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SOUHRN 

Předložená habilitační práce se zabývá vývojem a aplikací jednotek využívaných 

při odstraňování průmyslového znečištění z podzemních, případně procesních vod. 

První z prezentovaných technologií se zaměřuje na odstraňování organických látek, kam 

můžeme zařadit fenolické látky a další aromatické uhlovodíky, chlorované uhlovodíky nebo 

dusíkaté aromatické sloučeniny. Metoda je založena na přímé fotolýze peroxidu vodíku  

UV-C zářením, jež generuje hydroxylový radikál jako oxidační činidlo. V rámci postupného 

vývoje od stádia laboratorního prototypu se podařilo jednotku vyvinout do stupně funkční 

pilotní technologie umístěné v kontejneru, která byla úspěšně provozována na kontaminované 

lokalitě v Ústí nad Labem – Předlicích k řešení znečištění podzemních vod chlorovanými 

uhlovodíky s vysokou účinností.  

Druhou metodou je technologie elektrochemické koagulace. Ta se soustředí 

na odstraňování zejména anorganických látek ve formě rozpuštěných kovových iontů. Metoda 

je založena na in-situ genezi koagulačního činidla elektrochemickým rozpouštěním obětované 

elektrody a následné separaci vysráženého kalu, který rozpuštěné nečistoty adsorbuje, nebo jsou 

v něm ko-precipitovány. Elektrokoagulační jednotka byla, podobně jako v předchozím případě, 

vyvinuta z laboratorního měřítka do stadia pilotní technologie umístěné v kontejneru. 

Byla úspěšně provozována na evropsky významné lokalitě Natura 2000 ve Zlatých Horách 

kontaminované dvojmocnými ionty niklu a šestimocnými ionty chromu. Elektrochemickou 

jednotku se dále podařilo aplikovat do plného průmyslového měřítka, je provozována v zařízení 

pro energetické využití odpadů v Liberci a kontroluje výstupní koncentrace zinečnatých iontů 

v procesních vodách.  

Habilitační práce sleduje vývojovou cestu obou technologií od laboratorního výzkumu 

až po konečnou aplikaci v praktickém využití. Jednotlivé vývojové stupně jsou komentovány 

z hlediska dosažení nejvýznamnějších výsledků a nejvyšší efektivity. Prezentované metody 

jsou podloženy příslušnými odbornými publikacemi a spisy deklarujícími ochranu duševního 

vlastnictví. Jedná se tedy o soubor uveřejněných prací, doplněný průvodním komentářem.  

 

 

 

  



4 

Chronologický seznam komentovaných publikací, patentů a 

užitných vzorů 
 

1) KRYSTYNÍK, P., JANOŠ, P., KLUSOŇ, P., TITO, D. N. Zařízení pro výrobu pitné vody. Užitný vzor 

28831. 16. 11. 2015. Dostupné z: 

https://isdv.upv.cz/doc/FullFiles/UtilityModels/FullDocuments/FDUM0028/uv028831.pdf 

2) KRYSTYNÍK, P., KLUSOŇ, P., HEJDA, S., MAŠÍN, P., TITO, D.N. A Highly Effective Photochemical 

System for Complex Treatment of Heavily Contaminated Wastewaters. Water Environment Research. 2014, 

86(11), 2212-2220. ISSN 1061-4303. E-ISSN 1554-7531. Dostupné z: doi: 

10.2175/106143014X14062131178510. 

3) KRYSTYNÍK, P., KLUSOŇ, P., HEJDA, S., BŮŽEK, D., MAŠÍN, P., TITO, D.N. Semi-pilot Scale 

Environment Friendly Photocatalytic Degradation of 4-Chlorophenol with Singlet Oxygen Species - Direct 

Comparison with H2O2/UV-C Reaction System. Applied Catalysis B - Environmental. 2014, 160(NOV), 

506-513. ISSN 0926-3373. E-ISSN 1873-3883. Dostupné z: doi: 10.1016/j.apcatb.2014.05.051. 

4) ŽEBRÁK, R., WIMMEROVÁ, L., MAŠÍN, P., KLUSOŇ, P., KRYSTYNÍK, P., DOMÍN, T., HEJDA, S. 

Zařízení pro dekontaminaci odpadní vody s obsahem rozpuštěných organických látek. Patentový spis 

304222. 27. 11. 2013. Dostupné z: 

http://isdv.upv.cz/portal/pls/portal/portlets.pts.det?xprim=1902620&lan=cs 

5) MAŠÍN, P., KRYSTYNÍK, P., ŽEBRÁK, R. Praktická aplikace techniky fotochemické oxidace H2O2/UVC 

pro čištění kontaminovaných podzemních vod. Chemické listy. 2015, 109(11), 885-891. ISSN 0009-2770. E-

ISSN 1213-7103. 

6) WIMMEROVÁ, L., ŽEBRÁK, R., DOMÍN, T., KLUSOŇ, P., KRYSTYNÍK, P. Zařízení pro čištění 

odpadních vod obsahujících organické látky. Užitný vzor 24538. 12. 11. 2012. Dostupné z: 

http://isdv.upv.cz/portal/pls/portal/portlets.pts.det?xprim=1844158&lan=cs 

7) KRYSTYNÍK, P., MAŠÍN, P., KLUSOŇ, P. Pilot Scale Application of UV-C/H2O2 for Removal of 

Chlorinated Ethens from Contaminated Groundwater. Journal of Water Supply Research and Technology. 

AQUA. 2018, 67(4), 414-422. ISSN 0003-7214. E-ISSN 1365-2087. Dostupné z: doi: 

10.2166/aqua.2018.144. 

8) TITO, D. N., KRYSTYNÍK, P., KLUSOŇ, P. Notes on Process and Data Analysis in Electro-Coagulation—

The Importance of Standardisation and Clarity. Chemical Engineering and Processing: Process 

Intensification. 2016, 104(JUN 2016), 22-28. ISSN 0255-2701. E-ISSN 1873-3204. Dostupné z: doi: 

10.1016/j.cep.2016.02.011. 

9) KRYSTYNÍK, P., TITO, D. N. Key Process Parameters Affecting Performance of Electro-Coagulation. 

Chemical Engineering and Processing: Process Intensification. 2017, 117(JUL), 106-112. ISSN 0255-2701. 

E-ISSN 1873-3204. Dostupné z: doi: 10.1016/j.cep.2017.03.022. 

10) KRYSTYNÍK, P., KLUSOŇ, P., TITO, D.N. Water Treatment Process Intensification by Combination of 

Electrochemical and Photochemical Methods. Chemical Engineering and Processing: Process 

Intensification. 2015, 94(SI), 85-92. ISSN 0255-2701. E-ISSN 1873-3204. Dostupné z: doi: 

10.1016/j.cep.2015.01.004. 

11) GAÁLOVÁ, J., KRYSTYNÍK, P., DYTRYCH, P., KLUSOŇ, P. Elimination of Dissolved Fe3+ Ions from 

Water by Electrocoagulation. Journal of Sol-Gel Science and Technology. 2018, 88(1), 49-56. ISSN 0928-

0707. E-ISSN 1573-4846. Dostupné z: doi: 10.1007/s10971-018-4669-z. 

12) KRYSTYNÍK, P., MAŠÍN, P., KRUŠINOVÁ, Z., KLUSOŇ, P. Application of Electrocoagulation for 

Removal of Toxic Metals from Industrial Effluents. International Journal of Environmental Science and 

Technology. 2019, 16(8), 4167-4172. ISSN 1735-1472. E-ISSN 1735-2630. Dostupné z: doi: 

10.1007/s13762-018-2074-3. 

13) KRYSTYNÍK, P., MAŠÍN, P., KRUŠINOVÁ, Z., KLUSOŇ, P. Ecologically Non-Invasive 

Decontamination of Natura 2000 Locality from Old Deposits of Hexavalent Chromium and Bivalent Nickel 

by Modular Electrocoagulation Combined with Ca(OH)2 Addition. Water. 2020, 12(10)), 2894. E-ISSN 

2073-4441. Dostupné z: doi: 10.3390/w12102894. 

14) KLUSOŇ, P., KRYSTYNÍK, P., TITO, D. N., MAŠÍN, P., KROUŽEK, J. Zařízení pro dekontaminaci vody 

s obsahem toxických kovů. Užitný vzor 29833. 27. 9. 2016. Dostupné z: 

https://isdv.upv.cz/doc/FullFiles/UtilityModels/FullDocuments/FDUM0029/uv029833.pdf. 

15) KRYSTYNÍK P., KLUSOŇ P., MAŠÍN P., ŠYC M., JADRNÝ J., KRUŠINOVÁ Z.: Implementation of 

electrocoagulation for reduction of Zn in an outlet stream from waste incineration plant. Chemical 

Engineering and Processing: Process Intensification. 2023, 188. ISSN 02552701. Dostupné z: 

doi:10.1016/j.cep.2023.109368. 



5 

Obsah 

1 Úvod 6 

2 Fotochemické procesy 9 

2.1 Teoretický úvod ....................................................................................... 9 

2.1.1 UV-C/H2O2 ........................................................................................ 9 

2.2 Oxidační systémy .................................................................................. 10 

2.2.1 Laboratorní prototyp........................................................................ 10 
2.2.2 Laboratorně-čtvrtprovozní jednotka ................................................ 12 

2.2.3 Poloprovozní jednotka ..................................................................... 18 
2.2.4 Pilotní jednotka................................................................................ 21 

3 Elektrochemické procesy 26 

3.1 Teoretický úvod ..................................................................................... 26 

3.2 Elektrokoagulační systémy .................................................................... 27 

3.2.1 Laboratorní jednotka ....................................................................... 27 

3.2.2 Čtvrtprovozní jednotka .................................................................... 33 
3.2.3 Pilotní jednotka................................................................................ 36 

3.2.4 Provozní jednotka ............................................................................ 43 

4 Závěr 49 

5 Literatura 51 

6 Seznam symbolů a zkratek 58 

  



6 

1 ÚVOD 

V důsledku prudkého rozvoje společnosti spjatého nejen s průmyslovou revolucí se 

přibližně od poloviny 19. století neustále vyvíjely průmyslové technologie vedoucí k usnadnění 

každodenního života člověka [1]. V dobách největšího rozmachu se příliš nedbalo na ochranu 

životního prostředí, čímž byly postupně položeny základy znečištění životního prostředí 

v masivním měřítku [2,3]. Až v polovině 20. století se začalo řešit tzv. vypouštěné znečištění 

z průmyslových podniků formou ředění procesních proudů. V 70. letech 20. století byla 

zavedena metoda tzv. čištění na konci trubky (end-of-pipe), zatímco komplexní řešení jsou 

neustále vyvíjena [4,5]. 

V současné době se v mnoha regionech světa vyskytují staré ekologické zátěže 

ve znečištěných a nevyužitých lokalitách, jejichž opětovné využití není prakticky možné 

bez řádné dekontaminace nebo sanace. Často se jedná o odstranění kontaminantů z půdy nebo 

podzemní vody [6]. Prezentované technologie v habilitační práci jsou sice zaměřeny pouze 

na některé typy znečištění podzemních, případně procesních vod, avšak mohou přinést nové 

možnosti oživení zasažených míst.  

V průběhu své akademické kariéry jsem se zabýval především aplikovanými 

fotochemickými a elektrochemickými procesy pro čištění kontaminovaných vod. 

V oblasti fotochemických procesů se můj výzkum zaměřoval výhradně na fotochemické 

oxidace využívající rozklad peroxidu vodíku iniciovaného UV-C zářením [7]. Při nich dochází 

ke genezi jednoho z nejsilnějších oxidačních činidel, hydroxylového radikálu, s jehož pomocí 

dochází k eliminaci organického znečištění [8]. Zmiňovaná problematika byla předmětem 

mého odborného zájmu od počátku mého doktorského studia, kdy jsem společně s dalšími 

kolegy publikoval sedm odborných článků v impaktovaných periodikách, dále jsem 

spoludržitelem dvou užitných vzorů a jednoho patentu.  

Druhým vyvíjeným procesem je elektrokoagulace. Jedná se o metodu založenou 

na využití srážecích postupů, při nichž dochází k odstraňování především anorganického 

znečištění z kontaminovaných vod ve formě rozpuštěných kovů [9]. Elektrokoagulace je tedy 

v podstatě alternativní metoda ke klasickému chemickému srážení, nicméně bez použití 

koagulačních činidel, ale řízeným elektrochemickým rozpouštěním obětované elektrody [10]. 

V rámci této tematiky jsem s dalšími kolegy zatím publikoval sedm odborných článků 

v impaktovaných periodikách – dva z nich se věnují možné kombinaci s fotochemickými nebo 

jinými oxidačními procesy. Dále jsme získali dva užitné vzory, z nichž jeden se zabývá 

kombinací obou tematik.  
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Oba procesy jsou zaměřené na řešení kontaminací ohrožujících lidské zdraví v případě 

znečištění zdrojů pitné vody. Stávající procesy probíhající na úpravnách a čistírnách vody je 

v současné konfiguraci nejsou schopny odstraňovat s dostatečnou účinností. Znalosti vlivu 

účinků takových typů kontaminací na lidské zdraví jsem následně v praxi uplatnil při svém 

pedagogickém působení na FŽP UJEP. Od roku 2014 přednáším kurzy soustředěné na obecnou 

i speciální toxikologii, ve kterých se věnuji jednak obecným aspektům účinků chemických látek 

na lidské zdraví, jednak konkrétním příkladům. V nových studijních programech přednáším 

lekce související s tématy speciálních technologií pro ochranu životního prostředí, kde jsou 

zařazeny konkrétní poznatky získané při vývoji obou popisovaných technologií.  

V rámci zkoumané problematiky bylo úspěšně doposud obhájeno několik bakalářských  

a diplomových prací, které jsem vedl nebo u nich působil jako konzultant. Většina těchto prací 

byla vedena na FŽP UJEP, v několika případech pak formou externího školitele či konzultanta 

na Ústavu pro životní prostředí PřF UK.  

Předmětem předkládané habilitační práce jsou dvě vzájemně se doplňující témata, která 

sledují společný cíl v podobě zvětšování měřítka a následné aplikace v reálných podmínkách. 

V rámci postupného vývoje byly řešeny specifické praktické problémy, vedoucí 

k implementaci větších vývojových stupňů. Příkladem lze uvést jednotlivá úskalí při zvětšování 

měřítka fotochemického stupně, kde se jako limit ukázala komerční dostupnost rozměrů 

křemenných trubic tvořících srdce reaktorů. Křemenné trubice byly nutné z důvodu vysoké 

propustnosti záření v UV-C oblasti. U elektrokoagulace naopak bylo nutné využít existujících 

materiálů (měkká, neušlechtilá ocel) pro vytvoření elektrodových kazet a jejich implementace 

do elektrokoagulačních reaktorů. Jednoznačným úspěchem při vývoji obou technologií bylo 

dosažení funkčních pilotních jednotek pracujících s vysokou účinností blízkých ideálním 

podmínkám v laboratorním prostředí. Byly umístěny ve standardizovaném transportovatelném 

kontejneru umožňujícím převoz běžným nákladním automobilem do konkrétní znečištěné 

oblasti bez omezení. V této podobě byly provedeny pilotní experimenty na kontaminovaných 

lokalitách v Ústí nad Labem, Předlicích a Zlatých Horách.  

Oxidační jednotka byla provozována v Předlicích v areálu společnosti  

RWE Energie, a.s., která sousedí s areálem bývalé chemické prádelny a čistírny, kde se 

používaly trichlorethylen a tetrachlorethylen. Tato rozpouštědla tvořila hlavní kontaminanty 

znečištění podzemních vod. Elektrokoagulační jednotka byla provozována v areálu společnosti 

Velobel, s.r.o. ve Zlatých Horách, protože podzemní vody byly znečištěny primárně 

šestimocnými ionty chromu a dvojmocnými ionty niklu.  
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 Po úspěšném testování a dosažení výborných výsledků v terénu byly tyto jednotky 

zařazeny do komerčního nabídkového portfolia společnosti Dekonta, a.s., která je naším 

dlouholetým průmyslovým partnerem ve vývojových projektech. U elektrokoagulace se 

podařilo dosáhnout ještě vyššího vývojového stupně, neboť byla úspěšně implementována 

do plného provozu zařízení pro energetické využití odpadů (ZEVO) v Liberci, kde kontroluje 

výstupní koncentraci Zn ve vypouštěných procesních vodách. Tato technologie je stále 

provozována s požadovanou účinností.  

V průběhu vývoje obou technik se ukázala nutnost hledat komplexnější řešení 

odstraňování kontaminantů, tedy jak anorganického, tak i organického charakteru, proto jejich 

vývoj i testování často probíhaly paralelně. Pro větší přehlednost jsou nicméně v předkládané 

práci diskutovány oba procesy zvlášť kvůli logické posloupnosti z hlediska jejich vývoje. 

Elektrochemické procesy by v případě společné aplikace obou metod v reálném provozu 

s největší pravděpodobností předcházely fotochemickým, přesto jsou v předložené práci 

diskutovány až jako druhé. Jejich vývoj se zastavil ve fázi finální provozní aplikace. 

Fotochemický stupeň se podařilo vyvinout nejvýše do stadia pilotní jednotky umístěné 

v kontejneru a otestované na konkrétní kontaminované lokalitě.  

Habilitační práce sleduje celou vývojovou cestu od prvotního teoretického nápadu 

k jeho postupnému hlubšímu zkoumání v jednotlivých vývojových fázích a postupný přechod 

z ideálního laboratorního prostředí k plně funkčním aplikacím v reálném provozu po finální 

komerční nabídku na trhu. Jedná se tak o „příběh“ obou technologií „z laboratoře k aplikacím“ 

v podobě komentáře již publikovaných výsledků mapujících jednotlivé vývojové stupně.  

Práce je formou přílohy doplněna plnými texty příslušných publikací v impaktovaných 

periodicích, které byly podrobeny recenznímu řízení. Tam, kde je to vhodné, jsou také přiloženy 

příslušné spisy deklarující získanou ochranu duševního vlastnictví. Výstupy jsou v příloze 

chronologicky seřazeny tak, jak jsou zmiňovány v předkládaném textu pro snazší orientaci.   
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2 FOTOCHEMICKÉ PROCESY 

2.1 Teoretický úvod 
Pokročilé oxidační procesy (z anglického Advanced Oxidation Processes, AOP) 

představují skupinu metod chemické oxidace v kapalné fázi, které se používají k likvidaci 

rozpuštěných organických sloučenin [11]. AOP byly vyvinuty za účelem oxidace organických 

sloučenin, které mohou být odolné nebo jsou schopny deaktivovat tradičně používaný 

biologický stupeň v čistírnách odpadních vod (tyto sloučeniny jsou biologicky 

nerozložitelné) [12]. Pokud jsou konečnými produkty chemické oxidace pouze CO2, H2O 

a další neškodné anorganické sloučeniny, hovoříme o úplné mineralizaci nebo totální oxidaci. 

AOP se používají k nahrazení standardních oxidačních technologií, jako je oxidace za použití 

KMnO4, K2Cr2O7 a Na2S2O8, protože zmíněné metody nevykazují reaktivitu vedoucí k totální 

oxidaci polutantů nebo je reakční doba nepřiměřeně dlouhá [13]. Tyto oxidanty mohou také 

sloužit jako sekundární zdroje znečištění, např. ionty šestimocného chromu vykazují značnou 

toxicitu. Mezi společné znaky AOP můžeme zařadit např. [7,14,15]: 

● AOP pracují při okolní teplotě a atmosférickém tlaku; není vyžadována stavba 

nákladných tlakových zařízení. 

● Hydroxylový radikál (•OH), jež slouží jako oxidační činidlo, lze generovat několika 

způsoby, takže poskytuje flexibilitu využití AOP pro různé praktické problémy. 

● •OH vykazuje nízkou selektivitu a vysokou rychlostní konstantu 109 mol·l−1·s−1, což mu 

poskytuje vysoké předpoklady pro odbourávání široké škály biologicky 

nerozložitelných kontaminantů. 

Hlavní nevýhodou AOP jsou relativně vysoké provozní náklady (spotřeba elektřiny 

v případě světlem indukovaných procesů) a speciální požadavky na bezpečnost z důvodu 

použití velmi reaktivních chemikálií (ozon, peroxid vodíku) atd. 

2.1.1 UV-C/H2O2 

Přímá fotolýza peroxidu vodíku ultrafialovým zářením (UV-C/H2O2) je jedním 

z nejúčinnějších typů AOP. Systém UV-C/H2O2 je založen na rozkladu peroxidu vodíku 

produkující hydroxylové radikály pomocí záření o vlnových délkách kratších než 280 nm [8]. 

Mechanismus vzniku hydroxylových radikálů je popisován homolytickým štěpením molekuly 

peroxidu vodíku za vzniku dvou radikálů z jedné molekuly [16]. Peroxid vodíku nicméně má 

nízký molární absorpční koeficient ve vodě (18,6 l·mol−1·cm−1 při 254 nm), v jehož důsledku 
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může být u silně znečištěných vod snížena účinnost procesu díky absorpci záření organickými 

látkami, které se tak mohou chovat jako optický filtr [17].  

2.2 Oxidační systémy 
 

V této části již budou představeny vyvinuté fotochemické oxidační systémy, které 

směřovaly k praktickému využití pro likvidaci různých typů organického znečištění. 

Představení jednotlivých oxidačních systémů bude korespondovat s jejich rostoucím měřítkem 

podobně, jako schematicky znázorňuje Obr. 1., podrobněji rozepsáno v Tab. 1. 

 

 

Obr. 1 Schematické znázornění zvětšování měřítka. 

 
Tab. 1 Porovnání měřítek jednotlivých vývojových stupňů fotochemického reaktoru. 

Jednotka 

Rozměry reaktoru 

(mm) 

Zářivý výkon 

(W) 

Zpracovávaný 

objem (l) 

Laboratorní prototyp 245 × 34 1 × 14 2-10 

RECHEBA-A 300 × 50 12 × 8 10-60 

RECHEBA-B 590 × 56 10 × 18 10-60 

RECHEBA-L 1200 × 153 20 × 32 50-150 

RECHEBA-XL 2 × (1200 × 153) 40 × 32 160-1000 

 

2.2.1 Laboratorní prototyp 

Nejmenší systém z hlediska velikosti byl v rámci budoucího vývoje součástí 

vícesložkového systému, jehož primárním účelem bylo zajištění několika litrů pitné vody denně 
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v různých katastrofických scénářích (živelné pohromy, válečné konflikty apod.) [18]. Tyto 

a podobné situace se vyznačují omezenou dostupností čisté, mikrobiálně neškodné vody. 

Vyvinuté zařízení obsahuje elektrokoagulační stupeň, filtrační mezistupeň a oxidační stupeň. 

Při těchto jednotlivých stupních zpracování dojde k postupnému odstranění rozpuštěných 

anorganických kontaminantů elektrokoagulací, mechanických nečistot (v podobě vysráženého 

kalu nebo přítomných nečistot z původního náběru), a v posledním stupni dojde k oxidačnímu 

rozložení organických látek přímou fotolýzou peroxidu vodíku UV-C zářením, které zároveň 

pomůže eliminovat mikrobiální znečištění. Blokové schéma této kombinované jednotky, podle 

které probíhal detailní návrh, je znázorněno na Obr. 2.  

 

Obr. 2 Blokové schéma vyvinutého vícesložkového systému: Zeleně – elektrochemický člen; černě – filtrační mezistupeň; 

modře – oxidační člen. 1) předúprava filtrací, 2) míchaná zásobní nádrž, 3) vzorkovací/výpustní ventil, 4) oběhové čerpadlo, 

5) regulace průtoku, 6) elektrokoagulační cela, 7) přečerpávací pumpa, 8) filtrační mezistupeň, 9) zásobník H2O2, 10) dávkovací 

pumpa, 11) zásobní nádrž, 12) vzorkovací/výpustní ventil, 13) oběhové čerpadlo, 14) fotochemický reaktor.  

 

Fotochemický stupeň je v tomto případě tvořen reaktorem, v jehož středu je umístěna 

nízkotlaká germicidní výbojka o zářivém výkonu 14 W, je umístěna v křemenném rukávu 

(fused silica) o průměru 30 mm. Délka ozařované zóny činí 245 mm, vnitřní průměr 64 mm 

a celkový ozařovaný objem zpracovávané vody je 614,47 mm.  

Celý systém byl navržen tak, aby byl schopen připravit až 10 l·den−1 pitné vody, což 

v případě nouze je zcela dostačující množství pro 4-5 člennou rodinu. Jednotka spojuje 

odstranění organických i anorganických kontaminantů s vysokou účinností, včetně mikrobiální 

desinfekce díky aplikovanému UV-C záření, navíc v „user-friendly“ podobě. V zařízení lze 

jako surový zdroj použít vodu nalezenou např. v kaluži, v řece, ve vodní nádrži, zachycené 

dešťové vody apod. Největším nedostatkem jednotky je nutnost použití elektrického proudu, 

a tudíž připojení k elektrické síti [18]. V původním návrhu jednotky byla myšlenka celý systém 

opatřit buďto solárním panelem pro zisk potřebné energie, nebo systémem dynama a ruční 
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otáčivé kliky, pomocí které by bylo zařízení napájeno a provozováno. K finální realizaci návrhů 

alternativního pohonu nedošlo, ale jedná se jistě o zajímavý, do budoucna využitelný koncept. 

Elektrochemický stupeň bude podrobněji popsán v kapitole pojednávající o elektrokoagulaci. 

Oxidační část prototypového zařízení je uvedena na Obr. 3.  

 

 

Obr. 3 Prototyp jednotky vyvinuté k zajištění pitné vody – oxidační člen (dle komentované položky 1). 1) zásobní nádrž 

s ponorným oběhovým čerpadlem (2), 3) směšovací ventil pro dávkování H2O2, 4) UV-C reaktor, 5) vzorkovací ventil, 

6) regulační ventil, 7) výpusť, 8) elektrický rozvaděč, 9) přečerpávací pumpa z elektrokoagulační části, 10) filtrační 

mezistupeň, 11) vzorkovací ventil filtrátu. Vlastní foto.  

 

V rámci laboratorního výzkumu byl také zkoumán a optimalizován reakční systém 

s využitím světlocitlivých ftalocyaninů, které po osvitu vhodnou vlnovou délkou viditelného 

záření generují singletní kyslík, jakožto další silné oxidační činidlo. Pro výzkumné účely 

vlastností světlocitlivých ftalocyaninů pro genezi singletního kyslíku byl využit fotochemický 

mikroreaktor, jehož unikátní konstrukce umožňuje velmi přesná kinetická měření [19]. 

2.2.2 Laboratorně-čtvrtprovozní jednotka 

Druhým fotochemickým stupněm vyvinutým v našich laboratořích byl fotochemický 

reaktor, pracovně nazvaný, RECHEBA (dle akronymu projektu, v rámci kterého jeho vývoj 

probíhal; Reaktivní chemické bariéry pro dekontaminaci silně znečištěných podzemních vod). 

Jedná se taktéž o systém využívající přímou fotolýzu peroxidu vodíku UV-C zářením, přičemž 

vývojovým cílem byla eliminace širokého spektra kontaminantů v průmyslově znečištěných 

vodách nebo v podzemních vodách kontaminovaných v důsledku dřívější průmyslové činnosti 

(likvidace starých ekologických zátěží). Při vhodném nastavení reakčních podmínek je možné 

vést oxidační reakce směrem k úplné eliminaci organických kontaminantů na neškodné 
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anorganické produkty [20,21]. Laboratorně-čtvrtprovozní systém založený na UV-C záření byl 

pracovně nazván RECHEBA-A a je zdokumentován na Obr. 4.  

Oxidační člen byl navržen jako křemenná trubice o průměru 50 mm, která je po svém 

obvodu obklopena dvanácti nízkotlakými germicidními výbojkami o zářivém výkonu 8 W, 

přičemž celkový výkon pak činil 96 W. Délka reakční zóny činila 290 mm, celkový ozářený 

objem byl 569 ml. Vnější plášť byl tvořen hliníkovým plátem, který reaktor obklopoval 

v kruhovitém uspořádání, jež zajišťoval maximální odrazivost UV-C záření zpět do ozařované 

zóny uvnitř křemenné trubice. Plášť byl opatřen žebrováním zajišťující odvod přebytkového 

tepla generovaného zářivkami. Reaktor byl vybaven také elektronickým předřadníkem, který 

umožňoval spouštění libovolného počtu germicidních výbojek, čímž byl umožněn také 

podrobný výzkum vlivu intenzity záření na rychlost a účinnost probíhajících reakcí.  

 

 

Obr. 4 Vzhled a uspořádání laboratorně-čtvrtprovozní jednotky: vlevo – přední strana; uprostřed – zadní strana; vpravo – detail 

reaktorové části (dle komentovaných položek 2 a 3). 1) zásobní nádrž, 2) výpusť, 3) dávkovací ventil, 4) oběhové čerpadlo, 

5) vzorkovací ventil, 6) regulační ventil, 7) průtokoměr, 8) by-pass, 9) dávkovací ventil, 10) vzorkovací ventil, 11) rozvaděč, 

12) předřadník, 13) UV-C reaktor. Vlastní foto.  

 

Na laboratorně-čtvrtprovozní jednotce proběhl detailní výzkum a optimalizace 

procesních parametrů pro odbourávání organických látek na modelových kontaminacích 4-

chlorfenolu, anilínu a nitrobenzenu. Kromě modelových kontaminací bylo následně provedeno 

ověření s reálně znečištěnými podzemními vodami dokazující vhodnost a účinnost zvolené 

metody. Mezi testované procesní parametry, které významným způsobem ovlivňují rychlost 

a účinnost odbourávání kontaminantů, můžeme zařadit např. vstupní koncentrace polutantu, 
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objem reakční směsi, koncentrace peroxidu vodíku nebo intenzita záření [22]. Oproti tomu, 

způsob dávkování peroxidu vodíku měl pouze částečný vliv – z hlediska odbourávání 

výchozího kontaminantu byl jeho efekt značný, zatímco z hlediska úplné oxidace nebyl efekt 

při vhodně zvolené koncentraci významný. Rychlost průtoku reakční směsi aparaturou naopak 

vliv na účinnost odbourávání polutantu neměla, neboť se jedná o reaktor pracující 

v recirkulačním režimu. Snížení průtoku sice vede k menšímu počtu průchodu reakční zónou, 

na druhou stranu se ale zvýší doba zdržení v ozařované části. Díky recirkulačnímu uspořádání 

se v podstatě jedná o vsádkový reaktor, ve kterém celková doba reakce hraje primární vliv. 

Při zachování konstantního reakčního času se nemění celková doba zdržení v ozařované zóně 

reaktoru, a proto účinnost odbourávání celkového organického uhlíku je totožná.  

Dalo by se říci, že jednotka pracuje na principu diferenciálního reaktoru, kdy jeden 

průchod ozařovanou zónou způsobí malou změnu v celkové koncentraci TOC (z angl. Total 

Organic Carbon, celkový organický uhlík), a proto se musí pracovat v opakovaném režimu 

mnoha průchodů. To se může jevit jako nevýhodné z hlediska úplného odbourání organického 

znečištění, nicméně i tak má reaktorová jednotka potenciál pro reálné využití. Často totiž stačí 

pouze částečná oxidace organických látek, kdy „narušením“ původní struktury může u obtížně 

odbouratelných kontaminantů dojít ke zvýšení jejich biodegradability [17]. Proto je možné 

uvažovat využití takového reaktoru před biologickým stupněm zpracování odpadních vod [23]. 

Nákres procesního zapojení oxidačního reaktoru ukazuje Obr. 5. Dle podobného schématu byly 

sestaveny oxidační jednotky všech vývojových stupňů.  

 

 

Obr. 5 Schéma uspořádání oxidačních reaktorů ve všech vývojových stupních: 1) zásobní nádrž, 2) oběhové čerpadlo, 

3) regulační ventil, 4) průtokoměr, 5) by-pass, 6) oxidační reaktor, 7) vzorkovací ventil, 8) zásobník peroxidu vodíku, 9) mísič 

peroxidu vodíku a zpracovávané vody, 10) výpusť, 11) volitelné zapojení tepelného výměníku. 
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Pro účely charakterizace fotochemického reaktoru, u kterého je možné libovolně 

upravovat zářivý výkon, byl navržen test vnitřní integrity (angl. Internal Integrity Test), pomocí 

kterého je možné spolehlivě určit výkon reaktoru. V experimentu se stanovuje účinnost 

rozkladu peroxidu vodíku v předem definované reakční době v závislosti na intenzitě záření. 

Účelem tohoto experimentu je jednoduché ověření, že fotochemický reaktor pracuje v tzv. 

režimu maximálního výkonu. Je přirozené, že každá zářivka jakéhokoliv druhu má omezenou 

životnost, během níž dochází k postupnému poklesu zářivého výkonu. 

Tento jednoduchý test provedený jednou za čas umožní sledovat, zdali se jednotka stále 

pohybuje v režimu maximálního výkonu, či již nastalo takové snížení účinnosti, že je třeba 

instalované zářivky vyměnit. Závislost účinnosti rozkladu peroxidu vodíku v definovaném čase 

reakce na intenzitě vyzařování je znázorněna na Obr. 6. Z křivky je zřejmé, že při poklesu 

intenzity vyzařování z původních 1740 mW·cm−2 o cca 30 % nedojde k ovlivnění účinnosti 

rozkladu peroxidu vodíku, zatímco při dalším poklesu zářivého výkonu už ke snížení dochází. 

Jednotlivé hodnoty intenzity jsou pak odpovídající počtu lamp, kdy 1740 mW·cm−2 odpovídá 

všem 12 lampám. Každá další hodnota odpovídá snížení počtu aktivních lamp o dvě. Při 

snižování počtu rozsvícených lamp se postupovalo rovnoměrně, aby nebyl ohrožen rovnoměrný 

osvit reakční směsi. Detailní experimentální optimalizační data je pak možné shlédnout 

v přiložené publikaci. [24] 

 

 
Obr. 6 Test vnitřní integrity pro laboratorně-čtvrtprovozní jednotku. Měřeno pomocí UV-VIS spektrofotometrie v UV oblasti 

při vlnové délce 220 nm. Relativní intenzita 1 odpovídá 1740 mW·cm−2. 

 

V rámci laboratorně-čtvrtprovozního stupně byla také vyvinuta sesterská jednotka 

RECHEBA-B, která pracuje na principu osvitu světlocitlivých molekul ftalocyaninů viditelným 
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zářením, při kterých dochází ke genezi primárně singletního kyslíku jako oxidačního činidla, 

přičemž konstrukce jednotky byla identická s jednotkou RECHEBA-A s výjimkou 

reaktorového stupně [25]. Zde byla využita skleněná trubice o délce 570 mm, po obvodu 

obklopena deseti zářivkami Narva LT 18W/015 HRA 4348 RED o délce 60 cm, s maximem 

vyzařování v 630-670 nm. Vnější plášť byl tvořen zaoblenou hliníkovou deskou o tloušťce 

2 mm k zajištění maximální odrazivosti záření zpět do ozařované zóny. Rozdíly v rozměrech 

reaktorové části jednotek RECHEBA-A a RECHEBA-B jsou uvedeny na Obr. 7.  

 

Obr. 7 Porovnání rozměrů reaktorové části RECHEBA-A a RECHEBA-B (kratší délka reaktorové části náleží jednotce 

RECHEBA-A). Rozměry jsou uvedeny v mm (dle komentované položky 3).  

 

Jednotky A a B byly využity k přímému srovnání účinnosti odbourávání 4-chlorfenolu 

jako modelové sloučeniny, včetně úbytku celkového organického uhlíku. V rámci srovnávací 

studie byly vzájemně porovnávány dvě nejsilnější oxidační činidla (hydroxylový radikál 

a singletní kyslík) s výjimkou nejreaktivnějšího prvku vůbec, fluoru. Komparace obou 

oxidačních činidel je uvedena v Tab. 2.  

 

Tab. 2 Standardní redoxní potenciál (E°) vybraných oxidačních činidel při teplotě 25 °C.  

Oxidační činidlo   Reakce E° (V) 

Hydroxylový radikál  OH• + H+ + e ̄  H2O 2,8 

Singletní kyslík  1O2 + 2H+ + 2e ̄  H2O 2,42 

 

Je zřejmé, že dle hodnot jejich redoxního potenciálu se jedná o velmi reaktivní oxidační 

činidla a jejich přímé srovnání v homogenních reakčních systémech bylo předmětem 

komparativní studie [26]. Zde byla provedena nejprve důkladná optimalizace procesních 

parametrů (optimalizace jednotky RECHEBA-A vycházela z již výše diskutované studie [24] 

a posloužila jako základ pro oxidační systém s ftalocyaninem) a při optimálním režimu provozu 

obou reaktorů bylo provedeno kinetické a ekonomické srovnání obou procesů.  
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Jednotka RECHEBA-A byla samozřejmě charakterizována vnitřním testem integrity, 

jednotka RECHEBA-B byla charakterizována dlouhodobým osvitem vodného roztoku 

rozpuštěného ftalocyaninu Zn viditelným zářením, přičemž na absorbanci v oblasti 630-670 nm 

se sledoval úbytek absorbance. Protože čerstvě připravený roztok ani po 10 h osvitu 

nevykazoval pokles sledovaného parametru, byl ftalocyanin Zn považován za dostatečně 

stabilní pro provedení degradačních experimentů se 4-chlorfenolem (4-CP). Byla pozorována 

jednak účinnost odstranění výchozího kontaminantu, jednak účinnost odstranění celkového 

organického uhlíku, kinetické parametry obou procesů a jejich ekonomické zhodnocení. 

Ukázalo se, že jak úbytek výchozí koncentrace kontaminantu, tak pokles celkového 

organického uhlíku je silně závislý na koncentraci peroxidu vodíku nebo ftalocyaninu (dle 

očekávání) a docházelo také k poklesu rychlostních konstant (dle předpokladů). Srovnání obou 

technologií shrnují Tab. 3 a Tab. 4. Rychlostní konstanty byly vypočteny s využitím 

matematického programu ERA pro počáteční koncentrace 4-CP 0,5-2 mmol·l−1. Dále je 

v tabulce uveden stupeň odbourání TOC v příslušných experimentech.  

 

Tab. 3 Porovnání rychlostních konstant a účinnosti odstranění TOC. Koncentrace 4-CP měřena pomocí HPLC, TOC bylo 

měřeno spalovací metodou. Standardní chyby měření činila ± 20 %.  

 RECHEBA-A RECHEBA-B 

 

4-CP (mmol·l−1) 

Rychlostní 

konstanta (1·s−1) 

Účinnost odstranění 

TOC (%) 

Rychlostní 

konstanta (1·s−1) 

Účinnost odstranění 

TOC (%) 

0,5 0,141 ± 0,028 > 99 0,015 ± 0,003 29 

1 0,076 ± 0,015 78  0,016 ± 0,003 21 

1,5 0,068 ± 0,013 55 0,015 ± 0,003 15 

2 0,039 ± 0,007 32 0,009 ± 0,002 10 

 

Tab. 4 Porovnání ekonomických parametrů procesu na jednotkách RECHEBA-A a RECHEBA-B. 

 RECHEBA-A RECHEBA-B 

 

 

Spotřeba 

energie na 1 m3 

vody 

Náklady na 1 m3 

vody (EUR) 

Spotřeba energie 

na 1 m3 vody 

Náklady na 1 

m3 vody 

(EUR) 

Elektrická energie 10 kWh 1,53 75 kWh 11,54 

Peroxid vodíku 1000 ml 0,35 × × 

Ftalocyanin Zn × × 4,1 kg 0,047 

Náklady na údržbu  0,08  0,02 

Celkové náklady  1,96  12,03 
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Ačkoliv bylo již před studií zřejmé, že účinnost systému RECHEBA-A bude 

jednoznačně vyšší, než u jednotky RECHEBA-B, výsledky s ftalocyaninovou jednotkou nebyly 

vůbec špatné. Zejména ekonomická náročnost však v případě ftalocyaninu byla značná. 

Procesní náklady vykazovala řádově vyšší než jednotka pracující s peroxidem vodíku. V takto 

velkém měřítku byl ftalocyanin, v rámci srovnávací studie, jako iniciátor geneze singletního 

kyslíku aplikován vůbec poprvé [26]. Ftalocyaninová jednotka pak byla předmětem ochrany 

duševního vlastnictví [25]. 

2.2.3 Poloprovozní jednotka 

Dalším vývojovým stupněm byla poloprovozní jednotka, která vycházela z jednotky 

RECHEBA-A a pracovně byla nazvána RECHEBA-L. Jednotka byla navržena na hodinový 

výkon 50-150 l·h−1. Oxidační systém již byl sestaven jako velká procesní jednotka, jejíž srdce 

bylo tvořeno fotoreaktorem ze 1200 mm dlouhé a 153 mm široké křemenné trubice, která byla 

po obvodu osazena celkem 20 nízkotlakými germicidnímu zářivkami o okamžitém výkonu 

36 W (Narva, LT 36W/UV-C), viz Obr. 8.  

 

 

Obr. 8 Detail reaktorové části jednotky RECHEBA-L (dle komentované položky 5 a 6). Průměr křemenné trubice je 153 mm. 

Vlastní foto.  

 

Vstupní nároková část reaktoru je opatřena redistributorem a sérií plastových sít, která 

zajišťují rovnoměrný tok ozařovanou zónou v reaktoru. Vnější plášť fotoreaktoru je tvořen 

hliníkem a jeho vnitřní strana je potažena vyleštěnou hliníkovou fólií zaručující minimální 

ztráty při odrazu krátkovlnného UV-C záření [27]. Vnější část reaktorového pláště je opatřena 
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podélnými žebry v celé délce reaktoru a jsou vyhrazeny pro částečný odvod tepla generovaného 

zářivkami, zbylé teplo je poté regulováno chladícím hadem umístěným v zásobní nádrži. 

Reaktorová komora byla také odvětrávána ventilátorem, čímž došlo ke snížení náročnosti 

na externí chlazení. Vzhled jednotky je znázorněn na Obr. 9. Experimentálně byla uspořádána 

podle Obr. 5.  

 

 

Obr. 9 Jednotka RECHEBA-L (dle komentované položky 5 a 6). 1) zásobní nádrž, 2) oběhové čerpadlo, 3) regulační ventil, 

4) průtokoměr, 5) výpusť, 6) UV-C reaktor, 7) vzorkovací ventil, 8) zásobník H2O2, 9) dávkovací čerpadlo, 10) rozvaděč. 

Vlastní foto.  

 

Jednotka byla po sestavení a základním odzkoušení testována na třech typech 

organického znečištění [28]: 

• Chlorované alifatické uhlovodíky (PCE – tetrachlorethylen, TCE – trichlorethylen, 

DCE – dichlorethylen). 

• Ropné látky a polyaromatické uhlovodíky. 

• Anilin, nitrobenzen. 

Systém byl provozován v semikontinuálním a semiautomatickém režimu, tzn. obsluha 

vždy byla přítomna. Byly optimalizovány jednotlivé parametry procesu fotochemické oxidace, 

jako jsou průtok fotochemickým reaktorem, doba cirkulace čištěné vody fotoreaktorem, 

množství a způsob dávkování H2O2 (jednorázové, kontinuální, kombinované). Ve vzorcích byl 

sledován úbytek kontaminace jednak pomocí skupinových ukazatelů TOC, NEL (nepolární 

extrahovatelné látky) a dále byly analyzovány jednotlivé kontaminující látky. 

Poloprovozní ověřování na reálně kontaminovaných lokalitách ukázalo vhodné 

konstrukční uspořádání, vysokou technologickou spolehlivost a účinnost na odstranění 

vybraných kontaminantů. Vyhodnocením ekonomické náročnosti bylo zjištěno, že největší 
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položku provozních nákladů představuje, dle očekávání, spotřeba elektrická energie využívaná 

zejména k napájení zářivek a na druhém místě jsou náklady na peroxid vodíku, jakožto zdroje 

oxidačního činidla. Náklady na cirkulaci zpracovávané vody pomocí cirkulačního čerpadla byly 

minoritního charakteru v porovnání s náklady na elektrickou energii. Příklad vývoje provozních 

nákladů v průběhu experimentu při odbourávání anilinu a nitrobenzenu ukazuje Obr. 10.  

 

 

Obr. 10 Příklad vývoje provozních nákladů na 100 l vyčištěné vody v závislosti na délce experimentu a dávce peroxidu vodíku 

při odbourávání anilinu a nitrobenzenu.  

 

Při dlouhodobých testech pro odbourávání sledovaných kontaminantů se mj. ukázalo, 

že zvyšující se dávka peroxidu vodíku zkracuje celkovou reakční dobu, což v konečném 

důsledku vede ke snížení celkových provozních nákladů. Nicméně snížení nákladů pomocí 

vyšších dávek peroxidu vodíku je možné dosáhnout pouze do určité limitní hodnoty, při jejímž 

překročení již nedojde k urychlení reakcí. Následně tak dochází k opětovnému růstu provozních 

nákladů a zvýšené náklady na peroxid vodíku pak převýší náklady na elektrickou energii. 

K urychlení nedojde např. z toho důvodu, že příliš vysoké dávky peroxidu vodíku způsobí 

nadměrný výskyt nežádoucích rekombinačních reakcí, kdy vzniklé radikály již nejsou efektivně 

využity k likvidaci organických kontaminantů, ale zanikají ve formě molekul vody a kyslíku 

[7,15,29]. Tab. 5 pak ukazuje souhrn provozních nákladů pro testované typy kontaminantů, 

přičemž cílová účinnost jejich odstranění byla 99 %. 
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Tab. 5 Náklady na dekontaminaci 1 m3 vody v závislosti na typu kontaminace. 

Typ kontaminantu/náklady (Kč) El. energie H2O2 Celkem 

Polychlorované uhlovodíky 25 10 35 

Polycyklické aromatické uhlovodíky 150 60 210 

Anilin, nitrobenzen 250 150 400 

 

Výše provozních nákladů plně koreluje se složením a množstvím odstraňovaných 

kontaminantů. Je pravděpodobné, že v praktickém řešení by byla dostačující nižší účinnost 

odstranění, protože fotochemický stupeň by mohl být např. „předřazen“ biologickému stupni 

zpracování takto znečištěných vod. Nižší celková účinnost by polutanty částečně odbourala, 

částečně naoxidovala a tím by umožnila jejich dodatečné biologické zpracování pomocí 

mikroorganismů. Na druhou stranu, takto vypočtené provozní náklady jsou zcela závislé 

na vstupní koncentraci sledovaných kontaminantů.  

V rámci konečné aplikace by bylo žádoucí rozšířit výkonovou kapacitu jednotky, která 

je nicméně limitována geometrickými rozměry komerčně dodávaných křemenných 

trubic – takto navržená jednotka je optimální z hlediska průniku UV-C záření do zpracovávané 

vody. Zvýšení kapacity reaktoru bylo provedeno znásobením reakční zóny a je prezentováno 

v následující kapitole.  

2.2.4 Pilotní jednotka 

Posledním vývojovým stupněm oxidační jednotky byla tzv. RECHEBA-XL, jejíž 

reaktorová část konstrukčně vycházela z jednotky RECHEBA-L, nicméně v případě 

RECHEBA-XL došlo duplikaci. Tzn., že zářivý výkon i ozařovaná zóna byly zdvojnásobené, 

což je v případě germicidních zářivek s ohledem na komerční dostupnost křemenných trubic 

jediný způsob, jak zvětšit požadované měřítko. Výrazným posunem kupředu bylo umístění celé 

jednotky do standardního kontejneru, který je možno velmi snadno převézt na konkrétní 

znečištěnou lokalitu a systémem „plug-and-play“ provozovat. Jednotka RECHEBA-XL 

pracuje v uspořádání on-site, kde je napojená na čerpanou podzemní vodu z vrtu, která je 

po vyčištění injektována zpět do horninového podloží. Využití lze spatřovat zejména 

na menších lokalitách s obtížně rozložitelnými kontaminanty, pro které dnes neexistují 

spolehlivé, ekonomicky zajímavé, technologie.  

 



22 

 

Obr. 11 Procesní schéma zapojení pilotní jednotky RECHEBA-XL v kontejneru. 1) čerpání podzemní vody, 2) ponorné 

čerpadlo, 3) usazovací nádrž, 4) filtrační mezistupeň, 5) recirkulační nádrž, 6) oběhové čerpadlo, 7) fotoreaktory, 8) zásobník 

H2O2, 9) směšovací ventil, 10) vzorkovací ventil, 11) vyrovnávací nádrž, 12) zasakovací čerpadlo, 13) zasakovací vrt, 14) 

horninové podloží 

 

Na základě studie v poloprovozním měřítku byla vybrána lokalita se silně znečištěnou 

podzemní vodou polychlorovanými uhlovodíky nacházející se v Ústí nad Labem, Předlicích. 

Jednotka v kontejneru byla převezena na kontaminovanou lokalitu, kde byly provedeny 

nezbytné úpravy z hlediska čerpání podzemní vody [30]. Principem provozu jednotky bylo 

načerpání kontaminované vody do vyrovnávací nádrže (3), její přečerpání do cirkulační 

nádrže (5), přičemž mezistupeň byl opatřen mechanickým filtrem pro odstranění načerpaných 

nečistot a zabránění zanesení reaktorové části (4). Jednotka pracovala v obdobném systému 

recirkulace reakční směsi, jako tomu bylo v předchozích vývojových stupních a po ukončení 

experimentu je voda zasakována zpět do horninového podloží. Potrubní systém je dále opatřen 

přípojkou nádrže na peroxid vodíku (8), ze které je do zpracovávané vody dávkováno oxidační 

činidlo jako zdroj hydroxylových radikálů (9). Lokality jsou vybírány podle soustavy vnitřních 

vrtů, které zabraňují smísení kontaminované surové a vyčištěné vody. Schematické zapojení 

kontejnerové jednotky je znázorněno na Obr. 11, instalaci na konkrétní čištěné lokalitě a vnitřní 

uspořádání pak ukazuje Obr. 12.  
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Obr. 12 Vnější uspořádání jednotky RECHEBA-XL (dle komentované položky 7). 1) sedimentační nádrž, 2) vnější 

recirkulační nádrž, 3) reaktorový kontejner, 4) vnitřní nádrž, 5) fotoreaktory, 6) by-pass, 7) elektronický předřadník, 8) 

rozvaděč, 9) zásobník H2O2, 10) dávkovací pumpa, 11) směšovací ventil. Vlastní foto.  

 

Potrubní systém jednotky RECHEBA-XL umožňoval provoz UV reaktorů v režimu 

sériového nebo paralelního zapojení. Testy na kontaminované lokalitě byly samozřejmě 

provedeny v obou režimech a následně bylo také provedeno ekonomické zhodnocení účinnosti 

technologie při odstraňování zájmové kontaminace. Tak jako ve všech předchozích oxidačních 

jednotkách, i v této jednotce byl proveden test vnitřní integrity s degradací peroxidu vodíku 

v obou režimech zapojení, přičemž provedení tohoto testu indikovalo, že sériové zapojení 

reaktorů bude vykazovat lepší účinnost odstranění než paralelní zapojení. Rychlost degradace 

peroxidu vodíku byla přibližně o 10-15 % vyšší při sériovém zapojení než při paralelním. 

U testů s kontaminovanou podzemní vodou se projevila přirozená variabilita koncentrace 

kontaminantů, která se může měnit v závislosti na lokálních meteorologických podmínkách. 

Vstupní charakterizace kontaminované vody pro jednotlivé experimenty odrážející jejich 

přirozenou variabilitu je uvedena v Tab. 6.  

 

Tab. 6 Charakterizace vstupní kontaminace při jednotlivých experimentech (mg·l−1). PCE, TCE měřeny pomocí SPME – 

GC/MS s nejistotou stanovení ± 20 %. TOC stanoveno spalovací metodou, Chloridy stanoveny titračně. 

Test pH 

Měrná vodivost 

(mS·cm−1) 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 

IIs 7,12 1318 61,8 10,9 37,3 221,5 

IIp 6,95 1226 102,4 20,7 66,6 201,6 
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Testy Is a IIs byly provedeny se sériovým zapojením reaktoru, testy Ip a IIp s paralelním 

zapojením reaktorů. Oba typy experimentů byly provedeny s již předem optimalizovaným 

dávkováním peroxidu vodíku, přičemž odlišnosti mezi Is a IIs, potažmo Ip a IIp spočívala 

v tom, že testy s číselným označením „I“ probíhaly s konstantním dávkováním peroxidu, 

zatímco testy s číselným označením „II“ byly provedeny s proporčně klesajícím dávkováním 

peroxidu. Cílem těchto experimentů byla snaha snížit celkové množství dávkovaného peroxidu 

vodíku tak, aby výsledné ekonomické náklady byly, pokud možno, co nejnižší. Každý 

z experimentů byl vždy proveden s čerstvě načerpanou vodou, vždy bylo možno provést pouze 

jeden experiment denně (s ohledem na množství čerpané vody, které vždy činilo 1 m3 

a vydatnost vrtu). Načerpaná podzemní voda byla nejprve zpracována sedimentací k oddělení 

pevných částic načerpaných s vodou (písek, hlína, jíl, kameny).  

 

 

Obr. 13 Ukázka průběhu experimentu (v tomto případě jsou prezentována data testu IIs). PCE, TCE měřeny pomocí 

SPME – GC/MS s nejistotou stanovení ± 20 %. TOC stanoveno spalovací metodou, Chloridy stanoveny titračně. 

 

Na Obr. 13 jsou ukázána data z experimentu při sériovém zapojení fotoreaktorů 

a s progresivním postupným snižováním kontinuální dávky peroxidu vodíku. Myšlenka byla 

založena na předpokladu, že postupné snižování obsahu kontaminantů spojené s poklesem 

celkového organického uhlíku nebude vyžadovat dávku peroxidu vodíku optimalizovanou na 

původní koncentraci polutantů. Tím dojde, mj. k omezení výskytu nežádoucích 

rekombinačních reakcí, které by snižovali využitelnost peroxidu vodíku pro degradační reakce. 

Počáteční dávka 2 mmol·l−1·h−1 byla každou hodinu snížena o 0,5 mmol·l−1·h−1 až do finální 

hodnoty 0,5 mmol·l−1·h−1, při které by již experiment probíhal až do konce. Nárůst koncentrace 

chloridových iontů je pozorován díky účinnému rozkladu vstupních kontaminantů.  
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Jak vidno z Obr. 13, výchozí kontaminanty v podobě TCE a PCE byly odstraňovány 

velice účinně. Jasně pozorovatelný je také postupný pokles TOC naznačující totální oxidaci 

reakčních meziproduktů doprovázené nárůstem obsahu chloridových iontů. Nejen v tomto, ale 

ve všech dalších experimentech byla po určité době dosažena minimální koncentrace TOC 

v řádu jednotek mg·l−1 a ani prodloužení doby oxidace nezpůsobilo jeho další snížení. Tento 

jev byl pozorován u všech experimentů s kontaminovanou podzemní vodou indikující 

přítomnost obtížně rozložitelné organické matrice, kam mohou v podzemních vodách patřit tzv. 

přírodní organické látky (NOM – Natural Organic Matter) [31]. Jedná se o vysokomolekulární 

polycyklické sloučeniny s vysokou relativní molekulovou hmotností, které oxidačními 

metodami nelze zcela odstranit [32]. Proto byla voda po dosažení této limitní hodnoty TOC 

považována za vyčištěnou a následně byla zasakována zpět do horninového podloží. Provozní 

náklady vztažené na vyčištění 1 m3 pro každý typ prováděného experimentu shrnuje Tab. 7.  

 

Tab. 7 Provozní náklady experimentů prováděných v jednotce RECHEBA-XL. TOC stanoveno spalovací metodou 

s nejistotou stanovení ± 20 %. 

Test 

Provozní náklady 

(€·m−3) 

Celková doba 

experimentu (min) 

Finální hodnota 

TOC (mg·l−1) 

Totální oxidace 

TCE, PCE 

Is 3,60 300 7,8 ano 

IIs 2,05 240 7,9 ano 

Ip 3,82 360 18 ne 

IIp 2,23 240 32 ne 

 

Z tabulky je zřejmé, že provozní náklady technologie značně kolísají, což je v kontextu 

vstupní kontaminace (viz Tab. 6) očekávatelné. S ohledem na výsledky v Tab. 7 by se dalo říci, 

že provozní náklady jsou nižší pro experimenty s postupným snižováním dávkování peroxidu 

vodíku a že mezi sériovým, nebo paralelním zapojením není přílišný rozdíl. Při pohledu na 

Tab. 6 je nicméně zřejmé, že test IIs vykazuje nižší náklady než IIp při takřka poloviční 

koncentraci kontaminantů. Je nutné však zdůraznit, že u experimentu IIp ani zdaleka nedošlo 

ke kompletnímu odstranění jak výchozích kontaminantů, tak celkového organického uhlíku 

a celková reakční doba by pro uspokojivé výsledky byla mnohem delší. Proto lze z testovací 

kampaně usoudit, že sériové zapojení reaktorů je pro příznivější ekonomický provoz s vyšší 

celkovou účinností výhodnější.  

Takto vyvinutá oxidační jednotka byla zařazena do nabídkového portfolia společnosti 

Dekonta, a.s., produktový list je přiložen v příloze.  
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3 ELEKTROCHEMICKÉ PROCESY 

Technologické znečištění organickými látkami je velmi často doprovázeno také 

anorganickými nečistotami, obvykle ve formě rozpuštěných kovových iontů [33]. Takové 

kontaminanty nelze z vody odstraňovat fotochemickými metodami a v případě fotochemických 

oxidací představených v předcházejícím oddílu mohou dokonce působit negativně na celkovou 

účinnost procesu. Srdcem fotochemických reaktorů je totiž křemenná trubice, jež 

ze zpracovávaného roztoku selektivně vychytává zejména železnaté a železité ionty, které se 

usazují na vnitřním povrchu a postupně snižují průchodnost UV záření křemenným sklem [34]. 

Tím by docházelo ke snižování účinnosti procesu, prodloužení reakční doby, zvýšení spotřeby 

energie a s tím související zvýšení celkových provozních nákladů. Jedním z nejlepších způsobů, 

jak rozpuštěné kovové ionty odstraňovat je chemická koagulace neboli srážení. V rámci 

výzkumných aktivit pak byla vyvinuta elektrokoagulace, kterou lze chápat jako alternativu 

ke standardní chemické koagulaci [35,36]. Zdrojem koagulačního činidla je obětovaná 

elektroda, která se do zpracovávané vody řízeně rozpouští v důsledku aplikace elektrického 

proudu [37,38]. Koagulační činidlo ve formě roztoku kovové soli může dále působit jako 

sekundární zdroj znečištění díky rozpouštění příslušných aniontů.   

3.1 Teoretický úvod 

Principem elektrokoagulace je řízené rozpouštění tzv. obětované elektrody (anody), 

která v důsledku aplikace elektrického proudu uvolňuje kationty příslušného kovového 

materiálu (nejčastěji železo nebo hliník jako alternativa k chloridu a síranu železitému a síranu 

hlinitému nebo polyaluminiumchloridu) [39–41]. Tyto kationty následně reagují 

s hydroxidovými anionty vzniklými v důsledku elektrolýzy vody na katodě a společně vytvářejí 

nerozpustné kovové hydroxidy, které pomáhají odstraňovat rozpuštěné nečistoty [42]. K tomu 

dochází pomocí adsorpce nebo se objevuje tzv. simultánní ko-precipitace, což znamená, 

že dochází k současnému vytváření nerozpustných směsných oxo-hydroxidů příslušných 

kontaminantů [43]. Jednotlivé mechanismy odstranění rozpuštěných kontaminantů je v zásadě 

nemožné od sebe oddělit. Celý proces lze charakterizovat následovně [10,39,44]: 

• Tvorba koagulačního činidla vlivem elektrochemického rozpouštění obětované 

elektrody (anody). 

• Interakce částic koagulačního činidla s kontaminanty a jejich destabilizace. 

• Shlukování destabilizovaných částic, tvorba oxo-hydroxidů koagulačního činidla a 

kontaminantů. 
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• Vytváření agregátů (vloček), které lze odstranit sedimentací nebo filtrací. 

Vločky lze popsat jako porézní shluky částic vytvořených z menších útvarů. Jsou 

tvořeny převážně hydroxidy a polyhydroxidy příslušných iontů, dále pak jejich oxidy a 

směsnými oxo-hydroxidy [45]. Elektrokoagulační reaktor pak obsahuje minimálně jeden 

elektrodový pár (anoda-katoda), který je připojený k externímu zdroji elektrické energie [46]. 

Aplikací elektrického proudu pak dojde k oxidačním reakcím na anodě a redukčním reakcím 

na katodě. Na anodě dojde k vytvoření příslušných kationtů a v důsledku štěpení vody také 

uvolňování kyslíku. Na katodě je pozorována evoluce vodíku současně s tvorbou 

hydroxidových aniontů [47]. Na závěr pak dojde k vytvoření již dříve zmiňovaných 

vloček [37]. 

3.2 Elektrokoagulační systémy 

V této části budou popsány vyvinuté elektrokoagulační systémy. Budou diskutovány 

nejvýznamnější výsledky získané na každé z nich podobným způsobem, jako v kapitole 

pojednávající o fotochemických systémech, shrnutí je uvedeno v Tab. 8.  

 

Tab. 8 Porovnání měřítek elektrokoagulačních reaktorů. 

Jednotka 

Rozměry elektrod 

(mm) Počet elektrod 

Zpracovávaný objem 

(l) 

Laboratorní jednotka 190 × 10 1+1 10-40 

Čtvrtprovozní jednotka 460 × 55 × 3 4+4 50-150 

Pilotní jednotka 750 × 75 × 5 4+4 200-500 

Provozní jednotka 960 × 100 × 6 7+7 600-1200 

3.2.1 Laboratorní jednotka 

Laboratorní jednotka byla součástí vícestupňového systému zmiňovaného v kapitole 

2.2.1, kde byla popisována jeho fotochemická část. Elektrochemická část laboratorního 

prototypu je představena na Obr. 14.  
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Obr. 14 Laboratorní elektrokoagulační jednotka (dle komentovaných položek 1, 8 a 9). Vlastní foto.  

 

Tato jednotka byla prvním vývojovým stupněm elektrokoagulačních systémů 

a obsahovala 10l zásobní/sedimentační nádrž s kónickým dnem, míchanou dvoulopatkovým 

míchadlem (1), voda byla oběhovým čerpadlem (2) vedena přes škrtící ventil (3) a průtokoměr 

(4) do elektrokoagulační cely (5) napájené elektrickým zdrojem energie (6; CPX 400 DP). 

Po průchodu elektrokoagulační celou byla voda vedena zpět do zásobní nádrže. Aparatura dále 

obsahuje vzorkovací ventily (7 a 9), motor míchadla (8) a výpusť (10).  

Na laboratorní jednotce probíhal detailní optimalizační výzkum vlivu procesních 

parametrů na účinnost odstranění různých typů kontaminantů, mezi které můžeme zařadit 

například těžké nebo toxické kovy (Zn), nutrienty (P) nebo zákal (kaolin) [48]. V rámci tohoto 

laboratorního výzkumu proběhlo, kromě detailní optimalizace, představení návrhu unifikace 

vyhodnocování dat laboratorních studií a sjednocování příslušného odborného názvosloví. 

To může být demonstrováno na anglických výrazech pro účinnost procesu [49]. Zatímco 

v českém jazyce v podstatě neexistuje synonymum s dostatečně odlišným vyzněním 

(např. efektivita procesu), v anglickém jazyce rozlišujeme výrazy „process efficiency“ 

a „process efficacy“. V literatuře bývají často tyto výrazy nesprávně používány jako synonyma, 

přesto lze hovořit o jejich odlišném významu: 

• “Process efficiency” – tento výraz lze definovat jako schopnost konkrétního procesu 

dosáhnout požadovaného efektu bez ohledu na vynaložené úsilí; souvisí tedy 

s množstvím odstraněného kontaminantu [50]. 
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• „Process efficacy“ – tento obrat pak může být definován jako energie vynaložená 

k dosažení požadovaného efektu; souvisí tedy s využitím zdrojů pro požadovanou 

účinnost a zohledňuje tak procesní náklady [51]. 

Provázanost a rozdílnost obou technických výrazů pak lze demonstrovat pomocí 

výsledků prezentovaných na Obr. 15. Jednalo se o elektrokoagulační experimenty prováděné 

s železnou elektrodou pro odstraňování nutrientů (P), kovů (Zn) a zákalu (kaolín).  

 

 

Obr. 15 Vlevo – Spotřeba elektrické energie pro odstranění jednotlivých kontaminantů; Vpravo – účinnost odstranění 

jednotlivých kontaminantů při souvisejících spotřebách energie; experimenty byly prováděny při konstantní proudové hustotě. 

P a Zn měřen pomocí ICP-OES s nejistotou stanovení ± 20 %, zákal pomocí UV-VIS spektrofotometrie při vlnové délce 

550 nm. 

 

Ke zhodnocení celkové účinnosti procesu je nutná srovnávací analýza, podle které je 

zapotřebí určit, zda lze stejného výkonu dosáhnout na úkor větší či menší spotřeby energie 

a peněz. Účinnost však může být kvantitativně stanovena zaznamenáním koncentrace cílového 

kontaminantu před a po zpracování a jednoduchým výpočtem rozsahu jeho odstranění. 

Nicméně, abychom dospěli k závěru o vhodnosti techniky pro zpracování konkrétního 

technologického proudu, je zapotřebí rovnováha mezi oběma parametry.  

Při pohledu na výsledky Obr. 15 se jasně ukazuje, že při nejnižších spotřebách energie 

samozřejmě nedochází k nejvyšším účinnostem odstranění, protože procesní parametry nebyly 

dostatečně dobře nastaveny. S rostoucí spotřebou energie se však účinnost odstranění 

modelových kontaminantů zvyšuje až do bodu, kdy vyšší spotřeba energie už nevede k vyšší 

účinnosti odstranění. Zdánlivě tak dochází ke snižování energetické účinnosti procesu, protože 

rychlost nárůstu spotřeby energie je vyšší než rychlost nárůstu účinnosti odstranění až do bodu, 

kdy účinnost odstranění se už nezvyšuje, zatímco spotřeba energie neustále roste. Spotřeba 
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energie je v tomto případě vztažena na množství nadávkovaného koagulačního činidla, kdy 

rostoucí dávka koagulačního činidla vede k vyšší účinnosti odstranění sledovaných 

kontaminantů, ale jen do určitého bodu, kdy další zvyšování koncentrace koagulantu již nevede 

k vyšší účinnosti odstranění. Nalezení tohoto energeticky účinnostiního optima je z procesního 

hlediska velice důležité, neboť dokáže určit jakousi rovnováhu mezi množstvím odstraněných 

kontaminantů a spotřebou energie, potažmo procesními náklady. Je nasnadě zmínit, že 

v průmyslu mohou nastat různé situace = požadavky pro zpracování technologického proudu: 

• Preference procesních nákladů. 

• Preference maximální účinnosti procesu. 

Každá průmyslová aplikace má svá specifika a při zvažování vhodnosti rozsahu procesu 

je nutno vzít v úvahu mnoho externích vlivů, které v laboratoři nelze simulovat. Často se tak 

technolog může dostat do situace, kdy je po něm požadována maximální úspora vynaložených 

zdrojů, a tudíž nejnižší procesní náklady při „rozumné“ celkové účinnosti („rozumná“ hranice 

účinnosti nelze kvantifikovat). Tato situace je nezáviděníhodná a jistě velmi obtížná k řešení. 

Nebo může dojít k požadavku maximální účinnosti odstranění bez ohledu na procesní náklady. 

V tomto případě je práce technologa o mnoho příjemnější.  

Dále bylo ve stejné [48] a navazující studii [52] prokázáno, že parametr proudové 

hustoty je z hlediska celkové účinnosti procesu sekundárního významu a intenzita vstupujícího 

proudu (potažmo celková dávka koagulantu) je parametrem primárního významu.  

 

 

Obr. 16 Spotřeba energie pro odstranění jednotlivých kontaminantů; Vpravo – účinnost odstranění jednotlivých kontaminantů 

při souvisejících spotřebách energie; experimenty byly prováděny při konstantním vstupujícím proudu (dávce koagulantu). 

P a Zn měřen pomocí ICP-OES s nejistotou stanovení ± 20 %, zákal pomocí UV-VIS spektrofotometrie při vlnové délce 

550 nm.  
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Proudová hustota je v mnoha studiích týkající se elektrochemických experimentů 

popisována jako nejdůležitější parametr a v řadě elektrochemických procesů tomu tak skutečně 

je [53–56]. V elektrokoagulaci je nicméně situace jiná. Jednou z prvních indicií může být znění 

Faradayova zákona, kde se množství koagulačního činidla uvolněného z obětované elektrody 

vypočítá ze vztahu [57–59]:  

Fz

MtI
w




=            

kde w je množství vydávkovaného koagulantu při konkrétním vstupním proudu I, t je doba 

zdržení v elektrokoagulační cele, M je molární hmotnost příslušného kovu materiálu elektrody, 

z je množství elektronů účastnící se elektrochemické koroze a F je Faradayova konstanta 

(96 485 C·mol−1). Už z tohoto vztahu je zřejmé, že parametr proudové hustoty zde nevystupuje, 

a navíc bylo prokázáno, že množství nadávkovaného koagulantu je určujícím parametrem pro 

rozsah odstranění kontaminantu [60,61]. Proudová hustota hraje významnou roli z hlediska 

funkčnosti procesu. Existuje zde tzv. horní a dolní hranice, kdy nad horní hranicí probíhá 

elektrochemická produkce magnetitu, který snižuje rozsah odstranění kontaminantu [62,63]. 

Když proudová hustota naopak nedosáhne na minimální účinnou hodnotu, elektrochemická 

koroze elektrody neprobíhá a dávkování koagulantu je tudíž nefunkční [64]. Ve sledovaném 

rozsahu hodnot proudové hustoty se pak ukázalo, že její efekt na celkovou účinnost procesu je 

zanedbatelný. Z Obr. 16 je pak patrné, že účinnost odstranění sledovaných kontaminantů je 

prakticky neměnná, zatímco levá část obrázku ukazuje, že celková spotřeba energie k dosažení 

získaných účinností úměrně roste s rostoucí proudovou hustotou. Ve všech případech bylo 

zachováno konstantní dávkování koagulantu. Toho bylo dosaženo postupným zakrýváním 

povrchu elektrody teflonovou páskou při zachování konstantního proudu, viz Obr. 17.  

 

 

Obr. 17 Částečně zakrývaný povrch elektrod teflonovou páskou (dle komentované položky 9), délka 250 mm, průměr 12 mm. 

Vlastní foto.  

 

Lze tedy prohlásit, že proudová hustota sice neovlivňuje účinnost procesu ve smyslu 

„process efficiency“, ale významně ovlivňuje účinnost ve smyslu „process efficacy“, protože 

spotřeba energie pro dosažení stejného rozsahu odstranění kontaminantů je značně rozdílná.  
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Výše uvedená studie [48] prezentovala výsledky, které lze dosáhnout ve vsádkovém 

i kontinuálním uspořádání. Protože ale pro průmyslové aplikace je důležité zejména kontinuální 

provedení, byla důkladně testována rychlost průtoku elektrokoagulační celou s přihlédnutím 

k předchozím zjištěním tak, aby byly jednotlivé dílčí parametry od sebe dostatečně odděleny 

a byl testován vliv každého zvlášť v kontinuálním provedení. Toho bylo dosaženo za pomocí 

tří různých scénářů [52]:  

• Scénář (i): Změna průtoku byla doprovázena změnou vstupujícího proudu tak, aby 

množství nadávkovaného činidla bylo konstantní. Povrch elektrody nebyl zakrýván, 

takže se měnila proudová hustota. 

• Scénář (ii): Vstupní proud byl konstantní, zatímco průtok se měnil, to způsobilo změnu 

v celkovém nadávkovaném množství koagulantu. Povrch elektrody nebyl zakrýván, 

takže proudová hustota zůstávala konstantní.  

• Scénář (iii): Změna průtoku byla doprovázena změnou vstupujícího proudu 

a zakrýváním celkového povrchu elektrody tak, aby proudová hustota i množství 

nadávkovaného koagulantu bylo konstantní.  

 

Obr. 18 Účinnost odstranění As při různých scénářích kontinuální provedení elektrokoagulace. As měřen pomocí ICP-OES 

s nejistotou stanovení ± 20 %. 

 

Jak je z Obr. 18 zřejmé, účinnost odstranění kontaminantů z hlediska rozsahu odstranění 

kontaminantu při scénáři (i) konstantní navzdory měnící se proudové hustotě. To bylo v souladu 

s předchozí studií a v poměrně širokém rozsahu proudové hustoty se její efekt na rozsah 

odstranění kontaminantu ukázal jako marginální. Ve scénáři (ii), kdy se množství 

nadávkovaného koagulantu měnilo v důsledku měnícího se průtoku (vstupní proud, a tudíž 

proudová hustota byla konstantní), při vyšších průtocích, a proto při nižších dávkách 
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koagulantu byl pozorován pokles rozsahu odstranění kontaminantu. To je opět ve shodě se 

zjištěním, že dávka koagulačního činidla je rozhodujícím parametrem určujícím rozsah 

odstranění polutantu. A konečně, scénář (iii) prokázal, že měnící se průtok společně se změnou 

vstupujícího proudu zajišťující konstantní dávku koagulantu vykazuje konstantní rozsah 

odstranění kontaminantu. Povrch elektrody byl souběžně se změnou proudu zakrýván nebo 

odkrýván, takže proudová hustota byla konstantní a neměla tak synergický efekt na změnu 

rozsahu odstranění sledovaného znečištění.  

Bylo tedy spolehlivě prokázáno, že průtok je, podobně jako proudová hustota, parametr 

druhotného významu s ohledem na množství nadávkovaného koagulantu – když je se zvýšením 

průtoku snížena dávka koagulačního činidla v důsledku konstantního proudu, účinnost klesne, 

ale když se zvýší proud tak, aby se dávka zachovala konstantní, účinnost neklesne. Role průtoku 

elektrokoagulační celou je poněkud jiná. Při kontinuálních experimentech musí být dosaženo 

tzv. minimální rychlosti proudění, při které nedochází k usazování vysrážených vloček 

v elektrokoagulační cele – tato oblast se často pohybuje při hodnotách Reynoldsova 

čísla > 4000, čili v turbulentní oblasti [65]. Rozpětí sledovaného průtoku v této studii vždy 

převyšovalo tuto hodnotu. V laboratoři to však bylo experimentálně prokázáno.  

3.2.2 Čtvrtprovozní jednotka 

Čtvrtprovozní jednotka tvořila jakýsi mezistupeň, který sloužil k ověřování 

experimentů zejména s průmyslově kontaminovanými vodami před tím, než s nimi bude 

operováno v pilotním měřítku. Čtvrtprovozní jednotka byla navržena podobně jako laboratorní 

aparatura a umožňovala jednak vsádkové a jednak kontinuální provedení experimentů.  

 

 

Obr. 19 Čtvrtprovozní jednotka elektrokoagulace. 
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Jednotka obsahuje zásobní nádrž (1), ze které je voda oběhovým čerpadlem (2) přes 

škrtící ventil (3) a rotametr (4) čerpána do elektrokoagulační cely (5) tvořené soustavou 

deskových elektrod z měkké oceli nebo hliníku. Rozměr elektrod činil 460 × 55 mm s tloušťkou 

3 mm. Cela je napájena elektrickým zdrojem (6) o maximálním výstupním proudu 40 A a je 

vybavena přepínačem polarity (7), který slouží k pravidelnému přepínání mezi anodou 

a katodou zajišťující rovnoměrné opotřebení elektrod. Voda dále putuje odvodovým porubím 

(9) přes vzorkovací ventil (10) k provedení sklenicové zkoušky (Jar-test) v laboratorní míchací 

lavici. Následně voda putuje do sedimentační nádrže (12) s pomalým agregačním 

mícháním (13) a kónickým dnem. Dále jsou zde vzorkovací ventily (14), nádržka na měření pH 

a vodivosti (15), zásobní nádrž s neutralizačním činidlem (16) a peristaltickým čerpadlem pro 

případné dávkování (17) se vstupem na horní části sedimentační nádrže (18). Elektrokoagulační 

cela je ještě opatřena odvzdušňovacím ventilem (8) umožňujícím také nátok kyseliny 

fosforečné pro regeneraci elektrod.  

Ačkoliv tato cela sloužila primárně k ověřovacím experimentům s reálně 

kontaminovanými vodami, které vykazovaly příznivé výsledky na laboratorní aparatuře, byla 

tato jednotka používána v kombinaci se čtvrtprovozním fotochemickým stupněm pro 

kombinované zpracování. Účelem bylo odstranit ze zpracovávané vody rozpuštěné kovové 

ionty, zejména ionty železa, které je selektivně vychytáváno křemennou trubicí 

ve fotoreaktoru [34]. Pokrytí vnitřního povrchu křemenného skla by vedlo ke snížení 

průchodnosti UV záření a tím ke snížení celkové účinnosti fotochemických reakcí. Vzhledem 

k tomu, že v laboratorních experimentech bylo dosaženo příznivých výsledků s odstraňováním 

kovových kontaminantů, nebyly pochyby, že ve čtvrtprovozním měřítku by tomu mělo být 

jinak. Naopak se ukázalo, že kromě rozpuštěných kovů dochází také k částečnému snížení 

obsahu organických látek.  
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Obr. 20 Účinnost odstranění organických látek při elektrokoagulaci před oxidačním zpracováním. TOC měřeno spalovací 

metodou, Fe pomocí ICP-OES s nejistotou stanovení ± 20 %. 

 

V kombinovaném uspořádání elektrokoagulace a fotochemické oxidace byla testována 

účinnost odstranění rozpuštěných Fe iontů a nitrobenzenu [66]. Obr. 20 ukazuje vliv 

vstupujícího proudu/dávky koagulantu na množství odstraněného celkového organického 

uhlíku ze zpracovávané vody. Ukázalo se, že nejvyšších účinností se dosahovalo při pH = 4-5, 

maximum účinnosti odstranění nitrobenzenu se pohybuje kolem 30 %, což je významné snížení 

jeho koncentrace. Zároveň při vyšších dávkách dochází k poklesu účinnosti, což může být 

způsobené nežádoucí pasivací povrchu elektrody nebo možnou produkcí magnetitu, který 

vykazuje zhoršené adsorpční vlastnosti než vločky směsných oxo-hydroxidů, protože mají nižší 

specifický povrch [62]. Rozpuštěné Fe pak bylo odstraněno z více než 99 % při vstupujících 

hodnotách Fein = 50 mg·l−1, TOCin = 50 mg·l−1. V konečném důsledku toto snížení pak má 

za následek snížení spotřeby oxidačního činidla při navazující fotooxidační eliminaci 

organického znečištění, k čemuž ve sledované studii skutečně došlo. Při navazujících 

oxidačních experimentech pak nejenže došlo ke snížené spotřebě peroxidu vodíku, ale díky 

sníženému počátečnímu obsahu nitrobenzenu při fotooxidaci se zkrátil reakční čas, což s sebou 

jako jeden z hlavních benefitů přináší sníženou spotřebu energie a následně celkových 

provozních nákladů. Při kombinovaném zpracování znečištěných vod lze hledat optimum 

a přináší tak technologům více možností z hlediska úspory.  
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3.2.3 Pilotní jednotka 

Pilotní elektrokoagulační jednotka představuje třetí vývojový stupeň a byla podobně, 

jako oxidační pilotní jednotka, umístěna v přepravním kontejneru. Tím je bylo umožněno, aby 

v případě potřeby mohla být převezena na kontaminovanou lokalitu a tam být systémem „plug 

and play“ provozována. V tomto stupni už byl kladen důraz na větší část automatizace a oproti 

předchozím vývojovým stupňům zde byly zahrnuty prvky jako teplotní čidla nebo hladinové 

senzory, které automaticky umožňovaly přizpůsobit dekontaminační práce aktuálnímu stavu. 

Zároveň byla tato jednotka opatřena dotykovým ovládacím PLC panelem s možností ovládat 

jednotlivé součásti celkového kontejnerového systému včetně dálkového připojení.  

Technologická linka pilotní jednotky elektrokoagulace byla uspořádána ve dvou 

mobilních kontejnerech délky 6 m, kde v prvním byla technologie elektrokoagulace 

a přidružených míchaných a sedimentačních nádrží. Ve druhém byl kalolis, jež sloužil 

pro odvodnění elektrokoagulačního kalu. Návrh elektrokoagulačních cel vycházel 

ze čtvrtprovozní jednotky a sestával se z 3D tištěného vnějšího pláště s otvory pro nátok a výtok 

zpracovávané vody a obsahoval elektrické úchyty k propojení elektrod se zdrojem energie. 

Uvnitř byla umístěna elektrodová kazeta s deskovými obdélníkovými elektrodami, viz Obr. 21.  

 

  

Obr. 21 3D tištěná elektrokoagulační cela v pilotní jednotce. Vlevo – vnější plášť; vpravo – detail (dle komentovaných položek 

12 a 13). Vlastní foto.  

 

Cela byla navržena pro práci při průtocích 200-500 l·hod−1. Uvnitř se nacházely 

elektrodové kazety tvořené osmi železnými elektrodami o rozměrech (750 × 75 × 5 mm) 

s deskovým uspořádáním umístěnými v kompaktním vyjímatelném bloku. Mezi jednotlivými 

elektrodami jsou štěrbiny o tloušťce 5 mm, jimiž protéká čištěná voda. Deskové elektrody jsou 

vzájemně střídány jako katoda (4 ks) a anoda (4 ks). Celou elektrodovou kazetou může protékat 

maximální proud 90 A, poté již dochází k výraznému přehřívání přívodních vodičů, což by 

mohlo mít za následek vypnutí zdroje napětí. Obě elektrokoagulační cely byly připojeny 
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na programovatelný napájecí zdroj (typ EA PSI 8080 120 2U), poskytující stejnosměrný 

elektrický proud s plynulou regulací v intervalu 0-120 A, a napětí v intervalu 0-80 V. Pomocí 

střídače polarity pak byly automaticky přepínány bloky katody a anody, což umožňuje 

rovnoměrné spotřebovávání elektrod a prodloužení životnosti celé kazety. Střídač polarity 

využívá třífázové stykače o maximálním proudu 115 A (typ LC1D115P7), kdy jednotlivé 

kontakty jsou zapojeny tak, aby při sepnutí obrátily polaritu stejnosměrného napětí 

ze řiditelného zdroje. Vzhled pilotní jednotky je znázorněn na Obr. 22. Procesní schéma 

kontejnerové jednotky je uvedeno na Obr. 24.   

 

  

Obr. 22 Pohled na vnitřní součásti kontejneru. 1) zásobní nádrž, 2) průtokoměry, 3) zásobníky regeneračních roztoků, 

4) elektrokoagulační cely (na obr. Vlevo schované za hadicemi), 5) rychle míchaná nádrž, 6) zásobník flokulantu, 7) pomalu 

míchaná nádrž, 8) vzorkovací ventily, 9) přepad do usazovací nádrže (dle komentovaných položek 12 a 13). Vlastní foto.  

 

Zařízení podle tohoto technického řešení pak bylo předmětem ochrany formou užitného 

vzoru [67]. Jednotka pak na základě laboratorních a čtvrtprovozních výsledků byla převezena 

na kontaminovanou lokalitu, kde byla provozována za účelem řešení kontaminace podzemních 

vod šestimocným chromem a dvojmocným niklem [68,69]. 

Čerpaná kontaminovaná voda vstupovala přes mechanický filtr s kovovou síťkou 

do zásobníku vstupní vody (1), o objemu 500 l, vybaveného hladinoměry snímajícími 

minimální a maximální hladinu kontaminované vody. Ze zásobníku byla kontaminovaná voda 

čerpána dle požadovaného průtoku jedním ze dvou volitelných vzduchomembránových 

čerpadel s plynulou regulací výkonu přes indukční průtokoměr do dvou větví vybavených 

mechanickými rotametry (2) vedoucích vodu do obou elektrokoagulačních cel A a B (4). 

Elektrokoagulační cely musely být pravidelně po 4 až 6 hod promývány cirkulací vstupní vody 

při průtoku 1200 l·hod−1 a 1× denně pak byly regenerovány cirkulací 8% roztokem H3PO4. 

Čištěná voda po opuštění elektrokoagulačních cel vstupovala do koagulačního zásobníku (5) 
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o objemu 15 l, ve kterém dochází k intenzivnímu promíchávání dávkovaných vloček Fe 

v čištěné vodě, pomocí vrtulového míchadla, při otáčkách 96 ot·min−1. Doba zdržení vody je 

zde v řádu 1 až 2 minut dle aktuálního průtoku. Následně voda procházela spirálovým 

směšovacím elementem, a vstupovala do míchaného zásobníku (7) o objemu 180 l, který je 

pomalu promícháván kotvovým míchadlem při otáčkách 12 ot·min−1. Ve směšovači byla 

do čištěné vody dávkována pomocí peristaltických čerpadel přídavná činidla – anionický 

flokulant, pro lepší agregaci a sedimentaci vloček kalu a roztok Ca(OH)2 pro úpravu pH 

výstupní vody. Vyčištěná voda se shluklými vločkami kalu byla postupně vynášena 

do sedimentační nádrže o objemu 3 300 l (zdola nahoru), v níž je umístěn speciální vnitřní kužel 

zabraňující víření kalu a odsazená vyčištěná voda odcházela přelivnou hranou (s pilovým 

přepadem), umístěnou po celém obvodě nádrže do cílového recipientu. Před vstupem čištěné 

vody do sedimentační nádrže byly měřeny hodnoty pH a vodivosti, aby bylo možné včas 

přizpůsobit dávkování Ca(OH)2. Schéma postupu prací při pilotním testování ukazuje Obr. 23., 

technologické zapojení Obr. 24.  

 

  

  

 

 

 

 

 

 

 

Obr. 23 Schéma pilotního testování na lokalitě Zlaté hory. 

 

Pilotní jednotka byla po sérii laboratorních optimalizací s vodou z kontaminované 

lokality dovezena do znečištěné oblasti, kde byla nejprve otestována, následně 

optimalizována [68]. Po provedení všech potřebných zkoušek a vyřešení provozních problémů 

byla jednotka spuštěna k dlouhodobému testování v periodě přibližně jeden měsíc 

(24. 7. – 18. 8. 2017) v jednosměnném provozu, kdy hlavním účelem bylo prokázat vhodnost 

a způsobilost elektrokoagulační metody pro odstraňování vysokých koncentrací Cr6+ a Ni2+ 

z podzemní vody. Jednotka byla instalována v areálu firmy Velobel ve Zlatých Horách, což je 

lokalita s označením Natura 2000 (evropsky významná lokalita). Taková lokalita často 

z historického hlediska obsahuje průmyslové kontaminace a vyžaduje zvláštní zacházení, co se 

týče řešení historického znečištění. Běžné dekontaminační technologie mnohdy bývají nešetrné 
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k životnímu prostředí a je třeba hledat alternativy. Dekontaminační jednotka umístěná 

v kontejneru s nízkým záběrem na kontaminované místo se jevila jako ideální řešení [69]. 

 

 
Obr. 24 Technologické zapojení pilotní jednotky v kontejneru.  
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Kontaminovaná podzemní voda byla nejprve čerpána do vstupního zásobníku, 

pro odsazení nečistot (jílovité částice apod.) a poté procházela přes elektrokoagulační cely, kde 

působením elektrického proudu docházelo k dávkování koagulačního činidla. Zde pak téměř 

kvantitativně probíhala redukce iontů Cr6+ na Cr3+ při hodnotě pH vstupní vody 4,5 až 4,8 dle 

rovnice: 

Cr2O7
2− +6Fe2+ +7H2O → 2Cr3+ +6Fe3+ +14OH− 

 

Celý provoz jednotky byl koncipován tak, aby v dlouhodobém horizontu výstupní 

koncentrace kontaminantů nepřesahovala povolené hodnoty místním vodohospodářským 

úřadem, které činily 0,5 mg·l−1 pro Crtot., 0,8 mg·l−1 pro Ni2+ a 0,8 mg·l−1 pro Fe2+. 

Charakteristické vstupní koncentrace kontaminantů běžně se nacházející v podzemních vodách 

prezentuje Tab. 9. V průběhu měřící kampaně se složení měnilo v intervalu ± 30 %, neboť je 

závislé na lokálních klimatických podmínkách, stupni nasycení půdy atd.   

 

Tab. 9 Příklad složení kontaminované vody. Kovy měřeny pomocí ICP-OES s nejistotou stanovení ± 20 %.  

 Crtot. Cr6+ Ni Zn Fe Mn pH κ (mS·cm−1) 

Koncentrace (mg·l−1) 43 41,9 91,6 8,9 1,3 10,7 4,4 3,5 

 

Jedním z nejčastějších problémů, který se vyskytuje nejen při testování před náběhem 

technologie do ostrého provozu, ale vyskytuje se také naprosto běžně při provozu, je zanášení 

elektrodových kazet pasivační vrstvou (směs shluků vloček a solí obsažených ve zpracovávané 

vodě) snižující celkovou účinnost procesu. Byla proto věnována zvýšená pozornost 

systematickému způsobu regenerace elektrodových kazet. Celkem byly prováděny regenerace 

elektrodových kazet několika způsoby: 

1. Periodický proplach elektrokoagulačních cel velkým průtokem 1000 až 1300 l·hod−1 

kontaminované vody, cirkulující ze vstupní nádrže přes EC cely zpět do vstupní nádrže. 

Tento proplach byl prováděn každé 4 hod. 

2. Napuštění 4% roztoku H3PO4 z 25 l barelu do elektrokoagulačních cel a ponechání po 

dobu 1 hodiny, poté vypláchnutí roztoku množstvím 50 l vody zpět do barelu. Tento 

způsob regenerace se příliš neosvědčil. 

3. Demontáž elektrokoagulační cely, vyjmutí elektrodové kazety a její oplach tlakovou 

ruční myčkou, případně mechanické obroušení. Tento způsob byl nejúčinnější, ale 

časově zdlouhavý a pracný. 
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Pilotní jednotka proto obsahovala dvě cely – když jedna cela vyžaduje regeneraci 

elektrod, uvede se do provozu identická druhá cela, aby první mohla být regenerována a naopak. 

Po nastavení vhodných procesních parametrů pak probíhal dlouhodobý provoz, kdy byly 

sledovány výstupní koncentrace zájmových kontaminantů.   

 

Obr. 25 Průměrné výstupní koncentrace sledovaných kontaminantů při testovací kampani. Měřeno pomocí ICP-OES 

s nejistotou stanovení ± 20 %. 

 

Jak je patrné z Obr. 25, cílové koncentrace monitorovaných kontaminantů byly 

z dlouhodobého hlediska dosaženy. V průběhu testovací kampaně se samozřejmě vyskytovaly 

určité výkyvy od průměrné účinnosti, a to jak k lepším, tak k horším hodnotám. To se 

samozřejmě dá očekávat při provozu každé technologie. Z dlouhodobého hlediska je nicméně 

důležité, že procesní parametry lze nastavit takovým způsobem, aby mohlo dojít k úspěšnému 

vyčištění lokality. Byla sledována spotřeba energie k vyčíslení celkových procesních nákladů. 

Jejich odhad s uvážením ceny na 1 m3 je znázorněn v Tab. 10.  

 

Tab. 10 Provozní náklady na zpracování 1 m3 na lokalitě Zlaté Hory. 

Jednotková součást Množství Cena (EUR) 

Energie dodaná elektrokoagulačním celám 1,28 kWh 0,19 

Celková energie zahrnující všechny aparáty 8,8 kWh 1,35 

Elektrodová kazeta (1.58 EUR/ks) 1 ks/70 m3 0,02 

Ca(OH)2 0,8 kg 0,09 

Flokulant 4 g 0,02 

H3PO4 × 0,11 

Zpracování kalu 2,97 kg 0,11 

Nepřímé náklady × 0,08 

Celkem × 1,97 
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Při pohledu na cenu za jednotlivé položky je patrné, že elektrická energie tvoří 

dominantní položku, nicméně elektrická energie dodaná na elektrodové kazety je v celkovém 

objemu použité energie pouze zlomková. Významnější spotřebu mají další připojené aparáty, 

jako míchadlové motory, oběhová vzduchomembránová čerpadla a samozřejmě kalolis. 

Je zřejmé, že cena za vyčištění 1 m3 není nejnižší, nicméně s ohledem na fakt, že se jedná 

o evropsky významnou lokalitu vyžadující zvláštní zacházení se jedná o zajímavý výsledek. 

Byl také stanoven scénář k vyčištění celé lokality, přičemž tento scénář je založen 

na řadě zjednodušujících předpokladů, aby jeho realizace byla proveditelná. Orientační 

zjednodušení byla následující: 

• Na sledované lokalitě je znemožněno mísení kontaminované vody s vyčištěnou a její 

objem se považuje za konstantní. 

• Toho lze docílit sérií hydraulických vrtů tvořících hydraulickou bariéru. 

• Kontaminovaná zóna je dobře popsána a není považována za brownfield. 

• Kontaminace je konstantní a čištěním lokality se snižuje až do úplného vyčištění. 

• Půda je již dekontaminována a nedochází tak k vyluhování z nasycené zeminy. 

Na základě těchto předpokladů byla odhadnuta celková kontaminovaná plocha 

a odhadnut celkový objem znečištěné podzemní vody, u kterého bylo dle použitých procesních 

parametrů odhadnuta celková doba nutná pro úplné vyčištění podzemní vody. Kontejnerové 

jednotky mají ale velkou výhodu v tom, že jejich multiplikací dojde k velmi elegantnímu 

zvýšení kapacity a tím následně ke zkrácení celkové doby čištění lokality.  

Ještě je třeba nastínit, proč může být elektrokoagulace v některých případech vhodnější, 

než klasická chemická koagulace. K tomu poslouží Tab. 11 s modelovým příkladem dávky 

1000 kg Fe do zpracovávané vody. Chemická koagulace se nejčastěji provádí se síranem nebo 

chloridem železitým, ve kterém je hmotnostní koncentrace Fe necelých 14 % hm, zatímco 

při elektrokoagulaci se použije elektroda z měkké oceli obsahující 99,95 % hm. Fe. Rozdíl 

v hustotách obou materiálů je zřejmý na první pohled a je tak snadno odvoditelné, že 

pro teoretickou dávku 1000 kg Fe je potřeba 7246 kg 40% roztoku FeCl3, což je běžná 

komerčně dostupná koncentrace. Pro elektrokoagulaci je naopak třeba „pouze“ 1001 kg oceli 

pro stejnou dávku Fe. To činí 7× méně oproti chemické koagulaci. Při přepočtu na teoretický 

objem suroviny nutného dopravit na zájmovou lokalitu je v případě FeCl3 je zapotřebí více 

než 5 m3, což je v celkovém vyjádření 41× více než v případě ocelových elektrod, kdy je nutné 

přepravit „pouze“ 127 l objemu.  
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Tab. 11 Srovnání chemické koagulace a elektrokoagulace pro modelový příklad dávky 1000 kg Fe. 

 FeCl3 (40% roztok) Ocelová elektroda Rozdíl 

Hm. koncentrace Fe 13,8 99,95  

Hustota (g·cm−3) 1,4 7,85  

Hmotnost (kg) 7246 1001 7× 

Objem (l) 5176 127 41× 

3.2.4 Provozní jednotka 

Kontejnerová jednotka byla dále otestována v areálu ZEVO v Liberci, kde po úspěšných 

pilotních testech byla navržena provozní technologie [70]. Její využití spočívá ve snižování 

výstupní koncentrace Zn ve vypouštěných vodách. Hlavním cílem a motivací bylo dodržet 

emisní limity pro Zn 2,1 mg·l−1 (platné v době testování) a zajistit tak, aby vypouštěná voda 

nemusela být podrobena nákladnému membránovému čištění. Dnes jsou emisní limity 

1,5 mg·l−1 a očekává se jejich zpřísnění na 1 mg·l−1. Cela je tvořena rourou z PVC o průměru 

200 mm a délce 1200 mm, s kónickým dnem, opatřeným roštem a nátokem znečistěné vody. 

Voda s nadávkovanými vločkami Fe2+ iontů pak odchází hlavou cely (proudění zdola nahoru). 

Tím je zajištěno optimální proudění a kontakt vody s deskovými elektrodami a snadné 

odvzdušňování během provozu. Uvnitř cely je vložena elektrodová kazeta skládající se 

z katodického a anodického bloku, celkem o počtu 7 + 7 ocelových desek, vyrobených 

z konstrukční neušlechtilé oceli tř. 11 (tř.11 373) o rozměru 960 × 100 × 6 mm. Každá cela je 

navržena na průtok čištěné vody 500-1200 l·hod−1 a je napájena ze zdroje proudu (typ EA-PSI-

9080-120-2U) s plynulou regulací od 0-120 A. 

Vstupní kontaminovaná voda je čerpána vzduchomembránovým čerpadlem z nádrže 

o objemu 6 m3. Průtok vstupní vody je regulován změnou otáček (výkonu) čerpadla. 

Na potrubní trase je před každou celou umístěn ventil a rotametr k indikaci aktuálního průtoku. 

Na výstupní potrubí z elektrokoagulačních cel navazuje rychle míchaná nádrž o objemu 180 l, 

vybavená lopatkovým míchadlem s regulací otáček (60-200 ot·min−1), která slouží pro nukleaci 

zárodečných vloček dávkovaného Fe. Při nukleaci dochází k pomalému růstu vloček 

z uvolněných Fe2+ iontů, které jsou v intenzivním kontaktu s čištěnou vodou. Na tyto vločky 

jsou ionty toxických kovů (zejména Zn2+) vázány adsorpčními silami, případně probíhají další 

interakce např. oxidačně redukční nebo ko-precipitační pochody [71,72]. Vzhled provozních 

cel je uveden na Obr. 26. Procesní schéma elektrokoagulační linky je znázorněno na Obr. 27.  
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Obr. 26 Vlevo – provozní linka elektrokoagulace; Vpravo – detail na umístění elektrodové kazety (dle komentované položky 15). Vlastní 

foto.  

 

V dalším kroku vstupuje voda do pomalu míchané nádrže o objemu 2 m3, kde dochází 

k agregaci a růstu vloček do dobře sedimentujících aglomerátů. Současně dochází k jejich 

oxidaci z Fe2+ na Fe3+. Na výstupním potrubí z rychle míchané nádrže je dávkován roztok 

anionického flokulantu podporující shlukování a sedimentaci vloček Fe kalu.  

Nakonec probíhá sedimentace vloček železitého kalu v sedimentační nádrži (35 m3), 

z níž odchází vyčištěná voda přepadem a zahuštěný kal je odtahován vzduchomembránovým 

čerpadlem do svíčkových filtrů. Sedimentační nádrž je vybavena ultrazvukovým snímačem, 

který měří výšku sloupce kalu (rozhraní vody a suspenze kalu). Na základě předem nastavených 

hodnot mocnosti kalu je spínáno vzduchomembránové kalové čerpadlo. Součástí technologie 

je autonomní řídící systém, umožňující pomocí dotykového PLC panelu ovládání jednotlivých 

komponent celé technologie – čerpadel vody, elektrokoagulačních cel, trojcestných ventilů 

a míchadel, zobrazování a ukládání dat. 

 

Obr. 27 Procesní schéma provozní elektrokoagulační linky v ZEVO.  
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Při ostrém provozu byly v chodu vždy 2 cely, na každou byl vkládán proud 50 A, 

při průtoku vody 600-1000 l·hod−1 dle předem stanovených optimalizovaných podmínek. 

Během provozu docházelo k postupnému zanášení elektrodových kazet vločkami Fe a mírnému 

poklesu napětí, proto byly prováděny v periodických intervalech po 48 h proplachy Quench 

vodou (vodný roztok 8 % HCl vznikající po vypírce spalin), po němž následoval proplach 

vodou. Roztok Quench vody je v ZEVO veden v uzavřeném okruhu a používán k loužení 

popílku. Tento okruh je propojen s linkou elektrokoagulace.   

Hodnocení účinnosti odstranění Zn a případných dalších kovů (As a Pb) procesem 

elektrokoagulace bylo provedeno na základě analýz vzorků vstupní a výstupní (vyčištěné) 

vody. Vzorkování bylo prováděno v pravidelných 12hodinových intervalech na vstupu a 

výstupu z technologie. Na základě pilotních experimentů a složení zpracovávané vody byla 

dávka Fe stanovena na přibližně 40 ± 5 mg·l−1, přičemž během provozu jsou očekávány výkyvy 

směrem dolů k hodnotám kolem 20 ± 5 mg·l−1. Tyto hodnoty však stále představují dostatečný 

poměr dávky koagulačního činidla vs. kontaminanty k jejich efektivnímu odstranění. K poklesu 

koncentrací Fe docházelo především vlivem ucpávání elektrodových kazet mezi jejich 

periodickými regeneracemi.  

 

 

Obr. 28 Vstupní a výstupní koncentrace Zn v provozní jednotce. Stanoveno pomocí ICP-OES s nejistotou stanovení 20 %.  

 

Průběh koncentrací Zn na vstupu a výstupu z linky elektrokoagulace je představen 

na Obr. 28. Koncentrace Zn ve vyčištěné vodě byly trvale nižší než 0,5 mg·l−1 s výjimkou 

13. dne provozu, kde koncentrace Zn dosáhla až 1 mg·l−1. Nicméně i přes tuto skutečnost je 

bezpečně splněn limit 2,1 mg·l−1 obsahu Zn ve vyčištěné vodě, vypouštěné do kanalizačního 

řádu. Vstupní koncentrace Zn jsou proměnlivé a závisejí na druhu spalovaného odpadu, 

na režimech extrakcí popílku atd. Ukázalo se však, že jednotku je při vhodném nastavení možno 
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provozovat dlouhodobě a je připravena na budoucí zpřísnění emisních limitů pro Zn v hodnotě 

1 mg·l−1.  

Z hlediska zbytkových koncentrací Fe se jeho hodnoty většinou pohybovaly 

do 3 mg·l−1, v ojedinělých případech pak koncentrace vzrostly, nejvýše až na 6 mg·l−1. 

Důvodem může být zhoršená sedimentace vloček Fe, které zůstávají ve vznosu. Pro eliminaci 

tohoto jevu bylo otestováno více druhů anionických flokulantů různé síly, režimy pomalého 

a rychlého mícháni apod. Vzorkování v sedimentační nádrži ukázalo účinnou separaci 

vysráženého kalu od vyčištěné vody, což dokládá Tab. 12, která ukazuje průměrné hodnoty 

sledovaných kontaminantů na výstupu procesu v průběhu dalších týdnů provozu. 
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Tab. 12 Charakteristika výstupních proudů. Průměrné týdenní hodnoty. Nejistota stanovení 25 %. Kovy měřeny pomocí ICP-

OES, anionty měřeny titračně, RAS (rozpuštěné anorganické soli) stanoveno gravimetricky. 
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Spotřeba elektrické energie pro provoz elektrokoagulačních cel činila 0,75-

1,1 kWh·m−3 čištěné vody. Významnější položkou byly náklady na výrobu elektrodových 

kazet. Životnost elektrodových patron s tloušťkou desky 5 mm je cca 1 000 m3 vody, což 

představuje náklady kolem 0,8 EUR·m−3 vyčištěné vody. Celkové procesní náklady shrnuje 

Tab. 13. Velkou výhodou aplikace elektrokoagulace v zařízení pro energetické využití odpadů 

je autonomní výroba elektřiny přes zpracování odpadu na energii. Díky tomu je proces 

konkurenceschopný, protože cena elektřiny je obvykle dominantním parametrem při určování 

procesní ceny, zatímco aplikace v ZEVO tuto nevýhodu úplně eliminuje. Proces 

elektrokoagulace je stále úspěšně kontinuálně provozován. 

 

Tab. 13 Procesní náklady provozní jednotky. 

Jednotková součást Množství·m−3 Cena (EUR) 

Energie dodaná elektrokoagulačním celám 0,75-1,1 kWh 0 

Celková energie zahrnující všechny aparáty 11,4 kWh 0 

Elektrodová kazeta  1 ks/1000 m3 0,8 

Flokulant 4 g 0,12 

HCl pro regeneraci / 0,1 

Zpracování kalu 0,4 kg 0,2 

Nepřímé náklady / 0,28 

Celkem / 1,60 

 

Ještě je vhodné zmínit, že u všech studií prezentovaných výše a kde probíhalo orientační 

stanovení provozních nákladů, se jedná o provozní náklady v době získání konkrétních 

experimentálních dat. Období zisku těchto dat se pohybuje v letech 2013-2020, čili v době cen 

energií velice nízkých, nicméně srovnatelných s cenami energií v první polovině roku 2021. 

V roce 2022, zejména v důsledku nestabilních a neúměrně vysokých cen energií vyvolaných 

vojenským konfliktem na Ukrajině by se provozní náklady pohybovaly nesrovnatelně výše. 

Vysoké ceny energií totiž ovlivňují všechna průmyslová odvětví a v podstatě všechny komodity 

na trhu čelí výraznému nárůstu cen v důsledku vysokých hodnot inflace. V současnosti je sice 

již pozorován pokles cen energetických komodit, přesto se neočekává návrat na hodnoty běžné 

před rokem 2022 a budou se tak pravděpodobně pohybovat na dvoj – až trojnásobku.  
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4 ZÁVĚR 

Předložená habilitační práce ve formě komentáře původních výsledků shrnuje popis 

vývoje a aplikace technologií uplatněných při ochraně životního prostředí se zaměřením 

na odstraňování znečištění podzemních, případně procesních vod. Technologické postupy byly 

diskutovány z hlediska jejich vývoje, který probíhal od laboratoře směrem k reálným 

aplikacím, a to na základě postupného zvětšování měřítka s vyhodnocením dosažených 

výsledků. V práci jsou diskutovány nejvýznamnější milníky a výsledky pro každý vývojový 

stupeň, přičemž tyto výsledky jsou v příloze doloženy plnými texty publikačních výstupů 

a dokumentů deklarujících ochranu duševního vlastnictví a přicházejících ve stejném 

chronologickém pořadí, ve kterém jsou v předloženém textu diskutovány.  

V prvním případě jde o fotochemické oxidace využívající přímou fotolýzu peroxidu 

vodíku, která byla aplikována na odstraňování širokého spektra organických látek 

z podzemních vod. Tyto látky se v podzemních vodách nacházely v důsledku průmyslové 

činnosti. Průmyslovým partnerem pro aplikovaný výzkum byla společnost Dekonta, a.s., která 

technologii fotochemické oxidace v pilotním měřítku umístěnou v kontejneru, zařadila 

do svého portfolia nabízených služeb. Funkčnost oxidační jednotky byla reálně ověřena 

na lokalitě Předlice, kde byla v rámci pilotní testovací kampaně odstraňována kontaminace 

podzemní vody chlorovanými uhlovodíky. Celkové provozní náklady na 1 m3 při optimálních 

podmínkách činily 2 €, což podtrhuje ekonomickou efektivitu provozu. Lokalita neumožňuje 

výstavbu specializovaných čisticích linek, proto se kontejnerová jednotka jeví jako ideální 

řešení pro dekontaminaci místa s omezenou prostorovou dispozicí. 

Ve druhém případě byl sledován vývoj elektrokoagulační jednotky pro odstraňování 

rozpuštěných kovů ze znečištěných vod. Ačkoliv byla primárním účelem této jednotky ochrana 

fotochemického systému, ukázalo se, že na některé aplikace je vhodné využít ji zcela 

samostatně. V pilotním měřítku byla jednotka provozována na lokalitě Zlaté Hory, kde úspěšně 

odstraňovala kontaminaci šestimocnými ionty chromu a dvojmocnými ionty niklu 

z podzemních vod při nákladech přibližně 2 €·m−3. Takové náklady jsou, s ohledem na provoz 

v evropsky významné lokalitě velice příznivé, neboť takové oblasti neumožňují invazivní 

zásahy do okolí při výstavbě specializovaných čistíren. Takto se kontejner doveze na lokalitu, 

spustí se jeho provoz a po ukončení činnosti se opět odveze, čímž zůstane okolní prostředí 

nedotčené. Elektrokoagulační jednotka byla následně úspěšně převedena do provozního 

měřítka v autonomním režimu. Provozní jednotka kontroluje výstupní koncentrace Zn 
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ze zařízení pro energetické využití odpadů v Liberci při provozních nákladech cca 1,6 €·m−3 

a je stále úspěšně kontinuálně provozována i v současné době.  

Vývoj obou jednotek byl diskutován na úrovni všech měřítek – od laboratorního 

přes poloprovozní a pilotní stadium – a zabýval se řešením jednotlivých technologických 

aspektů. Důraz byl kladen mj. také na ekonomickou náročnost z hlediska jednotkových 

procesních nákladů, které v konečném důsledku tvoří tu nejpodstatnější položku 

pro průmyslový podnik s ohledem na její provoz. 

Problematice fotochemických a elektrochemických procesů se budu věnovat i v další 

fázi své akademické kariéry, neboť existuje řada oblastí, kde lze studované technologie uplatnit. 

V případě fotochemických technologií se jedná např. o vývoj jednotky zaměřené 

na odstraňování mikropolutantů a farmaceutických reziduí ze specifických maloobjemových 

zdrojů. V současnosti již pracujeme na výzkumu společně s vybraným průmyslovým 

partnerem, avšak detaily této spolupráce jsou prozatím v režimu utajení. U elektrochemických 

technologií se jedná o možnost jejich uplatnění při úpravě pitné vody, zejména pak odstraňování 

rozpuštěných organických látek v podobě přírodní organické matrice (NOM – natural organic 

matter, AOM – algal organic matter) [73]. 
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6 SEZNAM SYMBOLŮ A ZKRATEK 

•OH Hydroxylový radikál  

AOP Pokročilé oxidační procesy (angl. Advanced Oxidation Processes) 

AOM  Řasová složka organické matrice (angl. Algal Organic Matter) 

DCE Dichlorethylen 

FŽP Fakulta životního prostředí 

NEL Nepolární extrahovatelné látky 

NOM Přírodní organická matrice (Natural Organic Mater) 

PCE Tetrachlorethylen  

PLC Programovatelný logický automat (angl. Programmable Logic Controller) 

PřF UK Přírodovědecká fakulta Univerzity Karlovy 

RAS Rozpuštěné anorganické soli 

RECHEBA 
Reaktivní chemické bariéry pro dekontaminaci silně znečištěných podzemních 

vod 

RWE Rýnsko-vestfálské elektrárny (něm. Rheinisch-Westfälische Elektrizitätswerke) 

RPM Otáček za minutu (angl. Rotation per minute) 

TCE Trichlorethylen  

TOC Celkový organický uhlík (angl. Total Organic Carbon) 

UJEP Univerzita Jana Evangelisty Purkyně 

UV-C Krátkovlnné ultrafialové záření 

UV-C/H2O2 Přímá fotolýza peroxidu vodíku UV zářením 

ZEVO Zařízení pro energetické využití odpadů 
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A Highly Effective Photochemical System for
Complex Treatment of Heavily Contaminated

Wastewaters
Pavel Krystynik1*, Petr Kluson1,2, Stanislav Hejda2, Pavel Masin3, Duarte Novaes Tito4

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 (H2O2/Fe
2þ(Fe3þ)/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 H2O2. 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, H2O2 concen-

tration, and irradiation intensity. In contrast, for H2O2 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/H2O2 system, water treatment.
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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 (H2O2/Fe
2þ) (Fenton), H2O2/

Fe3þ (Fenton-like), H2O2/Fe
2þ(Fe3þ)/UV (photo-assisted Fen-

ton), titanium dioxide (TiO2/hm/O2), UV/O3 (UV-ozone), and

UV/H2O2 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 TiO2 or to the H2O2/Fe
2þ(Fe3þ)/

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 H2O2. 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/H2O2 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 (C6H5OCl)(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)

C6H5OClþ 13H2O2 � 6CO2 þ 15H2OþHCl ð1Þ

Although the oxidation process is more efficient in the

presence of an excess of H2O2 to prevent loss of performance as

a result of consumption by side reactions that occur under UV

irradiation, it is critical to optimize H2O2 excess in order to limit

side reactions. The simplified mechanism of H2O2 decomposi-

tion with UV irradiation is expressed in eqs 2 to 5 per Ogata et

al. (1981):

H2O2 þ hm � 2 �OH ð2Þ

�OHþH2O2 � HO2 þH2O ð3Þ
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HO2� þH2O2 � OHþH2OþO2 ð4Þ

2HO2� � H2O2 þO2 ð5Þ

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 CO2, H2O,

and relevant mineral acids (hydrochloric acid [HCl] 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 H2O2 (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 lS). 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 H2O2

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.

The reaction zone consisted of 290 mm 3 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

H2O2 were performed—single addition and continuous dosing.

During single addition experiments, the volume of H2O2 was

dosed to the treated water at the beginning of the experiment,

whereas in continuous dosing H2O2 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 H2O2.

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 H2O2 (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/cm2. The intensity was measured by

radiometer (Multimeter M3850D, Metex; Si photodiode Hama-

matsu S1337-BQ, detector 10 310 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 H2O2 was

repeatedly and periodically performed as internal integrity test.

Figure 1—Proposed reaction pathway of 4-chlorophenol (4CP) photooxidation with hydroxyl radicals (Zhou et al., 2008).
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It demonstrated the full functionality of the reaction system, and

was based on UV-induced decomposition of H2O2 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 H2O2

added in a single dose.

Operational parameters for standard experiments with 4CP

are listed in Table 1. Note that in both H2O2 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 H2O2 degradation and the degradation kinetics, respec-

tively. It is evident that immediately upon irradiation the

absorbance of reaction mixture began decreasing, which denotes

rapid H2O2 decomposition.

Figure 6 shows the internal integrity test and plots the relative

concentration of H2O2 against the number of lamps used. For

each number of lamps, the test of H2O2 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

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
(H2O2) storage tank, (9) mixing valve, (10) outlet valve, and (11)
heat exchanger.

Figure 3—Sectional view on photoreactor (left); photoreactor
inlet detail (right).

Figure 4—Maintenance relationship between UV-C output and
burning time.

Krystynik et al.
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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) ¼ 20 L, concentration of 4CP (c4CP) ¼ 0.5

mmol/L, flow (F)¼ 25 L/min, concentration of H2O2 (cH2O2)¼
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 k¼280 nm and k¼225 nm progressively disappear. A parallel

increase of the absorbance near k¼ 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

H2O2 needed for total oxidation of 4CP solution was determined

(see Figure 8). Initial H2O2 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 H2O2

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 H2O2 needed for total oxidation of

0.5 mmol/L of 4CP was 12.5 mmol/L. Higher concentrations of

H2O2 only slightly increased the rate of TOC removal because

more H2O2 side reactions would occur.

Hydrogen Peroxide Dosing. The role of H2O2 dosing mode was

also determined. As described previously, H2O2 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 H2O2 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 (X180 ¼ 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 H2O2

was kept constant (25 mL¼ 12.5 mmol/L) during this phase of

research. As Figure 10 makes clear, that particular concentration

of H2O2 was insufficient to achieve total oxidation of increased

4CP concentrations. That is, once H2O2 is consumed, no

additional TOC removal occurred. This finding is evident in the

latter portion of the TOC development curves. Specifically, one

Table 1—Standard operational paremeters (TOC ¼ total organic
carbon; 4CP¼ 4-chlorophenol; H2O2 ¼ hydrogen peroxide).

Parameter Value

Reaction mixture volume 20 L
Temperature 25 to 27 8C
Flowrate 25 L/min
4CP concentration 0.5 mmol/L
Experimental run 300 min
Dose of H2O2 25 mL 30% (12.5 mmol/L)
Number of active lamps 12 (8 W each)

Figure 5—Degradation of 5 mL of hydrogen peroxide in 10 L of
deionized water and reaction mixture absorbance development.

Figure 6—Internal integrity test results.

Figure 7—Spectral changes in 4-chlorophenol (4CP) oxidation.

Krystynik et al.
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can easily observe that 25 mL (12.5 mmol/L) of H2O2 is

sufficient to achieve conversions of X1mmol/L¼ 80 %, X1.5mmol/L¼
60 %, and X2mmol/L ¼ 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 H2O2

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).

In Figure 11a, increased TOC removal was observed using a

half reaction mixture than for a full volume mixture. Because the

H2O2 concentration was kept constant, one reason for this

observation might be a higher concentration ratio of H2O2/4CP

as a result of lowering the reaction mixture volume compared to

standard reaction conditions. The constant H2O2 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 H2O2/4CP was

significantly lower as a result of doubling the reaction mixture

volume. The remaining TOC content was significantly higher

because the constant H2O2 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).

Figure 9—Influence of hydrogen peroxide dose type on total
organic carbon (TOC) development.

Figure 10—Influence of 4-chlorophenol (4CP) initial
concentration (TOC ¼ total organic carbon).

Figure 8—Influence of initial amount of hydrogen peroxide (TOC
¼ total organic carbon).

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

Krystynik et al.
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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/cm2, 1160 mW/cm2, and

580 mW/cm2, 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 HCl. Further decreases in pH could be attributed to

release of remaining chlorine anions from additional reaction

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 inTable 1. Under these reaction

conditions, the first two relative rate constants are provided with

Figure 11—Role of reaction mixture volume (a); role of active zone flow-through-loops (b) (TOC ¼ total organic carbon).

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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respect to different H2O2 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 ln(cA/cA0) 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/H2O2 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/H2O2 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/H2O2 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 H2O2 concentration causes a decrease in the rate

constant, and for additional oxidation reactions it would be

necessary to add H2O2. As shown in Figure 8, an initial H2O2

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/cm2, corresponds to 4 active lamps);

however, for 1160 mW/cm2 (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

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/cm2, 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

Figure 13—Influence of irradiation intensity.

Figure 12—Role of flow rate (a); role of active zone flow-through-loops (b) (TOC ¼ total organic carbon).
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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 H2O2 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 H2O2, and the irradiation

intensity were among the most influential parameters. In

contrast, for H2O2 dosing (proportional continuous or cumu-

lative one-time), the flow rate did not affect process efficacy. The

difference between single and continuous dosing of H2O2 did

not appear to be important in terms of total oxidation, provided

the volume of added H2O2 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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Figure 14—Role of initial pH; pH time development (a); total organic carbon (TOC) development (b).

Table 4—Summary of pseudo-first order relative rate constant
and reaction half-life (H2O2 ¼ hydrogen peroxide; 4CP ¼ 4-
chlorophenol).

Changed parameter k (min�1) s1/2 (min) R2

Single addition of H2O2 0.0229 29.8 0.967
Continuous addition of H2O2 0.0215 32.2 0.974
c4CP ¼ 1 mmol/L 0.0105 66.0 0.933
c4CP ¼ 1.5 mmol/L 0.0066 105.0 0.922
c4CP ¼ 2 mmol/L 0.0039 177.7 0.884
Volume ¼ 10 L 0.0246 28.2 0.912
Volume ¼ 40 L 0.0087 79.6 0.984
cH2O2 ¼ 6.25 mmol/L 0.0134 51.7 0.954
cH2O2 ¼ 3.125 mmol/L 0.0065 106.6 0.936
Flow ¼ 13 L/min 0.0201 34.3 0.916
Flow ¼ 7 L/min 0.0207 32.0 0.929
Intensity ¼ 1160 mW/cm2 0.0237 29.2 0.946
Intensity ¼ 580mW/cm2 0.0091 76.1 0.974
Initial basic pH 0.0228 29.6 0.946
Initial acidic pH 0.0024 288.8 0.989

Table 5—Inlet and outlet values of real contaminated water (PAH
¼ polycyclic aromatic hydrocarbons; BTEX ¼ benzene, toluene,
ethyl benzene, xylene; TOC ¼ total organic carbon).

Parameter Inlet Outlet Units

RPAH 660.7 ,0.03 lg/L
Naphthalene 64.8 ,0.03 lg/L
Phenantrene 48.8 ,0.03 lg/L
Anthracene 4.62 ,0.03 lg/L
Fluoranthene 8.16 ,0.03 lg/L
Pyrene 4.09 ,0.03 lg/L
Chrysene 0.164 ,0.03 lg/L
RBTEX 2000.0 ,1 lg/L
Toluene 90.2 ,1 lg/L
Ethylbenzene 10.3 ,1 lg/L
TOC 17.6 ,1 mg/L
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a b s t r a c t

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-
hthalocyanine
hotocatalysis
hotochemical oxidation
inglet oxygen
ydrogen peroxide
V-C/H2O2

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.
ater treatment

. Introduction

Occurrence of trace organics in wastewaters is a serious problem
hroughout the world. Their release from industrial plants of vari-
us types is the major source. Some part of the involved organics is
on-biodegradable and conventional treatment methods fail [1]. A
ossible option is to employ highly reactive oxidative species such
s singlet oxygen or hydroxyl radicals. Singlet oxygen can be gener-
ted by photosensitive compounds via their interaction with light
f appropriate wavelength [2–4]. Hydroxyl radicals can be gener-
ted by means of various processes. The most common source is
ydrogen peroxide [5,6]. In this communication we report on con-
inuation of our recent research on metal phthalocyanines (PC) as
fficient photocatalysts [7–9]. Here the metal PCs are applied in

he semi-pilot level for the degradation of organic pollution rep-
esented by 4-chlorophenol with potential further scale-up. The
ffectiveness of this process was compared with commonly used

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

ttp://dx.doi.org/10.1016/j.apcatb.2014.05.051
926-3373/© 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

dx.doi.org/10.1016/j.apcatb.2014.05.051
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2014.05.051&domain=pdf
mailto:krystynik@icpf.cas.cz
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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/H2O2 reaction system using hydrogen peroxide and

shortwave ultraviolet irradiation
VIS/ZnPC reaction system using visible light and zinc

phthalocyanine
cA concentration of reactant (mmol l−1)
t reaction time
cA0 initial concentration of reactant (mmol l−1)
k rate constant (s−1)
n order of reaction
bt sequence of approximates
S minimizing value of objective function
b0 initial parameter estimates
d normalized random vector
l 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
I current (A)
Pf irradiation intensity (W cm−2)
E voltage measured (V)
R selected resistance (�)
s detector photosensitivity at specific wavelengths

(A W−1)
H illuminated area of detector
� wavelength of light (nm)
h Planck constant = 6.626 × 10−34 J s
NA Avogadro’s number = 6.022 × 1023

Jh� Photon flux intensity (Einstein s−1 cm−1)
˚4-CP apparent quantum yield
V reaction volume (cm3)
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m
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h
d
h
h

H

d
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d
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s

N

N

N

N

NN

N

N

Zn
c4-CP Initial concentration of 4-CP (mmol l )
A Illuminated area of reaction (cm2)

echanism of singlet oxygen generation is described by the scheme
1):

C + h� → 1PC ∗ (+isc) → 3PC∗ → 1O2 (1)

The UV-C/H2O2 system is based on the decomposition of
ydrogen peroxide towards hydroxyl radicals using ultraviolet irra-
iation with wavelengths below 280 nm [19]. The mechanism of
ydroxyl radical formation is understood as homolytic cleavage of
ydrogen peroxide molecule yielding two radicals.

2O2 + h� → 2OH• (2)

In aqueous environment the cage effect of water molecules
ecreases the quantum yield of radical generation to 0.5 [20]. On
he contrary hydrogen peroxide has a small absorption coefficient
18.6 M−1 cm−1 at 254 nm), thus the utilization of UV-C light source
s decreased when organic compounds act as optical filters. More

etails on the mechanism of hydrogen peroxide decomposition can
e found elsewhere [21–23].

In this paper we report on the comparison of two semi-pilot
cale 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 �S cm−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 630–670 nm (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,
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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
xchanger.

ow-pressure UV lamps with maximum emission at 254 nm
Philips, LT 8W UV-C). Reactor outer jackets are made of highly
olished aluminum sheet to ensure maximum light reflectance

ncluding lengthwise sheets to conduct the produced heat away.
he process temperature was maintained by a cooling coil located
nside the storage tank at 25 ◦C. The photoreactors’ inlet comprised

re-distributor and series of sieves to ensure the uniform flow
hrough the irradiated zone. In the UV-C reactor system all inner
arts were made of plastic to prevent hydrogen peroxide decom-
osition induced by metal parts.

.3. Typical experiment

Initial concentration of 4-chlorophenol (4-CP) was usually
.5 mmol l−1. Other used concentrations are specified further in the

ext. The concentration of ZnPC was typically 0.01 mmol l−1, hydro-
en peroxide was dosed with concentration of 2.5 mmol l−1 h−1.
eaction mixture volume was usually 40 l, however, the system’s
apacity was 100 l. The typical reaction time was 300 min. The

Fig. 3. The sectional view on photoreactor
ronmental 160–161 (2014) 506–513

reaction mixture was always homogenized first by recirculation
using the by-pass for 10 min with flow rate 25 l min−1. After this
step the UV lamps were turned on and the automated dosing of
NaOH or H2O2 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 ml min−1.

2.5. Kinetic data evaluation

For kinetic data evaluation a simple differential equation was
used:

−dcA

d�
= k · cn

A (3)

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

cA = cA0 · [1 + (n − 1) · cn−1
A0 · k · t]

1/(n−1)
(4)

cA is the concentration of reactant in time t, cA0 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: bt is the sequence of
approximations, minimizing value of objective function S, is gen-
erated with initial parameter estimates b0. Vector d is normalized
random vector, the elements of which were sampled from interval

(−1; 1). l is random step. Random step length l is chosen according
to the equation (5):

l = R(RND)ln(ntot/nsucc) (5)

construction with dimensions (mm).
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Fig. 4. The algorithm used to obtain the kinetic constants; bt is sequence of approx-
imations, S minimizing value of objective function, b initial parameter estimates,
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Table 1
Standard reduction potentials for a series of oxidizing agents [26].

Oxidizing agent Reaction E [V]

Fluorine F2 + 2H+ + 2e− � 2HF (aq) 3.03
Hydroxyl radical OH• + H+ + e− � H2O 2.8
Singlet oxygen 1O2 + 2H+ + 2e− � H2O 2.42
Ozone O3 + 2H+ + 2e− � H2O + O2 2.07
Sodium peroxodisulfate S2O8

2− + 2e− � 2SO4
2− 2.01

Hydrogen peroxide H2O2 + 2H+ + 2e− � 2H2O + O2 1.78
Hydroperoxide radical 2HO2• + 2H+ + 2e− � 2H2O + O2 1.7
Potassium permanganate MnO4

− + 8H+ + 5e− � Mn2+ + 4H2O 1.68
Chlorine dioxide ClO2 + 4H+ + 5e− � Cl− + 2H2O 1.57
Potassium dichromate Cr2O7

2−+ 14H+ + 6e− � 2Cr3+ + 7H2O 1.38

by UV-C photolysis, and its oxidation with H2O2 in the dark were
inspected.

Fig. 5 refers to the blank experiments for both reaction systems
as it is mentioned in the legend. The highest conversion of 4-CP can
0

normalized random vector, l is random step. Random step l is taken from the
quation 10.

RND is a random number from interval (0; 1), ntot number of
andom selections, nsucc number of selections leading to better
stimates and R allowable search region. Parameters d and l are
enerated uniquely in every iteration step. Random step length
ses a variable distribution of random numbers to ensure a reliable
onvergence to the global optimum and a reasonable convergence
peed.

Apparent quantum yields are determined as yield of the pho-
odegradation of 4-CP (˚4-CP) [9]. For calculations of apparent
uantum yields it is necessary to determine the intensity of irradi-
tion Pf, and the reaction rate constant k,

f = I

s · H
= E

R · s · H
(6)

here I is the current (A), Pf irradiation intensity (W cm−2), E
oltage measured (V), R selected resistance (�), s detector pho-
osensitivity at specific wavelengths (A W−1) and H illuminated
rea of detector = 1 cm2. Values of s are given by the detector
rovider. The intensity was measured by radiometer (Multimeter
3850D, Metex; Si photodiode Hamamatsu S1337-BQ, detector
cm × 1 cm). Then it is necessary to determine the photon flux

ntensity (Jh�),

h� = � · Pf

h · � · NA
(7)

here � is the wavelength of light (nm), Planck constant
= 6.626 × 10−34 Js, NA is Avogadro’s number 6.022 × 1023. Jh� can
e expressed in units of Einstein s−1 cm−1, where 1 Einstein = 1 mol
f photons. Using the rate constant and photon flux intensity the

pparent quantum yield ˚4-CP can be calculated:

4-CP = V · c4-CP · k

Jh� · A
· 100% (8)
Chlorine Cl2 + 2e− � 2Cl− 1.36
Dissolved oxygen O2 (g) + 4H+ + 4e− � 2H2O 1.22

in which V is a reaction volume (cm3), c4-CP initial concentration
of 4-CP, k is a rate constant (s−1) and A is the illuminated area of
reaction (cm2).

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 can inspect 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/H2O2 system was tested by decomposition of H2O2 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
Fig. 5. Comparison of 4-CP degradation for the series of blank experiments.
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e observed for the direct photolysis induced by UV-C irradiation
t 254 nm. The achieved conversion was ∼12% after 180 min. Much
ower conversion of 4% was observed when 4-CP was oxidized with
ydrogen peroxide without the UV-C irradiation. Hydrogen perox-

de belongs to oxidizing agents and it is capable of partial oxidation
f 4-CP (see Table 1). The lowest conversion of 4-CP (less than 1%)
as observed when employing ZnPC under dark conditions. The

C itself is incapable of 4-CP oxidation because no photons were
ntroduced thus the singlet oxygen could not be generated (the ∼1%
onversion can be referred to as analytical error). Direct photoly-
is of 4-CP, without ZnPC, achieved a conversion level of ∼2%. That
s due to full emission spectra of the lamps. The main irradiation
eak is located at 630–670 nm, however minor emitting peak can
e found in the UV area and this is responsible for the minor 4-CP
irect photolysis.

.2. Optimization experiments

Once blank experiments were performed, it was necessary to
arry out a series of optimization tests. These were based on
nspecting the sensitivity of both reaction systems to various pro-
ess parameters (flow rate, intensity of irradiation, concentration
f ZnPC, H2O2, reaction mixture volume). All the optimized param-
ters can be found in Table 2.

The flow rate range was determined by the maximum pump
utput (25 l min−1) whilst the minimum was set by the flow rate
equired to prevent clogging of the pump (5 l min−1). However, the
ow rate range was limited by the type of pump. It was determined
hat the flow rate revealed only negligible influence on the reaction
ates and the achieved apparent quantum yields.

The intensity of irradiation was varied by controlling the num-
er of lamps under operation (2 to 12, 8 lamps were identified as
ptimal). The reaction mixture volume was optimized to 40 l and
he initial 4-CP concentration was 0.5 mmol l−1 (∼59 ppm of TOC). It

ust be emphasized that both reaction systems allowed operations
p to the reaction volume 100 l.

Optimal concentration of ZnPC was determined at
.01 mmol l−1. Lower ZnPC concentrations lead to lower reac-
ion rates whilst higher concentrations lead to dark blue coloring
f the reaction mixture. Dark blue color prevented an effective
ontact of light with the PC in the whole volume of the reaction
ixture. It was found that the darker the solution was the lower
as the observed reaction rate because the solution itself acted as

n optical filter. Concentration of hydrogen peroxide 12.5 mmol l−1

nd 300 min of the residence time were identified as optimal. The
eaction rate was also very low at neutral pH. The optimal pH value
as determined at 10 [12].

The level of the phthalocyanine concentration was optimized
o achieve the highest reaction rate. The finally used concentra-
ion (0.01 mmol l−1) was the limit above which the reaction did not
lready proceed at higher rates.

The concentration employed for hydrogen peroxide reflects
ore inputting variables. It must be emphasized that the overall

conomy balance was the major indicator. It included the amount
f consumed hydrogen peroxide, its concentration, rate of dosing,
nd obviously also the energy used for its photochemical split-
ing. The tested concentration range for hydrogen peroxide was
–15 mmol l−1 h−1. Higher concentration (above the optimal level)
ay comprise the reaction rate increase, but due to its price, and
ore energy needed for its photoinduced reactions, it leads to

igher cost per one processed liter of water.
.3. Comparison tests/UV–VIS

In Fig. 6 on the left, we can observe absorption changes for the
IS/ZnPC system plotted as function of time. It can be seen again
ronmental 160–161 (2014) 506–513

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/H2O2 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 × 10−5 mol l−1. 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 mmol l−1. Higher concentrations of 1 mmol l−1, 1.5 mmol l−1,
and 2 mmol l−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/H2O2 system is shown. The H2O2 dosing rate
(30% solution) was kept constant at 2.5 mmol l−1 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 mmol l−1. For concentra-
tions 1 mmol l−1, 1.5 mmol l−1, and 2 mmol l−1 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 1O2) [27].

3.4. Comparison tests/TOC

Both chosen methods use strong oxidizing agents capable to
mineralize 4-CP and reaction intermediates to H2O, CO2, 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 59 mg l−1, 119 mg l−1, 165 mg l−1 and 222 mg l−1, 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/H2O2 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/H2O2 system. It is obvious that for initial TOC content
of 59 mg l−1 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 mg l−1 reveals about

78%, 165 mg l−1 and 222 mg l−1 show 55% and 32%, respectively.
TOC removal is mainly dependent on the H2O2 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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Table 2
Summary of optimization experiments.

Parameter Optimization range ZnPC/VIS system Optimized values UV-C/H2O2system Optimized values

Flow rate 5–25 l min−1 25 l min−1 25 l min−1

Intensity of irradiation 180–1080 mW cm−2150–900 mW cm−2 600 mW cm−2 720 mW cm−2

Reaction mixture volume 10–100 l 40 l 40 l
4-CP initial concentration 0.1–2 mmol l−1 0.5 mmol l−1 0.5 mmol l−1

H2O2 concentration 1–15 mmol l−1 h−1 n/a 2.5 mmol l−1 h−1

pH of reaction solution 7–12 10 n/a
ZnPC concentration 0.0001–1 mmol l−1 0.01 mmol l−1 n/a

Fig. 6. Comparison of spectral changes.

Fig. 7. The influence of 4-CP initial concentration; left – degradation with constant ZnPC concentration, right – degradation with constant H2O2 continuous dosing.

Fig. 8. The influence of initial TOC; left – VIS/ZnPC system, right – UV-C/H2O2 system.
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Table 3
Rate constants and apparent quantum yields.

4-CP concentration (mmol l−1) VIS/ZnPC system UV-C/H2O2 system

Rate constant (s−1) Apparent quantum yield (%) Rate constant (s−1) 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/H2O2 system

Consumption per 1 m3 of water Price [EUR] per 1 m3 of water Consumption per 1 m3 of water Price [EUR] per 1 m3 of water

Electricity 75 kWh 11.54 10 kWh 1.53
Hydrogen peroxide n/a n/a 1000 ml 0.35
Zn Phthalocyanine 4.1 kg 0.47 n/a n/a
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Photoreactor maintenance 0.02

Operating cost 12.03

hat UV-C/H2O2 system reveals significantly higher efficiency in
OC removal.

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

.5. Kinetic analysis and apparent quantum yields

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

In the UV-C/H2O2 system we could observe that the rate con-
tant was systematically decreasing with increasing the initial
oncentration of 4-CP, while hydrogen peroxide dosing rate was
ept at the constant level. The decreasing value of the rate con-
tant indicates better utilization of hydroxyl radicals for oxidations,
hus side reactions occur at less extent. Obviously higher rate
onstant would be observed with higher H2O2 dosing rate. The
IS/ZnPC system reveals lower rate constants and lower appar-
nt quantum yields. These findings are consistent with lower 4-CP
onversion and lower TOC removal during the oxidation process.
he rate constants and apparent quantum yields also reveal some
ecreasing tendency within the tested range of initial 4-CP concen-
ration as observed in the UV-C/H2O2 system.

The economy balance of water treatment in both oxidation units
s based on rough estimation of energy consumption for lamps and
ump supply, and costs of the used chemicals. The price is calcu-

ated for the contaminated water with concentration of 55 mg l−1

ontaining TOC, mainly from 4-CP contamination. The used price
f electricity is 0.15 EUR/kWh. The unit costs of electricity for both
echnologies are identical. The total price of electricity is signif-

cantly higher for VIS/ZnPC system because longer reaction time
s needed for effective treatment of contaminated water. Price of
nPC is 0.12 EUR per gram. The total process cost of decontami-
ation using VIS/ZnPC unit is 12.03 EUR per 1 m3 of contaminated
0.08

1.96

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 1 m3 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/H2O2, 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 H2O2 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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1. Úvod 
 
V současné době existuje široké spektrum používa-

ných dekontaminačních technologií, pro odstraňování růz-
ných druhů kontaminantů z podzemní vody, které využíva-
jí rozličné fyzikálně-chemické či mikrobiologické procesy 
odstraňování znečištění1. Veliké výzkumné úsilí je věno-
váno vývoji a optimalizaci metod využívajících chemickou 
oxidaci (ISCO), kdy jsou přímo do kontaminačního mraku 
v horninovém prostředí injektována různá oxidační činidla 
KMnO4, H2O2, H2O2/Fe2+ (Fentonovo činidlo), Na2S2O8, 
apod.2, pro cílený rozklad nežádoucích polutantů.  Znač-
nou nevýhodou je vnášení cizorodých látek a obtížný mo-
nitoring celého dekontaminačního procesu v horninovém 
prostředí3. Zejména probíhá řada konkurenčních reakcí 
s necílovou matricí (např. na rozklad huminových látek či 
oxidace anorganických oxidů), které významně zvyšují 

spotřebu oxidačních činidel a mohou napomoci tvorbě 
karcinogenních sloučenin4. Největší problémy pak předsta-
vuje oxidace chromitých iontů na toxické chromany či 
dichromany Cr6+ (cit.5).  

V tomto příspěvku je představena ex-situ technologie 
fotochemické oxidace, jejímž principem je rozklad mole-
kul H2O2 účinkem krátkovlnného UV-C záření na hydro-
xylové radikály (•OH radikály), které představují silné 
oxidační činidlo, umožňující rozklad většiny organických 
struktur. Značnou výhodou oproti metodám ISCO je kvan-
titativní rozklad H2O2, čímž ve vyčištěné vodě nezůstává 
zbytková koncentrace oxidačního činidla. Ve spojení 
s hydraulickou bariérou představuje uvedená technologie 
specifické uspořádání reaktivní chemické bariéry, 
s dekontaminací mimo saturovanou zónu.  

Metoda UV-C/H2O2 je pro svou schopnost úplně oxi-
dovat široké spektrum organických látek ve vodách před-
mětem výzkumného zaměření mnoha vědeckých týmů. 
Souza a spol.6 využívají tuto technologii pro rozklad atrazi-
nu ve vodách, kde také sledují možnosti nežádoucího zá-
chytu aktivních radikálů. Jiné týmy7–9 odstraňovaly mode-
lové znečištění azobarviv studovanou technologií. Případ-
ně se touto technologií odstraňovaly neionogenní surfak-
tanty10 nebo endokrinní disruptory11. Tyto práce sice zahr-
nují zajímavé spektrum látek, nicméně všechny jsou apli-
kovány v laboratorním měřítku na modelových kontamina-
cích. Příkladem poloprovozního ověřování ve větším mě-
řítku je degradace diethylftalátu ve vsádkovém polopro-
vozním fotoreaktoru12, nicméně opět se jedná o laborator-
ně připravenou kontaminaci. Účelem předloženého pří-
spěvku je ukázat praktickou využitelnost metodiky v polo-
provozním uspořádání na ryze reálně kontaminovaných 
systémech. 

 
 

2.  Princip technologie fotochemické oxidace 
a popis pilotního zařízení 
 
Principem fotochemické oxidace je rozklad peroxidu 

vodíku působením krátkovlnného ultrafialového záření 
(λ = 100–280 nm) na hydroxylové radikály, které se účast-
ní vlastní reakce s organickými látkami. Zjednodušený 
popis udávají následující rovnice13:  

H2O2 + hν → 2 OH•                      (1) 

OH• + H2O2 → HO2• + H2O                               (2) 

HO2• + H2O2 → OH• + H2O + O2                   (3) 

2 HO2•→ H2O2 + O2                                (4) 

•OH + •OH → H2O2                                 (5) 

kde rovnice (1) ukazuje přímý rozklad molekuly peroxidu 
vodíku, rovnice (2) a (3) popisují jejich další vzájemné 
reakce za vzniku superoxidového a následně opět hydroxy-
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lového radikálu. Rovnice (4) ukazuje možnost rekombina-
ce superoxidových radikálů za opětovného vzniku peroxi-
du vodíku14. Rovnice (5) pak zobrazuje možnost rekombi-
nace hydroxylových radikálů za vzniku peroxidu vodíku, 
která musí být také brána v úvahu15. Hydroxylové radikály 
pak reagují s organickými látkami rozpuštěnými ve vodě 
řetězovými reakcemi a jsou schopny je úplně zoxidovat až 
na neškodné anorganické produkty, tj. CO2 a H2O, přičemž 
v případě substituovaných uhlovodíků také příslušné mine-
rální kyseliny. Mechanismus reakce hydroxylového radi-
kálu s organickou látkou je závislý na typu organické mo-
lekuly16. Příklad ataku molekuly 4-CP, jako běžné modelo-
vé sloučeniny pro fotochemické oxidace je znázorněn rov-
nicí (6): 

Rovnicí (6) však oxidace hydroxylovým radikálem 
nekončí a pokračuje dále přes různé reakční meziprodukty 
až na CO2, H2O a příslušené minerální kyseliny nebo vol-
né ionty. Oxidace polyaromatických uhlovodíku bude 
vedena podle mechanismu podobnému oxidaci uhlovodíků 
s násobnou vazbou. Ta probíhá mechanismem elektrofilní 
adice: 

Oxidace polyaromatických uhlovodíků tímto mecha-
nismem povede k postupné adici na uhlíky, po jejichž ob-
sazení následuje rozrušení cyklicity a postupná oxidace 
bez vzniku jiných finálních produktů, než CO2 a H2O. 
Reakční mechanismus oxidace polyaromátů je velice slo-
žitý a i v případě nejjednoduššího polyaromátu naftalenu 
se jedná o velice komplikovaný sled reakcí17. Mechanis-
mus prvního kroku oxidace na dvojné vazbě je pro základ-
ní popis zcela dostačující.  

U polychlorovaných uhlovodíků může probíhat násle-
dujícím způsobem: 

OH• + RX → RX•+ + OH–                                                            (8) 

Hydroxylový radikál odtrhne z polutantu elektron 
a dochází k primárnímu vzniku iontových forem. Poté 
dochází řetězovými reakcemi k postupné úplné oxidaci. 
Kromě organických a hydroxylových radikálů jsou ve 
směsi přítomny také chlorové radikály, které vlastní oxi-
dační proces urychlují18. Příklad oxidace tetrachlorethyle-
nu je popsán následujícími zjednodušenými schématy: 

HCl + OH• → Cl• + H2O        (10) 

Reakční schéma (9) zobrazuje celkovou rovnici oxi-
dace tetrachlorethylenu, zatímco rovnice (10) a (11) uka-
zují dílčí kroky možného vzniku chloridových radikálů, 
které v průběhu oxidačního procesu také vznikají19. 

Při oxidaci dusíkatých derivátů aromatických slouče-
nin se vychází z podobného mechanismu, jako při oxidaci 
4-chlorfenolu. Nejprve vzniknou substituované fenoly, 
které dále podléhají dalším oxidačním reakcím. Navržený 
reakční mechanismus je možno vidět na obr. 1.  

Vlastní oxidační reakce probíhaly v fotoreaktoru, jež 
je tvořený válcovitou trubicí z křemenného skla o délce 
1200 mm, průměru 153 mm a tloušťce skla 4 mm. Po ob-
vodu trubice se jako zdroj záření nachází soustava 
20 germicidních rtuťových výbojek (Narva, LT 36W/
UV-C).  Výrobce uvádí21, že díky skleněnému filtru nevy-
tváří germicidní zářivky ozon. Vstupní nátoková část reak-
toru je opatřena redistributorem a sérií plastových sít, která 
zajišťují rovnoměrný tok ozařovanou zónou v reaktoru. 
Vnější plášť fotoreaktoru je tvořen hliníkem a jeho vnitřní 
strana je potažena vyleštěnou hliníkovou fólií, která zaru-
čuje minimální ztráty při odrazu krátkovlnného UV-C 
záření. Vnější část reaktorového pláště je opatřena podél-
nými žebry v celé délce reaktoru a jsou vyhrazeny pro 
částečný odvod tepla generovaného zářivkami, zbylé teplo 
je poté regulováno chladícím hadem, který je umístěn 
v zásobní nádrži (obr. 2).  

Z obr. 2 je patrné, že se jedná o recirkulačně pracující 
vsádkový systém. Znečištěná voda čerpaná z vrtů je nejpr-
ve napuštěna do válcové zásobní nádrže s kónickým dnem 
(není zobrazena) pro odsazení jemných nerozpuštěných 
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částic a poté je přečerpána do pracovní nádrže poloprovoz-
ní fotochemické jednotky (1) o objemu 100 dm3, ze které 
je pomocí odstředivého čerpadla (2) přes škrtící ventil (3) 
dopravována do fotoreaktoru (6) a následně je přiváděna 
zpět do stejné zásobní nádrže. Celý proces se následně 
několikrát opakuje v závislosti na množství kontaminace. 
Před vstupem do fotoreaktoru je do znečištěné vody řízeně 
dávkován peroxid vodíku z přídavného zásobníku (8), 
čímž je zajištěn kontinuální přísun hydroxylových radikálů 
do reakční směsi. Celá poloprovozní fotochemická jednot-
ka zobrazená v pravé části obr. 2 je uložena v kompaktní 
skříni pro možnost jednoduchého transportu na vybrané 
lokality. Vyčištěná voda odchází přes retenční nádrž, kde 
dojde k vyrovnání průtoků a její homogenizaci (pH, vodi-
vost, teplota, zbytkové koncentrace polutantů) do povrcho-
vého recipientu.  

 
 

3.  Pilotní dekontaminace podzemních vod 
z vybraných lokalit  
 
Cílem předloženého příspěvku je představit možnost 

fotochemického H2O2/UVC čištění kontaminovaných vod 
pocházejících ze tří různých lokalit s různým složením 
organické kontaminace. Pro tento účel byly vybrány loka-
lity s níže uvedeným dominantním složením kontaminace 
podzemních vod: 
– chlorované alifatické uhlovodíky (PCE, TCE, DCE), 
– ropné látky a polyaromatické uhlovodíky, 
– anilin, nitrobenzen.  

Poloprovozní fotochemická jednotka H2O2/UVC byla 
vždy instalována na konkrétní lokalitě a posléze testována 
v semikontinuálním režimu za přítomnosti obsluhy, kdy 
byly postupně optimalizovány jednotlivé parametry proce-
su fotochemické oxidace – jako jsou průtok fotochemic-
kým reaktorem, doba cirkulace čištěné vody fotoreakto-
rem, množství a způsob dávkování H2O2 (jednorázové, 
kontinuální, kombinované). Ve vzorcích byl sledován 
úbytek kontaminace jednak pomocí skupinových ukazate-
lů TOC (celkový organický uhlík, z angl. total organic 
carbon), NEL (nepolární extrahovatelné látky) a dále byly 
analyzovány jednotlivé kontaminující látky. Vyhodnocení 
a diskuze k jednotlivým testům pilotní fotochemické de-
kontaminace jsou představeny v níže uvedených kapito-
lách. 

 
3.1. Chlorované alifatické uhlovodíky 

 
Jako modelová lokalita byl vybrán areál bývalé che-

mické prádelny a čistírny s dominantním zastoupením 
trichlorethylenu v podzemní vodě (viz tab. I), který se 
nachází v průmyslově-obytné zóně v jihozápadní části 
Ústí nad Labem. Průměrné koncentrace chlorovaných 
uhlovodíků a chloridů v technologickém vzorku podzemní 
vody odebrané pro testy fotochemické H2O2/UVC oxidace 
jsou uvedeny v tab. I. 

Na obr. 3 je uveden průběh fotochemické oxidace 
chlorovaných alifatických uhlovodíků po optimalizaci 
reakčních podmínek – zde se ukázalo nejvhodnější konti-
nuální dávkování H2O2 v množství 1 ml l–1 h–1 při průtoku 
čištěné vody 25 l min–1. Proces rozkladu (mineralizace) 

Obr. 2. Vlevo je schéma uspořádání fotochemické jednotky, vpravo pak nákres skutečného vzhledu jednotky. 1 – zásobní nádrž, 2 – 
odstředivé čerpadlo, 3 – škrtící ventil, 4 – průtokoměr, 5 – boční větev, 6 – fotoreaktor, 7 – vzorkovací místo, 8 – zásobník H2O2, 9 – 
mísící ventil, 10 – výpusť, 11 – chladicí had (uvnitř zásobní nádrže)  
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chlorovaných uhlovodíků byl velice rychlý a takřka po 
30 min dochází k jejich účinnému odbourání, kdy účinnost 
odstranění všech sledovaných chlorovaných uhlovodíků 
přesahuje 98 %. Účinnost procesu mineralizace chlorova-
ných uhlovodíků je rovněž dokumentována nárůstem ob-
sahu chloridů v čištěné vodě. Po 45 min je i téměř poza-
staven nárůst obsahu chloridů v reakční směsi, což indiku-
je úplnou destrukci chlorovaných uhlovodíků v dekonta-
minované vodě. Princip geneze hydroxylových radikálů 
probíhá v představeném reakčním uspořádání podle rovnic 
(1)–(4). Mechanismus ataku různých organických látek 
hydroxylovými radikály je silně závislý na typu atakované 

molekuly organické látky tak, jak je popsáno výše 
v kap. 2. 

 
3.2. Nepolární a polyaromatické uhlovodíky  

 
Druhou testovanou lokalitou byl bývalý závod na 

zpracování černouhelných dehtů v Ostravě, kde se více 
než 100 let vyráběly dehtové barvy, základní aromatické 
uhlovodíky (naftalen, antracen), pyridin, fenol, kyselina 
karbolová a podobné produkty.  

Odebraný technologický vzorek pro poloprovozní 
testování měl průměrné složení a množství kontaminace 
uvedené v tab. II, v tab. III je pak uvedeno šest nejvíce 
převažujících zástupců PAU.  

Při sledování úbytku polyaromatických sloučenin je 
z obr. 4 zřejmé, že jejich odstranění probíhá výrazně po-
maleji, než v případě chlorovaných uhlovodíků. 

To je způsobeno jednak typem matrice, která je zpra-
covávána a jednak povahou přítomných kontaminantů. 
V tomto případě se v podzemní vodě nachází velké množ-
ství strukturně složitých značně stabilních organických 
sloučenin, které jsou obtížněji oxidovatelné než molekuly 
chlorovaných uhlovodíků s jednoduchými řetězci. Pro 
oxidaci PAU je tedy nutné dodat do reakční směsi více 
hydroxylových radikálů, než je tomu v předchozím přípa-
dě. Zde byl použit režim kombinovaného dávkování H2O2 
– počáteční přídavek 2 ml l–1 h–1 a poté kontinuální dávko-
vání 2 ml l–1 h–1. Z křivky celkového organického uhlíku 
(TOC) je patrný jeho výrazný počáteční úbytek, který 
s prodlužující se dobou cirkulace čištěné vody fotoreakto-
rem postupně klesá a po 3 h se ustavuje na prakticky kon-
stantní hodnotě. To může být způsobeno jednak vznikem 
značně stabilních organických molekulárních struktur, 
které jsou dokonce rezistentní i vůči hydroxylovým radi-
kálům a jednak přirozeným obsahem huminových nebo 
fulvinových kyselin, které jsou jak známo velmi obtížně 

Tabulka I 
Vstupní koncentrace chlorovaných uhlovodíků v mg l–1 v odebrané podzemní vodě pro pilotní testy fotochemické H2O2/
UVC oxidace na lokalitě v Ústí nad Labem  

Látka cis-1,2-dichlorethen Trichlorethen Tetrachlorethen Chloridy pH 

Koncentrace, mg l–1 1,10 24,27 8,14 349,00 7,21 

Obr. 3. Průběh procesu fotochemické H2O2/UVC oxidace chlo-
rovaných uhlovodíků v kontaminované podzemní vodě. Režim 
kontinuálního dávkování H2O2 v množství 1 ml l–1 h–1;  tetra-
chlorethen,  trichlorethen,  cis-1,2-dichlorethen,  chloridy 

Tabulka II 
Vstupní koncentrace sledovaných kontaminantů v µg l–1 v odebraném technologickém vzorku pro testy fotochemické oxi-
dace na lokalitě v Ostravě 

Kontaminant ∑ 12 PAU ∑ BTEX C10–C40 TOC 

Koncentrace, g l–1 1 585 2 190 3 900 14 800 

Tabulka III 
Zastoupení majoritních PAU v µg l–1 v technologickém vzorku pro testy fotochemické oxidace na lokalitě v Ostravě  

Látka Naftalen Antracen Fenantren Chrysen Fluoranthen Pyren 

Koncentrace, g l–1 570,6 443,8 221,9 174,35 110,95 63,4 



Chem. Listy 109, 885891(2015)                                                                                                                           Chemický průmysl 

889 

oxidovatelné jakoukoli technologií. Je nutné zdůraznit, že 
po 3 h došlo k prakticky úplnému odbourání obtížně rozlo-
žitelných PAU, jejichž koncentrace se nacházely na mezi 
stanovitelnosti. Bylo tak prokázáno, že účinkem fotoche-
mické H2O2/UVC oxidace lze rozložit i velmi komplikova-
né kontaminanty, jakými jsou polyaromatické uhlovodíky.  

 
3.3. Anilin, nitrobenzen  

 
Ve třetí testované lokalitě byla podzemní voda konta-

minována směsí anilinu a nitrobenzenu, které pocházely 
z výroby nitrobenzenu. Vstupní koncentrace kontaminace 
v odebraném technologickém vzorku uvádí tab. IV. 

Na obr. 5 je znázorněna kinetika odstraňování anilinu 
a nitrobenzenu, které představovaly největší znečištění 
podzemní vody ze všech tří představených případů. Pro 
zajištění účinného odbourání obou kontaminantů tak bylo 
nutné aplikovat kontinuální dávkování H2O2 v množství 
dokonce 4 ml l–1 h–1 a výrazně prodloužit dobu cirkulace 
čištěné vody fotoreaktorem.  

Dále je z obr. 5 zřejmé, že oxidace nitrobenzenu pro-
bíhá pomaleji než oxidace anilinu. To je jednak způsobeno 
rozdílným obsahem jednotlivých kontaminantů, neboť 

jejich koncentrace se liší o jeden řád, ale také povahou 
obou látek. Nitrobenzen obsahuje substituent II. třídy, 
který deaktivuje aromatické jádro a znesnadňuje tak jeho 
další oxidaci. Anilin naproti tomu obsahuje substituent 
I. třídy, který aromatické jádro aktivuje a jeho oxidaci tak 
usnadňuje.  

Detailně je průběh fotochemické oxidace nitrobenze-
nu a anilinu ilustrován v tab. V, včetně vývoje produktů 
procesu mineralizace dusitanových a dusičnanových iontů. 
Generované dusitanové ionty procházejí svým maximem 
a následně jsou oxidovány na dusičnany, které jsou 
z environmentálního hlediska přívětivější. Ačkoliv jsou 
zde počáteční koncentrace anilinu a nitrobenzenu velmi 
podobné, je zřejmé z časových údajů v tab. V, že anilin je 
rozložen rychleji než nitrobenzen. Průběh oxidace dekla-
ruje také úbytek organického dusíku, jehož obsah je syste-
maticky snižován v průběhu reakce.  

 
 

4.  Možnosti praktického využití fotochemické 
oxidace H2O2/UVC pro čištění kontaminova-
ných podzemních vod 
 
 V předloženém příspěvku je představena aplikace 

technologie fotochemické H2O2/UVC oxidace pro čištění 
podzemních vod kontaminovaných organickými polutan-
ty. Poloprovozní ověřování na reálně kontaminovaných 
lokalitách prokázalo její vhodné konstrukční uspořádání, 
technologickou spolehlivost a vysokou účinnost odstraně-
ní širokého spektra organických kontaminantů. Vyhodno-
cením ekonomické náročnosti technologie bylo zjištěno, 
že největší položku provozních nákladů představuje spo-
třebovaná elektrická energie a na druhém místě jsou ná-
klady na peroxid vodíku. Na obr. 6 jsou ukázány provozní 
náklady na čištění 100 dm3 silně kontaminované vody 
s obsahem anilinu a nitrobenzenu (viz obr. 5) procesem 
fotochemické oxidace při zvyšování dávek H2O2. Zde je 
dobře patrné, že rostoucí přídavek H2O2 zkracuje nutnou 
dobu cirkulace čištěné vody fotoreaktorem a tudíž jsou 
snižovány náklady na elektrickou energii – provoz germi-
cidních UVC zářivek a oběhových čerpadel. Dávkování 

Obr. 4. Kinetický průběh procesu fotochemické H2O2/UVC 
oxidace nepolárních a polyaromatických uhlovodíků 
v podzemní vodě, čerpané na lokalitě v Ostravě. Režim kombi-
novaného dávkování H2O2 do čištěné vody 2 ml l–1 h–1;  C10–C40, 
 PAU,  TOC 

Tabulka IV 
Vstupní koncentrace anilinu, nitrobenzenu a benzenu 
v mg l–1 v odebraném technologickém vzorku pro testy 
fotochemické H2O2/UVC oxidace 

Látka Anilin Nitrobenzen Benzen 

Koncentrace, 
mg l–1 

13 121 363 

Látka Konc. [mg l–1] v čase [h]  

 0 1 3 5 

Anilin 32,3 7,5 0,5 0,5 

Nitrobenzen 36,2 32,7 2,3 0,5 

NO3
– 2,21 11,1 17 25,7 

NO2
– 0,021 1,91 10,6 5,33 

Norg. 10,8 8,3 5,2 3,3 

Tabulka V 
Nárůst obsahu anorganických iontů NO2

– a NO3
– 

v průběhu fotochemické H2O2/UVC oxidace směsi anilinu 
a nitrobenzenu v podzemní vodě. Koncentrace jsou uvede-
ny v mg l–1 
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H2O2 je však možné zvyšovat pouze na určitou limitní 
hodnotu, při jejímž překročení už nedojde k urychlení 
fotooxidačního procesu. Důvody jsou různé – jednak zde 
už nedochází k vyšší tvorbě hydroxylových radikálů 
a  jednak nemusí být vzniklé radikály účinně využity na 
oxidaci, nýbrž může docházet k jejich vzájemné rekombi-
naci a zániku (viz rovnice (4)).  

Průměrné náklady na vyčištění výše uvedených druhů 
kontaminovaných vod s účinnostmi > 99 % 
v optimalizovaném režimu fotoreaktoru jsou pak shrnuty 
v tab. VI. 

Výše nákladů dle tab. VI tedy plně koreluje se slože-
ním a množstvím odstraňované kontaminace mírou poža-
dované účinnosti jejího odstranění. Je zřejmé, že v praxi 
by postačovala účinnost dekontaminace nižší než 99 % 
a kratší doba cirkulace fotoreaktorem.  

Pro praktickou aplikaci bude nutné rozšířit výkono-
vou kapacitu fotochemické jednotky, která je však limito-
vána geometrickými rozměry – zejména průměrem použi-
té křemenné trubice, který je navržen z hlediska optimální-
ho průniku UVC záření. Zde si lze představit zařízení tvo-
řené baterií 8 až 12 křemenných trubic uspořádaných do 

jednotlivých modulů, které budou tvořit samostatné skido-
vé jednotky. Na žádané lokalitě pak bude možné sestavit 
několik těchto skidových modulů k sobě a umožnit tak 
čištění průtoků maximálně v desítkách m3 denně, což už 
představuje limitní hodnotu. Zařízení by bylo ještě doplně-
no jednoduchými mechanickými operacemi pro odstraňo-
vání nerozpuštěných látek a systémem odželezování či 
odmanganování vzhledem k tvorbě možných povlaků 
oxidů a hydroxidů těchto kovů na vnitřních površích kře-
menných trubic a nežádoucímu katalytickému rozkladu 
H2O2. Fotochemické zařízení by tedy mohlo pracovat 
v uspořádání on-site, kde bude napojené na čerpanou pod-
zemní vodu z vrtu, která bude po vyčištění injektována 
zpět. Využití lze spatřovat na menších lokalitách s obtížně 
rozložitelnými kontaminanty, pro které dnes neexistují 
spolehlivé technologie. Současně by bylo možné předřadit 
fotochemickou oxidaci pro částečné naštípání obtížně 
rozložitelných látek při maximálním zkrácení doby zdrže-
ní čištěné vody, které by pak mohly být snadno rozložitel-
né běžně dostupnými technologiemi. 

 
 

Obr. 5. Porovnání průběhu fotochemické H2O2/UVC oxidace 
anilinu a nitrobenzenu v čerpané  podzemní vodě. Režim 
kontinuálního dávkování H2O2 do čištěné vody 4 ml l–1 h–1; 
 nitrobenzen,  anilin  

Obr. 6. Porovnání provozních nákladů na vyčištění 100 dm3 
silně kontaminované vody s obsahem anilinu a nitrobenzenu. 
Zvlášť jsou náklady na elektrickou energii a různé přídavky H2O2; 
 náklady el. energie,  náklady H2O2,  náklady celkem  

Náklady [Kč] El. energie H2O2 Celkem 

CLU 25 10 35 

PAU 150 60 210 

Anilin, nitrobenzen 250 150 400 

Tabulka VI 
Náklady na dekontaminaci 1 m3 vod s obsahem organických kontaminantů uvedených v kap. 3 technologií fotochemické 
H2O2/UVC oxidace   
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5. Závěr  
 
Předložený příspěvek se zabýval praktickým pilotním 

testováním technologie fotochemické H2O2/UVC oxidace 
pro dekontaminaci podzemních vod znečištěných organic-
kými polutanty. Metoda fotochemické oxidace spočívá 
v rozkladu peroxidu vodíku účinkem UVC záření, čímž 
jsou generovány hydroxylové radikály, které jako silné 
oxidační činidlo napadají organické kontaminanty. K tomu 
byla využita speciální poloprovozní jednotka, která byla 
testována na 3 lokalitách se zastoupením různých organic-
kých látek. Výsledky prokazují univerzální použitelnost 
této technologie na odstraňování ropných látek, chlorova-
ných alifatických uhlovodíků, polyaromatických uhlovodí-
ků a některých dalších derivátů, jako jsou anilin a nitro-
benzen. Účinnost odstranění jmenovaných látek přesaho-
vala 99 % a byla získána zcela čirá voda. 
Z technologického hlediska by mohla být fotochemická 
oxidace dovedena do provozní aplikace, avšak provozní 
náklady zatím výrazně převyšují konvenční technologie. 
V další fázi testování bude pozornost věnována automati-
zaci celého režimu a řízenému dávkování H2O2 na základě 
on-line analytického signálu v čištěné vodě.  

 
Příspěvek vznikl za finanční podpory MPO v rámci 

výzkumného projektu (FR-TI/065).  
 
 

Seznam symbolů 
 
CLU  chlorované alifatické uhlovodíky 
ISCO  in-situ chemická oxidace 
PAU  polyaromatické uhlovodíky 
UV-C  krátkovlnné ultrafialové záření 
PCE  perchlorethylen 
TCE  trichlorethylen 
DCE  dichlorethylen 
TOC  total organic carbon (celkový organický 

uhlík) 
NEL  nepolární extrahovatelné látky 
 C10 – C40  frakce uhlovodíků C10 až C40 
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the Czech Republic, Prague; c Faculty of Environment, 
J. E. Purkyně University, Ústí nad Labem, Czech Repub-
lic): Practical Application of Photochemical Oxidation 
H2O2/UV-C Technique for Decontamination of Heavily 
Polluted Waters 

 
The practical applicability of photochemical oxidation 

using UV-C irradiation and H2O2 is presented. A pilot 
scale unit was set up and its suitability was shown for three 
polluted industrial areas. The process was optimized and 
economically evaluated. Its effective utilization is de-
scribed. 
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Pilot scale application of UV-C/H2O2 for removal of

chlorinated ethenes from contaminated groundwater

Pavel Krystynik, Pavel Masin and Petr Kluson
ABSTRACT
A field pilot scale UV-C/H2O2 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

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.
doi: 10.2166/aqua.2018.144
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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 ). 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 ). 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 ).

Hydrogen peroxide photolysis by ultraviolet light

(UV-C/H2O2) is one of the most effective AOPs. The
UV-C/H2O2 system is based on the decomposition of hydro-

gen peroxide towards hydroxyl radicals using ultraviolet

irradiation with wavelengths below 280 nm4. 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�1 cm�1 at 254 nm) and consequently the

utilization of a UV-C light source is decreased when organic

compounds act as optical filters (Dusek ). Legrini et al.

() and Andreozzi et al. () 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 et al. ):

H2O2 þ hν! 2 OH� (1)

mailto:krystynik@icpf.cas.cz
https://crossmark.crossref.org/dialog/?doi=10.2166/aqua.2018.144&domain=pdf&date_stamp=2018-04-18


Table 1 | Characteristic pollution of groundwater with polychlorinated hydrocarbons

Pollutant Content (mg/dm3)

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 37.4

pH 7.62

Conductivity 172 mS/cm
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OH� þH2O2 ! HO2� þH2O (2)

HO2� þH2O2 ! OH� þH2OþO2 (3)

2 HO2� ! H2O2 þO2 (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 ; Paul et al. ).

This paper is a continuation of previous research on the

decomposition of organic compounds in water using UVC/

H2O2 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 et al. (a, b) and Masin et al.

().
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.
://iwaponline.com/aqua/article-pdf/67/4/414/248626/jws0670414.pdf
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 m3 sedimentation tank

of freshly pumped contaminated water, pretreatment
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technology (in cases when it is needed) for removal of

dissolved metallic ions and photoreactors. These

photoreactors are connected with a working reservoir of

1 m3, 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.
Figure 1 | Technical drawings of mobile large scale unit: (1) pumping of contaminated waters; (

(5) working reservoir; (6) circulation pump; (7) photoreactors; (8) hydrogen peroxide

pump; (13) draining of treated water; (14) on-site bedrock, (15) series by-pass.
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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 m3 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 H2O2 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.
2) contaminated water pump; (3) sedimentation tank; (4) pretreatment stage (if necessary);

dispenser; (9) mixing valve; (10) sampling valve; (11) compensatory reservoir; (12) outlet



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 H2O2 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

Figure 3 | Degradations of H2O2 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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RESULTS AND DISCUSSION

Internal integrity test

The internal integrity test was performed with 150 dm3 of

deionized water and 75 cm3 of 30% H2O2 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
://iwaponline.com/aqua/article-pdf/67/4/414/248626/jws0670414.pdf
lamps and thus the only degradation of H2O2 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 H2O2 degradation before the start of the testing

campaign and after 6 weeks of testing period on the con-

taminated site.



Table 3 | Inputting characteristics of treated contaminated groundwater

Trial pH
Conductivity
(mS/cm)

TCE in
(mg/dm3)

PCE in
(mg/dm3)

TOC in
(mg/dm3)

Cl� in
(mg/dm3)

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 6.95 1,226 102.4 20.7 66.6 201.6
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A rapid decrease of H2O2 concentration can be observed

immediately after irradiation. It is also obvious that the

arrangement of reactors in series revealed slightly higher effi-

ciency in H2O2 decomposition. Complete H2O2 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 H2O2 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.
om http://iwaponline.com/aqua/article-pdf/67/4/414/248626/jws0670414.pdf
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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 1 m3, 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 H2O2 was set according to previous

optimization experiments to 2 mmol/dm3/h. The inner

volume of reactors was 21.2 dm3 per reactor, giving a total

irradiated volume of 42.4 dm3; 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/

dm3 to 8 mg/dm3 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 m3 of treated water in

this unit was 1.23 €. The wholesale price of 30% H2O2 sol-

ution was 0.23 €/dm3. Consumption of H2O2 during the



Figure 4 | Concentration of pollutants, test Is, R in series.
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experiment was approximately 10 L giving a price of 2.36 €

and total operation cost was then 3.60 €/m3 treated water.

Another trial (test IIs) was performed with progressively

decreasing H2O2 dosing. It was considered that progress-

ively decreasing the content of chlorinated ethenes would

not have required a constant dosing rate. The starting

H2O2 dosing rate was set to 2 mmol/dm3 and after each

hour of experimental run it was decreased by 0.5 mmol/

dm3. The major reason for this progressive reduction of
Figure 5 | Concentration of pollutants, test IIs, R in series.

://iwaponline.com/aqua/article-pdf/67/4/414/248626/jws0670414.pdf
H2O2 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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a similar efficiency as in the case of test Is. It is also evident

that the progressive decrease in H2O2 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 H2O2 was 5 dm3. The total cost of treated

water was 2.05 €/m3, 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 H2O2 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 H2O2 was 12 dm3, and thus the overall
Figure 6 | Concentration of pollutants, test Ip, R in parallel.
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process cost was 3.82 €/m3. This price is not final because

TOC removal was incomplete.

Test IIp with reactors in parallel was performed with

progressive decrease of H2O2 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 H2O2 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 H2O2 was 5 dm3 during

240 min of the experiment. The overall cost of the process

was then 2.23 €/m3, 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 €/m3 of treated water.



Figure 7 | Concentration of pollutants, test IIp, R in parallel.

Table 4 | Summary of process costs performed in the unit

Test Process cost (€/m3)

Is 3.60

IIs 2.05

Ip 3.82

IIp 2.23
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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. ). 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 (Ødegaard et al. ).
CONCLUSIONS

Tests with a pilot scale unit, placed in a movable container for

easy transport, were performed. This unit operated only with
://iwaponline.com/aqua/article-pdf/67/4/414/248626/jws0670414.pdf
contaminated groundwater with chlorinated ethenes. Arrange-

ment of reactors in series reflected the higher efficiency of

chlorinated ethenes’ treatment. The overall cost of treated

water per 1 m3 was dependent on input contamination; how-

ever, the lowest price achieved was 2.05 €/m3.
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A B S T R A C T

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
mind. Finally, shortfalls and solutions to experimental design are discussed and presented.
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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).

http://dx.doi.org/10.1016/j.cep.2016.02.011
0255-2701/ã 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

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cep.2016.02.011&domain=pdf
mailto:krystynik@icpf.cas.cz
http://dx.doi.org/10.1016/j.cep.2016.02.011
http://dx.doi.org/10.1016/j.cep.2016.02.011
http://www.sciencedirect.com/science/journal/02552701
www.elsevier.com/locate/cep


Fig. 1. Conceptual framework for electro-coagulation as a ‘Synthesis’ technology [9].
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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 data is 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:

� Demonstrate that current intensity (i.e. dosing concentration) is
the key performance-limiting parameter in EC (i.e. determinant
for removal efficacy)
� Demonstrate that current density plays a secondary role in
removal efficacy
� 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 Al3+ 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. Al2(SO4)3 and
FeCl3), this can be replaced by an electrochemical alternative (EC)
where the precipitating agent (e.g. Al3+, Fe3+) 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.



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’.

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 mS/cm M M

Zn 3.82E-05 2.50 500 6.5 7.65E-04 1.48E-03
P 3.82E-05 1.18 500 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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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, 60 V, 20 A), circulation 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 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 � 10�5M; 6.5 and 500 mS/cm, respectively
(Tables 1 and 2). Zn was prepared from Zn 1000 ppm standard
for AA (ANALYTIKA1, 99.999%), P from H3PO4 (Lach-ner, 85%) and
suspended solids from powdered kaolin (Al2Si2O6(OH)4) (Sigma–
Aldrich >99%). KNO3 (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 mS/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 � 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: 345 mA, 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 cm2

Al, 54.5 cm2 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 cm2 and aluminium
electrodes 16.3 and 81.7 cm2.

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, 1 L samples of dosed
model effluent were collected after a single pass and immediately
‘jar-tested' as per standard jar-test procedure [16]: 1 L samples
were placed in a six place, variable speed, programmable
flocculator (Stuart SW6) and subjected to 1 min 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 HNO3 (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 2
Fe testing solutions—details of model solutions containing Zn, P or Kaolin used for
EC testing with Fe electrodes.

Concentration Cond. pH [NaOH] [KNO3] [NaCl]

mol/L ppm mS/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 1.15E-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
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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 (%)—amount of contaminant removed
expressed in %

100 � residual concentration
control concentration

� 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
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Fig. 3. Calibration curves for Al and Fe electrochemical dosing. T
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 � 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 KNO3, therefore no Cl� -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
2 3
 input  [A]

Fe Theore�cal
Al Theore� cal

heoretical and experimental curve. Flow rate = 40 l/h � 20%.



Fig. 4. Left—power consumption variation as a function of dosing concentration (i.e. current intensity). Note: P removal at lowest dosing for this experimental set was 0%.
Right—power consumption as a function of current density. Power consumption values normalised to contaminant removal levels and expressed in kWh/g-removed.
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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 � 10�4M (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 (J) vs. Current intensity (i)

Although J 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
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Fig. 5. Removal efficacy of P, Zn and Kaolin in model solutions treated by Al electro
concentrations (shown in x-axis).
to concentration of coagulant in solution (i.e. metal ion), as
theoretically quantified by Faraday’s law (Eq. (1)).

m ¼ i � t
F
�M

Z
ð1Þ

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
3E-04 6.44E-04 8.05E-04

Al] (mol/l)

-coagulation at constant current density (31.70 mA/cm2) over a range of dosing
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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.
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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.
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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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A B S T R A C T

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. FeCl3 or Al2(SO4)3), 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 mg kg−1 and 85.32 mg kg−1 (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 AsIII and AsV removal and results showed that removal efficiencies
reached more than 95%. Lee et al. [14] used oxidation of AsIII to AsV by
FeVI followed by coagulation revealing 90% removal efficiency at initial
concentrations of 500 μg/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 μg/L. Josip et al. [16] tried immersed membrane
for removal of As after FeIII coagulation; initial concentrations varied
between 100 and 600 μg/L with residual concentrations 7–60 μg/L
revelaing removal efficiencies exceeding 90 %. Microfiltration [17] and
electrocoagulation [18] showed similar removal efficiencies attacking
90 % removals treating initial concentrations 90–100 μg/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.

2.2. Method

2.2.1. Test solutions
Model solution was prepared by dissolution of an As2O3 (Sigma-

Aldrich, ACS reagent) in distilled water with initial As3+ concentration
of 3.22·10−4 mol/L. NaOH (Lach-Ner, p.a.) was used for pH adjust-
ment; NaCl (Lach-Ner, p.a.) and KNO3 (Lach-Ner, p.a.) were used for
conductivity adjustment. The initial pH of model solution was 6 and
conductivity 500 μS/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:

w I t M
z F

= ⋅ ⋅
⋅ (1)

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 cm2

and aluminium electrodes 16.3 − 81.7 cm2. 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]. 1 L
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 (25 rpm). 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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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

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 KNO3, 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/cm2), 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. 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

Fig. 2. Partly taped and partly exposed mild steel (upper) and aluminium (lower) electrode with clearly distinct sections.

Table 2
MP-AES method parameters.

Method parameters

Replicates 3
Pump rate 15 rpm
Sample uptake delay 75 s
Rinse time 30 s
Stabilization time 15 s
Fast pump during uptake 80 rpm
Fe wavelength detection 373.486 nm
Al wavelength detection 396.152 nm
As wavelength detection 193.695 nm
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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 (Fe3O4) 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 (Fe3O4)
is significantly smaller than Fe(OH)3, 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

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-

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 = 40 L/h ± 10%.

Fig. 4. The influence of current density on As removal efficacy (left); Total and residual As concentrations (right).

Table 3
Textural properties of Fe and Al floc.

Sample SBET
(m2/g)

Smeso

(m2/g)
V micro

(liq)
(mm3/g)

Intrusion
volume
(cm3/g)

ρHe
(g/
cm3)

ρHg
(g/
cm3)

ε (−)

Fe(OH)3 floc 329.5 223.3 56.4 0.45 2.17 1.3 0.40
Al(OH)3 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
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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

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 (SBET), surface
of mesopores (Smeso) and volume of micropores (Vmicro)) which is key
data in explaining the difference in performance between the two
coagulant materials (Fe and Al). As presented in Table 3 SBET, Smeso and
Vmicro are significantly higher for Fe(OH)3 floc than Al(OH)3 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, ρHg – apparent mercury density, ρHe −
real skeletal density and porosity (ε), that is calculated from the Eq. (2):

ε
ρ
ρ

= 1 − Hg

He (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

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).
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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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A B S T R A C T

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
simple process. A key challenge in achieving this is the identification of techniques that operate
symbiotically to: enhance the performance of the system as a whole and; reduce the number of process
steps. Here such process symbiosis is presented, through the treatment of a model effluent containing
iron and nitrobenzene, by electro-coagulation (EC) and photooxidation (PO), individually and in
combination. It was found that the combination of two techniques, which individually were unable to
completely remove contamination, achieved 100% contaminant removal in a shorter reaction time and
consuming less H2O2.

ã 2015 Elsevier B.V. All rights reserved.

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

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(II) and ferric(III) 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,

* Corresponding author. Tel.: +420 220 390 278.
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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 H2O2/Fe2+(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
H2O2. The UV-C/H2O2 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�6H2O (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 � 55 � 55 mm) support-

ing vertically mounted mild steel electrodes (210 � 55 �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

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 cm2), 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 � 145 mW/cm2) (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.

Nomenclature

cA Concentration of reactant (mmol/L)
t Reaction time
cA0 Initial concentration of reactant (mmol/L)
k Rate constant (s�1)
n Order of reaction
EC Electro-coagulation
FTL Flow-through-loops number
PO Photooxidation

Fig. 1. Left – EC cell interior scheme; right – UV reactor interior.
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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%

H3PO4 for 30–60 min followed by thorough rinsing in water to
chemically clean the mild steel electrodes and expose a fresh
surface. Model effluent (20 L) was pumped directly at constant
flow rate (400 mL/min) maintaining a residence time in the cell of
46 s. The output was gently agitated (10–25 rpm) 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 CFe3þ = 50 mg/L it was necessary to dissolve
4.84 g of FeCl3�6H2O in 20 L of distilled water and for initial
TOC = 50 mg/L it was necessary to dissolve 1 mL of nitrobenzene
solution in 20 L of distilled water.

2.3.2. Photooxidation
Photooxidation was performed in recirculation mode (25 L/

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 9 min 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

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:

�dcA
dt
¼ k � cnA (1)

where cA is the concentration of reactant in time t,cA0 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 t could be defined as following:

t1=2 ¼
ln2
k

(2)

Table 1
Characteristics of treated contaminated water.

Parameter Value Unit

CFe3þ 50–200 mg/L
TOC 50–150 mg/L
pH 2–5
Conductivity 673 mS/cm
Color Orange-to-brown

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/cm2) vs. [Fe] (mg/L) curve. Current
density is determined as the ratio of current input per anodic
surface area unit (mA/cm2) (Fig. 4).

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

w ¼ I � t � M
z � F

(3)

where w is the amount of dosed iron into 1 L of the solution at
specific current density with relevant current input (A), t is a
contact time of 1 L 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 cm2,
current input of 0.58 A resulted in current density 5 mA/cm2. For
w = 25 mg/L following values have to be installed in Formula (3):
I = 0.58 A, t = 150 s, 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.

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/cm2 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 (Fe3O4) 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/cm2 (dosing rate
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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]i
Fig. 6 describes the effect of initial Fe concentration ([Fe]i) with

constant current density 10 mA/cm2 at constant pH 4. A 98% and
97% removal efficiency at [Fe]i of 25 mg/L and 50 mg/L was
recorded whilst at [Fe]i 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]i. In order
to keep constant dosing rate/concentration of contamination ratio,
current densities varied as follows: 5 mA/cm2 for 25 mg/L, 10 mA/
cm2 for 50 mg/L, 20 mA/cm2 for 100 mg/L, 30 mA/cm2 for 150 mg/L

and 40 mA/cm2 for 200 mg/L. From Fig. 7 it is possible to see that at
25 mg/L and 50 mg/L 98% removal efficiency was achieved
however, at higher [Fe]i 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 12 mA/cm2 significant decrease
was observed. This is in accordance with previous work (see Fig. 5)
where current densities up to max. 10 mA/cm2 were employed
without further increase in removal rates and above 12 mA/cm2 a
significant decrease in removal efficacy was observed due to
formation of magnetite (Fe3O4).

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/H2O2 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(III) is
completely removed from treated solution depending on
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experimental conditions and nitrobenzene is removed to the
extent as possible at these conditions.

3.3. TOC removal by UVC/H2O2

3.3.1. Operation of UVC/H2O2 unit
Before testing for TOC removal, the reactor was tested for its

ability to produce hydroxyl radicals from hydrogen peroxide
solution [35]. The solution ([H2O2] = 0.5 mmol/L, 10 L) was irradi-
ated with ultraviolet (254 nm) and the decrease in H2O2

concentration was followed by manganometric titration. Progres-
sive decrease in H2O2 content is shown in Fig. 9. It is evident that
immediately upon irradiation the absorbance of reaction mixture
began decreasing, which denotes rapid H2O2 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 H2O2 without light irradiation occurred. It
indicated that there was no undesired decomposition of hydrogen
peroxide that would have led towards formation of inactive species
(H2O and O2) and consequently in decrease of further nitrobenzene
removal efficiency.

3.3.2. Blank experiments
The individual activities of H2O2 and UV-C irradiation were

determined prior to the combined effect. It was determined that
neither UV-C irradiation nor H2O2 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 5 h.

3.3.3. Influence of [H2O2]i on TOC removal
Rate of UVC/H2O2 induced oxidation is mainly dependent on

the initial concentration of hydrogen peroxide and initial TOC
content (initial concentration of nitrobenzene – [NB]i). Fig. 10
summarizes the dependence of TOC removal on [H2O2]i. Initial TOC
([NB]i) = 50 mg/L.

It is clear that [H2O2]i strongly affects the degree of TOC removal
from contaminated effluent. TOC removals of 59%, 72% and 99%
were achieved at [H2O2]i 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 H2O2 to the reaction process results in incomplete

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

3.3.4. The effect of starting TOC concentration – [TOC]0
Whilst in Section 3.3.3 the influence of [H2O2]i on TOC removal

was presented, where [TOC] was kept constant, in this section,
[TOC]0 varied and [H2O2] was kept constant at 4 mmol/L (Fig. 11).

Employing the same experimental procedure (375 flow-
through loops, total irradiation time of 9 min) once more 99%
removal was achieved when [TOC]0 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 [H2O2]/[TOC]. Once H2O2 is spent and no
more OH radicals formed, TOC removal stops.

3.4. Combined process – EC + UVC/H2O2

It has been shown that electro-coagulation itself is very efficient
in Fe removal and UVC/H2O2 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/H2O2) 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/cm2 and 30% was achieved at current density
12 mA/cm2where 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, [H2O2]i
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/H2O2 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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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/H2O2 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/H2O2 recirculation reaction system [37]. Decreasing H2O2

concentration or increasing TOC0 caused a decrease in the rate
constant. It is a consequence of complete consumption of H2O2

because the ratio of [H2O2]/[TOC] decreased. Decreased [H2O2]/
[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 [H2O2]/[TOC] ratio. Obviously higher rate constant
would be observed with higher H2O2 dosing rate. As expected,
when EC decreased TOC before photooxidation, the rate constant
significantly increased. In this case the ratio of [H2O2]/[TOC]
significantly increased and consequently reaction progress con-
siderably proceeded.

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-H2O2 mechanism was shown
to be capable of full TOC removal if sufficient H2O2was 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 H2O2

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 Fe3+ ions from model contaminated water.
Electrochemical experiments were performed using a coagulation set-up with the volume of storage tank of 50 L. To
represent inorganic contamination, FeCl3·6H2O 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 Fe3+ 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 N2 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 Fe3+ ions from model contaminated water. The
trivalent ferric form is the insoluble form of iron present in
water [1], however, pH influences Fe3+ concentration in
solution and oxidized ferric ions remain aqueous in strong
mineral acids [12]. To represent inorganic contamination,
sole FeCl3·6H2O was chosen as the model pollutant; the
orange-to-brown model contaminated water contained only
dissolved Fe3+ 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+, Al3+, and Fe2+ and 3+) 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).

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 50 L. To
represent inorganic contamination, FeCl3·6H2O (per

Fig. 1 Nanostructured floc formation of hydroxide character by elec-
trochemical dissolution of anode Fig. 2 Electrocoagulation set-up
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analysis quality, Sigma-Aldrich) was chosen as a model
pollutant. It was prepared by dissolving 4.84 g of
FeCl3·6H2O 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 cm2 Al, 54.5 cm2 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 cm2 and aluminum electrodes
16.3 and 81.7 cm2.

Before an experiment, the electrode pack was immersed
in 3% H3PO4 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
46 s. The output was gently agitated (10–25 rpm) 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:
3 A and 30 A; for Fe: 3 A, 10 A, 20 A 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

contaminant removed expressed in %:

100� Residual concentration
Control concentration

� 100

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 N2 phy-
sisorption, X-ray photoelectron spectroscopy, and scanning
electron microscopy.

N2 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
Brunauer–Emmett–Teller (BET) procedure to calculate the
specific surface area SBET. The surface area of mesopores Smeso

and the volume of micropores Vmicro were determined by the t-
plot method using Lecloux-Pirard standard isotherm [16]. The
total pore volume Vtotal was determined from the amount of
nitrogen adsorbed at nitrogen relative pressure p/p0= 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 Kα radiation
(Energy: 1253.4 eV). The base pressure was 5.0 × 10−7 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 µA 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:

w ¼ I � t �M

z� F
; ð1Þ

Table 1 Characteristics of treated contaminated water

Parameter Value Unit

CFe3+ 50 mg/L

pH 2–4

Conductivity 673 µS/cm

Color Orange-to-brown
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where w is the amount of dosed substance in 1 L of the
solution at specific current density with relevant current
input (A), t is a contact time of 1 L 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/cm2) 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/cm2) 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 Fe3+ 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.

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 (Fe3O4) 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/cm2). 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 N2 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
(SBET), surface of mesopores (Smeso) and volume of micro-
pores (Vmicro) are significantly higher for Fe(OH)3 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.

Fig. 3 Theoretical and experimental calibration curves for Al and Fe
electrochemical dosing corresponding to the flow rate equal 40 l/h ±
10%

Fig. 4 Removal efficiency (%) in a function of current density (mA/
cm2) for various pH (mild steel anode in red, aluminum anode in gray)
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Pore size distribution, illustrated in Fig. 6, is confirming
the textural characterizations from Table 2. For Fe(OH)3
flocs, pore size distributions is increasing while input cur-
rent values are growing. In the contrary, pore size dis-
tribution of Al(OH)3 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)3 flocs while input current is increasing. Drying pro-
cess of the flocs led to the oxidation of hydroxide species
into magnetite (Fe3O4) 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, ρHg—apparent mercury
density, ρHe—real skeletal density and porosity (ε), which is
calculated from the Eq. 2:

ε ¼ 1�
ρHg
ρHe

ð2Þ

Fig. 5 Al and Fe nanostructured
flocs formed during
electrocoagulation process

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

Table 2 Textural properties of Fe and Al flocs

Sample SBET (m2/g) Smeso (m
2/g) Vmicro (liq) (mm3/g) Intrusion volume (cm3/g) ρHg (g/m

3) ρHe (g/ m
3) ε (-)

Fe(OH)3 flocs 3 A 329.5 223.3 56.4 0.45 2.17 1.30 0.40

Fe(OH)3 flocs 10 A 87.8 59.2 16.7 0.31 3.58 1.79 0.50

Fe(OH)3 flocs 20 A 63.5 49.5 10.2 0.48 3.32 1.36 0.59

Fe(OH)3 flocs 30 A 67.2 45.5 11.9 0.68 2.61 1.03 0.61

Al(OH)3 flocs 3 A 214.5 157.1 31.4 0.02 2.28 1.84 0.19

Al(OH)3 flocs 30 A 219.9 162.4 31.7 0.03 2.24 1.71 0.24
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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 Al3+ 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 Fe3+ against Fe2+ and nonmagnetic behavior,
while for the flocs created with a higher input current the
percentage of Fe3+ decreased. It indicates that the harder
conditions inhibit the oxidation of Fe2+ in Fe3+ 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 Fe2+

(ca 710 eV) states against Fe3+(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

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.

Table 3 XPS analysis of Fe samples

Input
current
(A)

Fe2+ (%) Fe3+ (%)

3 40 60

10 56–60 40–44

20 58–62 42–38

30 62–65 38–35

Fig. 7 Original XPS data of Fe flocs obtained at 30 A: Left—deconvvulted spectrum; Right—widescan

Fig. 8 Original XPS data of Al flocs obtained at 30 A
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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 Fe3+, 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 Fe3+ 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

Fig. 9 SEM photos of Fe (a, b)
and Al (c, d) nanostructured
flocs for different input current
(a, c—3 A; b, d—30 A)

Table 4 EDX analysis of Al flocs (3 A)

Al 3 A

Spectrum C O Al Cl K Fe

Al 1 7.35 74.33 17.25 0.18 0.31 0.45

Al 2 6.59 74.67 17.53 0.24 0.35 0.55

Al 3 5.14 75.92 17.74 0.14 0.39 0.47

Mean value 6.36 74.98 17.51 0.2 0.35 0.49

Sigma 1.12 0.84 0.25 0.03 0.04 0.05

Sigma mean 0.65 0.48 0.14 0.02 0.02 0.03

Table 5 EDX analysis of Fe flocs (3 A)

Fe 3 A

Spectrum C O Cl K Fe

Fe 1 7.55 76.23 0.15 0.2 15.87

Fe 2 8.48 79.41 0.1 0.12 13.89

Fe 3 5.79 79.09 0.12 0.18 14.82

Mean value 7.28 78.24 0.13 0.17 14.86

Sigma 1.37 1.75 0.03 0.04 2.3

Sigma mean 0.79 1.01 0.02 0.02 1.31
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and Fe flocs by N2 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  Cr6+ together with its reduction towards  Cr3+, and total removal efficacy exceeded 95%. Experiments with 
industrial effluent revealed a reduction in  Crtot. 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 m3/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/m3; 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  (FeCr2O4), crocoite  (PbCrO4) and min-
erals uvarovite  (Ca3Cr2(SiO4)3) or tongbaite  (Cr3C2). Small 

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-díaz 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): 

• formation of coagulants by electrolytic oxidation of the 
sacrificial electrode

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

• 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-díaz 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,  Fe2+ released from anode can directly reduce 
 Cr6+ to  Cr3+ and lead to co-precipitation of Cr(OH)3 and 
Fe(OH)3. Reaction mechanisms of  Cr6+ 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 

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)  H3PO4 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:

where w is the mass of dosed iron coagulant into 1 L of the 
treated effluent at selected current input (A), t 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  HNO3 (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 

(1)w =

I ⋅ t ⋅M

z ⋅ F
,
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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  Cr6+ towards  Cr3+. 
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/m3, 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 II: 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 

Table 1  Model effluent parameters

Model effluent parameters

pH 6
Conductivity (µS/cm) 500
Crtot. (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/cm2) 0–95
Dosing molar ratio Fe/Cr 1/2–4/1
Crtot. (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,  Crtot.in = 20 
mg/L, conductivity = 500 µS/cm, current density = 19 mA/cm2

Dosing ratio Residual 
 Crtot. 
(mg/L)

Cr3+ 
residual 
(mg/L)

Cr removal 
(%)

Power 
consumption 
(kWh/m3)

1/2 14.6 6.5 26.6 0.15
1/1 12.6 5.1 36.8 0.31
2/1 8.9 3.3 55.3 0.45
3/1 6.3 2.3 68.5 0.58
4/1 3.8 1.8 81 0.75
5/1 0.7 0.6 96.5 0.91
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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 m3/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 

Table 4  Results of industrial 
effluent treatment (residual 
concentrations of metals are 
given in mg/L units)

Power consumption (kWh/m3) 0 0.03 0.09 0.21 0.33 0.51
Dosing ratio 0 1/1 2/1 3/1 4/1 5/1

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 5.91 6.09 6.26 6.18 6.14
Ni 56.1 50.6 47.3 37.2 25.8 17.4

Fig. 1  Left—outer view on operating unit with borehole on site; right—EC chambers inside the container
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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 m3 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. 

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 = 8 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)2 with c = 400 g/L) was used 
as pH adjustor, and its consumption for adjustment towards 
pH = 9 was only 1 L per 1 m3 of treated effluent, while pH 

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 

tank; (9) sedimentation tank; (10) filter-press; (11) treated effluent 
after sedimentation; (12) treated effluent after filter-press; (13) sludge 
collection

Table 5  Residual levels 
of metals in pilot-scale 
unit (mg/L), power 
consumption = 0.24 kW/m3, 
dosing ratio Fe/Cr = 5/1

Input HSV 13 Raw output Output pH 6 Output pH 7 Output pH 8 Output pH 9

pH 5.12 5.48 6 7 8.5 10
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 4.9 1.07 0.8 < 0.1 < 0.1 < 0.1
Crtot. 39.3 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
Cr6+ 29.8 < 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/m3, 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)2 addition to treated water,
was operated in the vicinity of a Natura 2000 site for the removal of Cr6+ or Ni2+ from contaminated
groundwater. The process was performed at a constant flow rate of 350 L/h. Day 0 concentrations of
Cr6+ and Ni2+ started at 91.6 mg/L for Ni2+ and 43 mg/L for Cr and during testing, were decreased
by 15%–25%. Residual concentrations of Crtot. and Ni2+ below the required limits of 0.5 mg/L for
Crtot. 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 Cr6+ and Ni2+ on sites with requirements of high environmental protection standards.
The polluted area was about 150 × 150 m (22,500 m2), and it contained approximately 78,750 m3

of water contaminated with Cr6+ and Ni2+ (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. Cr6+ reduction in an acid environment (optimal pH = 4.5 to 5) using
Na2SO3 yielding Cr3+ and its precipitation using NaOH or Ca(OH)2 towards Cr(OH)3 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 (FeCl3, Fe2SO4, or Al2(SO4)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]. Cr6+ 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 Cr6+ 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 Cr6+ 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 Cr6+. 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 Cr6+ [11].

Based on our previous knowledge, we finally chose to design, develop, optimize, and process
modular electrocoagulation for the reduction of Cr6+ to Cr3+ 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)2 as it is beneficial for low concentrations of Ni2+ in
treated effluent [16]. It does not serve for precipitation of Cr(OH)3 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 Al2(SO4)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
(Cr6+) 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 Cr6+ and Ni2+ 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.

Crtot. Cr6+ Ni Zn Fe Mn pH κ (mS/cm)

Conc. (mg/L) 43 41.9 91.6 8.9 1.3 10.7 4.4 3.5

It is obvious that the highest concentration in groundwater reveals Ni2+, 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 × 150 m (22,500 m2), and it contained approximately
78,750 m3 of water contaminated with Cr6+ 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 Cr6+, 0.5 mg/L
for Crtot., and 0.8 for Ni2+.

2.3. Process Design

Figure 1 shows the stepwise procedure of the contaminated effluent treatment.

• 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).

• After primary sedimentation, the water is pumped through an electrocoagulation (EC) cell where
Fe2+ dosing takes place. The EC cell is constructed as a continuous apparatus with a single
flow-through loop.
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• After Fe2+ dosing, rapid agitation with 200 rpm is applied in order to homogenize the treated
water with dosed coagulant.

• Flocculant (SUPERFLOC® A130, Kemira, Kemifloc, Prerov, Czech Republic) and Ca(OH)2 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.

Figure 1. A simplified scheme of the process.

Ca(OH)2 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)2 brought the
desired result in efficiency. The course of Ni residual concentrations followed the course of Fe residual
concentrations. In addition, Ca(OH)2 could not be used separately for treatment of this industrial
effluent because it was unable to remove Cr6+ ions (see Table 2).

Table 2. Removal of contaminants using only Ca(OH)2.

(mg/L) Zn2+ Crtot. Cr6+ Fe3+ Ni2+ Mn2+

Input 6.40 35.4 31.6 2.2 60.0 8.3
Output 0.39 31.9 31.5 <0.5 0.05 0.05

Ca(OH)2 was capable of very efficient removal of Ni2+ and other metals, but it was not able to
remove Cr6+. 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.o., 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 × 75 × 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 (dm2) 39.4
Working current input (A) 45
Working dose of Fe (mg/L) 134

Working current density (mA/cm2) 11.42
No. of anodes and cathodes 4

Total and residual concentrations of Cr, Ni2+ were determined by microwave plasma-atomic
emission spectrometry (Agilent 420 MP-AES, Agilent Technologies, Santa Clara, CA, USA). Cr6+ was
determined by UV–vis spectrophotometry by reaction with diphenylcarbazide at 540 nm. Conductivity
and pH were measured with a multi-parameter probe (WTW Multi 3620, WTW 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% H3PO4.
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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)2. 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)2 addition was applied to enhance removal of Ni2+ 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.

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 Removal

The concentrations of Cr6+ and Ni2+ 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 Ni2+

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 Cr6+ ions is performed according to the hypothesized equation:

Cr2O7
2− + 6 Fe2+ + 7 H2O→ 2 Cr3+ + 6 Fe3+ + 14 OH− (1)

This is followed by the formation of Cr(OH)3 and Ni(OH)2 and their co-precipitation and
adsorption in the coagulant sludge according to conjectured reactions:

Cr3+ + 3 OH−→ Cr(OH)3 (2)

Ni2+ + 2 OH−→ Ni(OH)2 (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 Crtot. 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 Ni2+ exceeded the limit for Ni2+ (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)3 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.

Figure 4. An example of residual concentrations of the contaminants after sedimentation.



Water 2020, 12, 2894 8 of 13

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)2 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)2, 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)2 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 Crtot., Cr6+, Ni2+, Zn2+, Fe3+, and Mn2+ in water leaving the
filter-press (mg/L).

Time (h) pH Crtot. Cr6+ Ni2+ Zn2+ Fe3+ Mn2+

2 9.5 2.9 <0.1 1.4 0.2 4.1 0.2
23 9.3 0.7 <0.1 <0.1 <0.1 <0.1 <0.1
47 8.9 0.2 <0.1 <0.1 <0.1 <0.1 <0.1
63 8.6 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
82 8.8 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

105 8.7 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
128 8.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
146 8.8 <0.1 <0.1 <0.1 <0.1 <0.1 <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.

Cr6+ (mg/L) Crtot. (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 m3 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 Crtot. 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 CaF2, with Ks = 2.69 × 10−11; 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 m3 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)2 agitation 2
Flocculant pump 5
Ca(OH)2 pump 5

Table 8. Operating cost for treatment of 1 m3 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)2 0.8 kg 0.09
Flocculant 4 g 0.02
H3PO4 / 0.11
Sludge treatment 2.97 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
Cr6+ and Ni2+ was determined at 1.97 EUR/m3. 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 Crtot.

and Ni2+ 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:

• The contaminated site has limited supplies of groundwater.
• A series of boreholes prevents mixing of contaminated water with clean water.
• The contaminated site has well described contamination; the issue is that the site is not brownfield.
• The level of contamination is constant (after remediation, the site is completely cleansed).
• 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:

• The underground water level is 3 m, its depth is 3.5 m→maximum depth 6.5 m.
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• The theoretical area of contamination is: 150 × 150 = 22,500 m2.
• Thus, the theoretical contaminated volume is 22,500 × 3.5 = 78,750 m3 of

contaminated groundwater.
• 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.
• 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.

Figure 6. Proposed way of the presented Natura 2000 site remediation.

4. Conclusions

The modular electrocoagulation unit supported by Ca(OH)2 addition was constructed and
operated in the vicinity of the Natura 2000 site for the removal of Cr6+ and Ni2+ from heavily polluted
groundwater. It was shown that such a combination is capable of reducing residual concentrations of
Cr6+ and Ni2+ below the required limits of 0.5 mg/L for Crtot. and 0.8 mg/L for Ni2+, 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)2 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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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/10/2894/s1.
Figure S1: Detail of EC cell: Upper—Outer jacket of the cell; Lower—Electrode pack with top cap. Figure S2:
Placement of the container unit. Figure S3: Schematic drawings of EC chamber and mixing tanks arrangement
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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A B S T R A C T   

The paper is focusing on the full-scale operation of electrocoagulation for Zn removal from wastewater with 
origin in a municipal incineration plant. The process was custom designed for continuous full-scale operation. 
Total capacity of the process varied between 1200 and 1400L/h. This was achieved by two simultaneous elec-
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/m3 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 m3 of water/electrode pack, which rep-
resents a cost of around 0.6–1 EUR/m3 out of total 1.6 EUR/m3 of purified water. Waste incineration plants 
usually produce their own electricity therefore technologies like electrocoagulation become affordable and 
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 m3 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 

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 Cr6+ from real wastewater 
from the electroplating plant with a concentration of individual metals 
in the order of hundreds of mg/l [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 

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 

Table 1 
Recent studies reporting on operation of electrocoagulation in larger scales.  

Treated effluent Targeted contaminants Removal efficiency Refs. 

Natural municipal 
wastewater 

Color, turbidity, 
suspended solids, COD, 
phosphorus 

86–99.5%, 100%, 
88.5–91%, 60.8–36.5%, 
94.5–96% 

[33] 

Opium 
pharmaceutical 
wastewater 

COD, color, TDS, TSS 64%, 60%, 61%, 50% [34] 

Dairy animal 
manure 

Phospohorus 79.3% [35] 

Printing wastewater COD, color 81.9–88.9%, 
95.8–98.6% 

[36] 

Microalgae effluent Chlorella vulgaris 85% [37] 
Moquette industry 

wastewater 
COD, TSS, PVAc, TDS, 
electric conductivity 

90.4%, 91.3%, 93.9%, 
59.7% and 72.6%, 

[38] 

Metallurgical 
industry 
wastewater 

Turbidity, TSS, Al, Cr, 
Zn, COD 

96%, 92%, 87%, 99.9%, 
99.6%, 96% 

[39] 

Leather production 
wastewater 

COD, TDS, TSS, electric 
conductivity 

92.84%, 37.97%, 
53.57%, 33.58% 

[40] 

Artisanal 
wastewater 

Cr, P, COD, Turbidity > 90% [41] 

Marigold 
wastewater 

TOC, P 76%, 83% [42] 

Surface water NOM (DOC) < 54.7% [43] 
Geothermal water SiO2, As > 90% [44] 
Surface water Turbidity 98.28–99.52% [45] 
Continuous operation of EC for Zn removal 
Food waste digestate P, COD, range of 

metals 
87.7%, 33.2%, presence 
in sludge confirmed 

[46] 

Roofing rainwater N-NH3, P, COD, heavy 
metals 

> 90%, > 90%, 40%, >
90% 

[47] 

Electroplating 
wastewater 

Ni, Zn, Cu 98.9%, 97.4%, 96.6% [48]  
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for removal of metallic ions from post-extraction water – addition of Ca 
(OH)2, Na2S, FeCl3 + flocculant. Ca(OH)2 is used for neutralization of 
pH to prevent formation of H2S and hydrogen-sulfides by Na2S. Na2S 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. 

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 × 100 × 6 mm. Electrodes are connected 
in parallel so the applied current spread out between all electrode sheets 

Fig. 1. Simplified scheme of acid extraction.  

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 m3 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(s) → Fe2+
(aq) + 2e− (1)  

2 H2O(l) → 4H+
(aq) + O2 + 4e− (2)  

Fe2+
(aq) + 2e− → Fe(s)                                                                        (3)  

2 H2O(l) + 2e− → 2 OH−
(aq) + H2(g)                                                    (4)  

2 H+
(aq) + 2e− → H2(g)                                                                      (5)  

Fe2+
(aq) + 2 H2O(l) → Fe(OH)2(s) + H2(g)                                               (6)  

2 Fe2+
(aq) + 5 H2O(l) + ½ O2(g) → Fe(OH)3(s) + 4 H+

(aq)                           (7) 

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 m3). 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 

“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 m3 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 m3). 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% HCl 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.o., 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 Fig. 3. Schematic arrangement of electrodes in the cell.  
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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 

concentrations, which, however, did not drop below 20 mg/l. 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 

Fig. 4. Scheme of full-scale process.  

Fig. 5. Detailed picture of EC cells.  

Fig. 6. Left – the course of flow rate during the testing; Right – the course of voltage during the testing.  

Fig. 7. Fe concentration in the fast-mixing tank, indicating its "dosing”.  
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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 m3 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 m3 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 m3 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/m3 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 m3 of water, which 
represents a cost of around 0.6–1 EUR/m3 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: 

Fig. 8. Left – Inlet and residual concentration of Zn; Right – Inlet and residual concentrations of Fe.  

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 SO4 RAS pH Q 

Unit mg/L g/L  m3 

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/m3 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/m3 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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Při fotochemické oxidaci H2O2/UVC dochází k rozkladu H2O2 
působením UV záření (o vlnové délce 254 nm) za vzniku 
hydroxylových radikálů. Ty jsou schopné rozložit většinu 
organických látek. Reagují s rozpuštěnými organickými 
kontaminanty v sérii navazujících řetězových reakcí za tvorby 
méně toxických reakčních intermediátů až na cílové netoxické 
oxidační produkty CO2 a H2O. 

V případě rozkladu substituovaných uhlovodíků vznikají také 
příslušné minerální kyseliny nebo soli. 

ČIŠTĚNÍ ODPADNÍCH VOD METODOU 
FOTOCHEMICKÉ OXIDACE ZA POUŽITÍ H2O2/UVC

PRINCIP
Kontejnerová jednotka „RECHEBA“ je vybavena dvěma 
fotoreaktory. Každý fotoreaktor se sestává z křemenné 
trubice o délce 1200 mm a průměru 153 mm, která je obklopena 
dvaceti nízkotlakými germicidními UV zářivkami o výkonu 
36 W. Kontaminovaná voda je čerpána ze zásobní nádrže do 
rozvodného potrubí, prochází směšovacím elementem, kam je 
vstřikován H2O2, a poté vstupuje do spodní části fotoreaktoru, 
v němž je ozařována a po opuštění reaktoru se vrací zpět do 
zásobní nádrže. 

Celý proces cirkulace čištěné vody je vícekrát opakován, 
dokud nedojde k poklesu kontaminace na požadované limity. 
Vstupní část fotoreaktoru sestává ze série plastových sít, 
pro zajištění rovnoměrného toku ozařovanou reakční zónou 
reaktoru. Plášť reaktoru je vyroben z nerezové oceli pro 
zajištění ochrany obsluhy před únikem UV záření a zajištění 
maximální odrazivosti záření zpět do křemenné trubice. 

Maximální průtok kontaminované vody reakční zónou 
je 35 l/min, což odpovídá době zdržení kontaminované 
vody v reakční zóně 38 s. Celý proces lze naprogramovat 
v ovládacím PLC panelu (nastavení času ozařování 
a dávkování H2O2) a průběh čištění včetně sběru dat poté 
probíhá plně automaticky. 

POPIS

Příklad rozkladné fotochemické reakceSchematické znázornění principu fotochemické H2O2/UVC oxidace

HO +

OH OH

+  HCI           CO2  +  H2O

CI O
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V rámci provozního ověření byla fotochemická oxidační 
jednotka „RECHEBA“ použita k čištění tří různých typů 
kontaminovaných vod. Počáteční úroveň kontaminace ve 
vodě z lokality č. 1 dosahovala 2,2 mg/l BTEX, 16,9 mg/l C10 – C40, 
5,49 mg/l fenolů, a 3,7 mg/l TOC. 

Ve vodě z lokality č. 2 byl obsažen benzen (57,4 mg/l), anilin (12,9 
mg/l) nitrobenzen (120,8 mg/l) a voda z lokality č. 3 obsahovala 
55,3 mg/l TOC a 305,6 mg/l chlorovaných etylenů. 

Při výkonu jednotky 120 l/hod bylo dosaženo průměrné 
účinnosti odstranění vybraných kontaminantů: 70 % pro TOC, 
95 % pro CHSKCr, 99,5 % pro BTEX, 98 % pro fenoly, 97 % pro 
C10 –C40, 92 % pro AOX. Reziduální obsah TOC (nejvýše 4 mg/l) 
je způsoben stabilními oxidačními meziprodukty, které již 
nebylo možné rozložit.  

REFERENČNÍ PROJEKT 

Služby a produkty

• Laboratorní a poloprovozní testy pro ověření účinnosti 
fotochemické H2O2/UVC oxidace při čištění odpadních vod

• Návrh a dodávka provozního zařízení pro čištění 
odpadních vod fotochemickou H2O2/UVC oxidací, včetně 
předúpravy vody

• Pronájem mobilního zařízení RECHEBA pro využití 
u zákazníka

• Monitoring dekontaminačního procesu, analýzy vzorků

Informace pro posouzení použitelnosti technologie

• Druh a koncentrace kontaminantu v čištěné vodě 

• Požadovaná kapacita zařízení 

• Maximálně přípustná úroveň obsahu kontaminantů  
ve vypouštěné vodě

Hlavní výhody technologie 

• Vysoká účinnost při odstraňování obtížně 
rozložitelných organických látek

• Zcela automatizovaný proces, vyžaduje pouze občasnou 
kontrolu

• Ve vyčištěné vodě nezůstávají rezidua chemikálií a lze ji 
vypouštět přímo do recipientu

• Na jeden m3 vyčištěné vody vychází spotřeba elektrické 
energie 5 až 10 kWh a dávkování peroxidu vodíku je od 2 
do 10 l, dle obsahu vstupního znečištění vody

• Zařízení neprodukuje žádné odpady (nasycené sorbenty,  
kaly, apod.)

Potenciální omezení

• Kontejnerové zařízení „RECHEBA“ má maximální denní 
kapacitu 5 m3 znečištěných vod

• Kontaminanty musí být dokonale rozpuštěné ve vodě, 
v případě fáze či pevných suspendovaných částic je nutné 
zařadit stupeň předúpravy surové kontaminované vody 

• V případě koncentrace iontů Fe2+ a Mn2+ > 10 mg/l je nutná 
jejich separace 

• Některé organické kontaminanty mohou snižovat 
intenzitu UV záření

Technologie fotochemické H2O2/UVC oxidace je určena k čištění 
vod obsahujících široké spektrum organických látek, včetně 
perzistentních organických polutantů, které jsou konvenčními 
technologiemi odstraňovány obtížně a s nízkými účinnostmi. 

Kontejnerové zařízení pro fotochemickou H2O2/UVC oxidaci 
„RECHEBA“ má denní provozní kapacitu 5 m3 a je možné jej 
okamžitě instalovat na libovolnou lokalitu. Toto zařízení je 
vhodné zejména pro čištění odpadních vod z maloobjemových 
farmaceutických, chemických, potravinářských 
a jiných provozů.

Průměrně dosažené účinnosti odstranění kontaminantů 
AOX-adsorbovatelné organicky vázané halogeny,
BTEX: benzen, toluen, etylbenzen, xylen,
C10 – C40: vyjadřuje ropné látky uhlovodíkových frakcí o počtu 10 až 40 atomů uhlíku 
CHSKCr: chemická spotřeba kyslíku titrací K2Cr2O7

TCE: trichlorethylen
TOC: celkový organický uhlík
PAU: polyaromatické uhlovodíky
PCE: tetrachlorethylen

POUŽITELNOST, VÝHODY A OMEZENÍ
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