., as provided by typical low-pressure mercury lamps).
The hydroxyl radicals can react with organic molecules (4CP in
this case) and lead to their oxidation through various
intermediates toward inorganic products such as CO,, H,O,
and relevant mineral acids (hydrochloric acid [HCI] in the case
of 4CP). The possible reaction pathway from 4CP toward
inorganic products in the presence of hydroxyl radicals can
occur as illustrated in Figure 1 (Zhou et al., 2008).

Methodology

Materials. 4-Chlorophenol (analytical grade, Sigma-Aldrich,
Schnelldorf, Germany) and H,O, (analytical grade, Lach-Ner,
Neratovice, Czech Republic) were used for reactions without any
further purification. 4-Chlorophenol solutions of different
concentrations were prepared with high purity deionized water
(conductivity <10 pS). Hydrochloric acid (analytical grade
quality, Lach-Ner) and sodium hydroxide (analytical grade,
Lach-Ner) were used to adjust pH.

Apparatus. Trials were performed using a novel photochem-
ical experimental apparatus designed and developed in-house
(Figure 2). In brief, contaminated water is circulated from the
storage tank (1) with centrifugal pump (2) to the lower part of
the photoreactor (6). Contaminated water passing through the
quartz tube inside the photoreactor (6) is irradiated (active zone)
and returned to the storage tank (1). The reaction apparatus also
includes a reducing valve (3) for regulating flow rate, a
flowmeter (4) and bypass (5) for blank experiments without
irradiation, as well as a sampling valve (7). A batch tank (8) for
single addition (dose) experiments was also used in which H,O,
was added via the mixing valve (9) before reaching the
centrifugal pump (2), which can also serve as reaction mixture
homogenizer. Finally, an outlet valve (10) was used to drain
treated water while a heat exchanger (11) was employed to
maintain a constant reaction temperature.
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The reaction zone consisted of 290 mm X 50 mm wide
(inner diameter) cylindrical quartz tube (PeTra Turnov
manufacturer, Turnov, Czech Republic) surrounded by 12
low-pressure germicidal UV lamps (8 W) with irradiation
maximum at 253.7 nm (Phillips Lighting, Hamilton, Lanark-
shire, Scotland). A sectional view of the photo-reactor is
provided in Figure 3. As can be seen, the reaction zone is
located in the middle of the tubular photoreactor and
surrounded by UV lamps. Note that the outer jacket of the
reactor is made from a polished aluminum sheet to ensure
minimal irradiance loses; it also consists of lengthwise
aluminum sheets to conduct heat away.

Two types of experimental modes regarding the dosing of
H,0, were performed—single addition and continuous dosing.
During single addition experiments, the volume of H,O, was
dosed to the treated water at the beginning of the experiment,
whereas in continuous dosing H,O, was added to the treated
water throughout the experiment at a constant rate. A
continuous (1 to 999 mL/h) injection pump (AMW Technics,
Brno-Malomerice, Czech Republic) was used to maintain the
dosing rate and to display the current volume of added H,O,.

In most experiments, treated water was pumped back to the
reactor in the next process loop. This allowed the tubular reactor
to be operated in differential mode, meaning that a high number
of process loops with low conversion per loop was performed.
The typical volume of reaction mixture was 20 L, with a 4CP
concentration of 0.5 mmol/L and 25 mL of H,O, (either single
dose or continuous addition). For example, the reaction mixture
volume of 20 L with a 300-min experimental run resulted in
approximately 380 loops at 25 L/min. The photoreactor was
equipped with outer source of energy for UV lamps with diode
indication of their function. The intensity of one germicidal
lamp was 145 mW/cm® The intensity was measured by
radiometer (Multimeter M3850D, Metex; Si photodiode Hama-
matsu S1337-BQ), detector 10 X10 mm, Seoul, South Korea). As
can be seen in Figure 4, because the change in relative intensity
was negligible during its lifetime, it can be considered constant
throughout the experimental series.

A blank experiment on the degradation of H,O, was
repeatedly and periodically performed as internal integrity test.
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Figure 2—Diagram of the experimental set-up: (1) storage tank,
(2) centrifugal pump, (3) membrane valve, (4) flow meter, (5)
bypass, (6) photoreactor, (7) sampling, (8) hydrogen peroxide
(H»0,) storage tank, (9) mixing valve, (10) outlet valve, and (11)
heat exchanger.

It demonstrated the full functionality of the reaction system, and
was based on UV-induced decomposition of H,O, according to
the mechanism summarized in eqs 2 to 5. The blank test was
performed with 10 L of deionized water and with 5 mL of H,O,
added in a single dose.

VA H

“

Figure 3—Sectional view on photoreactor (left); photoreactor
inlet detail (right).
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Figure 4—Maintenance relationship between UV-C output and
burning time.

Operational parameters for standard experiments with 4CP
are listed in Table 1. Note that in both H,O, dosing modes the
total added amount was equal.

Analytical. Total organic carbon (TOC) was followed as
primary parameter (TOC analyzer Shimadzu TOC-Vwp, Duis-
burg, Germany). The method is based on the photolysis of
sodium persulfate and additional oxidation by produced sulfate
radical anions. Total organic carbon was calculated as the
difference of total and inorganic carbon, the latter was
determined first. Light absorption changes of samples of
reaction mixtures were measured with a Perkin Elmer UV/
VIS/NIR Spectrometer Lambda 19 from 200 to 800 nm (Santa
Clara, California). For kinetic purposes, a linearized pseudo-first
order model was used. pH was measured with a combined pH/
conductivity meter (Hanna Instruments, Model HI 98129,
Cologne, Germany).

Results and Discussion

Hydrogen Peroxide Degradation. As discussed above,
hydrogen peroxide degradation was followed as the key process
parameter. Figure 5 shows the development of absorbance
during H,O, degradation and the degradation kinetics, respec-
tively. It is evident that immediately upon irradiation the
absorbance of reaction mixture began decreasing, which denotes
rapid H,O, decomposition.

Figure 6 shows the internal integrity test and plots the relative
concentration of HyO, against the number of lamps used. For
each number of lamps, the test of H,O, degradation was
performed for 120 min. Next, its concentration from absorption
spectra was evaluated. It can be seen that with between 12 and 8
lamps in use there was a straight-line proportionality. Between 8
and 6 lamps in use a slight decrease in the curve tendency
appeared, which gained strength with a decrease in the number
of lamps in use. The authors consider determining the internal
integrity to be mandatory prior to performing each set of
oxidation experiments to ensure that all work is performed
under straight-line proportionality conditions. In other words,
the 4CP degradation tests were not conducted under different
irradiating conditions.

4-Chlorophenol Oxidation. As discussed previously, many
process parameters can potentially influence the total oxidation
of 4CP-contaminated waters, including dosing mode (single
versus continuous), amount dosed, flow rate, relative intensity of

Water Environment Research, VVolume 86, Number 11
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Table 1—Standard operational paremeters (TOC = total organic
carbon; 4CP = 4-chlorophenol; H,0, = hydrogen peroxide).

Parameter Value
Reaction mixture volume 20 L
Temperature 25t0 27 °C
Flowrate 25 L/min

4CP concentration 0.5 mmol/L
Experimental run 300 min

Dose of H,0,
Number of active lamps

25 mL 30% (12.5 mmol/L)
12 (8 W each)

irradiation (represented by varying the number of lamps in
operation), initial 4CP concentration, and total volume of the
reaction mixture. Figure 7 represents spectral changes during
the oxidation of 4CP aqueous solution under the conditions of
standard operational parameters as listed in Table 1; that is,
reaction volume (V) = 20 L, concentration of 4CP (c4cp) = 0.5
mmol/L, flow (F) = 25 L/min, concentration of HyO, (ci202) =
12.5 mmol/L, and use of up to 12 active lamps. As long as the
reaction progresses, the characteristic absorbance areas of 4CP
at A =280 nm and A =225 nm progressively disappear. A parallel
increase of the absorbance near A =250 nm can be attributed to
the formation of reaction intermediates up to 60 min of the
experiment. The absorbance then decreased continuously, which
is indicative of the decomposition of reaction intermediates.
Influence of Hydrogen Peroxide Dose. First, the amount of
H,O, needed for total oxidation of 4CP solution was determined
(see Figure 8). Initial H,O, concentrations were 12.5 mmol/L
(25 mL), 6.25 mmol/L (12.5 mL), and 3.125 mmol/L (6.25 mL),
respectively. As can be seen, lowering the initial H,O,
concentration led to lower efficacy of TOC removal. Further,
with complete consumption of hydroxyl radicals, no additional
degradation occurred, and the TOC value did not decrease. The
minimum concentration of H,O, needed for total oxidation of
0.5 mmol/L of 4CP was 12.5 mmol/L. Higher concentrations of

1
0 min
5 min
0,8 10 min
----- 20 min
g sy 40 min
E ; ——— 60 min
B Y =+=-= 80 min
[
g04a
L ‘-C;\
02 F~_ "
S~
o
200 250 300

Wavelength (nm)

Figure 5—Degradation of 5 mL of hydrogen peroxide in 10 L of
deionized water and reaction mixture absorbance development.
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Figure 6—Internal integrity test results.

H,0, only slightly increased the rate of TOC removal because
more H,O, side reactions would occur.

Hydrogen Peroxide Dosing. The role of H,O, dosing mode was
also determined. As described previously, H,O, was added to the
reaction mixture either in a proportional continuous mode or in
a cumulative one-time dose. Figure 9 shows the development of
TOC over time for both H,O, addition modes. The similar TOC
profiles indicate that the dosing method was not significant for
most of the experiment and, after 180 min, nearly the same
conversions were observed (X;g0 = 96.4%).

Because the dosing mode did not affect the rate of TOC
degradation, the remaining research described in this paper was
conducted in single addition mode.

Influence of 4-CP Initial Concentration. The amount of H,O,
was kept constant (25 mL = 12.5 mmol/L) during this phase of
research. As Figure 10 makes clear, that particular concentration
of H,O, was insufficient to achieve total oxidation of increased
4CP concentrations. That is, once H,O, is consumed, no
additional TOC removal occurred. This finding is evident in the
latter portion of the TOC development curves. Specifically, one
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a |§q ===-==--- 60 min
1 90 min
———-120min
43 ——-=180min
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[
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2 2
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Figure 7—Spectral changes in 4-chlorophenol (4CP) oxidation.
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Figure 8—Influence of initial amount of hydrogen peroxide (TOC
= total organic carbon).

can easily observe that 25 mL (12.5 mmol/L) of H,O, is
sufficient to achieve conversions of X;moy1. = 80 %, X1 5mmol/L. =
60 %, and Xo,moi. = 40 % for initial 4CP concentrations of 1
mmol/L, 1.5 mmol/L, and 2 mmol/L, respectively. Lower
reaction rates and final conversions occurring at higher H,O,
concentrations can be attributed to competition among 4CP
molecules and the presence of several reaction intermediates for
the generated active species.

Role of the Reaction Mixture Volume. Because the reaction
system was constructed as a recirculation unit, the reaction
mixture volume significantly influences the number of active
zone flow-through-loops (FTLs). At standard operational
conditions, the FTL number was 380, but varies with the
reaction mixture volume. Table 2 summarizes FTL number
variation for 10, 20, and 40 L of reaction mixture volume (for a
reaction time of 300 min).

100

—+— single dose

1Y
W --m-- continuous dosing
80 !
1]

=]
o

TOC/TOG, (%)
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=
Q

o0 00
Time {minlzm .

Figure 9—Influence of hydrogen peroxide dose type on total
organic carbon (TOC) development.
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Figure 10—Influence of 4-chlorophenol (4CP) initial
concentration (TOC = total organic carbon).

In Figure 11a, increased TOC removal was observed using a
half reaction mixture than for a full volume mixture. Because the
H,O, concentration was kept constant, one reason for this
observation might be a higher concentration ratio of H,O,/4CP
as a result of lowering the reaction mixture volume compared to
standard reaction conditions. The constant H,O, concentration
reacted with a half amount of 4CP compared to standard
reaction conditions. For a double reaction volume, a slower
TOC degradation rate was observed, and after 3 h no additional
degradation occurred, which is caused by consumption of
hydroxyl radicals. The concentration ratio for HyO,/4CP was
significantly lower as a result of doubling the reaction mixture
volume. The remaining TOC content was significantly higher
because the constant H,O, concentration reacted with the
double amount of 4CP compared to standard reaction
conditions. Figure 11b shows how the number of FTLs
influenced the rate of TOC removal; that is, the TOC curves
are very similar, and TOC appears to be dependent on the FTL
number. Only minor perturbations were observed for the last
two experimental points of 40 L reaction mixture volume. This is
because hydroxyl radicals were completely consumed and no
additional TOC degradation occurred. Based on this finding, one
can assume that if hydroxyl radicals are still available the course
of the 40 L curve would continue similarly as under other dosing
regimens.

Influence of Flow Rate. The flow rate is another parameter that
significantly affected the number of FTL (see Table 3 for the
standard reaction time of 300 min).

Table 2—Flow-through-loop number related to reaction mixture
volume for reaction time of 300 min.

Reaction mixture volume (L) Flow-through-loop no.

10 760
20 380
40 190

Water Environment Research, VVolume 86, Number 11
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Figure 11—Role of reaction mixture volume (a); role of active zone flow-through-loops (b) (TOC = total organic carbon).

As can be seen in Figure 12a, the flow rate had no obvious
influence on the rate of TOC removal; however, the flow rate
had a significant effect on the FTL number within the reaction
zone. Figure 12b shows the same characteristics as Figure 12a
but against the FTL number. Notably, the FTL number needed
for total oxidation varied and is seemingly incompatible with the
role of reaction mixture volume. In contrast, with a decreasing
flow rate, the residence time in the active zone increased. This
indicates that the lower flow rate was compensated by higher
residence time within the active zone. Note that the reaction
arrangement was constructed as the differential reactor for one
loop and can be considered as an ideally mixed batch reactor for
the total process time. Figure 12a also shows that only reaction
time was a critical parameter in the batch reactors, and that the
flow rate was insignificant in the current experimental
arrangement.

Influence of Irradiation Intensity. Figure 13 shows the
influence of relative irradiation intensity represented by number
of operated lamps. As a result of the construction of the
photoreactor, it is possible to switch the lamps in a regular
manner—12, 8, and 4 active lamps that corresponded to
intensity of irradiation of 1740 mW/cm?, 1160 mW/cm?, and
580 mW/cm?, respectively. The use of 12 or 8 active lamps
showed no obvious difference, whereas use of 4 lamps decreased
the TOC degradation rate. Final TOC concentration was also
significantly higher in this case, which is consistent with the
internal integrity test results. The irradiation test also showed no
obvious difference between use of 12 or 8 active lamps.

Influence of Initial pH. Reaction pH is a key factor affecting
many AOPs. In this study, oxidation experiments were
performed with initial pH values of 2.4, 6.9, and 9.5. Except
when evaluating the influence of pH on TOC removal, the
evolution of pH with time was recorded. The rapid decrease of
pH indicates a high release of chloride anions, indicating the
cleavage of chlorine ion from the 4CP molecule and subsequent
formation of HCI. Further decreases in pH could be attributed to
release of remaining chlorine anions from additional reaction
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byproducts. Subsequent increases of pH indicate termination of
acidic reaction intermediates.

Under basic conditions, a similar profile was observed in
which a drop in pH was initially recorded and followed by an
increase in pH as the process continued. This profile however,
changed when the starting point was initially more acidic (2.4)
and when a constant pH was recorded. The right side of Figures
14a and 14b shows that an initial high pH (9.5) did not result in
an obvious increase in the rate of TOC removal. An alkaline pH
supports formation of hydroperoxy anions that should be
favorable for further hydroxyl generation. On other hand,
hydroperoxy anions can react with hydroxyl radicals, and under
such conditions the rate of TOC degradation would not
increase.

An initial acidic pH (2.4) however, resulted in a significant
decrease in rate of TOC degradation. Catalkaya et al. (2003) also
determined that a pH > 7 is favorable for complete oxidation of
4CP, whereas acidic conditions lead to a significant decrease in
the TOC degradation rate. The latter result is to be expected
when analyzing the proposed mechanism of degradation with
release of HCL. Specifically, the presence of cations will interfere
with the release from the susbtrate.

Kinetic Analysis. The evolution of TOC with time (corre-
sponding to the percentage removal data shown in Figures 8 to
13) was analyzed for reaction kinetics. The rate constants, half-
lives, and regression coefficients for the linearized pseudo-first
order kinetic model are summarized in Table 4. Standard
reaction conditions are provided in Table 1. Under these reaction
conditions, the first two relative rate constants are provided with

Table 3—Flow-through-loop number related to flow rate for
reaction time of 300 min.

Flow rate (L/min) Flow-through-loop no.

25 380
13 195
7 105
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Figure 12—Role of flow rate (a); role of active zone flow-through-loops (b) (TOC = total organic carbon).

respect to different H,O, dosing as described previously. For
other rate constants, the first column indicates which parameter
was changed with respect to standard reaction conditions; all
other parameters were kept constant.

A pseudo-first model fits the experimental data satisfactorily.
This indicates that the reaction was pseudo-first order with
respect to TOC content, and was based on the linear relationship
between In(ca/cao) and reaction time within the main degrada-
tion portion of the reaction. This assumption was further
confirmed by reports in the literature where several authors used
a pseudo-first order kinetic model for degradation of organic
compounds in UV-C/H,O, reaction systems. For example, a
pseudo-first order model was used for TOC removal from pulp
mill effluent using various AOPs (Catalkaya and Kargi, 2008)
and TOC removal in a UV-C/H,O, recirculation reaction
system (Vilhunen et al., 2010). Aleboyeh et al. (2008) also used a
pseudo-first order kinetic model to assess decolorization and
mineralization of azo dye, whereas Han et al. (2004) and Jung et
al. (2012) used this model for a description of reactions in
various UV-C/H,O, reaction systems.

As is clear in Table 4, although the pseudo-first order rate
constant does not significantly change with different dosing
rates, it does change significantly with increasing initial 4CP
concentrations. The rate constant is also significantly influenced
by the reaction mixture volume; it increases with lower reaction
mixture volume but decreases with higher reaction volumes.
Decreasing the H,O, concentration causes a decrease in the rate
constant, and for additional oxidation reactions it would be
necessary to add H,O,. As shown in Figure 8, an initial H,O,
concentration <12.5 mmol/L was not sufficient to achieve total
oxidation. The rate constant also did not change under various
flow rates, but did decrease with significantly decreased light
intensity (580 mW/cm?, corresponds to 4 active lamps);
however, for 1160 mW/cm? (8 active lamps) the rate constant
remained steady (which is consistent with the internal integrity
test results) (Figure 7).

Actual Contamination. Following successful photochemical
device testing with model contaminants, actual contaminated
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waters were also treated. All contaminated water samples were
collected from a former industrial site that conducted black coal
tar processing to produce naphthalene, anthracene, phenol,
pyridine, and other coal-based products. There were several
causes of groundwater contamination, including technological
device soaking and improper storing of raw materials or
products, dangerous landfill waste practices (e.g., use coal tar
pitch lagoons), and various industrial and war-related accidents
(e.g., aerial bombardment during World War II, explosion and
fire at a phenol plant).

Twenty liters of contaminated water was treated with the
system at flow rate of 25 L/min, intensity of irradiation of 1740
mW/cm?, 15 mmol/L, and irradiation time of 3 h. As can be seen
in Table 5, all contaminants were completely removed; however,
it is important to note that the actual contaminated water did
not contain much phenolic compounds. 4-Chlorophenol is a
widely used model pollutant because of its persistence in the

100
—e— 1740 mW/cm2
M- 1160 mW/cm 2
80 —4— 530mW,cm?
e b
g
0
Sw |
=
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Figure 13—Influence of irradiation intensity.
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Figure 14—Role of initial pH; pH time development (a); total organic carbon (TOC) development (b).

environment, and the effectiveness of 4CP degradation in this
study provides support for degradation of similar contaminants.

Conclusions

The development of a novel photochemical system for
complex treatment of heavily contaminated wastewaters using
UV-C light and H,O, was described. Specific attention was
focused on reactor design, process control, and process
performance optimization considerations. The effects of process
parameters were assessed using 4CP, which was found to be an
appropriate model compound. Some of the evaluated process
parameters were found to be of high importance whereas others
had less influence. Specifically, 4CP concentration, reaction
mixture volume, concentration of H,O,, and the irradiation
intensity were among the most influential parameters. In
contrast, for H,O, dosing (proportional continuous or cumu-

Table 4—Summary of pseudo-first order relative rate constant
and reaction half-life (H,0, = hydrogen peroxide; 4CP = 4-
chlorophenol).

lative one-time), the flow rate did not affect process efficacy. The
difference between single and continuous dosing of H,O, did
not appear to be important in terms of total oxidation, provided
the volume of added H,O, was maintained at a constant value.
The change in reaction mixture volume changed the number of
FTLs, whereas the degree of TOC removal was dependent on
the FTL number independent of the reaction mixture volume.
The opposite observation was found for the role of flow rate;
that is, the flow rate influenced both the flow-through-loops
number and the residence time for one loop. Verification of the
treatment technology was performed using actual contaminated
waters from a heavily polluted former industrial site. The
treatment of contaminated water resulted in the efficient and
complete removal of all primary contaminants.
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Changed parameter k (min~") 712 (Min) R Table 5—Inlet and outlet values of real contaminated water (PAH
. i = polycyclic aromatic hydrocarbons; BTEX = henzene, toluene,
Single addition of H,0, 0.0229 29.8 0.967 i .
Continuous addition of H,0, 0.0215 329 0.974 ethyl benzene, xylene; TOC — total organic carbon).
Cacp = 1 mmol/L 0.0105 66.0 0.933  Pparameter Inlet Outlet Units
Cacp = 1.5 mmol/L 0.0066 105.0 0.922
Cqcp = 2 mmol/L 0.0039 177.7 0.884 SPAH 660.7 <0.03 ug/L
Volume =10 L 0.0246 28.2 0.912 Naphthalene 64.8 <0.03 pg/L
Volume = 40 L 0.0087 79.6 0.984 Phenantrene 48.8 <0.03 pg/L
Cho02 = 6.25 mmol/L 0.0134 51.7 0.954 Anthracene 4.62 <0.03 ng/L
CHoo2 = 3.125 mmol/L 0.0065 106.6 0.936 Fluoranthene 8.16 <0.03 ug/L
Flow = 13 L/min 0.0201 34.3 0.916 Pyrene 4.09 <0.03 pg/L
Flow = 7 L/min 0.0207 32.0 0.929 Chrysene 0.164 <0.03 pg/L
Intensity = 1160 mW/cm? 0.0237 29.2 0.946 TBTEX 2000.0 <1 pg/L
Intensity = 580mW/cm? 0.0091 76.1 0.974 Toluene 90.2 <1 ug/L
Initial basic pH 0.0228 29.6 0.946 Ethylbenzene 10.3 <1 ng/L
Initial acidic pH 0.0024 288.8 0.989 TOC 17.6 <1 mg/L
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Metal phthalocyanines in the presence of visible light are applied in the semi-pilot level for the degra-
dation of organic pollution represented by 4-chlorophenol (4-CP) with potential further scale-up. The
effectiveness of the process based on the generation of singlet oxygen active species is compared with
commonly used method of photochemical oxidation with hydrogen peroxide in the presence of ultravi-
olet irradiation. The direct comparison of the reaction systems was conceivable because both oxidation
processes were carried out in identical experimental arrangements and under identical reaction con-
ditions. The comparison was performed in terms of 4-CP conversion, TOC removal, apparent quantum
yields, kinetic constants, and economy considerations. It must be emphasized there have been no reports
on the semi pilot scale utilization of phthalocyanines for decontamination purposes previously.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Occurrence of trace organics in wastewaters is a serious problem
throughout the world. Their release from industrial plants of vari-
ous types is the major source. Some part of the involved organics is
non-biodegradable and conventional treatment methods fail [1]. A
possible option is to employ highly reactive oxidative species such
as singlet oxygen or hydroxyl radicals. Singlet oxygen can be gener-
ated by photosensitive compounds via their interaction with light
of appropriate wavelength [2-4]. Hydroxyl radicals can be gener-
ated by means of various processes. The most common source is
hydrogen peroxide [5,6]. In this communication we report on con-
tinuation of our recent research on metal phthalocyanines (PC) as
efficient photocatalysts [7-9]. Here the metal PCs are applied in
the semi-pilot level for the degradation of organic pollution rep-
resented by 4-chlorophenol with potential further scale-up. The
effectiveness of this process was compared with commonly used

* Corresponding author. Tel.: +420 220 390 278.
E-mail address: krystynik@icpf.cas.cz (P. Krystynik).

http://dx.doi.org/10.1016/j.apcatb.2014.05.051
0926-3373/© 2014 Elsevier B.V. All rights reserved.

method of photochemical oxidation with hydrogen peroxide in
the presence of ultraviolet irradiation. The direct comparison of
the reaction systems was conceivable because both oxidation pro-
cesses were carried out in identical experimental arrangements
and under identical reaction conditions (with exception of light
emission fields).

Singlet oxygen can be efficiently generated by various types of
PCs. These molecules contain the tetrapyrrole structure similarly to
hem or chlorophyll (Fig. 1). They form complexes with many metals
and metalloids, however, the most commonly used are copper,
zinc, and aluminum phthalocyanines [10-12]. PCs’ low solubility
limits their practical applicability, modifications through halogena-
tion, chlorine methylation, sulfonation or sulfochlorination is thus
necessary.

The general mechanism of the phthalocyanine interaction with
light is usually described by two types of reaction mechanisms
[13-15]. It starts with its absorption of photon(s) followed by inter-
system crossing from the excited singlet state to the low-lying
triplet state. The triplet state of phthalocyanine transfers its energy
to an oxygen molecule. More detailed view on phthalocyanine exci-
tation mechanisms can be found elsewhere [ 16-18]. The simplified
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Nomenclature

4-CP 4-chlorophenol

ZnPC zinc phthalocyanine

AOPs advanced oxidation processes

TOC total organic carbon

HPLC high performance liquid chromatography

uv ultraviolet

VIS visible

NIR near infrared

UV-C/H,0, reaction system using hydrogen peroxide and
shortwave ultraviolet irradiation

VIS/ZnPC reaction system using visible light and zinc

phthalocyanine
ca concentration of reactant (mmoll-1)
t reaction time
Cao initial concentration of reactant (mmoll-1)
k rate constant (s=1)
n order of reaction
bt sequence of approximates
S minimizing value of objective function
bg initial parameter estimates
d normalized random vector
1 random step
RND random Number from interval (0; 1)
Ntot number of random selections

Nsucc number if selections leading to better estimates
R allowable search region

1 current (A)

Py irradiation intensity (W cm=2)

E voltage measured (V)

R selected resistance (£2)

S detector photosensitivity at specific wavelengths
(AW-1)

H illuminated area of detector

A wavelength of light (nm)

h Planck constant=6.626 x 10-34]s

Ny Avogadro’s number=6.022 x 1023

Jhw Photon flux intensity (Einsteins~! cm~1)

d4.cp  apparent quantum yield

Vv reaction volume (cm?3)

C4-Cp Initial concentration of 4-CP (mmoll-1)

A [lluminated area of reaction (cm?2)

mechanism of singlet oxygen generation is described by the scheme

(1):
PC+hv— 1PC  (+isc) — 3PCx — 10, (1)

The UV-C/H,0, system is based on the decomposition of
hydrogen peroxide towards hydroxyl radicals using ultraviolet irra-
diation with wavelengths below 280nm [19]. The mechanism of
hydroxyl radical formation is understood as homolytic cleavage of
hydrogen peroxide molecule yielding two radicals.

H,0, +hv— 20H* (2)

In aqueous environment the cage effect of water molecules
decreases the quantum yield of radical generation to 0.5 [20]. On
the contrary hydrogen peroxide has a small absorption coefficient
(18.6 M~! cm~1 at 254 nm), thus the utilization of UV-C light source
is decreased when organic compounds act as optical filters. More
details on the mechanism of hydrogen peroxide decomposition can
be found elsewhere [21-23].

In this paper we report on the comparison of two semi-pilot
scale reactor systems using singlet oxygen generated by ZnPC

Fig. 1. Phthalocyanine molecule with central Zn atom.

(Fig. 1) upon its visible light illumination, and hydroxyl radicals
formed by direct photolysis (UV-C) of hydrogen peroxide. This com-
parison was feasible due to the construction of two reaction units
of identical design and scale. To the best of our knowledge such
direct comparison has never been reported. Also, there have been
no reports on the semi pilot scale utilization of phthalocyanines for
decontamination purposes.

2. Experimental
2.1. Chemicals

4-Chlorophenol (per analysis quality, Sigma-Aldrich), sul-
fonated ZnPC (per analysis quality, prepared according to [24]) and
30% solution of hydrogen peroxide (per analysis quality, Lach-Ner)
were used. 4-Chlorophenol solutions were prepared with deion-
ized water (conductivity below 1 wScm~1). Sodium hydroxide (per
analysis quality, Lach-Ner) was used for the pH adjustment during
experiments with PC.

2.2. The reactors

Both photochemical reaction units were built as tubular reac-
tors with recirculation loops. The reactors are self-designed and
in-house developed with arrangements as shown in Fig. 2. Despite
the reaction systems were of identical there were inevitable subtle
differences in the photoreactor part.

Contaminated water from the storage tank (1) is pumped with
centrifugal pump (2) to the photoreactor (6). While passing through
the photoreactor it is irradiated and then it is brought back to the
storage tank through the heat exchanger to ensure the isother-
mal regime. There are also other parts: membrane valve (3) for
the control of the flow rate, flow-meter (4), sampling valve (7)
and the bypass (5) for blank experiments or homogenization of
the reaction mixture. The hydrogen peroxide dispenser (8) can be
connected with help of a mixing valve (9) ensuring homogeneous
reaction mixture before entering the photoreactor. For VIS/ZnPC
experiments the hydrogen peroxide dispenser is replaced with the
NaOH solution dispenser.

On Fig. 3 the x-cross section of the photoreactor with all
important dimensions can be seen. Both reactors were of similar
construction, with differences in length as depicted in the figure.
The central reactors’ tube is surrounded with lamps emitting at
relevant wavelengths. The VIS photoreactor is made from standard
glass tube (570 mm long, 56 mm wide-inner diameter) surrounded
by 12 lamps emitting at 630-670nm (Philips, TL-D 18W Red
1PP). The UV-C photoreactor consists of a quartz tube (290 mm
long, 56 mm wide-inner diameter) surrounded by 12 germicidal
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Fig. 2. Sketch of the experimental set-up: (1) storage tank, (2) centrifugal pump,
(3) membrane valve, (4) flow meter, (5) by pass, (6) photoreactor, (7) sampling,
(8) hydrogen peroxide storage tank, (9) mixing valve, (10) outlet valve, (11) heat
exchanger.

low-pressure UV lamps with maximum emission at 254nm
(Philips, LT 8W UV-C). Reactor outer jackets are made of highly
polished aluminum sheet to ensure maximum light reflectance
including lengthwise sheets to conduct the produced heat away.
The process temperature was maintained by a cooling coil located
inside the storage tank at 25 °C. The photoreactors’ inlet comprised
a re-distributor and series of sieves to ensure the uniform flow
through the irradiated zone. In the UV-C reactor system all inner
parts were made of plastic to prevent hydrogen peroxide decom-
position induced by metal parts.

2.3. Typical experiment

Initial concentration of 4-chlorophenol (4-CP) was usually
0.5 mmoll~1. Other used concentrations are specified further in the
text. The concentration of ZnPC was typically 0.01 mmol -1, hydro-
gen peroxide was dosed with concentration of 2.5mmoll-1h-1,
Reaction mixture volume was usually 401, however, the system’s

reaction mixture was always homogenized first by recirculation
using the by-pass for 10 min with flow rate 251 min~!. After this
step the UV lamps were turned on and the automated dosing of
NaOH or H,0, was switched on. The dosing point was positioned
just before the reaction mixture entered the centrifugal pump to
ensure its homogeneity. The sampling probe was located in a mix-
ing valve in front of a centrifugal pump as shown in Fig. 2. The
necessity of NaOH dosage was discussed elsewhere [9].

2.4. Analytical

The parameter of TOC (total organic carbon) was followed with
TOC analyzer Shimadzu TOC-Vwp. The method is based on the
photolysis of sodium persulfate and additional oxidation by the
produced sulfate radical-anions. Total organic carbon is calculated
as the difference of total and inorganic carbon. Light absorption
changes of samples of reaction mixtures were measured with a
Perkin Elmer UV/VIS/NIR spectrometer Lambda 19 from 200 to
800 nm. An HPLC chromatographer DIONEX UltiMate 3000 Series
equipped with TCC-3000 SD column and DAD detector was used for
determination of 4-CP concentration. Analytical conditions: tem-
perature was 30 °C, mobile phase consisted of 70% of methanol and
30% of deionized water, the flow-rate was set up to 1 mlmin~1.

2.5. Kinetic data evaluation

For kinetic data evaluation a simple differential equation was
used:

A ke 3)

It was converted to integral proportions where concentration of
reactant is a function of time:

ca=cro-[1+(n—-1)-cigt k. o]/

(4)

ca is the concentration of reactantin time t, cag is the initial reactant
concentration, k is the rate constant and n is the reaction order.

For the regression analysis the ERA software was used [25].
The software covers parameters’ estimation, reliability, signifi-
cance and residual distribution tests, covariance tests and design
of experiments. Parameters’ estimation is based on the best fit of
experimental data according to chosen optima criterion. A brief
random search algorithm is given in Fig. 4.

Symbols in Fig. 4 have following relevance: b; is the sequence of
approximations, minimizing value of objective function S, is gen-
erated with initial parameter estimates by. Vector d is normalized
random vector, the elements of which were sampled from interval
(=1; 1). lis random step. Random step length [ is chosen according
to the equation (5):

. . N 4 |
capacity was 1001. The typical reaction time was 300min. The [ =R(RND) {feat Msuce) (5)
T i
156 |20 | ————————— L =T % |a
v
290/57(
91
463/743

Fig. 3. The sectional view on photoreactor construction with dimensions (mm).
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Fig.4. The algorithm used to obtain the kinetic constants; b; is sequence of approx-
imations, S minimizing value of objective function, by initial parameter estimates,
d normalized random vector, [ is random step. Random step [ is taken from the
equation 10.

RND is a random number from interval (0; 1), n,e number of
random selections, nsycc number of selections leading to better
estimates and R allowable search region. Parameters d and [ are
generated uniquely in every iteration step. Random step length
uses a variable distribution of random numbers to ensure a reliable
convergence to the global optimum and a reasonable convergence
speed.

Apparent quantum yields are determined as yield of the pho-
todegradation of 4-CP (@4.cp) [9]. For calculations of apparent
quantum yields it is necessary to determine the intensity of irradi-
ation Py, and the reaction rate constant k,

I E

= H=rsH (6)

where [ is the current (A), P; irradiation intensity (Wcm~2), E
voltage measured (V), R selected resistance (£2), s detector pho-
tosensitivity at specific wavelengths (AW~1) and H illuminated
area of detector=1cm?. Values of s are given by the detector
provider. The intensity was measured by radiometer (Multimeter
M3850D, Metex; Si photodiode Hamamatsu S1337-BQ, detector
1cm x 1cm). Then it is necessary to determine the photon flux
intensity (Jp,),

AP

="y N (7)

.]hv
where A is the wavelength of light (nm), Planck constant
h=6.626 x 10~34]s, N, is Avogadro’s number 6.022 x 1023, J;,, can
be expressed in units of Einsteins~! cm~1, where 1 Einstein=1 mol
of photons. Using the rate constant and photon flux intensity the
apparent quantum yield @4 cp can be calculated:

V.cqcp- k

oA -100% (8)
v

Dycp =

Table 1

Standard reduction potentials for a series of oxidizing agents [26].
Oxidizing agent Reaction E[V]
Fluorine F, +2H" +2e~ = 2HF (aq) 3.03
Hydroxyl radical OHe +H*+e~ =H,0 28
Singlet oxygen 10, +2H* +2e- =H,0 2.42
Ozone 03 +2H*+2e~ =H,0+0, 2.07
Sodium peroxodisulfate S,0g2™ +2e = 25042 2.01
Hydrogen peroxide H;0, +2H* +2e~ =2H,0+0, 1.78
Hydroperoxide radical 2HOye +2H* +2e~ = 2H,0+0, 1.7
Potassium permanganate MnO4~ +8H* +5e~ = Mn?* +4H,0 1.68
Chlorine dioxide ClO; +4H* +5e~ =Cl~ +2H,0 1.57
Potassium dichromate Cr,0727+ 14H* +6e~ = 2Cr3* + 7H,0 1.38
Chlorine Cly +2e- =2Cl 1.36
Dissolved oxygen 0, (g)+4H" +4e~ =2H,0 1.22

in which V is a reaction volume (cm?3), c4.cp initial concentration
of 4-CP, k is a rate constant (s—!) and A is the illuminated area of
reaction (cm?).

3. Results and discussion

Two reactive oxidizing agents, singlet oxygen and hydroxyl
radicals, were compared in terms of their efficacy toward the degra-
dation of 4-CP in semi-pilot scale.In Table 1 we caninspect the most
common oxidizing agents arranged according to their standard
reduction potentials [26]. Hydroxyl radical and singlet oxygen are
on the second and the third positions, respectively.

3.1. Blank experiments

The stability of ZnPC was tested by irradiating the ZnPC solu-
tion without 4-CP. It was observed that ZnPC was stable during the
period of 10 h of irradiation in the VIS region. The stability of UV-
C/H,0, system was tested by decomposition of H,0, in deionized
water also without 4-CP. This experiment was performed period-
ically and it was assumed as test of the internal integrity of the
system. Direct degradation of 4-CP under lamps emitting mainly in
visible area without ZnPC, and reaction of ZnPC with 4-CP under
dark conditions were carried out. Also direct degradation of 4-CP
by UV-C photolysis, and its oxidation with H,0; in the dark were
inspected.

Fig. 5 refers to the blank experiments for both reaction systems
as itis mentioned in the legend. The highest conversion of 4-CP can

20

——4CP + UVC
—8—4CP + Hy05
—a— 4CP + VIS
—e— 4CP + ZnPC

4 CP conversion (%)
’_L
o

0 *
0 60 120 180
time (min)

Fig. 5. Comparison of 4-CP degradation for the series of blank experiments.
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be observed for the direct photolysis induced by UV-C irradiation
at 254 nm. The achieved conversion was ~12% after 180 min. Much
lower conversion of 4% was observed when 4-CP was oxidized with
hydrogen peroxide without the UV-C irradiation. Hydrogen perox-
ide belongs to oxidizing agents and it is capable of partial oxidation
of 4-CP (see Table 1). The lowest conversion of 4-CP (less than 1%)
was observed when employing ZnPC under dark conditions. The
PC itself is incapable of 4-CP oxidation because no photons were
introduced thus the singlet oxygen could not be generated (the ~1%
conversion can be referred to as analytical error). Direct photoly-
sis of 4-CP, without ZnPC, achieved a conversion level of ~2%. That
is due to full emission spectra of the lamps. The main irradiation
peak is located at 630-670 nm, however minor emitting peak can
be found in the UV area and this is responsible for the minor 4-CP
direct photolysis.

3.2. Optimization experiments

Once blank experiments were performed, it was necessary to
carry out a series of optimization tests. These were based on
inspecting the sensitivity of both reaction systems to various pro-
cess parameters (flow rate, intensity of irradiation, concentration
of ZnPC, H, 05, reaction mixture volume). All the optimized param-
eters can be found in Table 2.

The flow rate range was determined by the maximum pump
output (251 min~') whilst the minimum was set by the flow rate
required to prevent clogging of the pump (51 min—1). However, the
flow rate range was limited by the type of pump. It was determined
that the flow rate revealed only negligible influence on the reaction
rates and the achieved apparent quantum yields.

The intensity of irradiation was varied by controlling the num-
ber of lamps under operation (2 to 12, 8 lamps were identified as
optimal). The reaction mixture volume was optimized to 401 and
the initial 4-CP concentration was 0.5 mmol I-1 (~59 ppm of TOC). It
must be emphasized that both reaction systems allowed operations
up to the reaction volume 1001.

Optimal concentration of ZnPC was determined at
0.01 mmoll-!. Lower ZnPC concentrations lead to lower reac-
tion rates whilst higher concentrations lead to dark blue coloring
of the reaction mixture. Dark blue color prevented an effective
contact of light with the PC in the whole volume of the reaction
mixture. It was found that the darker the solution was the lower
was the observed reaction rate because the solution itself acted as
an optical filter. Concentration of hydrogen peroxide 12.5 mmol I-!
and 300 min of the residence time were identified as optimal. The
reaction rate was also very low at neutral pH. The optimal pH value
was determined at 10 [12].

The level of the phthalocyanine concentration was optimized
to achieve the highest reaction rate. The finally used concentra-
tion (0.01 mmol1-1) was the limit above which the reaction did not
already proceed at higher rates.

The concentration employed for hydrogen peroxide reflects
more inputting variables. It must be emphasized that the overall
economy balance was the major indicator. It included the amount
of consumed hydrogen peroxide, its concentration, rate of dosing,
and obviously also the energy used for its photochemical split-
ting. The tested concentration range for hydrogen peroxide was
1-15mmol -1 h~1. Higher concentration (above the optimal level)
may comprise the reaction rate increase, but due to its price, and
more energy needed for its photoinduced reactions, it leads to
higher cost per one processed liter of water.

3.3. Comparison tests/UV-VIS

In Fig. 6 on the left, we can observe absorption changes for the
VIS/ZnPC system plotted as function of time. It can be seen again

the main absorption peaks below 300 nm progressively change dur-
ing the reaction into one main maximum outside the plotted area
indicating the formation of reaction intermediates. The decrease of
absorbance below 300 nm was not achieved. The two characteris-
tic absorption bands at 630 and 680 nm could be assigned to the
dimmer and monomer of ZnPC, respectively [8]. They evidence for
sufficient stability of the used ZnPC under experimental conditions.

Similar changes of absorption spectra can be observed also on
the right part of Fig. 6 referring to the UV-C/H,0, reaction sys-
tem. We can recognize the main characteristic absorption maxima
below 300 nm, namely at 200, 220 and 280 nm at the beginning
of reaction. As the reaction progressed it was obvious that all
the absorption peaks were decreasing. The secondary increase of
absorption at 250 nm with maximum outside the plotted area
indicated formation of reaction intermediates. As they were pro-
gressively decomposed their absorbance was also decreasing.

Fig. 7 shows the effect of 4-CP initial concentration. The left part
describes it again for the VIS/ZnPC system with constant concen-
tration of ZnPC, namely 1 x 10~> moll-!. The highest conversion
for 4-CP oxidation, and nearly complete removal (94%) after reac-
tion time of 300 min, was found for the starting concentration of
0.5 mmoll-1. Higher concentrations of 1 mmoll-!, 1.5mmoll-!,
and 2 mmol 1-1 reveal conversions of 56%, 42% and 28%, respectively
therefore the reaction time needed for 4-CP complete removal will
be significantly higher.

On the right the influence of 4-CP initial concentration on its
removal rate for UV-C/H, 0, system is shown. The H,O, dosing rate
(30% solution) was kept constant at 2.5mmol1~! h~1. The reaction
time needed for oxidation of 4-CP increased progressively with its
increasing concentration. Complete 4-CP oxidation was achieved in
60 min for the initial concentration of 0.5 mmolI~!. For concentra-
tions 1 mmoll~!, 1.5mmoll-!, and 2 mmoll-! the reaction times
needed to be raised to 120 min, 150 min, and 180 min, respectively
in order to achieve complete 4-CP conversion. Lower reaction rates
at higher concentrations could be attributed to the competition
among 4-CP molecules and many reaction intermediates for the
generated active species (OH®* and 10,) [27].

3.4. Comparison tests/TOC

Both chosen methods use strong oxidizing agents capable to
mineralize 4-CP and reaction intermediates to H,0, CO,, and HCl.
Left part of Fig. 8 shows degree of TOC removal for various initial
TOC content for VIS/ZnPC system. It is obvious that increasing initial
TOC content lead to lower degree of TOC removal. Observed degrees
of TOC removal were 29%, 21%, 15% and 10% for initial contents
of 59mgl-1, 119mgl-1, 165mgl-! and 222 mgl-!, respectively.
Lower efficiency of the TOC removal was expected because the
corresponding 4-CP conversions (Fig. 7) for the ZnPC system were
identified lower than for UV-C/H,0, system. The degree of TOC
removal for higher concentrations appeared to be sensitive to ini-
tial TOC concentration. The formation of oxidative species seemed
to be decreasing by increasing the initial TOC content. With higher
concentration of reaction intermediates less portion of light would
be available for the oxidative species generation.

Right part of Fig. 8 shows corresponding degrees of TOC removal
for the UV-C/H,0, system. It is obvious that for initial TOC content
of 59mg1-! a 100% degree of removal was achieved during the reac-
tion time of 300 min but more than 95% conversion was observed
after 180 min of the experimental run. Higher levels indicate lower
degrees of TOC removal: concentration of 119 mg1-! reveals about
78%, 165mgl-1 and 222 mgl-! show 55% and 32%, respectively.
TOC removal is mainly dependent on the H,0, dosage. It can be
considered that higher degree of TOC removal would be achieved
with prolonged reaction time and higher dosing rate. It is obvious
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Summary of optimization experiments.
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Parameter Optimization range ZnPC/VIS system Optimized values UV-C/H,0,system Optimized values
Flow rate 5-25Imin~! 251 min~! 251 min~!
Intensity of irradiation 180-1080 mW cm~2150-900 mW cm 2 600 mW cm 2 720 mW cm—2
Reaction mixture volume 10-1001 401 401
4-CP initial concentration 0.1-2 mmol I-! 0.5 mmol ! 0.5mmol 1!
H,0, concentration 1-15mmoll-!h! n/a 2.5mmoll-1h!
pH of reaction solution 7-12 10 n/a
ZnPC concentration 0.0001-1 mmol ! 0.01 mmol ! n/a
3 - 2,5
VIS/ZnPC 0 min UVC/H,0, ——— O min
- 45 min
25 ---- 60 min 2 i(\ - 60 min
""" 120 min -----120min
T 180min ------ 180min
2 ———-300min it i
8 g 1,5 ——— 300min
s 3
£ 15 s
2 3 1
R-1
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Fig. 6. Comparison of spectral changes.
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Fig. 7. The influence of 4-CP initial concentration; left - degradation with constant ZnPC concentration, right - degradation with constant H,0, continuous dosing.

40

[ w
o o
T

TOC removal (%)

[y
o

—e—TOC =59 mg/l

—=—-TOC=119 mg/l
—&—TOC =165 mg/l
——TOC =222 mg/l

100
time (min)

200

Fig. 8. The influence of initial TOC; left - VIS/ZnPC system,

300

100
80 |
9
= 60
> \
o
£
J a0 b
Q
(o]
-
—+—T0C =59 mg/I
20 —=—TOC =119 mg/l
—a—TOC =165 mg/|
—e—TOC=222mg/l
0 1 1
0 100 200 300
time (min)

right - UV-C/H,0; system.



512 P. Krystynik et al. / Applied Catalysis B: Environmental 160-161 (2014) 506-513

Table 3
Rate constants and apparent quantum yields.

4-CP concentration (mmol 1-1) VIS/ZnPC system

UV-C/H, 0, system

Rate constant (s!)

Apparent quantum yield (%)

Rate constant (s—') Apparent quantum yield (%)

0.5 0.015 0.054 0.141 0.516

1 0.016 0.058 0.076 0.278

1.5 0.013 0.047 0.068 0.249

2 0.009 0.043 0.039 0.142
Table 4

Economical balance estimations.

VIS/ZnPC system

UV-C/H,0, system

Consumption per 1 m? of water

Price [EUR] per 1 m?® of water

Consumption per 1 m? of water Price [EUR] per 1 m® of water

Electricity 75kWh 11.54
Hydrogen peroxide n/a n/a
Zn Phthalocyanine 4.1kg 0.47
Photoreactor maintenance 0.02
Operating cost 12.03

10kWh 1.53

1000 ml 0.35

n/a n/a
0.08
1.96

that UV-C/H,0, system reveals significantly higher efficiency in
TOC removal.

It should be emphasized again the technologies are identical
regarding their constructions, hydrodynamics, sampling, data eval-
uation, etc. In the first one (VIS/ZnPC) visible light is used to produce
singlet oxygen species. They are very reactive, but of course, also
very different from the species generated by direct hydrogen per-
oxide UV-C photolysis (the second system). However, we do believe
that due to careful optimization the systems are in the overall sense
comparable.

3.5. Kinetic analysis and apparent quantum yields

The kinetics of 4-CP oxidation was determined with respect to
optimized conditions. Rate constants were calculated according
the equations (3) and (4), apparent quantum yields were evalu-
ated using equations (7) and (8). Reaction of chlorophenols with
hydroxyl radicals and singlet oxygen are usually described with
pseudo-first order kinetics [28-31]. Experimental data fitted the
pseudo-first reaction model satisfactorily (p <0.05) using the ERA
software. The kinetic data are summarized in Table 3.

In the UV-C/H,0, system we could observe that the rate con-
stant was systematically decreasing with increasing the initial
concentration of 4-CP, while hydrogen peroxide dosing rate was
kept at the constant level. The decreasing value of the rate con-
stant indicates better utilization of hydroxyl radicals for oxidations,
thus side reactions occur at less extent. Obviously higher rate
constant would be observed with higher H,0, dosing rate. The
VIS/ZnPC system reveals lower rate constants and lower appar-
ent quantum yields. These findings are consistent with lower 4-CP
conversion and lower TOC removal during the oxidation process.
The rate constants and apparent quantum yields also reveal some
decreasing tendency within the tested range of initial 4-CP concen-
tration as observed in the UV-C/H, 0, system.

The economy balance of water treatment in both oxidation units
is based on rough estimation of energy consumption for lamps and
pump supply, and costs of the used chemicals. The price is calcu-
lated for the contaminated water with concentration of 55 mgl-!
containing TOC, mainly from 4-CP contamination. The used price
of electricity is 0.15 EUR/kWh. The unit costs of electricity for both
technologies are identical. The total price of electricity is signif-
icantly higher for VIS/ZnPC system because longer reaction time
is needed for effective treatment of contaminated water. Price of
ZnPC is 0.12 EUR per gram. The total process cost of decontami-
nation using VIS/ZnPC unit is 12.03 EUR per 1 m3 of contaminated

water. The wholesale price of hydrogen peroxide solution (35%) is
0.35 EUR per liter. That total process cost in this system is 1.96 EUR
per 1m?3 of contaminated water. The difference is clearly evident
(Table 4).

4. Conclusion

Photocatalytic degradations of 4-chlorophenol in VIS/ZnPC
semi-pilot scale system was studied. For these purposes a reaction
unit was designed and constructed as tubular reactor working in
differential mode. The system optimization was carried out and the
process was compared with the commonly used technology utiliz-
ing UV-C/H,05, and carried out in identical technical arrangement.
The comparison of optimized processes was performed for several
indicators: 4-CP conversion, degree of TOC removal, rate constants,
apparent quantum yields and economical evaluation. 4-CP conver-
sion and TOC removal is highly dependent on PC concentration, as
well as on H,0, concentration and both indicators showed lower
efficiency for the VIS/ZnPC system. Rate constants and apparent
quantum yields are 4-CP concentration sensitive and systematically
decrease with increasing the 4-CP concentration. For these indica-
tors, VIS/ZnPC system showed again lower values; rate constant is
approx. 10 times lower. Operating cost is significantly higher for
VIS/ZnPC system as consequence of low reaction rate and higher
time needed for the total oxidation of 4-CP.
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Zatizeni (1) pro dekontaminaci odpadni vody s obsahem
rozpu§ténych organickych latek, spocivajici v degradaci a
mineralizaci organickych latek singletnim kyslikem, za
piitomnosti fotosenzitizatoru tvofeného sulfonovanym
ftalocyaninem s centrdlnim kovem ze skupiny Al, Si, Zn,
zahrnuje zasobni nadrz (2), ob&hové potrubi (3), obéhovy
prostiedek (4), fotochemicky reaktor (5), ktery obsahuje
transparentni trubici (6), alespoii étyfi protilehle uspofadané
zafivky (7) vné trubice (6) emitujici polychromatické svétlo o
vinovych délkach v intervalu od 620 do 740 nm a obvodovy
plast (8) s reflexni vnitini sténou. Zafizeni (1) déle obsahuje
prvni prostfedek (20) pro davkovéni fotosenzitizatoru
tvofeného alespoii jednim ve vodé rozpustnym sulfono vanym
ftalocyaninem s centralnim kovem ze skupiny Al, Si, Zn do
zésobninadrze (2) a odbodovaci potrubni vétev (9) pfipojenou
k ob&hovému potrubi (3) pfed vstupem do fotochemického
reaktoru (5). Zafizeni (1) lze rozebiratelné propojit s externi
retenéni nadrzi (13), ve které je zapocat proces dilci
dekontaminace smési (19) vzniklé smichanim kontaminované
odpadni vody s fotosenzitizatorem pidaného z druh¢ho
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Zarizeni pro dekontaminaci odpadni vody s obsahem rozpusténych organickych latek

Oblast techniky

Vynalez se tyka zatizeni procisténi odpadni vody kontaminované rozpusténymi organickymi
latkami.

Dosavadni stav techniky

Pro dekontaminaci odpadni vody s rozpusténymi organickymi latkami ze skupiny alifatické
a aromatické uhlovodiky, nitro a amino slouceniny, organické kyseliny, fenoly a chlorfenoly,
nitrobenzeny, alkoholy, ketony, aldehydy, chlorované uhlovodiky, mlééné bilkoviny a cukry se
zpravidla pouzivaji silna oxidaéni a redukéni ¢inidla, napf. peroxid vodiku, organické hydropero-
xidy, kyslik, ozon, manganistan draselny, chlore¢nany a chlcristany a dale mnoho sekundérnich
aktivnich forem, jakymi jsou naptiklad hydroxylové radikaly, superoxidové radikaly a singletni
kyslik, ktera maji i doprovodny dezinfekeni efekt.

Zminénd ¢inidla vznikaji riiznorodou fyzikalné-chemickou aktivaci primarniho ¢inidla, napiiklad
ozafenim oxidu titanicitého, oxidu ceri¢itého nebo oxidu zinecnatého svétlem prislusné vinové
délky, nebo rozkladem peroxidu vodiku vystavenim UV--C zafeni.

Jednoznaéné nejefektivnéjsim remediacnim postupem zaloZzenym na oxidaénim procesu je
metoda vyuzivajici rozklad peroxidu vodiku zdrojem silného UV-C zafeni. Vznika takto fada
¢inidel, predevsim vSak hydroxylovych radikald, které pro svou reakci s naprostou vétSinou
znamych organickych latek takfka nevyzaduji aktivaéni energii, z cehoz vyplyva schopnost
rozlozit v kratkém case velmi Siroké spektrum organickych latek az na primarni produkty.

Nevyhody vyse popsaného zplisobu spoCivaji v tom, ze pouzivané UV—C zareni, které je mimo-
fadné nebezpecné, predstavuje velké riziko v pfipadé nehody nebo neodborné manipulace. Déle
je to nutnost pracovat s velmi citlivou kfemennou trubici v samotném misté ozafovani idténé
vody, kde dochazi k rozkladu peroxidu. Kifemenna trubice je draha, kiehka a citliva na pfitom-
nost mnoha iontdl, predevsim Fe, Mn a Mg, které svoji pritomnosti v ¢isténé vodé zkracuji jeji
dobu Zivotnosti. Také Zivotnost UV-C svételnych zdroji je pfi potiebé zajisténi konstantniho
vykonu kratka, coz vede k vysokym nakladim.

Posledni nevyhoda vyse uvedeného feSeni spocivéa v tom, ze pouzivany peroxid vodiku je velmi
agresivni chemickou latkou, schopnou znicit zrak, poleptat pokozku, sliznice, atd.

Dalsi znamé fesSeni degradace kontaminantil je popsano v patentovém dokumentu EP 0 676 238.
Patentova prihlaska chrani slozeni a strukturu nékterych ftalocyanind s centralnim kovem ze
skupiny Fe, Co, Cu, Ru, Cr, a dale jejich aplikaci pro rozklad organickych hydroperoxidi. Nevy-
hoda feSeni z patentové prihlasky spociva v tom, ze vyse uvedené latky pracuji pouze pfi vyso-
kych teplotach, maji uzké spektrum pouziti a jejich vyuzivani je piili§ nakladné pfi aplikaci ve
vétsich objemech.

V jiné patentové prihlasce WO 95/15215 Al je popsan zpisob oxidace thioli, merkaptani
a podobnych sirnych slou¢enin v odpadnich plynech prichodem pies katalytickou vrstvu tvore-
nou vybranymi kovovymi ftalocyaniny (Co, Fe, Zn, Mn) ukotvenych na vhodnych nosiéich.
Pfedmétem ochrany je proces oxidace merkaptant na organické disulfidy G¢inkem zminénych
kovovych ftalocyaninit véetn¢ vhodnych nosi¢i. Nevyhoda popsaného feSeni spociva v tom, Ze
Jej nelze aplikovat pti €isténi odpadnich vod.
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V dalsi patentové piihlasce WO 2004/089 525 A2 je piedstaven fotokatalyzator na bazi TiO,
s nanesenym ftalocyaninem Zn, ktery dokdze absorbovat zafeni, véetné navrhu experimentalnich
aplikaci k ¢isténi kontaminovanych vod. Nevyhoda feSeni spoiva vtom, Ze se jedna pouze
o laboratorni aplikace, které nejsou schopny pokryt potieby primyslového odvétvi z divodu
vysokych nakladi k provadéni tohoto zpisobu.

Dal$i patentova prihlaska CN 101804361 A popisuje zpisob nanaSeni kovovych ftalocyanini na
povrch specialnich sorbentd napt. molekulovych sit. Mezi uddvané prednosti patti pevny fixace
kovovych ftalocyanind na povrsich absorbentu a nezavislost pouziti fotokatalyzatoru na pH
gisténé odpadni vody. Nevyhoda popsaného feSeni spoiva v tom, Ze pro vétsi objemy cisténé
vody je provadéni tohoto zpiisobu velice ndkladné.

Nevyhody vyie popsanych feSeni spocivaji v tom, Ze jsou urleny prevazné pro laboratorni pod-
minky, pfipadné malé objemy odpadnich vod. Vyuzivani peroxidu vodiku jako prekurzoru pro
latka se silnymi oxidagnimi uginky, potencialné nebezpetna pro zdravi ¢lovéka a Zivotni pro-
stredi. Uplny rozklad peroxidu vodiku lze dosahnout pisobenim zdravotné zavadného UV-C
zéfeni, ovéem pfi nedostatecné provedeném procesu dekontaminace ziistavaji v CiSténé vodé
volné molekuly peroxidu vodiku, které mohou pisobit toxicky vii¢i vodnim organismim a eko-
systémum (mohou napadat jejich bunécnou stavbu).

Ukolem vynalezu je vytvofit zatizeni pro dekontaminaci odpadni vody s obsahem rozpusténych

organickych latek, které by umoziiovalo kontinualni ¢isténi velkych objemii odpadnich vod, bylo
by levné, jeho provoz by byl efektivni a mélo by vysokou ucinnost.

Podstata vynalezu

Vytéeny ukol je vyfeSen vytvofenim zafizeni podle predlozeného vynalezu. Zafizeni vyuZiva
znamého principu, spo¢ivajiciho v degradaci a nasledné mineralizaci organickych latek singlet-
nim kyslikem, za pfitomnosti fotosenzitizatoru tvoreného alespori jednou ve vodé rozpustnou lat-
kou ze skupiny ftalocyaninii s centradlnim kovem.

Zaiizeni pro dekontaminaci odpadni vody s obsahem rozpusténych organickych latek podle
vynalezu, zahrnuje zasobni nadrz, ob&hové potrubi s odbocovaci potrubni vétvi, obéhovy prostre-
dek pro cirkulaci ¢isténé smési, prvni prostiedek pro davkovani fotosenzitizatoru tvofeného
alespon jednim ve vodé rozpustnym sulfonovanym ftalocyaninem s centralnim kovem ze skupiny
Al, Si, Zn do zasobni nadrze a fotochemicky reaktor, ktery obsahuje transparentni trubici pro
priichod ¢isténé odpadni vody, alespoii jednu zafivku emitujici polychromatické svétlo o vino-
vych délkach v rozmezi od 620 do 740 nm uspofadanou vné transparentni trubice a obvodovy
plast’ s reflexni vnitini sténou.

Podstata zafizeni spociva v tom, e je uspofadano na nosné konstrukci opatiené koly pro jeho
mobilitu, a zasobni nadrZ je s moznosti rozebiratelného spojeni propojena propojovacim potru-
bim s externi retenéni nadrzi, pfi¢emz retenéni nadrz je opatfena druhym prostfedkem pro davko-
vani fotosenzitizatoru tvoreného alespon jednim ve vodé rozpustnym sulfonovanym ftalocyani-
nem s centralnim kovem ze skupiny Al, Si, Zn, a dale je reten¢ni nadrz uzpisobena pro piistup
svétla k ulozené smési odpadni vody a fotosenzitizatoru.

V retenéni nadrzi, ktera umoziiuje piistup svétla k zadrzené vod¢, dojde po pfidani fotosenzitiza-
toru v priibéhu &asu k poklesu koncentrace kontaminanti a v disledku toho mobilni ¢ast zatizeni
s fotoreaktorem potfebuje méné &asu k iplné dekontaminaci zadrzeného objemu kontaminované
vody. Diky mobilité zafizeni je mozné jej pripojit vzdy k retenéni nadrzi se zadrzenou vodou
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priubézné poklesne mira kontaminace ve vodach v ostatnich retencnich nadrzich a tim se zveda
efektivita procesu ¢isténi kontaminovanych vod.

Ve vyhodném provedeni zafizeni podle vyndlezu je hladina smési v retencni nadrzi vystavena
dennimu svétlu. Proces dil¢i dekontaminace zacne probihat u hladiny smési zadrzené v retencni
nadrzi a tim se snizuje mira koncentrace kontaminace.

V dal$im vyhodném provedeni zafizeni podle vynalezu je reten¢ni nadrz opatiena krytem, pfi-
¢emz uvnitk retenéni nadrze je uspofadan alespon jeden zdroj polychromatického umélého svétla
o vinovych délkach v rozmezi od 620 do 740 nm. I v tomto provedeni se zkracuje ¢as pro dekon-
taminovani celého objemu smési, a to vyraznéji nez u pouziti denntho svétla, nebot’ dil¢i dekon-
taminace probiha i v noci.

Také je vyhodné provedeni zatizeni podle vynalezu, pokud je retencni nadrz opatfena aeraCnim
zafizenim pro Cefeni smési ¢isténé odpadni vody a fotosenzitizatoru. Provzdusiovani vede k lep-
Simu promichavani smési a zaroven ve smési zvySuje obsah kysliku pro efektivngjsi proces
dekontaminace.

V jiném vyhodném provedeni zafizeni podle vyndlezu je na vystupu CiSt€né smési ze zafizeni
usporadan odlu¢ovac fotosenzitizatoru ze smési.

Rovnéz je vyhodné, pokud je v zasobni nadrzi uspotradano alespon jedno métici Cidlo ze skupiny
¢idel pro méfent teploty, pH, vodivosti a oxidaéné redukéniho potencialu Cisténé smési. Méfenim
aktualnich veli¢in Ize proces dekontaminace optimalizovat tak, aby trval jen dobu nezbytn€ nut-
nou.

V neposledni fad¢ je vyhodné provedeni zafizeni podle vynalezu, ve kterém je zafizeni opatieno
tfetim prostfedkem pro davkovani rozpustného sulfonovaného ftalocyaninu s centralnim kovem
Fe a ¢tvrtym prostiedkem pro davkovani peroxidu vodiku do ¢isténé vody bez pristupu denniho
a umélého svétla. V piipadé, ze okolnosti znemozni zafizeni pracovat zpiisobem podle vynalezu,
je mozné pouzit k dekontaminaci radikaly vzniklé rozkladem peroxidu vodiku za pomoci ftalo-
cyaninu s vazanym centralnim kovem Fe. Aby nedochdzelo k nezadoucimu rozkladu peroxidu
vodiku na ne(&inné latky, je nezbytné proces dekontaminace ochranit pred plisobenim svétla.

Vyhody zafizeni pro dekontaminaci odpadni vody s obsahem rozpusténych organickych latek
podle vyndlezu spo¢ivaji zejména v tom, ze degradace a mineralizace Sirokého spektra organic-
kych latek rozpustnych v odpadni vodg, ktera je zadrzena v reten¢ni nadrzi a ktera je nasledn¢
odCerpavana k pIné dekontaminaci uvniti mobilniho fotochemického reaktoru, CasteSné zapocne
jiz v retenéni nadrzi, a to vede k tomu, Zze doba potiebna pro iplnou dekontaminaci celého obje-
mu vody zadrZeného v retenéni nadrZi je zkracena, a dale ze je zafizeni mobilni, obsluha zafizeni
je bezpetna, zafizeni lze rozebiratelné propojit s jinou externi retencni nadrzi a nakonec lze
zafizeni také pouzit i k dekontaminaci pomoci peroxidu vodiku.

Ptehled obrazka na vykresech

Vynalez bude bliZe objasnén pomoci vykrest, na kterych obr. 1 predstavuje pohled na zadni
stranu zafizeni pfipojeného k externi reten¢ni nadrzi, obr. 2 vyobrazuje pohled na pfedni stranu
zafizeni pFipojeného k retenéni nadrzi, obr. 3 zobrazuje perspektivni pohled na fez fotochemic-
kym reaktorem a obr. 4 vyobrazuje pfi¢ny fez fotochemickym reaktorem.
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Ptiklady provedeni vynalezu

Rozumi se, 7e dale popsané a zobrazené konkrétni priklady uskute¢néni vynalezu jsou predstavo-
vany pro ilustraci, nikoli jako omezeni pfikladii provedeni vynalezu na uvedené piipady. Odbor-
nici znali stavu techniky najdou nebo budou schopni zjistit za pouziti rutinniho experimentovani
VEtsi, &i mensi podet ekvivalenti ke specifickym uskute&nénim vynalezu, ktera jsou zde specidlné
popsana. | tyto ekvivalenty budou zahrnuty v rozsahu nasledujicich narokd na ochranu.

Zafizeni 1 pro dekontaminaci odpadni vody s obsahem rozpusténych organickych latek sestava
z celoplastové nosné konstrukce 10, kterd miaze byt vhodnym zplisobem vyztuzena a opatfena
pojezdovymi koly 11. Na zadni ¢asti nosné konstrukce 10 je umisténa plastova zasobni nadrz 2
o objemu 100 I, obéhovy prostiedek 4, ktery je tvofen odstfedivym Cerpadlem, regulagni ventily
24 a dva pritokoméry 25. Viechny tyto komponenty jsou propojeny obéhovym potrubim 3, kter¢
na predni ¢asti nosné konstrukce 10 Gsti do fotochemického reaktoru 5. Déle jsou na zadni strané
nosné konstrukce 10 usporadany prvni prostiedek 20 pro davkovani fotosenzitizatoru tvofeného
alespoii jednim ve vodé rozpustnym ftalocyaninem s centralnim kovem ze skupiny Al, Si, Zn,
tieti prostfedek 22 pro davkovani rozpustného sulfonovaného ftalocyaninu s centralnim kovem
Fe a &tvrty prostiedek 22 pro davkovani peroxidu vodiku do zasobni nadrze 2. Prostredky 20, 22,
23 pro davkovani jsou plastové odmérné nadoby propojené se zasobni nadrzi 2. V jinych nevy-
obrazenych piikladech provedeni mohou byt prostiedky 20, 22, 23 tvofeny napf. sklenénym
odmérnym vélcem, ze kterého se chemické latky davkuji vylitim svého objemu do zasobni nadr-
ze 2, nebo jsou tvoteny potrubnimi koncovkami usticimi do zasobni nadrze 2, ke kterym lze roze-
biratelné pfipojit pumpu s externim zasobnikem chemickych latek.

Obéhové potrubi 3 je na zadni strané nosné konstrukce 10 také vybaveno odbocovaci potrubni
vétvi 9, ktera je propojena se zasobni nadrzi 2. Zasobni nadrz 2 je opatfena sdruzenym meéficim
¢idlem 18 pro méteni pH, vodivosti, teploty a oxida¢né redukéniho potencidlu Cisténé smési 19.

Na zadni strané nosné konstrukce 10 je k zasobni nadrzi 2 dale pfipojena délend pomocna nadrz
26 o objemu 10 1, ktera je vybavena nevyobrazenym davkovacim ¢erpadlem, pro moznost strida-
vého davkovani dvou riiznych roztoki pfidavnych chemikalii, jako jsou napf. NaOH ¢i HCL

Na predni strané nosné konstrukce 10 jsou uspofadany fotochemicky reaktor 5, monitorovaci
jednotka 28 a vzorkovaci misto 29. Fotochemicky reaktor 5 sestdva z deseti zativek 7 emitujicich
polychromatické svétlo vinové délky v rozpéti 620 az 740 nm uspotfadanych do prstence kolem
transparentni trubice 6, vyrobené z &irého skla. ZaFivky 7 jsou s vyhodou opatfeny elektronickym
predfadnikem, ktery sniZuje jejich spotfebu elektrické energie. Cely fotochemicky reaktor 5 je
ukryt v plasti 8 z hlinikového plechu, ktery na vnitini strané dobie odrazi svétlo. Cisténa odpadni
voda protéké transparentni trubici 6 reaktoru 5 od spodni podstavy valcového fotochemického
reaktoru 5 smérem nahoru. Monitorovaci jednotka 28 je tvofena elektronickym modulem vybave-
nym kontrolnim softwarem, ktery sleduje proces dekontaminace smési 19 a umoziluje uzivatel-
sky zasah do Fizeni intenzity osvétleni uvniti fotoreaktoru 5 a do fizeni ob&hového prostiedku 4.
Vzorkovaci misto 29 je tvoreno trojcestnym ventilem, ktery umoziuje odbér vzorki CiSténé
smési 19 z ob&hového potrubi 3.

K obéhovému potrubi 3 je pres regulagni ventil 24 piipojen odlucova¢ 17, o objemu 50 | se zabu-
dovanym nevyobrazenym plastovym ro§tem, na némz spo¢iva vrstva granulovaného aktivniho
uhli o zrnitosti 4 az 8 mm a tloust’ce vrstvy alespofi 50 cm pro odstranéni barevnosti vyciSténé
smési 19 zpisobené rozpusténymi ftalocyaniny.

Zatizeni 1 je doplnéno reten¢ni nadrzi 13 o objemu 5 m’ s maximalni vyskou hladiny 0,5 m.
Reten¢ni nadrz 13 je zhotovena z plastu (napf. polypropylenu) nebo miize byt napi. z nerezové
oceli, tvar podstavy je libovolny. Dno retendni nadrze 13 je opatfeno aeratnim zatizenim 16 pro
zajisténi syceni vody vzdusnym kyslikem s pomoci nevyobrazeného zdroje tlakového vzduchu.
Retenéni nadrz 13 je opatiena krytem 14 s dvéma odnimatelnymi poklopy 27, na kterém jsou
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z vnitini strany jako zdroje svétla 15 pfipevnény Ctyfi zafivky emitujici polychromatické svételné
zafeni v rozpéti vinovych délek od 620 az do 740 nm o celkovém vykonu nejméné 120 W, jez
jsou nainstalovany s dostatenou IP ochranou. Dale je reten¢ni nadrz 13 opatfena druhym pro-
sttedkem 21 pro davkovani fotosenzitizatoru tvotreného alespori jednim ve vodé rozpustnym
ftalocyaninem s centralnim kovem ze skupiny Al, Si, Zn. Druhy prostiedek 21 je plastova nadrz
uzaviratelné propojena s retencni nadrzi 13, nebo to miize byt nevyobrazeny odmérny valec, kte-
rym se nalije fotosenzitizator do ¢isténé odpadni vody, anebo to miize byt elektronicky ovladané
Cerpadlo pro preCerpani fotosenzitizatoru z externiho zasobniku. Reten¢ni nadrz 13 je ptipojena
propojovacim potrubim 12 se zafizenim 1. Vstupni potrubi acra¢nich elementl je opatieno regu-
laénim ventilem 24.

Pritbéh dekontaminace odpadni vody v zafizeni 1 bude popsan nasledujicimi ptiklady.

Priklad 1

Do zasobni nadrze 2 je napusténo 60 | roztoku 4—chlorfenolu o koncentraci 5.10" mol.I"". Nas-
ledné& je prvnim prostiedkem 20 ptidano 0,5 | roztoku, v némz je rozpusténo 0,5 g pevného mono
az tetra sulfonovaného ftalocyaninu s centralnim kovem Al tak, aby vysledna koncentrace tohoto
fotosenzitizatoru v isténé odpadni vodé byla 1.107° mol/l. Poté je spusténa cirkulace kontamino-
vané smési 19 pro dokonalou homogenizaci vstupnich ¢inidel tak, ze se ob&hové potrubi 3 pfipo-
jené k fotochemickému reaktoru 5 uzavie reguladnim ventilern 24 a smés 19 se necha pét minut
probihat jen ze zasobni nadrZe 2 odbocovaci potrubni vétvi 9 pres obéhovy prostiedek 4 zpét do
zasobni nadrze 2. Z pomocné nadrze 26 pro davkovani pomocnych chemikalii je soucasné
davkovan roztok NaOH o koncentraci 0,1 mol/l, davkovacim Cerpadlem do cirkulujici kontami-
nované smési 19 v takovém objemu, aby se vstupni hodnota pH pohybovala kolem pH = 10,
nebot’ pti hodnoté pH 10 je dekontaminace nejii¢inngjsi pro vechny pouzivané typy ftalocyani-
nt.

Po Gpravé pH je kontaminovana smés 19 vhanéna obéhovym prostfedkem 4 do fotochemického
reaktoru 5 priitokovou rychlosti 20 L.min™', cirkulace ¢isténé smési 19 je opakovana takovou
dobu, nez je obsah rozpusténého 4—chlorfenolu pod stanovenym limitem. V konkrétnim piipade
byla doba ¢istén{ zne¢isténé smési 19 5 hodin a u¢innost odstranéni 4—chlorfenolu pfesahovala
90 %. Ve fotochemickém reaktoru 5 bylo béhem dekontaminace zapnuto vSech deset zafivek 7.
Nasledné bylo pH vyc¢isténé smési 19 upraveno na hodnotu v intervalu 7 az 8 piidavkem HCI
z pomocné nadrze 26. Princip je stejny jako pfi tprave pH roztokem NaOH. Smés 19 se pak
vypousti pies odlucova¢ 17 s granulovanym aktivnim uhlim, ktery s vyhodou adsorbuje ftalocya-
nin a zbavi tak zpracovavanou odpadni vodu zbarveni.

Priklad 2

Do retenéni nadrze 13 je napusténo 2000 | odpadni vody o koncentraci 4-chlorfenolu
5.10" mol.I"". Nasledn¢ je druhym prostiedkem 21 ptidano 16 | roztoku, v némz je rozpu$téno
16 g mono az tetra sulfonovaného ftalocyaninu s centralnim kovem Al tak, aby vysledna kon-
centrace zmin&ného fotosenzitizatoru v &idténé odpadni vodé byla 1.107 mol/l. Dale je zapnut
aeralni prostiedek 16, pfi minimalnim pratoku vzduchu 50 I/min a zapnuty zafivky 15. Nasledné
se piecerpa 60 litra Cisténé smési 19 do zasobni nadrze 2 a poté je ¢isténa smeés 19 zpracovana
stejnym zptisobem, jak je uvedeno v piikladu 1. V Cisténé smési 19 byla upravena hodnota pH
piidavkem roztoku NaOH a zajisténa opakovana cirkulace ¢i8téné smési 19 pies fotochemicky
reaktor 5. Po sniZeni koncentrace rozpusténého 4—chlorfenolu pod zakonem stanoveny limit je
upravena hodnota pH vycisténé smési 19 na 7 az 8 pomoci HCl a smés 19 je vypusténa pres
odlu¢ovat 17. Nasledné je preCerpano dal$ich 60 litri vody z retenéni nadrze 13 do zasobni
nadrze 2 a cela procedura se opakuje do vycerpani veskeré ¢isténé smési 19 v retencni nadrzi 13.
V retenéni nadrzi 13 je vSak s vyhodou stale zapnuta aerace i zativky 15, diky kterym zde také



30

35

40

45

50

CZ 304222 B6

probih4 &astecna dekontaminace, ktera s vyhodou zkracuje pracovni periodu Gplné dekontamina-
ce smési 19 v zafizeni 1.

Pro nékteré piipady dekontaminace je rovnéz vyhodné zajistit cirkulaci ¢iSt€né smési 19 z retenc-

ni nédrze 13 pres zasobni nadrz 2 a fotochemicky reaktor 5 zpét do reten¢ni nadrze 13. Naptiklad
pti aplikaci zafizeni 1 jako prostfedku k ¢isténi bazénové vody.

Primyslova vyuzitelnost

Zatizeni pro dekontaminaci odpadni vody obsahujici rozpusténé organické latky podle vynalezu
lze vyuzit predevdim u mensich primyslovych provozi pro Cisténi technologickych vod,
u potravinaskych provozii, u mensich vyroben chemickych specialit, u zavodi s diskontinualni
vyrobou a obzvlasté jako zcela bezpe¢nou metodiku pro ¢iSténi bazénovych vod.

PATENTOVE NAROKY

1. Zatizeni (1) pro dekontaminaci odpadni vody s obsahem rozpusténych organickych latek
singletnim kyslikem, za p¥itomnosti fotosenzitizatoru tvoreného alespoii jednou ve vodé rozpust-
nou latkou ze skupiny sulfonovanych ftalocyaninii s centralnim kovem ze skupiny Al, Si, Zn,
zahrnujici zasobni nadrz (2) pro &isténou odpadni vodu, obéhové potrubi (3) s odbocovaci po-
trubni vétvi (9), ob&hovy prostiedek (4) pro cirkulaci ¢isténé odpadni vody, prvni prostiedek (20)
pro davkovani fotosenzitizatoru tvofeného alespoit jednim ve vodé rozpustnym sulfonovanym
ftalocyaninem s centralnim kovem ze skupiny Al, Si, Zn do zasobni nadrze (2) a fotochemicky
reaktor (5), ktery obsahuje transparentni trubici (6) pro prichod ¢&isténé odpadni vody, alespon
jednu zafivku (7) pro emisi polychromatického svétla o vinovych délkach v rozmezi od 620 do
740 nm uspotadanou vné transparentni trubice (6) a obvodovy plast (8) s reflexni vnitini sténou,
pii¢emz zatizeni (1) je ddle opatfeno prvnim prostfedkem (20) pro davkovani fotosenzitizatoru
tvoteného alespofi jednim ve vodé rozpustnym sulfonovanym ftalocyaninem s centrainim kovem
ze skupiny Al, Si, Zn do zasobni nadrze (2), fotochemickym reaktorem (5) zahrnujicim alespor
Sty protilehle usporadané zafivky (7) emitujici polychromatické svétlo o vinovych délkach
v rozmezi od 620 do 740 nm, a obéhovym potrubim (3) pied vstupem do fotochemického reakto-
ru (5) propojenym s odboCovaci potrubni vétvi (9) pfipojenou zpét k zdsobni nadrzi (2),
vyznadujici se tim, Ze zafizeni (1) ma nosnou konstrukci (10) opatfenou koly (11) a je
vytvoieno jako mobilni, pti¢emz zasobni nadrz (2) je s moznosti rozebiratelného spojeni propoje-
na propojovacim potrubim (12) s externi reten&ni nadrzi (13) pro ¢isténi odpadni vody, a zaroven
je retenéni nadrz (13) opatfena druhym prostiedkem (21) pro davkovani fotosenzitizatoru
tvoteného alesponi jednim ve vodé rozpustnym sulfonovanym ftalocyaninem s centralnim kovem
ze skupiny Al, Si, Zn, a déle je reten¢ni nadrz (13) uzpusobena pro volny pfistup svétla k hladiné
v retenéni nadrzi (13).

2. Zafizeni podle naroku 1, vyzna€ujici se tim, Zeretencni nddrz (13) je shora ote-
viena pro umoznéni piistupu denniho svétla k hlading smési (19) ¢isténé odpadni vody a fotosen-
zitizatoru v retencni nadrzi (13).

3. Zafizeni podle naroku 1, vyznac&ujici se tim, Ze retencni nadrz (13) je opatiena
krytem (14), pficemz uvnitf retenéni nadrze (13) je uspofadan alesponi jeden zdroj (15) polychro-
matického umélého svétla o vinovych délkach v rozmezi od 620 do 740 nm.
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4. Zatizeni podle alespon jednoho z narokt 1 az3, vyzmacujici se tim, Ze retenéni
nadrz (13) je opatfena aeracnim zafizenim (16) pro cefeni smesi (19) Cisténé odpadni vody
a fotosenzitizatoru.

5. Zafizeni podle alespori jednoho znarokli 1 az4, vyznacujici se tim, Ze na vystu-
pu vyCisténé smési (19) ze zatizeni (1) je uspofadan odlucovac (17) fotosenzitizatoru ze smési

(19).

6. Zarizeni podle alespori jednoho z narokli 1 az 5, vyznacujici se tim, Zev zasobni
nadrzi (2) je usporadano alespoii jedno métici Cidlo (18) ze skupiny cidel pro méreni teploty, pH,
vodivosti a oxida¢né redukéniho potencialu €isténé smesi (19).

7. Zafizeni podle naroku 1, vyznacujici se tim, Ze je opatfeno tietim prostfedkem
(22) pro davkovani rozpustného sulfonovaného ftalocyaninu s centralnim kovem Fe a ¢tvrtym
prostiedkem (23) pro ddvkovani peroxidu vodiku do ¢isténé vody bez pristupu denniho a umélé-
ho svétla.

3 vykresy
Ptehled vztahovych znacek:

zaFizen{ pro dekontaminaci odpadni vody
zasobni nadrz

ob¢hové potrubi

ob&hovy prostiedek

fotochemicky reaktor

transparentni trubice

zarivka

obvodovy plast fotochemického reaktoru

9  odbocovaci potrubni vétev

10 nosna konstrukce zafizeni pro dekontaminaci

Il kolo

12 propojovaci potrubi

13 retenéni nadrz

14 kryt

15  zdroj svétla v retenéni nadrzi

16 aera¢ni zafizeni

17 odlutovac

18 mefici ¢idlo

19 smés odpadni vody a fotosenzitizatoru

20 prvni prostiedek pro davkovani fotosenzitizatoru
21 druhy prostfedek pro ddvkovani fotosenzitizatoru
22 tfeti prostiedek pro davkovani sulfonovaného ftalocyaninu s centralnim kovem Fe
23 &tvrty prostiedek pro davkovani peroxidu vodiku
24 regulaéni ventil

25 pratokomér

26 pomocna nadrz

27 poklop

28 monitorovaci jednotka

29  vzorkovaci misto.
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1. Uvod

V soucasné dobé existuje Siroké spektrum pouziva-
nych dekontaminacnich technologii, pro odstrafiovani riz-
nych druhti kontaminantli z podzemni vody, které vyuZziva-
ji rozliéné fyzikalné-chemické ¢i mikrobiologické procesy
odstrafiovani zne¢isténi'. Veliké vyzkumné sili je véno-
véano vyvoji a optimalizaci metod vyuZivajicich chemickou
oxidaci (ISCO), kdy jsou pifimo do kontamina¢niho mraku
v horninovém prostiedi injektovana riizna oxidacni ¢inidla
KMnO,, H,0,, H,0,/Fe** (Fentonovo ¢inidlo), Na,S,0g,
apod.”, pro cileny rozklad nezadoucich polutanti. Zna¢-
nou nevyhodou je vnaseni cizorodych latek a obtizny mo-
nitoring celého dekontaminac¢niho procesu v horninovém
prostfedi®. Zejména probiha fada konkurenénich reakci
s necilovou matrici (napf. na rozklad huminovych latek ¢i
oxidace anorganickych oxidd), které vyznamné zvysuji
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spotfebu oxidacnich ¢inidel a mohou napomoci tvorbé
karcinogennich slougenin®. Nejvétsi problémy pak predsta-
vuje oxidace chromitych iontll na toxické chromany ¢i
dichromany Cr®" (cit.%).

V tomto pfispévku je pfedstavena ex-situ technologie
fotochemické oxidace, jejimz principem je rozklad mole-
kul H,O, G¢inkem kratkovinného UV-C zéfeni na hydro-
xylové radikaly (*OH radikaly), které predstavuji silné
oxidacni €inidlo, umoziujici rozklad vétSiny organickych
struktur. Zna¢nou vyhodou oproti metodam ISCO je kvan-
titativni rozklad H,O,, ¢imz ve vycisténé vod¢ nezistava
zbytkova koncentrace oxida¢niho ¢inidla. Ve spojeni
s hydraulickou bariérou piedstavuje uvedena technologie
specifické usporadani reaktivni chemické Dbariéry,
s dekontaminaci mimo saturovanou zénu.

Metoda UV-C/H,0, je pro svou schopnost tplné oxi-
dovat Siroké spektrum organickych latek ve vodach pted-
métem vyzkumného zaméfeni mnoha védeckych tymu.
Souza a spol.® vyuzivaji tuto technologii pro rozklad atrazi-
nu ve vodach, kde také sleduji moZnosti nezadouciho za-
chytu aktivnich radikald. Jiné tymy’ odstrafiovaly mode-
lové znecisténi azobarviv studovanou technologii. Ptipad-
n¢ se touto technologii odstranovaly neionogenni surfak-
tanty'® nebo endokrinni disruptory''. Tyto prace sice zahr-
nuji zajimavé spektrum latek, nicméné vSechny jsou apli-
kovany v laboratornim méfitku na modelovych kontamina-
cich. Prikladem poloprovozniho ovéfovani ve vétSim me-
titku je degradace diethylftalatu ve vsadkovém polopro-
voznim fotoreaktoru'?, nicméng opét se jedna o laborator-
né pripravenou kontaminaci. Ugelem ptedlozeného pii-
spévku je ukazat praktickou vyuzitelnost metodiky v polo-
provoznim uspofddani na ryze redln€ kontaminovanych
systémech.

2. Princip technologie fotochemické oxidace
a popis pilotniho zarizeni

Principem fotochemické oxidace je rozklad peroxidu
vodiku ptsobenim kratkovinného ultrafialového zareni
(A = 100-280 nm) na hydroxylové radikaly, které se ucast-
ni vlastni reakce s organickymi latkami. Zjednoduseny
popis udavaji nasledujici rovnice':

H,0, + hv — 2 OH» (1)
OHs + H,0, — HO»* + H,0 2)
HO,* + H,0, — OH* + H,0 + O, (3)
2 HOy*— H,0, + 0, (4)
«OH + *OH — H,0, (5)

kde rovnice (/) ukazuje pfimy rozklad molekuly peroxidu
vodiku, rovnice (2) a (3) popisuji jejich dalsi vzajemné
reakce za vzniku superoxidového a nasledné opét hydroxy-
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lového radikalu. Rovnice (4) ukazuje moznost rekombina-
ce superoxidovych radikali za opétovného vzniku peroxi-
du vodiku'®. Rovnice (5) pak zobrazuje moznost rekombi-
nace hydroxylovych radikalti za vzniku peroxidu vodiku,
ktera musi byt také brana v uvahu'®. Hydroxylové radikaly
pak reaguji s organickymi latkami rozpust€énymi ve vode
fetézovymi reakcemi a jsou schopny je Gplné zoxidovat az
na neskodné anorganické produkty, tj. CO, a H,O, pficemz
v pripadé substituovanych uhlovodiki také ptislusné mine-
ralni kyseliny. Mechanismus reakce hydroxylového radi-
kalu s organickou latkou je zavisly na typu organické mo-
lekuly'®. Piiklad ataku molekuly 4-CP, jako b&zné modelo-
vé slouceniny pro fotochemické oxidace je znazornén rov-

nici (6):

cl Cl OH )
HO" + — @ — O + Hel (6)
OH OH

Rovnici (6) vSak oxidace hydroxylovym radikdlem
nekon¢i a pokracuje dale pres riizné reakéni meziprodukty
az na CO,, H,0O a pfislusené mineralni kyseliny nebo vol-
né ionty. Oxidace polyaromatickych uhlovodiku bude
vedena podle mechanismu podobnému oxidaci uhlovodiki
s nasobnou vazbou. Ta probihd mechanismem elektrofilni
adice:

HaC, CHj, HoC CH,4
/C:< + HO' /C. oM (7)
HaC CHg HsC CH,4

Oxidace polyaromatickych uhlovodikii timto mecha-
nismem povede k postupné adici na uhliky, po jejichz ob-
sazeni nasleduje rozruseni cyklicity a postupnd oxidace
bez vzniku jinych findlnich produkt, nez CO, a H,O.
Reakéni mechanismus oxidace polyaromatt je velice slo-
zity a 1 v pfipad€ nejjednodussiho polyaromatu naftalenu
se jedna o velice komplikovany sled reakci'’. Mechanis-
mus prvniho kroku oxidace na dvojné vazbé je pro zaklad-
ni popis zcela dostacujici.

U polychlorovanych uhlovodikt miZe probihat nasle-
dujicim zplisobem:

OHe + RX — RX+" + OH" (8)

Hydroxylovy radikal odtrhne z polutantu elektron
a dochazi k primarnimu vzniku iontovych forem. Poté
dochazi fetézovymi reakcemi k postupné uplné oxidaci.
Krom¢ organickych a hydroxylovych radikalt jsou ve
smési pritomny také chlorové radikaly, které vlastni oxi-
daéni proces urychluji'®. Ptiklad oxidace tetrachlorethyle-
nu je popsan nasledujicimi zjednoduSenymi schématy:

g o
c + HO —— ——= 200, + 4Hcl  (9)
d G
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HCI + OHe — Cl* + H,O (10)

e . \ .
/ + HO" —= — /C + ¢ (1)

Reakeéni schéma (9) zobrazuje celkovou rovnici oxi-
dace tetrachlorethylenu, zatimco rovnice (10) a (/1) uka-
zuji diléi kroky mozného vzniku chloridovych radikald,
které v pribéhu oxidaéniho procesu také vznikaji'’.

Pii oxidaci dusikatych derivatl aromatickych slouce-
nin se vychazi z podobného mechanismu, jako pii oxidaci
4-chlorfenolu. Nejprve vzniknou substituované fenoly,
které dale podléhaji dalsim oxida¢nim reakcim. Navrzeny
reak¢éni mechanismus je mozno vidét na obr. 1.

Vlastni oxida¢ni reakce probihaly v fotoreaktoru, jez
je tvotfeny valcovitou trubici z kfemenného skla o délce
1200 mm, priméru 153 mm a tloust'ce skla 4 mm. Po ob-
vodu trubice se jako zdroj zafeni nachdzi soustava
20 germicidnich rtutovych vybojek (Narva, LT 36W/
UV-C). Vyrobee uvadi®', e diky sklenénému filtru nevy-
tvaii germicidni zafivky ozon. Vstupni natokova ¢ast reak-
toru je opatiena redistributorem a sérii plastovych sit, ktera
zajistuji rovnomérny tok ozafovanou zénou v reaktoru.
Vnéjsi plast fotoreaktoru je tvoren hlinikem a jeho vnitini
strana je potazena vyleSténou hlinikovou folif, ktera zaru-
Cuje minimalni ztraty pfi odrazu kratkovinného UV-C
zareni. Vnéjsi Cast reaktorového plasté je opatiena podél-
nymi zebry v celé délce reaktoru a jsou vyhrazeny pro
¢astecny odvod tepla generovaného zéativkami, zbylé teplo
je poté regulovano chladicim hadem, ktery je umistén
v zasobni nadrzi (obr. 2).

Z obr. 2 je patrné, Ze se jedna o recirkulacné pracujici
vsadkovy systém. ZneCi$téna voda Cerpana z vrtl je nejpr-
ve napusténa do valcové zasobni nadrze s konickym dnem
(neni zobrazena) pro odsazeni jemnych nerozpusténych

NO,
OH

NO, O
hv HO' X
O 0= Q— QL

N

hv

c. + NOy

e~

NO,—e OH OH
. NO, o
EELANG — + NO, + H
O-H
H

Obr. 1. NavrZeny mechanismus pocate¢nich kroku oxidace
nitrobenzenu®
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Obr. 2. Vlevo je schéma usporadani fotochemické jednotky, vpravo pak nakres skute¢ného vzhledu jednotky. 1 — zasobni nadrz, 2 —
odstiedivé Cerpadlo, 3 — Skrtici ventil, 4 — prutokomér, 5 — bocni vétev, 6 — fotoreaktor, 7 — vzorkovaci misto, 8 — zasobnik H,O,, 9 —
misici ventil, 10 — vypust’, 11 — chladici had (uvniti zasobni nadrze)

¢astic a poté je precerpana do pracovni nadrze poloprovoz-
ni fotochemické jednotky (/) o objemu 100 dm’, ze které
je pomoci odstiedivého Cerpadla (2) pies Skrtici ventil (3)
dopravovana do fotoreaktoru (6) a nasledné je ptivadéna
zpét do stejné zasobni nadrZze. Cely proces se nésledné
néekolikrat opakuje v zavislosti na mnozstvi kontaminace.
Pied vstupem do fotoreaktoru je do znecisténé vody fizené
davkovan peroxid vodiku z pifidavného zéasobniku (8),
¢imzZ je zaji$tén kontinudlni pfisun hydroxylovych radikala
do reakéni smési. Cela poloprovozni fotochemicka jednot-
ka zobrazena v pravé Casti obr. 2 je ulozena v kompaktni
skiini pro moznost jednoduchého transportu na vybrané
lokality. Vycisténad voda odchézi pfes retencni nadrz, kde
dojde k vyrovnani pritokd a jeji homogenizaci (pH, vodi-
vost, teplota, zbytkové koncentrace polutanti) do povrcho-
vého recipientu.

3. Pilotni dekontaminace podzemnich vod
z vybranych lokalit

Cilem predlozeného piispévku je predstavit moznost
fotochemického H,O,/UVC ¢isténi kontaminovanych vod
pochazejicich ze tfi riznych lokalit s riznym sloZenim
organické kontaminace. Pro tento el byly vybrany loka-
lity s nize uvedenym dominantnim sloZzenim kontaminace
podzemnich vod:
chlorované alifatické uhlovodiky (PCE, TCE, DCE),
ropné latky a polyaromatické uhlovodiky,
anilin, nitrobenzen.
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Poloprovozni fotochemicka jednotka H,O,/UVC byla
vzdy instalovana na konkrétni lokalité a posléze testovana
v semikontinudlnim rezimu za pfitomnosti obsluhy, kdy
byly postupné optimalizovany jednotlivé parametry proce-
su fotochemické oxidace — jako jsou prutok fotochemic-
kym reaktorem, doba cirkulace ¢isténé vody fotoreakto-
rem, mnozstvi a zpusob davkovani H,O, (jednorazové,
kontinualni, kombinované). Ve vzorcich byl sledovan
ubytek kontaminace jednak pomoci skupinovych ukazate-
It TOC (celkovy organicky uhlik, z angl. total organic
carbon), NEL (nepolarni extrahovatelné latky) a dale byly
analyzovany jednotlivé kontaminujici latky. Vyhodnoceni
a diskuze k jednotlivym testim pilotni fotochemické de-
kontaminace jsou piedstaveny v nize uvedenych kapito-
lach.

3.1. Chlorované alifatické uhlovodiky

Jako modelova lokalita byl vybran areal byvalé che-
mické pradelny a Cistirny s dominantnim zastoupenim
trichlorethylenu v podzemni vodé (viz tab. I), ktery se
nachazi v pramyslové-obytné zoné v jihozapadni casti
Usti nad Labem. Promémé koncentrace chlorovanych
uhlovodiki a chloridl v technologickém vzorku podzemni
vody odebrané pro testy fotochemické H,O,/UVC oxidace
jsou uvedeny v tab. L.

Na obr. 3 je uveden prub¢h fotochemické oxidace
chlorovanych alifatickych uhlovodikli po optimalizaci
reak¢nich podminek — zde se ukazalo nejvhodnéjsi konti-
nualni davkovani H,O, v mnozstvi 1 ml I''h™' pii pritoku
gisténé vody 25 1 min'. Proces rozkladu (mineralizace)
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Vstupni koncentrace chlorovanych uhlovodikii v mg I"! v odebrané podzemni vodé pro pilotni testy fotochemické H,0,/

UVC oxidace na lokalité v Usti nad Labem

Latka cis-1,2-dichlorethen Trichlorethen Tetrachlorethen Chloridy pH
Koncentrace, mg I 1,10 24,27 8,14 349,00 7,21
30 molekuly organické latky tak, jak je popséno vyse
{1 369 v kap. 2.
= ol . 3.2. Nepolarni a polyaromatické uhlovodiky
E {3842
32 = Druhou testovanou lokalitou byl byvaly zavod na
o Q zpracovani Cernouhelnych dehtl v Ostraveé, kde se vice
g15 | | 8 nez 100 let vyrabély dehtové barvy, zakladni aromatické
€ £ uhlovodiky (naftalen, antracen), pyridin, fenol, kyselina
g = karbolové a podobné produkty.
510 | G p produkty
= X Odebrany technologicky vzorek pro poloprovozni
. 1 354 testovani mél pramérné slozeni a mnozstvi kontaminace
51 . uvedené v tab. II, v tab. III je pak uvedeno Sest nejvice
‘e prevazujicich zastupct PAU.
0 - 8 & 349 Pti sledovani ubytku polyaromatickych sloucenin je
0 20 40 80

Cirkulace vody fotoreaktorem [min]

Obr. 3. Pribéh procesu fotochemické H,O0,/UVC oxidace chlo-
rovanych uhlovediki v kontaminované podzemni vodé. Rezim
kontinualniho davkovani H,O, v mnozstvi 1 ml1"h 1; A\ tetra-
chlorethen, (1 trichlorethen, < cis-1,2-dichlorethen, O chloridy

chlorovanych uhlovodiki byl velice rychly a takika po
30 min dochazi k jejich i€innému odbourani, kdy Gi€innost
odstranéni vSech sledovanych chlorovanych uhlovodiki
piesahuje 98 %. Utinnost procesu mineralizace chlorova-
nych uhlovodikt je rovnéz dokumentovana nardstem ob-
sahu chloridl v ¢iSténé vode€. Po 45 min je i téméf poza-
staven narast obsahu chloridt v reakéni smési, coz indiku-
je uplnou destrukci chlorovanych uhlovodikl v dekonta-
minované vodé. Princip geneze hydroxylovych radikald
probihd v pfedstaveném reakEnim usporadani podle rovnic
(1)—(4). Mechanismus ataku rdznych organickych latek
hydroxylovymi radikdly je siln¢ zavisly na typu atakované

Tabulka II

z obr. 4 zfejmé, Ze jejich odstranéni probihd vyrazné po-
maleji, nez v piipadé chlorovanych uhlovodika.

To je zpisobeno jednak typem matrice, ktera je zpra-
covavana a jednak povahou piitomnych kontaminanti.
V tomto ptipad€ se v podzemni vod¢ nachazi velké mnoz-
stvi strukturné slozitych znacné stabilnich organickych
chlorovanych uhlovodikd s jednoduchymi fetézci. Pro
oxidaci PAU je tedy nutné dodat do reakéni smési vice
hydroxylovych radikald, nez je tomu v pfedchozim piipa-
de. Zde byl pouzit rezim kombinovaného davkovani H,O,
— pocateéni pridavek 2 ml I"'h™" a poté kontinualni davko-
vani 2 ml I""h™". Z kfivky celkového organického uhliku
(TOC) je patrny jeho vyrazny pocatecni Ubytek, ktery
s prodluzujici se dobou cirkulace ¢isténé vody fotoreakto-
rem postupné klesa a po 3 h se ustavuje na prakticky kon-
stantni hodnoté. To muze byt zplisobeno jednak vznikem
znaén¢ stabilnich organickych molekularnich struktur,
které jsou dokonce rezistentni i vic¢i hydroxylovym radi-
kaliim a jednak pfirozenym obsahem huminovych nebo
fulvinovych kyselin, které jsou jak znamo velmi obtizné

Vstupni koncentrace sledovanych kontaminanti v pg 1" v odebraném technologickém vzorku pro testy fotochemické oxi-

dace na lokalité v Ostravé

Kontaminant > 12 PAU > BTEX Ci0-Cyo TOC
Koncentrace, pg ™! 1585 2190 3900 14 800
Tabulka IIT

Zastoupeni majoritnich PAU v pg I'' v technologickém vzorku pro testy fotochemické oxidace na lokalité v Ostravé

Latka Naftalen Antracen

Fenantren

Chrysen Fluoranthen = Pyren

Koncentrace, ug 1™ 570,6 443,8

221,9

174,35 110,95 63,4
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Obr. 4. Kineticky pribéh procesu fotochemické H,0,/UVC
oxidace nepolarnich a polyaromatickych uhlovodiki
v podzemni vodé, ¢erpané na lokalité v Ostravé. Rezim kombi-
novaného davkovani H,0, do &isténé vody 2 ml I h™'; O C10-C40,
< PAU, 0 TOC

oxidovatelné jakoukoli technologii. Je nutné zdliraznit, Ze
po 3 h doslo k prakticky iplnému odbourani obtizné rozlo-
zitelnych PAU, jejichZ koncentrace se nachadzely na mezi
stanovitelnosti. Bylo tak prokazano, ze ucinkem fotoche-
mické H,O,/UVC oxidace lze rozlozit i velmi komplikova-
né kontaminanty, jakymi jsou polyaromatické uhlovodiky.

3.3. Anilin, nitrobenzen

Ve tfeti testované lokalité byla podzemni voda konta-
minovana smési anilinu a nitrobenzenu, které pochazely
z vyroby nitrobenzenu. Vstupni koncentrace kontaminace
v odebraném technologickém vzorku uvadi tab. I'V.

Na obr. 5 je znazornéna kinetika odstranovani anilinu
a nitrobenzenu, které predstavovaly nejvétsi znecisténi
podzemni vody ze vSech tii pfedstavenych piipadl. Pro
zajisténi €inného odbourdni obou kontaminantl tak bylo
nutné aplikovat kontinualni davkovani H,O, v mnozstvi
dokonce 4 ml I""h™" a vyrazné prodlouzit dobu cirkulace
¢isténé vody fotoreaktorem.

Dile je z obr. 5 zfejmé, Ze oxidace nitrobenzenu pro-
biha pomaleji nez oxidace anilinu. To je jednak zpisobeno
rozdilnym obsahem jednotlivych kontaminantd, nebot

Chemicky pramysl

jejich koncentrace se 1isi o jeden fad, ale také povahou
obou latek. Nitrobenzen obsahuje substituent II. tfidy,
ktery deaktivuje aromatické jadro a znesnadinuje tak jeho
dalsi oxidaci. Anilin naproti tomu obsahuje substituent
1. tfidy, ktery aromatické jadro aktivuje a jeho oxidaci tak
usnadnuje.

Detailné je pribéh fotochemické oxidace nitrobenze-
nu a anilinu ilustrovan v tab. V, véetné vyvoje produkti
procesu mineralizace dusitanovych a dusi¢nanovych ionti.
Generované dusitanové ionty prochazeji svym maximem
a nasledn€ jsou oxidovany na dusi¢nany, které jsou
z environmentalniho hlediska privétivejsi. Ackoliv jsou
zde pocatecni koncentrace anilinu a nitrobenzenu velmi
podobné, je zfejmé z Casovych udaju v tab. V, Ze anilin je
rozlozen rychleji nez nitrobenzen. Pribéh oxidace dekla-
ruje také ubytek organického dusiku, jehoz obsah je syste-
maticky snizovan v pribéhu reakce.

4. Moznosti praktického vyuziti fotochemické
oxidace H,O,/UVC pro ¢isténi kontaminova-
nych podzemnich vod

V predlozeném prispévku je predstavena aplikace
technologie fotochemické H,O,/UVC oxidace pro ¢isténi
podzemnich vod kontaminovanych organickymi polutan-
ty. Poloprovozni ovéfovani na realné¢ kontaminovanych
lokalitach prokazalo jeji vhodné konstrukéni uspotadani,
technologickou spolehlivost a vysokou ucinnost odstrané-
ni Sirokého spektra organickych kontaminant. Vyhodno-
cenim ekonomické naro¢nosti technologie bylo zjisténo,
ze nejvetsi polozku provoznich nédkladi predstavuje spo-
ttebovana elektricka energie a na druhém misté jsou na-
klady na peroxid vodiku. Na obr. 6 jsou ukdzany provozni
naklady na ¢isténi 100 dm’ silné kontaminované vody
s obsahem anilinu a nitrobenzenu (viz obr. 5) procesem
fotochemické oxidace ptfi zvySovani davek H,0O,. Zde je
dobie patrné, Ze rostouci ptidavek H,O, zkracuje nutnou
dobu cirkulace cisténé vody fotoreaktorem a tudiz jsou
snizovany naklady na elektrickou energii — provoz germi-
cidnich UVC zétivek a obéhovych Cerpadel. Davkovani

Tabulka V
Nartst obsahu anorganickych iontt NO, a NO;
v prubéhu fotochemické H,0,/UVC oxidace smési anilinu
a nitrobenzenu v podzemni vodé. Koncentrace jsou uvede-
ny vmgl"

Latka Konc. [mg I"'] v &ase [h]

Tabulka IV 1

Vstupni koncentrace anilinu, nitrobenzenu a benzenu 0 3 5
v mg I v odebraném technologickém vzorku pro testy Anilin 32,3 7,5 0,5 0,5
fotochemické H,O,/UVC oxidace Nitrobenzen 36,2 32,7 2,3 0,5
Latka Anilin Nitrobenzen = Benzen NOs- 2,21 111 17 25,7
Koncentrace, 13 121 363 NO, 0,021 1,91 10,6 5,33
mg 1" Norg. 10,8 8,3 52 33
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Obr. 5. Porovnani pribéhu fotochemické H,0,/UVC oxidace
anilinu a nitrobenzenu v ¢erpané podzemni vodé. Rezim
kontinualniho davkovani H,O, do &isténé vody 4mll'h';
[ nitrobenzen, O anilin

H,0, je vsak mozné zvySovat pouze na urcitou limitni
hodnotu, pfi jejimz piekroceni uz nedojde k urychleni
fotooxidacniho procesu. Duvody jsou rizné — jednak zde
uz nedochazi k vys§i tvorbé hydroxylovych radikala
a jednak nemusi byt vzniklé radikaly G¢inné€ vyuzity na
oxidaci, nybrz mize dochazet k jejich vzajemné rekombi-
naci a zaniku (viz rovnice (4)).

Primérné naklady na vycisténi vyse uvedenych druhi
kontaminovanych vod s u¢innostmi > 99 %
v optimalizovaném rezimu fotoreaktoru jsou pak shrnuty
v tab. VL.

Vyse nakladi dle tab. VI tedy plné koreluje se sloze-
nim a mnoZstvim odstraiiované kontaminace mirou poza-
dované ucinnosti jejiho odstranéni. Je zfejmé, Ze v praxi
by postacovala ucinnost dekontaminace nizs$i nez 99 %
a kratsi doba cirkulace fotoreaktorem.

Pro praktickou aplikaci bude nutné rozsitit vykono-
vou kapacitu fotochemické jednotky, ktera je vSak limito-
vana geometrickymi rozméry — zejména pramérem pouzi-
té kifemenné trubice, ktery je navrzen z hlediska optimalni-
ho praniku UVC zafeni. Zde si lze predstavit zafizeni tvo-
fené baterii 8 az 12 kfemennych trubic uspotfadanych do
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Obr. 6. Porovnani provoznich nakladi na vy¢&isténi 100 dm’®

silné kontaminované vody s obsahem anilinu a nitrobenzenu.

Zv1ast jsou néklady na elektrickou energii a riizné piidavky H,O,;
< néklady el. energie, (] naklady H,O,, A naklady celkem

jednotlivych modulti, které budou tvofit samostatné skido-
vé jednotky. Na zadané lokalit¢ pak bude mozné sestavit
nekolik téchto skidovych moduli k sobé a umoznit tak
¢isténi pritoki maximalné v desitkach m’ denné€, coz uz
predstavuje limitni hodnotu. Zatizeni by bylo jesté doplné-
no jednoduchymi mechanickymi operacemi pro odstratio-
vani nerozpusténych latek a systémem odzelezovani c¢i
odmanganovani vzhledem k tvorbé moznych povlaki
oxidu a hydroxidd téchto kovl na vnitinich povrsich kie-
mennych trubic a nezddoucimu katalytickému rozkladu
H,0,. Fotochemické zafizeni by tedy mohlo pracovat
v usporadani on-site, kde bude napojené na Cerpanou pod-
zemni vodu z vrtu, ktera bude po vycisténi injektovana
zpét. Vyuziti lze spatfovat na menSich lokalitach s obtizné
rozlozitelnymi kontaminanty, pro které dnes neexistuji
spolehlivé technologie. Soucasné by bylo mozné predradit
fotochemickou oxidaci pro c¢aste€né nastipani obtizné
rozlozitelnych latek pfi maximalnim zkraceni doby zdrze-
ni ¢isténé vody, které by pak mohly byt snadno rozlozitel-
né bézné dostupnymi technologiemi.

Tabulka VI
Naéklady na dekontaminaci 1 m® vod s obsahem organickych kontaminantii uvedenych v kap. 3 technologii fotochemické
H,0,/UVC oxidace

Naklady [K¢] El. energie H,0, Celkem

CLU 25 10 35

PAU 150 60 210

Anilin, nitrobenzen 250 150 400
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5. Zavér

Predlozeny piispévek se zabyval praktickym pilotnim
testovanim technologie fotochemické H,O,/UVC oxidace
pro dekontaminaci podzemnich vod znecisténych organic-
kymi polutanty. Metoda fotochemické oxidace spociva
v rozkladu peroxidu vodiku G¢inkem UVC zafeni, ¢imz
jsou generovany hydroxylové radikaly, které jako silné
oxidac¢ni Cinidlo napadaji organické kontaminanty. K tomu
byla vyuzita specialni poloprovozni jednotka, ktera byla
testovana na 3 lokalitach se zastoupenim riznych organic-
kych latek. Vysledky prokazuji univerzalni pouzitelnost
této technologie na odstrafiovani ropnych latek, chlorova-
nych alifatickych uhlovodiki, polyaromatickych uhlovodi-
ki a nékterych dalSich derivatd, jako jsou anilin a nitro-
benzen. Uéinnost odstranéni jmenovanych latek piesaho-
vala 99 % a byla ziskdna zcela ¢ird voda.
Z technologického hlediska by mohla byt fotochemicka
oxidace dovedena do provozni aplikace, avSak provozni
naklady zatim vyrazné prevysuji konvencni technologie.
V dalsi fazi testovani bude pozornost vénovéana automati-
zaci celého rezimu a fizenému davkovani H,O, na zakladé
on-line analytického signélu v ¢iSténé vode.

Prispévek vznikl za financni podpory MPO v rdmci
vyzkumného projektu (FR-TI/065).

Seznam symboll

CLU chlorované alifatické uhlovodiky

ISCO in-situ chemicka oxidace

PAU polyaromatické uhlovodiky

Uv-C kratkovinné ultrafialové zafeni

PCE perchlorethylen

TCE trichlorethylen

DCE dichlorethylen

TOC total organic carbon (celkovy organicky
uhlik)

NEL nepolarni extrahovatelné latky

Cio—Cyo frakce uhlovodika C10 az C40
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Zatizeni pro ¢iSténi odpadnich vod obsahujicich organické litky

Oblast techniky

Technicke feseni se tyka oblasti zafizeni pro ¢i&téni odpadnich vod obsahujicich organické tatky
s vyuZitim zafivek s ultrafialovym zafenim.

Dosavadni stav techniky

Pro dezinfekci pitné vody se bé&Zné pouZiva chemické dezinfekce s pouZitim napf. chlordioxidu,
ozonu, chloru aj. Nevyhodou chemickych postupi je vznik vedlejsich produkti dezinfekce, které
mohou byt karcinogenni, nebo toxické. Mnozstvi chemickych dezinficiens a jejich vedlejsich
produkti proto vyZaduje permanentni sledovani a méfeni.

V souCasné dobe& dochdzi k nahrazeni chemické dezinfekce pitné vody fyzikalni dezinfekci, je-
JjimZ pfikladem je pouziti UV zafeni. UV zéfeni fotochemicky poskozuje RNA, DNA, eventuslng
proteiny, enzymy ¢i jiné, biologicky vyznamné makromolekuly. Potencidlnim rizikem pouZiti
UV zifeni je vznik dusitand a formace formaldehydu jako vedlej$ich produktt dezinfekce.

K dezinfekei pitné vody UV zéfenim se pouZivaji UV lampy piipadné fotochemické reaktory,
kterymi prochézi kontaminovana voda jimana v nadr?i kontaminované vody, jejich? nevyhodou
je jejich mala uéinnost, projevujici se v dlouhé dob& ozafovani pottebného pro dosazeni zakon-
nych limitd, pfipadné ve zcela nedostateéné G&innosti.

Ukolem technického Feseni Je vytvofit zafizen{ pro €i¥téni odpadnich vod obsahujicich organické
latky, které by odstrafiovalo vy$e uvedené nedostatky, zamezovalo vzniku vedlejdich produkti
dezinfekce, pfitem2 by zaji¥fovalo maximalni u¢innost fotochemického reaktoru p#i &isténi od-
padnich vod.

Podstata technického Fegeni

Tento kol je vyfeSen vytvofenim zafizeni pro ¢idténi odpadnich vod obsahujicich organické
latky podle tohoto technického Feseni. Zafizeni zahrnuje nadrz kontaminované vody propojenou s
davkovatem peroxidu vodiku a fotochemickym reaktorem pro ozdfeni smési kontaminované
vody a peroxidu vodiku UV zéfenim. Podstata technického feseni spoéiva v tom, Ze fotochemic-
ky reaktor obsahuje trubici z kiemenného skla uzavienou na obou stranich piirubami. V jedné
prirubé je zausténo vstupni vedeni smési kontaminované vody s peroxidem vodiku a ve druhé
pfirub¢ je zausténo vystupni vedeni pro odvadéni vy¢isténé vody z fotochemického reaktoru.
Fotochemicky reaktor dale zahmuje alespott dv& germicidni zafivky vyzafujici ultrafialové zéfe-
ni, uspofadané vici sobé protilehle na obvodu trubice z kfemenného skla.

Germicidni zafivky emituji zéfeni o vlnové délce presahujici 200 nm a jsou prstencové a proti-
lehle uspofadany ve vice protilehlych dvojicich kolem trubice z kiemenného skla a pfipojeny k
elektronickému napajecimu zdroji,

Ve vyhodném provedeni je zafizeni opatfeno z4sobnikem peroxidu vodiku spojenym s davkova-
cim Cerpadlem pro ddvkovani peroxidu vodiku do vstupniho vedeni smési kontaminované vody s
peroxidem vodiku do totochemického reaktoru.

Trubice z kiemenného skla a germicidni zafivky jsou vyhodné koaxialné uloZeny v reflexnim
plasti pro odraz ultrafialového zafeni zpét do trubice z kiemenného skla. Timto uspoiddanim se
zvySuje tcinnost fotochemického reaktoru.

Je vyhodné, Ze na obvodu reflexniho plasté jsou uspofddéna Zebra pro odvod tepla generovaného
germicidnimi zafivkami. Je tak zaru¢eno u¢inné ochlazovani fotochemického reaktoru, ¢imz se
prodluZuje jak jeho Zivotnost, tak délka chodu.
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Ve vyhodném provedeni je vstupni vedeni smési kontaminované vody s peroxidem vodiku do
fotochemického reaktoru opatfeno soustavou sit pro zaji§téni pistového toku Cisténé vody ve
fotochemickém reaktoru. Je tak zajisténo pribéiné prochazeni ¢isténé vody fotoreaktorem.

Reflexni plast’ je na obou koncich uzavien &ely, z nichZ alespofi jedno je odnimatelné, coZ je
vyhodné pro ptipadné opravy fotochemického reaktoru. Jednim Celem prochézi vstupni vedeni
smési kontaminované vody s peroxidem vodiku a druhym &elem prochézi vystupni vedeni pro
odvadéni vy¢iiténé vody.

V jiném vyhodném provedeni je vystupni vedeni pro odvadéni vycisténé vody z fotochemického
reaktoru zadsténo zpét do nadrze kontaminované vody. Je tak zajiténa opétné cirkulace Cisténé
vody pfes fotochemicky reaktor, éimzZ je dosaZeno jeji lepdi homogenizace.

Ve vyhodném provedeni je na ptivodu kontaminované vody z nadrZe do fotochemického reakto-
ru osazen priitokomér a vzorkovaci misto pro odbér a vzorkovani kontaminované vody. Lze tak
neustale kontrolovat priitok kontaminované vody a jeji mnozstvi ve fotochemickeém reaktoru a
sledovat sloZzeni a mnoZstvi organickych latek obsaZenych v kontaminované vodé pied vstupem
do fotochemického reaktoru.

Nakonec je vyhodné, Ze na vystupu vy¢i§téné vody z fotochemického reaktoru je osazeno vzor-
kovaci misto pro odbér a vzorkovani vylisténé vody. Lze tak kontrolovat sloZeni vytisténé vody
po vystupu z reaktoru a tedy i ué¢innost procesu ¢i§téni vody v reaktoru a v pfipadé potfeby ope-
rativné upravit davkovani peroxidu vodiku & vykon germicidnich zafivek.

Vvhody zafizeni pro ¢isténi odpadnich vod obsahujicich organicke latky spoéivaji v tom, Ze bé-
hem procesu ¢idténi jsou kontaminované latky kvantitativné mineralizovany aZ na oxid uhligity a

vodu a tudiZ nevznikaji 24dné vedlej§i oxidaéni produkty, takZe ¢isténi kontaminované vody je
idinné a ptitom 3etrné k Zivotnimu prostiedi.

Objasnéni vvkresi

Technické feSeni bude bliZe objasnéno pomoci obrazki na vykresech, na nichZ znazormiuji obr. 1
perspektivni pohled na zafizeni pro &i¥téni odpadnich vod, obr. 2 podélny fez fotochemickym
reaktorem a obr. 3 pficny fez fotochemickym reaktorem.

Priklady uskuteénéni technick€ého rfeeni

Rozumi se, Ze dale popsané a zobrazené konkrétni piiklady uskuteénéni technického feSeni jsou
piedstavovany pro ilustraci, nikoli jako omezeni piikiadi provedeni technického feSeni na uve-
dené piipady. Odbornici znali stavu techniky najdou nebo budou schopni zjistit za pouZiti rutin-
niho experimentovéani vétsi ¢i mensi pocet ekvivalenti ke specifickym uskuteCnénim technického
fedeni, ktera jsou zde specidlné popsana. I tyto ekvivalenty budou zahrnuty v rozsahu nasleduji-
cich narokd na ochranu.

Zafizeni 1 pro &i3téni odpadnich vod obsahujicich organické latky zobrazené na obr. 1 je tvofeno
plastovou skiini 2 s dvifky 9, v ni? je vertikaln& uspofadan fotochemicky reaktor 3. Fotochemic-
ky reaktor 3 je vstupnim vedenim 19 a vystupnim vedenim 16 propojen s nadrzi 4 kontaminova-
né vody. NadrZ 4 kontaminované vody, plastova skiin 2 a vedeni 19, 16 jsou uloZeny v plastové
vané 5 se zvy$enymi okraji 22 pro zachyceni pfipadného Gniku kontaminované vody a pro zabra-
néni jejiho Gniku do okoli zafizeni 1.

K vlastnimu ¢&idténi kontaminované vody dochazi ve fotochemickém reaktoru 3, kterym vertikal-
né protéka kontaminovana voda s peroxidem vodiku zdola nahoru, pficemz je vystavena ucinku
UV zafeni. Ve fotochemickém reaktoru 3 je uloZena trubice 6 z kfemenného skla, ktera je uloZe-
na v kovovém reflexnim plasti 12 s Zebry 13, ktera zajidtuji chlazeni proudem vzduchu pomoci
ventilatori. V plastové skfini 2, kiera pfedstavuje nosnou kostru zafizeni 1 je dale umistén fidici
ovladaci (panel) a dile veskeré elektroinstalatni okruhy a eiektronické souasti pottebné pro
spravny chod zafizeni 1. Celé zafizeni 1 je pfipojené ke zdroji stfidavého proudu o napéti 230 V.
Ptistup je mozny dvitky 9.
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Zakladni &4sti fotochemického reaktoru 3 je trubice 6 z kfemenného skla, vnitfek trubice tvoi
reakéni zénu, kde dochazi k fotochemické oxidaci organickych litek a k desinfekei &isténé kon-
taminované vody sycené peroxidem vodiku. Trubice 6 z kfemenného skla je z obou stran uzavie-
na kovovymi pfirubami 21 s t&snénim. Piiruba 21 na spodnim konei trubice 6 j& napojena na
vstupni vedeni 19 pfivadéjici kontaminovanou vodu z nadrze 4 a ptiruba 21 na homim konci
trubice 6 je napojena na vystupni vedeni 16 odvadéjici vy¢isténou vodu z fotochemického reakto-
ru 3. Na vstupnim vedeni 19 kontaminované vody do reaktoru 3 je umisténa soustava sit 20 pro
zajisténi pistového toku &isténé vody reak&ni zénou. Vy&isténa voda je z fotochemického reakto-
ru 3 odvadéna plastovym vystupnim vedenim 16. Trubice 6 z kfemenného skla je prstencovit&
obklopena dvaceti germicidnimi zafivkami 7 umisténymi po jejim vnéjiim obvodu. Umisténi
zafivek 7 ve fotochemickém reaktoru 3 je nejlépe patrné z piidorysného zobrazeni na obr. 3.
Germicidni zafivky 7 jsou z obou stran usazené v &elech 18 reaktoru 3 a opatfené dvou nebo Ceyt
pinovymi konektory, propojenymi napdjecimi kabely s elektronickym napajecim zdrojem, ktery
umoZiuje regulovat intenzitu emitovaného UV zéfeni (vykon zafivek) a soutasné je vybaven
optickou indikaci funkce zaFivky 7.

Kontaminovand voda je napuiténa do nadrZe 4 kontaminované vody o objemu 100 1, ktera je
vybavena poklopem pro zabranéni uniku t&kavych organickych ltek. Na nadr¥i 4 kontaminované
vody je upevnén zasobnik 8 peroxidu vodiku pro oxidaci organickych kontaminantd a dezinfekci
kontaminované vody. Roztok peroxidu vodiku je ze zasobniku 8 davkovin davkovacim Cerpad-
lem 10 pfimo do vstupniho vedeni 19 pfivad&jiciho kontaminovanou vodu z nidr¥e 4 kontamino-
vané vody do fotochemického reaktoru 3. Davkovaci &erpadlo 10 umoziuje libovolné naprogra-
movani jak pro jednorazové, tak i kontinualni ddvkovani peroxidu vodiku ve zvolenych Easovych
intervalech. Smés znecidténé vody a davkovaného peroxidu vodiku je pak Cerpana ob&hovym
Cerpadlem 11 do fotochemického reaktoru 3, ¢im2 dochazi také k homogenizaci a k rovnomérné
distribuci peroxidu vodiku ve znedisténé vodg. Soudasné je zafizeni 1 vybavene bypassem, kdy je
moZne smés znetisténé vody a peroxidu vodiku vracet zpét do nadrze 4 kontaminované vody z
divodu lepsi homogenizace. DAle je na vstupnim vedeni 19 osazen prutokomér 14 a vzorkovaci
misto 15 pro odbér a vzorkovani ptivadéné znedidt&né vody do fotochemického reaktoru 3. Na
vystupu z fotochemickeho reaktoru 3 je &idtén4 voda vedena vystupnim vedenim 16, kde je vzor-
kovaci misto 17 pro odbér a vzorkovéni ¢idténé vody. Vystupni vedeni 16 Jje upravené proti moz-
nému zavzdus$iiovani specidlni smy&kou a je vedené zpét do nadrze 4 kontaminované vody.

Cely reaktor 3 je koncipovan na diferencialnim principu, tzn., Ze znedisténa voda je €isténa opa-
kovanou cirkulaci pfes reakéni zénu ve fotochemickém reaktoru 3. Optimalni doba zdrZeni vody
v zafizeni 1 dle drovné kontaminace je 1 aZ 2 hodiny pro jeji pokles na zikonem stanovené limi-
ty. Nejvhodnéjsi je kontinuélni ddvkoviéni peroxidu vodiku, kdy spotfeba 30% roztoku je 25 a#
150 ml za hodinu na objem 100 | zne&idt&né vody. Optimaln{ prutok ¢igténé vody skrz zafizeni 1
je 1000 az 2500 l'hod. Fotochemicka reakce (oxidace kontaminujicich latek) mdZe probihat v
celém rozsahu hodnot pH (1 az 14).

Primyslova vvuzitelnost

Zatizeni podle technického fedeni lze vyuZit zejména pro &isténi odpadnich vod obsahujicich
organické latky.

NAROKY NA OCHRANU

1. Zafizeni (1) pro €idténi odpadnich vod obsahujicich organické latky zahrnujici nadrz (4)
kontaminované vody propojenou s fotochemickym reaktorem (3) pro ozéfeni kontaminované
vody UV zifenim, vyznadujici se tim, Ze fotochemicky reaktor (3) obsahuje trubici
(6) z kfemenného skla uzavienou na obou strandch pfirubami (21), pficemz v jedné piirubé (21)
je zausténo vstupni vedeni (19) smési kontaminované vody s peroxidem vodiku a ve druhé pfi-
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rubé (21) je zausténo vystupni vedeni (16) pro odvadéni vyCidténé vody z fotochemickeho reak-
toru (3), a fotochemicky reaktor (3) déle zahrnuje alespoii dvé germicidni zafivky (7) vyzafujici
ultrafialové zafeni, usporadané viiéi sobé protilehle na obvodu trubice (6) z kiemenneho skla.

2. Zafizeni podle naroku 1, vyzna&ujici se tim, Ze germicidni zafivky (7) emitwji
zafeni o vlnové délce presahujici 200 nm a jsou prstencové a protilehle uspofadany ve vice pro-
tilehlych dvojicich kolem trubice (6) z kiemenného skla a pfipojeny k elektronickému napaje-
cimu zdroji.

3. Zafizeni podle naroku 1 nebo 2, vyznadujici se tim, Zeje opatfeno zasobnikem
(8) peroxidu vodiku spojenym s davkovacim Eerpadlem (10) pro davkovani peroxidu vodiku do

vstupniho vedeni (19) smési kontaminované vody s peroxidem vodiku do fotochemického reak-
toru.

4. Zafizeni podle alespon jednoho z narokii 1 a23, vyznadujici se tim, Zetrubice
(6) z kitemenného skla a germicidni zafivky (7) jsou koaxialné uloZeny v reflexnim plasti (12) pro
odraz ultrafialového zafeni zpét do trubice (6) z kiemenného skla.

5. Zafizeni podle naroku 4, vyzmaéujici se tim, Ze na obvodu reflexniho plasté
(12) jsou uspofadana Zebra (13) pro odvod tepla generovaného germicidnimi zafivkami (7).

6. Zatizeni podle alesponi jednoho z naroki 1 a2 5, vyznadujici se tim, Ze vstupni
vedeni (19) smési kontaminované vody s peroxidem vodiku do fotochemického reaktoru (3) je
opatieno soustavou sit (20) pro zajisténi pistového toku ¢idténé vody ve fotochemickém reaktoru

(3).

1. Zafizeni podle alespoii jednoho z narokii 4 a2 6, vyznadujici se tim, Ze reflexni
plast’ (12) je na obou koncich uzavien &ely (18), z nichZ alespoii jedno je odnimatelng, piiCemz
jednim &elem (18) prochézi vstupni vedeni (19) smési kontaminovane vody s peroxidem vodiku a
druhym éelem (18) prochazi vystupni vedeni (16) pro odvadéni vy€isténé vody.

8.  Zatizeni podle alespoti jednoho z narokii 1 az 7, vyzmacujici se tim, Ze vy-
stupni vedeni (16) pro odvadéni vy&iiténé vody z fotochemického reaktoru (3) je zatsténo zpét
do nadrZe (4) kontaminované vody.

9, Zafizeni podle alespoti jednoho z narokd 1 a2 8, vyznaéujici se tim, Zena pfi-
vodu kontaminované vody z nadr¥e (4) do fotochemického reaktoru (3) je osazen prutokomér
(14} a vzorkovaci misto (15) pro odbér a vzorkovani kontaminované vody.

10. Zafizeni podle alespofi jednoho z narokii 1 az9, vyznadujici se tim, Zenavy-
stupu vy¢isténé vody z fotochemického reaktoru (3) je osazeno vzorkovaci misto (17) pro odbér a
vzorkovani vy¢iiténé vody.

3 vykresy

Ptehled vztahovych znacek pouZitych na vykresech:

zafizeni pro ¢iSténi odpadnich vod obsahujicich organické latky
plastova skfifi

fotochemicky reaktor

nadrz kontaminovaneé vody

plastova vana

trubice z kfemenného skla

germicidni zafivka

zasobnik peroxidu vodiku

dvitka

N=l. R R W R e




10
11
12
13
14
15
le
17
18
19
20
21
22

CZ 24538 U1

davkovaci terpadlo pro davkovani peroxidu vodiku

ob&hové Eerpadlo

reflexni plast’

Zebro

pritokomér

vzorkovaci misto pro odb&r a vzorkovani kontaminované vody

vystupni vedeni pro odvadéni vy&i¥t&né vody z fotochemického reaktoru
vzorkovaci misto pro odbér a vzorkovéni vygi§téné vody

¢elo reflexniho plazs

vstupni vedeni smési kontaminované vody s peroxidem vodiku do fotochemického reaktoru
soustava sit pro zajiténi pistového toku Cisténé vody

kovova pfiruba trubice z kfemenného skla

zvy¥eny okraj plastové vany.
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Pilot scale application of UV-C/H,0, for removal of
chlorinated ethenes from contaminated groundwater

Pavel Krystynik, Pavel Masin and Petr Kluson

ABSTRACT

A field pilot scale UV-C/H,0, system investigated for treatment of groundwater contaminated with
chlorinated ethenes is presented in this study. Groundwater contamination was mainly represented
by trichloroethylene and tetrachloroethylene. The pilot scale unit was set up and its suitability was
verified during a testing campaign on site. The results of oxidation tests revealed high efficiency in
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Academy of Sciences of the Czech Republic,
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chlorinated ethenes’ removal together with significant decrease of residual total organic carbon

content. The presented results emerged from previous unit optimization. Also, economic evaluation

of the process is presented.

Key words | advanced oxidation processes, chlorinated ethenes, hydrogen peroxide photolysis, pilot

scale, UV-C/H,0, oxidation, water treatment

INTRODUCTION

Advanced oxidation processes (AOPs) seem to be the most
suitable technologies for removal of organic pollutants
from water, including chlorinated ethenes. This is a group
of processes that efficiently oxidize organic compounds
towards harmless inorganic products (Lewinsky 2007). The
processes have shown great potential in treatment of pollu-
tants of low or high concentrations and have found
applications for various types of groundwater contamination
treatment, industrial wastewater treatment, municipal
wastewater sludge destruction and volatile organic com-
pounds (VOCs) treatment (Parsons 2004). The hydroxyl
radical (*OH) is an oxidizing agent used in AOPs to drive
contaminant decomposition. It is a powerful, non-selective
chemical oxidant, which reacts very rapidly with most
organic compounds (Baxendale & Wilson 1957).

Hydrogen peroxide photolysis by ultraviolet light

(UV-C/H50,) is one of the most effective AOPs. The
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UV-C/H,0; system is based on the decomposition of hydro-
gen peroxide towards hydroxyl radicals using ultraviolet
irradiation with wavelengths below 280 nm*. The mechan-
ism of hydroxyl radical formation is understood as
homolytic cleavage of a hydrogen peroxide molecule yield-
ing two radicals from one hydrogen peroxide molecule.
On the contrary, hydrogen peroxide has a small absorption
coefficient (18.6 M~ cm™! at 254 nm) and consequently the
utilization of a UV-C light source is decreased when organic
compounds act as optical filters (Dusek 2010). Legrini et al.
(1993) and Andreozzi et al. (1999) found that the cage effect
of water molecules also decreases the efficiency of hydroxyl
radical generation.

The simplified mechanism of hydrogen peroxide
decomposition is described as follows (Ogata ef al. 1981):

H,05 + hv — 2 OHe (1)
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OHe +H,0, — HO2e +H,O 2)
HO +H>,O, — OHe +H,0 + O, (3)
2 HOze — Hy0, + O 4)

The homolytic cleavage of a hydrogen peroxide mol-
ecule yielding two hydroxyl radicals is described by
Equation (1). A certain part of hydroxyl radicals reacts
with the hydrogen peroxide molecule yielding hydroperox-
ide radicals (Equation (2)). Hydroperoxide radicals then
react with hydrogen peroxide yielding the desired hydroxyl
radicals (Equation (3)). Equation (4) shows radical recombi-
nation that can lead back to the hydrogen peroxide. Also,
superoxide radicals can be produced from hydroperoxide
radicals (Gogate & Pandit 2004; Paul et al. 2013).

This paper is a continuation of previous research on the
decomposition of organic compounds in water using UVC/
H,0, technology. The operation of a pilot scale unit pre-
sented in this study was based on previously performed
optimization revealed from progressive scaling up. Partial
results of optimization experiments have been presented
before by Krystynik ef al. (2014a, 2014b) and Masin et al.

(2015).

Industrial site contamination origin

The contamination of groundwater on the industrial site
is mostly represented by polychlorinated hydrocarbons.
Contamination on this site is a consequence of the
former presence of a chemical laundry and cleaning
plant that used trichloroethylene and tetrachloroethylene.
The company’s activity finished in the 1980s. The ground-
water is contaminated with large amounts of aliphatic
chlorinated hydrocarbons with average content of tens
to hundreds of mg/L. The most dominant pollutant is
trichloroethylene; other identified contaminants are cis-
1,2-dichloroethylene, vinylchloride and tetrachloro-
ethylene. Cis-1,2-dichloroethylene and vinylchloride are
products of natural degradation of trichloroethylene.
The characteristic content of contaminants at this site is
illustrated by Table 1.
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Table 1 | Characteristic pollution of groundwater with polychlorinated hydrocarbons

Pollutant content (mg/dm®)
Chlorides 349
Cis-1,2-dichloroethylene 37.1
Trans-1,2-dichloroethylene <4
1,1-dichloroethylene <4
Trichloroethylene 64.27
Tetrachloroethylene 8.135

TOC 78.1

TIC 121.1

DOC 374

pH 7.62
Conductivity 172 mS/cm

EXPERIMENTAL

This section describes the photo-oxidation apparatus devel-
oped in the pilot scale operated in a specially designed
container. The placement of the pilot scale unit in a con-
tainer was employed for the purposes of its flexible
movement from one polluted site to another.

Description of the technology

The experimental apparatus was constructed as a tubular
reactor working in recirculation mode. The heart of the reac-
tion system is a quartz tube with thickness of 5 mm that is
uniformly surrounded by a framework of low pressure ger-
micidal UV lamps. The inlet part of the reactor is
equipped with a redistributor and a series of water sieves
ensuring that processed liquid flows through the reactor
uniformly.

The industrial pilot scale system is mounted in a con-
tainer that can be easily loaded onto a truck and
transported to the site that must be remediated. The entire
technology works on the principle of remediation pumping
with decontamination outside the contaminated zone. The
experimental arrangement is again constructed as a recircu-
lation unit and thus contaminated water is processed with
the necessary number of loops.

The large scale unit consists of 1 m> sedimentation tank
of freshly pumped contaminated water, pretreatment
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technology (in cases when it is needed) for removal of
These
photoreactors are connected with a working reservoir of

dissolved metallic ions and photoreactors.
1m?® hydrogen peroxide dispenser and compensatory
reservoir on the outlet. The compensatory reservoir
enables pumping and draining of contaminated/treated
water with low pulses so as not to affect the hydrological
regime of subterranean water on the treated site. Photo-
reactors consist of a cylindrical quartz tube 1,200 mm
long and 150 mm wide. The tube is surrounded with 20
low pressure germicidal UV lamps emitting at 254 nm
(TUV UVC TL-D 36 W G13 Philips). The outer jacket is
made of highly polished aluminum sheet. The jacket is
on a square base equipped with small ventilators prevent-
ing lamps overheating. The number of photoreactors can
be variable. It is thus possible to increase the capacity of
the decontamination unit. All the above-mentioned parts
can be seen in the technical drawings presented in
Figure 1.

Experimental procedure

The unit was installed on a contaminated site with chlori-
nated ethenes and was placed in a movable container for
ease of transportation. This unit operates with two reactors
(see Figure 2) that can work either in parallel or in series. A
hydrogen peroxide internal integrity test was evaluated
before the unit started to operate and after the unit stopped
operation at the contaminated site. This mobile unit reactor
was equipped with a 1 m® storage tank. The appearance of
the pilot scale unit can be seen in Figure 2.

Results are presented for two types of experimental
arrangements: reactors in series and reactors in parallel.
Two types of H,O, dosing are presented: continuous
dosing with constant dosing rate and continuous dosing
with progressively decreasing dosing rate. These dosing
regimens were also based on previous optimization
experiments. Table 2 summarizes and explains the pre-

sented results.

)

Figure 1 | Technical drawings of mobile large scale unit: (1) pumping of contaminated waters; (2) contaminated water pump; (3) sedimentation tank; (4) pretreatment stage (if necessary);
(5) working reservoir; (6) circulation pump; (7) photoreactors; (8) hydrogen peroxide dispenser; (9) mixing valve; (10) sampling valve; (11) compensatory reservoir; (12) outlet

pump; (13) draining of treated water; (14) on-site bedrock, (15) series by-pass.
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Figure 2 | The appearance of the pilot scale unit, operated on an industrial site, in a container: left, outside view; right, interior of container with two visible reactors.

Table 2 | Operating regimens for presented tests

Designation

of test Reactor arrangement H,0, dosing regime

Is Reactors in series Constant continuous dosing
IIs Reactors in series Decreasing continuous dosing
Ip Reactors in parallel Constant continuous dosing
IIp Reactors in parallel Decreasing continuous dosing

RESULTS AND DISCUSSION
Internal integrity test

The internal integrity test was performed with 150 dm® of
deionized water and 75 cm® of 30% H,O, solution. The
internal test was carried out for both types of experimental
arrangement, parallel and series, in order to evaluate the
different behavior of both reactors’ arrangements. Reactors
in series are usually recommended for radical reactions,
thus, series arrangement is supposed to have higher effi-
ciency. This is caused by the longer residence time of the
reaction solution in the active (irradiated) zone and it
enables reactions to proceed to a higher extent. The unit,
however, did not allow variation in the number of operating
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lamps and thus the only degradation of H,O, was followed.
The internal integrity test was performed at the beginning of
operation, then every 2 weeks, and after the testing. Figure 3
portrays the H,O, degradation before the start of the testing
campaign and after 6 weeks of testing period on the con-
taminated site.

loom @R in series, before
& MR in parallel, before
80 | | AR in series, after
& R in parallel, after
L 4
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$ »
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Figure 3 | Degradations of H,0, before (before testing campaign) and after (after
termination of testing campaign of 6 weeks' duration) operation of the unit in
both series and parallel arrangement.
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A rapid decrease of H,O, concentration can be observed
immediately after irradiation. It is also obvious that the
arrangement of reactors in series revealed slightly higher effi-
ciency in H,O, decomposition. Complete H,O, degradation
was observed after 35 min for a series connection and after
45 min for a parallel connection. It is important to emphasize
that the efficiency of H,O, decomposition did not change
during the operation of the unit. It means that testing trials
were carried out under identical irradiation conditions.
Tests with water containing polychlorinated hydrocarbons
followed the internal integrity test.

This simple test was used to check the performance of
the reactor throughout the experimental campaign.
Measurements of hydrogen peroxide degradation rate pro-
vide information about the overall performance of the
reactor. If the reaction rates are identical before and after
the testing campaign (and that phenomenon was observed),
it is possible to say that obtained data were collected under
identical irradiating conditions.

During the process we followed the parameter of con-
version as a function of a reaction time, and when
optimized, as a function of the amount and the mode of
the hydrogen peroxide dosing. The distribution of photons
and their availability inside of the reactor tube were con-
sidered as constant, and due to the surplus of photons not
affecting the reaction rate (zero reaction order to photons).
This assumption was verified using a simple test. The total
number of 20 (36 W each) lamps were not used in the
series of verification measurements. In the initial one, only
four were operated, evenly positioned around the quartz
tube (90°, 180°, 270°, 360°). For the next one, eight were
switched on, then 12, 16, and finally 20. All the oxidation
experiments were carried out for a previously optimized
flow rate and amount of hydrogen peroxide. Also, the temp-
erature was monitored to ensure its constant level in the
verification tests. It was shown that when 16 and 20 lamps
in each reactor were used, the same conversions at identical
reaction times were achieved.

Tests with water containing chlorinated ethenes -
reactors in series

Tests were carried out in both possible reactor arrange-
ments, i.e., reactors were connected in series or in parallel.
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Tests in both arrangements were performed under identical
conditions in order to directly compare their efficiencies.
Energy consumption was also measured and thus the overall
process cost could be evaluated. The volume of contami-
nated water was always 1m?® the flow rate of
contaminated water was maintained at 21 dm3/min, and
every lamp was switched on. Each experiment was per-
formed with water freshly drained from a well after
sedimentation. Tested samples of contaminated ground-
water revealed inputting parameters as given in Table 3.

A sedimentation period was applied to separate solid
particles coming with water from a well. Variation of pollu-
tant concentration was observed because it depended on
many factors that cannot be influenced by the authors,
e.g., complex processes occurring in the soil, natural stream-
ing of underground water and, to some extent, existing
current climatic conditions.

The dosing rate of H,O, was set according to previous
optimization experiments to 2mmol/dm3/h. The inner
volume of reactors was 21.2 dm> per reactor, giving a total
irradiated volume of 42.4 dm?; residence time per one loop
was 2 min and total number of loops was 6.4, giving a total
irradiation time of nearly 13 min. It is apparent from Figure 4
that major contaminants (TCE and PCE) were completely
removed from water within 300 min of the experimental
run. Their degradation was followed by growing concen-
tration of chloride ions confirming their decomposition.
Corresponding TOC removal was achieved from 66 mg/
dm® to 8 mg/dm® and did not further decrease. Energy con-
sumption for lamps and pump power supply during this
trial was 6.27 kWh, and the price of electricity was set to be
0.19 €/kWh (according to current prices in Czech Republic).
Considering these data, the price per 1 m> of treated water in
this unit was 1.23 €. The wholesale price of 30% H,O, sol-
ution was 0.23 €/dm>. Consumption of H,O, during the

Table 3 | Inputting characteristics of treated contaminated groundwater

cConductivity TCE in PCE in TOC in Ccl in
Trial pH (ms/cm) (mg/dm®)  (mg/dm®) (mg/dm®) (mg/dm?)
Is 6.85 1,324 94.8 16.5 66.4 180.4
Ip 7.15 1,255 107.6 28.7 81.2 195.6
IIs 7.12 1,318 61.8 10.9 37.3 221.5
IIp 695 1,226 102.4 20.7 66.6 201.6
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Figure 4 | Concentration of pollutants, test Is, R in series.

experiment was approximately 10 L giving a price of 2.36 €
and total operation cost was then 3.60 €/m”> treated water.
Another trial (test IIs) was performed with progressively
decreasing H,O, dosing. It was considered that progress-
ively decreasing the content of chlorinated ethenes would
not have required a constant dosing rate. The starting
H,0, dosing rate was set to 2 mmol/dm® and after each
hour of experimental run it was decreased by 0.5 mmol/
dm?®. The major reason for this progressive reduction of

H,0, dosing was to achieve a lower cost of treated water
per cubic meter.

The test IIs reflected natural variation of inputting
contamination, and during this testing trial initial concen-
tration was reasonably lower than in the case of test Is.
Due to lower inputting concentration of contaminants
their complete removal was achieved within a shorter reac-
tion time and was obtained after 240 min of experimental
run (see Figure 5). Corresponding TOC removal stopped at
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Figure 5 | Concentration of pollutants, test lIs, R in series.
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a similar efficiency as in the case of test Is. It is also evident
that the progressive decrease in H,O, dosing rate did not
reveal any negative effect on contaminants’ removal effi-
ciency. During test IIs, the energy consumption for lamps’
and pumps’ power supply was 4.4 kWh and the total con-
sumption of H,O, was 5dm>. The total cost of treated
water was 2.05 €/m>, which is a significantly lower value
than in the previous test. The major reasons for this obser-
vation are lower inputting contamination and reduced
consumption of hydrogen peroxide.

Tests with water containing polychlorinated
hydrocarbons - reactors in parallel

The oxidation experiments performed with reactors in series
(tests Is, IIs) were identically repeated with reactors in par-
allel (tests Ip, IIp). The first one (test Ip) was performed
with constant H,O, dosing rate. Figure 6 represents concen-
trations of pollutants during the first test with reactors in
parallel. It is evident that complete removal of contaminants
was obtained within a longer reaction time than in the case
of reactors in series (test Is). This may be caused by higher
inputting contamination. It would have needed a longer
reaction time. The energy consumption was 7.4 kWh, con-
sumption of H,O, was 12dm® and thus the overall

process cost was 3.82 €/m>. This price is not final because
TOC removal was incomplete.

Test IIp with reactors in parallel was performed with
progressive decrease of H,O, dosing rate, similar to the
case of series arrangement (see Figure 7). It is evident that
in this case the removal efficiency of all tested parameters
was strongly affected by decreasing H,O, dosing rate and
all contaminants were removed with lower efficiency. It is
evident that all contaminants were removed only partly.
The highest efficiency of contaminant removal was observed
for TCE and TOC, and both pollutants were reduced by
50%. The energy consumption during this experiment was
5.3 kWh, while consumption of H,O, was 5 dm?> during
240 min of the experiment. The overall cost of the process
was then 2.23 €/m>, but it would have increased signifi-
cantly in the case of complete removal of contaminants.

Table 4 summarizes the process costs of oxidation trials per-
formed in the unit. It is noticeable that process costs presented
in the table are comparable for tests Is and Ip, IIs and IIp.
This observation is apparent. The overall process cost reflected
the variation of inputting contamination; in the case of tests Is
and Ip the initial concentration of contaminants was dramati-
cally higher and in the case of Ip and IIp tests the oxidation
was not finished, thus the final process cost would have
significantly increased. The lowest process cost was achieved
during test IIs and was only 2.05 €/m” of treated water.
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Figure 6 | Concentration of pollutants, test Ip, R in parallel.
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Table 4 | Summary of process costs performed in the unit contaminated groundwater with chlorinated ethenes. Arrange-
ment of reactors in series reflected the higher efficiency of
Test Process cost (€/m?) .
chlorinated ethenes’ treatment. The overall cost of treated
Is 3.60 water per 1 m®> was dependent on input contamination; how-
1Is 2.05 ever, the lowest price achieved was 2.05 €/m°.
Ip 3.82
IIp 2.23

During analyses, we observed a disturbing effect of natu-
ral organic matter in analyzed samples. This disturbing
effect could have been caused by natural occurrence of
very stable humic and fulvic acids in contaminated water.
Humic and fulvic acids belong to the class of complex
polyclic high-molecular-weight compounds with molecular
weights ranging from thousands to hundreds of thousands
(Pivokonsky et al. 2010). These molecules are, however,
very difficult to detect. Removal of these substances is
based on coagulation/floculation of humic substances or
on methods based on ion exchange, membrane filtration,
or biological methods (Jdegaard et al. 1999).

CONCLUSIONS

Tests with a pilot scale unit, placed in a movable container for
easy transport, were performed. This unit operated only with

Downloaded from http://iwaponline.com/aqua/article-pdf/67/4/414/248626/jws0670414.pdf
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Electro-coagulation (EC) is an alternative method to standard chemical coagulation, which is one of the
most common water and wastewater treatment processes, employed to remove a wide range of
contaminants through (co)precipitation processes. Despite the attention EC has received over the last
decade, misconception regarding key process parameters exists and a lack of standardised procedure
impacts on the progress of this promising field.

It is demonstrated here how, unlike frequently reported in the literature, a fundamental process
parameter - current intensity - is the process determining step with regards to extent of contaminant
removal (rather than current density). Furthermore, terminology is proposed with a view to unify
communication and to facilitate performance interpretation and comparison of datasets whilst the jar-
testing procedure is presented as standardized method for process evaluation with the same objective in

Keywords:
Electro-coagulation
Water treatment
Current intensity
Current density
Process efficacy
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mind. Finally, shortfalls and solutions to experimental design are discussed and presented.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Objectives

Given the significant pressure put on existing water resources
by population growth and industrialisation, the requirement for
effective and efficient water treatment technologies is pressing.
Due to its versatility and broad scope, coagulation is one of the
most common water and wastewater treatment processes,
ubiquitous to both industry and municipal treatment plants.
Consequently, it is not surprising that as a technology that offers
the possibility of carrying out effective water treatment in a
compact footprint and with low chemical consumption, electro-
coagulation (EC) has received significant interest over the past
decade. The large number of publications is a testament to this,
with recent extensive reviews covering a broad range of topics,
from fundamental research [1,2], application specific testing [3,4]
or design engineering [2]. A common conclusion stands out: EC has
potential as a viable water treatment technology.

Against this promising background it is surprising that the
technology has not become mainstream given that the first

* Corresponding author at: Institute of Chemical Process Fundamentals, Academy
of Sciences of the Czech Republic, Rozvojova 135, Prague 6 165 02, Czech Republic
E-mail address: krystynik@icpf.cas.cz (P. Krystynik).
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0255-2701/© 2016 Elsevier B.V. All rights reserved.

reported installation in London dates back to 1889 [4] and a US
patent for purification of wastewater by electrochemical corrosion
of iron and aluminium electrodes was submitted as early as 1909
[5].

The barrier for technology uptake seems to result from the
inexistence of standardised process and hardware development
evolving into a well characterised product which industry can
confidently operate. Although the process principles have been
studied for decades, the ‘chemical journey’ of a metal particle from
the electrode surface until it reaches bulk solution is still not fully
understood [2,6-8]. The majority of the research effort has been
centred on enabling treatment of a particular contaminant, leading
to application-specific knowledge rather than a mechanistic
understanding. The reason behind this outcome seems to be the
difficulty in evaluating process parameters in isolation due to the
multitude of phenomena occurring simultaneously at the elec-
trode surface and bulk solution. Holt et al. [9] summarised in a
clear and conceptual way how the field of electro-coagulation
results from the overlap of three independent subjects that ‘come
together’ when EC is implemented: Electrochemistry, flotation,
coagulation (Fig. 1).

The complexity of the subject renders a mechanistic approach
harder to implement and therefore carrying out contaminant-
centred studies has been a generally preferred, albeit more limited,
approach. Perhaps as a consequence of this multitude of ‘individual
case studies’ that comprises a large section of EC literature, there is
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Fig. 1. Conceptual framework for electro-coagulation as a ‘Synthesis’ technology [9].

great variability in the way results are generated, interpreted and
reported that compromises the ability to efficiently progress the
know-how and credibly take this technique from a research topic
to a well-established, mainstream, technology.

The main purpose of this work was to bring clarity to the way
key datais generated and reported within EC research and pointing
out the benefits of standardisation in the reporting of data and
experimental process, in particular process performance evalua-
tion.

To support these arguments, a study was carried out to
demonstrate a fundamental aspect of the process: which
parameter limits process efficacy (current density or current
intensity). The study was carried out over a range of model
contaminants (heavy metal—Zn, nutrient—P and suspended
solids—kaolin) to demonstrate that results are not contaminant
specific but rather a general process trend.

Post EC treatment, model ‘effluent’ samples were processed
using an industry standard procedure - jar-testing — with a view of
introducing repeatable and reproducible methodology that also
finds comparability with industrial processes. The aim is not only
to standardise evaluation of process performance across research,
but to do so in a way industry can readily evaluate and translate to
plant performance, thus enabling quicker uptake of the research
developments.

In brief, specific objectives are:

e Demonstrate that current intensity (i.e. dosing concentration) is
the key performance-limiting parameter in EC (i.e. determinant
for removal efficacy)

e Demonstrate that current density plays a secondary role in
removal efficacy

e Standardise process performance evaluation and present termi-
nology

1.2. Coagulation background

A wide range of contaminants can be removed from various
effluent streams through a procedure of (co)precipitation where
metal hydroxides (of Al of Fe) are formed within the effluent
stream to ‘capture’ contaminants. The process is commonly known
as coagulation and is carried out through the addition of a
precipitating agent (most commonly AI** or Fe3*) to the effluent
stream which, at suitable conditions (e.g. pH), forms insoluble
aggregates that bind to the contaminants and form a sludge that
can be physically separated from the aqueous phase (e.g. by
settlement, flotation, filtration). This process is widely used in
municipal wastewater treatment plants to remove solids and
nutrients from effluent streams and by a broad range of industries
to remove specific contaminants from process streams (e.g. heavy
metals, dyes, bacteria, phosphorous . . . ).

Whilst chemical coagulation is the standard procedure in
industry, where soluble salts of Al or Fe are used (e.g. Al;(SO4); and
FeCls), this can be replaced by an electrochemical alternative (EC)
where the precipitating agent (e.g. Al>*, Fe**) is generated by
corrosion of metallic electrodes of aluminium or steel. The use of
electrodes as the vehicle for delivery of Fe or Al ions to solution,
effectively replaces chemical dosing stations with more compact
electrochemical reactors [6], since the metallic phase is a far more
compact way of transporting Fe or Al compared to aqueous salt
solutions.
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Fig. 2. Flow diagram of EC experimental setup employed. System can operate in re-circulation or single pass mode. System was operated in single pass by collecting dosed

effluent from valve ‘EC10".

Consequently, EC enables an essential wastewater treatment
step to be carried out within a compact footprint, with no/reduced
chemical input and avoiding the need to store and handle
chemicals that pose reasonable health and safety risks and affect
logistics [10-12]. Other reported benefits are the potential for
greater efficacy [13,14] and reduced sludge volumes [2,15].

Despite its promising potential, and with the capability of
taking basic wastewater treatment to remote locations, gaps in the
understanding of the principles are barriers to a widespread use of
EC. This work aims at narrowing those gaps.

2. Experimental
2.1. Equipment

Electrochemical experiments were performed using a benchtop
coagulation system (First Element), operated in flow-through
mode, comprising a 10 L batch tank, EC cell, power supply (Aim-TTi
CPX400DP, 60V, 20A), circulation pump, flow meter, flow
regulation valve and sampling points. The EC cell is composed
by an (easily exchangeable) cylindrical anode (12mm and
12.57 mm diameter, Fe and Al respectively—RS components)
located in the centre of a tubular stainless steel cathode (ID
19 mm, total length 200 mm). A diagrammatic representation of
the experimental setup is shown in the flow diagram (Fig. 2).

2.2. Method

2.2.1. Test solutions

Test solutions of Zn, P and kaolin were prepared such that
‘contaminant’ molar concentration, pH and conductivity were
equivalent—3.82 x107°M; 6.5 and 500 WS/cm, respectively
(Tables 1 and 2). Zn was prepared from Zn 1000 ppm standard
for AA (ANALYTIKA™, 99.999%), P from H3PO,4 (Lach-ner, 85%) and
suspended solids from powdered kaolin (Al,Si,0g(OH),4) (Sigma-
Aldrich >99%). KNOs (Penta chemicals, p.a.), NaCl (Lach-Ner, p.a.)
and NaOH (Lach-Ner, p.a.) were used to adjust conductivity and pH
to the target values. NaCl was used in conjunction with KNO3 in
solutions tested with steel electrode to promote electrode
corrosion. Distilled water (conductivity 0,15 S/cm) was used to
make up model solutions.

2.2.2. Dosing

Experiments were carried out by circulating model effluent
(1 pass) through the EC cell at a set flow rate (40 L/hour 4 20%)
whilst operating the power supply in galvanostatic mode. Dosing
concentration was varied by changing input current between set
points and holding for sufficient time for steady state to be reached
and for a sample to be collected (for Al: 518 mA, 1034 mA, 1553 mA,

2071 mA, 2589 mA; for Fe: 345mA, 690 mA, 1034 mA, 1381 mA,
1726 mA).

2.2.3. Electrode surface area

Electrodes were marked in regular length sections (4 cm for Al
electrode; 2.67 cm for Fe electrode) to enable variation of the active
surface area by set values. Electrode active surface area (81.7 cm?
Al, 54.5cm? Fe) was changed as needed by (un)covering marked
sections with PTFE tape between different trials to vary or keep
current density constant as required by testing procedure: mild
steel was varied between 10.9 and 54.5cm? and aluminium
electrodes 16.3 and 81.7 cm?.

Electrode surfaces were mechanically polished and thoroughly
rinsed prior to testing.

2.2.4. Sampling and jar-testing

To implement a standardised procedure and enable direct
comparison with typical industry process, 1L samples of dosed
model effluent were collected after a single pass and immediately
‘jar-tested’ as per standard jar-test procedure [16]: 1L samples
were placed in a six place, variable speed, programmable
flocculator (Stuart SW6) and subjected to 1min fast mixing
(250 rpm) followed by 10 min at slow mixing (25 rpm). After the
mixing regime, a 30 min period of quiescence followed to allow
coagulated particles to settle. Aliquots were then collected from
the top 2 cm fraction, for analysis or further processing.

Samples were acidified with HNOs (Lach-ner, 65%) before
chemical analysis by ICP.

2.3. Analysis

Al, Fe, P and Zn concentration was determined by ICP (Agilent
420 MP-AES) whilst kaolin concentration was followed by
measuring absorbance at 550 nm (UV Sprectrometer GBC Cintra
20). (Note: Absorbance measurements were recorded before
acidification and filtration, to allow meaningful results to be
recorded). Conductivity and pH were measured with a multi-
parameter probe (WTW Multi 3420).

Table 1
Al testing solutions—details of model solutions containing Zn, P or kaolin used for
EC testing with Al electrodes.

Concentration Cond. pH [NaOH] [KNO3]
mol/L ppm WS/cm M M
Zn 3.82E-05 2.50 500 6.5 7.65E-04 1.48E-03
P 3.82E-05 118 500 6.5 1.15E-04 3.77E-03
Kaolin 3.82E-05 10.47 500 6.5 3.21E-05 3.74E-03
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Table 2
Fe testing solutions—details of model solutions containing Zn, P or Kaolin used for
EC testing with Fe electrodes.

Concentration Cond. pH [NaOH] [KNOs] [NaCl]
mol/L ppm  wS/cm M M M
Zn 3.82E-05 2.50 500 6.5 7.65E-04 - 3.41E-03
P 3.82E-05 1.18 500 6.5 115E-04 7.95E-04 3.41E-03
Kaolin 3.82E-05 10.47 500 6.5 3.21E-05 7.67E-04 3.41E-03

3. Results and discussion
3.1. Terminology—parameter nomenclature

Since this work aims at drawing attention to the benefits of
operating with clear communication and standard procedures, a
list of parameters is presented below. It is our objective to
encourage the exchange and discussion of terminology to reach a
clear and unambiguous consensus:

Dosing concentration—the concentration of metal ion dissolved
into solution through the application of a known charge.

Residual concentration—remaining concentration of analyte
post EC treatment and jar-test. For clarity, the analyte can be either
a contaminant or a dosed ion (e.g. Al or Fe)

Control concentration—concentration of analyte in control
(untreated) sample

Removal efficacy
expressed in %

(%)—amount of contaminant removed

residual concentration

100 -
control concentration

x 100

3.2. Performance evaluation—'jar-testing’

The key aim of procedural standardisation is to establish
repeatable methodology that generates reproducible datasets thus
enabling reliable comparison and evaluation of information. It is
with this aim in mind, that the jar-testing procedure is discussed
here. Due to its standardisation and well-established use in the
water industry [10,16], a strong relationship between full scale
plant performance and laboratory jar-testing has been established
by plant operators. The implementation of this standard procedure
into performance evaluation of laboratory research will not only
enable straightforward comparison between research datasets, but
will also facilitate interpretation of data at industrial process level,
and thus assist in the implementation of EC as a standard industrial
process (see “Section 2” for description of procedure). It is

¢ Fe experimental
A Al experimental

therefore proposed that this is implemented as a widespread
method of evaluating EC performance at laboratory level.

3.3. Dosing determination

Theoretical dosing was estimated through Faraday’s law and
real dosing determined by a calibration curve (Fig. 3) established
by measurement of total Al and Fe dosed by ICP analysis.

Good linearity was observed as predicted by Faraday’s law
(Eq. (1)) but dosing concentrations above theoretical estimation
were recorded. This is presumed to be due to error associated with
control of flow rate during experiments (estimated 4+-20%) rather
than electrode dissolution greater than theoretical estimation
(Faraday’s law), as reported in the literature (i.e. ‘superfaradaic
efficiency’) [3,17]. For example, in the case of aluminium, not only
no cathodic dissolution of Al could have occurred (stainless steel
cathode), but the electrolyte was KNOs3, therefore no ClI~ -induced
corrosion of the anode could have occurred.

3.4. Process efficacy vs. efficiency—terminology

EC is often reported as an efficient technique in removing a wide
range of contaminants although no comparison with other
methods or a resource evaluation is performed, the conclusion
being reached solely based on the level of contaminant removal
achieved. A recent comprehensive review includes various such
examples where different authors concluded about the ‘efficiency’
of EC [3]. The frequent misuse of terminology leads to ambiguity,
and clarity is important in furthering the acceptance of the process.
Efficiency describes the ability of ‘acting or producing with minimum
waste, expense or unnecessary effort’, whilst efficacy is defined as ‘the
power or capacity to produce a desired effect’. Therefore, EC may be
effective in removing various contaminants but, if in doing so a
significant charge (i.e. a high dosing concentration) is required, then
the process is inefficient—i.e. a large amount of a resource is
required to achieve a certain outcome.

To conclude about process efficiency a comparative analysis is
required to determine if the same performance can be reached at
the expense of more or less resource in other circumstances or by
another technique. The efficacy however, can be quantitatively
determined by recording the concentration of a target contami-
nant before and after treatment and calculating the extent of its
removal. Finally, to conclude about the suitability of the technique
to treat a particular waste stream, both parameters are needed.

Here, by way of example, evaluation of process efficiency was
presented for Fe electro-coagulation of model solutions where, to
enable performance comparison, power consumption was

——Fe Theoretical
—O—Al Theoretical

20

Concentration [mg/L]

=
o
T

0 L
0 1

2 3

Current input [A]

Fig. 3. Calibration curves for Al and Fe electrochemical dosing. Theoretical and experimental curve. Flow rate =401/h 4+ 20%.
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normalised against contaminant removal levels and expressed in
kWh/g-removed.

It can be seen from Fig. 4 (left) that as current input was
increased (i.e. dosing concentration), power consumption per unit
amount (by mass) of removed contaminant also increased,
indicating that power efficiency decreased with increasing dosing
concentration.

When evaluating the impact of current density on power
efficiency (Fig. 4(right)), as expected, it is clear that power
consumption significantly increased with current density, demon-
strating that operation at the lower current density was most
efficient. Therefore, with regards to power consumption, the
process was most efficient when operating at dosing concentration
of 3.22 x 107*M (Fe) and the lowest density tested. It is however
worth noting that, when considering the suitability of the process
to a particular industrial application, it may be required to operate
outside the most efficient parameters and prioritise removal
efficacy to meet treatment objectives. These considerations must
be taken into account when concluding about the suitability of EC
(or any process for that matter) to a particular application.

Since the experimental work presented here was carried out for
clarification purposes, process data from another treatment
technique was outside the scope of this work. Suffice to say that
the availability of that data would be key to conclude whether EC
could be regarded as an efficient technique for the ‘application’
under consideration.

3.5. Current density (]) vs. Current intensity (i)

Although | is a key parameter in many electrochemical
processes, it is demonstrated here that current intensity (i) is
the ‘process determining' step with regards to contaminant
removal (process efficacy) as this is the parameter directly linked

to concentration of coagulant in solution (i.e. metal ion), as
theoretically quantified by Faraday’s law (Eq. (1)).

ixt M
m=——x~ (1)

No doubt current density (J) plays a role at the upper and lower
limits where, above a maximum, competitive processes compro-
mise performance (e.g. magnetite formation [18]) and, below a
minimum, corrosion of the electrode does not occur. However,
within a range, which varies depending on experimental
conditions (e.g. electrolyte [19]), the impact of J on process
efficacy is largely negligible [18] and contaminant removal is
dominated by the amount of metal ion dissolved in solution i.e. the
dosing concentration [20] (on the other hand, the impact of J on
process efficiency is relevant as at higher current densities power
consumption increases as shown above). This is so because the
mechanisms of coagulation causing contaminant removal (charge
neutralisation and sweep flocculation [1,21,22]) are driven by the
amount of charge required to destabilise colloidal suspensions and
promote particle aggregation, not the current density at with
electrode corrosion occurs.

From the plotted data (Figs. 5 and 6) it can be seen that despite
keeping current density constant, the extent of contaminant
removal achieved varied with dosing concentration (for both Al
and Fe dosing). The typical behaviour is an increase in removal
efficacy although this is not always a proportional increase. This is
to be expected as it is known that coagulant performance has
‘optimal points’ as a result of charge balance in solution [23]. The
key aspect of the data being the variation of removal efficacy with
dosing concentration despite constant current density.

Conversely, when model solutions where treated at varying
current density, whilst maintaining dosing concentration constant,
(Figs. 7 and 8) removal efficacy did not vary as a function of current
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Fig. 5. Removal efficacy of P, Zn and Kaolin in model solutions treated by Al electro-coagulation at constant current density (31.70mA/cm?) over a range of dosing

concentrations (shown in x-axis).
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density but rather remained constant (within experimental
variation).

3.6. Variable dependency

The frequent (mis) reporting of process efficacy as a function of
J is probably due to the historic use of experimental setups with
limitations. Carrying out EC experiments can be extremely
straightforward, in its simplest form only two electrodes in a
‘batch reactor’ (e.g. a glass beaker) connected to a power supply are
required and applying a potential drives corrosion. However,
without careful experimental consideration, the alteration of
experimental parameters can lead to inconclusive data. To
illustrate the importance of experimental design two common
scenarios are discussed below: 1—current density and dosing
concentration; 2—residence time and dosing concentration.
Variations of these two central configurations exist and covering
them all in detail is unnecessary to illustrate the argument.

100

Experimental setups have advantages and disadvantages, the
critical aspect being the importance of experimental design to
ensure that conclusive data is generated.

3.6.1. Current density and dosing concentration

Most likely, this variable dependency is in the origin of the
frequent misreporting of process efficacy as a function of current
density, due to the type of experimental setup often used. A typical
electrochemical setup operates electrodes with a fixed active
surface area therefore, when current intensity is varied to alter the
corrosion rate of the anode (therefore dosing concentration),
current density is also changed. Given that J is a key parameter in
many electrochemical processes (e.g. electrodeposition) perhaps
there is the tendency to reference performance to it in electro-
coagulation however, as explained above, colloid destabilization is
a function of the amount of coagulant added to solution [2] and not
the current density at which electrode corrosion occurred.

20

Removal efficacy (%)

o L L
19.018 23.772

31.696

ap
OZn

HKao

47.544  95.089

Current density (mA/cm?)
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in x-axis). Working current intensity corresponds to a theoretical dosing concentration of 4.83 x 10~*M Fe.
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Nevertheless, since current density impacts on process
efficiency (power consumption), and can have an impact on
process efficacy (if operation occurs at a range where competitive
processes can become significant—e.g. magnetite formation [18]),
it is good practice to single out the specific testing variable when
doing research so that the results observed can be unequivocally
ascribed. As employed here, a simple solution is to use a setup that
allows for active surface area to be modified quickly and enable
operation at constant current density despite changing current
intensity.

3.6.2. Residence time and dosing concentration

Typically, in batch mode testing, experiments are carried out by
anodic dissolution over a period of time within a fixed volume of
electrolyte (or variations due to sampling are taken into account).
In this situation, testing is carried out in galvanostatic mode and
reaction time is varied whilst monitoring contaminant removal.
Whilst this approach has the benefit of maintaining electrode
operation at a constant current density and intensity, two key
process parameters are still being varied simultaneously: dosing
concentration and contact time.

Although dosing concentration is the principal parameter
driving coagulation, contact time also has a relevant impact on
process efficacy. Experimentation that does not take this into
account and isolates the impact of both variables, generates data
which is limited in the scope of interpretation.

4. Conclusions

The motivation for this work is the understanding that EC has
great potential for the efficient and effective provision of clean
water in a variety of applications. The concepts presented are
simple, yet key in achieving objective and sound data that can lead
to progressive knowledge.

Ultimately, society will only benefit from EC research effort
once the knowledge is put into practice. To enable its implemen-
tation, clear process parameters need to be identified to support
reliable design and engineering. Failure to do so, results in
unreliable technology that compromises the reputation of the
subject and affects the credibility of the research.

For clarity, it was demonstrated that current intensity (rather
than current density) is the process determining step, since this
links to concentration of coagulant in solution. Furthermore, the
difference between process efficacy and efficiency was presented
as this understanding is key to a potential industrial user: efficacy
relates to the extent of removal of a contaminant, efficiency relates
to the use of resources (e.g. power) to achieve said efficacy.

To facilitate performance interpretation, the jar-testing proce-
dure was discussed as this enables straightforward comparison
with industrial scale processes that use it as a standard procedure.

Finally, in an experimental context, variable dependency
between current density-current intensity and residence
time-dosing concentration was discussed to demonstrate the
need for critical thinking during experimental design in an effort to
isolate testing variables and generate clear datasets.
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This paper studies electro-coagulation (EC) as a potential alternative to chemical coagulation for the treatment of
water and wastewater. Prior research around this technology has been centred on application-specific research
leading to a lack of fundamental studies and understanding of the process principles governing the technology.
Developing on previous work, a theoretical study employing model solutions of arsenic is presented to
demonstrate not only how it is possible to systematically evaluate the performance of the process, but also how

process performance is regulated by the amount of coagulant in solution and, therefore current intensity
employed. The data is in strong contrast with literature reporting on the impact of flow rate and current density
on process performance. Here it is demonstrated that when the key process parameter — dosed coagulant
concentration - is kept constant, variation of flow rate and current density does not affect process performance.

1. Introduction

The present work stems from the drive to demonstrate that a
mechanistic approach to the study of electro-coagulation (EC) is
possible and to provide clarification on the process principles behind
this promising technology. Our view is that by establishing the
principles that govern EC, along with a systematic methodology to
assess them, consensus around process mechanism can be reached and
ambiguity of performance reporting is reduced.

1.1. Electro-coagulation (EC)

In previous work [1] a study employing model solutions was carried
out to present a systematic approach to the study of EC and establish
the basic process principles. In this paper, that work was taken further
by developing the methodology to enable the independent evaluation of
the effects of dosing concentration, current density and flow rate. The
bulk of the literature report that multitude of parameters affecting
performance (e.g. current density, flow rate), in our view, stems from
an incomplete understanding of the process. Here we seek to make a
distinction between ‘primary' process parameters that directly impact
the coagulation process (e.g. dosing concentration) and ‘secondary’
process parameters that have an indirect effect through its influence on
‘primary' parameters (e.g. flow rate). It is worth pointing out that there
are of course other factors that affect process performance (e.g. pH) but
these are not process parameters per se but rather effluent character-
istics.

As a coagulation technique, the fundamental chemical mechanism
behind EC performance is colloid destabilisation [2,3]. Ultimately this
is the chemical step resulting in contaminant removal from solution (by
precipitation) and occurs through charge balancing of colloidal parti-
cles, leading to particle aggregation and precipitation [4]. The key
difference between chemical coagulation and electro-chemical coagula-
tion (EC), is the mechanism of addition of ions particles to solution.
Whilst in chemical coagulation this is carried out via the addition of
soluble metal salts (e.g. FeCls or Al»(SO,)s3), in EC the solubilisation of
the metal ion is achieved through corrosion of an electrode (e.g. steel or
aluminium). Therefore, when evaluating EC performance, studies
should account for amount of coagulant in solution (e.g. Fe or Al)
and control this variable when examining the impact of other process
variables on performance. The work presented here has done just so
where, by maintaining coagulant dosing constant during variations of
current density and flow rate, clear conclusions were drawn which
contrast with those of varied literature reports.

In an effort to demonstrate the validity of the findings, a different
contaminant (arsenic) than that employed in the previous study [1] was
used. Arsenic was chosen for this study due to our interest in developing
effective strategies to prevent, and/or restore, underground water
contamination therefore, a brief background to the subject is presented
below.

1.2. Arsenic contamination

Along with its natural occurrence [5], anthropomorphic activity is
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an important source of As contamination across the world due to the
extraction and use of brown coal, namely in industrial processes and
energy production [6]. Its by-products find its way into added-value
products (e.g. cement, aerated concrete, special fertilizers with sulphur
content or gypsum plasterboards), the latter being relevant to this piece
of work due to its abundance in landfill sites where runoff contamina-
tion is an issue [7-9]. Across European countries, between 10%-90% of
used plasterboards are landfilled with Central European countries
currently experiencing high levels of landfilling [10]. This practice is
cause for concern since plasterboards produced from brown coal
combusted products contain arsenic, which can be released into the
environment from damaged boards that frequently occurs during the
disposal procedure. High levels of arsenic recorded in energy gypsum
produced in three brown coal combustion plants located in Czech
Republic vary between 44.14 mgkg ™! and 85.32 mg kg ! (cit. [11]).
According to WHO guidelines, permitted concentration limit of As in
drinking water is 0.01 mg/L [12].

Arsenic removal from aqueous effluents is typically carried out by
standard chemical coagulation combined with flocculation and/or
filtration, a reportedly efficient method [13-18]. Lakshmanan et al.
[13] compared electrocoagulation with standard chemical coagulation
for As™ and As” removal and results showed that removal efficiencies
reached more than 95%. Lee et al. [14] used oxidation of As™ to As¥ by
Fe"! followed by coagulation revealing 90% removal efficiency at initial
concentrations of 500 pg/L. Pio et al. [15] implemented activated
carbon and sodium hypochlorite as adsorption media for As removal
and observed removal efficiencies attacking 90% removal with initial
concentrations of 100 pg/L. Josip et al. [16] tried immersed membrane
for removal of As after Fe™" coagulation; initial concentrations varied
between 100 and 600 pg/L with residual concentrations 7-60 pg/L
revelaing removal efficiencies exceeding 90 %. Microfiltration [17] and
electrocoagulation [18] showed similar removal efficiencies attacking
90 % removals treating initial concentrations 90-100 pg/L.

However, this generates large amounts of sludge that must be
handled as hazardous waste. More recently, a significant number of
papers report on removal of As from water by electrocoagulation
[19-23]. Unlike chemical coagulation, electrocoagulation avoids the
use of chemicals thus minimizes the possibility of secondary pollution
and reduce the transportation cost of large volume of chemicals.
Compared to chemical coagulation, electrocoagulation produces larger
flocs containing less bound water; they are stable over a wider range of
pH and are easier to be separated by sedimentation and filtration [24].
From economical point of view electrocoagulation was reported to be
cheaper in overall process cost compared to chemical coagulation [25].
This study is a continuation of work elucidating the process principles
of EC [1] where, in this instance, As was employed as the model
contaminant (not covered in the previous work). By extending the study
to another model contaminant, not only the work establishes the
potential of EC as a remediation technique, but also demonstrates that
the findings are process characteristic (rather than response to specific
contaminant).

2. Experimental
2.1. Equipment

Electrocoagulation experiments were performed using a benchtop
coagulation system (First Element), operated in flow-through mode,
comprising a 11 L conical batch tank, EC cell, power supply (Aim-TTi
CPX400DP, 60 V, 20 A), circulation centrifugal pump, flow meter, flow
regulation valve and sampling points. The EC cell is composed by an
(easily exchangeable) cylindrical anode (12 mm and 12.57 mm dia-
meter, Fe and Al respectively — RS Components) located in the center
of a tubular stainless steel cathode (ID 19 mm, total length 200 mm). A
diagrammatic representation and 3D drawings of the experimental
setup is shown in Fig. 1.
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2.2. Method

2.2.1. Test solutions

Model solution was prepared by dissolution of an As,Os; (Sigma-
Aldrich, ACS reagent) in distilled water with initial As®™ concentration
of 3.22:10~* mol/L. NaOH (Lach-Ner, p.a.) was used for pH adjust-
ment; NaCl (Lach-Ner, p.a.) and KNO; (Lach-Ner, p.a.) were used for
conductivity adjustment. The initial pH of model solution was 6 and
conductivity 500 pS/cm.

2.2.2. Dosing

Experiments were carried out in single pass through the EC cell at a
set flow rate (40 L/hour * 10%) whilst operating the power supply in
galvanostatic mode. Dosing concentration was varied by changing
current input between set points and holding for sufficient time for
steady state to be reached (this means no variation of potentials
between electrodes while effluent flows through the EC cell, stabilisa-
tion of flow rate after adjustments). The current inputs were following:
for Al: 518 mA, 777 mA, 1034 mA, 1295 mA, 1553 mA, 1813 mA,
2071 mA, 2331 mA, 2589 mA; for Fe: 345 mA, 517 mA, 690 mA,
862 mA, 1034 mA, 1207 mA, 1381 mA, 1553 mA, 1726 mA. The dosing
concentration/contaminant concentration molar ratio was kept as
follows: 1:2, 1:1.5, 1:1, 1.5:1, 2:1, 2.5:1, 3:1, 3.5:1, 4:1 respectively
for each value of current input of both Fe and Al electrodes. Theoretical
concentration of Fe/Al were calculated from the equation:

_ItM
zF

" €
where w is the amount of dosed iron into 1 L of the solution at specific
current input (A), t is a contact time of 1 L solution with the electrodes
(s), M is molecular weight of Fe/Al (55,485 g/mol; 26,981 g/mol), z is
number of electrons transferred per Fe/Al atom (z = 2 for iron
electrode, z = 3 for aluminium electrode) and F is Faraday’s constant
(F = 96 485C/mol). The amounts of dosed coagulant depending on
current inputs are summarized in Tables 1.

2.2.3. Electrode surface area

To enable variation of the active surface area, electrodes were
marked in sections of fixed length (1.33 cm for Fe electrode; 2 cm for Al
electrode). (Un)covering of the electrode surface (along the marked
sections) with PTFE tape between different trials enabled current
density to be varied or kept constant despite varying current intensity.
An example is given on Fig. 2.

Surface area of mild steel electrode varied between 10.9-54.5 cm?
and aluminium electrodes 16.3 — 81.7 cm?. Electrode surfaces were
chemically cleaned with HNO3; (Lach-ner, 65%), then mechanically
polished with sand paper and thoroughly rinsed with distilled water
prior to testing.

2.2.4. Sampling and jar-testing

A jar-testing procedure was used as a standardised procedure
enabling direct comparison with typical industry process [1,26]. 1L
sample of treated effluent was collected after a single pass through the
EC cell and placed in a programmable flocculator (Stuart SW6). The
sample was then subjected to a 1 min fast agitation (250 rpm) step
followed by 10 min at slow agitation (25rpm). A 30 min period of
sedimentation followed to allow separation of coagulated particles from
treated effluent. Sampling of treated effluent was carried out from the
top 2 cm fraction. Prior to ICP analysis, samples were acidified with
concentrated HNO3 (Lach-ner, 65%).

2.3. Analysis
Total and residual concentrations of Al, Fe, As were determined by

ICP-OES (Agilent 420 MP-AES). Details of ICP analytical method are
given in the Table 2. Conductivity and pH were measured with a multi-
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Fig. 1. Flow diagram of EC experimental setup employed — Left; 3D drawings — Right.1-Tank, 2-Flow valve ON/OFF, 3-Drain valve, 4-Circulation pump, 5-Flow regulation valve,
6-Flow meter, 7-EC cell, 8-Sample valve, 9-Mixing motor. System was operated in single pass (continuous mode) by collecting dosed effluent from valve ‘8’.

Table 1
Concentration of coagulant in treated effluent depending on current input (at 40 L/h flow
rate).

[Fe] [Al]

I(mA) mg/L mmol/L I(mA) mg/L mmol/L
0.345 8.9 0.16 0.518 4.3 0.16
0.517 13.4 0.24 0.777 6.5 0.24
0.690 17.9 0.32 1.034 8.6 0.32
0.862 22.4 0.40 1.295 10.8 0.40
1.034 26.9 0.48 1.553 13.0 0.48
1.207 31.4 0.56 1.813 15.2 0.56
1.381 35.9 0.64 2.071 17.3 0.64
1.553 40.4 0.72 2.331 19.5 0.72
1.726 44.9 0.80 2.589 21.7 0.80

parameter probe (WTW Multi 3620).

3. Results and discussion
3.1. EC cell operation

Dosing concentration as a function of current intensity was calcu-
lated using Faraday's law (Eq. (1)) and plotted against experimental
calibration curves (Fig. 3). Experimental dosing concentrations were
determined by ICP analysis of Al and Fe solutions prepared by
operation of the EC cell at set current intensities.

A good overlap was observed between the conc. vs. current plot of Al
and Fe solutions produced electrochemically and the calculated curves
generated using Faraday's law (Eq. (1)), indicating good agreement
with theoretical estimate. At higher dosing rates, slight divergences
from theory were observed, which is likely to be due to error associated
with control of flow rate during experiments (estimated = 10%) rather

Table 2
MP-AES method parameters.

Method parameters

Replicates 3

Pump rate 15 rpm
Sample uptake delay 75s

Rinse time 30s
Stabilization time 15s

Fast pump during uptake 80 rpm

Fe wavelength detection 373.486 nm
Al wavelength detection 396.152 nm
As wavelength detection 193.695 nm

than electrode dissolution greater than theoretical estimation (Fara-
day's law), as reported in the literature (i.e. ‘super-faradaic efficiency')
[3,27]. For example, in the case of aluminium, not only no cathode
dissolution of Al could have occurred because the cathode was stainless
steel. In addition, the electrolyte was KNOs, therefore no Cl~ —induced
corrosion of the anode could have occurred

3.2. Current density (J) study

A constant concentration of coagulant (Al or Fe) was dosed over a
range of current densities to determine the impact on removal efficacy
(Fig. 4). As expected, over a broad range of current densities
(19.02-95.09 mA/cm?), the removal efficacy was nearly constant and
variations are within experimental and analytical error. This is because
current input to the electrode was constant during the entire process
whilst current density was changed by (un)covering of the active
surface of the electrode [1].

Current density is often a process-limiting step in many electro-
chemical processes, however, within a broad operational range, this is

Fig. 2. Partly taped and partly exposed mild steel (upper) and aluminium (lower) electrode with clearly distinct sections.
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Fig. 3. Calibration curves for Fe (left) and Al (right) electrochemical dosing. Error bars represent variations in observed concentrations compared to theoretical (dashed lines). Flow

rate = 40L/h * 10%.

not observed during electrocoagulation. Since flocculation occurs
through charge destabilisation of particles [28], this process is gov-
erned by the concentration of floc in solution (that balances contami-
nant particle charge) therefore, provided the operational current
density does not impact on the properties of the produced flocculant
(i.e. the hydroxides of dissolved Fe or Al), it does not impact on removal
efficacy. This parameter becomes relevant at values where competitive
processes occur and the properties of the generated floc are affected
(e.g. magnetite (Fe30,4) formation can occur instead of hydroxide Fe
(OH)3 [29,30]). For example, from Table 3, it is possible to see that the
surface area of magnetite particles generated electrochemically (Fe;0,)
is significantly smaller than Fe(OH)s;, thus reducing the available
contact area for contaminant ad(ab)sorption.

3.3. Current input (I) study — coagulant concentration

Current input is the key parameter determining concentration of
dosed coagulant in treated effluent. In most published worked, varia-
tion of current input is accompanied by a variation of current density
since active surface of the electrode is almost always kept constant. In
this work however, a proportional variation of active surface area
accompanied variation in current intensity such that current density
was kept constant throughout the trial. This enabled unambiguous
distinction between the combined influences of two different para-
meters and hence only the impact of coagulant concentration on arsenic
removal is depicted in Fig. 5.

From Fig. 5 it is evident that the influence of current input (i.e.
coagulant concentration) on removal efficacy is entirely different from
that observed for current density (Fig. 4). Here, a progressive increase
in removal efficacy was observed throughout the tested range of current

100
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Table 3
Textural properties of Fe and Al floc.

Sample SpET Smeso Intrusion

V micro PHe PHg e(-)
(m%*/g) (m%g) (iq) volume (g/ (g/
(mm3/g) (cm®/g) cm®)  cm®)
Fe(OH); floc  329.5 223.3 56.4 0.45 2.17 1.3 0.40
Al(OH); floc  114.5 77.1 21.4 0.02 2.28 1.84 0.19
Magnetite 67.2 45.5 11.9 0.68 2.61 1.03 0.61

intensities (dosing concentrations). It is worth noting that the removal
efficacy is expected to reach a maximum, characteristic of the system,
and continual addition of flocculent does not result in continued
increase in removal efficacy [31]. It is further noticeable how Fe floc
outperformed Al floc in the removal of As which, in light of previous
literature reports [32] and data presented in Table 3 and Fig. 4 is
expected.

This data is in stark contrast with most reports in the literature
reporting on extent of contaminant removal as a function of current
density. The significant number of papers refer to an influence of
current density on removal of various contaminants accompanied with
change of current input and claim that current density drives the
concentration of coagulant. From the Faraday’s law equation, it is
obvious that there is no parameter as current density, only current
input. In this work, we demonstrated that current input and current
density can be separated and affect the performance differently.

The authors purposely chose not to include any references here
because they do not wish to antagonise other authors. The process
misconception being pointed out is widespread and singling out a few
publications would be unfair. At the same time, listing all the publica-

As concentration (mg/L)

50

100

Current density (mA/cm?)

Fig. 4. The influence of current density on As removal efficacy (left); Total and residual As concentrations (right).
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Fig. 5. The influence of current intensity on As removal efficacy expressed in concentration of dosed coagulant (Al or Fe) vs. removal efficacy (left); Corresponding total and residual As

concentrations (right).

tions would be unreasonable. The option was therefore to make a
general statement

3.4. Flow rate analysis

The impact of flow rate on treatment performance is an often
misreported effect due to the difficulty in isolating the influence of the
various operational parameters ‘acting' on the process simultaneously
[33]. Simple variation of the flow rate whilst disregarding variation in
contact time and input current is ambiguous as this lead to concomitant
variation of dosing concentration (i.e. at constant current input, when
contact time is decreased, dosing concentration decreases). To single
out effects that flow rate may have on performance, dosing concentra-
tion was kept constant throughout the test, given the critical impact this
parameter has on performance (Fig. 6). To fully investigate the impact
of flow rate, three scenarios were tested:

(i) Variation in current input — variation of flow rate was accompa-
nied by proportional variation of current intensity to maintain
constant dosing concentration. Active surface area was not chan-
ged, therefore current density varied.

(ii) Constant current input — current input was not varied while flow
rate was altered, consequently dosing rate decreased proportion-
ally to flow rate increase. Since current input and active surface
area were constant, current density remained constant.

(iii) Varying current input and active surface area — variation of flow
rate was accompanied by proportional variation of current input
and active surface area such that dosing concentration, contact
time, and current density were kept constant.

It can be seen from Fig. 6A that performance was stable across the
flow rate range tested when dosing rate was kept constant despite
varying current density. With regard to current density, this is not
unexpected as it was shown before [1] (Fig. 6) that within a large
operational range the effect of this parameter is largely negligible.

When the dosing rate was allowed to vary as a function of flow rate
(scenario (ii) Fig. 6B), then a drop in performance was observed (for
both Al and Fe dosing). This is to be expected as the dosing rate varied
from 18 to 107 mg/L for Fe and from 8 to 52 mg/L for Al, which
correlates well with data from Fig. 5, i.e. removal efficacy increased
with increasing dosing concentration.

Finally, as can be seen from Fig. 6C, when dosing concentration was
kept constant as flow rate varied (scenario (iii)), removal efficacy
remained stable.

The data over the three scenarios clearly demonstrates that, unlike
various reports in the literature, flow rate has negligible impact on
process efficacy if the amount of coagulant added to the effluent (dosing
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concentration) is not altered. Its influence is of ‘secondary importance'
in the sense that flow rate variation becomes relevant if dosing
concentration is altered but, as a process parameter, its individual
impact on performance is not meaningful.

It is worth noting that flow rate may also have another ‘secondary’
impact on performance through the influence on flow regime within the
cell and its consequence in mixing. It is a reasonable assumption that
turbulent flow regimes (Reynolds number > 4000) improve perfor-
mance due to better mixing of floc [34]. In this work, the flow profile
was predominantly turbulent with Reynolds number from 3960 to
23780.

It also has to be pointed out that the drinking water limit for As was
not reached during the experiments. However, this was not a goal to be
achieved.

3.5. Floc characterization

Textural properties of floc revealed significant differences in surface
area (Specific Surface Area determined by BET equation (Sggt), surface
of mesopores (Spmeso) and volume of micropores (Viicro)) Which is key
data in explaining the difference in performance between the two
coagulant materials (Fe and Al). As presented in Table 3 Sggt, Smeso and
Vmicro are significantly higher for Fe(OH)s; floc than Al(OH); floc,
indicating much better performance in contaminant adsorption, as
displayed in Figs. 4-6. Other parameters given in Table 3 are following:
Intrusion volume - the total volume of pores determined by volume of
mercury entering all the pores, py, — apparent mercury density, pye —
real skeletal density and porosity (¢), that is calculated from the Eq. (2):

i
PHe

e=1-

(2

4. Conclusions

The effect of EC process parameters dosing concentration, current
density and flow rate was evaluated using a methodology that enables
the independent quantification of each parameter, thus enabling an
unequivocal interpretation of the data. The results from testing various
process parameters presented above for both Fe and Al electrodes
showed that Fe dosing lead to significantly higher removal efficacy than
Al dosing. Removal efficacies (with Fe electrode) achieved more than
90% demonstrating that electrocoagulation is an efficient technique for
arsenic remediation. The data clearly demonstrates that dosing con-
centration, which is directly linked to current intensity, is the dominant
process parameter that regulates performance. Unlike most reports in
literature, current density and flow rate were shown to have negligible
impact on contaminant removal provided the amount of coagulant
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Fig. 6. Evaluation of flow rate impact on process performance — As removal. A — scenario i) constant dosing concentration, current density and contact time varied; B — scenario ii)
dosing concentration and contact time varied, current density kept constant; C — scenario iii) dosing concentration, contact time and current density were kept constant.

added to solution remained constant (constant dosing concentration).
In conjunction with previous work, this data demonstrates how the
evaluation of EC performance can be carried out in a systematic and
reproducible way. Furthermore, it clarifies that the performance of the
electro-coagulation process, similarly to its ‘chemical counterpart, is
driven by the amount of coagulant added to solution.
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Wastewater contamination is typically characterized by a combination of organic and inorganic
compounds rendering treatment relying on a single treatment approach almost always unfeasible. The
treatment of complex waste matrices not only poses the process challenge of reducing the concentration
of a number of contaminants to safe levels but also achieving it through an efficient, affordable and
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completely remove contamination, achieved 100% contaminant removal in a shorter reaction time and
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1. Introduction

Massive industrial development and environment unfriendly
waste disposal practices have led to non-negligible soil and
groundwater contamination in many locations around the globe.
Heavy contamination of subsurface suburban waters caused by a
wide variety of organic and inorganic compounds can be typically
found in the environment surrounding many former chemical
plants in Central and Eastern Europe. The requirement for
comprehensive decontamination of such areas is obvious and
conventional approaches, such as biodegradation or sorption, are
not always effective given the mixture of organic and inorganic
compounds present, the latter typically as dissolved metallic ions.

There is, therefore, a requirement for robust technology and
methodology that is capable of tackling complex matrices of
contamination. Furthermore, given the scale and dispersion of
contaminated sites, treatment should preferably be carried out in
situ. This not only avoids the economic and environmental cost of
transporting large volumes of soil and water over long distances,
but also reduces the risk of further contamination.

Enabling such low risk and effective approaches require
development of technology that is compact (for ease of
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transportation) and effective over a broad range of contaminants
(for simplicity of operation). The work presented here combines
electrochemical and photochemical methods to meet such
requirements.

In this methodology, influent streams were initially treated by
electro-coagulation (EC), principally for effective removal of
inorganic contamination [1-5], followed by photochemical degra-
dation of the residual organic contamination employing UV-C and
hydrogen peroxide. It has also been pointed that electro-
coagulation may effectively contribute to the partial removal of
organic compounds [6-8].

Electro-coagulation is based on the electrochemical dissolution
of “sacrificial” electrodes (typically steel or aluminium [9]) and
formation of solid porous particles (hydroxides) which (ad) absorb
suspended matter and dissolved inorganic ions. More detailed
information regarding the mechanisms on electro-coagulation and
ongoing electrochemical reactions can be found elsewhere [10-13].

Despite its applicability in water treatment, iron can be
commonly found both as a natural contaminant in ground- or
wastewaters, and as a consequence of industrial development
(metal corrosion of chemical apparatus, iron and steel industry,
mining) [14], mainly in the form of ferrous(Il) and ferric(Ill) ions.
Iron removal can be performed by several techniques, e.g., ion
exchange and water softening, oxidation by aeration and
chlorination followed by filtration through activated carbon, and
other filtering materials [15-18]. Supercritical fluid extraction,
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Nomenclature

ca Concentration of reactant (mmol/L)

t Reaction time

cao Initial concentration of reactant (mmol/L)
k  Rate constant (s ')

n  Order of reaction

EC Electro-coagulation

FTL Flow-through-loops number

PO Photooxidation

limestone treatment or bioremediation can be also applied [19,20].
Among other methods standard chemical coagulation and electro-
coagulation can be applied. In this study, iron (in the form of steel)
was employed as a coagulant for its wide availability, low cost and
low toxicity.

For total organic compounds removal, chemical oxidation
techniques often are well suited and significant effort has been
committed to the research of photocatalytic oxidation with
titanium dioxide or to the H,0,/Fe?*(Fe3*)/UV processes [21-23].
A much simpler option for organics decomposition uses highly
reactive radicals produced by interaction of the UV-C light with
H,0,. The UV-C/H,0, system is based on the decomposition of
hydrogen peroxide towards hydroxyl radicals using ultraviolet
irradiation with wavelengths below 280 nm [24]. The mechanism
of hydroxyl radical formation is understood as homolytic cleavage
of hydrogen peroxide molecule yielding two radicals. More details
on the mechanism of hydrogen peroxide decomposition can be
found elsewhere [25-27].

The work presented below stems from research carried out to
improve the knowledge regarding these processes and develop a
deeper understanding of its limitations and capabilities.

2. Experimental

As mentioned above, electro-coagulation was primarily
employed for the removal of inorganic contaminants (although
it also contributed to the removal of organics) whilst the
photochemical process was employed for the removal of the
organic component of the contamination. Both methods can be
tested separately or in a series but, when used in series, electro-
coagulation must operate as a pre-treatment step to prevent
fouling of the photoreactor and enable efficient operation.

2.1. Chemicals

FeCl3-6H,0 (per analysis quality, Sigma-Aldrich) was chosen as
a model pollutant representing inorganic contamination. Nitro-
benzene (per analysis quality, Sigma-Aldrich) was chosen as
model organic contaminant, and hydrogen peroxide (unstabilized
29-32%, Lach-Ner) was used for oxidation reactions. The selection
of nitrobenzene and iron contaminants reflected practical needs of
industrial project partners.

2.2. Reactor assembly

2.2.1. Electro-coagulation

A closed reactor (inner dimensions 250 x 55 x 55 mm) support-
ing vertically mounted mild steel electrodes (210 x 55 x 1 mm)
connected to a 16 V/10 A regulated power supply (EA-PS 2016-100)
was used (Fig. 1). The experimental arrangement allowed working
either in flow-through or recirculation mode to suit testing
requirements whilst the EC cell accommodated up to five anodes
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Fig. 1. Left — EC cell interior scheme; right — UV reactor interior.

and cathodes. The reported experiments were carried out in flow-
through mode, and one anode and one cathode were used (active
electrode surface was 115.5 cm?), with all other positions blocked
such that a 6 mm inter-electrode channel was left open.

2.2.2. Photochemical oxidation

An in-house reactor design was developed where a quartz tube
(290 mm long, 50 mm inner diameter) was surrounded with 12
germicidal low-pressure UV lamps with maximum emission at
254 nm (Philips, LT 8W UV-C, 12 x 145 mW/cm?) (Fig. 2).

The quartz tube is an essential element of the photochemical
system, protecting the UV lamps from solution whilst enabling
UV-C radiation to effectively travel through bulk solution.
However, quartz is sensitive to inorganic ions and can selectively
adsorb them [28,29] leading to fouling of the surface and hence
loss of performance. The reactor outer jackets are made of highly
polished aluminium sheet to ensure maximum light reflectance
including lengthwise sheets operating as heat sinks.
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Fig. 2. Emission spectrum of low pressure germicidal UV lamps.
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2.3. Typical experiment

2.3.1. Electro-coagulation

Before an experiment, the electrode pack was immersed in 3%
H5PO4 for 30-60 min followed by thorough rinsing in water to
chemically clean the mild steel electrodes and expose a fresh
surface. Model effluent (20L) was pumped directly at constant
flow rate (400 mL/min) maintaining a residence time in the cell of
46s. The output was gently agitated (10-25rpm) to promote
oxygen ingress and floc formation and allowed to settle in a
sedimentation tank. Following a 60 min sedimentation period,
settled sludge was drained out, a sample of supernatant for
residual Fe analysis was collected and the effluent transferred to
the photochemical reactor. The sedimentation period was set as a
reference to evaluate sedimentation rate of produced floc. Residual
Fe concentration was measured without further sample treatment.

Model effluent was prepared by dissolving known amounts of
iron and/or nitrobenzene (NB) in distilled water. Concentration
range and other input characteristics of model effluent are given in
Table 1. For example, for Cgs. =50 mg/L it was necessary to dissolve
4.84g of FeCl3-6H,0 in 20L of distilled water and for initial
TOC=50mg/L it was necessary to dissolve 1 mL of nitrobenzene
solution in 20L of distilled water.

2.3.2. Photooxidation

Photooxidation was performed in recirculation mode (25L/
min), where the flow rate determined the number of active zone
flow-through-loops (FTLs) and the real residence time of the
treated solution in the irradiated zone. Active (irradiated) zone is
understood as the region where UV-C irradiation impacts on the
treated water. One FTL is one full cycle lasting a defined period of
time, during which the volume of liquid flows from storage tank,
through reactor and back to storage tank. At standard operational
conditions, FTL was 375 giving 9min total residence time in
irradiated zone. Standard operational conditions were set to
achieve 99% TOC removal efficiency from initial (TOC)=50 mg/L
(Fig. 3).

2.4. Analytical

Total and residual Fe analysis was carried out using AAS (atomic
absorption spectroscopy) (Varian model Spectra AA 220FS). Total

EC7

EC1

Table 1

Characteristics of treated contaminated water.
Parameter Value Unit
Cres: 50-200 mg/L
TOC 50-150 mg/L
pH 2-5
Conductivity 673 wS/cm
Color Orange-to-brown

and residual measurements were performed in order to confirm
the concentration of dosed iron ions. The samples for total Fe
measurements were taken before the solution was let to settle in
order to separate floc from the treated solution. It served as a
confirmation that EC cell dosed desired amount of iron ions. The
solution with Fe sample was also measured before the floc was
added to the solution to confirm the desired initial iron
concentration.

TOC (total organic carbon) was measured with TOC analyser
Shimadzu TOC-Vwp. The method is based on the photolysis of
sodium persulfate and additional oxidation by the produced
sulphate radical-anions. Total organic carbon is calculated as the
difference of total and inorganic carbon.

2.5. Kinetic data evaluation

For kinetic data of photooxidation evaluation a simple
differential equation fitting a pseudo-first order kinetics was used:

dea _

ar k x cj (1)

where ca is the concentration of reactant in time t,cag is the
initial reactant concentration, k is the rate constant and n is the
reaction order. Kinetic data were evaluated by regression software
ERA [30]. The pseudo-first order is the most dominating
assumption for the power law kinetic approach, and it was also
adopted for our data treatment. It fits well with the experimental
outputs. Reaction half-time 7 could be defined as following:

In2

T1/2 :T (2)

5

H1

uv1

83

Fig. 3. Schematic drawings of reaction apparatus: (EC1) storage tank; (EC2) power supply; (EC3) pump; (EC4) flow valve; (EC5) flow meter; (EC6) electrochemical cell; (EC7)
mixing motor; (EC8) drain valve; (EC9) sampling valve; (S1) sedimentation tank; (S2) sludge drain valve; (S3) pump; (UV1) storage tank; (UV2) pump; (UV3) flow valve; (UV4)
flow meter; (UV5) photoreactor; (UV6) sampling valve; (UV7) drain valve; (H1) hydrogen peroxide dispenser; (H2) regulator.
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3. Results and discussion
3.1. Operation of EC unit

Before testing, the delivery of Fe to solution was calibrated and
plotted as current density (mA/cm?) vs. [Fe] (mg/L) curve. Current
density is determined as the ratio of current input per anodic
surface area unit (mA/cm?) (Fig. 4).

To determine the current density efficiency, the theoretical
amount of iron generated was calculated using Faraday’s law:

IxtxM

T ZxF 3)
where w is the amount of dosed iron into 1L of the solution at
specific current density with relevant current input (A), t is a
contact time of 1L solution with the electrodes (s), M is molecular
weight of Fe (55,485 g/mol), z is number of electrons transferred
per Fe atom (z=2 for iron electrode) and F is Faraday’s constant
(F=96 485 C/mol). When operated at steady state, the Fe (dosed)
concentration was a function of the current input and contact time
of treated water with anodic surface. By adjusting the operating
current input and flow rate of treated water, a desired Fe (dosed)
concentration was obtained.

As already mentioned above, the anodic surface was 115.5 cm?,
current input of 0.58 A resulted in current density 5 mA/cm?. For
w=25mg/L following values have to be installed in Formula (3):
1=0.58 A, t=150s, M=55,485 g/mol, F=96 485 C/mol and z=2. It is
evident that calculated data correspond with theoretical assump-
tions well. The cell voltage is always related to the treated solution
and depends on the conductivity of the treated solution and
current input. The cell voltage was measured by power supply unit
and displayed values varied from 3.41 to 7.94 V.

3.1.1. The influence of pH and current density

Current density and pH are the most influential parameters
affecting the efficiency of iron removal through electro-coagula-
tion. From Fig. 5, a progressive increase of Fe removal efficiency
with growing pH and increasing current density can be observed
and at pH 4 more than 97% iron removal efficiency was achieved. It
must be emphasized that maximum working pH was set to 4 as
above this value chemical precipitation occurred. For example, at
pH 5, near 100% removal was achieved at much lower current
intensities. On the other hand, at pH<2, removal efficiency
reached a maximum near 50% despite current density employed.
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Fig. 5. Fe removal efficacy (by EC) as a function of pH and current density.

This was due to ready solubilisation of generated Fe, preventing
formation of insoluble precipitate.

As can also be observed from Fig. 5, current densities greater
than 8 mA/cm? did not lead to increased iron removal. This was
easily identified by the characteristic black precipitate forming
that responded to a magnetic field rather than the regular
hydroxide flocs of orange-to-brown color typically observed under
efficient operating conditions.

During the electro-coagulation process local differences of pH
could appear. They may influence the floc formation mechanism
(form of hydroxide or magnetite). Typically, pH rises of approxi-
mately one unit point. This change, however, is still not heavily
influential on the formation of the unwanted magnetite phase.

Due to the high electrode potential and high localized pH
magnetite (Fes0,4) is formed rather than the hydroxide species.
Magnetite appearance starts with formation of ferrous hydroxide
that can be partly oxidized by dissolved oxygen towards ferric
oxide-hydroxide. Then, reaction between ferrous hydroxide and
ferric oxide-hydroxide leading to formation of magnetite follows.
The detailed mechanism of all electrochemical reactions leading to
magnetite formation can be found elsewhere [31]. Given magnet-
ite’s poorer performance as an adsorbent, the removal efficiency is
less despite the higher Fe concentration. At 10 mA/cm? (dosing rate

=
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Fig. 4. EC calibration curve - Fe dosed into treated water as a function of current
density.
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L L L
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Fig. 6. EC removal efficiency (of Fe) at varying [Fe]; and constant current density
(10 mA/cm?).
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of 48 mg/L - Fe) the ratio dosing rate/ contaminant concentration
was near 1:1, where removal efficiency was best.

3.1.2. The influence of initial Fe concentration - [Fe];

Fig. 6 describes the effect of initial Fe concentration ([Fe];) with
constant current density 10mA/cm? at constant pH 4. A 98% and
97% removal efficiency at [Fe]; of 25mg/L and 50 mg/L was
recorded whilst at [Fe]; 100 mg/L, 150 mg/L and 200 mg/L removal
efficiencies were 57%, 39% and 24%, respectively. The high removal
rates (97-98%) were achieved at a dosing ratio <1 whilst the
lowest (<57%) were “under dosed” at 1:2,1:3 and 1:4, respectively.
This confirms that removal efficiency decreased with decreasing
ratio dosing rate/contaminant concentration. Efficiencies at pH
values above 4 were not calculated due to interference resulting
from chemical precipitation.

3.1.2.1. Dosing ratios. In order to confirm the efficacy of removal at
1:1 ratio, experimental work was carried out where the current
density was adjusted such that dosing rate matched [Fe];. In order
to keep constant dosing rate/concentration of contamination ratio,
current densities varied as follows: 5 mA/cm? for 25 mg/L, 10 mA/
cm? for 50 mg/L, 20 mA/cm? for 100 mg/L, 30 mA/cm? for 150 mg/L
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Fig. 7. EC removal efficiency (of Fe) at dosing ratio 1:1 with varying [Fe];.
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Fig. 8. TOC removal efficacy (by electro-coagulation) as a function of pH and current
density.

and 40 mA/cm? for 200 mg/L. From Fig. 7 it is possible to see that at
25mg/L and 50mg/L 98% removal efficiency was achieved
however, at higher [Fe]; efficiency declined. Once more, as
reported above, this was due to the preferential formation of
magnetite at higher current densities, which does not form highly
porous macroscopic structures as the iron hydroxide species.
Without this interfering process, removal efficacy would be
expected to remain at the same level. High current density
values may also cause loses in sacrificial electrode dissolution rate
and it may cause wasting energy in heating up the solution which is
undesired and consequently decrease the removal efficiency of
initial contaminants [5,32-34].

3.2. TOC removal by EC

Previous experiments have shown that EC has a significant
capability of iron removal and therefore further experiments
employing mixed effluent containing organic (nitrobenzene) and
inorganic (Fe) contaminants were carried out, similarly to similarly
to the previous section. The data for iron removal were similar to
those presented in Fig. 5 thus, for simplicity, only TOC removal is
presented in Fig. 8. Here the influence of pH and current density on
TOC removal is represented.

As expected (Fig. 8) TOC removal efficiency progressively
increased with increasing pH. The initial TOC concentration was
50 mg/L. Maximum removal was recorded at pH 4 and pH 5 (29%
and 31%, respectively). Once more magnetite formation impacted
on process efficiency and above 12mA/cm? significant decrease
was observed. This is in accordance with previous work (see Fig. 5)
where current densities up to max. 10 mA/cm? were employed
without further increase in removal rates and above 12 mA/cm? a
significant decrease in removal efficacy was observed due to
formation of magnetite (Fe30,).

Previous reports on TOC removal by EC have been made [6-8]
and, despite its lower efficacy (compared to Fe removal), this
outcome is regarded as a beneficial secondary effect given that its
primary role in the process is inorganic ion removal to protect the
photoreactor. However, the reduction in TOC effectively enhances
the UVC/H,0, process by alleviating the incoming contaminant
loading.

Floc produced during electro-coagulation can adsorb either
inorganic or organic contaminants in treated solution. The floc
produced by electro-coagulation is not type-selective. Fe(Ill) is
completely removed from treated solution depending on
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Fig. 9. Degradation of H,0, as result of photolysis by the UVC/H,0, unit compared
with natural conditions without irradiation.
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experimental conditions and nitrobenzene is removed to the
extent as possible at these conditions.

3.3. TOC removal by UVC/H,0,

3.3.1. Operation of UVC/H>0, unit

Before testing for TOC removal, the reactor was tested for its
ability to produce hydroxyl radicals from hydrogen peroxide
solution [35]. The solution ([H,0,]=0.5 mmol/L, 10L) was irradi-
ated with ultraviolet (254nm) and the decrease in H,0,
concentration was followed by manganometric titration. Progres-
sive decrease in H,O, content is shown in Fig. 9. It is evident that
immediately upon irradiation the absorbance of reaction mixture
began decreasing, which denotes rapid H,0, decomposition. It is
clear that the degradation rate did not change during the time of
decomposition. It can be assumed that hydrogen peroxide
decomposition followed zero order kinetics. It is also obvious
that no degradation of H,0, without light irradiation occurred. It
indicated that there was no undesired decomposition of hydrogen
peroxide that would have led towards formation of inactive species
(H20 and O,) and consequently in decrease of further nitrobenzene
removal efficiency.

3.3.2. Blank experiments

The individual activities of H,O, and UV-C irradiation were
determined prior to the combined effect. It was determined that
neither UV-C irradiation nor H,0, itself had a significant effect on
degradation of nitrobenzene. Nitrobenzene revealed very high
photochemical and chemical stability with negligible TOC reduc-
tion recorded over a period of 5h.

3.3.3. Influence of [H,0,]; on TOC removal

Rate of UVC/H,0, induced oxidation is mainly dependent on
the initial concentration of hydrogen peroxide and initial TOC
content (initial concentration of nitrobenzene - [NB];). Fig. 10
summarizes the dependence of TOC removal on [H,0,];. Initial TOC
(INBJ;)=50 mg/L.

It is clear that [H0,]; strongly affects the degree of TOC removal
from contaminated effluent. TOC removals of 59%, 72% and 99%
were achieved at [H,0,]; of 2 mmol/L, 3 mmol/L and 4 mmol/L,
respectively, over a reaction time of 300 min (375 flow-through
loops, total irradiation time of 9 min). As can be seen, insufficient
supply of H,0, to the reaction process results in incomplete
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Fig. 10. Degradation efficiency of TOC (by UVC/H,0,) at varying initial H,0,
concentration.
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Fig. 11. Degradation efficiency of TOC (by UVC/H,0,) constant [H,0,] and varying
[TOC].

degradation since only photochemically generated radicals are
able to fully degrade NB.

3.3.4. The effect of starting TOC concentration - [TOC]y

Whilst in Section 3.3.3 the influence of [H,0;]; on TOC removal
was presented, where [TOC] was kept constant, in this section,
[TOC]p varied and [H,0,] was kept constant at 4 mmol/L (Fig. 11).

Employing the same experimental procedure (375 flow-
through loops, total irradiation time of 9min) once more 99%
removal was achieved when [TOC]o was 50 mg/L. However, at
100 mg/L and 150 mg/L this dropped to 59% and 36%, respectively.
The degree of TOC removal for higher concentrations appeared to
be sensitive to initial TOC concentration, i.e., its removal is
dependent on ratio of [H,05]/[TOC]. Once H,0, is spent and no
more OH radicals formed, TOC removal stops.

3.4. Combined process — EC+UV(C/H50,

It has been shown that electro-coagulation itself is very efficient
in Fe removal and UVC/H,0, oxidation is very effective in TOC
removal. It has also been shown that EC is capable of TOC reduction
thus effectiveness of the overall process (combination of EC and
UVC/H,0,) was of great interest.

A series of experiments combining the two technologies was
carried out, where the impact of TOC reduction by EC was clear -
increased level of TOC removal in shorter time frame. From Fig. 12
it can be seen that without EC pre-treatment, removal rate of TOC
was limited to 64% whilst it increased to 77% when EC reduced TOC
by 12%. The reduction of 12% of TOC by EC was achieved with
current density 5 mA/cm? and 30% was achieved at current density
12 mA/cm? where maximum performance was observed. However,
when a 30% reduction in TOC was achieved through EC pre-
treatment, not only 100% removal was achieved following
photooxidation, but this was achieved in a shorter period of time
(180 min, 225 FTL’s), reducing required radiation time to 5.5 min. It
is also worth pointing out that for this experimental set, [H,0,];
was reduced by 30% (to 2.8 mmol/L), compared to initial trials,
based on the predicted TOC reduction by EC.

3.5. Kinetic analysis of UVC/H>0, oxidation
The evolution of TOC with time (corresponding to the

percentage removal data shown in Figs. 10-12) was analysed for
reaction kinetics. The rate constants and regression coefficient
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Fig. 12. TOC removal efficiency by UVC/H,0, with and without EC pre-treatment.

fitting the pseudo-first order kinetic model are summarized in
Table 2. The left column of Table 2 indicates the relevance of rate
constant to certain curve in Figs. 10-12 .

A pseudo-first model fits the experimental data satisfactorily
indicating that the reaction was pseudo-first order with respect to
TOC content. This was based on the best fit of the pseudo-first
order model using ERA software [30]. This assumption was further
confirmed by reports in the literature where several authors used a
pseudo-first order kinetic model for degradation of organic
compounds in UVC/H,O, reaction systems. For example, a
pseudo-first order model was used for TOC removal from pulp
mill effluent using various AOPs [36] and TOC removal in a
UVC/H,0, recirculation reaction system [37]. Decreasing H,0,
concentration or increasing TOCy caused a decrease in the rate
constant. It is a consequence of complete consumption of H,0,
because the ratio of [H,0,]/[TOC] decreased. Decreased [H,0,]/
[TOC] led to formation of lower amount of hydroxyl radicals that
could decompose all reaction intermediates formed during the
oxidation reaction and thus its extent is lowered and final TOC
concentration is higher. We can also observe that the rate constant
was systematically decreasing with increasing the initial TOC
concentration while hydrogen peroxide dosing was kept at the
constant level. The decreasing value of the rate is again caused by
decreased [H,0,]/[TOC] ratio. Obviously higher rate constant
would be observed with higher H,O, dosing rate. As expected,
when EC decreased TOC before photooxidation, the rate constant
significantly increased. In this case the ratio of [H,0,]/[TOC]
significantly increased and consequently reaction progress con-
siderably proceeded.

Table 2
Summary of pseudo first order rate constants.
k (min~!) R? 712 (min)

¢ H,0, =2 mmol/L 0.0080 0.988 86.6
¢ H,0,=3 mmol/L 0.0107 0.988 64.8
¢ H,0,=4 mmol/L 0.0136 0.986 50.9
TOCo =50 mg/L 0.0136 0.986 50.9
TOCp =100 mg/L 0.0056 0.992 123.8
TOCo =150 mg/L 0.0021 0.995 330.1
No EC removal 0.0114 0.982 60.8
12% EC removal 0.0138 0.982 50.2
30% EC removal 0.0264 0.978 26.3

4. Conclusion

EC was shown to be capable of significant reductions (98%) of
inorganic (Fe) loading and lower reductions (max. 30%) of organic
loading (NB) in a model effluent, despite low pH (pH 4).
Photooxidation through the UVC-H,0, mechanism was shown
to be capable of full TOC removal if sufficient H,O, was present and
in the absence of inorganic contamination.

Individually, these techniques have been shown to have
significant capability in tackling inorganic and/or organic con-
taminants however, both systems were unable to achieve complete
decontamination.

Combination of electrochemical and photochemical methods
was shown not only to lead the full decontamination, but its
combined operation resulted in process savings due to the
cumulative effect of each process: the removal of inorganic
contamination by EC protected and enabled the efficient operation
of the photooxidation step, which lead to full organic decontami-
nation (unable to be fulfilled by EC alone). Furthermore, the partial
organic load reduction achieved through EC, increased degradation
rate of the photooxidation step, reducing energy and H,O0,
consumption.

The two processes operate in a truly symbiotic fashion, where
the combined process showed greater performance than the sum
of each individual process.
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Abstract

Electrocoagulation (EC) was applied for elimination of dissolved Fe’™ ions from model contaminated water.
Electrochemical experiments were performed using a coagulation set-up with the volume of storage tank of 50L. To
represent inorganic contamination, FeCl;-6H,0 was chosen as a model pollutant; its concentration was equal to 50 mg/L.
Experiments were carried out by circulating model effluent (1 pass) through the cell at a flow rate (40 L/h) whilst operating
the power supply in galvanostatic mode. Dosing concentration was varying by changing the input current between set points
and holding for sufficient time for steady state to be reached and for a sample to be collected. The process using the steel
electrode reached removal efficiency up to 99%, depending on pH, and proved to be very suitable for elimination of
dissolved Fe** ions from water. However, electrochemical experiments using the aluminum electrode reached removal
efficiency only up to 25%. The different efficiency of two anodes is probably due to lower adsorption capacity of hydrous
aluminum oxide for iron ions in comparison to hydrous ferric oxides. Produced nanostructured flocs were subsequently
filtered, dried, and characterized by N, physisorption, X-ray photoelectron spectroscopy, and scanning electron microscopy.
Obtained characteristics synchronously demonstrate different tendencies of Al and Fe nanostructured flocs.
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1 Introduction

The presented study focuses on elimination of iron from
contaminated water. Iron is commonly found in ground-
water, wastewaters etc. in many forms, therefore, a variety
of techniques have been adapted for its remediation [1].
Biological treatment [2], membrane [3] and nano technol-
ogy [4], or conventional strategies are available as well:
oxidation by aeration and chlorination followed by filtration
[5], ion exchange and water softening [6], supercritical fluid
extraction [7], standard coagulation [8] or electrochemical
coagulation [9-11].

The paper deals with electrochemical coagulation of
dissolved Fe*" ions from model contaminated water. The
trivalent ferric form is the insoluble form of iron present in
water [1], however, pH influences Fe’* concentration in
solution and oxidized ferric ions remain aqueous in strong
mineral acids [12]. To represent inorganic contamination,
sole FeCl;-6H,O was chosen as the model pollutant; the
orange-to-brown model contaminated water contained only
dissolved Fe** ions (pH 2.2-4) as a pollutant to be treated.

Electrochemical coagulation, electrocoagulation (EC), is
an alternative method to standard chemical coagulation,
employed to remove a wide range of contaminants via (co)
precipitation processes [13]. EC is an electrochemical
treatment technology employing direct current (DC) to
convert metallic ions (e.g., Me, Al, and Fe) into their ionic
species (e.g., Me™, APY, and Fe?t ad 3t through the con-
trolled corrosion of electrodes. Figure 1 illustrates sub-
sequent formation of flocs, able to adsorb the contaminant.

Figure 1 shows the following parts of EC process:

I. On the surface of the anode, a metal ion Me™ is driven
into water (dissolution of anode).

Flocs formation

reduction

oxidation

Anode (» Cathode

Fig. 1 Nanostructured floc formation of hydroxide character by elec-
trochemical dissolution of anode

@ Springer

II. On the surface of the cathode, water is hydrolyze into
hydrogen gas and hydroxyl groups OH™.

III. Electrons flow freely from the cathode to the anode,
which destabilizes surface charges on contaminants.

IV. As the reactions begins, ionic species of metal (Me™)
react with hydroxyl groups (OH") and form small
hydroxide particles Me:(OH) in solutions. These
coagulants aggregate to larger particles (flocs) which
can be described as highly porous aggregates created
from many smaller particles. Flocs comprise oxides,
hydroxides and oxohydroxides that reveal high
adsorption capacity. Interaction with pollutants and
their absorption is one of particular phases of EC.

V. Finally, the hydrogen gas bubbles help to separate and
lift the flocs.

Since current flow is required in order to regulate the
corrosion rate, a variable potential difference is applied
across the electrodes to sustain a constant current [11].

Main advantages of the process are:

- No chemicals consumption.

- Particle aggregates can be easily filtered.

- Applied electrical field sets small colloidal particles in
faster motion so they can be removed.

- Treated water is colorless, clear, palatable, and odorless.

To remove iron from water, EC can be applied as the only
treatment technique or in combination with others, e.g., flow
column reactor [14] or photochemical method [15].

2 Experimental

2.1 EC set-up, mode, and evaluation terminology

Electrochemical experiments were performed using a coa-
gulation set-up, schematized on Fig. 2.

The volume of storage tank was equal to 50L. To
inorganic

represent contamination, FeCl;-6H,O (per

Z 1) Storage tank

2) Centrifugal pump

Fig. 2 Electrocoagulation set-up

3)
4)
5)
6
7
8)

Membrane valve
Flow meter

EC cell

Power supply
Paddle stirrer

Sedementation tank
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analysis quality, Sigma-Aldrich) was chosen as a model
pollutant. It was prepared by dissolving 4.84g of
FeCl;-6H,0 in 20 L of distilled water to achieve the con-
centration equal to 50 mg/L. Experiments were carried out
by circulating the model effluent (1 pass) through the EC
cell at a set flow rate (40 L/h) whilst operating the power
supply in a galvanostatic mode.

Stainless steel electrode was used as cathode. Mild steel
electrode and aluminum electrode were chosen as the
anodes. They were marked in regular length sections (4 cm
for Al electrode; 2.67 cm for Fe electrode) to enable var-
iation of the active surface area by set values. The electrode
active surface area (81.7 cm? Al, 54.5 cm? Fe) was changed
as needed by (un)covering marked sections with PTFE tape
between different trials to vary or keep current density
constant as required by testing procedure: mild steel was
varied between 10.9 and 54.5 cm® and aluminum electrodes
16.3 and 81.7 cm”.

Before an experiment, the electrode pack was immersed
in 3% H;PO, for 30-60 min followed by thorough rinsing
in water to chemically clean the electrodes and expose a
fresh surface. Model effluent (20 L) was pumped directly at
constant flow rate maintaining a residence time in the cell of
46s. The output was gently agitated (10-25rpm) to pro-
mote oxygen ingress and floc formation and allowed to
settle in a sedimentation tank. Following a 60 min sedi-
mentation period, settled sludge was drained out and a
sample of supernatant for residual contaminant analysis was
collected. The sedimentation period was set as a reference
to evaluate sedimentation rate of produced floc. Residual
contaminant concentration was measured without further
sample treatment.

Dosing concentration was varied by changing input current
between set points and holding for sufficient time for steady
state to be reached and for a sample to be collected (for Al:
3A and 30A; for Fe: 3A, 10A, 20A and 30A). Input
characteristics of model effluent are given in the Table 1.

Several terms are used to evaluate the success of pre-
treatment process. The term “residual concentration” is
remaining concentration of analyte post EC treatment and
jar-test. For clarity, the analyte can be either a contaminant
or a dosed ion (e.g., Al or Fe ion). “Control concentration”
means the concentration of analyte in control (untreated)
sample. “Removal efficacy” (%) is then amount of

Table 1 characteristics of treated contaminated water

Parameter Value Unit
Cres+ 50 mg/L
pH 2-4

Conductivity 673 uS/cm
Color Orange-to-brown

contaminant removed expressed in %:

Residual concentration

100 100

Control concentration

2.2 Analysis and characterizations

Al and Fe concentration was determined by ICP (Agilent
420 MP-AES).

Total and residual Al and Fe analysis were carried out by
using atomic absorption spectroscopy (AAS) with Varian
model Spectra AA 220FS. Total and residual measurements
were performed in order to confirm the concentration of
dosed iron and aluminum ions.

Al and Fe flocs, formed during electrocoagulation pro-
cess with a wide range of input current (3-30 A), were
subsequently filtered, dried, and characterized by N, phy-
sisorption, X-ray photoelectron spectroscopy, and scanning
electron microscopy.

N, physisorption on Al and Fe flocs was performed using
Micromeritics ASAP 2020 instrument after drying at 105 °C
under 1 Pa vacuum for 24 h. The adsorption-desorption iso-
therms of nitrogen at —196 °C were treated by the standard
Brunaver-Emmett-Teller (BET) procedure to calculate the
specific surface area Sggr. The surface area of mesopores Speso
and the volume of micropores V., Were determined by the t-
plot method using Lecloux-Pirard standard isotherm [16]. The
total pore volume Vi, was determined from the amount of
nitrogen adsorbed at nitrogen relative pressure p/py = 0.99.

X-ray photoelectron spectroscopy spectra (XPS) of Al
and Fe flocs were measured by Kratos ESCA 3400 furnished
with a polychromatic Mg X-Ray source of Mg Ko radiation
(Energy: 1253.4¢eV). The base pressure was 5.0 x 10~ Pa.
The spectra were fitted using a Gaussian—Lorentzian line
shape, Shirley background subtraction [17] and a damped
non-linear least square procedure. Spectra were taken over
Fe 2p, O 1s, C 1s, Al 2p and valence band regions. Samples
were repeatedly sputtered with Ar™ ions at 1 kV with current
of 10 pA for 30 s to remove superficial layers.

A scanning electron microscope (SEM, Hitachi, model
S-520, Japan) was used to obtain images of Al and Fe
samples. Flocs were collected from treated sample, dried at
70 °C in an oven for three days to remove the liquid. SEM
pictures were taken at 10 kV at various magnifications.

3 Results and discussion

Before testing, theoretical dosing was estimated through
Faraday’s law, Eq. 1:
IxtxM
w=———6—
zX F

: (1)
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where w is the amount of dosed substance in 1L of the
solution at specific current density with relevant current
input (A), t is a contact time of 1L solution with the
electrodes (s), M is molecular weight of the substance
(g/mol), z is number of electrons transferred per ion, and F
is Faraday’s constant (F = 96,485 C/mol).

Real dosing was determined by a calibration curve
established by measurement of total Al and Fe dosed by ICP
analysis. Theoretical and experimental calibration curves
for Al and Fe electrochemical dosing were plotted to the
graph in Fig. 3. Good linearity was observed as predicted by
Faraday’s law, while an error (estimated 10%) is associated
with control of flow rate during experiments.

Removal efficiency (amount of contaminant removed,
expressed in %) in a function of current density (mA/cmz) is
shown in Fig. 4. EC process using mild steel anode is
marked in red and the one using aluminum anode is in gray.
Various pH of the process are distinguished by different
symbols.

No input current (0 mA) means obviously no reaction
and consequently removal efficiency equal to %. In whole
testing interval of current density (2-10 mA/cm?) and pH
(2.2-4), removal efficiency of EC process using mild steel
anode was better (27-99%) than the one employing alu-
minum anode (1-22%). It confirms the statement that in any
electrochemical process, choice of electrode material has
significant effect on the treatment efficiency [18]. For both
anodes, it was observed that Fe’™ removal efficiency
increased upon increasing the current density, which is also
in accordance with the literature [19].

Concerning mild steel anode, removal efficiency reached
up to 99% depending on pH and current density. For each
current density value, removal efficiency is growing with
increasing pH. The best results were achieved for pH =4.

100 :
M Fe experimental 0
- B Al Experimental |
280 ——Fe Theoretical
g — Al theoretical
= 60 -
2
R
2 |
£ 40 - |
z _-
o
5
(&) 20 B .,/'
(1] = - !
0 4 8 12 16
Current density (mA/cm?)

Fig. 3 Theoretical and experimental calibration curves for Al and Fe
electrochemical dosing corresponding to the flow rate equal 40 1/h +
10%
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Differences of pH may influence the floc formation
mechanism (form of hydroxide or magnetite). Higher
electrode potential and localized pH is, more preferable is
formation of magnetite (Fe;O,4) rather than the hydroxide
species. Given magnetite’s poorer performance as an
adsorbent, the removal efficiency may be less pronounced
despite the higher Fe concentration. This fact, however, do
not influence in any significant manner the process in pre-
sented testing intervals.

In the case of aluminum anode, removal efficiency
reached maximum 22%, for the highest pH (equal to 4) and
the highest value of current density (10 mA/cm?). The
possible reason for less contaminant removal by aluminum
in comparison to iron could be that the adsorption capacity
of hydrous aluminum oxide for iron ions is much lower in
comparison to hydrous ferric oxides [20]. Similar results
have been recently published for arsenic remediation by
Krystynik et al. [20]. Removal efficiency with Fe electrode
achieved more than 90% while electrocoagulation technique
using Al electrode was less efficient (15%).

Al and Fe flocs formed during electrocoagulation treat-
ment process were characterized N, physisorption, XPS,
and SEM, with following observations:

Figure 5 shows the photos of Al and Fe flocs formed
during electrocoagulation treatment process. Orange-to-
brown color was characteristic for Fe flocs. On the other
hand, Al flocks were colorless. Textural properties of Al
and Fe flocs respectively are given in Table 2.

Specific surface area determined by BET equation
(SgeT), surface of mesopores (Syeso) and volume of micro-
pores (Vmicro) are significantly higher for Fe(OH); flocs
linked to input current 3 A than those of 10, 20, or 30 A. On
the contrary, textural characteristics of Al flocs remain
practically stable in whole range of input current.

—
100 OpH=4 0
= ApH=33 A
% 80ropH=28 m -
o Y pH=2.2 o
§ ef " A °
Q
= * *
> o
s dr ! *
>
: * -
& 20 |
7 ¢ ¢ &
ol x > LS
0 5 10

Current density (mA/cm?)

Fig. 4 Removal efficiency (%) in a function of current density (mA/
cm?) for various pH (mild steel anode in red, aluminum anode in gray)
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Fig. 5 Al and Fe nanostructured
flocs formed during
electrocoagulation process

Table 2 Textural properties of Fe and Al flocs

Sample Sper (M/8)  Smeso (M8)  Viniero (liq) (mm/g)  Intrusion volume (cm™/g)  pyg (/M) pue (& M) ()
Fe(OH); flocs 3 A 329.5 223.3 56.4 0.45 2.17 1.30 0.40
Fe(OH); flocs 10A  87.8 59.2 16.7 0.31 3.58 1.79 0.50
Fe(OH); flocs 20A  63.5 49.5 10.2 0.48 3.32 1.36 0.59
Fe(OH); flocs 30 A 67.2 455 11.9 0.68 2.61 1.03 0.61
AI(OH); flocs 3 A 214.5 157.1 314 0.02 2.28 1.84 0.19
AI(OH); flocs 30 A 219.9 162.4 31.7 0.03 224 1.71 0.24
20 1.8
— Fe(OH), flocs 10A — Fe(OH); flocs 10A
= Ezzg:;sz:zz: gg: 15F —  Fe(OH), flocs 20A
s — Fe(OH); flocs 30A
15} — Fe(OH), fl 3A =
- AT(OH)B ﬂ(‘)’c‘: s0n sl — Fe(OH),flocs 3

Al(OH); flocs 10A

dV/dlog(r)
[em®qg]

102

107
r [nm]

Al(OH); flocs 30A
Al(OH); flocs 10A

Fig. 6 Pore size distribution from adsorption (left) and desorption (right) process

Pore size distribution, illustrated in Fig. 6, is confirming
the textural characterizations from Table 2. For Fe(OH);
flocs, pore size distributions is increasing while input cur-
rent values are growing. In the contrary, pore size dis-
tribution of AI(OH); flocs remains stable for different input
current. Both, Table II as well as Fig. 6, indicate slight
worsening of performance in contaminant adsorption of Fe
(OH); flocs while input current is increasing. Drying pro-
cess of the flocs led to the oxidation of hydroxide species
into magnetite (Fe;O4) which presence was already

discussed above, for Fig. 4. Common findings underline a
coherence of the results.

Other parameters given in Table 2 are: Intrusion volume
—the total volume of pores determined by volume of
mercury entering all the pores, py,—apparent mercury
density, pge—real skeletal density and porosity (e), which is
calculated from the Eq. 2:

szl—@

(2)

PHe

@ Springer
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XPS characterizations (Table 3) support the results from
previous measurements. The table gathers the results of
XPS analysis only for Fe samples, because Al samples
revealed unchanging 100% of AI** for each input current.
On the other hand, the values from the table clearly show
different percentages of ferrous and ferric irons. The flocs
related to the lowest input current display the highest per-
centage of Fe®" against Fe?" and nonmagnetic behavior,
while for the flocs created with a higher input current the
percentage of Fe’™ decreased. It indicates that the harder
conditions inhibit the oxidation of Fe?" in Fe** and exhibit
magnetic characteristics.

Figure 7 shows the de-convoluted spectrum of Fe 2p
peaks. The spectra were corrected to C 1s (binding energy
of C 1s sp3, 284.8 eV). The sample obtained with current
density input of 30 A showed the highest content of Fe?"
(ca 710 eV) states against Fe’*(ca 712 eV) states indicating
the non-ideal (not maximized) charge transfer from the
electrode to the solution.

The dissolution of Al at current density of 30 A led to
stable Al3+ compound. The higher binding energy against
the metallic Al 72.7+0.3 eV could be attributed to a mix-
ture of alumium oxide, aluminum hydroxyoxide and
hydroxide. (ca 74.5-76 eV) (Fig. 8).

Al and Fe flocs produced at 3 and 30 A were dried under
vacuum atmosphere and characterized by SEM (Fig. 9). By

Table 3 XPS analysis of Fe samples

Input Fe*t (%) Fe** (%)
current

(A)

3 40 60

10 56-60 40-44
20 58-62 42-38
30 62-65 38-35

Intensity [arb. units]

1 1 1 1 1 1 1 L L it 1

728 726 724 722 720 718 716 714 712 710 708 706
Corrected binding energies [eV]

730

comparison of the photos 9a, b, the creation of bigger
aggregates of Fe flocs for higher input current can be
observed. These facilitate the separation by sedimentation.
From the pictures 9c, d can be observed that input current
has apparently no influence on structural changes of Al
flocs. Again, the interpretations of different Al and Fe flocs
characterizations (Tables 2, 3; Figs. 6, 9) are in very good
coherence.

Elemental composition of both Fe and Al flocs pro-
duced at 3 A are given in Tables 4 and 5. It is obvious that
Al samples adsorb dissolved iron during coagulation
process as there is evident content of Fe in Al flocs. The
same phenomenon is expected according to the results
with Fe electrode, however it is not possible to differ
between Fe originating from flocs and Fe adsorbed from
the solution.

Al 2p

AlLOJAIOOH/AI(OH),
A

7

Intensity [arb. units]

78 77 76 75 74 73 72 71
Corrected binding energies [eV]

Fig. 8 Original XPS data of Al flocs obtained at 30 A

T T T T T T T T T T T

—— Wide scan| |

Intesity [arb. units]

1100 1000 900 800 700 600 500 400 300 200 100 O
Corrected binding energies [eV]

Fig. 7 Original XPS data of Fe flocs obtained at 30 A: Left—deconvvulted spectrum; Right—widescan
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Fig. 9 SEM photos of Fe (a, b)
and Al (¢, d) nanostructured
flocs for different input current
(a, c—3A; b,d—30A)

Table 4 EDX analysis of Al flocs (3 A)

Table 5 EDX analysis of Fe flocs (3 A)

Al3A Fe3A

Spectrum C (6] Al Cl K Fe Spectrum C (6] Cl K Fe
All 7.35 74.33 17.25 0.18 0.31 0.45 Fe 1 7.55 76.23 0.15 0.2 15.87
Al2 6.59 74.67 17.53 0.24 0.35 0.55 Fe 2 8.48 79.41 0.1 0.12 13.89
Al3 5.14 75.92 17.74 0.14 0.39 0.47 Fe 3 5.79 79.09 0.12 0.18 14.82
Mean value 6.36 74.98 17.51 0.2 0.35 0.49 Mean value 7.28 78.24 0.13 0.17 14.86
Sigma 1.12 0.84 0.25 0.03 0.04 0.05 Sigma 1.37 1.75 0.03 0.04 23
Sigma mean 0.65 0.48 0.14 0.02 0.02 0.03 Sigma mean 0.79 1.01 0.02 0.02 1.31

4 Conclusion

Electrochemical coagulation was applied for elimination of
dissolved ferric ions from contaminated water. Fe flocs,
formed during EC process, have proved to be excellent
adsorbents of Fe’*, with the removal efficiency up to 99%
depending on pH and current density. Lower removal effi-
ciency while employing aluminum anode (maximum 22%)
stresses the importance of right choice of electrode material
for treatment process. For both anodes, aluminum and mild

steel electrode, it was observed that Fe’" removal efficiency
increased with growing current density as well as pH in
selected testing intervals. Excellent process using mild steel
electrode was slightly inhibited by growing input current,
most likely due to inchoative formation of magnetite instead
of hydroxide species. On the other hand, the possible reason
for less contaminant removal by aluminum in comparison to
iron could be that the adsorption capacity of hydrous alu-
minum oxide for iron ions is much lower in comparison to
hydrous ferric oxides. The characterizations of produced Al

@ Springer
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and Fe flocs by N, physisorption have consistently revealed
the remaining Al flocs properties in whole range of input
current, whereas textural characteristics of Fe flocs were
shifting in a function of input current. X-ray photoelectron
spectroscopy and scanning electron microscopy com-
plemented the results in very good accordance.
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Abstract

The presented contribution deals with the application of the method for removal of hexavalent chromium from an industrial
effluent. The experimental approach followed the path from a laboratory towards a pilot-scale unit. Initially, the laboratory
unit was used for optimization of the most important process parameters and it was demonstrated that hexavalent chromium
could be efficiently removed from the treated effluent using the technology. Optimization experiments revealed high efficacy
in the removal of Cr%* together with its reduction towards Cr**, and total removal efficacy exceeded 95%. Experiments with
industrial effluent revealed a reduction in Cr,,, below detection limit. Pilot-scale unit was used for long-term trials focused
on the treatment of the industrial effluent. A continuous pilot-scale unit (0.5 m*/h) was operated on contaminated industrial
site and revealed removal efficiencies of all contaminants below detection limit. Power consumption during the process was
only 0.24 kWh/m?; all the contaminants were reduced below their detection limit.

Keywords Electrocoagulation - Toxic metals - Industrial effluent - Chromium removal - Anodic oxidation

Introduction

The present work is focused on the application of electro-
coagulation (EC) for the removal of hexavalent chromium
from industrial effluents. It is a naturally occurring element
in Earth’s crust in concentration of 102 ppm usually accom-
panying iron ores. The most common source of chromium
ore can be chromite (FeCr,0,), crocoite (PbCrO,) and min-
erals uvarovite (Ca;Cr,(Si0,)) or tongbaite (Cr;C,). Small
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amounts of chromium contribute to the colour of emerald
and ruby (Stary 2015).

Hexavalent chromium is a very toxic element with nega-
tive effects of hepatotoxicity, nephrotoxicity and carci-
nogenic effects. Other forms are much less toxic, and its
trivalent form is also an essential element contributing to
metabolism of saccharides and lipids (WHO 2011). Anthro-
pogenic sources of chromium come from various fields of
industry (Remy 1956; Wren 1924), and all these fields are
sources of its release to the aquatic environment.

There are numerous methods for chromium removal from
contaminated effluents. It is usually accompanied with other
heavy and/or toxic metals in industrial effluents; thus, such
effluent must be treated with appropriate physical-chemi-
cal methods. Among the most common methods precipita-
tion, adsorption, ionic exchange, membrane processes and
electrodialysis can be attributed (Barrera-diaz et al. 2012;
Hegazi 2013; Kocanova and Dusek 2016; Lewis and Lewis
2014; Scarazzato et al. 2015; Strathmann 2010).

Another promising electrochemical method for the
removal of chromium from industrial effluent might be
electrocoagulation. Electrocoagulation is a method similar
to standard chemical coagulation, but external addition of
coagulating agent is replaced by sacrificial electrode gen-
erating coagulant in situ (Harif et al. 2012). Electrolytic
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oxidation of sacrificial electrode made of appropriate mate-
rial releases corresponding cations, and the counter elec-
trode simultaneously provides anions. The most common
material used for the fabrication of sacrificial electrode is
iron or aluminium (Moreno et al. 2009). Electrocoagulation
may be subdivided into following successive phases (Mol-
lah et al. 2001):

e formation of coagulants by electrolytic oxidation of the
sacrificial electrode

e destabilization of the contaminants, particulate suspen-
sion and breaking of emulsions

e aggregation of the destabilized phases to form flocs.

Detailed descriptions about phenomena occurring dur-
ing electrocoagulation may be found elsewhere (Akbal and
Camci 2010; Barrera-diaz et al. 2012; Mollah et al. 2001).

Iron electrode has been found to be favourable to be used
for chromium removal from contaminated effluent because
its use causes electrochemical reduction of hexavalent form
towards the trivalent form (Gao et al. 2005). Simplified
mechanism of electrochemical reactions occurring during
electrocoagulation is described in the literature (Laksh-
manan and Clifford 2009; Vasudevan et al. 2009). In case of
iron electrode, Fe?* released from anode can directly reduce
Cr®" to Cr** and lead to co-precipitation of Cr(OH), and
Fe(OH);. Reaction mechanisms of Cr® reduction are very
complicated, and detailed overview over the electrochemi-
cal reactions can be found elsewhere (Aoudj et al. 2015;
El-Taweel et al. 2015; Gao et al. 2005; Zongo et al. 2009).

The scope of the paper is to show the application of elec-
trocoagulation on real industrial contamination. The case
study is divided into two main parts. The first of them is
focused on fundamental application of electrocoagulation
in laboratory conditions and verification of experimental
observations. In the second part of the paper the pilot-scale
technology was tested on industrial site showing its feasibil-
ity for dealing with industrial contamination.

Part I: Laboratory-scale trials

This part of the study is focused on the bench-top experi-
ments performed in laboratory to assess the potential of the
electrocoagulation to remove and alternatively reduce hexa-
valent chromium from industrially contaminated effluent.

Test solutions
Laboratory-scale trials were performed with model solutions
using potassium dichromate (Sigma-Aldrich, p.a.) to evalu-

ate the influence of the selected process parameters, and
the verification of laboratory observation was examined on

* @ Springer

industrially polluted water containing hexavalent chromium
and other dissolved metals.

Materials and methods

A small electrochemical cell with construction of tube in the
tube was employed in laboratory trials. The inner tube of the
cell was sacrificial iron anode, and the outer jacket of the
cell (outer tube) acted as anode and was made of stainless
steel. The inter-electrode distance between the anode and the
cathode in the EC cell was 6 mm. Prior to use, the sacrificial
electrode was immersed in 5% (v/v) H;PO, for 30 min and
washed with distilled water to clean the electrode surface.
Coagulant dosing was performed according to the equation
derived from Faraday’s law:

LoltM |
T 7.F ey

where w is the mass of dosed iron coagulant into 1 L of the
treated effluent at selected current input (A), ¢ is the contact
time of 1 L solution with the electrodes (s), M is the molecu-
lar weight of Fe (55,485 g/mol), z is the number of electrons
transferred per Fe atom (z=2 for iron electrode), and F is
Faraday’s constant (F=96,485 C/mol).

Experiments were performed in a continuous mode. After
passing through the electrochemical cell, sample of the
treated effluent collected into 1-L beaker was put on Stuart
Flocculator SW6 to perform a standard jar-testing proce-
dure and then coagulated particles were allowed to settle
for 30 min. After sedimentation period a supernatant sample
of 15 mL was collected from the treated effluent and it was
stabilized by the addition of HNO; (Lach:Ner, 65%). Total
and residual concentrations of Fe and Cr were determined by
ICP-OES (Agilent 420 MP-AES). Conductivity and pH were
measured with a multi-parameter probe (WTW Multi 3620).
Wavelength used for Fe determination was 373.486 nm and
for Cr was 425.433 nm.

Model effluent

Model effluent’s properties are given in Table 1. Selected
process parameters optimization is summarized in Table 2.
The removal efficacy of chromium is mainly dependent
on the amount of coagulant dosed to the treated effluent.
Other parameters also affect the process performance. For
example, strong acidic pH causes autocatalytic dissolution
of dosed coagulant to treated effluent and therefore the
removal efficacy of Cr was not observed. In case of high
alkaline pH an electrode surface passivation was observed
and the amount of dosed coagulant was significantly lower
than expected according to Eq. 1; therefore, the removal
efficacy was significantly decreased. At pH ranging from 5
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Table 1 Model effluent parameters

Model effluent parameters

pH 6
Conductivity (uS/cm) 500

Cr (mg/L) 20 mg/L
Colour Dark orange

Table 2 Process parameters optimization range

Parameter Optimization range
pH 2-10

Current input (A) 0-2.08

Current density (mA/cm?) 0-95

Dosing molar ratio Fe/Cr 1/2-4/1

Cry,. (mg/L) 10-40 mg/L

Flow rate (L/h) 10-60 L/h

Table 3 Results at optimal pH=6, flow rate=40 L/h, Cr,;,=20
mg/L, conductivity =500 uS/cm, current density =19 mA/cm?

Dosing ratio Residual ~ Cr** Cr removal Power
Cry. residual (%) consumption
(mg/L) (mg/L) (kWh/m?)

172 14.6 6.5 26.6 0.15

1/1 12.6 5.1 36.8 0.31

211 8.9 33 55.3 0.45

311 6.3 23 68.5 0.58

4/1 3.8 1.8 81 0.75

5/1 0.7 0.6 96.5 0.91

to 8 removal efficacy was mainly dependent on the amount
of dosed coagulant into treated effluent.

Table 3 describes the results of Cr removal from treated
effluent. It is obvious that the higher the dosing ratio of
Fe/Cr, the higher the removal efficacy was observed. It
can also be noted that a significant part of residual Cr was
present in trivalent form, while the effluent was prepared
only of hexavalent form of Cr. This indicates that electro-
chemical reactions lead to reduction of Cr®* towards Cr*.
This could have a secondary effect on the decrease of toxic
properties of the treated effluent because trivalent form of
Cr is significantly less toxic than hexavalent form.

At experimental conditions used for trials summa-
rized in Table 3, good flocculation is observed with Cr
removal efficacies exceeding 95% (with respect to initial
Cr concentration 20 mg/L). Power consumption was pro-
gressively increasing with growing dosing ratio which
is caused by application of higher current input that is
needed for higher coagulant concentration to be dosed.

Overall, it is possible to claim that electrocoagulation in
continuous mode revealed good potential for treatment of
effluents containing Cr and its successful removal. Power con-
sumption required for removal efficacy exceeding 95% was
0.91 kWh/m?>, and it indicates that treatment of water contain-
ing hexavalent chromium would be feasible in practice.

Industrial effluent

It was necessary to verify laboratory observations on industri-
ally polluted effluent. The origin of the contaminated water is
from a former galvanizing plant located in Czech Republic.
The exact location of the site is a subject of confidentiality.
Sampling of contaminated water was performed via borehole
with designation HSV 13 on site, collected in barrels and
shipped to laboratory to perform verification experiments.
Concentration of contaminants is dependent on current hydro-
meteorological conditions, and it can vary during the year.

Contamination was represented by 20 mg/L of Cr accom-
panied with nearly triple times higher concentration of Ni,
56.1 mg/L. Some other metals such as Zn, Cu, Al, Pb were
contained in water in minor concentrations compared to Cr
and Ni. The input analysis and results of residual concentra-
tions of contaminants are given in Table 4.

It is evident from Table 4 that Cr removal efficacy
increased with increasing dosing ratio and all the Cr was
successfully removed at dosing ratio 3/1 which was better
than in model solution. It can be seen that inputting concen-
tration of Zn is very high and it is almost triple times higher
than input of Cr. Zn concentration progressively decreased
with increasing dosing ratio, but maximum efficacy achieved
for Zn was 69%. From the growing tendency of removal
efficacy, it can be assumed that higher dosing rate would
lead to higher removal efficacies of Zn. Similar tendency
of increasing removal efficacies can be seen also in case of
other elements where Cu, Pb, Al and Cd were successfully
removed. Zn concentration was also significantly reduced,
and it can again be assumed that higher dosing ratio would
lead to its complete removal. From the results it is also obvi-
ous that no metal is being preferred and they “compete”
among themselves for the adsorption and co-precipitation.

On the other hand, Mn has shown itself as an unsuitable
element to be removed by electrocoagulation because its
concentration was nearly constant in the range of performed
experiments. It can be seen that higher dosing ratio does not
lead to a change in Mn content in treated effluent.

Part ll: Pilot-scale operation
The pilot-scale unit was operated over a number of weeks

on contaminated industrial site to demonstrate the perfor-
mance of electrocoagulation for the removal of hexavalent

]
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Table 4 Results of industrial

. Power consumption (kWh/m?) 0 0.03 0.09 0.21 0.33 0.51

effluent treatment (residual . .

concentrations of metals are Dosing ratio 0 171 2/1 3/1 4/1 51

given in mg/L units) pH 5.65 5.8 5.89 6.01 6.13 6.14
Conductivity (mS/cm) 462 456 456 454 452 451
Pb 0.05 0.02 0.02 0.02 0.03 0.04
Cu 1.68 0.38 0.54 1.18 0.82 0.05
Zn 6.09 5.27 3.99 1.76 0.76 0.48
Cr 18.8 11.49 1.01 <0.01 <0.01 <0.01
Fe 0.01 <0.01 7.16 18.4 29.4 19.3
Al 4.53 0.81 0.28 0.04 0.04 0.03
Cd 0.06 0.06 0.06 0.04 0.03 0.03
Mn 6.05 591 6.09 6.26 6.18 6.14
Ni 56.1 50.6 473 37.2 25.8 174

chromium and other metals present in industrially contami-
nated effluent.

Description of the unit

The pilot-scale system was designed and manufactured in
movable container; therefore, it can be easily mounted on a
truck and transported to the industrial site. The real appear-
ance of the unit is shown in Fig. 1. The schematic process
diagram of the system is shown in Fig. 2.

The main parts of the system were as follows: storage
tank for contaminated effluent (2), two electrocoagulation
cells with mild steel electrodes (6), fast-mixing tank (7),
slow-mixing tank (8) and sedimentation tank for separation
of the precipitate from treated water (9). All the parts were
interconnected with stainless steel pipelines and centrifugal
pumps. There were also additional accessories like tanks of
acid or alkali for pH adjustment and electrode regeneration

supported with pumps, set of pH, conductivity and temper-
ature meters to monitor the properties of treated effluents
(not part of the simplified process scheme). The operation
of the system was carried out through a touch screen control
panel comprising power supply, easy set-up of experimental
conditions and automated safety cut-out. Experiments were
performed with a flow rate 0.5 m>/h.

Experimental procedure

Contaminated water was pumped from a borehole to effluent
storage tank via buffer tank. A pre-sedimentation and filtra-
tion of solid particles was performed prior to electrocoagula-
tion in order to prevent blocking of electrochemical cell by
suspended solids. pH and conductivity of the effluent were
monitored through control panel.

A coagulant dosing was carried out in electrochemi-
cal cells by applying electrical current to the electrodes

Fig. 1 Left—outer view on operating unit with borehole on site; right—EC chambers inside the container

* @ Springer
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Fig.2 Simplified process diagram: (1) borehole pump; (2) buffer
tank; (3) drawing pump; (4) effluent tank; (5) recirculation pump; (6)
electrocoagulation chambers; (7) fast-mixing tank; (8) slow-mixing

releasing iron to the effluent. The dosed effluent flowed into
fast- and slow-mixing tanks, where standard jar-testing pro-
cedure was simulated in order to enhance particle aggrega-
tion and their growth before sedimentation.

The final stage of treatment process comprised the physi-
cal separation of coagulated particles in 3 m? gravitation
sedimentation tank equipped with cone-shaped peak disa-
bling whirling of sludge. Treated water freed of coagulated
particles was collected through an overflow.

Results and discussion

Table 5 displays inputting contamination of the effluent and
summarizes residual concentrations of metals contained. It
is evident that the results nicely correspond with laboratory
results as it can be seen in the column “Raw output.” Resid-
ual concentrations of Cr, Cu, Zn, Al were nicely reduced,
and an additional increase in dosing ratio would reduce them
below the detection limit. Mn was not reduced at all as it was
also observed in laboratory. Treated effluent again contained
high amount of Ni, and its content was approx. 50% reduced.

tank; (9) sedimentation tank; (10) filter-press; (11) treated effluent
after sedimentation; (12) treated effluent after filter-press; (13) sludge
collection

A further increase in power consumption would also lead to
the increase in Ni removal efficacy. Long-term trials were
performed in order to verify obtained results at experimental
conditions described by the caption of Table 5. Residual
concentrations of metals were monitored at various stages
of the sedimentation process, and they are summarized in
Table 5.

Following these observations, it was decided not to
increase power consumption because it would not help to
remove all the contaminants (Mn especially) as it would
increase the overall process cost. Instead, pH of treated efflu-
ent was increased to 6, 7, 8 and 9 to see the effect of pH
adjustment. As obvious from relevant columns in Table 5,
pH =6 did not reveal significant process enhancement, while
pH =7 showed significant reduction in Ni content and also a
reasonable decrease in Mn concentration. At pH=38 all the
remaining Ni was precipitated and Mn was almost removed.
pH =9 showed complete removal of all contaminating ions.
Lime milk solution (Ca(OH), with ¢ =400 g/L) was used
as pH adjustor, and its consumption for adjustment towards
pH=9 was only 1 L per 1 m® of treated effluent, while pH

Table 5 Residual levels

o Input HSV 13 Raw output Output pH 6 Output pH 7 Output pH 8 Output pH 9

of metals in pilot-scale

unit (mg/tL), pO(V)w;t W pH 5.12 5.48 6 7 8.5 10

figrs‘isr‘:;ri tli(())nFe i1 ms Fe 1 0.44 0.9 <0.1 <0.1 <0.1
Cu 2.4 0.33 0.13 <0.1 <0.1 <0.1
Zn 49 1.07 0.8 <0.1 <0.1 <0.1
Cry 393 <0.1 <0.1 <0.1 <0.1 <0.1
298 <0.1 <0.1 <0.1 <0.1 <0.1
Mn 8.2 8 8.5 5.38 0.54 <0.1
Al 13.3 0.4 <0.1 <0.1 <0.1 <0.1
Ni 61.7 35.6 31.4 14.2 <0.1 <0.1
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adjustment of raw effluent towards pH=9 was 5 times
higher.

The sludge precipitated during pilot-scale trials was col-
lected using filter-press, was handled as hazardous waste,
and was appropriately disposed.

Conclusion

It has been shown that electrocoagulation reveals a great
potential in removal of chromium from industrially polluted
effluents. As shown in two experimental sections, testing
trials verified that experiments in large scale are easy to per-
form. The content of chromium was reduced below limit
of detection in both laboratory- and pilot-scale units. Also
content of other metals was significantly reduced and it was
shown that pH adjustment of treated effluent will lead to
complete removal of all contaminants present in raw efflu-
ent. Energy consumption of the process in the pilot scale was
only 0.24 kWh/m?, and it demonstrates that overall operating
cost will not be high. Other costs like lime milk as neutral-
izing agent, maintenance cost or replacement of electrodes
would not be significantly high. The sludge precipitated
during pilot-scale trials was collected using filter-press, was
handled as hazardous waste and was appropriately disposed.
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Abstract: A modular electrocoagulation unit, supported by Ca(OH), addition to treated water,
was operated in the vicinity of a Natura 2000 site for the removal of Cr®" or Ni?* from contaminated
groundwater. The process was performed at a constant flow rate of 350 L/h. Day 0 concentrations of
Cr®* and Ni?* started at 91.6 mg/L for Ni?>* and 43 mg/L for Cr and during testing, were decreased
by 15%-25%. Residual concentrations of Crit. and Ni2* below the required limits of 0.5 mg/L for
Criot. and 0.8 mg/L for Ni2* can be achieved with the electrocoagulation unit and total removal
efficiencies often exceeded 98%. The overall economic assessment showed its feasible application for
removal of Cr®* and Ni?* on sites with requirements of high environmental protection standards.
The polluted area was about 150 X 150 m (22,500 m?), and it contained approximately 78,750 m3
of water contaminated with Cr®* and Ni** (over 41 and 91 mg/L, respectively). The modular
arrangement might allow a scaling up. The process” output could be thus increased according to the
number of EC modules in operation.

Keywords: Natura 2000; electrocoagulation; water treatment; site remediation; chromium;
nickel; removal

1. Introduction

As it is commonly known in the EU, Natura 2000 is a network of nature protection areas in EU
states. Nowadays, there are 27,312 such sites across Europe, with terrestrial area covering almost
18% percent of the land of EU countries [1]. They vary significantly in their character. There are
agricultural and forested localities, and many of them are connected to wetlands, water streams, and
water reservoirs, or they are located in the relative wilderness of National Parks and large Nature
Protected Territories. However, we may find them quite easily also in urban areas. Unfortunately,
Natura 2000 sites, regardless of their individual locations, may suffer as any “ordinary” area from
various types of environmental pollution [2]. Old deposits of toxic metals of anthropogenic origin
(mining, metallurgy, chemical industry, treatment of metallic ores, etc.) represent a specific problem that
often requires to be approached technologically in order to fulfil Natura 2000 protection standards [3,4].
It is obvious that the chosen decontamination approach must be non-invasive to the environment,
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but still as highly effective as is usual when treating, for example, brownfields. However, utilization
of decontamination tools intended for brownfields is, in most cases, inacceptable. Due to industrial
activities on many sites, hexavalent chromium, which originates from the galvanic processing of metals,
is often present.

Most of the conventional methods for hexavalent chromium removal were, one after another,
excluded from the list of potential decontamination tools. These were tested in preliminary experiments,
and then, critically assessed. Cr®* reduction in an acid environment (optimal pH = 4.5 to 5) using
NaySOj; yielding Cr3* and its precipitation using NaOH or Ca(OH), towards Cr(OH); at pH =9
requires ex situ operation, but the main disqualification mark is the extensive use of potentially risky
chemicals [5]. The addition of a precipitating agent (FeCls, FepSOy4, or Aly(SOy4)3) to the effluent
stream forms, at suitable conditions (e.g., pH), insoluble aggregates that bind to the contaminants and
form a sludge that can be physically separated from the aqueous phase (e.g., by settlement, flotation,
filtration) [6]. Cr®* reduction using nano-sized Fe can be applied in situ but nano-sized Fe requires a
special filtration system, is expensive, and very often has low effectiveness [7]. Ionic exchange applied
for the additional treatment of residual Cr®* concentrations or adsorption on active carbon reveals the
main disadvantage in the requirement of regeneration of ion exchangers and activated carbon or their
storage. Under the conditions of the treated locality, the method would be the most expensive per
1 m3 of treated water [8,9]. There are also other methods of Cr®* adsorption—the use of an adsorbent
improved with magnetic particles, enabling enhancement of adsorbing efficiency and utilization of
persistent free radicals for the reduction of Cr®*. All these approaches are still at the experimental level
and their practical utilization is rather questionable [10]. Microbial methods are not effective due to the
high toxicity of Cré* [11].

Based on our previous knowledge, we finally chose to design, develop, optimize, and process
modular electrocoagulation for the reduction of Cr®* to Cr®* and its subsequent removal (as sludge with
Cr3*). It should be briefly reminded that electrocoagulation (EC) is an alternative to standard chemical
coagulation (CC) [12,13]. It allows the water treatment to be carried out with no or significantly
reduced amounts of coagulant chemicals that can potentially exhibit health and safety risks during
transportation, handling, process use, or storage. It also offers the potential for reduced sludge volumes
or much higher removal efficacy [14,15]. Unlike CC, electrocoagulation does not require the addition of
any external coagulating agent as it is formed in situ under optimized process conditions. The process
can be supported by the addition of Ca(OH); as it is beneficial for low concentrations of Ni** in
treated effluent [16]. It does not serve for precipitation of Cr(OH)s as this is ensured during the
electrocoagulation step.

The fundamental physical mechanism of EC performance is colloid destabilization. This results in
contaminant removal from solution (by precipitation) and occurs through charge balancing of colloidal
particles, leading to particle aggregation and precipitation [17]. The principal difference between CC
and EC is the mechanism of the addition of ions to the treated solution. Whilst in CC this is carried
out via the addition of coagulant chemicals (e.g., FeCl3 or Al;(SOy4)3), in EC, metal ions dosing is
achieved through the electrodissolution of an electrode (e.g., steel or aluminum). Mechanisms of
electrocoagulation and ongoing electrochemical reactions can be found elsewhere [12,18,19].

The main intention of this communication is to report on the strategy of decontamination of a
nature reserve area from chromium and nickel, by using an advanced modular electrocoagulation
method. The technology is environment-friendly and does not bring any additional risks to the
valuable area. It is highly effective and capable to “fulfil the task” of decontamination of the locality in
a reasonable time and for a competitive cost.
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2. The Locality and the EC Process

2.1. Site History

Zlate hory (Golden Mountains) is a typical example of a small town located in Zlaty potok (Golden
Creek) in the countryside below the ridge of the eastern part of Jeseniky Mountains (Czech-Polish
Odra river border). The town was recognized for river gold-bringing sands already in the medieval
ages. Gold sources were exhausted quickly, but surveyors and prospectors searching for metallic ores,
especially those involving iron, nickel, lead, copper, and chromium, started to come soon afterwards.
The industrial revolution induced the expansion of small engineering, metallurgy, chemistry, machinery,
and other companies, bringing not only enormous prosperity to the originally remote mountain region,
but also, as would be clearly revealed years later, a heavily polluted environment.

To find some gold in Zlaty potok (Golden Creek) is very rare now. On the other hand, the
occurrences of European otter (Lutra lutra), Wild cat (Felis silvestris), Eurasian lynx (Lynx lynx), Bullhead
small fish (Cottus gobio), Black stork birds (Ciconia nigra), and European hoopoe (Upupa epops) are
all exquisite indicators of the nature value of this locality. Unfortunately, due to industrial activities
spanning from the 1860s to the 1980s, there is also a high occurrence of hexavalent chromium
(Cr®*) deposits.

2.2. Contamination

The contaminated area is located in a zone of a company working in the metallurgic industry and
dealing also with galvanic plating. The contaminated water contains mainly Cr®" and Ni?* ions as
a consequence of old industrial pollution. The area is equipped with a series of boreholes, enabling
monitoring of the contamination concentration.

The depth of the boreholes is 6 m and the level of underground water level oscillates between 3
and 5 m (affected by the intensity of draining the borehole and climatic conditions). The contaminated
water in the borehole had been monitored long before the campaign started. The long-term average pH
value oscillates between 3.1 and 4.9, with conductivity oscillating between 3 to 5 mS/cm (temperature
15-19 °C). The characteristic contents of contaminants, pH, and conductivity are given in Table 1.

Table 1. Characteristic content of contaminants, pH, and conductivity of untreated water.

Criot, Cr®* Ni Zn Fe Mn pH «k(mS/cm)
Conc. (mg/L) 43 419 916 89 13 107 44 3.5

It is obvious that the highest concentration in groundwater reveals Ni?*, which is higher than
90 mg/L. The second dominating contaminant is chromium at a concentration 43 mg/L, of which
hexavalent chromium comprises 41.9 mg/L. Contamination by these metallic ions is a consequence of
industrial activity on this site, which was already described above. Other contaminants are of minor
importance. The polluted area was about 150 x 150 m (22,500 m?), and it contained approximately
78,750 m® of water contaminated with Cr®* and Ni2. The contaminant cloud was located in a subsurface
water layer (3 to 6 m deep). Targeted concentrations after treatment were 0.1 mg/L for Cr®*, 0.5 mg/L
for Criot, and 0.8 for Ni+.

2.3. Process Design
Figure 1 shows the stepwise procedure of the contaminated effluent treatment.

e  Firstly, the contaminated water is pumped from the borehole to a storage tank for separation of
solid particles appearing together with the pumped water (stones, sand, clay).

e  After primary sedimentation, the water is pumped through an electrocoagulation (EC) cell where
Fe* dosing takes place. The EC cell is constructed as a continuous apparatus with a single
flow-through loop.
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e  After Fe?* dosing, rapid agitation with 200 rpm is applied in order to homogenize the treated
water with dosed coagulant.

e  Flocculant (SUPERFLOC® A130, Kemira, Kemifloc, Prerov, Czech Republic) and Ca(OH), addition
to the treated water is implied before the slow agitation period in order to support particle growth
and their coalescence to larger aggregates (similar to standard industrial jar-testing).

The constructed unit is modular—this means that if a higher capacity of the process is required,
more EC modules (containers) can be connected in series.

Borehole

Sedimentation Y Electrocoagulation
drainage V

Slow agitation |A_____| Fhserkat L] Fast agitation
addition +
12 RPM ] 200 RPM
Ca(OH)
Sludge

Sludge filter- h| Residual water flow

sedimentation, b 4 from Sludge
press treatment sedimentation

water overflow

Figure 1. A simplified scheme of the process.

Ca(OH); was mainly added to EC-treated effluent in order to enhance the removal of Ni2* ions.
EC itself was unable to remove them below the desired limit (0.8 mg/L) because the pH increase during
dosing was not sufficiently high for complete removal of Ni. Gentle addition of Ca(OH), brought the
desired result in efficiency. The course of Ni residual concentrations followed the course of Fe residual
concentrations. In addition, Ca(OH), could not be used separately for treatment of this industrial
effluent because it was unable to remove Cr" ions (see Table 2).

Table 2. Removal of contaminants using only Ca(OH),.

(mg/L) Zn?* Cryp Cr%  Fe3* Ni?* Mn?**

Input 6.40 354 316 2.2 60.0 8.3
Output  0.39 319 315 <05 0.05 0.05

Ca(OH), was capable of very efficient removal of Ni>* and other metals, but it was not able to
remove Cr®". Treated water then enters the sedimentation tank to separate the precipitated coagulant.
Treated water leaves the tank through the overflow and the coagulated sludge is treated with a
filter-press (Antares AKHR 400/25-00, ANTARES-AZV s.r.0., Prerov-Dlouhonice, Czech Republic).
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2.4. EC Cell Characteristics

The electrodes are constructed as metallic sheets made of mild steel with dimensions
750 x 75 x 5 mm. The gap between the electrodes is set at 6 mm and the complete electrode pack
consists of 4 anodes and 4 cathodes, providing 7 channels between the electrodes with 6 mm width.
The highest safe current input was determined at 90 A; above this value, an undesired rapid overheating
of the conductive wires was observed. The electrodes are connected to a power supply (EA PSI 8080
120 2U), enabling set up of the current in the range 0-120 A, with 0-80 V. The cell is also equipped with
a polarity switch.

Switching between the anode and the cathode is possible because they are of identical material
(mild steel). While the anode is being consumed, the cathode remains unconsumed. Their switching in
defined periods of time enables prolongation of the electrode pack lifetime. Technical data of the EC
cell are given in the Table 3.

Table 3. Technical data of the electrocoagulation (EC) cell.

Flow Rate Range (L/h) 200-500
Electrode material Mild steel
pH range 4.5-10
Maximum current input (A) 90
Active surface area (dm?) 39.4
Working current input (A) 45
Working dose of Fe (mg/L) 134
Working current density (mA/cm?) 11.42
No. of anodes and cathodes 4

Total and residual concentrations of Cr, Ni** were determined by microwave plasma-atomic
emission spectrometry (Agilent 420 MP-AES, Agilent Technologies, Santa Clara, CA, USA). Cr®* was
determined by UV-vis spectrophotometry by reaction with diphenylcarbazide at 540 nm. Conductivity
and pH were measured with a multi-parameter probe (WIW Multi 3620, WIW s.r.o., Prague,
Czech Republic).

3. Results and Discussion

During the testing period, a range of typical technical problems that can be associated with pilot
scale and the prototype unit occurred—unstable weather, clogging of pumps caused by inappropriate
setup, oscillation of flow rate, etc. However, all problems were solved and the presented data contain
results obtained by operation without interruption. The entire campaign lasted three individual
workweeks and this section describes one of these uninterrupted weeks (all three weeks’ data are given
in the Supplementary Materials).

The EC cell was operated continuously at a flow rate of 350 L/h. The constant flow rate was
ensured by an air-operated diaphragm pump and an assigned regulation valve. The flow rate was
monitored on a conical flow meter. The unit contains two electrochemical cells. We decided to designate
them as Cell A and Cell B. If Cell A is in use during experiment, Cell B is in stand-by mode and
vice versa.

The left part of Figure 2 displays the details of a fresh electrode pack ready for testing. The right
part of Figure 2 shows the passivated surface requiring maintenance. Passivation is caused by
surface clogging due to the agglomeration of produced sludge and coagulation of contaminants and
salts contained in groundwater. In addition, some non-clarified mechanisms can contribute to the
passivation phenomena. This undesired clogging of electrode surface caused a conductive connection
between the anode and cathode, instigating a closed circuit and consequently, electric discharge. This is
accompanied with the rise in electric resistance. This passivated surface required mechanical cleaning
and chemical regeneration using 5% H3POj.
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Figure 2. Fresh and passivated electrode pack.

Some of the process parameters had to be optimized prior to pilot scale testing in order to resolve
all possible troubleshooting. These included: flow rate and current input—dosing of coagulant, mixing
regime, dose of flocculant, and addition of Ca(OH),. Flow rate and current input are crucial parameters
closely bound together and they are the main indicators of the process’ performance. Mixing regime
and dose of coagulant are important for the separation of coagulated particles from the treated solution.
Ca(OH), addition was applied to enhance removal of Ni?* by an increase in pH. All process parameters
were optimized as published before [16].

Current input was kept during the testing period at a constant value of 45 A and its value was
set based on previous optimization experiments that provided stable performance in the removal of
selected contaminants. Its course is represented by a red line in Figure 3. After 35 h, there was a
peak of current input at 75 A and this represented the need of electrode pack maintenance due to the
clogging of the electrode surface and consequently, caused the presence of short circuit areas. This is
accompanied by a drop and immediate rise in established voltage at the same time. It is obvious that
the established voltage is nearly stable and any eye-catching deviation may indicate a process problem.
The phenomena were periodically repeated within an interval of 35-50 h, showing that at the current
technical arrangement, operation of the EC cell without maintenance is possible approx. two days.
Switching between EC cells did not require termination of operation.
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Figure 3. The example of current (red, main y-axis) and voltage (blue, secondary y-axis) control
during operation.
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3.1. Main Contaminants Remouval

The concentrations of Cr®* and Ni?* were noted to be decreasing during the experimental
campaign and the decrease varied between 15% and 25% of day 0’s concentration (91.6 mg/L for Ni?*
and 43 mg/L for Cr). This could have been caused by the continuous pumping of water to the storage
tank and subsequent natural dilution caused by underground inflow of water to the borehole. During
the process, the reduction of Cr®* ions is performed according to the hypothesized equation:

Cr,07%~ + 6 Fe** + 7H,0 — 2 Cr¥* + 6 Fe>* + 14 OH™ (1)

This is followed by the formation of Cr(OH); and Ni(OH), and their co-precipitation and
adsorption in the coagulant sludge according to conjectured reactions:

Cr** + 30H™ — Cr(OH);3 2)

Ni** + 2 OH~ — Ni(OH), (3)

Long-term variation of input concentrations can be found in the supplementary data.

An example of residual concentrations of the main contaminants is depicted in Figure 4. Full data
of three weeks’ testing are included in the Supplementary Materials (Figure S7). The residual
concentration of Crior, was kept below 0.5 mg/L, which was the limit for draining treated water
back to the ground. Only at the beginning residual concentration was higher than the permissible
limit, but this was caused by launching the technology into operation. From this, it is obvious that a
carefully controlled well-timed system of regeneration ensures long-term stable operation. The residual
concentration of Ni?* exceeded the limit for Ni?* (0.8 mg/L) a few times and it can be seen that it
correlated with the residual concentration of Fe. This might have been caused by the temporary
decrease in pH to a value of 8, causing higher Ni solubility. Precipitated Fe(OH); forms the main
part of the sludge. A higher residual concentration of Fe (and correspondingly, Ni) might have also
been caused by oxygen bubbles, which were being formed during the electrocoagulation process.
That might have kept small flocs of Fe sludge suspended in the bulk volume. Average concentrations,
including all data with variations, are given in Figure 5. The confidence intervals include all three
weeks’ data. This displays that the required residual concentrations of Ni and Cr are possible to be
reached; however, further optimization would be needed.
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Figure 4. An example of residual concentrations of the contaminants after sedimentation.
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Figure 5. Average concentrations of Ni and Cr during the entire period of pilot scale testing.

The decrease in pH may have several reasons. Water is pumped to the EC cell with an air-operated
diaphragm pump, which is supported by a compressor. With this pump, it may be difficult to regulate
flow rate precisely and sometimes, non-precise regulation could cause short-term increase or decrease
in the flow rate. Simultaneously, the Ca(OH), dosing was not interconnected to the current value of
flow rate and due to manual regulation of the flow rate, it may have caused a temporary excess or lack
of Ca(OH);, causing an increase in residual concentration—the modular unit was a prototype. It is
possible to assume that in the case of series manufacture, the pumping of water to be treated and the
dosing of Ca(OH), would be fully automated and this would be avoided. Finally, natural variation
in the borehole water level and its pH could act its role during the process, which is, unfortunately,
not possible to influence.

Sludge collected at the bottom of the sedimentation tank had to be treated by using a filter-press.
The residual concentration of metals in the water leaving the filter-press is given in Table 4.
The filter-press was operated once per day and the volume of treated water with concentrated
sludge varied from 1 to 1.5 m3.

Table 4. Residual concentration of Crior, Cr*, NiZ*, Zn%*, Fe®*, and Mn?* in water leaving the
filter-press (mg/L).

Time (h) pH Cry. Cr®*  Ni?*  Zn?*  Fe’* Mn?*

2 9.5 29 <0.1 14 0.2 4.1 0.2
23 9.3 0.7 <01 <01 <01 <01 <0.1
47 8.9 0.2 <01 <01 <01 <01 <0.1
63 86 <01 <01 <01 <01 <01 <0.1
82 88 <01 <01 <01 <01 <01 <0.1
105 8.7 <0.1 <0.1 <0.1 <0.1 <01 <0.1
128 85 <01 <01 <01 <01 <01 <0.1
146 88 <01 <01 <01 <01 <01 <0.1

It can be seen that the first values of residual concentration significantly differ from other
concentrations and the content of contaminants is much higher. This was caused by the fact that
there was a concentrated sludge from the previously performed experiments with a not sufficiently
high degree of removal in the filter-press. Backward leaching of metals to treated water was thus
observed. This could also have been caused by leaching of the smallest-grained particles from sludge
to the treated water, which could have been intensified by a rise in filtration pressure in the fully filled
filter-press and consequently, lower flow rate through the filter-press. After clearing out the filtering
chambers, all residual concentrations of monitored contaminants were below detection limits. It is
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obvious that detected concentrations in water leaving the filter-press were lower than water leaving
electrocoagulation after sedimentation. This might be caused by imperfect separation by sedimentation
as some of the flocs might have been carried away by emerging oxygen during electrocoagulation
and helped them to remain in bulk volume, while the filter-press effectively separated them. Table 5
summarizes concentrations of Ni and Cr in influent, effluent, and sludge dewatering, including
removal efficiencies.

Table 5. Residual concentrations and removal efficiencies of Ni and Cr in water streams.

Cr®* (mg/L) Crior. (mg/L)  Ni (mg/L)

Influent 28.85+6.29 32.04+6.13 59.19 +6.49

Effluent <0.01 0.38 + 0.32 0.58 + 0.41
Removal efficiency >99.99% 98.81 +1.18 99.02+0.73
Sludge dewatering <0.01 <0.01 <0.01
Removal efficiency >99.99% >99.99% >99.99%

During the entire period of testing the unit (not just the period presented in this manuscript), more
than 74 m? of contaminated water was treated and 220 kg of electrocoagulation sludge was produced
with 47% of dry matter. Standard chemical coagulation would produce up to 50% more sludge than
electrocoagulation [20]. Collected sludge was mineralized in aqua regia (1 g of sludge in 10 mL of
aqua regia) under microwave conditions and the leachate was then diluted to 100 mL. Samples were
analyzed on MP-AES and the concentrations of metals were calculated fordry matter. It is obvious that
most of the removed contaminants remained in the concentrated sludge (see Table 6).

Table 6. Concentrations of Cr, Ni, and Fe in collected sludge.

Element Fe Criot. Ni
Concentration (mg/g) 106.32 +5.52 31.47 +4.32 59.58 + 5.41

The collected sludge enabled simple manipulation and disposal. After sampling, it was stored
in the metallic barrel and then, treated as a non-hazardous waste (category II; based on leaching
examination test). The leaching test was performed according to Czech regulation 294/2005 legal code.
The sludge could not have been categorized in group I because of the higher leaching of fluorides
that was allowed (limit is 1 mg/L, leachate contained 1.28 mg/L). Fluorides are bound in the form
of CaF,, with Ks = 2.69 x 10711; equilibria concentration of fluorides is then 3.5 mg/L, therefore
electrocoagulation leachate would most probably always exceed the limits for being categorized in
group I (inert waste). The full protocol of the leaching test can be found in the supplementary material.

3.2. Operating Cost

Based on long-term testing, an estimation of operating cost was performed. All the costs are
related to 1 m> of treated water. It is obvious that electric energy is the dominating item in determining
the cost of the technology. The energy supply to the EC cells represents only 14% of the total energy
consumed. The rest of the energy was consumed by other components requiring electricity (centrifugal
pumps, sensors, mixing motors, etc.). The energy consumption of other apparatuses is given in Table 7.
It is important to point out that a range of these Natura 2000 sites have available small hydro plants
(SHP); thus, the cost of electricity might be favorably low.

The second highest item determining the operating cost is the fabrication of the electrode pack
(cutting and connecting electrodes from a steel sheet and working for their exchange in the cells).
Other process costs are of minor importance, as can be seen in Table 8.
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Table 7. Power consumption for particular items in the container unit ((%) of total power consumption).

Apparatus (%) of Power Consumption
EC cell 14
Fast agitation 20
Slow agitation 8
Flocculant agitation 6
Air compressor 40
Ca(OH), agitation 2
Flocculant pump 5
Ca(OH); pump 5

Table 8. Operating cost for treatment of 1 m> of contaminated water on industrial site.

Item Cost Amounts Price (EUR)
Electric energy supplied to EC cells 1.28 kWh 0.19
Energy 8.8 kWh 1.35
Electrode pack (1.58 EUR/piece) 1 pc/70 m3 0.02
Ca(OH), 0.8 kg 0.09
Flocculant 4g 0.02
H3POy4 / 0.11
Sludge treatment 297 kg 0.11
Indirect cost / 0.08
Total / 1.97

The total process cost for treatment of groundwater on the treated site contaminated mainly with
Cr®* and Ni?* was determined at 1.97 EUR/m>. The operating cost is seemingly high, but it must
be noted that such contaminations and specific sites require an explicit approach. The most suitable
application could be on sites with high protection standards like the presented Natura 2000 site because
modular units do not necessitate insensitive adjustment of surroundings.

An advantage of the presented prototype unit lies in its modular construction that can be placed
in a transportable container, providing compact dimensions of the entire technology. It can be easily
transported to the contaminated site and the site can be treated for a required period of time. The entire
container unit is a “plug and play” system. The only requirement is the accessibility of electric energy,
which is often available via SHP.

3.3. Theoretical and Simplified Strategy for Site Groundwater Remediation

The authors’ team proposed a simplified theoretical remediation scenario for removal of Criot.
and Ni?* from Zlaty potok (Golden Creek) groundwater based on pilot scale testing and the presented
results. It must be pointed out that the proposed groundwater remediation strategy does not account for
the contaminated soils on site. The overall strategy must compulsorily cover both aspects (contaminated
soil and contaminated groundwater) and groundwater remediation must follow soil decontamination
(the source of contamination must be eliminated before groundwater treatment). This groundwater
remediation scenario is grounded on several considerably simplifying assumptions:

e  The contaminated site has limited supplies of groundwater.

e A series of boreholes prevents mixing of contaminated water with clean water.

e  The contaminated site has well described contamination; the issue is that the site is not brownfield.

e  The level of contamination is constant (after remediation, the site is completely cleansed).

e Soil contamination is already resolved and no more contaminants are being leached to the
groundwater environment.

Based on these assumptions, a simplified calculation was performed:

e  The underground water level is 3 m, its depth is 3.5 m — maximum depth 6.5 m.
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e  The theoretical area of contamination is: 150 x 150 = 22,500 m?2.

e Thus, the theoretical contaminated volume is 22,500 x 35 = 78,750 m3 of
contaminated groundwater.

e In the case of just one modular EC unit in use (as presented), the flow rate of 350 L/h would treat
the entire volume in 78,750,000:350 = 225,000 h — 225,000:24 = 9375 days — 9375:365 = 25.68 years.

e  Multiplication of modular units could proportionally decrease the time of remediation (e.g., use of
ten EC modular units could decrease the duration of site remediation 25.68:10 = 2.568 years).

Simplified calculations have shown that the time needed for theoretical remediation of groundwater
could be determined by the number of used modular EC units. The total time could be divided into
a corresponding number of treatment campaigns with a duration of six months during late spring,
the entire summer, and early autumn—this might provide a theoretical scenario for the treatment
of contaminated groundwater in the area. It would of course require other idealistic assumptions,
such as avoiding mixing of treated and untreated water, diluting of contaminated water with rainwater,
undisturbed groundwater flow, etc. Such an environment-friendly approach might help in the
development of a strategy for Zlaty potok (Golden Creek) site remediation. An example of a proposed
groundwater remediation strategy can be seen on Figure 6.

Decontamination unit

Unsaturated zone

Subterranean water level

Waterproof bedrock

Figure 6. Proposed way of the presented Natura 2000 site remediation.
4. Conclusions

The modular electrocoagulation unit supported by Ca(OH), addition was constructed and
operated in the vicinity of the Natura 2000 site for the removal of Cr®* and Ni?* from heavily polluted
groundwater. It was shown that such a combination is capable of reducing residual concentrations of
Cr®* and Ni?* below the required limits of 0.5 mg/L for Crio;. and 0.8 mg/L for Ni?*, with removal
efficiencies exceeding 98%. Natura 2000 sites are, of course, extremely valuable but also extremely
vulnerable if located close to old contamination deposits. Full remediation is just compulsory in these
cases. Obviously, standard approaches usually used for the decontamination of brownfields and other
common areas are of limited use in such cases. The priority of nature values protection could be
achieved here via the utilization of ecologically non-invasive operated modular electrocoagulation units
supported with Ca(OH); addition. Its output could be adjusted according to the specific contamination
situation. In this communication, it was shown that at a low impact on the environment of Natura
2000 site, groundwater can be remediated. The findings could be taken into account when a holistic
strategy for site remediation is being considered.
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Figure S1: Detail of EC cell: Upper—Outer jacket of the cell; Lower—Electrode pack with top cap. Figure S2:
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inside the container. Figure S4: A borehole used for pumping of contaminated water. Figure S5: Filter-press with
concentrated sludge. Figure S6: Long-term variation of Cr and Ni input concentrations. Figure S7: All three
weeks data of residual concentrations of Fe, Cr, and Ni. Table S1: Protocol of sludge leachate analysis according to
Czech regulation 294/2005 legal code.
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Zatizeni pro dekontaminaci vody s obsahem toxickych kovi

Oblast techniky

Technické feseni se tyka oblasti &isténi vod, konkrétné zafizeni pro dekontaminaci vody s obsa-
hem toxickych kovi.

Dosavadni stav techniky

V soudasné dobé je zapotiebi ekologicky odstrafiovat stale vétsi objem toxickych kovil Skodli-
vych pro Zivotni prostfedi vyskytujicich se v kontaminovanych vodéach. Toxické kovy jako jsou
napf. olovo, kadmium, chrom, rtut, arsen, antimon, nikl, méd’, pfipadn€ zinek, pfedstavuji vy-
znamné neZadouci latky v odpadnich vodach se znaénym environmentalnim dopadem na vodni
ekosystémy. Jejich zdrojem je celd fada primyslovych odvétvi, kde lze uvést zejmena chemicky
primysl, metalurgii barevnych kovi, strojirensky pramysl (povrchové upravy kovit), elektrotech-
nicky primysl (ti§téné spoje) apod.

Pro &isténi odpadnich vod se pouZivaji chemické, fyzikalné-chemické i biologické metody. Jed-
nou z téchto metod je i sraZeni ¢i chemickd koagulace, vyuZivajici koagulatni Cinidla (napf.
Ca(OH),, NaOH, sulfidy, Zelezité ¢i hlinité soli apod.), jeZ umoZni vylouceni ve vod€ rozpuste-
nych kontaminujicich slou€enin (vétsinou v iontové formé€), v podob& malorozpustné sraZeniny,
ktera prechazi do koagula¢niho kalu. Kal je nasledné mozné odstranit usazovanim, filtraci nebo
jinou mechanickou metodou. Pfi ipravé vod se koagulace pouZiva na odstranéni vapniku a hof-
¢iku a pfi odZelezovani a odmanganovani vody. Pfi €isténi odpadnich vod ma nejv€tsi vyznam
odstrafiovani iontdi toxickych kovii. Nevyhody tohoto zplsobu odstrafiovani toxickych kovi
z odpadnich vod spoéivaji zejména v nizkych cinnostech odstrafiovani kovli nachazejicich se
v alkalickém prostiedi ve formé aniontii (napf. arseni¢nany, antimoni¢nany) dale ve spotiebé
koagula€nich &inidel a produkci vétSich objeml kontaminovanych kald, které vyzaduji dalsi
zpracovani, coZ se projevi ve zvysené ekonomické nakladnosti celého procesu.

Dalii skupinou feSeni odstranéni toxickych kovii jsou elektrokoagulaéni metody. Elektrokoagu-
lace je principialng podobna chemickému sraZeni tim, Ze je také zaloZena na interakci mezi koa-
gulaénim ¢inidlem a kontaminanty, které jsou vylouceny ve formé nerozpustné sraZeniny, avak
koagula¢ni ¢inidlo je generovano pfimo in-situ. Elektrokoagula¢ni metoda vyuZziva elektroche-
mickou celu, které zahrnuje pracovni elektrodu — anodu zhotovenou vétsinou ze Zeleza, piipadné
z hliniku, katodu a elektrolyt, ktery je tvofen roztokem (odpadni vodou) s obsahem odstrafiova-
nych toxickych kovi. Elektricky proud prochazi mezi anodou a katodou, pfi€emz dochdzi
k postupné oxidaci anody, do roztoku se uvoliiuji ionty z anody, ¢imZ se anoda postupn€ zmen-
$uje a uvolnéné ionty vytvaii shluky oxidii kovi, které sedimentuji ke dnu a tvoii tzv. kal. Sedi-
mentovany kal se nasledné mechanicky odstratiuje. Dokumenty GB 2494299 a US 2010116650
popisuji odstrafiovani kontaminujicich latek z vody pomoci této metody. Elektrokoagulace pfed-
stavuje fyzikaln&-chemicky dekontaminaéni proces, kdy jsou odstrafiované rozpusténé kovy,
piipadné organické latky pfevedeny do kalu, ktery pak musi byt nasledné odstranén z CiSténe
vody zpracovan podobné jako v pfipadé chemické koagulace. Nevyhody t€chto fedeni spocivaji
zejména v nutnosti ¢asté vymény neustéle se zmensujici anody v priibéhu odstrafiovani toxickych
kovi.

Ukolem technického feseni je odstranit nedostatky vyse uvedenych znadmych feseni a vytvofit
zafizeni pro dekontaminaci vody s obsahem toxickych kovi, které by efektivné a s nizkymi na-
klady na provoz dekontaminovalo vody zne€isténé toxickymi kovy.

Podstata technického feSeni

Vyse uvedené nedostatky odstrafiuje zafizeni pro dekontaminaci vody s obsahem toxickych kovi
podle tohoto technického feSeni. Zafizeni zahrnuje zasobni nadrz na vodu kontaminovanou to-
xickymi kovy a elektrokoagulaéni celu, v niZ je uspofadana alespoil jedna dvojice elektrod
anoda-katoda propojen4 propojovacimi kabely se zdrojem elektrického napéti. Podstata technic-
kého feleni spoéiva v tom, %e mezi zdrojem elektrického napéti a elektrodami je zapojen stfida¢
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polarity pro rovnomérnou prepolarizaci elektrod a rovnomérné spotfebovavani anody i katody pfi
elektrokoagulaci. Optimalni hodnota proudu, ktery je pfivadén do elektrokoagulaéni cely se pfi
priitoku €i§téné vody 100 Lhod™ pohybuje mezi 25 a7 40 A, kdy se napéti nasledné ustéli na 3,5
az 15 V dle konduktivity vody, resp. v z4vislosti na obsahu ve vodé rozpu§ténych soli. Rizena
piepolarizace elektrod ma za nésledek rovnomémné ubyvani, respektive rozpousténi anody po
urcitou dobu a nasledné i katody po stejné dlouhou dobu pfi dekontaminaci vody znegisténé to-
xickymi kovy. Dobu rozpousténi anody &i katody lze Easové regulovat dle aktualniho stavu
a potfeby po nastaveném Casovém intervalu. Timto feSenim se také vyrazné prodluZuje Zivotnost
elektrokoagulatni cely a jeji provozni stabilita, nebot’ bez pfepolarizace je katoda postupné po-
kryvana vylou€enymi vrstvami redukovanych kovii a jejich oxidd a soli, ¢imZz ma vyrazné& horsi
vlastnosti z hlediska prichodu elektrického proudu. Soucasné nelze opomenout ani ekologické
hledisko, kdy vyrazné klesa mnoZstvi odpadu v podob& neupotiebené katody.

Ve vyhodném provedeni je kazda elektroda tvofena alespoti jednou deskou a desky jsou uspora-
dany proti sobé ve vyménné elektrodové kazeté opatfené izolovanymi kontakty, ktera je uloZzena
uvnitf elektrokoagulaéni cely. Propojovaci kabely jsou izolované a prochézeji od st¥idace polarity
pfes ut€sfiovaci priichodky dovnitf elektrokoagulaéni cely na izolované kontakty elektrodové
kazety. Kontakty jsou timto zpilisobem utésnény, nedostanou se do styku s vodou a je zcela eli-
minovano nebezpeci Urazu obsluhy ¢i poniéeni zafizeni.

S vyhodou je elektrodova kazeta opatifena alespoii dvéma za sebou uspofadanymi dvojicemi de-
sek z materidlu na bazi hhmku nebo Zeleza. Kazda deska ma tloustku nejvyse 4 mm a jeji plocha
je v rozmezi 0,1 a2 0,35 m”. Takto uspofddané desky vykazuji dlouhou Zivotnost, stabilni provoz
a moZznost dekontaminace zneci§téné vody po dlouhou dobu. S vyhodou soucet ploch desek
v elektrodové kazeté leZi v rozmezi od 3 m? do 3,5 m.

Zasobni nadrz je ve vyhodném provedeni na elektrokoagulaéni celu napojena propojovacim po-
trubim z plastu nebo nerezové oceli pies ob&hové Eerpadlo, regulaéni ventil, &idlo pritoku, &idlo
pH a ¢idlo vodivosti. Tyto kontrolni prvky MaR jsou nezbytné pro zajisténi spravného prib&hu
procesu elektrokoagulace, kde jsou zejména dileZité hodnoty pH, které se musi pohybovat
v intervalu 6 az 10 ¢i rychlost Cerpani zne¢isténé vody do elektrokoagulacni cely, ktera je zavisla
na koncentraci toxickych kovi ve vodé.

Elektrokoagulani cela je s vyhodou opatfena vystupem, ktery je napojen do koagulaéniho ho-
mogenizatoru zarodednych vlodek, ktery je opatfen michadlem s frekvenci 250 ot.min™. Rychlé
michani zajiStuje homogenitu vzniklych vio€ek ionti uvolnénych z elektrod a ionth toxickych
kovii v celém objemu koagulaéniho homogenizatoru. Vystup koagulaéniho homogenizatoru je
napojen do sedimentaéni nadrZe, ktera je opatfena michadlem s frekvenci 10 aZ 30 ot.min™. Po-
malé michani zajiStuje sedimentaci vzniklych vlo&ek oxidl a hydroxidi Zeleza ¢i hliniku s ad-
sorbovanymi slou¢eninami toxickych kovii, za vzniku kalu, ktery je nasledné odvadén.

Sedimenta¢ni nadrz je ve vyhodném provedeni opatfena pfepadem ptelisténé vody zbavené to-
xickych kovil a odvodnim potrubim odsazeného kalu do kalolisu, ktery je opatien odvodnim po-
trubim filtratu a odvodnim potrubim zahuiténého kalu. Pfetisténa voda zbavena nebezpe&nych
toxickych kovli pfedstavujicich ekologickou zatéZ pro Zivotni prostfedi je nasledné vyuZita pro
rizné aplikace. Zahustény kal je poté odstrafiovan standardnimi postupy jako je stabili-
zace/solidifikace piipadné z néj mohou byt nékteré kovy regenerovany (napt. Cu). Postup de-
kontaminace vody s obsahem toxickych kovi je mozné dle tohoto technického feeni nastavit jak
ve vsddkovém, tak v kontinuélnim rezimu.

Ve vyhodném provedent je elektrokoaguladni cela opatfena vystupem, ktery je napojen do koa-
gulaéniho homogenlzatoru zarode¢nych vlocek, ktery je opatfen michadlem s frekvenci
250 ot.min™. Vystup koagula¢niho homogenizatoru je napojen pfimo do kalolisu, ktery je opaten
odvodnim potrubim filtratu.

Vyhody zafizeni pro dekontaminaci vody s obsahem toxickych kovii podle tohoto technického
feSeni spocivaji zejména v efektivnim odstratiovani toxickych kovil z vody za nizkych nakladi
pro provoz zafizeni. Dal8i vyhodou je rovnomérné spotfebovavani anody i katody diky pfepolari-
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zaci elektrodového systému v porovnani s klasickymi elektrokoagulatnimi metodami, kdy do-
chézi k postupnému ubyvani pouze anody.

Objasnéni vykresu

Uvedené technické feSeni bude bliZe objasnéno na nésledujicich vyobrazenich, kde:
obr. 1 znazoriuje schéma zafizeni pro dekontaminaci vody s obsahem toxickych kovi,

obr.2 znazornuje tabelarni vystup rentgenové fluorescencni analyzy vzorku sedimentovaného
kalu po zpracovani vody z metalurgického primyslu.

Priklad uskuteénéni technického fefeni

Rozumi se, Ze dale popsané a zobrazené konkrétni pfipady uskute¢néni technického feSeni jsou
pfedstavovany pro ilustraci, nikoliv jako omezeni technického feSeni na uvedené piiklady. Od-
bornici znali stavu techniky najdou nebo budou schopni zajistit za pouZiti rutinniho experimento-
véni v&t3i & mensi polet ekvivalentl ke specifickym uskute¢nénim technického feSeni, ktera jsou
zde popsana. I tyto ekvivalenty budou zahrnuty v rozsahu nasledujicich narokd na ochranu.

Zatizeni pro dekontaminaci vody s obsahem toxickych kovii zobrazené na obr. 1 zahrnuje za-
sobni nadrZ 1, pro zadrZeni vody znedisténé toxickymi kovy. Zasobni nadrZ 1 je dale pomoci
propojovaciho potrubi 2 napojena na ob&hové Cerpadlo 3, regulacni ventil 4, Cidlo 5 priitoku,
¢idlo 6 pH a ¢idlo 7 vodivosti na elektrokoagulacni celu 8. Propojovaci potrubi 2 je vytvofeno
z nerezové oceli, v jinych piikladech provedeni v8ak miiZe byt vytvoreno i z plastu. Elektrokoa-
gulaéni cela 8 je opatfena deskami pfedstavujici Sest dvojic elektrod anoda-katoda, které jsou
uspoiadany ve vyménné elektrodové kazeté 9, ktera je uloZena uvnitt elektrokoagulani cely 8.
Elektrokoagulaéni cela 8 je dale opatfena propojovacimi kabely 12 pro spojeni elektrokoagulacni
cely 8 se stiidatem 11 polarity umoZiujici pfepindni mezi katodou a anodou pro rovnomeérné
rozpousténi elektrodovych desek. Stfida¢ polarity periodicky méni polaritu stejnosmérného elek-
trického proudu generovaného zdrojem napéti 10. Elektrokoagulacni cela 8 je déle napojena na
koagulaéni homogenizator 13 umoziujici rychlé michani zarode¢nych vlocek s rychlosti ota¢ek
250 ot.min™. Koagula¢ni homogenizator 13 je napojen na sedimenta¢ni nadrz 14 s pomalym mi-
chanim s rychlosti 10 ot.min™ pro (i¢innou agregaci a sedimentaci vzniklych vlogek oxidi a hyd-
roxidll Zeleza. Sedimentaéni nadrz 14 je dale opatfena prepadem 15 vody zbavené toxickych
kovili odvadgjici pfetisténou vodu ze zafizeni, odvodnim potrubim 16 odsazeného kalu na kalolis
17, kde dochézi k filtraci odsazeného kalu a k zahu§téni kalu. Kalolis 17 je nésledné opatien od-
vodnim potrubim 18 filtratu. Takto uspofadané zafizeni nasledné slouzi k dekontaminaci vod
znedisténych toxickymi kovy.

Piiklad 1

Ptiklad 1 popisuje dekontaminaéni proces odpadnich vod z automobilového primyslu v zafizeni
dle tohoto technického feeni v kontinualnim reZimu. Prvni série testl byla provedena s odpadni
vodou pochazejici z lakovny a povrchovych uprav kovii v automobilovém priimyslu. Vzhledem
k vychozimu pH odpadni vody na hodnoté€ 7,1 jej nebylo tieba nijak upravovat. Zde byly prove-
deny tfi nezavislé testy, kazdy s vychozim objemem 50 1, které sledovaly rlist u€innosti procesu
elektrokoagulace v zavislosti na zvySujicim se proudu vloZeném na elektrody. Kontaminovana
voda prochézela ze zasobni nadrZe 1 skrz elektrokoagulaéni celu 8 s ocelovymi elektrodami, kde
byly davkovény ionty Fe, a nasledn& vstupovala do koagulaéniho homogenizatoru 13, kde byla
michana pii otackach pii otackach 250 ot.min™ a poté vstupovala do sedimenta&ni nadrZe 14, kde
byl nastaven reZim pomalého michani po dobu 10 min pfi otaCkach 20 ot.min" a nakonec nasle-
dovala gravitaéni sedimentace po dobu 40 min. Priitok ¢isténé vody elektrokoagulacni celou 8
byl nastaven na 50 L.hod! a davkovani elektrod bylo po ¢asovy interval 20 min. V zéavislosti na
vstupni hodnoté proudu pak bylo vydavkovéano piislusné hmotnostni mnozZstvi Zeleza. Zakladni
technologicka data &tvrtprovozniho testu elektrokoagulace (EC) jsou shrnuta v nasledujici ta-
bulce 1.
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Tab.1 Technologické data pfi procesu elektrokoagulace OV z automobilového primyslu

Rezim EC | Proud [A] | Napéti [V] | Vykon [kW] |davkovani Fe [mg/1]

L 10 3,53 0,06 69,5
1L 20 6,40 0,12 138,9
I 30 9,60 0,22 208,4

V priibéhu testu byla patrné barevna zména ¢iténé vody z nazelenalé do svétle hnédé az hnédé,
nebot byly davkované ionty Fe**, postupné transformovany na formy oxidii a hydroxidéi Fe*"
napt. FeO(OH), Fe(OH)s, Fe,0;.

V prubéhu kazdého testu byly odebrany vzorky do 1 1 kadinky pro kontrolu procesu provedenim
externi koagulace a sedimentace na michacim setu. Pro analyzu byly odebrany vzorky vstupni
kontaminované vody a vy€isténé vody prostiednim bo¢nim ventilem ze sedimenta¢ni nadrze 14.
Odsazeny kal nebyl v této sérii testli dale zpracovavan ani analyzovan. Vysledky analyz vstupni
kontaminované a vystupni vy¢i§téné vody jsou shrnuty v tabulce 2.

Tab. 2 Parametry vstupni a vyci§téné vody z automobilového primyslu pfi riznych reZimech
testil elektrokoagulace.

Ozn. vzorku pH vodivost Zn Ni Fe TOC TIC
- mS/m mg/l mg/1 mg/1 mg/1 mg/l
EC_S vstup 6,9 725 32,2 21,3 1,02 20,8 52
EC S 10A / 794 2,25 12,1 51,3 14,9 4,8
EC S 20A / 865 0,42 6,73 39,0 14,5 4,5
EC_S 30A / 789 0,15 2,43 26,5 13,6 3,9

Z piedstavenych vysledki je patrny nartst G¢innosti odstranéni viech kovii procesem elektrokoa-
gulace v zévislosti na zvyS$ovani vstupniho proudu. Kromé kovii doslo ve viech testech také
k poklesu obsahu organické kontaminace vyjadfené obsahem celkového organického uhliku
(TOC). Hodnota proudu 30 A byla v pouZité konfiguraci povaZovéna za limitni, jednak z technic-
kého hlediska, kdy pouzité kabely byly urené na maximalni proud 36 A, pfi jehoZ piekroeni
dojde k pfehiati a vypnuti zdroje napéti a také proto, Ze pfi vyssich hodnotich proudu miiZe
nartistat hmotnostni podil magnetitu Fe;O;, ktery vykazuje $patné sedimenta&ni vlastnosti.

Priklad 2

Piiklad 2 popisuje dekontaminaéni proces odpadnich vod z metalurgického primyslu v zafizeni
dle tohoto technického feSeni v kontinudlnim reZimu. Druh4 série testd byla provedena s odpadni
vodou pochézejici z metalurgického primyslu barevnych kovil. Jde piedevsim o odpadni vodu
z vypirky emisi a pevného tletu z vysokoteplotnich peci. Vzhledem k vychozimu pH 7,5 nebylo
tfeba vodu nijak upravovat. Zde byly provedeny dva nezavislé testy procesu elektrokoagulace
v kontinudlnim reZimu pfi priitoku odpadni vody 50 I/hod., kontaminovana voda prochazela ze
zésobni nadrZe 1 skrz elektrokoagulaéni celu 8 s ocelovymi elektrodami, kde byly davkovéany
ionty Fe, poté vstupovala do koagulaéniho homogenizitoru 13 s rychlym mich4nim 250 ot/min
pro zajidténi tvorby vioéek FeO(OH), Fe(OH)s, Fe,O; a nésledné vstupovala do sedimentadni
nadrZe 14 s pomalym michénim 10 a% 20 ot.min"'. Objem koagula¢niho homogenizatoru 13 pro
rychlé michani byl 101, doba zdrZeni v koagulaénim homogenizitoru 13 byla 6 min a objem
sedimenta¢ni nadrZe 14 pro pomalé michani 150 1 s dobou zdrZeni 3 hod. Cas davkovani elektrod
byl nastaven na 40 min. Zékladni technologicka data pak poskytuje nasledujici tabulka 3.
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Tab. 3 Zakladni technologick4 data procesu elektrokoagulace pfi CiSténi odpadni vody z meta-
lurgického primyslu.

ReZim EC | Proud [A] |Napéti [V] |Vykon [kW] |dévkovani Fe [mg/l]
II. 20 3,01 0,06 2778
II. 30 4,12 0,124 416,8

Vzhledem k vysoké vodivosti testované odpadni vody, jak je zndzornéno v tabulce 4, ktera je
primémé trojndsobna oproti vodé z automobilového primyslu je patrny velmi nizky vykon
zdroje napéti, ktery pti 30 A dosahuje hodnoty necelych 60 % oproti testu s vodou z automobilo-
vého priimyslu. Z tohoto poznatku vyplyvé, Ze ¢im bude vy3si vodivost zpracovavané vody, tim
bude mit proces elektrokoagulace niZsi spotfebu elektrické energie. Vysledky analyz vstupni
kontaminované a vystupni vy€isténé vody z metalurgického priimyslu jsou shrnuty v tabulce 4.

Tab. 4 Parametry vstupni a vy&isténé vody z metalurgického priimyslu pfi riznych rezimech
testd elektrokoagulace.

Ozn. vzorku pH vodivost Tl Cd Zn Pb TOC
mS/m mg/l mg/1 mg/l mg/1 mg/1

EC_vstup 7,50 2030 27,8 1,73 1,53 0,15 24,6
EC 20A 9,13 2070 21,2 0,020 < 0,005 0,025 235
EC_30A 10,0 2080 0,32 <0,001 | <0,005 0,021 20,8

Z techto vysledkil jsou patrné vysoké ﬁéinnosti odstranéni kovu, jako je Cd, Zn Pb i v nizkych
prvek vzhledem k tomu, Ze se velmi obtizn€ srazi do formy mélo rozpustnych sloucenin, s nizkou
hodnotou souéinu rozpustnosti. V rezimu pii 20 A doslo pouze 30%-nimu bytku thalia oviem
v reZimu pfi 30 A pak uéinnost jeho odstranéni presahovala 99 %.

Z odsazeného kalu, po gravitaéni sedimentaci, ktery tvoii cca 30 % vstupni vody, byl odebran
vzorek cca 11, ktery byl piefiltrovan pies filtr 0,45 pm a podroben rentgenové fluorescenni
analyze, kterd poskytuje informaci o prvkovém sloZeni dané matrice vyjma lehkych prvkd. Vy-
stup z této analyzy je v tabelarni formé ukazan na obr. 2. Z analyzy je patrny vysoky obsah Fe
kolem 83 % hm., coZ je d4no rozpousténi Zelezné elektrody a také zastoupeni dalSich kovil jako
Tl, Mn, Zn, Pb, As. Vechny tyto prvky pivodné zastoupené v odpadni vod€ byly procesem
elektrokoagulace pfevedeny do kalu.

Ptiklad 3

Treti série testd byla provedena s odpadni vodou pochazejici z metalurgického priimyslu barev-
nych kovii. Jde o priisakovou vodu, tzv. skladkovy vyluh ze skladky anorganickych latek, jako
jsou tavidla a struska. Vzhledem k vychozimu pH 9,5 nebylo tfeba vodu nijak upravovat Zde byl
proveden test procesu elektrokoagulace v kontinudlnim reZimu pfi priitoku 100 L.hod™ pro jednu
hodnotu proudu. Kontaminovana voda prochazela ze zésobni nadrze 1 skrz elektrokoagulacni
celu 8 s ocelovymi elektrodami, kde byly davkovany ionty Fe, poté vstupovala do koagulaéniho
homogenizitoru 13 srychlym michanim 250 ot.min” pro zajidténi tvorby vlotek FeO(OH),
Fe(OH);, FezO3 a nasledné vstupovala do sedimentaéni nadrZe 14 s pomalym michénim, a to 10
az 20 ot.min™. Objem koagulaéniho homogenizatoru 13 pro rychlé michani byl 101 a doba zdr-
Zeni v rychle michaném koagulaénim homogenizatoru 13 byla 6 min. Pro pomalé michani v se-
dimentaéni nadr# 14 byl objem 1501 s dobou zdrZeni 3 hod. Cas davkovani elektrod byl nasta-
ven na 60 min. Zakladni technologick4 data ze &tvrtprovozniho testu EC pak poskytuje nasledu-
jici tabulka 5.




10

20

25

30

CZ 29833 Ul

Tab. 5 Zékladni technologicka data procesu elektrokoagulace pfi ¢isténi odpadni vody ze sklad-
kového vyluhu anorganickych odpadi v metalurgickém primyslu.

Rezim EC | Proud [A] | Napéti [V] | Vykon [kW] davkovani Fe[mg/1]
I 25 3,36 0,084 260,0

Vzhledem k velmi vysoké vodivosti testované odpadni vody, jak je znazornéno v predchozi ta-
bulce, je patrny velmi nizky vykon zdroje napéti, ktery pfi 25 A dosahuje hodnoty necelych
0,084 kW.

Nasledujici tabulka 6 znazorfiuje odstranéni toxickych kovii ze sklddkového vyluhu anorganic-
kych odpadii v metalurgickém primyslu technologii elektrokoagulace (EC).

Tab. 6 Parametry vstupni a vyCisténé vody ze sklddkového vyluhu anorganickych odpadi
v metalurgickém primyslu.

pH vodivost As Sb Zn Cd Pb
mS/m mg/1 mg/l mg/1 mg/l | mg/l

EC_Vstup 9,5 8510 12,2 3,31 5,35 3,46 | 0,33
EC 25 A 9,8 8 480 1,9 2,43 0,01 1,24 {0,009

Z téchto vysledkd jsou patrné vysoké ucinnosti odstranéni kovli (As, Zn, Cd), kde uginnost od-
stranéni arsenu piesahovala 84 %.

Ptiklad 4

Ptiklad 4 popisuje dekontaminaéni proces odpadnich vod v zafizeni dle tohoto technického feseni
ve vsadkovém reZimu. Proces odstratiovani toxickych kovi z odpadnich vod probihalo obdob-
nym zplisobem, jako v pfikladech 1 az 3, bez vyuZiti dopravnich &lanki zafizent, jako je ob&hové
Cerpadlo 3, regulaéni ventil 4, ¢idlo 5 pritoku, ¢idlo 6 pH a &idlo 7 vodivosti, nebot elektrokoa-
gulacni cela 8 je ponofena v zasobni nadrZi 1 s odpadni vodou a k dekontaminaci dochézi pfimo
v zasobni nadrzi 1.

Priklad 5

Priklad 5 popisuje dekontamina¢ni proces odpadnich vod v zafizeni dle tohoto technického feSeni
v kontinualnim reZimu. Proces odstratovani toxickych kovii z odpadnich vod probihalo obdob-
nym zpusobem, jako v piikladech 1 aZ 3, ve kterém je ale koaguladni homogenizator 13 zarodeg-
nych vloCek opatfen vystupem napojenym piimo do kalolisu 17 s odvodnim potrubim 18 filtratu.
Odpadni voda tedy neprochazi pfes sedimentaéni nadrz 14.

Primyslova vyuZitelnost

Zatizeni pro dekontaminaci vody s obsahem toxickych kovii podle tohoto technického Feseni je
prumyslové vyuZitelné pro €isténi vod znegisténych nebezpednymi toxickymi kovy v kontinual-
nim provoznim, ptipadné vsadkovém reZimu.

NAROKY NA OCHRANU

1. Zafizeni pro dekontaminaci vody s obsahem toxickych kovii zahrnujici z4sobni nadr¥ (1)
na vodu kontaminovanou toxickymi kovy, a elektrokoagula¢ni celu (8), v niZ je uspotadéna ale-
spofi jedna dvojice elektrod anoda-katoda propojené propojovacimi kabely (12) se zdrojem (10)
elektrického napé€ti, vyzmacujici se tim, Ze mezi zdrojem (10) elektrického napéti
a elektrodami je zapojen stfida¢ (11) polarity pro rovnomérnou pfepolarizaci elektrod.
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2.  Zafizeni podle naroku 1, vyznadujici se tim, Ze kazda elektroda je tvofena
alespon jednou deskou a desky jsou uspofddany proti sobé ve vyménné elektrodové kazeté (9)
opatfené izolovanymi kontakty, ktera je uloZena uvnitf elektrokoagulacni cely (8), pfi¢emZ pro-
pojovaci kabely (12) jsou izolované a prochdzeji od stfidace (11) polarity pfes utésiiovaci pri-
chodky dovniti elektrokoaguladni cely (8) na izolované kontakty elektrodové kazety (9).

3.  Zafizeni podle niroku 2, vyznacdujici se tim, Ze elektrodova kazeta (9) je opat-
fena alespoit dvéma za sebou usporadanym1 dvojicemi desek z materidlu na bazi hlintku nebo
Zeleza, pri¢emz kazda deska ma tloustku nejvyse 4 mm a jeji plocha je v rozmezi 0,1 az 0,35 m’.

4.  Zatizeni podle naroku 2 nebo 3, v yzna¢ u jici se tim, Ze soucet ploch desek
v elektrodové kazet® le#i v rozmezi od 3 m* do 3,5 m’.

5.  Zatizeni podle n&kterého z narokii 1 az4, vyznacdujici se tim, Ze zdsobni nadrz
(1) je na elektrokoagulaéni celu (8) napojena propojovacim potrubim (2) z plastu nebo nerezové
oceli pres ob&hové Eerpadlo (3), regulaéni ventil (4), ¢idlo (5) pritoku, ¢idlo (6) pH a Cidlo (7)
vodivosti.

6. Zatizeni podle nékterého z narokii 1 az5, vyznacujici se tim, Ze elektrokoagu-
ladni cela (8) je opatfena vystupem, ktery je napojen do koagulacmho homogemzatoru (13) zéro-
de&nych vio&ek, ktery je opatfen michadlem s frekvenci 250 ot. min”, jehoZ vystup je napojen do
sedimentaéni nadrze (14), ktera je opatiena michadlem s frekvenci 10 az 30 ot.min !

7.  Zafizeni podle ndroku 6, vyznacdujici se tim, Ze sedimentatni nadrz (14) je
opatfena piepadem (15) vody zbavené toxickych kovii a odvodnim potrubim (16) odsazeného
kalu do kalolisu (17), ktery je opatien odvodnim potrubim (18) filtratu.

8.  Zafizeni podle n&kterého z ndrokti 1 az5, vyznacujici se tim, Ze elektrokoagu-
laéni cela (8) je opatfena vystupem, ktery je napojen do koagulacmho homogenizatoru (13) zaro-
de¢nych vlogek, ktery je opatfen michadlem s frekvenci 250 ot. min”, jehoZ vystup je napojen do
kalolisu (17), ktery je opatfen odvodnim potrubim (18) filtratu.

2 vykresy

Seznam vztahovych znacek:

zasobni nadrz

propojovaci potrubi
obé&hové Cerpadlo
reguladni ventil

¢idlo prittoku

¢idlo pH

¢idlo vodivosti
elektrokoagulacni cela
elektrodova kazeta

zdroj napéti

stiida¢ polarity
propojovaci kabel
koagulaéni homogenizator
sedimentaéni nadrz
ptepad vody

odvodni potrubi odsazeného kalu
kalolis

odvodni potrubi filtratu.
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ARTICLE INFO ABSTRACT

Keywords: The paper is focusing on the full-scale operation of electrocoagulation for Zn removal from wastewater with

Electrocoagulation origin in a municipal incineration plant. The process was custom designed for continuous full-scale operation.

gnllrem(ival Total capacity of the process varied between 1200 and 1400L/h. This was achieved by two simultaneous elec-
ull scale

trocoagulation cells operated in parallel. Residual concentrations of Zn in the treated water were consistently
lower than 0.5 mg/L during the testing period. Residual concentrations of Zn and other accompanying con-
taminants were reduced below the desired limits (current limit for Zn in outlet water is 1.5 mg/L). The process
cost was critically assessed. The electricity consumption for the operation of electrocoagulation cells is 0.75-1.1
kWh/m? of purified water. A more significant expense is the consumption of electrode cartridges. The service life
of electrode cartridges with a plate thickness of 5 mm is about 1 200 m® of water/electrode pack, which rep-
resents a cost of around 0.6-1 EUR/m® out of total 1.6 EUR/m® of purified water. Waste incineration plants
usually produce their own electricity therefore technologies like electrocoagulation become affordable and

Municipal incineration plant
Iron electrodes

competitive.

1. Introduction

The presence of toxic metals in water represents a significant envi-
ronmental problem, the solution of which has been permanently the
subject of an extensive research effort. The paper presents the full-scale
application of electrochemical coagulation for the removal of metals
from process water of acid ash leaching in the waste incineration plant.
The plant is a highly efficient cogeneration source, with an average
annual capacity of 96 000 t of waste for energy. This waste produces
heat for approx. 13 000 households (i.e. approx. 650 TJ of heat). This
can replace the burning of roughly 30 million m® of natural gas. Its own
turbines (3.5 MW + 1 MW) produce electricity for the operation of the
entire incinerator technology and also supply 13 GWh of electricity to
the public grid, which is the annual consumption of approximately 3 000
households. On the other hand, incineration of this kind of waste is

Abbreviations: EC, electrocoagulation; WWTP, wastewater treatment plant.

obviously much more environment-non-friendly compared to natural
gas. Burning the municipal waste causes release of various contaminants
in flue gas and solid residue. That contamination must be treated within
the incineration plant prior leaving the facility. This incineration plant
focuses on the use of municipal waste for the production of heat, hot
water and electricity for households and companies in the nearest
neighborhood via its combustion. As mentioned at the beginning, the
facility treats approx. 96 000 tons of municipal waste annually and can
meet the demands of approx. 20% inhabitants in the city with 100 000
people.

Dominating contaminant is primarily Zn. Secondarily residuals of As,
Pb and other metals can also be detected in the process water. Removal
of organic compounds from acid leachate via electrocoagulation coupled
with electro-Fenton [1]. or individually [2,3]. has been described in the
past. On the other hand, its application for heavy metals removal in such
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an incineration plant technology has not yet been reported.

The technology of electrocoagulation is based on the controlled
electrochemical dissolution of sacrificial metal electrodes by application
of an electric current. This results in metallic ions release into the so-
lution, the electrode is consumed and interacts with hydroxyl anions to
form hydroxides that bind and adsorb the dissolved toxic metals [4,5].
Electrocoagulation has been successfully tested for the removal of many
toxic metals — cadmium, zinc [6], manganese, copper [7], strontium,
cesium [8], cobalt [9], mercury [10], vanadium [11], boron [12,13] or
arsenic [14,15]. in a laboratory scale. Various electrodes, their combi-
nations or alloys were tested, especially iron and combined iron +
aluminum electrodes, as well as aluminum, copper and magnesium al-
loys [16-18]. Xu et al. focused on the removal of cadmium, zinc and
manganese and showed that greater efficiency can be achieved with iron
electrodes rather than with aluminum or combined (Fe-Al and Al-Fe)
electrodes [6]. Similar conclusions were reached also in the case of
mercury [19], copper [7] organic matter and turbidity [20,21] and
especially for hexavalent chromium [22]. Dermentzis et al., 2011 suc-
cessfully tested the removal of Ni, Cu, Zn and Cr®* from real wastewater
from the electroplating plant with a concentration of individual metals
in the order of hundreds of mg/1 [23]. High removals of COD were also
reported [24,25].

Electrocoagulation has great potential for industrial use, mainly due
to the simplicity of this technology, ease of operation, and relatively low
electricity requirements [26,27]. The process has been successfully
applied on treatment of various industrial effluents. Sometimes in
combination with other methods, however, still in lab-scale [28-31]. In
case of waste incineration plants where electricity is produced from
burning of waste, EC represents perfect and affordable technology. Not
only that electricity is free in such kind of facility but also incineration
plant receives payments for treatment of waste. That makes the process
environment-friendly with great potential to broader use in similar in-
dustrial enterprises. It can be used to remove metal ions, colloidal par-
ticles and soluble inorganic pollutants from water [5].

This paper aims to report on full-scale operation of electro-
coagulation for removal of Zn from water coming out of waste inciner-
ation plant. Before implementation of EC, the process water was
additionally treated with membrane technology. Due to high salinity of
the treated water, membranes are very easily clogged and the process is
unprofitable. To the best of our knowledge, operation of EC in such
industrial facility at such scale has not been reported yet. Full scale
operation of electrocoagulation was introduced by Li et al. The authors
report on positive effect of electrocoagulation for removal of ammonia
nitrogen at WWTPs [32]. Some other recent studies reflecting larger
scales of electrocoagulation operation and studies focusing on contin-
uous Zn removal are summarized in the Table 1:

1.1. Brief description of fly ash processing and motivation for the EC full
scale operation

The municipal waste that is processed in the incineration plant also
contains substances that may have dangerous properties. A modern
incinerator disposes of these dangerous components and its technology
separates approximately 100 tons of toxic metals per year from the
original amount of municipal waste received. These metals (As, Cd, Cr,
Cu, Hg, Ni, Pb, Zn) are converted into stable and insoluble forms (metals,
oxides, hydroxides, sulfides) in the incinerator technology and are
transferred to a secure hazardous waste landfill. This virtually elimi-
nates the possibility of contamination of the groundwater under the
landfills, which is an alarming danger in the future for localities
depositing municipal waste in poorly secured facilities. Disposing of
hazardous waste may also be very expensive for the company.

In near future EU will undoubtedly rely on a circular economy, which
is based on better use of ever-decreasing resources, both by households
and by manufacturing and by industrial enterprises. According to this
principle, products that stop working should not end up in a landfill. The

Chemical Engineering and Processing - Process Intensification 188 (2023) 109368

Table 1
Recent studies reporting on operation of electrocoagulation in larger scales.
Treated effluent Targeted contaminants  Removal efficiency Refs.
Natural municipal Color, turbidity, 86-99.5%, 100%, [33]
wastewater suspended solids, COD, 88.5-91%, 60.8-36.5%,
phosphorus 94.5-96%
Opium COD, color, TDS, TSS 64%, 60%, 61%, 50% [34]
pharmaceutical
wastewater
Dairy animal Phospohorus 79.3% [35]
manure
Printing wastewater COD, color 81.9-88.9%, [36]
95.8-98.6%
Microalgae effluent Chlorella vulgaris 85% [37]1
Mogquette industry COD, TSS, PVAc, TDS, 90.4%, 91.3%, 93.9%, [38]
wastewater electric conductivity 59.7% and 72.6%,
Metallurgical Turbidity, TSS, Al, Cr, 96%, 92%, 87%, 99.9%, [39]
industry Zn, COD 99.6%, 96%
wastewater
Leather production COD, TDS, TSS, electric 92.84%, 37.97%, [40]
wastewater conductivity 53.57%, 33.58%
Artisanal Cr, P, COD, Turbidity > 90% [41]
wastewater
Marigold TOC, P 76%, 83% [42]
wastewater
Surface water NOM (DOC) < 54.7% [43]
Geothermal water SiO,, As > 90% [44]
Surface water Turbidity 08.28-99.52% [45]
Continuous operation of EC for Zn removal
Food waste digestate P, COD, range of 87.7%, 33.2%, presence [46]
metals in sludge confirmed
Roofing rainwater N-NH3, P, COD, heavy > 90%, > 90%, 40%, > [47]
metals 90%
Electroplating Ni, Zn, Cu 98.9%, 97.4%, 96.6% [48]
wastewater

materials from which they are made should be further used to the
maximum extent, either as by-products or recovered substances. The
acid extraction of metals from fly ash is a critical step for recovering
elements. The efficiency of Zn extraction is primarily influenced by
redox potential, pH value and chemical speciation of elements. The ef-
ficiency of Pb extraction is mainly influenced by the presence of sulfates
and fluorides in the system. The efficiency of Cu extraction is influenced
by the pH value, redox potential, presence of less noble metals (e.g. Fe)
in the system [49,50]. The current efficiency of the extraction process is
highly variable due to significant unpredictability in the composition of
inputs and a number of other factors that affect efficiency. Estimations of
various metals extractability and recovery has been discussed in the
study made by Syc et al [51].

The incineration plant, where municipal waste combustion takes
place, is equipped with the technology of acid extraction of fly ash using
technological water from the first stage of the wet flue gas scrubber. A
mixture of fly ash from the boiler section and electrostatic precipitators
is extracted. The extraction takes place at an approximate L/S ratio
(liquid to solid) of 3, at pH~3.5, for 2 h.

The extracted ash is then dehumidified on a belt filter and fed as a
waste stream to the slag management. An elemental composition of fly
ash is always absolutely dependent on the composition of incinerated
waste and it “constantly varies”. The acidic post-extraction water is led
to the cleaning process of the technological wastewater treatment plant
prior its discharging and still contains measurable amounts of Zn in
range of units of mg/L. Further treatment of this water was originally
meant to lead towards possible recovery of Zn via its electrochemical
deposition. This was, however, thoroughly tested in a laboratory and it
did not reveal desired economic feasibility. Therefore, considering the
effectivity of electrocoagulation in removal of dissolved metals, EC unit
was designed, developed and implemented based on previously gained
knowledge to control outlet concentration in order to meet actual legal
regulations [15,52,53].

The “treatment” step in Fig. 1 consists of three consecutive methods
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Fig. 1. Simplified scheme of acid extraction.

for removal of metallic ions from post-extraction water — addition of Ca
(OH),, Na,S, FeCls + flocculant. Ca(OH), is used for neutralization of
pH to prevent formation of H,S and hydrogen-sulfides by NasS. NayS is
used in the second step for removal of toxic metals from post-extraction
of heavy metals (Hg, Pb, Cd, Ni, Co, Zn). The third step consists of
flocculant and FeCl3 addition to support precipitation and separation of
heavy metals sulfides. Before the development and implementation of
the EC discussed in this paper, this was the last step of water treatment
resulting in residual concentration of Zn in the range of units of mg/L.

2. Experimental procedure
2.1. EC development and legal regulations

It must be emphasized that the employed EC units have been
developed for the reduction of Zn and other possible contaminants in
outlet stream of water in a particular waste incineration plant. The
development was based on our previous general experiences with
electrocoagulation technology in laboratory and pilot-scale [15,52-54].
Before the implementation in the full-scale operation, EC was tested in
the laboratory and also in the container unit on contaminated site.
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During launching and optimization of the technology, some typical
problems were observed (unstable flow rate, consecutive clogging of
pumps, bad communication between the technology and control panel,
approval by authorities etc.). Also, detailed operation procedure docu-
mentation must have been prepared prior full integration of the new unit
into existing technology.

Therefore, appropriate measures were taken for elimination of these
negative phenomena. All the problems were fortunately solved out and
the data presented here contained results obtained in an uninterrupted
period of successful operation after setting up optimized process
parameters.

Electrocoagulation was then successfully applied as the fourth step of
the treatment to achieve the residual concentration of Zn below 1 mg/L.
(Regulation No. 401,/2015 Coll. on indicators and values of permissible
pollution of surface water and wastewater, requirements for permits for
discharge of wastewater into surface waters and into sewers, and sen-
sitive areas) [55]. Original limit for Zn during the testing period was 2.1
mg/L. Current limit for Zn was updated by changes 445/2021 Coll. to a
value 1.5 mg/L [56]. It is evident that implementation of EC is ready for
hypothetic future tightening and the unit was designed towards the limit
of 0.5 mg/L.

The sequence of coagulation methods with EC implemented as fourth
stage of treatment is given on Fig. 2.

2.2. Description of EC unit

The used electrocoagulation consists of five cells in parallel
connection. The cell is made of cylindrical PVC tube with diameter 200
mm and length 1 200 mm equipped with conical bottom and inlet of
water. The electrodes are made of mild steel sheets (7 anodes, 7 cath-
odes) with dimensions of 960 x 100 x 6 mm. Electrodes are connected
in parallel so the applied current spread out between all electrode sheets

FeCl,
Flocculant Na:S Ca(OH):
l < l < l P Post-extraction
X water inlet
-\ ' a ' /]
N (P ~ /

Technological
water

Treated water
drainage into sewers

Technological water

Sludge separation

Fig. 2. Implementation of electrocoagulation for removal of Zn from post-extraction water.
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uniformly. Arrangement of monopolar parallel electrodes was similar to
the one used in one of our previous studies [53], schematically shown in
[57]. Based on the electrode pack dimensions and weight, flow rate,
current input and consumption limit 92% can be estimated that the
lifetime of the electrode pack is about 1 280 m> of treated water which
theoretically corresponds to more than 1 000 h.

Simplified electrochemical reactions occurring during electro-
coagulation process can be described as follows [5,58,59]:

Fe() — Fe(z;a) + 2e” M
2 HyOq) — 4H{q) + 02 + 4~ @
Fe(z;fp +2e” — Fe, 3
2 HyOq) + 2¢” = 2 OHaq) + Hag )
2 Hbg + 2¢~ — Hyg ®
Felfy + 2 H20q) — Fe(OH)sgq + Hagg ©
2 Fefu + 5 H20q) + % Ongg) — Fe(OH)3) + 4 Hiyg) @

The cells are designed for the flowrate in range of 500 to 1 200 L/h
and every electrode pack is connected to power supply (EA-PSI-9080-
120-2U) with the current input range 0-120 A and corresponding
voltage 0-80 V. Water is pumped with a diaphragm pump from a
technological water tank (6 m®). The pipe system is equipped with a
series of automatic T-valves enabling several options: (i) flow of treated
water; (ii) flow of flushing water or regeneration media; (iii) closing up
the cell. Two cells operate simultaneously and two are spares (they are
used when the other cells need to be regenerated etc.). The fifth cell is
extra one for an unexpected failure of any cell during operation and

Fig. 3. Schematic arrangement of electrodes in the cell.
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“waits” in a stand-by mode.

On the outlet of EC cells, a fast-mixing tank (180 L) is placed for
nucleation of Fe flocs generated during dosing. During nucleation the
slow growth of flocs and intensive contact with treated water can be
observed. In the 2 m® slow mixing tank aggregation and floc growth into
larger aggregates takes place. This tank is also enriched of anionic
flocculant dosing in order to enhance separation of flocs via sedimen-
tation that occurs in the sedimentation tank (35 m®). Sedimentation tank
is equipped with ultrasound probe that monitors the height of sludge
suspension (interface of clean water and sludge suspension). Once
maximum height is achieved, a sludge pump is turned on for the sludge
disposal. The technology is fully automated and can be operated via PLC
touchscreen which enables operation of every element in the full-scale
technology.

3. Process operation
3.1. Process monitoring

Two cells were operated simultaneously with applied current input
of 50 A and the water flow varied between 600 and 700 L/h through
each EC cell. Left part of Fig. 6 displays the flow rate through the cells
with periodical regeneration of electrode pack using fresh 8% HCI so-
lution (this solution is being used during the acid extraction of fly ash)
and pressurized stream of water. Regeneration is being performed after
electrode surface is passivated and this phenomenon is accompanied
with voltage drop (right side of Fig. 6).

The course of voltage during the operation of individual electro-
coagulation cells is shown in the right part of Fig. 6. It can be seen that
the voltage ranged mostly between 1.4 and 2 V, which was due to the
high conductivity of the treated water, reaching average values of
130-140 mS/cm. First seven days, cells EC 1 and EC 2 were under
operation. EC 2 and EC 3 were operated during the next seven days and
the last two days EC 2 and EC 4 were under operation. EC 2 was operated
during the entire testing period while other cells must have been
switched off and cleaned manually due to higher rate of clogging — the
reason may be uniform flow provided by diaphragm pumps through the
cells. These types of pumps do not reveal unvarying flow and pulses of
compressed air may cause undesired changes in flow uniformity that
may be responsible for higher rate of clogging. Placement of EC 2 may
seem to be beneficial to eliminate undesired pulses. This would probably
not happen with centrifugal pumps; however, these are not suitable for
highly saline waters. The data were collected through datalogger (Ul-
trasonic transit-time flowmeter) and every 96 points of collected data
correspond to one day of operation (data were collected every 15 min).

3.2. Analyses

Total and residual concentrations of metallic ions were determined
by microwave plasma-atomic emission spectrometry (Agilent 420 MP-
AES, Agilent Technologies, Santa Clara, CA, USA). The long-term
average pH value was in the range 2.5-4.5, with conductivity oscil-
lating between 130 and 140 mS/cm (maximum up to 160 mS/cm), the
temperature of treated water varied between 15 and 19 C. pH and
conductivity were controlled with a multi-parameter probe which also
enabled temperature monitoring (WTW Multi 3620, WTW s.r.o0., Prague,
Czech Republic).

3.3. Process results

The process efficiency evaluation was based on the concentration
difference of Zn between input and output (purified) water samples.
Samples were collected at points shown in Fig. 4. Sampling of water
entering the process was performed in the storage tank, and purified
water samples were taken from the slow mixing tank. To determine the
content of dosed Fe from the electrocoagulation cells, samples were
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Fig. 4. Scheme of full-scale process.

Fig. 5. Detailed picture of EC cells.

taken in the fast-mixing tank. All three samples were taken simulta-
neously every 12 h.

For analyses, 100 mL of a sample was always collected, followed by
acidification of 1-2 mL of conc. HNO3. Samples from the slow mixing
tank were filtered through a filter paper before acidification.

Fig. 7 shows the course of Fe dosed from the electrode cartridges to
the treated water. For the first 5 days, the concentrations were
approximately constant between 40 and 50 mg /L. Then EC 1 was
switched off and EC 3 was switched on and the Fe concentration

increased. Subsequently, there were repeated decreases in Fe
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concentrations, which, however, did not drop below 20 mg/1l. The
minimum Fe dosing concentration was a subject of optimization prior
launching full operation. It was set to Fe:Zn = 4:1 at minimum due to
high salinity of water and other possible accompanying contaminants.
The minimum dosing ratio was maintained during the entire period of
operation. The decrease in concentrations was due to clogging of the
electrode cartridges between their periodic regenerations.

The course of Zn concentrations at the inlet and outlet of the elec-
trocoagulation line is shown in the left part of Fig. 8. Zn concentrations
in treated water were consistently lower than 0.5 mg/L, except for the
13th day of operation, where Zn concentrations reached up to 1 mg/L.
However, despite this fact, the limit of 2.1 mg/L Zn content in the
treated water discharged into the sewerage system is safely met (This
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Fig. 7. Fe concentration in the fast-mixing tank, indicating its "dosing”.
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Fig. 8. Left — Inlet and residual concentration of Zn; Right — Inlet and residual concentrations of Fe.

limit was valid during the testing period. In the time of publication, the
limit was tightened up — as discussed in the Section 2.1). The input
concentrations of Zn are variable and depend on the type of waste
incinerated, on the ash extraction regimes, etc.

It is obvious that typically more than 90% removal of Zn was ach-
ieved. Abdel-Shafy et al. treated electroplating wastewater in contin-
uous mode with Zn removal efficiency achieving 97.4% with initial
concentrations of Zn = 5 mg/L which is higher initial concentration than
in our study; but much lower scale which makes the processes incom-
parable [48]. Xu J. et al. operated pilot-scale electrocoagulation com-
bined with membrane bioreactor for the treatment of rainwater. The
authors achieved 90% removal efficiency of heavy metals including Zn,
however initial concentration of Zn was 0.2 mg/L which is much lower
than reported here. Another issue is that the treated medium is of
different character than process water therefore the results are incom-
parable too. Kuokkanen et al. conducted continuous electrocoagulation
of metallurgical industry wastewater and achieved up to 96% of Zn
removal (initial concentration 70.6 mg/L at 135 L/h). The design of the
cell was different than from the cells used in this study (the cell was
divided into several Sections with separate electrode pairs by settling
space). The results look interesting; however, the operating cost look
unrealistically low and long-term running results are missing [39].

Furthermore, the course of Fe concentrations at the inlet and outlet
of the electrocoagulation line was compared, as shown in right part of
Fig. 8. Residual concentrations of Fe mostly did not exceed 3 mg/L, in
rare cases the concentrations increased up to 6 mg/L. The reason may be
the worsened sedimentation of Fe flocs, which remain suspended. To
eliminate this phenomenon, several types of anionic flocculants of
different strengths, slow and fast mixing regimes, etc. have been tested.
As obvious from both sides of Fig. 8, even relatively high residual Fe
concentrations on the outlet did not result in residual concentration of
Zn higher than 1 mg/L. That makes the technology ready and adaptable

for another toughening of current legal regulations [56]. It must also be
noted that increase in Fe concentrations to the units of mg/L still meets
limits for its discharge.

However, it must be considered that the sampling was carried out in
a slow mixing tank and it can distort the result. It can be expected that
the sedimentation tank with a volume of 35 m® will provide sufficient
results after completion of all technical modifications in order to
enhance settlement efficiency. This is obvious from the Table 2, where
results from 35 m® sedimentation tank are presented. It is clear that not
only Zn or Fe, but also other contaminants possibly present in treated
water were reduced below desired legal limits. During the verification
campaign of the electrocoagulation technology, 468 m® of water was
purified into which 18,720 g of Fe was released. 481 kWh of electricity
was consumed for the operation of electrocoagulation cells. The high
efficiency of metal removal from process waters and compliance with
concentration limits is also proved by long-term weekly analyses of
discharged waters, these values are given in Table 1. Weeks 0 and 1 can
be considered weeks of daily data presentation (days 1-14), weeks 2-11
are upcoming weeks confirming correct setup of the technology. Stan-
dard deviations are usually within +10% pf measured values. Upcoming
monthly average values of residual concentrations are presented in
supplementary material.

Electricity consumption for the operation of electrocoagulation cells
is 0.75-1.1 kWh/m? of purified water. A more significant expense is the
consumption of electrode cartridges. The service life of electrode car-
tridges with a plate thickness of 5 mm is cca 1 200 m® of water, which
represents a cost of around 0.6-1 EUR/m° of purified water depending
on dosing and flowrate. Total price estimation was based also on other
inputting parameters that are relevant for treatment such as flocculant
addition, regeneration of cells, maintenance works or sludge disposal.
The process cost estimation is based on several items that can influence
the total price of the treatment and these items are listed in the Table 3:

Table 2

Residual concentrations of monitored contaminants compared to their limits during weeks of testing and upcoming weeks. Samples collected from sedimentation tank.
Parameter As Zn Cr Cd Cu Fe Pb Hg F Cl S04 RAS pH Q
Unit mg/L g/L m?
Limit 0.15 2.1 0.7 0.07 0.7 8 0.3 0.04 28 56 6.3 112 6-9 3000
Max. 0.13 0.76 0.13 0.04 0.19 5.84 0.05 < 0.04 5.07 43.4 2.42 76.9 8.91 1367
Week 0 0.05 0.39 0.08 0.02 0.07 1.31 0.05 < 0.04 5.07 2.82 2.42 54.2 8.54 1139
Week 1 0.05 0.28 0.08 0.02 0.12 5.84 0.05 < 0.04 3.25 43.4 1.49 76.9 7.92 1131
Week 2 0.13 0.28 0.08 0.02 0.11 1.35 0.05 < 0.04 2.7 37.7 1.33 68.1 8.91 1282
Week 3 0.1 0.22 0.11 0.04 0.19 0.98 0.05 < 0.04 4.38 33.7 1.45 61.8 8.61 1367
Week 4 0.08 0.76 0.07 0.04 0.13 1.04 0.05 < 0.04 2.8 26.5 0.983 49.9 8.14 961.5
Week 5 0.12 0.64 0.08 0.04 0.15 0.47 0.05 < 0.04 2.82 39.1 1.8 72.1 7.39 961.5
Week 6 0.04 0.69 0.07 0.01 0.08 0.98 0.05 < 0.04 2.08 9.73 0.899 20.4 7.55 1269
Week 7 0.08 0.58 0.13 0.02 0.15 1.26 0.05 < 0.04 2.85 32.8 1.22 63 7.98 1295
Week 8 0.12 0.59 0.09 0.02 0.13 0.68 0.05 < 0.04 2.81 31.3 1.17 60.5 8.41 1324
Week 9 0.09 0.38 0.13 0.04 0.14 0.78 0.05 < 0.04 2.06 33.1 1.13 64.1 8.34 1360
Week 10 0.11 0.64 0.10 0.04 0.17 0.74 0.05 < 0.04 2.63 38.2 1.95 69.1 8.5 1154
Week 11 0.05 0.70 0.11 0.02 0.10 0.98 0.05 < 0.04 2.81 26.7 1.13 50.4 8.25 1256
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The amount of electrocoagulation sludge produced varies between
0.28 and 0.4 kg/m® of treated water. The great advantage of EC appli-
cation in waste incineration plant is an autonomous production of
electricity via waste processing towards energy. This makes the process
competitive because the cost of electricity is usually the dominating
parameter in determination of procedural price. The process of elec-
trocoagulation is still successfully operating and it has not stopped since
testing period reported in this paper.

Another technology that is focused on Zn removal from fly ash acid
leachate is FLUREC method which is based on acid leaching of fly ash,
solidification of metals using Zn powder and solvent extraction of Zn
from residual leachate. Method is suitable for high Zn leachate [60,61].
Tang et.al. were focused on Zn removal from leachate using selective
extractions and adsorption techniques and achieved about 70% on Zn
recovery from treated solution [62]. The authors report on high selec-
tivity and put a significant attention to economic and environmental
aspect of the Zn removal and recovery [63]. The process can also be
combined with electrolytic deposition of Zn with high recovery effi-
ciency [64]. Another method is based on the rules of coordination
chemistry using specific organic solvents that can provide high selec-
tivity for only specific metallic ions [65]. Some authors also compared
methods of chemical leaching with bioleaching and results showed that
bioleaching can provide an interesting selectivity for toxic elements
[66]. Simpler method using just phosphoric acid and electrodeposition
was also reported as feasible method for obtaining high yield of Zn
(95-97%) [67].

These methods certainly represent interesting approaches of Zn
removal from fly-ash acid leachate. However, application of these
extraction methods would require high investments and significant
modification of the current process of acid leachate treatment. Current
state of technology (as briefly introduced at the end of Section 1.1.)
would not allow to implement such methods to the operation procedure.
The assignment was to develop and implement a technology for treat-
ment of residual concentration of Zn and potentially other elements that
can be easily integrated in the current technology. Electrocoagulation
perfectly fitted that assignment. Its task is to control residuals that would
leak from the current acid leaching treatment procedure and eliminate
potential deflection that could possibly occur due to different compo-
sition of treated waste. Another task was to fulfill legal regulations that
are expected to be tightened in the future and achieved results have
shown that the electrocoagulation technology successfully fulfilled the
required assignments and have been working efficiently.

4. Conclusions

The full-scale operation of electrocoagulation was thoroughly tested.
It showed the strengths and weaknesses of the technology and provided
a basic idea of the operating cost and profitability of the process. The
results were compared with some of the relevant papers and it was
shown that studies enabling comparison of performances are still
infrequent due to the scale of the process described in this paper. The
results show detailed data of two weeks of operation followed by three-
months data given on weekly basis and supplemented with a one-year
data average values (supplementary material). The process effectively
reduced the Zn content to values below 1 mg/l, which meets well the
desired limits of permissible water pollution. Other contaminants were
reduced below the desired limits as well. Operating costs were calcu-
lated to be approx. 1.6 EUR/m? and were determined via several items —
fabrication of electrode cartridges, sludge treatment, flocculant and
regeneration media. Electricity was not among items determining the
operating cost because the facility produces energy via thermal treat-
ment of municipal waste — this makes the process competitive due to the
fact that electricity is not required to be purchased. It is important to
note that the process unit has not stopped its operation since the testing
reported in this paper.
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Table 3
Process cost estimation.

Unit Amounts/m?> Price [EUR]
Energy for EC cells 0.75-1.1 kWh 0

Total energy consumed 11.4 kWh 0

Electrode pack 1 pc/1000 m® 0.8
Flocculant 4g 0.12

HCI for regeneration / 0.1

Sludge treatment 0.4 kg 0.2
Indirect cost / 0.28

Total / 1.60
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CISTENI ODPADNICH VOD METODOU
FOTOCHEMICKE OXIDACE ZA POUZITI H,0,/UVC

L

o

PRINCIP

Pfi fotochemické oxidaci H,0,/UVC dochazi k rozkladu H,O,
pusobenim UV zafeni (o vinové délce 254 nm) za vzniku
hydroxylovych radikald. Ty jsou schopné rozlozit vétSinu
organickych latek. Reaguji s rozpus§ténymi organickymi
kontaminanty v sérii navazujicich Fetézovych reakci za tvorby
méné toxickych reakénich intermediatli aZ na cilové netoxické
oxida¢ni produkty CO,a H,0.

V piipadé rozkladu substituovanych uhlovodikii vznikaji také
piislus$né mineralni kyseliny nebo soli.

0 Vystup
wyElEt8nd

| vody

|

Gemmicidni UV

zafvky (254 nm) ]
L= Maolekuly CO;

{oxidu uhligitého)
UV zateni
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znedistujicich
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Oxidacni Cinidlo
| (OH radikaly)

generovang UV
. zafenim

Dévkovani
| HO;
(peroxidu vodiku)

Vstup
znecisténg vody | %

Schematické znazornéni principu fotochemické H,0,/UVC oxidace

POPIS

Kontejnerova jednotka ,RECHEBA" je vybavena dvéma
fotoreaktory. Kazdy fotoreaktor se sestava z kifemenné
trubice o délce 1200 mm a primeéru 153 mm, ktera je obklopena
dvaceti nizkotlakymi germicidnimi UV zafivkami o vykonu
36 W. Kontaminovana voda je ¢erpana ze zasobninadrze do
rozvodného potrubi, prochazi sméSovacim elementem, kam je
vstfikovan H,0,, a poté vstupuje do spodni ¢asti fotoreaktoru,
v némz je ozafovana a po opusténi reaktoru se vraci zpét do

zasobninadrze.

Cely proces cirkulace ¢isténé vody je vicekrat opakovan,
dokud nedojde k poklesu kontaminace na poZadované limity.
Vstupni ¢ast fotoreaktoru sestava ze série plastovych sit,
pro zajisténi rovnomérného toku ozafovanou reakéni zénou
reaktoru. Plast reaktoru je vyroben z nerezové oceli pro
zajisténi ochrany obsluhy pfed Gnikem UV zafeni a zajisténi
maximalni odrazivosti zafeni zpét do kfemenné trubice.

Maximalni pritok kontaminované vody reakéni zénou
je351/min, coZ odpovida dobé zdrzeni kontaminované
vody v reakéni zéné 38 s. Cely proces lze naprogramovat
v ovladacim PLC panelu (nastaveni ¢asu ozafovani
adavkovani H,0,) a priibéh ¢isténi véetné sbéru dat poté
probiha plné automaticky.

CI o
HO+© e @ + HCI —» CO, + H0
OH OH

Pfiklad rozkladné fotochemické reakce



Hlavni vyhody technologie

Vysoka ucinnost pfi odstraniovani obtizné
rozloZitelnych organickych latek

Zcela automatizovany proces, vyZaduje pouze ob¢asnou
kontrolu

Ve vyciSténé vodé nezistavaji rezidua chemikalii a 1ze ji
vypoustét pfimo do recipientu

Na jeden m? vyc¢isténé vody vychazi spotieba elektrické
energie 5 az 10 kWh a davkovani peroxidu vodiku je od 2
do 101, dle obsahu vstupniho znecisténi vody

Zatizeni neprodukuje zadné odpady (nasycené sorbenty,
kaly, apod.)

Potencidlni omezeni

Kontejnerové zafizeni ,RECHEBA" ma maximalni denni
kapacitu 5 m? znecisténych vod

Kontaminanty musi byt dokonale rozpusténé ve vodé,

v ptipadé faze ¢i pevnych suspendovanych ¢astic je nutné
zaradit stupen pfedipravy surové kontaminované vody
V pripadé koncentrace iontli Fe?* a Mn* > 10 mg/1 je nutna
jejich separace

Nékteré organické kontaminanty mohou sniZovat
intenzitu UV zafeni

Sluzby a produkty

Laboratorni a poloprovozni testy pro ovéfeni G¢innosti
fotochemické H,0,/UVC oxidace p¥i ¢iténi odpadnich vod
Navrh a dodavka provozniho zafizeni pro ¢isténi
odpadnich vod fotochemickou H,0,/UVC oxidaci, véetné
pfedapravy vody

Pronajem mobilniho za¥izeni RECHEBA pro vyuZiti

u zédkaznika

Monitoring dekontaminac¢niho procesu, analyzy vzorkl

Informace pro posouzeni pouZitelnosti technologie

Druh a koncentrace kontaminantu v ¢isténé vodé
PoZadované kapacita zatizeni

Maximalné pfipustnd troveil obsahu kontaminant
ve vypousténé vodé

REFERENCNI PROJEKT

V ramci provozniho ovéreni byla fotochemicka oxida¢ni
jednotka ,RECHEBA" pouzita k ¢isténi t¥i riznych typt
kontaminovanych vod. Po¢atec¢ni Giroveii kontaminace ve
vodeé z lokality ¢.1dosahovala 2,2 mg/l BTEX, 169 mg/1C,-C,,
549 mg/l fenol?, a 3,7 mg/l TOC.

Ve vodé z lokality €. 2 byl obsaZen benzen (57,4 mg/l), anilin (12,9
mg/1) nitrobenzen (120,8 mg/l) a voda z lokality ¢. 3 obsahovala
55,3 mg/l TOC a 305,6 mg/! chlorovanych etylend.

Pfi vykonu jednotky 120 I/hod bylo dosaZeno pramérné
ucinnosti odstranéni vybranych kontaminantt: 70 % pro TOC,
95 % pro CHSKCr, 99,5 % pro BTEX, 98 % pro fenoly, 97 % pro
C10 -C40, 92 % pro AOX. Rezidualni obsah TOC (nejvyse 4 mg/1)
je zpusoben stabilnimi oxida¢nimi meziprodukty, které jiz
nebylo moZné rozloZit.
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Prumérné dosaZené ucinnosti odstranéni kontaminanti

AOX-adsorbovatelné organicky vazané halogeny,

BTEX: benzen, toluen, etylbenzen, xylen,

C10 - C40: vyjadfuje ropné latky uhlovodikovych frakci o poétu 10 aZ 40 atomi uhliku
CHSKCr: chemicka spotteba kysliku titraci K Cr,0,

TCE: trichlorethylen

TOC: celkovy organicky uhlik

PAU: polyaromatické uhlovodiky

PCE: tetrachlorethylen

POUZITELNOST, VYHODY A OMEZENI

Technologie fotochemické H O,/UVC oxidace je uréena k ¢isténi
vod obsahujicich Siroké spektrum organickych latek, véetné
perzistentnich organickych polutant?, které jsou konvencnimi
technologiemi odstrafiovany obtiZné a s nizkymi i¢innostmi.

Kontejnerové zafizeni pro fotochemickou H,0,/UVC oxidaci
,RECHEBA" m4 denni provozni kapacitu 5 m? a je mozné jej
okamZ?ité instalovat na libovolnou lokalitu. Toto zafizeni je
vhodné zejména pro ¢isténi odpadnich vod z maloobjemovych
farmaceutickych, chemickych, potravinarskych

a jinych provozu.
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