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Uvod

Studiu fotokatalyticky aktivnich materidli je vénovéna pozornost jiz dlouhou fadu let.
Nejintenzivnéji je mezi témito materidly studovan TiO2. Divodem je to, Ze se jedna o uc€inny,
levny a dostupny material. Na povrchu TiO2 probiha adsorpce degradované latky a jeji nasledna
degradace uc¢inkem generovanych reaktivnich ¢astic. Prace publikované na toto a podobna
témata se snazi co nejpodrobnéji popsat fotokatalytické procesy odehravajici se na povrchu
katalyzétoru s cilem zvysit jejich i¢innost a modifikovat povrch TiO2 pro rozsiteni aplikacnich

moznosti (Chan et al. 2011; Chong et al. 2010).

Bylo prokézano, ze oxid titaniity je efektivnim katalyzatorem fady fotodegradacnich
reakci, napt. degradace pesticidi, 1€Civ a barviv ve vodach. Azobarviva predstavuji téméet
polovinu svétové produkce primyslové pouzivanych barviv. Jednd se o synteticky vyrabéna
barviva pouzivand v mnoha primyslovych odvétvich. Jednim z krokli ve vyrobnim procesu
textilii, ktery je zfidkakdy vynechan, je prave barveni materiald. I z tohoto divodu jsou barviva
jednim z vyznamnych polutantl Zivotniho prostfedi. Asi jedna pétina celkové produkce barviv
se kontinualné ztraci v odpadnich vodach pravé béhem barviciho procesu (Weir A., 2012;

Herrmann, 1999).

V predlozené praci je studovana adsorpéni kapacita a fotokatalyticka aktivita vybranych
komeréné dostupnych typt fotokatalytického TiO2 ve vodném prostiedi. Byly vybrany dva typy
TiO2 katalyzatora (PK-10 a PK-180, Precheza a.s.), jejichz vysledky jsou porovnavany
za vyuziti modelové fotokatalytické reakce. Oba typy jsou krystalickou modifikaci anatasu
lisici se svou mérnou plochou povrchu. Modelovou latkou pouzitou pro popis téchto procest
je v této praci azobarvivo ,,Reactive Red 195 (RR195). Prace je zaméfena na studium vlivu
pH prostiedi, koncentrace obou katalyzatorii i poc¢atecni koncentrace barviva na ucinnost
fotokatalytické degradace RR195. Blize je nahlédnuto i na vliv huminovych kyselin
a anorganickych iontd na ucinnost studovanych procesti. Pro pochopeni zpisobu a miry
degradace RR195 na povrchu vybranych TiO2 jsou pouzity scavengery reaktivnich

¢astic a je stanovena mira mineralizace modelového azobarviva.
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Teoreticka cast

1 Fotokatalyza

Fotokatalytické procesy jsou fotochemické reakce probihajici na pevnych povrsich, obvykle
na povrchu polovodict. Pti fotokatalytickych reakcich je vyuzivano svételného zafeni o vhodné
vlnové délce k aktivaci fotokatalyzdtoru. Fotokatalyzator nasledné urychluje probihajici
chemické reakce vlastni interakci se substratem v zdkladnim ¢i excitovaném stavu nebo
s primarnim fotoproduktem. Protoze v ramci fotokatalytické reakce dochdzi k pfenosu
elektroni mezi reagujicimi Casticemi, musi na povrchu fotokatalyzatoru soucasné probihat

dvé reakce - oxidacni a redukéni (Fujishima A., 2008).

1.1 Obecny princip fotokatalyzy

Energetické hladiny elektronti v polovodicich jsou uspotradany do energetickych pasii. Nejvyssi

[RA4

vvvvvv

parametra polovodice — Sitka zakazaného pasu (Ebg). K fotokatalytickému procesu muze dojit,
pokud je energie excitaniho fotonu (Er) vétsi neZ je energie zakdzaného pasu polovodice (Ebg)

(Chong M. N, 2010).

Jestlize je energie Cerpaciho fotonu (Er) vétsi nez energie zakdzaného pasu polovodice
(E~~Ebg), polovodi¢ tento foton absorbuje a dochdzi k excitaci elektronu (e”) z valen¢niho
do vodivostniho pasu. Soucasné je generovana dira (h") ve valenénim pasu, ¢imZ dochazi
ke generaci paru elektron-dira. Za ptitomnosti vhodného donoru (D) nebo akceptoru (A), ktery
by zachytil elektron nebo diru, probihd redoxni reakce (Herrmann, 1999). Pro popis téchto
reakci je diilezité znat velikosti a pozice zakazanych pasi aplikovanych polovodict. Redukce
probihd, kdyz potencial spodniho okraje vodivostniho pasu je vétsi nez redukéni potencial
redukovanych ¢astic. Oxidace probiha v ptipad¢, kdy potencial horniho okraje valenéniho pasu

je niz$i nez velikost oxida¢niho potencialu oxidovanych ¢astic (Obrazek 1).

Nezadoucim procesem pii fotokatalyze na polovodici je rekombinace elektron-dérovych
part. Tento proces konkuruje pifenosu ndboje k adsorbovanym cCasticim. Dochézi
k ni jak na povrchu, tak i v objemu polovodice. Rekombinace elektron-dira tak sniZzuje G¢innost

fotokatalytické degradace.



(a) (b)
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Obrazek 1: (a) Diagram poloh, Sitek a hodnot energii zakazanych past nékterych polovodi¢ a (b) pribéhu

heterogenni katalyzy na ozareném povrchu polovodice TiO, (Daghrir R., 2013; Hashimoto K., 2005).

1.2 Kinetika fotokatalytickych reakci

Heterogenni fotokatalytickd reakce probihd na rozhrani dvou fazi (povrch katalyzatoru
a reak¢ni prostiedi — kapalné, plynné). Heterogenni fotokatalyza probiha sledem nékolika
dil¢ich krokt: transport reaktantti kapalné (plynné) faze k povrchu katalyzatoru, jejich adsorpce
na povrch katalyzatoru, nasledna redoxni reakce a kone¢na desorpce produktii fotokatalytické
reakce do kapalné (plynné) faze. Celkova rychlost procesu je zavisla na rychlostech dil¢ich

krokti (Bartovska, 2008).

1.2.1 Kinetika 0. Fadu

Zvlastnim ptipadem kinetickych dé&ji jsou reakce nultého fadu. V rovnicich popisujicich tento
d¢j se nevyskytuji koncentrace reagujicich slozek. Tyto koncentrace jsou tedy umocnény

na nultou mocninu a kinetickou rovnici lze zapsat ve tvaru

dc,
— =kcl =k, (1.1)

kde £ je rychlostni konstanta, ca je koncentrace uvazované latky. Rychlost reakci popsatelnych

rovnici (1.1) je konstantni.
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1.2.2 Kinetika 1. ¥adu

Jako reakce prvniho fadu chapeme chemické reakce s jednou vychozi latkou. Jako piiklad
téchto reakci lze uvést napt. izomeraci butanu na isobutan nebo radioaktivni rozpady. Kineticka

rovnice pro reakce prvniho fadu ma tvar

i (1.2)

a fika, Ze rychlost reakce je pfimo imé&maé koncentraci vychozi latky (Novak, 2008). Reseni

rovnice (1.2) Ize zapsat ve tvaru

c (1) = ¢y exp(—k7), (1.3)
kde rudéava dobu od pocatku reakce. Vice nez okamzita rychlost reakce (1.2) nas ovSem zajima
doba, za kterou je dosazeno pozadované¢ ptremény. Pokud do rovnice (1.3) dosadime

C4 = Ca0/2, dojdeme k rovnici pro polocas reakce

In2

T2 = — (1.4)

ktery udava dobu, za kterou koncentrace degradované latky klesne na polovinu pocéatecni
hodnoty. V tomto piipadé¢ zavisi poloCas pouze na hodnoté rychlostni konstanty

a ne na pocatecni koncentraci vychozi latky.

1.2.3 Langmuir-Hinshelwooduv kineticky model

Vyse uvedené jednoduché kinetické modely jsou pouzitelné pouze pro reakce v homogennim
je fotokatalyticka degradace latek ve vodé popisovana Langmuir — Hinshelwoodovym

modelem

dcy kKcy

—_—— =7

= 1.5

dt 1+ K¢y (1.5)

kde c4 je molarni koncentrace degradované latky, K je adsorpcéni koeficient této latky

na povrchu TiO2a k je rychlostni konstanta degradace. ReSeni rovnice (1.5) Ize zapsat ve tvaru
ca(7)

Cao
Tento model predpokladd odbourdvani latky adsorbované na povrchu katalyzatoru

ln + K[CA(T) - CAO] = _kKT (16)
(Konstantinou I. K., 2004). OvSem v meznich ptipadech lze tuto rovnici zjednodusit na vyse
zminéné jednoduché kinetické rovnice. Z rovnice (1.5) vyplyva, Ze pokud je koncentrace
degradované latky vysoka (Kc4 >> 1), tak reak¢ni rychlost je konstantni (» = k) a reakce se tidi

kinetikou nultého fadu. Naopak pokud koncentrace degradované latky je nizkd (Kca4 << 1),

11



tak reakcni rychlost je imérna c4 (r = kKc4) a reakce se tidi kinetikou prvniho fadu s formalni

rychlostni konstantou AK (Atkins P., 2006).
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2 Barviva

2.1 Obecna charakteristika

Na rozdil od vétSiny ostatnich organickych sloucenin jsou barviva latky pro lidské oko opticky
(barevn¢) odlisitelné. Fakt, ze jsou tyto latky barevng, je zpisoben né¢kolika faktory. Molekula
barviva absorbuje zafeni ve viditelné oblasti spektra (400-700 nm) pokud obsahuje
ve své struktufe nejméné jeden chromofor - u organickych sloucenin obvykle konjugované
dvojné vazby. VétSina organickych barviv obsahuje také tzv. auxochromy (auxochrom -
podminuje odstin organického barviva i jeho rozpustnost): napt. sulfo-, amino-, hydroxy-
a karboxy- skupiny. Dle rozpustnosti Ize organické barviva rozdélit do dvou skupin — ve vodé

nebo v organickych rozpoustédlech rozpustna a nerozpustna (pigmenty) (WHO, 2010).

2.2 Azobarviva

Barviva obsahujici jednu nebo vice azo-skupin (tzv. azo-barviva) pfedstavuji nejvétsi skupinu
organickych barviv. Tato syntetickd barviva rozSifuji Skalu barevnosti rtiznych vyrobka
a produktti ve v§ech moznych primyslovych odvétvi - od barevného obleceni pies potravinové
doplitky az po samotné potraviny. Casto se vyskytuji v podobé sodnych soli sulfonovych
kyselin. Azobarviva zastupuji t¢méf 50 % vsech barviv pouZivanych v této praxi. Téméf jedna
pétina celkové produkce barviv je béhem barviciho procesu nevyuzita a ztracena v odpadnich

vodach textilniho pramyslu (Houas A., 2001).

2.2.1 Negativni pisobeni azobarviv na prirodu

Uvolnovani azobarviv a produktl jejich rozpadu mé negativni dopad na cely ekosystém,
predevsim vSak na povrchové vody. Prikladem téchto ekologickych problémt azobarviv
je mimo zabarveni také jejich toxicita, mutagenita a Kkarcinogenita vucéi Zivé
ptirod¢ (Zaharia C., 2012). VétSim rizikem pro ekosystém jsou ale meziprodukty degradace
Direct Red 28 za vzniku karcinogenniho aromatického aminu, benzidinu (Obrazek 2). Benzidin
se hojné pouziva k primyslové syntéze azobarviv. Je karcinogenni (zptisobuje rakovinu
mocoveého méchyte). Proto je degradacnim procesim ve vyzkumu novych metod odstranovani

polutantt z ptirodniho prostfedi vénovana zvySena pozornost.
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Obrazek 2: Priklad Stépeni azobarviva Direct Red 28 (WHO, 2010).

2.2.2 Degradace azobarviv

Ke studiu degradace a odstranéni azobarviv z vodného prostfedi je vyuzivano chemickych,
fyzikalnich a také biologickych procesti. Mezi né€ patii oxidativni procesy, koagulace, flokulace,
adsorpce, membranové procesy a anaerobni uprava. K odstranéni barviv z vodniho prostiedi
se nejvice pouzivaji praveé oxidativni procesy (AOPs — z angl. Advanced Oxidation Processes)

(Konstantinou 1. K., 2004; Sandhya, 2010; Zaharia C., 2012).

Mezi tzv. AOPs, pii kterych vznikaji hydroxylové radikaly, patfi napiiklad ozonizace,
sonolyza ozonu, UV ozafovani za pfitomnosti H202, rentgenové ozafeni, Fentonova reakce,
heterogenni  katalyza na povrchu TiO2 (nebo ZnO) a jejich kombinace.
Uginnost AOPs je zavisla na schopnosti procesu generovat (kontinualné) hydroxylové radikaly.
Vznikajici hydroxylové radikaly jsou velmi reaktivni siln4 oxidaéni ¢inidla degradujici polutant
(azobarvivo). Procesy AOPs lze d¢€lit na homogenni a heterogenni. Pfi homogennim procesu
probiha celé reakce v jedné fazi. Heterogenni procesy probihaji na rozhrani dvou fazi — pevné
a kapalné/plynné. U heterogennich procesti je dilezitym krokem kontinudlni adsorpce
polutantd na aktivni mista pevné faze (napft. katalyzatoru TiO2) a desorpce produktli degradace
z povrchu pevné faze (Mahamuni N. N., 2010; Ribeiro A. R., 2015). Piedkladana prace tesi
heterogenni proces degradace azobarviva na povrchu TiO2 a proto je detailnéji popsan

v nasledujici kapitole.
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3 Oxid titanicity

Oxid titani€ity je vyznamnym komer¢nim materidlem se Sirokym technologickym vyuzitim.
Je to polovodi¢ vyznacujici se mnoha vyjime¢nymi vlastnostmi. Mezi tyto patii idedlni optické
vlastnosti (vysoky index lomu, vysokd transparentnost), foto-stabilita ve viditelné
a infraCervené oblasti, chemicka a biologicka stabilita a dobré elektrické vlastnosti.
Je netoxicky. Oxid titani€ity se v piirodé vyskytuje ve tfech krystalovych modifikacich: anatas,
rutil a brookit. Krystalové modifikace TiO2 jsou stechiometricky totozné, avSak
lisi se vlastnostmi (Tabulka 1), strukturou a wuspofadanim titanu a kysliku

ve struktuie (Di Paola A., 2013; Reyes-Coronado D., 2008).

V potravindiském priimyslu se pod zkratkou E171 pouziva TiO:2 (anatas nebo rutil) jako
bily nerozpustny a neprtihledny pigment do zZvykacek, cukrovinek, mléénych vyrobkd, papiru,
keramiky, kosmetiky, krmiv pro zvifata. V potravinovych obalech méa funkci ochrany

proti UV zafeni (Peters R. J. B., 2014; Weir A., 2012).

Tabulka 1: Vybrané vlastnosti krystalovych modifikaci TiO,.

Anatas Rutil Brookit
Ebg [eV] 3,2 3,0 3,1
dobra horsi
teplotni stabilita (nad 915°C se méni na velmi dobra (nad 750°C se méni na
strukturu rutilu) strukturu rutilu)
krystalova struktura tetragonalni tetragonalni orthorombicka

V obsahlém review Di Paola a kol. (2013) shrnujicim vyuziti brookitu ve fotokatalytickych
procesech lze zjistit, Ze pravé obtizna piiprava brookitu s velkym povrchem je pravdépodobné
diivodem jeho malo ¢astého vyuziti. Nejvyuzivangjsimi modifikacemi pro fotokatalyzu stale
zustavaji anatas a rutil. Jsou ale studovany i smési anatas/rutil vykazujici pomérné dobré
fotokatalytické u¢innosti. V porovnani ti€innosti degradace je anatas publikovan jako G¢inné;jsi

z téchto dvou (Banerjee S., 2014; Foster H. A., 2011).

3.1 Historie vyuziti TiO: jako fotokatalyzatoru

Jiz v 1. poloviné 20. stoleti popsali Goodeve a Kitchener (1938) fotokatalytickou degradaci
azo-barviva adsorbovaného na praskovém TiO2 na rozhrani plynné a pevné
faze (vzduch-povrch TiO2) pii plisobeni UV ozafeni (A = 365 nm). Ve své publikaci autofi

kvantifikuji kvantovy vytézek reakce a diskutuji mechanismus experimentu.

OvSem nejvétsi rozvoj TiO2 fotokatalyzy je spojovan aZ s objevem
Fujishimy a Hondy (1972), ktefi jako prvni popsali fotokatalyticky rozklad

vody na TiO: elektrodé. Publikace ma jen jednu stranu a pojednava pouze o fotolyze vody
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na TiOz elektrodé. I pies to se stala zakladnim dilem oboru fotokatalytické degradace latek.
Ve svém experimentu autofi vystavili TiO2 elektrodu (propojenou v obvodu
s mérnou Pt elektrodou) UV zafeni (A < 415 nm). Pfi tomto ozatfovani vznikal fotoelektricky
proud. Smér proudu ukazal, Ze na TiO:2 elektrodé probihala oxida¢ni reakce (uvoliiovani O2)
a na mérné Pt elektrod¢ probihala reakce redukéni (uvoliovani H2). Tento jev byl pozdéji

pojmenovan jako ,,Honda-Fujishimtv jev* (H-F jev).
3.2 Heterogenni fotokatalyticka degradace azobarviv na povrchu TiO>

Heterogenni TiO: fotokatalytickd degradace azobarviv je hojné studovanou AOPs metodou
odstranéni téchto latek z vodniho prostfedi (Obrazek 3). Jedna se o levny a efektivni zpisob
odstranéni polutantii z tohoto prostfedi. Pfi¢inou vyskytu azobarviv ve vod¢ je pfedevsim jejich
pramyslové vyuziti (viz kapitola 2.2). Dusledky cetného vyuziti azobarviv jsou
mnohé - od prostého zabarveni téchto vod, ptes jejich nadmérnou eutrofizaci, az po toxicitu

produktt rozkladu téchto azobarviv (viz kapitola 2.2.1).
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Obrazek 3: Pocet (a) publikovanych praci a (b) pocetcitaci na téma TiO, fotokatalytické degradace azobarviv ke
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dni 5. 3. 2016 za poslednich 20 let (Web of Science, klicova slova: tio2 photocatalysis, azo dye) (2016).

3.2.1 Princip procesu

K tomu, aby na povrchu katalyzatoru probéhla oxidacné-redukéni reakce, je zapotiebi pisobeni
ultrafialového zafeni. Pokud Castice absorbuje foton o energii stejné nebo vyssi nez je Sirka
zakdzaného pasu TiO2, dochazi k vytvofeni paru elektron-dira (4.1). Molekularni
kyslik je pro fotokatalyzu druhym (po UV zéteni) nezbytnym prvkem. Kdyz se fotoindukované
elektrony a diry pfiblizi k povrchu ¢astice TiOq, reakci s kyslikem vznikaji reaktivni formy
kysliku (déle jen ROS — z angl. Reactive Oxygen Species), jez jsou zodpoveédné za fotodegradaci

organickych polutantli — azobarviv, pesticidli a 1€Civ. Protoze se prezentovana prace zabyva
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fotodegradaci modelového azobarviva, jako polutant bude dale uvazovano prave

azobarvivo (Konstantinou I. K., 2004).

TiO, + hv > e, + hf), 4.1)

0, + ez, = 0,7 (4.2)

H,0 + hy, —» OH + HZ, 4.3)

OH™ + h}, - OH (4.4)

OH + OH - H,0, (4.5)

0"+ H" > HO;’ (4.6)

Azobarvivo + OH' — konecné produkty degradace (4.7)

Fotoindukované elektrony reaguji s elektronovymi akceptory (O2) na povrchu ¢astice nebo
vroztoku a vznikd superoxidovy radikal anion O277(4.2). Fotoindukované diry reaguji
s hydroxidovymi anionty nebo molekulami vody za vzniku hydroxylového radikalu OH" ((4.3),
(4.4)). Spolu s dalsimi reaktivnimi formami kysliku (peroxid vodiku H202 (4.5),
hydroperoxylovy radikal HO2" (4.6)) jsou tyto ROS zodpovédné za mineralizaci organickych
polutantd. Reakce radikald, silnych oxidacnich ¢inidel, s azobarvivy zapfi¢inuji jejich totalni
mineralizaci  (4.7). Tyto  reakce se  odehrdvaji  pfevazné u  povrchu

fotokatalyzatoru TiO2 (Konstantinou I. K., 2004; Foster H. A., 2011).

3.2.2 Kinetika heterogenni fotokatalyzy

Kinetiku fotokatalytické degradace azobarviv lze popsat Langmuir — Hinshelwoodovym
modelem (1.5). Tento model ptfedpokladd odbouravani latky adsorbované na povrchu
katalyzatoru. Pokud je koncentrace degradované latky cs4 mald (Kcs K 1), lze feSeni
rovnice (1.5) zjednodusit na zddnlivou rovnici kinetiky prvniho fadu

Cao\ _ — — ~Kapp?
ln(CA) = KKt = kgppT = ca(1) = cy0e : (4.8)

3.2.3 Faktory ovliviiujici fotokatalytickou degradaci

L-H model popisuje kinetiku fotokatalytické degradace nepiesné, nebot’ v ném neni uvazovana
ptitomnost meziproduktli s odliSnymi adsorpénimi vlastnostmi a reaktivitou, dale pfitomnost
dalSich adsorbati, kterym je napiiklad rozpustény kyslik. Kinetiku fotokatalytické oxidace fidi
dalsi fyzikalni a chemické parametry, jakymi jsou vlnova délka zafeni, teplota,
mnozstvi  degradované  latky a  katalyzatoru, pH  prostiedi a  pfitomnost

iontd (Herrmann, 1999; Konstantinou I. K., 2004).
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3.2.3.1 Pocatecni koncentrace degradované latky

Rychlost fotodegradace zavisi rovnéZ na koncentraci azobarviva. Ta se zvySuje s rostouci
koncentraci latky az do bodu, kdy dalsi zvySovani koncentrace vede ke sniZovani rychlosti
degradace. Rychlost degradace souvisi s pravdépodobnosti tvorby OH" a jejich nésledné reakce
s molekulami azobarviva. Se vzrustajici koncentraci latky roste pravdépodobnost reakce mezi
molekulami azobarviva a ROS, coZ zvySuje rychlost degradace. Nasledny opacny efekt
snizovani rychlosti degradace (v disledku rostouci koncentrace latky) je pfisuzovan dvéma
faktorim. Molekuly polutantu obsazuji aktivni mista na povrchu katalyzatoru,
a je tak generovan menSi pocet OH® radikdli. Navic dochazi k absorpci zaieni
molekulami  polutantu, a proto se na povrchu TiO2 sniZzuje  Gcinnost

tvorby OH" a 02"~ (Konstantinou 1. K., 2004).

3.2.3.2 Vliv mnozstvi katalyzatoru

Z ekonomického hlediska je vzdy nejzadanéjsi najit nejnizsi a zaroven nejucinnéj$i mnozstvi
katalyzatoru. Uginnost katalyzatoru roste se zvysujici se koncentraci do jisté meze. Nad touto
maximalni mezi koncentrace miize dochézet ke snizeni Uc¢innosti TiO2 fotokatalyzatoru.
Pti koncentracich katalyzatoru vétsich nez 2000 mg.dm™ katalyzator aglomeruje a sedimentuje.
Tyto negativni jevy zptsobuji zmenSeni aktivniho povrchu. Pii nadmérné koncentraci
katalyzatoru navic dochéazi ke stinéni a rozptylu svétla. Maximélni ucinnd koncentrace
TiO2 neni jednotna pro vSechny degradované latky. Jedna se o faktor jedinecny pro specifickou
degradovanou latku, je tedy nutné nalézt optimalni mnozstvi katalyzatoru experimentalng.
Uginnost katalyzatoru také zavisi na pracovnich podminkéch a typu zafeni. Optimalni mnoZstvi

katalyzétoru je nezanedbatelnym faktorem U¢inné fotodegradace (Konstantinou 1. K., 2004).

3.2.3.3 VIlivpH

Dulezitym parametrem ovlivitujicim jak fotokatalyzu tak adsorpci
degradovan¢  latky je pH  prostfedi, kter¢ ovliviiuje  povrchovy  ndboj
katalyzatoru (4.9). - (4.10) (Akpan U. G., 2009; Garcia-Segura S., 2013). Obecné
ma TiO2 amfoterni charakter a pH ovlivituje jeho adsorp¢ni kapacitu. Se zménou pH dochazi
ke zméné (-potencidlu povrchu (Wang W. Y., 2007). Jestlize je C-potencial roven
nule, je piislusné pH ({-potencidl = 0) nazyvano isoelektrickym bodem (IEP). V kyselém
prostiedi je povrch TiO2 nabity (pfevazn€) kladné. V prostfedi zasaditém je povrch nabit

zaporn¢ (Suttiponparnit K., 2011; Belessi V., 2009; Konstantinou 1. K., 2004).
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pH < pHiep TiOH + H* & TiOHS (4.9)

pH > pHiep TiOH + OH™ & Ti0O™ + H,0 (4.10)
pH prostiedi ovliviiuje také reakci dér (A") a hydroxidovych aniontd, které tvoii hydroxylové
radikaly. Pfi nizkych pH degraduji (oxiduji) polutant nejvice generované diry (£*) a generované
elektrony (e”) $tépi N=N vazbu. Pfi neutrdlnim az vys$$im pH jsou to naopak hydroxylové
radikaly, které z vétsi miry polutant degraduji. V zasaditém prostiedi se oxidaci hydroxidovych
aniontl na povrchu TiO2 snadnéji generuji OH" radikdly, a proto jsou dominantnim
prvkem degradace. VIiv md& pH 1 na degradovanou latku a jeji produkty
degradace (Konstantinou I. K., 2004). Stru¢né shrnuti vlivu pH prostiedi na ¢innost degradace

azobarviva pomoci TiO2 popisuje Tabulka 2.

Tabulka 2: Prehled wvybranych studii na téma degradace azobarviva pomoci heterogenni
fotokatalyzy na TiO, pomoci UV zafeni a vlivu pH prostfedi na tento proces.

Azobarvivo Typ TiO2 Testované pH rozmezi  Optimalni pH Reference

Acid Orange 7 TiO2 3.0-11.0 3 (Yuan R., 2012)
Acid Orange 7 TNT 3.0-7.0 3 Xu S.,2011)
Methyl Red TiO2/P-25 20-11.0 2 (Galenda A, 2014)
Reactive Black 5 TiO2 3.0-12.0 <4 (Aguedach A., 2005)
Reactive Yellow 145 TiO2 3.0-12.0 <4 (Aguedach A., 2005)
Metanil Yellow TiO2 4.0-8.0 4 (Sleiman M., 2007)
Basic Red 2 Nf/TiO2 20-12.0 12 (Wang W. Y., 2007)
Quinoline Yellow TiO2 38-11.5 11,5 (Gupta V. K., 2012)
Reactive Yellow 84 SrF2-TiO2 3.0-9.0 5 (Subash B., 2012)

3.2.3.4 Vliv anorganickych iontd a huminovych Kyselin

Vyskyt anorganickych iontil v primyslovych odpadnich vodiach ma vliv na fotokatalytickou
degradaci (Guillard C., 2005; Galenda A, 2014). Vliv anorganickych ionti byl zminén
jiz v mnoha publikacich. Zavéry vétsiny se shoduji na inhibi¢nim vlivu CI, NOs™ a SO4>".
Nejvice studovanymi ionty jsou chloridové (Krivec M., 2014; Galenda A, 2014). Pfitomnost
chloridovych iontl snizuje ucinnost fotokatalytické degradace, protoze chloridové ionty reaguji
s OH" radikdly a s generovanymi dérami (h"). Mechanismus reakci popisuji
rovnice (3.11) a (3.12) (Stapleton D. R., 2010). Navic dochazi k soutézeni Cl iontti a molekul
azobarviva o aktivni mista na povrchu TiO2. Vliv CI" ionth zavisi na pH. V kyselém
prostiedi je vliv vétsi. U polutantd jejichz meziprodukty degradace jsou CI° ionty
dochazi ke zvySovani koncentrace téchto ionti v pribéhu fotodegrada¢niho
procesu, coz muze mit za nasledek zpomaleni procesu. Podobny vliv
maji i ionty NO3, SO4* a daldi. Mechanismus reakci NOs3,, SO4* na povrchu TiO2
popisuji rovnice (3.13)-(3.16) (Guillard C., 2005; Konstantinou I. K., 2004; Houas A., 2001;
Wang K., 2004).
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Cl™ + hiz > Cl’ (3.11)

Cl™ + OH* - CIOH"" (3.12)
NO3 + hifz » NO; (3.13)
NO3 + *OH —» NO3 + OH~™ (3.14)
SO + hiz — SO;~ (3.15)
SO2~ + *OH - SO;y + OH™ (3.16)

V ptirodnich vodach se také vyskytuje rozpustény organicky material, vznikly pfevazné
rozkladem rostlinnych zbytkd (huminové latky). Predchozi studie potvrdily vliv
huminovych kyselin (HA) na fotodegradaci (Adams W. A., 2009). Tyto a dalsi
zastupce (aminokyseliny a proteiny) lze jednoslovné oznacit jako ,,scavengery “ ROS. Jelikoz
se scavengery prirozené ve vodach vyskytuji, je tfeba jejich vliv na tyto procesy studovat
(Ribeiro A. R., 2015). Huminov¢ latky obsazené ve vodé jsou Spatné rozlozitelné a lze je dale
delit dle rozpustnosti (na huminy, huminové kyseliny a fulvinové kyseliny).
Huminové kyseliny jsou ve vodé pfi pH < 2 nerozpustné, naopak pii pH > 2 jsou rozpustné
(Corrado  G., 2008; Zhu M. 2014) a rozpusStény organicky material
ma pak vliv na fotodegradaci polutantti. Prvnim faktorem vlivu na u¢innost procesu
fotokatalytické degradace je soutézeni molekul HA a azobarviva o aktivni mista na povrchu
TiO2. Druhym faktorem sniZeni ucinnosti je absorpce UV zafeni molekulami HA.
Maximum absorpce pro HA je pfi vlnové délce A = 350 nm. Tato hodnota je blizka vinové
délce zdroje UV zafeni (A = 366 nm), ¢imZz je sniZen pocet generovanych
para  elektron-dira na povrchu TiO2. Pfitomnost HA tak snizuje ucinnost

fotodegradace (Adams W. A., 2009; Antonopoulou M., 2015).

3.2.4 Vyuziti heterogenni fotokatalyzy na TiO;

Oxid titaniCity generuje pifi ozdfeni UV reaktivni formy kysliku (ROS), jejichz
pomoci Ize degradovat témét vSechny organické materidly, ni¢it mikroby a v kone¢ném

disledku kontinualné udrzovat povrch TiO2 €isty (Obrazek 4).

~

fotokatalyticky ucinek TiO, e

\ proti zamlZeni objektd

degradace organickych polutantt proti zaSpinéni (samocistici)

¢isténi vzduchu

Obrazek 4: MoZnosti vyuziti fotokatalyzy TiO, v praxi (Hashimoto K., 2005).
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3.2.4.1 Superhydrofilita - indukovana

Fotoindukovana superhydrofilita mimotadné zvétsila aplikaéni moznosti TiO2 pro povrchové
upravy. Jednd se o fotoindukovanou vlastnost — smacivost TiO2 povrchu je ruzna
pred a po UV ozafeni. Na neozafeném povrchu TiO2 ma voda velky kontaktni
uhel (CA) — Spatn¢ smaci povrch. Po UV ozafeni roste smacivost materidlu. S délkou
ozafeni se smacivost zvySuje a kontaktni thel je téméf nulovy. Za téchto
podminek (CA — 0°) je materidl superhydrofilni. Material je schopen udrZet superhydrofilni
vlastnosti az 48 hodin. Poté se hydrofilni vlastnosti ztrdci a opét se nastavuje plvodni
hydrofobni stav (stejny jako pfed ozafenim). Stabilitu superhydrofilniho povrchu naruSuje
ultrazvukové Cisténi, pifi némz se kontaktni thel zveétsi na 10°, ale lze jej opét

snizit UV ozafenim az k 0° (Hashimoto K., 2005).

Mechanismus fotoindukované superhydrofilni konverze popisuje Sakai et al. (2003) jako
vliv fotoindukovanych dér (h") na rekombinaci hydroxylovych skupin na povrchu
fotokatalyzatoru (Obrazek 5). Diry jsou zachyceny kyslikem na povrchu, kde oslabuji vazbu
Ti-O (Obrazek 5(A)). Molekula vody nasledné rozrusuje tuto vazbu a vznikéd tak dalsi

hydroxylova skupina (Obrazek 5(B)). Pii absenci zafeni poté hydroxylové skupiny desorbuji
z povrchu TiO2 ve formé H202 nebo H20 + Oz (Obrazek 5(C)).

Ay

dark (C)

O G
/ N\

- H,0;
hv (h™) -+ HQOUTF%Oa,
B H
(B) 0 /
’ ’ \ HzO
(-H")

Obrazek 5: Mechanismus fotoindukované superhydrofility (Sakai N., 2003).

Pro zabranéni zamlzeni objektl (napt. zpétna zrcatka a celni skla automobilll) a k vyrobé

samocisticich ploch se vyuzivé prave tohoto jevu (Hashimoto K., 2005).

3.2.4.2 Samocistici materialy
Vnitini a vnéjsi stény budov casem ztraceji lesk a jsou ndkladné ¢iStény. Na sténéach a dalSich

povrSich (napt. sklo) se wusazuji pfedevS§im organické necistoty, které jsou diky
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fotokatalytickému uc¢inku TiO2 kontinualné degradovany. Nutnost ¢isténi té€chto povrchi je
mensi.

DalSim pfispévkem samocisticich schopnosti TiO: je jiz zminéna fotoindukovana
superhydrofilita. Diky této vlastnosti je povrch 1épe vodou omyvatelny. Povrch zlstava cisty,
pokud je omyvan vodou. Venkovni materialy (dlazdice, sklo, hlinik, PVC tkaniny) pokryté
TiO2 maji velmi dobrou samocistici schopnost. Necistoty jsou casteéné degradovany

fotokatalyticky a také smyvany vodou (dést’) (Hashimoto K., 2005).

3.2.4.3 Dezinfekéni ucinky

Fotokatalyticka aktivita TiO2 mtize pasobit i na zivé organismy. Muze tak dochazet k rozkladu
zivych organickych latek — bakterie, viry a plisné. Dochéazi ke zméné bunécné struktury
organismu, kterd vede k jeho zniceni. Pro tyto vlastnosti byly TiO:2 filmy a jejich povlaky
aplikovany na zubni implantaty, bioaktivni povrchy, katetry, operacni rousky apod.
Typy Skodlivych mikroorganismi a mechanismus jejich znieni popisuje ve svém

review Foster H. A. (2011).

3.2.4.4 Fotokatalytické ¢isténi vzduchu

Ovzdusi v zalidnénych oblastech je Casto zatizeno mnozstvim Skodlivych a nezadoucich
plyntt (napt. SO2, NO2, NO, atd.) a tékavych organickych latek (VOC — z angl. volatile
organic compound) produkovanych zejména teplarnami, elektrarnami,
automobily a primyslovou vyrobou. Tyto plynné latky mohou byt rozloZzeny za pomoci
TiO2  aplikovaného na  sténach  budov.  Organické latky  vplynné  fazi

jsou na povrchu TiO2 rozkladany na CO2 a H20 (Nakata K., 2012).

Pro zachovani aktivity fotokatalytické degradace je nutna pfitomnost vody na povrchu
katalyzatoru. Vhodna vlhkost ovzdusi je zajisténa uvnitt budov nebo tovaren (popt. ve vlhkém
ovzdusi). Vysoké koncentrace vody (n€kolik %) ma inhibi¢ni efekt na reakéni rychlost procesu.
V koncentracich nizSich nez n¢kolik procent voda naopak zvysuje reakéni rychlost procesu.
Na povrchu se adsorbovana voda vyskytuje ve formé povrchovych hydroxyli a je zodpovédna
za vznik OH" radikala. Z technologického hlediska je fotokatalytické ¢isténi vhodné v prostiedi
s nizkymi koncentracemi zapachajicich plynnych latek (acetaldehyd, merkaptan, apod.)

a béznych kontaminantli. (Fujishima A., 2006; Peral J., 1997).

3.2.4.5 Fotokatalytické cisténi vody
Vétsina ve vod¢ pritomnych pesticidl, 1€Civ, barviv a dalSich organickych polutanta
muze byt pomoci fotokatalyzy na povrchu TiO:z Uplné€ rozloZena a mineralizovana. Vyzkumu

téchto procestt je ve€novana obrovska pozornost. Nezbytnymi podminkami pro reakci
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jsou UV zafeni a kyslik. Reakce je ovSem velmi ovliviiovana dal$imi faktory. Témi
jsou intenzita svétla, pH prostiedi, druh a mnozstvi polutantu i1 katalyzatoru a pfitomnost

iontll (Daghrir R., 2013; Fujishima A., 2008).

Degradaci polutantli ve vodném prostfedi lze provést dvéma zdkladnimi metodami
aplikace TiO2 - suspenze TiO2, nebo tenké vrstvy TiO2. Obé metody maji vyhody i nevyhody.
Volné castice ve formé suspenze poskytuji vétsi reakéni povrch. Nevyhodou je nutnost
provedeni zavérecné separace. Naopak u pouziti tenkych vrstev TiO2 odpadéa nutnost provedeni
zavérecné  separace, ale zmenSuje se reakéni povrch a mira adsorpce

polutantu na katalyzator (Banerjee S., 2014; Daghrir R., 2013).
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Experimentalni cast

4 Material a metody

4.1 Chemikalie a material

Jako modelovy polutant bylo v této praci pouzito azobarvivo Reactive Red 195 — dale
jen RR195 (Chromatourgia Tripoli s.r.o., Recko). Azobarvivo bylo pouZivano bez daliiho
precisténi (molekulovéa struktura azobarviva RR195 viz Obrazek 6) a jeho roztoky byly
pfipravovany Cerstvé pied provedeni experimentu a uchovavany ve tme.
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Obrazek 6: Struktura azobarviva RR195 (Belessi V., 2009).

Uprava pH byla provadéna za pouziti Imol.dm™ kyseliny sirové a Imol.dm™ hydroxidu
sodného (Panreac Quimica s.r.o., Barcelona, Spanélsko). Rozpustné soli NaCl, NaNOs3
a Na»SOs (Lach-Ner, s.r.o., Neratovice, Ceska republika) byly pouzity ke studiu téinku
chloridovych, dusi¢nanovych a sulfatovych ionth na fotokatalyzu. Huminové
kyseliny  (Fluka  Chemie, Svycarsko) byly pouzity ke studiu  vlivu
rozpus$téné a/nebo suspendované organické hmoty na fotokatalyticky proces. VSechny ostatni
chemikalie pouzité v této praci byly zakoupeny od firmy Merck (Darmstadt, Némecko).
Katalyzatory oxidu titani¢itého byly ziskany darem od firmy Precheza a.s. (Ceska republika)
a pouzity bez dalSiho cisténi. Jako referencni fotokatalyzator byl pouzit P-25 (TiOz) ziskany
darem od firmy Degussa-Evonik Corporation (Essen, Némecko). K fedéni a dopliiovani objemt

vSech roztoku byla vzdy pouzivana deionizovana voda (pH = 6,5).
4.2 Experimentalni vybaveni

Snimky pfipravenych koloidnich castic stfibra byly pofizeny transmisnim elektronovym
mikroskopem JEM 2010 (Jeol, Japan) pii urychlovacim napéti 160 kV. Na RTG praskovém
difraktometru X'PertPro MPD (PANalytical, Holandsko) byly zjistény krystalové struktury
praskovych TiO: fotokatalyzatori.
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Me¢éteni hodnoty pH bylo provadéno pH metrem HI 98103 (Hanna Instruments, USA).
Pii fotokatalytické degradaci bylo pouzito UVA zafeni lampy Radium Ralutec 9W/78
s pracovni Sitkou spektra 340 — 400 nm a centralni vinovou délkou Ac = 366 nm. K odstranéni
Castic katalyzatoru z disperze byly pouzity membranové filtry MF-Millipore™ o priiméru

13 mm s celulézovou membranou s velikosti pért 0,45 um (Bedford, USA).

K analyze absorp¢nich  spekter degradovaného azobarviva byla vyuzita
UV-Vis spektroskopie za  vyuziti spektrofotometru UV-Vis Hitachi U-5100
(Hitachi Ltd., Japan). Pro analyzu celkového organického uhliku (TOC - zangl. Total
Organic Carbon) byl pouzit ptistroj Shimadzu TOC-VCSH (Shimadzu, Japan).

4.3 Pracovni postupy
4.3.1 Analyza TiO; katalyzatori

Vzorky pro TEM analyzu byly pfipraveny nanesenim kapky koloidni disperze katalyzatoru
na médénou miizku potazenou uhlikovou vrstvou. Zdrojem elektroni byla LaBe katoda.

Urychlovaci napéti bylo 160 kV.

Me¢teni XRD bylo provadéno pti Bragg-Brentanoveé uspotfddani se zdrojem CoK, zatfeni
(A=0,179 nm, napéti 40 kV, proud 30 mA) za pouziti X Celerator detektoru. Praskové
TiO2 vzorky byly skenovany v kontinudlnim moédu (rozliSeni 0,017° 26, skenovaci
rychlost 0,008° 26/s, rozsah 26 od 20° do 105°). Ziskané data byla zpracovana v programu
X'Pert HighScore Plus (PANalytical, Holandsko) a porovnana s databazemi PDF-4 a ICSD.

4.3.2 Fotokatalyticky experiment

Vsechny experimenty byly provadény v borosilikdtovém reaktoru (Obrazek 7) za pouziti
9W UVA lampy. Byl piipraven roztok barviva RR195 o koncentraci 0,05 g.dm™ (pokud neni
uvedeno jinak) a k fotokatalyze bylo vyuzito katalyzatoru o koncentraci 0,4 g.dm™ (pokud neni
uvedeno jinak). Pfed provedenim experimentu byl katalyzator 30 minut michdn na magnetické
michacce vtemné komote vroztoku RR195 pro dosazeni rovnovazné absorpce barviva
na povrch TiOz. Kontinualni termoregulaci reaktoru bylo dosazeno konstantni teploty prostredi
25 = 1 °C. Vzorky reakéni suspenze byly zreaktoru odebirdny ve stanovenych casovych
intervalech (jednotlivé intervaly uvedeny nize), byl odfiltrovan katalyzator a néasledné byly

vzorky analyzovany.
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UVA zdroj zareni
borosilikatovy kryt zdroje zareni

boroslikatovy reaktor

S magneticka michaci tyCinka

G magnetické michadlo

Obrazek 7: Schéma experimentalni sestavy.

4.3.3 Analyza fotodegradace

Absorbance roztokii RR195 byla méfena pomoci UV-Vis spektroskopie pii vinové délce
A = 542 nm. Jako prvni byl spektrofotometricky zméten pribéh kalibra¢ni kiivky pro RR195
(koncentrace 0,005 — 0,2 g.dm™). Za pomoci této kiivky byly néasledné stanovovany
koncentrace odebiranych vzorkd roztoku RR195 (maximum absorbance RR195 pti vinové
délce

A =542 nm).

Pro uréeni miry mineralizace azobarviva bylo stanoveno celkové mnozstvi organického
uhliku (TOC) v priibéhu fotokatalytické degradace RR195. TOC je zdkladnim obecnym testem
urceni kvality odpadnich vod. Dokéaze velmi rychle odhalit nebezpecné zvysSené mnozstvi

organického uhliku ve vodach.
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5 Vysledky a diskuse

Pred sepsanim predkladané prace byly zde uvedené wvysledky jiz Uspésné
publikovany v recenzovaném periodiku. Prezentovand data jsou pievzata ztéto

publikace (Chladkova B., 2015).

5.1 Charakterizace TiO; ¢astic

V této praci byly pouZity tfi typy TiO:2 katalyzatori niZze nazyvané P-25 (Degussa-Evonik),
PK-10 a PK-180 (Precheza). Katalyzator P-25 je komercné dostupny typ, ktery byl v této
praci  vyuzit jako referencni  katalyzator. Experimentalné¢ ziskané ucinnosti

katalyzatori PK-10 a PK-180 byly porovnavany s u¢innostmi katalyzatoru P-25.

20 nm|

Obrazek 8: TEM snimky dvou studovanych typ0 TiO; katalyzatord (a) PK-10, (b) PK-180 (Chladkova B., 2015).

Katalyzator PK-10 je smési krystalického a amorfniho hydratovaného TiO2. XRD méteni
potvrdila slozeni katalyzatortit PK-10 i PK-180. Dle vysledkli méfeni je sloZzeni PK-10 smés
60% anatasu a 40% amorfniho hydratovaného TiO2 a krystalovd struktura
katalyzatoru PK-180 je anatas. Vlastnosti téchto katalyzatort shrnuje Tabulka 3. Morfologie
katalyzatorit PK-10 a PK-180 byla sledovana pomoci TEM (Obrizek 8). Céstice obou
katalyzatort PK typt jsou kulovitého tvaru. Hodnoty velikosti castic i slozeni

katalyzatori jsou ve shodé s daty dodanymi od firmy Precheza a.s..

Tabulka 3: Vlastnosti katalyzator PK-10, PK-180 a P-25, pouZitych v této praci.

PK-10 PK-180 P-25
plocha povrchu (BET) [m2.g™] 250 - 350 10-13 50+ 15
a anatas i amorfni o o .
krystalova struktura gt 150) anatas 80 % anatas / 20 % rutil
priumérna velikost ¢astic [nm] 10 180 21
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5.2 Uvodni experimenty

Pred samotnym studiem heterogenni fotokatalytické degradace na TiO2 bylo potieba
urc¢it vliv hydrolyzy, fotolyzy a adsorpce na degradaci RR195. Vliv hydrolyzy byl méfen
bez ptitomnosti katalyzatoru v temné komoie po dobu 2 hodin. Vliv fotolyzy byl zkouman
bez pfitomnosti fotokatalyzatoru pii 2hodinovém UVA ozafovani. Z vysledki
méteni je ziejmé, Ze vliv hydrolyzy i1 fotolyzy je pii uvazovanych experimentdlnich
podminkach zanedbatelny (Obrazek 9).

—4—UV/TiO2:PK-10 —=—UV/TiO2:PK-180 uv

——TiO2:PK-10 —a—TiO2:PK-180 —e—hydrolyza

100 A &4

0 \O
o O

degradace barviva [%]
()]
()

0 .

-30 0 30 60 90 120
t [min]

Obrazek 9: Srovnani vlivu hydrolyzy, fotolyzy a zakladniho UV fotokatalytického experimentu degradace RR195.
[TiO2] = 0,4 g.dm™, [RR195] = 0,05 g.dm™3, pH = neutralni (Chladkova B., 2015).

Znacny vliv lze sledovat pii studiu adsorpce RR195 na povrchu fotokatalyzétora.
Katalyzator PK-10 vykazuje silnéj$i adsorpéni kapacitu oproti katalyzatoru PK-180.
Povrch PK-10 vykazuje témét sedmi nasobnou adsorpéni kapacitu v porovnani s PK-180.
V prvnich 30 minutidch je naadsorbovano 40 % RR195. Tato hodnota zlstdva prakticky
nezménéna po dobu dalsich 120 minut. Tento jev znaci, Ze adsorpcni rovnovéaha nastava okolo
30. minuty. Oproti PK-10 vykazuje PK-180 velmi nizkou adsorpéni kapacitu (do 10 %), mimo

jiné diky nizsi hodnoté mérného povrchu PK-180.

Obrazek 9 udava srovnani zkoumanych jevt s fotokatalytickym procesem pii neutralnim
pH. V porovnani s hydrolyzou, fotolyzou i adsorpci RR195 je fotokatalyticka degradace
azobarviva UC€innéjSim procesem. Pii pouziti katalyzatoru PK-10 probéhne témét cely
fotokatalyticky proces béhem 60 minut. V piipadé PK-180 probéhne za stejnou ¢asovou

jednotku (60 minut) pouze 60 % procesu. Vyse uvedené tivodni experimenty dokazuji, ze
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fotokatalyticka degradace je vyznamnym cinitelem odstranéni azobarviva RR195 z vodného

prostiedi.

5.3 Adsorpce
5.3.1 VlivpH

Vliv pH na adsorpci RR195 byl studovan v temné komote pii konstantni rychlosti michani
suspenze vreaktoru po dobu 4 hodin. Koncentrace PK-10 (popi. PK-180)
byla 0,4 g.dm™ akoncentrace RR195 byla 0,05 g.dm™ pfi péti riznych hodnotach pH
v rozmezi 3 — 10 (a to: 3; 4; 6,5; 9 a 10). Pro Gpravu pH byla pouzita Imol.dm™ kyselina sirova
nebo Imol.dm™ hydroxid sodny. Nejprve bylo upraveno pH roztoku RR195, poté byl pfidan

katalyzator a zapocCata adsorpce.

Délka prvotnich experimenti byla minimaln€ 4 hodiny. Nicméné u vétSiny adsorpcnich
experimentll dochazelo k ustdleni adsorpce po 20. minuté. JiZ po 30. minuté byl adsorpcni
vytézek témét maximalni (Obrazek 9). Pro vétSinu dalSich adsorpEnich experimentli byla

nastavena délka experimentu 30 minut, pokud neni uvedeno jinak.

Adsorpéni vytézky v kyselém, neutrdlnim a =zasaditém prostiedi ukazuje graf
na Obrazek 10. V kyselém prosttedi je adsorpce RR195 mnohonédsobné vyssi nez v prostiedi
zésaditém. Azobarvivo RR195 je aniontové barvivo se sulfo- skupinami majici zdporny néboj.

Elektrostatickymi silami se tak vaze na kladné Castice v suspenzi, tedy v kyselém prostiedi

je prostiedi.

80 1
70 -
60 -
50 -
40 A
30 -
20 A

10‘ \
O I‘r‘* 1

2 3 4 5 6 7 8 9 10 11

—4—PK-10
—o—PK-180

adsorpce [%]

Obrazek 10: Vliv pH suspenze na adsorpci RR195 na povrch katalyzatoru PK-10 (PK-180). [TiO;] = 0,4 g.dm3,
[RR195] = 0,05 g.dm™3, délka adsorpce = 30 minut, T = 25°C (Chladkova B., 2015).

Adsorbované mnozstvi RR195 na katalyzator PK-10 se zvySuje z 10 % na 70 % se sniZujicim

se pH zhodnoty 10 na hodnotu 3 (Obrazek 10). Podobny, avSak mén¢ viditelny, trend
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1ze sledovat u adsorpce RR195 na katalyzator PK-180. Adsorpce RR195 se v tomto piipade
zvySuje z <1 % na 10 % se snizujicim se pH z hodnoty 10 na hodnotu 3. Deseti ndsobné¢ vétsi
plocha povrchu PK-10 poskytuje jeho vyssi adsorpéni kapacitu, coz potvrzuji vysledky v grafu
na Obrazek 10.

Pro dals$i sady adsorpcnich a fotokatalytickych experimentii byla zvolena hodnota

pH prostiedi, ve které bylo dosazeno nejvyssi adsorpce, tedy 3 (pokud neni uvedeno jinak).

5.3.2 Vliv anorganickych iontu

Vliv vybranych anorganickych iontli na adsorpci barviva RR195 byl studovan procesem
simultdnniho pfidavku RR195 a vybraného aniontu k suspenzi TiO.. Testované koncentrace
iontii se pohybovaly v rozmezi od 200 do 1000 mg.dm™ a ostatni koncentrace testovanych latek

byly konstantni ([TiO2] = 0,4 g.dm™, [RR195] = 0,05 g.dm>, pH = 3).

Obrazek 11 zobrazuje graf zavislosti vlivu vybranych aniontd a jejich koncentraci
na adsorpci RR195 na povrchu zkoumanych katalyzator béhem prvnich 60 minut adsorpce.
Vysledky znovu potvrzuji dosazeni maximalni adsorpce RR195 béhem prvnich 30 minut.
V ptipad¢ PK-10 nema piidavek CI° iontd vliv na miru adsorpce barviva.
Koncentrace Cl™ aniontli pravdépodobné neni tak vysokd, aby dochazelo k soutézeni molekul
RR195 a CI ionta o aktivni mista adsorbentu PK-10. Plocha povrchu PK-180 je mensi s mén¢
aktivnimi misty, proto je vliv ClI° ionti vyznamny. Diky pfitomnosti CIl° iontl

dochazi k 50% snizeni adsorpce RR195 na povrchu PK-180.

100
50 —&—PK-10; RR195 bez (Cl-)
|1 —e—PK-10; 200 mg/L (Cl-)
80 { —m-PK-10; 1000 mg/L (Cl-)
_ 70 1 ————
X 60 -
8 —_ —@—PK-180; RR195 bez (Cl-)
a 50 X 15 PK-180; 200 mg/L (Cl-)
S 40 o PK-180; 1000 mg/L (Cl-)
Z o 10 A
® 30 3
g
20 0 & ; ;
10 0 20 40 60
0 t [min]
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Obrazek 11: Vliv CI aniontll na adsorpci RR195 na povrch katalyzatorl: vnéjsi graf - PK-10,
vnitini graf - PK-180. [TiO;] = 0,4 g.dm=3, [RR195] = 0,05 g.dm3, pH = 3 (Chladkov4d B., 2015).
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Vliv chloridovych, dusi¢nanovych a siranovych iontii na adsorpci RR195 na povrch
studovanych katalyzatorti shrnuji grafy na Obrazek 12. Zobrazeno je mnozstvi adsorbovaného
barviva pii 30. minuté. Vliv CI" a NOs™ aniontd na adsorbent PK-10 neni vyznamny. Inhibi¢ni
vliv na adsorbent PK-10 Ize pozorovat u SO4* aniontii. Dochéazi k soutéZzeni SO4> anionti
a molekul RR195 o aktivni mista PK-10 a adsorbované mnozstvi RR195 klesa
ze 71 % (pti 0 mg.dm™ SO4*) az na 16 % (pfi 1000 mg.dm™ SO4*). VEtsi vliv studovanych
aniontii na adsorpci RR195 lze pozorovat u katalyzatoru PK-180. Vliv CI", NO3™ a SO4* aniontil
je stejny - se zvySujici se koncentraci vSech aniontli klesd mnozstvi adsorbovaného

barviva o vice jak 75 % z piivodniho naadsorbovaného mnoZstvi.

(a) PK-10 (b) PK-180
B chloridové idusi¢nanové a Msiranové ionty B chloridové i dusi¢nanové a Msiranové ionty
o 90 1~ % 9 -
o 80 A = 8 A
4
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£ 60 - g 6
> 50 A S 5 A
& 40 - ® 4 -
[
5 30 - % 3 -
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&
oo WEREUR WAL TGN, s, [HOW WOW WON
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Obrazek 12: Vliv anorganickych aniontl na adsorpci RR195 na povrch katalyzatord (a) PK-10 a (b) PK-180.
[TiO,] = 0,4 g.dm?3, [RR195] = 0,05 g.dm3, pH = 3 (Chladdkovd B., 2015).

vrwe

piti pH = 3, kdy je povrch katalyzatoru nabit kladné (TiOH:"). Dochazi tak velmi
snadno  kinterakci  aniontd s povrchem  katalyzatoru. 'V porovnani s velkymi

molekulami RR195 obsazuji malé anionty snaze aktivni mista katalyzétoru.

5.4 Heterogenni fotokatalyza

Pfi studiu heterogenni fotokatalyzy byly dodrzeny stejné experimentdlni podminky
jako pfi studiu adsorpce (pokud neni uvedeno jinak). Koncentrace PK-10 (popt. PK-180)
byla 0,4 g.dm™ a koncentrace RR195 byla 0,05 g.dm™. Na z4kladg ziskanych vysledki studia
adsorpce RR195 na povrch TiOz2 (viz kapitola 5.3.1) byly vSechny fotokatalytické experimenty
provadény pii pH 3 (pokud neni uvedeno jinak).

Fotokatalytickou aktivitu jednotlivych fotokatalyzatorti ukazuje graf na Obrazek 13.

Pro porovnani aktivity PK-10 a PK-180 byl proveden totozny experiment s fotokatalyzatorem
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Degussa P-25. Vysledky ukazuji, ze adsorpce RR195 na katalyzator PK-180 je podobné nizka
jako adsorpce na P-25. Ovsem fotodegradace RR195 pomoci PK-180 v tomto piipadé probiha
pomaleji. V pfipadé PK-10 lze soudit, Ze jeho fotodegradani schopnost je vyssi
nez fotodegradacni schopnost P-25. Zarovenn je 1 adsorpce RR195 na povrch

katalyzatoru PK-10 mnohonasobné vyssi nez na povrch P-25.

temna komora €= /A

1
—4—PK-10
0,8 - -o-PK-180
—#-Degussa P-25
<) 0>6 1
L
204 -
0,2 1
0 n .
-30 0 30 60 90

t [min]

Obrazek 13: Fotokatalyticka degradace RR195 na povrchu PK-10 (a PK-180). Porovnani efektivity s komercné
dostupnym katalyzatorem Degussa PK-25. [TiO,] = 0,4 g.dm™3, [RR195] = 0,05 g.dm™3, pH = 3 (Chlddkova B., 2015).

Mira rozpadu chromoforu byla zjistovana spektrofotometricky. Pokles absorpéniho maxima
RR195 (Amax = 542 nm) znacil rozpad chromoforu RR195. Za vySe zminénych
experimentalnich podminek (Obrazek 13) dochazi nejrychleji (30 min) k rozpadu chromoforu
RR195 pfi pouziti fotokatalyzatoru PK-10. Doba potfebna k rozpadu chromoforu RR195
pii pouziti fotokatalyzatoru PK-180 je trojnasobna (90 min). Rychlost heterogenni fotokatalyzy
je charakterizovana rychlostni konstantou &. Dle pfedpoklddaného modelu (kapitola 3.2.2) byla
data proloZena funkci zdanlivé kinetiky 1. fadu (viz rovnice (4.8)). Spravnost pouZzitého modelu
je ovéfena urenim regresniho koeficientu R’. Tyto vypoctené hodnoty pro wvodni
experimenty kapitoly 5.4 shrnuje Tabulka 4. Rychlostni konstanty fotokatalytickych
experimentll uptfesnuji vysledky zobrazené v grafu na Obrazek 13. Dle hodnot koeficientt

linearni regrese R’ lze soudit, Ze uvazovany model vérohodné popisuje naméfena data.

Tabulka 4: Vypoctené rychlostni konstanty k, koeficienty linedrni regrese R? a polo¢asy reakci t;
experimentl z grafu na Obrazku 13 (Chladkova B., 2015).

k-102 [min™!] R? t12 [min)]
PK-10 9,5 0,99 7,5
PK-180 3,5 0,98 22,0
Degussa P-25 11,1 0.99 6,3
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Lze konstatovat, ze nejucinnéj$§im fotokatalyzatorem je referenéni Degussa P-25. Velice
podobnou fotokatalytickou aktivitou disponuje studovany PK-10. Naopak katalyzator PK-180

kapacitou.

54.1 VlivpH

Uréeni miry vlivu pH prostiedi na heterogenni fotokatalyzu probihalo v rozmezi
hodnot pH od 3 do 10. Graf zavislosti velikosti rychlostni konstanty reakce na pH prostiedi
(Obrazek 14) potvrzuje, ze rychlost reakce zavisi na pH  prostiedi. Bylo zjisténo,
ze rychlost reakce je vysSi v kyselém prostiedi pro oba studované fotokatalyzatory.
Nejvyssi je rychlost reakce pti pH 3. Dle teorie jsou v kyselém prostfedi hlavnim oxida¢nim

¢inidlem generované diry (h"), viz kapitola 3.2.3.3. Tento efekt je dale studovan niZe.

—&—PK-10
—0—PK-180

k-1072 [min™']
SN WPArUNINOO
|

2 3 4 5 6 7 8 9 10 11
pH

Obrazek 14: Zavislost velikosti rychlostni konstanty reakce na pH prostiedi. [TiO;] = 0,4 g.dm3,
[RR195] = 0,05 g.dm™ (Chladkova B., 2015).

Pfi studiu vlivu pH na adsorpci RR195 na povrchu téchto fotokatalyzatorti jiz bylo
zjisténo, ze mira adsorpce je nejvyssi pii pH 3 (kapitola 5.3.1). Elektrostatické sily mezi
molekulami RR195 a povrchem fotokatalyzatoru (TiOH2") jsou velmi silné. Tim se molekuly
RR195 snaze dostavaji k aktivnim mistim na povrchu PK-10 (¢i PK-180), je tak podpofena
fotokatalyticka degradace a reakce probiha rychleji.
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Tabulka 5: Vypoétené hodnoty rychlostnich konstant k a koeficienty linedrni regrese R? studia vlivu pH
prostfedi na fotodegradaci RR195 pomoci katalyzatoru (a) PK-10 a (b) PK-180 (Chladkova B., 2015).

(a) PK-10 (b) PK-180
pH k-102 [min"'] R? pH k-102 [min™] R?
3 9,26 0,99 3 3,15 0,98
4 9,18 0,97 4 1,35 0,99
6,5 8,97 0,98 6,5 0,80 0,99
9 6,98 0,94 9 0,56 0,98
10 4,87 0,99 10 0,43 0,99

Rychlost heterogenni fotokatalyzy RR195 v prostiedi s riznym pH d{iselné shrnuje
Tabulka 5. Hodnoty rychlostnich konstant fotokatalytickych experimenti se zmenSuji
se vzrustajici hodnotou pH. Ve velmi zdsaditém prostfedi klesa rychlost fotokatalytické

degradace az o 50 % na povrchu PK-10 a o vice nez 80 % na povrchu PK-180.
5.4.2 Vliv koncentrace katalyzatoru

Vliv mnozstvi katalyzatoru na heterogenni fotokatalyzu ve studované suspenzi byl studovan
vrozmezi koncentraci 0,1 — 1,8 g.dm™. B&hem téchto experimentd byla udrzovana
konstantni koncentrace RR195 a to 0,05 g.dm™ a konstantni pH prostiedi (pH = 3).
Graf na Obrazek 15 ukazuje zavislost rychlostni konstanty degradace & na rostouci koncentraci

katalyzatoru (PK-10 a PK-180).

a) Vliv koncentrace katalyzatoru PK-180

3 -
2,5 A
— b) Vliv koncentrace katalyzatoru PK-10
£ 21 2l
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0 T T T 1 T 1
0,5 - 100 400 700 1000 1300 1600 1900
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Obrazek 15: Vliv koncentrace katalyzatoru na rychlostni konstantu heterogenni fotokatalytické degradace RR195

pomoci (a) PK-180, (b) PK-10. [TiO,] =0,1— 1,8 g.dm™, [RR195] = 0,05 g.dm3, pH = 3 (Chladkova B., 2015).
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V piipadé¢ PK-180 velikost rychlostni konstanty k roste se vzriistajici koncentraci PK-180
do 0,4 g.dm?3. Sdale rostouci koncentraci PK-180 velikost rychlostni konstanty mirné
klesa (Obrazek 15(a)). Optimalni koncentrace katalyzatoru PK-180 je pii pouZitych
experimentalnich podminkéach blizkd hodnoté 0,4 g.dm™. Pfi koncentracich vy$Sich je mira
suspendovanych ¢astic tak velka, ze tyto ¢astice blokuji prichod UV zafeni diky zvySujicimu
se rozptylu. Snadmérmné se zvySujici koncentraci muze dale dochazet k aglomeraci
castic PK-180, jez v tomto pfipad€ snizuje mérnou plochu povrchu. I pfes vyssi koncentraci
PK-180 je tak snizena aktivni plocha povrchu PK-180 a dochazi ke zpomaleni
degradace RR195.

Pribé¢h  vlivu  koncentrace  katalyzatoru PK-10 je odlisSny. S rostouci
koncentraci katalyzatoru PK-10 kontinualné roste velikost rychlostni
konstanty k& (Obrazek 15(b)). S rostouci koncentraci PK-10 dochédzi k menSimu rozptylu
UV zafeni nez v piipadé PK-180, diky mensi primérné velikosti ¢astic. PK-10 ma vétsi mérnou
plochu povrchu svice aktivnimi misty, takZze dochdzi k vyssi adsorpci RR195
na povrch PK-10. S vys8i adsorpci je také fotokatalyticky proces efektivnéjSi. Rychlost
sledované degradace je ale tak velka, Ze pro realizaci experimentu byla v tomto piipade

jako optimélni zvolena relativné nizka koncentrace 0,4 g.dm™.

5.4.3 Vliv pocate¢ni koncentrace degradovaného azobarviva

Vliv  koncentrace  RR195 na  heterogenni  fotokatalyzu  ve  studovanych
suspenzich PK-10 a PK-180 byl studovan vrozmezi koncentraci 0,05 — 02 g.dm™
pii konstantni koncentraci katalyzatord 0,4 g.dm™ v prostfedi s konstantnim pH (pH = 3).
Graf na Obrazek 16 popisuje zavislost rychlostni konstanty degradace k na pocatecni

koncentraci RR195.
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a) Vliv koncentrace RR195 v ptipad¢ PK-180

b) Vliv koncentrace RR195 v ptipadé PK-10
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Obrdzek 16: Vliv koncentrace barviva RR195 na velikost rychlostni konstanty degradace RR195
na povrchu (a) PK-180, (b) PK-10. [TiO;] = 0,4 g.dm, [RR195] = 0,05 — 0,2 g.dm, pH = 3 (Chladkova B., 2015).

V ptipadé PK-180 velikost rychlostni konstanty & kontinudlné klesa se vzrustajici koncentraci
modelového barviva RR195 od 0,05 do 0,2 g.dm™ (Obrazek 16(a)) a obdobny priib&h
vykazuje 1 zavislost u PK-10 (Obrazek 16(b)). Nejrychleji probiha degradace RR195
pfi koncentraci 0,05 g.dm™. Se zvySujici se koncentraci barviva (0,1 g.dm™) rychlost
klesa o vice jak 60 %. Maximalni rozdil rychlosti degradace RRI195 je vétsi
nez 90 % pro oba katalyzatory.

vvvvv

TiO2. Tyto €astice jsou na povrchu generovany pouze v piipadé, Ze fotony UV zafeni interaguji
s povrchem. Tomu je zabranéno, pokud jsou na povrchu katalyzatoru adsorbovany molekuly
RR195 jako je tomu v ptipadé vysokych koncentraci RR195. Pti vysSich koncentracich RR195
je mira rozpusténych molekul RR195 tak velkd, ze tyto molekuly absorbuji UV zafeni.
Nésledkem tohoto jevu dochézi k redukei produkovanych reaktivnich ¢astic na povrchu TiO2,

které dale degraduji polutant.

5.4.4 Vliv pritomnosti huminovych kyselin na u¢innost fotokatalytické degradace

Z publikovanych zdroji (kapitola 3.2.3.4) je zndmo, Ze rozpuStény organicky material
ma vliv na fotodegradaci polutanti. Testované huminové kyseliny (HA) jsou ve vodé
pii pH < 2 nerozpustné a pti pH > 2 rozpustné. V této praci byl dale studovan vliv HA v rozmezi

koncentraci 5 — 50 mg.dm™ pii konstantni koncentrace katalyzatori 0,4 g.dm™ a koncentraci
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RR195 0,05 g.dm? v prostiedi se stalym pH (pH = 3). V grafu na Obrazek 17 je vynesena
zavislost miry degradace RR195 na koncentraci HA. Je zfejmé, Ze s rostouci

koncentraci HA v suspenzi klesa u¢innost degradace RR195.

100 = (a) PK-180

m(b) PK-10

0 5 10 20 50

]
(e
I

degradace RR195 [%]
[
(@]

40 -
20 -
0
Cya [mg.dm™]
Obrazek 17: Vliv pritomnosti huminovych kyselin na miru fotodegradace RR195

na povrchu (a) PK-180 po 60 minutach heterogenni fotokatalyzy a (b) PK-10 po 30 minutach heterogenni
fotokatalyzy. [TiO;] = 0,4 g.dm3, [RR195] = 0,05 g.dm3, pH = 3 (Chladkova B., 2015).

Vliv raznych koncentraci HA na heterogenni fotokatalyzu na povrchu PK-180 byl sledovan
po dobu 60 minut a poté byla odeCtena mira degradace RR195 (Obrazek 17(a)).
Na povrchu PK-180 kles4 uc¢innost degradace RR195 o vice nez 70 % s rostouci koncentraci
HA. Stejny trend v mensi mife lze pozorovat na povrchu PK-10, kde klesa uc¢innost degradace
RR195 o 60 % srostouci koncentraci HA (Obrazek 17(b)). Vliv HA na heterogenni
fotokatalyzu na povrchu PK-10 byl sledovan po dobu 30 minut a poté byla odectena
mira degradace RR195.

Protoze koncentrace HA ve studované suspenzi neni zanedbatelnd, dochazi
v obou piipadech (PK-10 i PK-180) k soutézeni molekul HA s molekulami RR195 o aktivni
mista na povrchu TiO2. Po interakci HA molekul s povrchem TiOz, interaguji HA s reaktivnimi
Casticemi a jsou fotokatalyticky degradovany. Je tak snizena uc€innost degradace RR195, nebot’
je degradovana jind latka. Ke snizeni Uc¢innosti degradace RR195 dochazi také
proto, Ze molekuly HA absorbuji UV zéafeni s maximem absorpce pii hodnoté vinové délky

blizké vinové délce zdroje UV zateni (Ac = 366 nm).

5.4.5 Vliv pritomnosti anorganickych iontii na icinnost fotokatalytické degradace

Vliv pfitomnosti riznych anorganickych iontil na heterogenni fotokatalyzu ve studovanych
suspenzich PK-10 a PK-180 byl studovan v ruznych rozmezi

koncentraci té&chto iontl (Cl: 0,2 - 5 g.dm™, SO4>: 0,1 - 2 g.dm™, NO3: 0,05 - 1 g.dm™ ) pfi
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konstantni koncentraci PK-180 (¢i PK-10) 0,4 gdm® a RRI195 0,05 g.dm?
v prosttedi se stalym pH (pH = 3).

Graf na Obrazek 18 zobrazuje zavislost rychlostni konstanty degradace RR195
na koncentraci pfitomnych anorganickych iontl. Z grafu je zfejmé, Ze s rostouci koncentraci
studovanych iontli v suspenzi klesd ucinnost degradace RR195. Jednotlivé typy iontd
maji na jednotlivé katalyzatory razny vliv. V pifipadé PK-180 mira vlivu
iontdi (Cionts = 1 g.dm™) na sniZeni degradace kles4 v potadi SO4> > Cl" > NOs™ (Obrazek 18(a)).
Siranové a chloridové ionty snizuji G¢innost degradace o vice nez 50 %. Dusi¢nanové ionty
snizuji ucinnost degradace o 35 %. V pripadé PK-10 klesa mira vlivu vybranych iontt
nasledovné SO4* > NO3™ > CI (Obrazek 18(b)). Siranové ionty snizuji uéinnost degradace o

vice nez 80 %, dusiénanové o 65 % a chloridové o 40 %.

Na zéaklad¢ snizeni Gcinnosti degradace RR195 lze soudit, Ze vSechny ionty inhibuji
studovany proces. Studované ionty pravdépodobné pohlcuji reaktivni Castice,
generované h" a OH", zodpovédné za degradaci RR195 (kapitola 3.2.3.4). Dalsim moznym
vysvétlenim inhibice degradace RR195 je soutézeni iontl s molekulami RR195 o aktivni mista
na povrchu TiO2. Na povrchu adsorbované ionty (kapitola 5.3.2) snizuji miru adsorpce RR195.
Nésledné je pro molekuly RR195 slozit&jsi interagovat s reaktivnimi Casticemi na aktivnim

povrchu TiOz.
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Obrazek 18: Zavislost rychlostni konstanty na koncentraci tfi rlznych typl anorganickych iontl

na povrchu (a) PK-180, (b) PK-10 (Chladkova B., 2015).

Ze ziskanych vysledkl vyplyva, Ze studované ionty interaguji z riznymi reaktivnimi ¢asticemi
v rizné mifte. S jakymi reaktivnimi ¢asticemi a do jaké miry tyto ionty a degradované molekuly

interaguji, 1ze alespon ¢aste¢né osvétlit pouzitim scavengert (viz kapitola 5.4.6).
5.4.6 Vliv pritomnosti ,,scavengeru* na ucinnost fotokatalytické degradace

Pro bliz§i popis procesi odehravajicich se na povrchu TiO2 byl zkoumén
vliv ,scavengeri“ na tvorbu reaktivnich castic b&hem fotokatalytického procesu.
Jako scavengery reaktivnich astic byly vybrany: isopropanol pro pohlceni hydroxylovych
radikald; p-benzochinon pro pohlceni superoxidovych radikdl aniontli; jodidové

ionty pro pohlceni generovanych dér; azidové anionty pro pohlceni singletového kysliku.

Tabulka 6 shrnuje vliv studovanych scavengerti na degradaci RR195. Mira inhibice
rychlosti degradace je vyjadiena jako procentudlni snizeni oproti ptivodni hodnoté rychlostni

konstanty reakce. Je ziejmé, Ze vliv scavengerti na jednotlivé typy katalyzatorii se lisi.
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Tato skutec¢nost znaci, ze degradace RR195 na povrchu PK-10 probiha jinym mechanismem

nez na povrchu PK-180.

Isopropanol, ktery se pouziva k pohlcovani hydroxylovych radikald, inhibuje proces
degradace RR195 na povrchu PK-180 o vice nez 81 % (Tabulka 6(a)). Velmi silné inhibice
procesu degradace na povrchu PK-180 znaci, ze dilezitou roli pti degradaci RR195 hraji prave
hydroxylové radikaly. Naopak je tomu na povrchu PK-10, kde je inhibice nizsi a degradace
je snizena o 31 % (Tabulka 6(b)). Tato niz§i hodnota inhibice napovida, Zze hydroxylové

radikaly nejsou primarnim oxida¢nim ¢inidlem degradace RR195.

Tabulka 6: Vypoctené hodnoty (rychlostnich konstant k, polocast reakce ti,. koeficientl linearni
regrese R? a miry inhibice reakce Ak) vlivu isopropanolu (1000 mg.dm3), azidovych iontd (10 mg.dm3),
jodidovych iontd (100 mg.dm3) a p-benzochinonu (20 mg.dm3) na fotodegradaci RR195 pomoci
katalyzatoru (a) PK-10, (b) PK-180. [TiO,] = 0,4 g.dm™3, [ RR195] = 0,05 g.dm3, pH = 3 (Chlddkova B., 2015).

a) PK-180 b) PK-10

k102 [min']  ti2[min] R? 4k [%] | k102 [min']  ti2[min] R? Ak [%]
bez scavengeru | 3,2 21,7 0,98 - 9,5 73 0,99 -
isopropanol 0,6 115,5 0,99 81,3 6,5 10,7 0,99 31,6
p-benzochinon | 2,1 33,0 0,96 34,4 53 13,1 0,99 442
NaN; 2,7 25,7 0,99 15,6 7,6 9,1 0,98 20,0
KI 0.8 86,6 0,96 75,0 1,4 49,5 0,97 85,3

Pridany p-benzochinon, ktery se pouzivd k pohlcovani superoxidovych radikal
aniontti, inhibuje proces degradace RR195 méné nez isopropanol, ale mira inhibice neni
zanedbatelna ani u  jednoho materialu. V ptipadé degradace RR195
na povrchu PK-180 je proces inhibovan o 34 % (Tabulka 6(a)) a na povrchu PK-10
je proces inhibovan o 44 % (Tabulka 6(b)). Lze konstatovat, Ze oxidace superoxidovymi

radikal anionty piispiva k degradaci RR195, ale neni jeji hlavni slozkou.

K posouzeni piispévku singletového kysliku k degradaci RR195 je vyuzito
ptidavku azidovych iontl do degradované suspenze. Pti degradaci RR195 na povrchu PK-180
je proces inhibovan o 16 % (Tabulka 6(a)) a na povrchu PK-10 je proces inhibovan
0 20 % (Tabulka 6(b)). Nizké hodnoty inhibice rychlostni konstanty u obou studovanych

materialll znamenaji, ze singletovy kyslik téméft nepftispiva k degradaci RR195.

Jodidové ionty byly pouzity jako scavengery generovanych dér, které zastavaji
na povrchu katalyzatoru dvoji roli. Generované diry bud’ piimo oxiduji RR195 nebo reakci
s vhodnymi cCasticemi na povrchu tvofi hydroxylové radikély, jeZz nasledné¢ modelovou
latku  degraduji. Na povrchu PK-180 je fotodegradace jodidovymi ionty
inhibovana o 75 %, coz je méné nez pii piidavku isopropanolu (Tabulka 6(a)). Tento fakt

znaCi, ze generované¢ diry na povrchu PK-180 nejprve tvoii hydroxylové
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radikaly, které nasledn¢ oxiduji RR195 a hydroxylové radikdly jsou tak hlavnim
prispévatelem fotokatalytické degradace azobarviva na povrchu PK-180. V piipadé PK-10
dochazi k 85% inhibici rychlosti degradace RR195 v ptitomnosti jodidovych iontll, coZ je témet
tiikrat vice nez pii piidavku isopropanolu (Tabulka 6(b)). Jelikoz je piispévek
hydroxylovych radikdli na degradaci RR195 maly, Ize =ze =ziskanych vysledka
usoudit, ze generované diry pifimo oxiduji RR195 a jsou tak hlavnim pfispévatelem

fotokatalytické degradace azobarviva na povrchu PK-10.

Ziskané vysledky studia velikosti prispévki jednotlivych reaktivnich c¢astic
degradujicich RR195 blize popisuji proces probihajici na povrchu katalyzatoru.
Ptedchozi experimenty ukazaly nizkou adsorpci azobarviva na povrch PK-180, kde generované
diry nejprve reaguji za tvorby hydroxylovych radikald. Tudiz degradace RR195 probiha
oxidaci hydroxylovymi radikdly. Naopak je tomu na povrchu PK-10, kde byla
zjisténa vysoka adsorpce azobarviva na povrch PK-10. Generované diry, jez se dostavaji
na povrch tohoto katalyzatoru, tak pfimo reaguji s adsorbovanymi molekulami RR195

a jejich degradace probiha primarné pomoci generovanych dér.
5.5 Mineralizace azobarviva (Stanoveni TOC)

Mira totalni mineralizace degradovaného azobarviva RR195 byla ur¢ena stanovenim parametru
TOC ukazujiciho celkové mnoZzstvi organickych latek stale pfitomnych ve vodném
prostiedi po ukonceni degradace. Méteni TOC bylo provadéno po dobu 8,5 hodin pii konstantni
teploté prostredi 25 = 1 °C, kde experimentalni nastaveni bylo ve stejné konfiguraci
jako experimenty studia fotokatalytické degradace RR195. Prvnich 30 minut
probihala adsorpce azobarviva na povrch katalyzatoru v temné komote a poté byla zahdjena

UV fotokatalyza, ktera byla sledovana po dobu 8 hodin.

Graf na Obrazek 19 =zobrazuje zavislost celkového obsahu organickych latek
na cCase degradace RR195. V pfipadé PK-180 je mineralizace RR195 postupna
a pomala. Po ukonc¢eni 8 hodinového TOC méteni je mineralizovano celkem 25 % azobarviva.
Vzhledem ke klesajicimu trendu zavislosti je pravdépodobné, Ze mineralizace bude

probihat 1 po 8 hodin¢ trvani fotokatalytického experimentu podobnou rychlosti degradace.

Pribéh TOC v ptipadé PK-10 je zcela odlisny. Po prvnich 30 minutach (v €ase 0 h)
dochazi k enormnimu poklesu obsahu TOC v roztoku (Obrazek 19). Tento pokles az 70 %

e 1

wrve

Obsah TOC v ¢ase 3 hodiny je 58 %. Fakt, Ze se TOC zpétné zvySuje, znaci rychlejsi
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zpétnou desorpci RR195 oproti celkové mineralizaci azobarviva. V ¢ase 3 — 8 hodin se obsah
TOC téméf neméni — vznikajici meziprodukty jsou Spatné rozlozitelné. Konstantni

obsah TOC muiZe znamenat, Ze rychlost desorpce RR195 odpovidé rychlosti mineralizace.
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Obrazek 19: Zaznam TOC méfeni s vynesenou zavislosti obsahu celkového mnozstvi organickych latek na case

fotokatalytické degradace RR195 (Chladkova B., 2015).

Me¢teni TOC ukazuje, Ze mineralizace RR195 probiha pomaleji v porovnani s témcf
okamzitym rozpadem chromoforu sledovaném pomoci UV-Vis spektroskopie.

Cim déle mineralizace trva, tim pomalejsi je jeji probsh. Tato skutenost

vrwe
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7.aveér

Tato diplomova prace se zabyvala popisem procestu odehravajicich se na povrchu vybranych
TiO2 fotokatalyzatort. Byly vybrany dva primyslové vyrabéné katalyzatory, které k blizsi
charakterizaci poskytla firma Precheza a.s.. Oba katalyzatory byly pouzity bez jakékoliv dalsi
upravy. Byla prozkouména adsorp¢ni kapacita a fotokatalytickd i¢innost téchto katalyzatora
(PK-10 a PK-180). Oba fotokatalyzatory ucinné¢ adsorbovaly a nésledné degradovaly
modelovou latku, kterou bylo azobarvivo Reactive Red 195. Ziskana data degradace proloZena
funkci zdanlivé kinetiky 1. fadu potvrdila, Ze rychlost studované degradace 1ze obecné popsat

Langmuir-Hinshelwoodovym modelem.

Vprvni ¢asti je popsana adsorpce RR195 na povrch PK-10 a PK-180.
Typ PK-10 disponuje mnohem vétSi adsorpéni kapacitou ve srovnani s PK-180.
adsorpéni  kapacitu (do 10 %). Zkoumany vliv pH prosttedi na adsorpci
ukazal, ze se vzristajicim pH adsorpéni kapacita obou typl katalyzatori klesa.
Nejptiznivej$im pro adsorpci se zda kyselé prosttedi, pH = 3. Pfitomnost vybranych aniontt
(ClI, NOs a SO04*) vsuspenzi inhibuje adsorpéni kapacitu. Cim vyssi je piidavek

aniontdl, tim niz$i je adsorpéni kapacita katalyzatort.

V ¢asti druhé je podrobnéji studovana ucinnost fotokatalytické degradace obou typu
katalyzatora. ~ UCinnost degradace je dostateéné vyznamnid u obou typi
katalyzatord, ale viditelné vyssi je u typu PK-10. Pfitomnost vybranych aniontl inhibovala
ucinnost fotokatalytick¢ degradace. Dale dochdzelo k soutézeni aniontl s molekulami
azobarviva o aktivni mista na povrchu fotokatalyzatorti. S rostouci koncentraci aniontl
v suspenzi se snizovala G&innost fotokatalytické degradace azobarviva RR195. Uginnost
degradace byla ovétena pomoci TOC méfeni, které prokdzalo, ze azobarvivo bylo ¢aste¢né

mineralizovano, vice typem PK-10.

Pro objasnéni mechanismu degradace barviva RR195 na povrchu obou typa
fotokatalyzatori byly pouzity tzv. scavengery. Jejich pfitomnost odhalila podil jednotlivych
reaktivnich ¢astic vznikajicich na povrchu TiO2 na fotodegradaci modelové latky.
U typu PK-10 byly stézejnimi ¢asticemi degradace RR195 pii nastavenych experimentalnich
podminkach diry generované na povrchu fotokatalyzatoru, zatimco u typu PK-180 témito

¢asticemi byly hydroxylové radikaly.
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Summary

The present study dealt with the investigation of adsorption capacity and photocatalytic
efficiency of two different industrially produced titania catalysts (PK-10 and PK-180)
using a model pollutant — azo dye Reactive Red 195 (RR195) to describe the processes.
These two surface processes were being compared throughout the study and described in order
to understand the behavior of the catalysts’ surfaces. The tested catalysts, PK-10 and PK-180
used as provided by the manufacturer (Precheza a.s., Czech Republic), both proved
to be effective in the adsorption and the follow-up photocatalytic removal of the RR195.
The photocatalytic reaction rate followed the apparent first order Kkinetics

according to the simplified Langmuir—Hinshelwood model.

Due to the differences in the catalysts’ physical properties the obtained results varied.
PK-10 exhibited superior adsorption of the studied dye due to its high specific surface area
while the second catalyst, PK-180, demonstrated negligible dye adsorption (up to 10 %).
The adsorption was further controlled by solution pH and co-existing ions. The more alkaline
solution pH was applied the stronger inhibition of the adsorption capacity was observed.
Solution pH of 3 was found to be the most convenient for the dye adsorption for both catalysts.
The presence of co-existing anions (CI, NO3  a SO4*) was also found to be inhibitory.

Further the photocatalytic efficiency of both catalysts was proven to be satisfactory.

The studied photocatalytic efficiency was greater in case of PK-10. Various parameters
including the addition of natural occurring substances had an impact on the studied
photocatalytic kinetic rates (for both PK-10 and PK-180). Overall the addition of natural
occurring substances like humic acids and inorganic anions inhibited the photodegradation
of the selected compound. The higher the concentration of these substances the greater
the inhibition. We conclude there is a competitive nature between the natural occurring
substances and RR195 molecules for the active sites on the catalysts’ surfaces.
The photocatalytic efficiency was also described using TOC measurements indicating partial
mineralisation of the model azo dye. The then studied mineralization of the dye was partially
achieved although complete mineralization was not achieved for both catalysts

even after 8 hours of irradiation.

Moreover, the involvement of reactive species was studied using various types
of scavengers and indicated different forms of the dye degradation for the two catalysts. In case
of PK-10 the oxidation of the dye RR195 proceeded mainly via direct oxidation by the holes,
while for PK-180 hydroxyl radicals played the major role in the observed degradation.
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Seznam pouzitych zkratek a symbolu

AOPs

C4, CHA,y ...

H>0O>
HO,
H0
IEP

k

K
NaCl
N(ZN03
NCIQSO4
NO
NO;
NO;s
0;
0"
OH
Pt
PVC
RZ
ROS
RR195
RTG
SO;
SO42_
TEM
TiO>
TO0C
uv, UVA, UVB, UVC
vb
Vyoc
WHO
XRD
Zn0

akceptor

oxidativni procesy (z angl. — Advanced Oxidation Processes)
zakazany pas (z angl. — Band Gap)

koncentrace latky A, koncentrace kyseliny huminové, ...
kontaktni uhel (z angl.. — Contact Angle)

vodivostni pas (z angl. — Conduction Band)

chloridovy aniont

donor

elektron

oznaceni pro oxid titani¢ity v potravinaiském prumyslu
energie zakazaného pasu polovodice

energie excitacniho fotonu

generovana dira

kyselina huminova

vodik — dvouatomova plynna molekula vodiku

peroxid vodiku

hydroperoxylovy radikal

voda

isoelektricky bod

rychlostni konstanta

adsorpcni koeficient latky

chlorid sodny

dusicnan sodny

siran sodny

oxid dusnaty

oxid dusicity

dusi¢nanovy aniont

kyslik — dvouatomovy molekularni kyslik

superoxidovy radikal anion

hydroxylovy radikal

platina — chemicka znacka prvku

polyvinylchlorid

regresni koefiecient

reaktivni formy kysliku (z angl. — Reactive Oxygen Species)
Reactive Red 195

rentgenové zafeni

oxid siti¢ity

siranovy aniont

transmisni elektronova mikroskopie

oxid titanicity

celkovy organicky uhlik (z angl. — Total Organic Carbon)
ultrafialové zareni

valenc¢ni pas (z angl. — Valence Band)

tékavé orgabické latky (z angl. — Volatile Organic Compound)

Svétova zdravotnicka organizace (z angl. — World Health Organization)

rentgenova difrakce

oxid zine¢naty

centralni vinova délka

doba od pocatku reakce
polocas reakce

zeta — pismeno fecké abecedy
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Abstract In the present study, the coupling of adsorption ca-
pacity and photocatalytic efficiency of two different industri-
ally produced titania catalysts was investigated and compared.
The azo dye Reactive Red 195 was selected as a model com-
pound. The tested catalysts, PK-10 and PK-180, exhibited
different adsorption capacities due to their significant differ-
ence in their specific surface, but both have proven to be
effective photocatalysts for photodegradation of the studied
dye. PK-10 exhibited strong adsorption of the studied dye
due to its high specific surface area, while the second studied
catalyst, PK-180, demonstrated negligible adsorption of
Reactive Red 195. The effect of the pH, the concentration of
the catalyst and the initial concentration of the dye appear to
affect the photocatalytic rate. The effect of the presence of
humic acids and inorganic ions was also examined, while
the contribution of various reactive species was indirectly
evaluated through the addition of various scavengers. To eval-
uate the extent of mineralisation of the studied dye, total or-
ganic carbon (TOC) measurements during the experiment
were also conducted. Besides total colour removal, evident
reduction of TOC was also achieved using both catalysts.
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Introduction

Synthetic dyes and other industrial dyestuffs make our world
more splendid through coloured products. Almost one fifth of
the total dye production is lost in the textile effluents during
the dying process (Houas et al. 2001). Azo dyes represent
about one half of all the dyes in common use. These dyes
are employed in the textile, food and phammaceutical industry
as colouring agents. The release of the dyes and their break-
down products has a negative impact on the water environ-
ment. Besides the colour itself, the severe problem is that they
are toxic, mutagenic and carcinogenic to the life forms in the
aqueous environment (Zaharia and Suteu 2012).
Decolourisation and removal procedures of dyes have been
therefore receiving an extensive attention.

Various chemical, physical as well as biological treatment
methods have been applied for the removal of dyes from
aqueous solutions. Those include oxidative processes, coagu-
lation—flocculation, adsorption, membrane processes and an-
aerobic treatment (Zaharia and Suteu 2012; Sandhya 2010;
Konstantinou and Albanis 2004). Reactive dyes are, in gener-
al, the most problematic among other dyes, as they tend to
pass through conventional treatment systems unaffected
(Pearce et al. 2003). Advanced oxidation processes (AOPs)
have been demonstrated to be efficient techniques for the
decolourisation and degradation of dye wastewaters. Among
various AOPs, heterogeneous photocatalysis using titanium
dioxide as a photocatalyst seems to be the most emerging
destructive technology due to its efficiency in mineralisation
and the mild temperature and pressure conditions required
(Guillard et al. 2003; Houas et al. 2001; Konstantinou and

@ Springer
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Albanis 2004). TiO, is one of the most widely used semicon-
ductors for photocatalytic degradation, due to its availability,
low cost, high chemical stability and low toxicity (Herrmann
1999). Many studies published in recent years have aimed to
establish the catalyst photocatalytic efficiency. A great en-
deavour has been done to improve the photo-catalyst’s effi-
ciency by enhancement of'its surface area, modification with
various dopants and generation of defect structures to induce
space charge separation (Chan et al. 2011; Chong et al. 2010;
Garcia-Segura et al. 2013; Subash et al. 2012).

In this study, the coupling of adsorption capacity and pho-
tocatalytic efficiency of two industrially produced titanium
oxide catalysts (PK-10 and PK-180) has been investigated
and compared for the removal of Reactive Red 195 (RR
195). The studied catalysts varied in their specific surface area
and crystallised size. Degradation kinetics and various param-
eters that affect the decolourisation process such as the con-
centration of the catalyst, the concentration of the dye and pH
were investigated. The effect of the addition of humic acid and
inorganic ions was also examined, while the contribution of
various reactive species was indirectly evaluated through the
addition of various scavengers. Mineralisation studies of the
selected compound were also conducted.

Materials and methods
Materials

Reactive Red 195 was chosen as amodel compound, due to its
extensive use in the textile, paper and ink industries. It was
supplied by Chromatourgia Tripoleos S.A., a dye manufactur-
er of Greece and used without further purification. Deionised
water was used throughout the study. All dye solutions were
daily prepared by dissolving a predefined quantity of the dye
in deionised water and protected from light. Adjustment of pH
was performed using 1 M sulfuric acid and 1 M sodium hy-
droxide supplied by Panreac Quimica S.A. (Barcelona,
Spain). Soluble salts (NaCl, NaNO; and Na,SO, supplied
by Lach-Ner, s.r.o., Neratovice, Czech Republic) were used
to study the effect of the chloride, nitrate and sulphate ions on
the photocatalysis. Humic acid supplied by Fluka Chemie was
used to study the effect of dissolved and/or suspended organic
matter. All other chemicals used for the experiments were
purchased from Merck (Darmstadt, Germany). Titanium diox-
ide catalysts were obtained from a company Precheza a.s. in
the Czech Republic and used without further purification.
Catalyst PK-10 is a mixture of crystalline titanium dioxide
and amorphous hydrated titanium dioxide with Brunauer—
Emmett-Teller (BET) specific surface area of 250—
300 m* g . The other catalyst PK-180 is a pure anatase crystal
structure of crystalline titanium dioxide with BET specific
surface area of 10-13 m”? g '. The AEROXIDE Ti0,-P25

@ Springer

(BET specific surface area=50+15 m* g ', 80 % anatase,
20 % rutile and average primary particle size=21 nm) used
as a reference photocatalyst was a gift from the Degussa-
Evonik Corporation.

Characterisation of TiO, nanoparticles

X-ray powder diffraction (XRD) patterns of TiO, nanoparti-
cles (NPs) were measured on PANalytical X"Pert PRO diffrac-
tometer in Bragg—Brentano geometry, equipped with a Co K,
radiation source (A=0.179 nm) at 40 kV/30 mA, X Celerator
detector, programmable divergent and anti-scatter slits. The
powder samples of TiO, were scanned in a continuous mode
(resolution of 0.017° 26, scan speed of 0.008° 26/s and 260
range from 20 to 105°) under ambient conditions. The com-
mercially available standards SRM640 (Si) and SRM66
(LaBg) from NIST were used for the evaluation of line posi-
tions and instrumental line broadening, respectively. The ac-
quired pattems were processed using X 'Pert HighScore Plus
software (PANalytical, The Netherlands), in a combination
with PDF-4 and ICSD databases. Transmission electron mi-
croscopy (TEM) was applied to observe the morphology of
the catalysts using a JEM 2010 (JEOL Ltd., Japan) micro-
scope operated at 160 kV (LaBg cathode). For the TEM mea-
surements, a drop of the colloidal dispersion of TiO, NPs was
deposited on copper grids coated with a carbon layer and dried
in vacuum.

The XRD pattems of used TiO, catalysts (PK-10 and PK-
180) are shown in Fig. 1. Calculated mean X-ray coherence
lengths for PK-10 and PK-180 catalysts are 7 and 114 nm,
respectively. Furthermore, the XRD measurements confirmed
the crystallinity information obtained from the company.
Based on the XRD data, the composition of PK-10 catalyst
is a 60 % mixture of crystalline TiO, and 40 % amorphous
hydrated titanium dioxide. The morphology of the catalysts
PK-10 and PK-180 can be seen in TEM pictures (Fig. 2). Both
catalysts are of a spherical shape with a particle size in agree-
ment with the XRD and company data. The PZC of the PK-10
catalyst is 4.8.

Photocatalytic treatment

All experiments were performed in a borosilicate reaction
vessel equipped with a 9W UV-A lamp. The spectral response
of the source lamp (Radium Ralutec 9W/78) ranged between
340 and 400 nm, according to the manufacturer, with a max-
imum at 366 nm. RR195 powder was dissolved in deionised
water prior to every experiment. The concentrations of the dye
and catalyst were set to 0.05 and 0.4 g L', respectively, for
every experiment unless otherwise stated. Prior to the photo-
catalytic experiments, the catalysts were magnetically stirred
in the dark for 30 min in RR195 solution to attain the equilib-
rium absorption on the catalyst’s surface. The reaction vessel
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Fig. 1 X-ray diffractograms of the industrially produced TiO, catalysts:

a PK-10 and b PK-180

was maintained at constant temperature at 25+1 °C using
water circuit. The suspension samples were withdrawn from
the reactor, at specific time intervals, and the catalysts were
separated from the suspensions by centrifugation and filtration
through 0.45-um cellulose membranes (MF-Millipore™
membrane Filters, 13 mm, Bedford, USA).

Analysis and mineralisation

The RR195 concentrations were determined by measuring the
absorbance of the solution at 542 nm using a UV—Vis spec-
trophotometer Hitachi U-2000. In order to detect the extent of
mineralisation, a Shimadzu VCSH total organic carbon (TOC)
analyser was used to measure the loss of total organic carbon.

Results and discussion
Preliminary experiments

Preliminary experiments were performed in order to evaluate
the extent of hydrolysis, photolysis and adsorption on the
transformation of RR195 (Fig. 3). Without the catalysts, no
degradation took place in the dark after 2 h, suggesting that
hydrolysis does not take place in this time period. Likewise,

Fig. 2 Transmission electron microscopy (TEM) images of the TiO,
catalysts: a PK-10 and b PK-180

no significant change in the dye concentration was observed
by irradiating the solution without the catalyst present. On the
contrary, a rapid decrease in the dye concentration was spotted
in the presence of the catalyst PK-10 in the dark, suggesting a
strong adsorption on the catalyst’s surface. Forty per cent of
dye loss was observed within the first 30 min of contact. The
blank experiment was continued until 120 min, but no signif-
icant further increase in the dye loss was observed, suggesting
that equilibrium is established in 30 min. Very low adsorption

——UV/TiO2:PK-10 —#-UV/TiO2:PK-180
uv

~4—TiO2:PK-10
-a-TiO2:PK-180 —e—dark
100 ———= 3
e
90
80

50

% dye loss

230 0 30 60 90 120
t [min]

Fig. 3 Comparison of hydrolysis, photolysis and basic photocatalysis of
Reactive Red 195 under UV irradiation. [Ti0,]=0.4 g L', [RR195]=
0.05 g L' at natural pH
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was spotted in the case of PK-180, primarily due to its inherent
small surface area. Furthermore, a very fast removal of the dye
was spotted during the photocatalytic process compared to the
hydrolytic and photolytic processes. Photocatalytic degrada-
tion using catalyst PK-10 takes place in 60 min of irradiation,
while in the presence of catalyst PK-180, almost 60 % of the
dye is lost in the same time period. These preliminary exper-
iments indicate that the photocatalytic process plays an impor-
tant role in the removal of RR195.

Adsorption
Effect of pH on adsorption process

Due to the extensive adsorption that was observed on the
catalyst’s surface (especially on PK-10), a more thorough
study on the adsorption of RR195 on both catalysts was con-
ducted. At first, the effect of solution pH on the adsorption
process was investigated.

It is already known that pH affects the adsorption of organ-
ic molecules on the catalyst’s surface since the catalyst’s sur-
face ionisation state is related to the pH according to the fol-
lowing reactions:

TiOH + H' < TiOH; (1)
TiOH + OH ©TiO™ + H,0 2)

In general, TiO, is of an amphoteric nature. The pH is thus
influencing the adsorption capacity. With the change of pH,
there is a change of zeta potential, too (Wang and Ku 2007).
When zeta potential equals zero, the pH of this state is called
the isoelectric point (IEP) (Suttiponpamit et al. 2011). It is
possible to use the isoelectric point as a standard for surface
charge assessment. In an acidic environment, TiO is positive-
ly charged, and in an alkaline environment, it is charged neg-
atively (Belessi et al. 2009). Other roles of pH solution affect
mostly the photodegradation process itself and are discussed
further below. Moreover, not only is the pH affecting the cat-
alyst but also the degraded dye and some degradation products
too, thus influencing the dye adsorption on the catalyst
(Konstantinou and Albanis 2004).

The adsorption of RR195 was studied in a suspension of
0.4 ¢ L' for PK-10 and PK-180 and 0.05 g L' of RR195 at
five different pH values ranging from 3 to 10 (3, 4, 6.5, 9 and
10). The adsorption yields were calculated at specific intervals
throughout a 4-h experiment. The pH of an aqueous solution
of RR195 was adjusted using either 1 M sulfuric acid or 1 M
sodium hydroxide in order to reach the desired pH value. After
the pH adjustment, the catalyst was added. However, most of
the adsorption on the studied catalysts PK-10 and PK-180
underwent in the first 1020 min. After 30 min, a negligible
change of the dye concentration is observed, so the adsorption
equilibrium for RR195 was set at 30 min (see Fig. 3). Figure 4
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Fig. 4 Effect of initial pH on the adsorption yield of RR195. [TiO,]=
04 g L', [RR195]=0.05 g L', contact time=30 min

shows the effect of initial pH on the adsorption yield of the dye
RR195 (%) on the catalysts PK-10 and PK-180 at 25 °C after
30 min contact time. The adsomption is favoured rather at low
pH since Reactive Red 195 is an anionic reactive dye and has a
sulphonate group (Sleiman et al. 2007). Consequently, the ad-
sorption capacity at low pH values increases since the interac-
tion between the TiO, positively charged surface and the an-
ionic dye is favoured. The electrostatic interaction between the
catalysts surface and the dye molecules gets stronger as lower
pH values are used and maximum adsorption capacity is ob-
served at pH=3. Clearly visible in the results, the adsorbed
amount of RR195 increases (from 10 to 70 % adsorption) as
the pH decreases (form 10 to 3) for catalyst PK-10. Although
less evident, the same tendency can be observed for catalyst
PK-180 (from no adsorption to almost 10 %).

The adsorption yields for pH values 3, 4, 6.5, 9 and 10 are
73, 68, 52, 15 and 11 %, respectively, for the catalyst PK-10.
For the catalyst PK-180, the adsorption yields for pH values 3,
4,6.5,9,and 10are 9, 8, 2, 2 and 2 %, respectively. Compared
to PK-180 catalyst, the PK-10 catalyst has much larger spe-
cific surface area and hence higher capacity for adsorption to
take place. Furthermore, the results obtained do not differ
from what Belessi et al. (2009) and Aguedach et al. (2005)
reported studying the adsorption of RR195 and other reactive
dyes on different TiO, catalysts. From the theoretical point of
view, the pH influence of the catalyst’s surface ionisation state
and the ionised molecule of the dye explains the heavy ad-
sorption of RR195 on the TiO, surface at pH 3 (Konstantinou
and Albanis 2004).

Effect of ions on adsorption process

The effect of the presence of several ions on the adsorption of
RR195 has been examined following a procedure of simulta-
neous additions (RR195 and the appropriate salt) at time zero
of the adsorption (Guillard et al. 2005) onto the TiO, surface.
The concentration of the tested ions varied (200, 500 and
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1000 mg L"), while the remaining variables (pH=3; Cyye=
0.05g L™"; Cogaiys=0.4 g L") were kept constant.

Figure 5 shows the effect of chloride ions on the dye ad-
sorption. The quantity of RR195 adsorbed (%) has been plot-
ted as a function of time. Obviously, for both catalysts, the
equilibrium was reached in 30 min. Consequently, in Fig. 6,
the effect of the addition of chloride, nitrate and sulphate ions
on the adsorption of RR195 on the catalysts’ surface after
30 min of contact time is depicted. For PK-10, it is obvious
that the effect of chloride and nitrate ions is negligible or very
small, while on the contrary, increase in the concentration of
sulphate ions causes a 77 % reduction on the adsorption of the
dye (from 71 to 16 %, at 1000 ppm of SO4*"). For PK-180, all
ions cause a decrease in the adsorption of the selected dye,
though small percentages of adsorption were observed in the
first place. This observed inhibition by the anions can be
interpreted by the competitive adsorption of anions with
RR195 on the surface of TiO,, since at pH=3, adsorption is
dominated by electrostatic attraction, and consequently, the
binding of multivalent anions with the photocatalyst is strong
(Aguedach et al. 2008; Xu et al. 2011). The observed inhibi-
tion is more obvious for PK-10 since this catalyst has a larger
surface area and adsorption of the selected compound is stron-
ger due to more available sites.

Heterogenous photocatalysis
Photocatalytic degradation of RR195 in water

In consistency with the adsorption, the photocatalytic degra-
dation of RR195 was studied in a suspension of 0.4 g L™ for
PK-10and PK-180and 0.05 g L' of RR195 with pH adjusted
to 3 (based on the results obtained from the adsorption study).
The photocatalytic degradation of RR195 by TiO, (PK-10 or
PK-180)/UV is shown in Fig. 7. The photocatalytic

100
-&-PK-10; RR195 alone
90 —~PK-10; 200 mg/L (Cl)
80 - -m-PK-10; 1000 mg/L (Cl-)
g 70 1
B, 601 20 TZoPK 150, RR195 alone
504 .§ 15 4 —+—PK-180: 200 mg/L (C1)
Z = PK-180; 1000 mg/L (CL)
'§' 40 10 -
304 =
2 51
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0 r ,
10 1 20 . 40 60
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0 10 20 30 40 50 60
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Fig. 5 Effect of chloride ions on the adsorption of RR 195 on PK-10 and
(inner graph) PK-180. [TiO;]=0.4 g L', [RR195]=0.05 g L™

degradation of RR195 in the presence of TiO, P-25 was also
conducted for comparison (Fig. 7). The effectiveness of the
studied catalysts PK-10 and PK-180 was compared to the
effectiveness of TiO, P-25. The decrease in A,y absorption
band of the dye RR195 indicates chromophore breakdown in
30 and 90 min in the presence of catalyst PK-10 ad PK-180,
respectively. In the presence of the reference catalyst P-25, the
chromophore breakdown takes place in 60 min for the same
experimental conditions.

The TiO, photocatalytic degradation of many organic sub-
stances follows first-order kinetics (Konstantinou and Albanis
2004; El Saliby et al. 2013). The simplified kinetic model for
low concentrations of the dye can be described by Eq. (3),

1n(%) =kt A3)

where £ is the apparent rate constant. The half-lives can be
calculated by the equation:

tp = In(2)/k 4)

In order to evaluate the kinetics of the dye discolouration in
the presence of the two catalysts, the logarithm of the ratio of
the initial concentration of the dye to a concentration at a given
time vs time was plotted. The linear regression appears to fit
well (Table 1), and consequently, RR195 oxidation follows
first-order kinetic law. The rate constants were calculated by
the slope of the line obtained.

Effect of pH

The influence of pH solution affects the dye adsorption
as well as the photocatalytic dye degradation (Akpan
and Hameed 2009; Garcia-Segura et al. 2013). Beside
the pH affecting the catalyst’s surface ionisation state,
another pH effect on the dye photodegradation is the
formation of hydroxyl radicals by the reaction between
positive holes and hydroxide ions. The idea is that, at
low pH, positive holes are the major oxidation species;
on the other hand, at pH higher than neutral, hydroxyl
radicals are the dominant species (Konstantinou and
Albanis 2004; Sleiman et al. 2007). In order to study
the effect of pH on the photocatalytic degradation of
RR195 in the presence of each titania catalyst, experi-
ments were conducted at different initial pH values. In
Fig. 8, the dependence of the photocatalytic rate con-
stant on the initial pH value of the irradiated solution is
depicted. Table 2 also summarises the kinetic parameters
at different pH values.

The influence of pH on the degradation rate is significant.
The degradation rates for both catalysts increase as pH is
decreased with optimum value at pH=3. Obviously, since
adsorption is also favoured at acidic pH, the dye molecules
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Fig. 6 Effect of the concentration
of ions on the adsorption of the
dye on the a PK-10 and b PK-180
surface. [TiO5]=0.4 g L',
[RR195]=0.05 g L', pH=3
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are allowed to reach the active sites on the surface of the
catalyst more easily, thus enhancing the photocatalytic
degradation.

Effect of catalyst’s loading

In order to study the effect of the catalyst’s loading on the
photodegradation of RR195, experiments were conducted
employing different concentrations of TiO, (PK-10 and PK-
180) varying from 0.1 to 1.8 g L' (Fig. 9). Initial concentra-
tion of the dye was setat 0.05 g L™'. Obviously, for PK-180,
above a certain value, the reaction rate levels off and becomes
independent of the concentration the catalyst. This limit cor-
responds to the optimum of light absorption and depends on
many factors like the geometry and the working conditions of
the reactor. Above this concentration, the reaction rate cannot
increase further since the suspended particles of the catalysts
block the UV light passage and increase the light scattering.
Moreover, at high concentrations, agglomeration may take
place leading to a loss of surface area available (Daneshvar
et al. 2003; Percherancier et al. 1995). It can be concluded
from Fig. 9 that the optimum value for PK-180 is 0.4 g L.
On the other hand, for PK-10, increase in the catalyst’s loading
leads to a continuous increase of the reaction rate. The ob-
served enhancement of the photocatalytic activity at high

. dark uv
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0.7 -o-PK-180
-#-Degussa P-25
0.6
gy
3%
0.4
03
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Fig. 7 Photocatalytic degradation of RR195 by studied catalysts
compared to Degussa P25. [TiO,]=0.4 g L™', [RR195]=0.05 g L',
pH=3
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catalyst loading may be attributed to the high number of ac-
cessible active sites and the excessive production of OH". The
large accessible specific surface area provides more available
active sites for the adsorption of dye molecule, making the
photocatalytic process more efficient (Tzikalos et al. 2013).

Effect of the initial concentration of the dye

The dependence of the dye degradation efficiency on RR195
concentration was evaluated by varying the dye concentration
from 0.05 to 0.2 g L', Other parameters were kept constant
with catalysts” concentration at 0.4 g L™ and pH at 3. In
Fig. 10, the dependence of the photocatalytic rate constant
on the initial concentration of the dye in the presence of PK-
10 and PK-180 is depicted.

Obviously, an increase in the concentration of RR195
leads to a decrease in the photocatalytic rate constant.
According to previous studies, the rate of the photocata-
lytic degradation relates to the amount of hydroxyl radi-
cals formed on the catalyst surface and to the probability
of these radicals to react with the dye molecules.
Therefore, at high dye concentrations, the generation of
‘OH radicals on the surface of catalyst is reduced since
the active sites are occupied by the molecules of the dye.
Moreover, a UV screening effect may take place by the
dye itself since, at high concentrations, a significant
amount of UV may be absorbed by the dye molecules
rather than the TiO, particles and that provokes an addi-
tional reduction to the formation of the hydroxyl radicals
(Konstantinou and Albanis 2004).

Table 1  Calculated rate constants (k), linear regression coefficients R?
and half-life times (#;,,) of RR195 photodegradation in the presence of
PK-10, PK-180 and Degussa P25

2 2

Catalysts k(x107 min") R t1» (min)
PK-10 9.5 099 7.5
PK-180 3.5 098 22.0
Degussa P25 11.1 099 6.3
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Fig. 8 Effect of initial pH on the ap?arem rate constants of RR195.
[Ti04]=0.4 gL', [RR195]=0.05 g L~

Effect of humic acids on the photocatalytic treatment

In order to study the effect of dissolved and/or suspended
organic matter on the photocatalytic degradation of RR195,
experiments were also conducted with different concentra-
tions of humic acids (HAs) ranging from 5 to 50 mg L', In
Fig. 11, the dependence of the percentage of the dye loss after
30 and 60 min irradiation time for PK-10 and PK-180, respec-
tively, on the concentration of humic acids is presented.
Generally, the percentage of the photocatalytic degradation
decreases with the increase in the concentration of humic
acids. This reduction is attributed to the occupation of the
active sites of the catalyst by humic acids, thus leaving fewer
sites available for the target compound. Moreover, humic
acids absorb light at 350 nm, which is near the maximum of
the irradiation emitted by the lamp that was used, thus
preventing photons to reach the surface of the catalysts
(Adams and Impellitteri 2009). Finally, humic acids contain
many reactive functional groups that could effectively scav-
enge the holes and the produced hydroxyl radicals by the
photo-activated TiO, as mentioned previously in the literature
(Antonopoulou et al. 2015).

Effect of anions on the photocatalytic treatment

In order to study the effect of common inorganic anions fre-
quently present in industrial waste waters, experiments were

Table 2 Rate constants (k) and linear regression coefficients (R2 ) of
RR195 photodegradation in the presence of PK-10 and PK-180
catalysts at different initial pH values

Catalyst PK-10 Catalyst PK-180

pHvalue k(mn') R pHvalue k(min') R’

3 0.0926 09983 3 0.0315 0.9806
4 0.0918 0.9730 0.0135 0.9921
6.5 0.0897 09827 65 0.0080 0.9902
9 0.0698 0938 9 0.0056 0.9812
10 0.0487 09851 10 0.0043 0.9924

conducted at different concentrations of CI", NO;~ and SO4*
for both catalysts. In Fig. 12, the dependence of the photocat-
alytic rate constant on the concentration of different anions is
presented.

Obviously, all anions cause a decrease in the
photodegradation rate. For PK-10, the bigger inhibition is ob-
served with sulphate ions, while for PK-180, with chloride
ions. In most cases, an increase in the concentration of the
anions causes a larger decrease in the reaction rate. These
species are likely to retard the oxidation rate either by blocking
the active sites of the catalyst or by a simple competition for
the photo-oxidising species (Abdullah et al. 1990).

Consequently, inhibition effects of anions can be explained
as reaction of positive holes and hydroxyl radical with anions,
which behave as h” and ‘OH scavengers (Egs. (5), (6), (7). (8),
(9), and (10)) resulting in a prolonged colour removal
(Konstantinou and Albanis 2004). This inhibitive effect has
proved to be favoured in acidic pH especially for CI" (Guillard
et al. 2005; Galenda et al. 2014).

Cl” + hj—CI' (5)
Cl” 4+ OH'—CIOH™ (6)
NO; + hyz— NO; (7)
NO;+'OH— NO; + OH~ (8)
SO} +h" =S80} (9)

SO; +'OH— SO, + OH~ (10)

Although new formed radicals are also reactive, they are
not considered so reactive as the produced h” and OH® (Kuo
and Ho 2001).

Consequently, the effect of the anions to the phototcatalytic
process is dual, and they will provoke inhibition of the reac-
tion rate depending on the photocatalytic process that takes
place. Many previous studies have proved that chloride ions
cause stronger inhibition effect on the reaction rate since they
act as competent scavengers of the holes and hydroxyl radi-
cals, which is in agreement with the results obtained for PK-
180. On the contrary, for PK-10, the photocatalytic process
proceeds under strong adsorption, and stronger inhibition is
provoked by sulphate ions, which retard the reaction rate by
occupying the active sites of the catalyst and thus blocking the
molecule of the dye to reach the surface of the catalyst. This is
in agreement with the aforementioned in “The effect of pH on
adsorption process” section, in which the strong inhibition of
the adsorption of the dye by the sulphate ions is demonstrated.

Effect of scavengers

In order to elucidate the role of various reactive species that are
generated in the UV/TiO, photocatalytic process, different
scavengers were employed: in the present study, isopropanol,
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Fig. 9 Effect of catalyst concentration on the apparent rate constants of
RR195. [Ti0,]=0.1-1.8 gL', [RR195]=0.05 g L', pH=3

p-benzoquinone, iodide and azide ions and were used as hy-
droxy| radical, superoxide, holes and singlet oxy gen inhibitors,
respectively. In Table 3, photocatalytic rate constants along
with the correlation coefficients and the inhibitory effect of
each scavenger are presented. The inhibitory effect (Ak) was
evaluated by the per cent of reduction of the kinetic constants.

Obviously, scavengers do not have the same effect on both
catalysts indicating that different mechanisms are involved.
Firstly, it is obvious that isopropanol, which is a very strong
hydroxyl radical scavenger, causes an 81.3 % reduction of the
rate constant in the presence of PK-180 but only a 31.6 %
reduction for PK-10. Isopropanol is a well-known hydroxyl
radical quencher and has been widely used to discriminate the
direct oxidation of substrates by hydroxyl radicals. The strong
inhibition for PK-180 proves the significant role of hydroxyl
radicals to the photocatalytic oxidation of RR195, but not for
PK-10, indicating that these radicals are not the basic reactive
species involved in the specific reaction mechanism.

a) Effect of dye loading on PK180

8§ 4
33 b) Effect of dye loading on PK10
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Fig. 10 Dependence of the photocatalytic rate constant on the initial
concentration of the dye in the presence of PK-10 and PK-180. [Ti0:]=
04 g L' [RR195]=0.05-02 g L', pH=3. Irradiation time for PK-10:
30, 60, 90 and 120 min and for PK-180: 60, 90, 120 and 180 min
depending on the increasing dye concentration
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Fig. 12 Dependence of the photocatalytic rate constant on the
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Table3  Kinetic parameters [rate constants, half-lives (#,/2), correlation
coefficients (R*) and percent inhibition of rate constant (% Ak) of RR195
in the presence of isopropanol (1000 mg L"), azide ions (10 mg L™"),

iodine ions (100 mg L") and p-benzoquinone (20 mg L"), in TiO,
suspensions (400 mg L") in the presence of PK-10 and PK180
([TiO,]=0.4 g L', [RR195]=0.05 g L', pH=3)

PK-10 PK-180

k(x102 min") t,» (min) R? % Ak k(x102 min") t,» (min) R? % Ak
No scavenger 9.3 73 099 - 3.2 21.7 0.98 -
Isopropanol 6.5 10.7 099 316 0.6 115.5 0.99 81.3
p-Benzoquinone 5.3 13.1 099 442 2.1 33.0 0.96 344
NaN; 7.6 9.1 098 20.0 2.7 25.7 0.99 15.6
KI 1.4 495 097 85.3 0.8 86.6 0.96 75.0

p-Benzoquinone is used as superoxide anion scavenger,
and it provokes a moderate inhibition in both cases. The ob-
served inhibition indicates the participation of this reactive
anion, which is able to directly oxidise the dye molecule.
Low contribution of singlet oxygen is observed for both cat-
alysts since the addition of azide ions caused only a small
reduction of the rate constant.

Finally, iodide ions were used as hole scavengers. Holes that
are produced through the adsorption of energy by the semicon-
ductor can migrate to the surface of the catalyst and react with
surface bound H>O or OH  to produce hydroxyl radicals
(adsorbed or free). However, holes have a dual role and can
either act indirectly as oxidants by producing OH radicals, or by
the direct oxidation of the organic molecule. In our study, a
slightly lower inhibition was observed by the addition of iodide
ions for PK-180 compared to the inhibition observed in the
presence of isopropanol, indicating that holes contribute mainly
to the formation of hydroxyl radicals. On the other hand, for
PK-10, a very strong inhibition is observed after the addition of
the hole-scavenger, leading to a 85.3 % reduction of the rate
constant. Consequently, since isopropanol did not affect much
the photocatalytic degradation of RR195, we can assume that
degradation of the selected dye in the presence of PK-10 pro-
ceeds mainly via direct oxidation by the generated holes.

This is in agreement with the abovementioned since
RR195 exhibit strong adsorption on the catalyst’s surface,
and consequently, the generated holes that migrate to the cat-
alyst’s surface can directly oxidise the dye molecules. On the
contrary, RR195 exhibit negligible adsorbance on PK-180 and
the holes on the catalyst’s surface oxidise only the adsorbed
water molecules or the hydroxyl anions, thus generating hy-
droxyl radicals that subsequently oxidise the dye molecule.

TOC removal of the dye RR195

In order to evaluate the photocatalytic efficiency of the tested
catalysts on the mineralisation of RR195, TOC measurements
were conducted. In Fig. 13, variation of TOC as a function of
irradiation time is presented.

Obviously, for PK-10, a significant decrease in TOC is
observed within the first 30 min, in the absence of light, thus
confirming the high adsorption of the dye on the catalyst’s
surface. When irradiation starts, the TOC values seem to in-
crease until 3 h and remain stable for the next 8 h. This in-
crease in the early stage of the photocatalytic process is prob-
ably caused by desorption of the initial transformation prod-
ucts of the dye from the surface of the catalyst, which is prob-
ably faster than the dye mineralisation process itself. Afier 3 h
of irradiation, TOC reaches a plateau due the formation of
refractory transformation products in the solution (e.g. species
that contains triazine as a reactive group).

In case of PK-180, adsorption is negligible, and a slow
decrease in TOC throughout the irradiation time is observed,
reaching a final of 25 % removal after 8 h of reaction time.
Based on the declining tendency, the mineralisation of organic
carbon would continue if the irradiation time had been
prolonged. The above findings are in agreement with previous
studies (Tzikalos et al. 2013) in which it was demonstrated
that the photocatalytic treatment of RR 195 in the presence of
Degussa or other titania catalysts did not achieve higher re-
duction of TOC than 30 % in 7 h of irradiation. Obviously,
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Fig. 13 Variation of TOC measurement as a function of irradiation time
in the presence of the two studied catalysts (PK-10 and PK-180). [TiO,]=
04 gL' [RR195]=0.05g L', pH=3
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although decolourisation proceeds rapidly, TOC is not re-
duced proportionally, as the large dye molecule is
decomposed to lower molecular weight compounds that still
contribute to the TOC of the solution. Consequently, these
photocatalysts are not able to oxidise further the formed by-
products. The recalcitrant intermediates are probably the tri-
azine intermediates since the specific dye molecule contains a
triazine ring. According to previous studies (Konstantinou and
Albanis 2004), dyes that contain triazine as a reactive group
had a slow rate of decolourisation as compared to other reac-
tive dyes and cannot be mineralised completely due to the
high stability of the triazine nucleus.

Conclusions

The photocatalytic degradation of the anionic dye Reactive
Red 195 has been studied in the presence of the industrially
produced TiO, catalysts. Both catalysts appeared to be effec-
tive in the removal of the studied compound, and the reaction
rate followed first-order kinetics. As compared to PK-180,
PK-10 exhibited superior adsorption ability and photocatalytic
activity. It was found that the amount of adsorbed dye over
PK-10 surface was critical to the photodegradation efficiency
of RR195, and adsorption was further controlled by solution
pH and co-existing ions. Most of the results obtained are in
agreement with the catalysts’ properties. The adsorption ca-
pacity of RR195 on PK-10 reaches 70 % in the acidic envi-
ronment; for PK-180, the adsorption capacity is below 10 %;
PK-10 has smaller particle size than PK-180, thus bigger spe-
cific surface area. For both catalysts, acidic pH proved to be
beneficial.

Various parameters like pH, catalyst loading, and the initial
concentration of the dye influence the photocatalytic removal
rate. The presence of natural occurring substances like humic
acids and anions like CI°, NO;~ and SO,> inhibit the
photodegradation of the selected compound. Consequently,
inhibition by sulphate ions is stronger for PK-10 since the
anions block the active sites on the catalyst’s surface and in-
hibit the adsorption of the dye molecules. Moreover, the in-
volvement of reactive species is different between the two
catalysts indicating that oxidation of the organic compound
proceeds via direct oxidation by the holes for PK-10, while for
PK-180, hydroxyl radicals are mainly responsible for the ob-
served degradation. Complete mineralisation was not
achieved for both catalysts even after of 8 h of irradiation.

Acknowledgements  The authors gratefully acknowledge the support
by the project ChemPharmNet CZ.1.07/2.4.00/31.0130 coming from Eu-
ropean Social Fund and project LO1305 of the Ministry of Education,
Youth and Sports of the Czech Republic. The authors thank Josef Kaslik
from the Regional Centre of Advanced Technologies and Materials, Fac-
ulty of Science, Palacky University in Olomouc for XRD measurements.

@ Springer

References

Abdullah M, Low GKC, Matthews RW (1990) Effects of common inor-
ganic anions on rates of photocatalytic oxidation of organic carbon
over illuminated titaium dioxide. J Phys Chem 94:6820-6825

Adams WA, Impellitteri CA (2009) The photocatalysis of N, N-diethyl-
m-toluamide (DEET) using dispersions of Degussa P-25 TiO, par-
ticles. J Photochem Photobiol A Chem 202:28-32

Aguedach A, Brosillon S, Morvan J, Lhadi EK (2005) Photocatalytic
degradation of azo-dyes reactive black 5 and reactive yellow 145
in water over a newly deposited titanium dioxide. Appl Catal B
Environ 57:55-62

Aguedach A, Brosillon S, Morvan J, Lhadi EK (2008) Influence of ionic
strength in the adsorption and during photocatalysis of reactive
black 5 azo dye on TiO; coated on non woven paper with SiO, as
a binder. J Hazard Mater 150:250-256

Akpan UG, Hameed BH (2009) Parameters affecting the photocatalytic
degradation of dyes using TiO,-based photocatalysts: a review. J
Hazard Mater 170:520-529

Antonopoulou M, Skoutelis CG, Daikopoulos C, Deligiannakis Y,
Konstantinou IK (2015) Probing the photolytic—photocatalytic deg-
radation mechanism of DEET in the presence of natural or synthetic
humic macromolecules using molecular-scavenging techniques and
EPR spectroscopy. J Environ Chem Eng. doi:10.1016/ jece.2015.
02.020

Belessi V, Romanos G, Boukos N, Lambropoulou D, Trapalis C (2009)
Removal of Reactive Red 195 from aqueous solutions by adsorption
on the surface of TiO, nanoparticles. J Hazard Mater 170:836-844

Chan SHS, Yeong Wu T, Juan JC, The CY (2011) Recent developments
of metal oxide semiconductors as photocatalysts in advanced oxida-
tion processes (AOPs) for treatment of dye waste-water. ] Chem
Technol Biotechnol 86:1130-1158

Chong MN, Jin B, Chow CW, Saint C (2010) Recent developments in
photocatalytic water treatment technology: a review. Water Res 44:
2997-3027

Daneshvar N, Salari D, Khataee AR (2003) Photocatalytic degradation of’
azo dyeacidred 14 in water-investigation of the effect of operational
parameters. J Photochem Photobiol A Chem 157:111-116

El Saliby I, Erdei L, Kim JH, Shon HK (2013) Adsorption and photocat-
alytic degradation of methylene blue over hydrogen-titanate
nanofibres produced by a peroxide method. Water Res 47:4115—
4125

Galenda A, Crociani L, El Habra N, Favaro M, Natile MM, Rossetto G
(2014) Effect of reaction conditions on methyl red degradation me-
diated by boron and nitrogen doped TiO,. Appl Surf Sci 314:919—
930

Garcia-Segura S, Dosta S, Guilemany JM, Brillas E (2013) Solar
photoelectrocatalytic degradation of acid orange 7 azo dye using a
highly stable TiO, photoanode synthesized by atmospheric plasma
spray. Appl Catal B Environ 132-133:142-150

Guillard C, Lachheb H, Houas A, Ksibi M, Elaloui E, Herrmann JM
(2003) Influence of chemical structure of dyes, of pH and of inor-
ganic salts on their photocatalytic degradation by TiO, comparison
of the efficiency of powder and supported TiO,. J Photochem
Photobiol A 158:27-36

Guillard C, Puzenat E, Lachheb H, Houas A, Hermann JM (2005) Why
inorganic salts decrease the TiO, photocatalytic efficiency. Int J
Photoenergy 7:1-9

Hermann J (1999) Heterogenous photocatalysis: fundamentals and ap-
plications to the removal of various types of aqueous pollutants.
Catal Today 53:115-129

Houas A, Lachheb H, Ksibi M, Elaloui E, Guillard C, Hermann JM
(2001) Photocatalytic degradation pathway of methylene blue in
water. Appl Catal B Environ 31:145-157

61



Environ Sci Pollut Res

Konstantinou IK, Albanis TA (2004) TiO,-assisted photocatalytic degra-
dation of azo dyes in aqueous solution: kinetic and mechanistic
investigations: a review. Appl Catal B Environ 49:1-14

Kuo WS, Ho PH (2001) Solar photocatalytic decolorization of methylene
blue in water. Chemosphere 45:77-83

Pearce CI, Lloyd JR, Guthrie JT (2003) The removal of colour from
textile wastewater using whole bacterial cells: a review. Dyes
Pigments 58:179-196

Percherancier JP, Chapelon R, Pouyet B (1995) Semiconductor-sensitized
photodegradation of pesticides in water: the case of carbetamide. J
Photochem Photobiol A Chem 87:261-266

Sandhya S (2010) Biodegradation of azo dyes. In: Erkurt HA (ed) The
handbook of environmental chemistry, volume 9. Springer, Berlin,
pp 39-57

Sleiman M, Vildozo D, Ferronato C, Chovelon JM (2007) Photocatalytic
degradation ofazo dye metanil yellow: optimization and kinetic model-
ing using a chemometric approach. Appl Catal B Environ 77:1-11

Subash B, Krishnakumar B, Velmurugan R, Swaminathan M (2012)
Photodegradation of an azo dye with reusable SrF,—TiO, under
UV light and influence of operational parameters. Sep Purif
Technol 101:98-106

Suttiponpamit K, Jiang J, Sahu M, Suvachittanont S, Charinpanitkul T,
Biswas P (2011) Role of surface area, primary particle size, and
crystal phase on titanium dioxide nanoparticle dispersion properties.
Nanoscale Res Lett 6:27

Tzikalos T, Belessi V, Lambropoulou D (2013) Photocatalytic degrada-
tion of Reactive Red 195 using anatase/brookite TiO, mesoporous |
nanoparticles: optimization using response surface methodology
(RSM) and kinetics studies. Environ Sci Pollut Res 20:2305-2320

Wang WY, Ku Y (2007) Effect of solution pH on the adsorption and
photocatalytic reaction behaviors of dyes using TiO, and Nafion-
coated TiO,. Colloids Surf A Physicochem Eng Asp 302:261-268

Xu S, Ng J, Zhang X, Bai H, Sun D (2011) Adsorption and photocatalytic
degradation of acid orange 7 over hydrothermally synthesized meso-
porous TiO, nanotube. Colloids Surf A Physicochem Eng Asp 379:
169-175

Zaharia C, Suteu D (2012) Textile organic dyes — characteristics,
polluting effects and separation/elimination procedures from in-
dustrial effluents—a critical overview. In: Puzyn T, Mostrag-
Szlichtyng A (eds) Organic pollutants ten years after the stock-
holm convention—environmental and analytical update. InTech,
Rijeka, pp 55-86

@ Springer

62



