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Abstract

Deterioration of water quality, increased risk of water-related diseases, inadequate fresh water
supply, lack of access to clean water and basic sanitation due to human population growth,
expansion of industrialized activities, and climate change have become global issues of concern.
In addition to waterborne pathogen contamination, water quality issues arise from the continuous
input of recalcitrant organic pollutants such as pharmaceuticals, which are resistant to
biodegradation and cannot be removed by conventional water treatment methods. The emerging
concerns over the negative impacts of these compounds on the ecosystem and human health have
led to an increase in scientific research on new treatment technologies for water purification, such
as advanced oxidation processes (AOPs). Among AOPs, the semiconductor-based
(photo)electrochemical oxidation methods based on the anodic oxidation, have demonstrated to be
promising techniques for the degradation of bio-refractory organic contaminants from
wastewaters. Therefore, the main objective of this work was to develop mixed metal oxide (MMO)
electrodes (anodes) with good photo- and electrocatalytic activity for the oxidative decomposition
of complex organic molecules and bacteria from aqueous solutions using UV light, electrical

current or both combined.

First, thin metal oxide anode coatings with different compositions of tin and tungsten (Snx-
Woo-xmotw-oxide; x = 0, 20, 40, 60, 80 and 100) doped with a small amount of antimony (~ 3
mol%) were fabricated on Ti substrates via a thermal deposition method. The coatings were then
characterized by various electrochemical and surface-characterization techniques, such as cyclic
voltammetry (CV), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX). As-

prepared electrodes of different compositions were screened and tested for the photochemical
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(PC), electrochemical (EC) and photoelectrochemical (PEC) degradation of phenol red (PR) dye,
which was employed as a model organic molecule. The coating composition of Sngo-W200-0xide
was selected as the most intrinsically photoelectrochemically-active material for further

experiments.

In the second part of the project, a potential use of the Sb-doped Sngoe,-W2ov-oxide electrodes
for the EC inactivation of bacteria in chloride-containing solutions was studied. The influence of
various experimental factors such as current density, initial population of bacteria, initial chloride
concentration, pH, type of bacterial strain, the presence of natural organic matter (NOM) and
radical scavengers on the disinfection efficacy of the EC system was investigated. The results
demonstrated the strong bactericidal activity of the Sb-doped Snsgoe,-Waow-oxide anodes,

proportional to the applied current density and chloride concentration.

In the third part of the project, the Sb-doped Sngov-W20%-0xide electrode was used for the PEC
degradation of pharmaceutical carbamazepine (CBZ), at different current densities. For
comparison purposes, photolytic and photocatalytic degradation experiments were also performed.
The kinetic rate constants for degradation reactions were determined. The formation of the
transformations products of carbamazepine during degradation processes was investigated to
assess the toxicity of the treated solution. Moreover, the energy consumption under different

operating conditions was estimated.



Abrégé

La détérioration de la qualit¢ de l'eau, un risque accru de maladies liées a I'eau,
l'approvisionnement insuffisant en eau douce, le manque d'accés a l'eau potable et a
l'assainissement de base en raison de la population humain croissante, 1'expansion des activités
industrielles, et les changements climatiques sont devenus des problématiques d’intérét mondial.
Outre la contamination par les agents pathogenes d'origine hydrique, les problémes de qualité de
I'eau découlent de I'apport continu de polluants organiques récalcitrants tels que les produits
pharmaceutiques qui sont résistants a la biodégradation et ne peuvent étre ¢liminés par des
méthodes classiques de traitement des eaux. Les nouvelles préoccupations concernant les effets
négatifs de ces composés sur 1'écosystéme et la santé humaine ont conduit a une augmentation de
la recherche scientifique sur les nouvelles technologies de traitement de l'eau, telles que les
procédés d'oxydation avancée (POA). Parmi les POAs, les méthodes d'oxydation
(photo)électrochimique a base de semi-conducteurs, basées sur l'oxydation anodique, se sont
avérées €tre des techniques prometteuses pour la dégradation des contaminants organiques bio-
réfractaires des eaux usées. Par conséquent, 1'objectif principal de ce travail était de développer
des ¢électrodes d'oxydes métalliques mixtes (OMM) avec une bonne activité photo et
¢lectrocatalytique pour la décomposition oxydante de molécules organiques complexes et de
bactéries a partir de solutions aqueuses utilisant la lumiére UV, le courant électrique ou les deux

combinés.

Tout d'abord, des couches minces métalliques d'oxyde d'anode avec différentes compositions
d'étain et de tungstene (Snx-W100-xymol%-0xyde; x = 0, 20, 40, 60, 80 and 100) dopés avec une petite
quantité d'antimoine (~ 3 mol%) ont été fabriquées sur des substrats de titane via un procédé de

dépot thermique. Les couches ont ensuite été caractérisées par diverses techniques
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¢lectrochimiques et de caractérisation de surface, telles que la voltampérométrie cyclique (CV), la
spectroscopie photoé¢lectronique X (XPS), la diffusion des rayons X (XRD) et la microscopie
¢lectronique a balayage (SEM) couplée avec une analyse dispersive en énergie (EDX). Des
¢lectrodes préparées a 1’aide de compositions différentes ont été criblées et testées pour la
dégradation photochimique (PC), électrochimique (CE) et photoélectrochimique (PEC) du
colorant rouge phénol (PR), qui a été utilis¢é comme molécule organique modele. La composition
de la couche de l'oxyde Sngo,-W2o% a ¢été choisie comme matériau le plus

photoélectrochimiquement actif pour des expériences additionnelles.

Dans la deuxiéme partie du projet, 1'utilisation potentielle d'électrodes d'oxyde Sngow-W2o,
dopées au Sb a été étudiée pour l'inactivation €lectrochimique de bactéries dans des solutions
contenant des chlorures. L’investigation consistait a étudier l'influence de divers facteurs
expérimentaux comme la densité de courant, la population initiale de bactéries, la concentration
initiale en chlorure, le pH, le type de souche bactérienne, la présence de matiere organique naturelle
(MON) et de piégeurs de radicaux sur l'efficacité de désinfection de ce systéme électrochimique.
Les résultats ont démontré la forte activité anti-bactéricide des anodes Sngoy-W20% dopées au Sb,

proportionnelles a la densité de courant appliquée et a la concentration en chlorure.

Dans la troisieéme partie du projet, 1’¢électrode d'oxyde Sngow-W20% dopée au Sb a été utilisées
pour la dégradation PEC de la carbamazépine pharmaceutique (CBZ), a différentes densités de
courant. A des fins de comparaison, des expériences de dégradation photolytique et
photocatalytique ont également été effectuées. La formation de produits de transformation de la
carbamazépine durant le procédé de dégradation a été investigué pour évaluer la toxicité¢ de la
solution traitée. De plus, la consommation d'énergie dans différentes conditions de fonctionnement
a été estimeée.

vii



Table of Contents

ACKNOWIEAZIMENTS ...ceeveerrrrrnriecssssnniecssssarsecsssssssssssssssssssssssssssssssssssssssssssssssssssssssanss iii
ADSEIACT..c.ccciirrreiiicrsssnriicsssssnniecssssssnsecsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanss iv
ADTEGE caaueeerericirrniinsrnnienssaniesssaniesssssessssssesssssssssssssessssssessssssssssassssssasssssssssssssssesssnss vi
Table Of CONLENLS ...ccccervrveriicssssnriccssssnneecssssssnsessssssssssssssssssssssssssssssssssssssssssssssanes viii
LiSt Of FIGUIES ..cuuuiiiiiniiisinriiiiniinsinnrinssnnncsssnsecssnssesssnseessssssessssesssssssssssssssssssassssnss xiv
LSt Of TADIES ccceeierirrnriicssssanriccssssnnrenssssssssesssssssssessssssssssssssssassssssssssssssssssnssssssssns Xviii
ADDIEVIATIONS aeciiiirirreriicsssssaniicssssssnsiessssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse Xix
CHAPTER 1 ...ouuuiiiirniicnnnnnicssnnncsssssessssssessssssssssasssssssssssssssssssssssssssssssssassssssassssssssssses 1
1. General INtroduCtion .......eeiiecceiicicnicnsnnnicsssnnicsssnesssnssessssssssssssessssssessssssssnssns 1
1.1.  Research ObJeCtiVES......ccccuiiieciiieeiiieceiee et 4
1.2.  Thesis Organization ............ccccveeeeiuieeeeieeeeeiieeeeieeeeereeeeeereeeeereeeeens 5
1.3.  Contribution of AUthOTS.......ccccuvviiiiieiiiiiieieeeeee e 7
1.4, RETEIENCES...c.ueiiiiieeiieeiie ettt ettt et en 9
CHAPTER 2 ..cuuuuiiinriiiicnniinssnnicsssssicsssssicsssssessssssessssssssssssssssssssssssssesssssssssssssssssssssse 11
2. Background and Literature ReVIEW........cccericvnrrccsssnnrecssssnnssessssnsssscsssssssses 11
2.1.  Conventional Wastewater Treatment Methods ...........ccccvveeennennn. 11

viii



2.2. Advanced Oxidation Processes (AOPS) .....cc.cccovvieeviiieeciciieeeieeea, 12

2.2.1. AOPs Based on Hydroxyl Radicals ..........cccceevuieeririiinciiieiie e 14
2.2.2. AOPs Based 0N OZONE ........ooviiiiiiiiiiiiieiie ettt 15
2.2.3. AOQOPs Based on Hydrogen Peroxide (Fenton-Related Processes) ............... 16
2.2.4. AQOPs Based on Sulfate Radical.........c.ccoeeviiriiniininiiniiicceeeiceeeee 16
2.2.5. AOPs Based on UV Irradiation (Photolysis and Photocatalysis)................. 17
2.2.6. Electrochemical Advanced Oxidation Processes.........c.cccoveeevueeneenieenunnne. 20
2.2.7. PhotoelectrocatalySis.......ccceeriiiiiieniieeiieiie ettt 22
2.3.  Overview of Semiconductor Electrode Materials ...............c.......... 24
2.3.1. Dimensionally Stable Anode (DSA®)-Type Electrodes ...........cceecvrennennne. 26
2.3.2. Tin OXide (SNO2) .eeouieiiiiieiieieeeee ettt st 27
2.3.3. Tungsten OXide (WO3)....ccouiieiuieiiiieeeiieeetieeeiee ettt e 28
2.3.4. Doping Semiconductor Oxide Electrodes...........cccoevuiriiiiiiniiiniiiiienee 28
2.3.5. Coupling Semiconductor Oxide Electrodes ............ccccueriieniiniiiiniiniiiennne 30
2.4.  Water Disinfection Methods...........coocveeiiiiniiiniiiniiieiee 31
2.4.1. Conventional Water Disinfection Methods.............ocoveriiiiiiiiiiniiiiee, 31
2.4.2. Electrochemical Water DiSinfection ..........c..ccoeceeeiieniiiiiiniiiieenicieeeee 32
2.4.2.1. Electrochemical Disinfection in the Absence of Chloride in the Solution ...... 33
2.4.2.2. Electrochemical Disinfection in the Presence of Chloride in the Solution......34

2.5, REfOTENCES....ccuiiiiiiiiiieieeee e 38

X



3. Fabrication and Characterization of Photoelectrochemically-active Sh-

doped Snx-Waoo-x)%-Oxide Anodes: Towards the Removal of Organic Pollutants

fromM WaSteWALET ....cccccvvveeriiiisssnniiccssssnnnecssssnnnesssssssnsessssssssssssssssssssssssssssssssssssassssss 46
3.1 Preface v 46
3.2, INtrodUCHION.....ciiiiieiieeieeeeeee et e 48
3.3.  Materials and Methods .........ccceevviieiiiieiiiiiiiiieceeeeee e, 50

3.3.1. Electrode Preparation ...........cceccueeriieiiieniieeieenieeeie ettt sve e 50
3.3.2. Coating CharacteriZation........c..ccoeeueeierieeieniienieeeeeeesie et 51
3.3.3. Degradation of Phenol Red Dye.........ccooeiiiiiiiiiiiiiiieeeeeeeee, 53
3.4. Results and DiSCUSSION ........eevuvieriieriieeiie e 54
3.4.1. Surface CharacteriZation ..........cccccveeeriveeeiieeniieeeiiieeeieeesieeesreeeseneeensaeeeenees 54
3.4.1.1. Scanning Electron Microscopy (SEM) ......cccoveeriirienierieiienieereeieesreeseesenees 54
3.4.1.2.  Transmission Electron Microscopy (TEM) .......cccerirniiniiiieniieneenieeieeeee 56
3.4.1.3.  X-ray Photoelectron Spectroscopy (XPS) .....cocevererrininiininiiineniencnceeen 57
34.1.4.  X-ray Diffraction (XRD) ....c.ccoiiiviiiiiiiiieciecie ettt see e ereeveesreesne v e 61
3.4.1.5. True Surface Area and Surface Roughness ...........ccoceveeviiiiiiviicniciiecieces 62
3.4.1.6. Band Gap Determination ............cceeeevieerieerciieenieeeiieeseeesreeesireesseeesreesseeenes 65
3.4.2. Photoelectrochemical Characterization.............cccceeeveenieerieenieeniienieeeeeenn. 68
3.4.3. Photoelectrocatalytic Characterization.............cceecueevueerieenieenieenieenie e 71

X



3.5, CONCIUSIONS e e e e e e e e e e e e e eas 74
3.0, RETCIEINCES .o 75
CHAPTER 4 ...eiiieiiiieieiisssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 82

4. Electrochemical Disinfection of Water Using Antimony-Doped Tin-

Tungsten-Oxide EIeCtrodes .......uueinveecseicsercssenissnncssnnccssencsnncsssecsssnesssssssssssssces 82
4.1, Preface .ooooioiiiieee e 82
4.2, INtrodUCHION. .....eiiiiiiiiieiceee e 83
4.3. Materials and Methods .........ccocceiiiiiiiiiiiiine 88

4.3.1. Electrode Preparation ...........cccccueeeuieeiiieeeiieeeiie e e e 88
4.3.2. Bacterial Strains and Growth Conditions............cccceeveeriienieeieenieeeeneeee 89
4.3.3. Electrochemical REACTOT .........cooiuiiiiiiiiiiiiiiiieiceeeeeeeee e 89
4.3.4. Disinfection EXPeriments........cccceeceeereuieeniiieeniieeniie e eneeeesveesneee e 90
4.3.5. Bacterial Sample ANalySis ......cccceeviieriiieiiieeiieeeee e e 90
4.3.6. Modes of Disinfection ACtION...........cccueeriiriiieriieiierie et 91
4.3.6.1. Adhesion of Microbial Cells onto Electrodes............cccecveviieiienieniinienieenenn 91
4.3.6.2. Influence of Solution ChemiStry.......c.ccceeevriivieeiienieiie et eve e 92
4.3.6.3. Determination of Active Chlorine Production.............cocceeeieiinieiincnieeeee 92
4.4.  Results and DISCUSSION ...c..eevuiiruieriiiiiiieeiienie et 93
4.4.1. Role of Bacterial Adhesion onto Electrodes ...........ccceeveeniinieiniiniiennenne 93

X1



4.4.2. Influence of Current Density on Bacterial Inactivation ...............cccceeueeenee. 94

4.4.3. Effect of Interfering SPECIeSs ......ccovvvreriiiieiiieeiie et 95
4.4.3.1. Inhibitory Effect of Radical Scavengers on Bacterial Inactivation.................. 95

4.43.2. Inhibitory Effect of Natural Organic Matter (NOM) on Bacterial Inactivation

96
4.4.4. Role of Active Chlorine OXidants..........ccccecueriereenienienienienieneeieseeneeeens 99
4.4.4.1. Influence of Current Density on Active Chlorine Production ............c............ 99
4.4.4.2. Effect of Chloride Concentration on Active Chlorine Production................. 100
4.4.43. Influence of pH on Active Chlorine Production...........ccoeceeviieiieiiieneeneenne. 100
4.4.5. Eftect of Chloride Concentration on Bacterial Inactivation....................... 103
4.4.6. Effect of Initial Bacterial Load and Strain Type .......ccccoceeveevenienienicnnene 104

4.47. Energy Consumption During the Electrochemical Disinfection Process... 106

4.5, CONCIUSIONS . ...eneeeeeeee e e e e e e e e e e e eaeeeeaeaeens 108
B0, RETCTEICES .ot e e e ee e e e e eae e e e eeaaens 110
CHAPTER 5 .........................................................................................................117

5. Photoelectrochemical Degradation of Pharmaceutical Carbamazepine

Using Sb-Doped Snsoe,-W2eo-Oxide Electrodes .......eeeneecseeesseecssnecssnnccsnnnenss 117

. . PILEIACE oo a e 117
5.2, INEOAUCTION. ... ceeeeeee et et e e e e e e e e eeeeeeeeeeaeeeeeeaaaaeaaaaes 118
5.3, Experimental.........ccccoooiiiiiiiiiiiiiiiee e 122

Xii



5.3.1. Electrode Preparation ...........ceeeiieeeiiieeiiee et eevee e e 122

5.3.2. Photoelectrochemical Reactor.............ccovuveeiiieeiieieieecieecee e, 123
5.3.3. Degradation EXPeriments..........ccccecuieruieeieerieeriiienieeieeniesieesieeeneesneesnens 123
5.3.4. Analysis of Carbamazepine and Transformation Products (TPs).............. 124
5.4. Results and DiSCUSSION ......cccverieiiieeeiiieeeiee e 125

5.4.1. Photolytic vs. Photocatalytic Treatment: Degradation Efficiency and Reaction

Kinetics 125

5.4.2. Photoelectrocatalytic Degradation .............cccoeceeeiiieiiiniieniieieeie e 127

5.4.3. Identification of Transformation By-Products (TBPS)..........c.ccccueriiennnenne 130

5.4.4. Energy CONnSUMPLION......cccuiiiiieeeriieeiieeeiieeeitteeeieeeeneeesereeensseeesereesnnseesnnne 135

5.5, CONCIUSIONS....ccuuviiiiiiiieciiie et e et e etee e e ae e e err e e e eereeeesaraeeeareaeens 137

5.6, RefCIeNCES.....coccuiiiieiiiiiee e 138
CHAPTER 6 .....ccoouneeiicnnssnnniccssssnnnencsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnses 145
6. Summary and ConcluSiONS.....ccccvveiicrssssareecssssssreecsssssassasssssssssscssssssssssssssnses 145
6.1, SUMMATY ..ooiiiiiiiiiiieie e e e e e e e e e eaeeee s 145

0.2.  CONCIUSIONS....ccuvviiiiiiieieiiee et e ettt e et e e eree e e svaeeeareeeeas 147

6.3.  Original Contributions to Knowledge ..........ccccocevvvvviiiinieinnnnnnn. 149

6.4. Recommendations for Future Works...........ccccvvieiiiiiiniiiecieen, 150
APPENAIX cccrirrrnriicnssssaneecsssssansssssssssnsssssssssssssssssssssssssssssasssssssssssssssssssassssssssssssssssssse 151



List of Figures

Figure 1-1: Applications of AOPs for wastewater treatment (Adopted from Bergendahl and
O’Shaughnessy (2004) [8]).veeeveerreeriieriieeieerieeieereeeteesteeeteesseesreesseeeseesseesseessaeesseessnesnseessseenns 2
Figure 2-1: Schematic of a semiconductor-mediated photocatalysis [22].......c.ccccueeviierreeneennen. 18
Figure 2-2: Schematics of the electrochemical processes for the degradation of organic
compounds (R); (a) direct electrolysis , (b) hydroxyl radical-mediated oxidation, and (c) inorganic
compound-mediated oxidation (Adopted from Comninellis and Chen (2010) [33]). .....cccveenieene 22
Figure 2-3: Schematic representation of a photoelectrocatalytic cell for the treatment of
wastewaters containing organic CONtAMINANTS. .........ccueerveerreeriierieesieeereesieeseeesseessneesseesseesseessns 23
Figure 2-4: Energy diagram representing VB and CB energy levels of common semiconductors
in contact with aqueous electrolyte at pH 1 (Adopted from Gratzel (2001) [44])....cceevvvevveennenn. 26

Figure 2-5: Schematic of band structure change in S-doped, Fe-doped, and V-doped TiO: [56].

Figure 2-6: Energy diagrams of a TiO2-WO3 system for the case of (a) UV light and (b) visible
L11ght 11TUMINAtION [23]. ..iiiiiie ittt e e et e e et e e s beeesnbeeesaseeesnseeenseesnseeens 31
Figure 2-7: SEM images of E. coli. (a) Untreated cells; (b) cells after 30 min electrolysis; (c) cells
after 60 min electrolysis; (d) cells after ozonation; (e) cells after chlorination; (f) cells after
MONOChIOTAMINATION [87]...ceiiiiiiieiiiiie ettt ettt ettt e et saee st esaeeeabeenneas 36
Figure 2-8: Schematic representing disinfecting actions of electrochemically generated oxidizing
species against E. coli in electrolytes containing chloride, sulfate, and phosphate on BDD anode
L8 ] ettt et a bt a e bttt e a e bttt e a e sb e et e et e e bt e bt et e saeenae et 37
Figure 3-1: SEM images of Snx-W-(100-x) % -oxide coatings formed on a Ti substrate: (a) x = 100;

(b)x=80;(c) x =060, (d) x =40; (€) X =20; () X =01 rreeeireerieerieeetee et 55

X1V



Figure 3-2: TEM images of Sngo%-W2ov%-0xide: (a) electron diffraction pattern; (b) polycrystalline
StrUCtUTe; (C) 1attICE PLANES. ...vvieieiiieeiie ettt e e e e s e e ee e areeeaseeenseeennns 57
Figure 3-3: XPS spectra of Sb-doped Sn-W-oxide coatings: (a) W 4f, (b) Sn 3d, and (¢) O 1s. 60

Figure 3-4: XRD patterns for the electrode coatings prepared with different Sn-W compositions.

Figure 3-5: 3D images of (a) Sngoy-W20%-0xide (Ra = 1.45 pm) and (b) Sn2ov-Wsow-oxide (Ra =

0.42 um) coatings, obtained by high definition confocal microscopy, showing surface roughness.

Figure 3-6: Tauc plots of (a¢hv)2 vs. hv for Sn80%-W20%-oxide coating. ...........cccecueerereueennen. 67
Figure 3-7: A typical experimental linear polarization curve for the Sngoe,-W2o%-0xide electrode
recorded at a scan rate of 25 mV/s in 0.1 M KH2POy4 electrolyte at pH 7......cocoeveeiieniiniincnnene. 68
Figure 3-8: Chronoamperometry response of Sb-doped Snoy-Wioow-oxide (red), Sngov-W20%-
oxide (blue) and Snioo%-Wow-oxide (black) electrodes recorded in 0.1 M potassium phosphate
buffer (pH 7) in dark and under UV light irradiation and at 1.2 V. The current measured in dark
has been set as the background current, rendering the response in the figure as photocurrent. ... 70
Figure 3-9: Photocurrent as a function of Sn-W-oxide composition. The photocurrent was
normalized with respect to the coating true electrochemically-active surface area. Electrolyte: 0.1
M potassium phosphate buffer (pH 7). E = 1.2 V. Error bars represent standard deviations....... 71
Figure 3-10: Photoelectrocatalytic degradation of phenol red dye by Sb-doped Sn-W oxide
coatings. Current density: 20 MA/CINZ. ..........ooviveviveeeeeeeeeeeeeeeeee e ne e sese s, 72
Figure 3-11: Comparison of the photocatalytic (PC), electrocatalytic (EC), and

photoelectrocatalytic (PEC) activities of different Sb-doped Sn-W-oxide coatings for the

XV



degradation of phenol red dye. Degradation time: 120 min. Error bars are indicators of standard
deviations. Current density: 20 MA/CIN. ..........ocoovioveeieeeeeeeeeeeeeeeeeeeeee e esesesesenesenas 73
Figure 4-1: Influence of current density on bacterial inactivation during electrochemical treatment
of solutions containing initial concentration of ~107 CFU/mL E. coli D21 in 0.1 M NaCl + 0.1 M
potassium phosphate buffer (pH 7.1). Results represent mean value = SD (n = 3)........ccceeeneeee. 95
Figure 4-2: Inhibitory effects of (a) a radical scavenger at zero current (m), 2 mA/cm? current
density without adding methanol (4), 2 mA/cm? current density with 0.1 M methanol (A), 4
mA/cm? current density without adding methanol (V), 4 mA/cm? current density with 0.1 M
methanol ('V); and (b) SR-NOM at 2 mA/cm? current density, on changes in the number of E. coli
D21 culturable cells in the reactor during the electrochemical treatment of 0.1 M NaCl + 0.1 M
potassium phosphate buffer solution (pH 7.1). Results represent mean value = SD (n = 3). ....... 98
Figure 4-3: Effects of (a) current density in 0.1 M NaCl (pH 7.1), (b) chloride concentration at the
current density of 2 mA/cm? (pH 7.1), and (c) solution pH at 0.1 M NaCl on active chlorine
production during electrochemical water treatment in 0.1 M potassium phosphate buffer. Results
represent mean value = SD (n=3). * p < 0.05; ** p<0.01.ceeiiiieiiieiieeee e 102
Figure 4-4: Influence of NaCl concentration on the number of culturable cells in the reactor during
the electrochemical treatment of ~10” CFU/mL E. coli D21 at current density: 2 mA/cm? and in
0.1 M potassium phosphate buffer (pH 7.1). Results represent mean value + SD (n = 3). ........ 104
Figure 4-5: Effect of initial bacterial load on the percentage of culturable E. coli D21 cells during
electrochemical treatment of 0.1 M NaCl + 0.1 M potassium phosphate buffer solution (pH 7.1).

Results represent mean value £ SD (11 = 3)...cccoiiiiiiiiieieieee e 105

XVl



Figure 4-6: Changes in the number of culturable cells with time for different bacteria strains
during the electrochemical treatment of 0.1 M NaCl + 0.1 M potassium phosphate buffer solution
(pH 7.1). Results represent mean value == SD (N1 =4). c..ccovieeiiieeiiieeee et 106
Figure 5-1: Carbamazepine concentration as a function of treatment time during photolytic and
photocatalytic carbamazepine oxidation; [CBZ]o = 0.2 mg/L. Error bars represent the difference
between the mean value and upper/lower values of the range (N =2).......cccceeevveecrveeereeeenreeenne, 127
Figure 5-2: (a) Concentration decay over 60 min and (b) normalized apparent initial rate constant
with respect to the current density, for the photoelectrocatalytic degradation of carbamazepine at
different current densities using Sb-doped Sn80%-W20%-oxide coated anodes; [CBZ]0 = 0.2
mg/L. Error bars represent the difference between the mean value and upper/lower values of the
TANZE (117 3.ttt ettt ettt ettt ettt e et e bt e e et e et e e e at e e bt e e abeesaeeeab e e bt e enbeeabeeeabe e bt e enbeeeneeeateenneeenne 129
Figure 5-3: Carbamazepine transformation products for various treatment conditions (a)
photolysis, (b) photocatalysis, (c) photoelectrocatalysis at 1 mA/cm?, and (d) photoelectrocatalysis

at 10 mA/cm?. Anode: Sb-doped Snsov-Waoe-oxide coated electrodes; [CBZ]0 = 0.2 mg/L; pH 7.

Figure 5-4: Estimation of the energy consumption to reach 90% removal of carbamazepine by
different treatment processes; [CBZ]o = 0.2 mg/L. PEC 1 to 10 refer to photoelectrocatalytic
processes at current density of 1 to 10 mA/cm?. Error bars represent the difference between the
mean value and upper/lower values of the range (N =3)......cccceceriiriiiiniiiniieeceeeee 137
Figure A- 1: Schematic diagram of the electrochemical reactor for disinfection experiments.....146
Figure A- 2: Schematic diagram of the photoelectrochemical reactor for CBZ degradation

534 053114 1<) 1 147

Xvii



List of Tables

Table 2-1: Standard oxidation-reduction potentials of oxidizing agents at 25°C and 1 atm. (pH 0)

Table 2-2: List of some common semiconductor oxide electrodes for wastewater treatment..... 25
Table 3-1: Relative atomic percentage of Sn in Snx-W(i00-x)%-0xide coatings (excluding the
contribution of antimony, titanium and oxygen in the oxide film). Nominal values refer to the Sn
content in the metal precursor solution. EDX and XPS values refer to the measured concentration
of Sn in the surface of the COALINES .......ccviiiiiieiieiiei et ebaeas 56
Table 3-2: Surface properties of Snx-W100-x)%-0xide coatings. Values of active surface area have
been normalized with respect to the maximum surface area which was obtained for the pure Sn-
OXIAC COALIMNE ..eevvieniieeiieetieeteetee ettt e et e esteeete e tee e bt e saeeaseeseeesseesaeensaesseeasseensseensaesseasseenssensseens 65
Table 3-3: Values of optical band gap energy measured for the thermally prepared Sb-doped Snx-
Woo-x%-oxide coatings determined by photoluminescence (PL) spectroscopy and UV-Vis
spectroscopy. Data presented as mean + standard deviation ...........ccceecvveeecieeniieeniee e 67
Table 4-1: Calculated process intrinsic electrical energy consumption for 3.5-log removal and
complete inactivation (7.4-log reduction) of E. coli D21 with the initial concentration of 10’
CFU/mL during the electrochemical treatment of 0.1 M NaCl + 0.1 M potassium phosphate buffer
solution (pH 7.1). Data represent mean value = SD (N1 =3) ...coccooiiiiniiniiiinicnececeeee 108
Table 5-1: Apparent initial kinetic rate constants, k4, for photoelectrocatalytic degradation of
carbamazepine in potassium phosphate buffer (pH 7) at different current densities using Sb-doped
Sngov-Wao%-oxide coated anodes; [CBZ]o = 0.2 mg/L. Data represent mean values + the difference
between the mean and upper/lower values of the range (N =3) .....cccoceeviriinieniniinieneceeee, 130

Table 5-2: List of carbamazepine transformation products detected............ccccevveverviirienennns 131

XViil



Abbreviations

WWTP

SCE

NHE

SHE

AOP

DSA

NOM

MMO

SEM

EDX

XPS

XRD

CBZ

ROS

RCS

OER

THM

HAA

DBP

PEC

EC

PC

TP

Waste Water Treatment Plant
Saturated Calomel Electrode
Normal Hydrogen Electrode
Standard Hydrogen Electrode
Advanced Oxidation Process
Dimensionally Stable Anode
Natural Organic Matter
Mixed Metal Oxide

Scanning Electron Microscopy
Energy Dispersive X-Ray
X-Ray Photoelectron Spectroscopy
X-Ray Powder Diffraction
Carbamazepine

Reactive Oxygen Species
Reactive Chlorine Species
Oxygen evolution Reaction
Trihalomethane

Haloacetic Acid

Disinfection By-Product
Photoelectrochemical
Electrochemical
Photochemical

Transformation Product

XiX



CHAPTER 1

1. General Introduction

Declining water quality and inadequate access to clean water and sanitation are of the most
pervasive environmental concerns, which are expected to become worse in the next decades due
to the global water scarcity. Water pollutants, including toxic organic compounds and pathogenic
microorganisms, enter natural water bodies through direct or indirect discharge of industrial
effluents, domestic swage, urban run-off, and farm wastes, affecting the quality of fresh water
systems. These pollutants are known to be persistent in the environment and resistant to
biodegradation and, thus, they cannot be effectively removed by conventional wastewater
treatment methods such as chemical, physical or biological [1]. Addressing the adverse effects of
these contaminants on the ecosystem and human health calls out for a great deal of research to be
conducted to develop new technologies for purifying water with higher effectiveness, lower energy

demand, minimal use of chemicals and minimal negative impacts on the environment.

Advanced oxidation processes (AOPs) are a promising technology for the treatment of
different types of wastewater, having ability to oxidize a wide variety of organic pollutants [2].
AOPs are chemical oxidation processes that utilize electricity, ultraviolet (UV) light, ozone, and/or
hydrogen peroxide to generate highly reactive and powerful oxidizing species such as hydroxyl
radicals (*OH) or sulfate radicals (SO4°*") to oxidize organic compounds efficiently [3]. AOPs were
first proposed in 1980s for the treatment of drinking water [4]. Figure 1-1 shows different
applications of AOPs for wastewater treatment. AOPs offer several advantages including
environmental compatibility, rapid reaction rate, modularity, ability to eliminate organic pollutants

in aqueous phase rather than collecting or transferring them from one phase to another, small



footprint, effectiveness in degradation of (bio)refractory and highly concentrated organic
compounds (that are not treatable by means of biological processes) and do not produce excessive
amounts of solid waste as with physical, chemical, or biological processes [5]. Generally, the
efficiency of an AOP is enhanced to the greatest extent by employing a suitable catalyst and/or
UV light [6]. Among AOPs, electrochemical technologies have gained much interest due to
simplicity, versatility, ease of control, modularity, portability, environmental compatibility and the

possibility to treat very (bio)refractory wastes [7].

Target pollutant destruction}

/—{ Overall COD reduction ]

Sludge treatment }

Applications of AOPs for
Wastewater Treatment

Microbial disinfection }

\—[ Color and odor removal }

Increase biodegradability of
recalcitrant organics

Figure 1-1: Applications of AOPs for wastewater treatment (Adopted from Bergendahl and
O’Shaughnessy (2004) [8]).

The electrochemical technology has been demonstrated to be effective for the treatment of
wastes containing organics such as phenols, dyes, and benzoic compounds [9] as well as for the
water disinfection [10]. Other advantages of this technology include applicability on a wide variety
of contaminants, safe operating conditions, no need to add auxiliary chemicals, no need to separate
the catalysts (electrodes) from the reaction mixture since it is a heterogeneous (electro)catalytic

system [11]. Furthermore, the electrochemical systems can be easily paired with other operations
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such as biological, chemical and physical processes to increase the efficiency of the treatment [12].
The efficiency of the electrochemical technology for wastewater treatment can further be improved
by utilizing UV light, in which the electrochemical oxidation of the pollutant is also supported by
the photocatalytic oxidation [13]. It has been shown that photoelectrochemical processes are
potential methods for oxidation of a wide spectrum of substances [14] and disease-causing

microorganisms [15].

The key part of a photoelectrochemical reactor is the photoelectrocatalyst (usually an anode),
which dictates the efficiency, stability, cost, catalytic activity, and selectivity of the system. Hence,
the electrode material plays a crucial role in the photoelectrochemical treatment of wastewater

containing organic pollutants [16].

Among various materials for electrode construction, Dimensionally Stable Anodes (DSA®)
(active mixed metal oxide coatings on titanium substrates), are seen as promising materials for
treatment of bio-refractory wastewaters [17]. DSA® electrodes have large specific surface area and
desired mechanical and chemical properties such as excellent resistance to corrosion at high
currents and in a strong acidic environment [13]. These electrodes were first developed in the
1960’s and intensely used by the chlor-alkali industry [18]. It has been demonstrated that using
DSA® electrodes improves the efficiency of the photoelectrochemical oxidation of a wide range
of organic contaminants and wastes with strong colors [19]. The high degradation efficiency of
photoelectrochemical processes using DSA® electrodes is attributed to the combination of two
mechanisms [20]: (i) the electrochemical mechanism, which involves the production of hydroxyl
radicals from water at an electrode surface and, (ii) the photo-electrochemical mechanism, which
pertains to the heterogeneous photocatalysis at the electrode surface (it should be noted that DSA®s

are non-stoichiometric mixed metal oxides that possess semiconducting properties, and are usually



photoactive). To bring this technology closer to large-scale commercialization, it is necessary to
develop new photoelectrochemically-active DSA®s that would offer higher photoelectrochemical
activity, higher energy efficiency, better stability (and thus longevity) and potentially lower cost

than currently used photo-active DSA®s.

1.1. Research Objectives

The main objective of this project was to synthesize new mixed metal oxide
photoelectrochemically-active dimensionally stable anodes composed of tungsten (W) and tin (Sn)
for effective and energy-efficient photoelectrochemical degradation of organic pollutants in

wastewaters and electrochemical water disinfection. Specific objectives are listed as follows:

1. Development of a Sn-W-oxide coating-formation procedure in order to achieve satisfactory
photo- and electro-catalytic activity, selectivity, and durability,

2. Electrochemical, optical and surface characterization of as-prepared Sn-W-oxide electrode
coatings to obtain information on the bulk and surface distribution of elements,
crystallinity, surface morphology, true surface area (considering surface roughness), band
gap energy, and photocurrent production,

3. Screening of the Sn-W-oxide coatings of various Sn/W ratio with respect to their
photoelectrocatalytic activity towards the degradation of a model wastewater organic
molecule, phenol red dye,

4. Electrochemical disinfection of water contaminated with bacteria employing the best-

performing oxide coating selected based on the results obtained in the previous step,



5. Removal of pharmaceutical carbamazepine from wastewater by photoelectrochemical
oxidation employing the best-performing coating selected based on the results obtained in
step (3),

6. Evaluation of the overall performance of the developed anode material for environmental

applications from the energy consumption point of view.

1.2. Thesis Organization

As just seen, Chapter 1 provides a general introduction to the subjects studied in this project.
Furthermore, the objectives of this research are outlined, followed by the thesis organization
showing the flow of contents and, then, contribution of authors of the manuscripts coming out of

the results of the research presented in this thesis.

Chapter 2 provides an overview of literature, explaining several types of advanced oxidation
processes (AOPs) and related reactions, possible mechanisms of electrochemical oxidation in
general, and detailed mechanisms of photoelectrocatalytic oxidation of organics. A review of some
common semiconductor oxide materials for photo-, electro-, and photoelectrocatalytic oxidation
of organics is presented. Furthermore, the common approaches for tuning the band structure and
possibly enhancing the photo- and electrocatalytic activity of semiconductors (e. g. doping and
coupling) are discussed. Moreover, common techniques for disinfection of water and wastewaters
are described in general, and the electrochemical disinfection process and the possible mechanisms

of actions in the presence and absence of chloride in the solution are discussed.

In Chapter 3, the mixed metal oxide electrode coatings with six different compositions of tin-
tungsten oxide (Snx-W100-xmot%-0xide; x = 0, 20, 40, 60, 80 and 100) doped with a small amount

of antimony (~ 3 mol% Sb) were formed on Ti substrates. Then, the as-prepared coatings were



characterized using various state-of-the-art techniques to determine their electrochemically-active
surface area, surface roughness, surface microstructure and elemental composition, crystalline
structure, band gap energy, and photocurrent production. Then, the electrode coatings were tested
for their photoelectrocatalytic activity in a series of photochemical, electrochemical, and
photoelectrochemical screening experiments for the degradation of phenol red dye as a test (model)
wastewater organic molecule. Based on the results obtained, the Sb-doped Sngow-Wa2oe-oxide
coating composition was selected as the most intrinsically photoelectrochemically-active coating

material for degradation of organic compounds in aqueous solutions.

Chapter 4 presents results on the electrochemical inactivation of bacteria in an electrolyte
employing Sb-doped Sngoe,- W20v-0xide anodes in a three-electrode batch electrochemical reactor.
The influence of current density, initial population of bacteria, initial chloride concentration, pH,
the type of bacterial strain (E. coli D21, E. coli O157:H7, and E. faecalis), the presence of natural
organic matter (NOM) and radical scavengers (e. g. methanol) on the bacterial inactivation rate
and thus the disinfection efficacy of the electrochemical system, was investigated. The anti-
bactericidal ability of the developed Sb-doped Sngoe- W20%-0xide anodes was demonstrated by the
inactivation results. Moreover, the calculations of the energy requirement for the experiments
carried out at different current densities were performed and the optimal experimental conditions

in terms of the energy efficiency were determined.

Chapter 5 presents results on the photoelectrocatalytic degradation of pharmaceutical
carbamazepine using Sb-doped Sngov-Wa2o%-0xide anodes. For comparison purposes, photolysis
(in the present of UV light, but in the absence of electrodes and applied current) and photocatalysis
(in the present of UV light and electrodes in the cell, but in the absence of applied current)

experiments were also performed. The effect of current density on the kinetics of



photoelectrocatalytic degradation of carbamazepine was investigated. The identification of
intermediates and carbamazepine transformation products in the samples of photolysis,
photocatalysis, and photoelectrocatalysis experiments were carried out, allowing the assessment
of the toxicity of the final treated solution. Lastly, the energy consumption during
photoelectrocatalytic degradation experiments performed at different current densities was
estimated and the experimental conditions pertaining to the highest energy efficiency were

identified.

Chapter 6 includes a summary and the main conclusions of the project, original contributions

to knowledge, and recommendations for future works.

1.3. Contribution of Authors

This thesis is presented in the manuscript-based format in accordance with the McGill’s
“Guidelines for Thesis Preparation”. Chapter 3 presents a manuscript that has been published in
the journal of Applied Surface Science. Chapters 4 and 5 present manuscripts that have been
submitted to scientific journals for consideration for publication. All the manuscripts were written
by the author of this thesis. Co-authorship of the manuscripts presented in chapters 3—5 is detailed

as follows:

e S. Ghasemian, S. Omanovic. “Fabrication and characterization of photoelectrochemically-active
Sb-doped Snyx-W(i00-x%-0xide anodes: Towards the removal of organic pollutants from

wastewater”. Applied Surface Science, 416 (2017) 318-328.

Authors’ contributions:

- S. Ghasemian: Developed experimental procedures, conducted experiments, performed analysis of

the results, and wrote the manuscript.



S. Omanovic: Supervised the research, helped in the design of experiments and revision of the

manuscript.

S. Ghasemian, B. Asadishad, S. Omanovic. N. Tufenkji. “Electrochemical disinfection of

bacteria-laden water using antimony-doped tin-tungsten oxide electrodes”, submitted.

Authors’ contributions:

S. Ghasemian: Conducted experiments, performed analysis of the results, and wrote the manuscript.
B. Asadishad: Helped in the design of experiments, and in teaching and training of the handling of
bacteria and analysis of microbial samples, and revised the manuscript.

S. Omanovic and N. Tufenkji: Supervised the research and revised the manuscript.

S. Ghasemian, D. Nasuhoglu, S. Omanovic, V. Yargeau. “Photoelectrochemical degradation of

pharmaceutical carbamazepine using Sb-doped Sngoe- Waov-0xide/Ti Anodes”, submitted.

Authors’ contributions:

S. Ghasemian: Designed and conducted experiments, performed analysis of the results, and wrote
the manuscript.
D. Nasuhoglu: Helped in the design of experiments and revised the manuscript.

S. Omanovic and V. Yargeau: Supervised the research and revised the manuscript.
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CHAPTER 2

2. Background and Literature Review

2.1. Conventional Wastewater Treatment Methods

Most-commonly employed conventional wastewater treatment techniques include physical,

chemical, and biological processes that are designed to remove two types of wastes [1]:

— Inorganic wastes (physical-chemical treatment)

— Aqueous/organic wastes (chemical-biological treatment)
Each of these types of treatment processes is briefly described below.

Physical treatment processes are generally the first step in wastewater treatment designed to
remove small and large amounts of dissolved and suspended materials without altering their
chemical structure. These processes mainly employ naturally-occurring forces (e. g. gravity and
electrostatic forces) or physical barriers (e. g. filters) to separate and concentrate substances.
Physical treatment processes include screening, sedimentation, flotation, filtration, and adsorption.
Chemical treatment processes refer to processes that use auxiliary chemicals to promote chemical
reactions and change the chemical structure of the components with the goal of removal or
reduction of the toxicity of specific components. Oxidation and precipitation are two examples of
chemical treatment processes. In biological treatment, microorganisms such as algae, fungi, or
bacteria are used under aerobic or anaerobic conditions to decompose and/or transform the
dissolved organic compounds into a dense biomass that can be easily separated from the treated
effluent by sedimentation. Application of pre-treatment processes such as chemical precipitation

of heavy metals can increase the efficiency of biological degradation. The virtue of biological
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treatment is its relatively low cost, but the main drawback is the lack of effectiveness in removal
of recalcitrant and bio-refractory organic compounds. In addition, systems based on biological

treatment are mostly large foot-print systems.

2.2. Advanced Oxidation Processes (AOPs)

Advanced oxidation processes (AOPs) have been defined by Glaze et al. (1987) [2, 3] as the
chemical oxidation processes that involve in sifu generation of highly reactive oxidizing species
such as hydroxyl radicals (*OH) at ambient temperature and pressure in a sufficient quantity to
effectively purify water. The yield of *OH in processes involving ozone (O3), hydrogen peroxide
(H202), catalysts, and UV systems has also been reviewed in the concept of AOP [3, 4]. Later, the
scope of AOPs has been extended to the processes based on the oxidative action of sulfate radicals
(SO4*7) [5, 6]. The oxidizing ability of an oxidant depends on its redox potential, £°. The E© value
for several well-known oxidizing agents is listed in Table 2-1. All oxidants listed in Table 2-1 are
stronger than O», nevertheless, the oxidation reactions are often governed by the kinetic factors
rather than the thermodynamic properties [4]. AOPs provide promising solutions for the treatment
of wastewaters containing recalcitrant organics such as dyes, pharmaceuticals, and phenolic
compounds that are difficult to degrade by means of existing conventional treatment methods due
to their high chemical stability and/or toxicity towards microorganism. By application of AOPs,
the powerful oxidants that are generated in situ attack complex pollutants and break them apart to
simpler and less or even non-toxic compounds [4]. Moreover, AOPs are environmentally-friendly
processes applicable on a wide variety of organic and inorganic contaminants, and usually require

a significantly lower foot-print than the above-mentioned conventional processes.
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Table 2-1

Standard oxidation-reduction potentials of oxidizing agents at 25°C and 1 atm. (pH 0).

Half redox reaction E9%vs. SHE (Volts)  Reference
F, + 2H* + 2e” = 2HF 3.05 [7]
F, +2e~ = 2F~ 2.87 [7]
HO® + H* + e~ = H,0 2.73 [8]
S0, +e” =505 2.60 [9]
S,05~ + 2H* + 2e” = 2HSO, 2.12 [7]
O; + 2H* + 2e~ = 0, + H,0 2.07 [7]
HO®* +e~ =0H™ 2.02 [7]
S,05™ + 2e™ = 2505~ 2.01 [7]
H,0, + 2H* + 2e~ = 2H,0 1.77 [7]
HClO, + 2H* + 2e~ = HCIO + H,0 1.64 [7]
HOCl+ H* +2e~ = Cl” + H,0 1.48 [7]
Cly, +2e™ = 2Cl™ 1.36 [7]
O3 + H,0 +2e~ =0, + 20H™ 1.24 [7]
0, +4H* + 4e~ = 2H,0 1.23 [7]
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ClO; (aq) + €~ = ClO7 0.95 [7]

ClO~ + H,0 + 2e~ = Cl~ + 20H~ 0.84 [7]

ClO?*~ + 2H,0 + 4e~ =Cl™ + 40H™ 0.76 [7]

2.2.1. AOPs Based on Hydroxyl Radicals

Hydroxyl radicals are the second strongest inorganic oxidant after fluorine (F») (Table 2-1).
Having a half-life of approximately 10 s [10], *OH can only be produced in situ during the
application of different methods. Hydroxyl radicals are stable over a wide range of pH up to pH
10 and exhibit higher oxidizing activity under acidic conditions [4]. Hydroxyl radicals possess
high and non-selective reactivity and thus can react with most types of organics and inorganics.
Their reaction with organic compounds can occur through four different pathways: hydroxy
addition, hydrogen abstraction, electron transfer, and radical combination [4]. The reaction of
hydroxyl radicals with organic compounds with carbon-carbon multiple bonds produces carbon-

centered radicals, e. g.:

HO® + C4Hy —» *C4HsOH @2-1)

Hydrogen abstraction usually takes place in reaction of *OH with unsaturated organics, e. g.:

HO® + CH,COH; —» CH,COH; + H,0 (2-2)

Electron transfer usually occurs when *OH react with inorganic ions, e. g.:

HO® + Fe** - OH™ + Fe3* (2-3)
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Reactions involving both hydroxy addition and hydrogen abstraction can result in mineralization

of the organic compound. For example, mineralization of benzene through a serial reaction [4]:

HO® + HOOC — C,H, — COOH - products + CO, + H,0 (2-4)

The mechanisms of *OH generation in most common AOPs applied in wastewater treatment are

briefly described below.

2.2.2. AOPs Based on Ozone

Ozone (03), with an oxidation potential of 2.07 V vs. SHE, is known as a strong oxidant.
However, due to its selective oxidation action, O3 discriminately reacts with ionized or dissociated
form of organic compounds, rather than the original form [11]. Under certain conditions, non-

selective *OH can be produced from O3 according to the following reaction [11]:

305 + H,0 — 2HO® + 40, (2-5)

The production of *OH can be greatly enhanced in the presence of other oxidizing species such as

H>03, as expressed by a two-step reaction:

H,0, - HO; + H* (2-6)

HO; + 05 > HO® + 05 + 0, (2-7)

Under UV irradiation, H>O> is first generated from the photolysis of O3, leading to a subsequent

production of *OH:
05 + H,0 + hv - H,0, + 0, (2-8)
H,0, + hv > 2HO® (2-9)
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2.2.3. AOPs Based on Hydrogen Peroxide (Fenton-Related Processes)

Iron is the most widely used metal to react with H,O; in water and produce hydroxyl radicals
in the so-called Fenton process. Although *OH is recognized as the primary reactive product in
Fenton processes, some other reactive species are also produced. Fenton-related processes

typically involve the following reactions [11]:

Fe?* + H,0, — Fe3* + HO® + OH~ (2-10)
Fe3* + Hy0, — Fe?* + HOS + H* Q-11)
HO® + H,0, — HO2 + H,0 (2-12)
HO® + Fe* — Fe3* + HO™ (2-13)
2HO3 - H,0, + 0, (2-14)

Hydroxyl radicals are produced from the reaction of Fe** with H,O» through electron transfer (Eq.
(2-10)). However, the *OH yield can be diminished by the scavenging effect of Fenton reagents,
as shown in Egs. (2-11) and (2-12). Therefore, the molar ratio of Fe** to H>O» should be optimized

for minimization of the undesired scavenging reactions.

2.2.4. AOPs Based on Sulfate Radical

Persulfate ion (S20s%) is one of the strongest oxidants in aqueous solution with a standard
oxidation potential (E°) of 2.01 V. However, the oxidation reactions involving this ion are
kinetically slow at room temperature [12]. Persulfate ions can be activated by application of

sufficient heat [13, 14], UV irradiation [15], or transition metal ions (e. g. Fe*" and Fe**) [16, 17]
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to produce sulfate radicals (SO4*", E¢ = 2.6 V) which are more powerful oxidants, through

following reactions [18]:
S,05~ + A/hv (heat/UV) = 250;~ (2-15)
S,02” + M™ = S02~ + S0~ + M@+D+ (2-16)

Highly reactive sulfate radicals (SO4°*7) can further start a series of radical chain reactions to

degrade organic compounds (R), as expressed below [19]:

S,03~ + R (organic compounds) - 2503~ + R*® (2-17)
SO, + H,0 - HO®* + HSO, (2-18)
S0; +R - R* +50;~ (2-19)
HO®*+R - R*+ OH™ (2-20)
R®* + 5,05~ - S0;™ + products (2-21)

2.2.5. AOPs Based on UV Irradiation (Photolysis and Photocatalysis)

Hydroxyl radicals can be produced by the action of photons in the presence of proper
photocatalysts (photocatalysis) or oxidants (photolysis). Photocatalysis has shown to be a
promising technique for the treatment of wastewaters containing organic contaminants [20, 21].
Briefly, when a photosensitive substrate (i. e. semiconductor photocatalyst) is irradiated with a
suitable energy (equal to or greater than its band gap), electrons from the valence band (VB) move
to the conduction band (CB), resulting in the creation of electron-hole pairs (¢ /h"). Figure 2-1

shows a schematic of the photocatalysis through a semiconductor photocatalyst.
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Figure 2-1: Schematic of a semiconductor-mediated photocatalysis [22].

The performance of a photocatalytic process depends on the reactivity of electron-hole pairs,

which are photo-generated on the semiconductor surface (photocatalyst) (S) under irradiation (hv):
S (semiconductor) + hv & hjg + ecp (2-22)

Ideally, the generated holes (h™) are neutralized by accepting electron from water (i.e. hydroxyl
ions) to form surface-adsorbed hydroxyl radicals (*OH)a4s species, which then efficiently oxidize

organic pollutants (R):
hi{g + OH™ - HOJ 4 (2-23)

HOg;s + R = S+ OH™ + products (2-24)

However, direct oxidation and direct reduction of the organic substance on the semiconductor

surface can also take place through the photo-generated holes and electrons in the valence band
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and conduction band, respectively (Figure 2-1). In order to minimize the recombination of the
photo-generated charge carriers (e /h"), the photocatalytic processes are generally assisted by
introducing an electron-capture agent, e.g. molecular oxygen, into the solution, which is then

reduced by electrons:

ecg + 02 = 03" (2-25)

Thus, the scavenging effect of oxygen increases the lifetime of photo-generated holes, which
favorably contributes to the production of hydroxyl radicals and, consequently, improves the

efficiency of the treatment process.

In addition, UV utilization may lead to *OH production in the presence of some oxidants such as

H>Oz or O3 [11]:

H,0, + hv — 2HO® (2-26)

*OH can also be yielded through photolysis of water under radiation with a wavelength less than

254 nm, according to the following reaction [11]:

H,0 + hv > HO® + H* (2-27)

Catalysts can be used either in the form of suspension of particles or immobilized on solid
supports. The use of catalysts as fine particles provides high surface area to volume ratio and
minimizes the mass transfer limitations, however, the use of powder photocatalysts is associated
with some problems [22, 23]: (1) difficulty in separating the catalysts from the purified medium
that needs long sedimentation time or fine filters, (i1) low quantum efficiency for the process due

to the poor penetration of light into the bulk solution, and (ii1) need for electron scavengers such
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as oxygen. On the other hand, a drawback of the immobilized phtocatalysis is that the reaction

zone is reduced to the area proportional to the catalyst support.

2.2.6. Electrochemical Advanced Oxidation Processes

The utilization of electricity for water treatment was first proposed in England in 1889 [24].
Among AOPs, electrochemical technology has gained great attention in recent years for the
treatment of wastes containing organic compounds [25, 26]. In some cases, electrochemical
methods may be indispensable solution to remove refractory pollutants from wastewaters. The
major advantage of electrochemical technology is its environmental compatibility owing to its
ability to produce in situ oxidizing species by the action of “clean” electrons [27] without adding
auxiliary chemicals or large amounts of catalyst into the medium, allowing the direct discharge of
the treated effluents into the receiving water bodies where applicable [28, 29]. The other
advantages of this technology include versatility, modularity, easy automation, high energy-
efficiency, and mild operating conditions [27, 30]. The electrochemical technology offers two

options for the degradation of organic contaminants in wastewaters [31]:

i) Direct anodic oxidation: in which the organic contaminant (R) is first adsorbed on the
anode surface and then oxidized by the direct electron transfer to the anode (direct

electrolysis) (Figure 2-2a), as expressed below:

R,4s = products + ne” (2-28)

This type of oxidation mainly occurs at the surface of anodes with high electrocatalytic
activity, and generally exhibits low degradation efficiency. In this mechanism, the rate of
anodic oxidation depends on the electrode activity, the diffusion rate of organic molecule

to the active sites of anode, and current density [32].
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ii) Indirect anodic oxidation: oxidation via intermediation of active species generated from
water discharge such as:
(a) physically-adsorbed hydroxyl radicals (*OH)ags at so-called “non-active” electrodes

(Figure 2-2b), leading to total mineralization:

M+ H,0 > M—HO ;s +H  + e~ (2-29)
M—-—HO);c+R—>M+RO+H"+e” (2-30)
(b) chemically adsorbed oxygen in the structure of a metal oxide anode (MO) at so-

called “active” electrodes where higher oxidation states are available on the

electrode surface (Figure 2-2c), resulting in a partial mineralization:

M—HOSy —» MO +H* + e~ (2-31)

MO +R — M + RO (2-32)

There is another anodic reaction that occurs competitively in aqueous electrolytes in most anodic
processes, known as the oxygen evolution reaction (OER) (Eq. (2-33)). OER is an inevitable but
undesirable side reaction since it consumes produced hydroxyl radicals and, therefore, reduces the

efficiency of the treatment process.

HO®,, + H,0 » 0, + 3H* + 3¢~ (2-33)
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H,O co,
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Figure 2-2: Schematics of the electrochemical processes for the degradation of organic
compounds (R); (a) direct electrolysis , (b) hydroxyl radical-mediated oxidation, and (c) inorganic

compound-mediated oxidation (Adopted from Comninellis and Chen (2010) [33]).

2.2.7. Photoelectrocatalysis

In recent decades, the emerging technology of photoelectrocatalysis has received great
attention for the wastewater remediation. Photoelectocatalysis is the enhanced form of
photocatalysis process, where an external anodic voltage is applied to draw electrons away from
the catalyst, thus, minimizing the recombination of photo-generated electron-hole pairs and,

consequently, increasing the degradation capacity of the system [34, 35]. Literature review has
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revealed that combined treatment methods often provide greater pollutant removal efficiency and
cost-effectiveness at the same time. A schematic of a photoelectrocatalytic cell is depicted in
Figure 2-3. This figure shows that upon light absorption by photoactive semiconductors, electrons
transit from VB to CB creating holes in VB. These holes react with water and produce powerful
hydroxyl radicals which can effectively oxidize organic contaminants. Applying a potential bias
can take the electrons away from the holes reducing the probability of electron-hole recombination,
thus, enhancing the efficiency of the organic degradation. Photoelectrocatalytic processes offer
several advantages over classical photocatalytic processes including no need for photo-generated
electrons to be scavenged by O (as they are drawn by the positive bias), no need for constant
oxygen content in the solution (as the applied potential usually causes water reduction at the
cathode), and, thus, no need for continuous air purging [23].

Potential bias

— to

(Undesired)
Light 0, H20
E, H,
H,0 (HO")
{hv = band gap) @ Organic
pollutant
h*) Valence band @
HO €O, +H,0
+ degradation
products
Anode Cathode

Figure 2-3: Schematic representation of a photoelectrocatalytic cell for the treatment of

wastewaters containing organic contaminants.
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2.3. Overview of Semiconductor Electrode Materials

Comninellis et al. [31, 36] found that the electrode material plays a very important role in
governing both selectivity and efficiency of the processes. In other words, some anodes favor OER
leading to a partial and selective oxidation of contaminants, while others favor the complete
mineralization to CO;. A large number of semiconductor oxide electrodes such as doped (mixed
with impurity) or undoped PbO2, WO3, mixed metal oxides of Ti, Ru, Ir, Sn and Sb, and boron-
doped diamond (BDD) have been tested for the treatment of organic-containing wastewaters [37-
43]. Some common semiconductor oxide electrode materials and the advantages and drawbacks
associated with their use in advanced treatment of wastewaters are listed in Table 2-2. The
positions of VB and CB of several semiconductors in contact with aqueous electrolyte at pH 1 are
illustrated in Figure 2-4. Theoretically, the semiconductors that have CB position more negative
than hydrogen evolution potential (0 V vs. NHE at pH 0) can reduce H', and semiconductors
having VB position more positive than oxygen evolution potential (1.23 V vs. NHE at pH 0) can

oxidize water and, thus, can be used as catalysts for organic degradation.
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Table 2-2

List of some common semiconductor oxide electrodes for wastewater treatment.

Semiconductor
electrode

Advantages

Drawbacks

Boron-Doped
Diamond (BDD)

- extremely wide potential window

- inert surface with low adsorption /
fouling properties

- corrosion stability

- very low double-layer capacitance

- low sensitivity to dissolved oxygen

- high cost

PbO

- inexpensive

- easy to prepare

- good conductivity

- chemical stability

- high overpotential for oxygen
evolution

- release of toxic lead ions

SnO

if doped with Sb:
- good conductivity
- high oxygen evolution overpotential

- low electrical conductivity at room
temperature

TiO

- environmental compatibility

- chemically and photo-chemically
resistant

- high stability

- low cost

- wide band gap (E;~3.2¢eV),as a

result, low photoactivity under visible

light
- fast charge carrier recombination

WO;

- narrow band gap (E; ~ 2.6 V), and,
thus, high photocatalytic activity

- high photostability in acidic aqueous
solutions

- Instability toward anodic
photocorrosion
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Figure 2-4: Energy diagram representing VB and CB energy levels of common semiconductors

in contact with aqueous electrolyte at pH 1 (Adopted from Gratzel (2001) [44]).

2.3.1. Dimensionally Stable Anode (DSA®)-Type Electrodes

Dimensionally Stable Anodes (DSA®) are metal-oxide electrodes composed of a base metal
(i.e. substrate, most frequently titanium) coated with pure or mixed electrochemically-active metal
oxides of Ti, Ir, Ru, Sn, Sb, etc. DSA® electrodes have significantly improved many industrial
processes such as water electrolysis, metal electrowinning, and electrochemical degradation of
organic pollutants since their discovery by Beer in 1960’s [45]. DSA®s possess large surface area
and high mechanical and chemical resistance even at elevated current density and strongly acidic
conditions [38]. The principles and success of DSA® electrodes have been discussed well by
Trasatti in the literature [46, 47]. A DSA® should offer high oxygen evolution reaction (OER)
overpotential and low surface fouling susceptibility in order to be a good candidate for the

treatment of aqueous organic wastes [48].
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2.3.2. Tin Oxide (SnO>)

SnO, is an n-type semiconductor with band gap energy of 3.5 ~ 3.8 eV and have light
absorption capacity only at wavelengths below 330 nm [40]. SnO> cannot be used alone to make
electrodes, due to its low electrical conductivity at room temperature. However, doping with Ar,
B, Bi, F, Cl, P, and particularly Sb increases its conductivity and makes it a promising electrode
material for electro-oxidation of organics [49]. Especially, Sb-doped SnO; electrodes with oxygen
evolution reaction (OER) potential of 1.9 V vs NHE have been widely used in electrochemical
applications [50, 51]. A study of oxygen evolution at different anodes using N, N-dimethyl-p-
nitrosoaniline (RNO) as a spin trap has shown that there is production and accumulation of *OH
radicals at the SnO, surface (during water discharge) leading to complete combustion of organics,
whereas the selective oxidation of organics occurs at IrO> and Pt anodes [33]. The use of Sb-doped
SnO: electrodes with titanium base (Ti/SnO2-Sb20Os) for electrochemical treatment of wastewater
was first proposed by Stucki et al. (1991) [52]. Their results showed complete TOC removal of
organics, which was not influenced by pH change in the media. These electrodes demonstrated a
much higher current efficiency in comparison with Pt electrodes. Further, Li et al. (2005) [53]
found that the use of Ti/SnO2-Sb resulted in a relatively fast mineralization of phenol and
subsequent rapid oxidation of intermediate products such as benzoquinone and organic acids,
whereas Ti/RuO; and Pt anodes exhibited low catalytic activity and the production of intermediates

more refractory than the original compound.
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2.3.3. Tungsten Oxide (WO3)

WOs has a relatively narrow band gap (£ ~ 2.6 eV) which makes it photoactive under visible
light, even more than TiO; (E; ~ 3.2 eV). Since the valence band energy level of WO3 is more
positive than the H>O/O> oxidation potential (1.23 V vs. NHE at pH 0) (Figure 2-4), photo-
generated holes in WO3 have the capacity to oxidize a wide variety of compounds [40]. Another
advantage of WOs is its relative photostability in acidic aqueous solutions, that allows its use as
an effective photocatalyst for the removal of organic acids from wastewaters [54]. One of the major
applications of WO3 is hydrogen gas production through photocatalytic or photoelectrochemical
water splitting under solar light, owing to its narrow band gap [55, 56]. The disadvantages of WO3
is its thermodynamic instability toward anodic photocorrosion, and relatively high onset potential
(ca. 0.4 V) for water oxidation in water splitting application [57]. Literature survey shows that
many studies have been done on the application of WO3 as an electron collector in conjunction
with other semiconductors that have a more negative CB energy level (e.g. TiO>, CdS) [58, 59],
but there are relatively few reports on WO3-based junctions where WOs3 is the main photoactive

component.

2.3.4. Doping Semiconductor Oxide Electrodes

To extend the photocatalytic activity of semiconductors to visible light region and minimize
the recombination of photo-generated electron-hole pairs, while maintaining or enhancing the
electrocatalytic activity, proper modifications of the material should be made [60]. One suitable
modification can be performed by doping the semiconductor with non-metal dopants such as Br,
C,N,F, S, and Cl [61, 62] or metal dopants such as Fe, Pt, V, Au, Ag, Cu, and Ru [61, 63]. Doping

semiconductors with ionic species can change the optical properties by introducing additional
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energy levels into the band gap, thus, reducing the energy barrier such that a secondary electron
transfer can happen between the metal and electron acceptors/donators in the redox reactions [40],
as depicted in Figure 2-5. For instance, Sb-doped SnO, is considered as one of the most promising
electrode materials for degradation of organic pollutants [64], while SnO; cannot be used directly
as an electrode material due to its low conductivity at room temperature [50]. This approach is one
of the best ways to tune the electronic structure of a semiconductor oxide. Doped semiconductors
are classified into two types: n-type semiconductors in which the majority of charge carriers are
electrons (i. e. photoabsorbers), and p-type semiconductors in which the majority of charge carriers
are holes. Generally, photoanode materials (n-type semiconductor) can participate in oxidation
reactions if their VB level is more positive than the oxygen evolution potential (1.23 V vs. NHE
at pH 0), while photocathode materials (p-type semiconductors), must have a CB level more

negative than hydrogen evolution potential (0 V vs. NHE at pH 0) [57].

e e
H'/H, 1 Fe2t/Fe3* a4
——
0,/H,0 hva) o2
— Fe3t/Fet
hy, —
e e —
h* h* h*

S-doped TiO,  Fe-doped TiO,  V-doped TiO,

Figure 2-5: Schematic of band structure change in S-doped, Fe-doped, and V-doped TiO> [56].
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2.3.5. Coupling Semiconductor Oxide Electrodes

Another approach to band alignment and minimization of the recombination rate of photo-
generated electron-hole pairs is combining semiconductors that have different energy levels in
terms of their valence and conduction band positions [65]. Coupling of semiconductors in proper
alignment results in charge transfer from one component to another [57]. It is generally accepted
that the coupled systems offer higher degradation rate and efficiency towards organic removal
[64]. If one of the combined semiconductors has band gap energy equal or smaller than visible
spectrum, these combinations can lead to solar light utilization. However, coupling of
semiconductors does not always minimize the charge recombination, because the band structure
of each component in junctions is controlled by several other factors such as surface area, defect

density, crystal matrix, and quantum confinement effect [40].

Ti0., the most popular photocatalyst (E; ~ 3.2 eV), is widely used in combination with other
semiconductors that have their valence and conduction band levels lower than those in TiO» [40,
66]. In that case, electrons transfer from TiO; to the other material and holes transfer in the opposite
direction, resulting in the limited recombination in the same material [23]. Figure 2-6 illustrates
the energy diagram of two materials in contact (for the case of TiO2-WO3) as well as the hole and
electron transfer directions. Energy diagrams illustrating valence and conduction band positions

of potential semiconductors can be useful to find the suitable combinations.
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Figure 2-6: Energy diagrams of a TiO2-WOj system for the case of (a) UV light and (b) visible
light illumination [23].

2.4. Water Disinfection Methods

2.4.1. Conventional Water Disinfection Methods

Disinfection is almost always the final step of wastewater treatment to substantially reduce the
number of pathogenic microorganisms in the water to be reused or discharged into the
environment, in order to prevent the spread of waterborne diseases. The effectiveness of
disinfection depends on a number of factors such as the characteristics of the water being treated
(e. g. pH, turbidity, hardness, nitrogen content, etc.), type of disinfection and contact time,
susceptibility of target microorganisms to the disinfectants, and other environmental variables.
Conventional and advanced disinfection techniques include the use of chlorine, ozone,
monochloramine, chlorine dioxide, hydrogen peroxide, UV light and the electrochemical

treatment.

Chlorination is the most widely-used disinfection method due to its cost-effectiveness, long

history of effectiveness, and residual disinfection effect that can prolong disinfection even after
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the initial treatment [67]. However, the storage and transportation of dangerous chlorine is an issue
and chlorination of water containing organic compounds can lead to the formation of potentially
mutagenic and carcinogenic by-products such as trihalomethanes (THMs) and haloacetics acids
(HAAs) [68]. Nieuwenhuijsen et al. (2000) [69] evaluated the toxicological and epidemiological
data on chlorination disinfection by-products (DBPs) and their association with adverse
reproductive outcomes. Utilization of chloramine, as a secondary disinfectant to chlorine, also
resulted in the formation of some known DBPs associated with chlorination, but at lower
concentrations [70]. A popular alternative to chlorine is ozone, that is a strong oxidant and can
effectively oxidize many organic compounds and thereby destroy many kinds of microorganisms
[71]. However, ozone is very unstable and needs to be generated onsite, which adds to the cost and
complexity of the process [72]. This is also the case for chlorine dioxide [72]. Moreover, it has
been shown that ozonation can lead to production of potentially harmful compounds including
bromate and other brominated DBPs in the presence of concentrated bromide [73]. In terms of
germicidal effectiveness, ozone is first in the order, followed by chlorine dioxide, then chlorine,
and finally monochloramine [74]. UV irradiation is a physical, chemical-free, disinfection method
that damages the genetic structure of pathogens, even parasites such as cryptosporidia or giardia,
hindering their reproduction [75]. The disadvantages of UV disinfection are expensive lighting

equipment, elevated energy consumption, and the lack of a residual effect.

2.4.2. Electrochemical Water Disinfection

Electrochemical water disinfection can be described as the removal or inactivation of
microorganisms by passing an electric current through the solution by means of at least two
electrodes (one anode and one cathode) and germicidal action of oxidants electrochemically

generated onsite [76]. The mechanisms of action in electrochemical disinfection processes are: (1)

32


https://www.ncbi.nlm.nih.gov/pubmed/?term=Nieuwenhuijsen%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10711274

direct electron transfer and death of microorganisms at the electrode surface [77], and (2) indirect
oxidation by means of disinfecting species generated in situ at the boundary between the electrode
and the solution from water oxidation (e. g. hydroxyl radical, ozone, hydrogen peroxide) [78], or
from the substances dissolved in the water (e. g. chloride) [76]. It has been shown that electric
fields themselves damage cells mainly due to the irreversible permeabilization of the cell

membrane [79].

2.4.2.1. Electrochemical Disinfection in the Absence of Chloride in the Solution

In a chloride-free solution, the generation of oxidants from water electrolysis, including
hydroxyl radicals (*OH), atomic oxygen (*O), hydrogen peroxide (H20:), and ozone (O3) provides

disinfection, as expressed in Egs. (2-34) to (2-38) [80]:

H,0 > HO®* + H* + e~ (2-34)
HO® - 0°*+ H* +e” (2-35)
20° = 0, (2-36)
2HO® - H,0, (2-37)
0, + 0° - 05 (2-38)

Only anode materials with the characteristic of high overpotential for oxygen evolution (e. g. PbO»,
Sb-doped SnO,, BDD, and glassy carbon) can produce ozone in water electrolysis [81], otherwise

it is more favorable for water to be oxidized to oxygen (Eq. (2-39)) than ozone (Eq. (2-40)) [82]:

2H,0 — 0, + 4H* + 4e~ (E°=1.23 V vs. NHE) (2-39)

3H,0 - 03 + 6H + 6e~ (E°=1.51 V vs. NHE) (2-40)
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Reaction mechanisms vary with electrode materials. The primary cathodic reaction is the

formation of hydrogen (Eq. (2-41)):

2H,0 + 2¢~ > H, + 20H" (2-41)

2.4.2.2. Electrochemical Disinfection in the Presence of Chloride in the Solution

Under the conditions that chloride is present in the solution, the main anodic reaction is the

formation of chlorine (Cl2) [83], as shown in Eq. (2-42):

2Cl~ - Cl, + 2e~ (2-42)

The formation of hypochlorous acid (HCIO) from hydrolysis of dissolved chlorine is the main side

reaction, as shown in Eq. (2-43):

Cl,(aq) + H,0 - Cl™(aq) + HCIO + H*(aq) (2-43)

Then, hypochlorous acid can dissociate to hypochlorite ion (C1O ), as per following equation:

HCIO - ClO~ + H* (2-44)

The relative formation of each of these reactive chlorine species (RCS) (chlorine,
hypochlorous acid, and hypochlorite ion) depends on pH, temperature, electrode material and
electrode potential, and the summation of their concentrations is called the “active chlorine”
content [83]. Electrochemical methods have been favorably used for disinfection of water that
naturally contains chloride ions (10-250 mg/L), to produce active chlorine species as the main
disinfectants responsible for killing microorganisms [84, 85]. Oxygen evolution is also an
unfavorable side reaction in the anodic production of chlorine (Eq. (2-39)). The advantages of

electrochemical disinfection include the possibility of in situ generation of disinfectants in a
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desirable amount [77], relatively low energy requirement that allows utilization of green energy
sources such as solar cells and fuel cells [86] and capacity of disinfecting water even in the absence
of chloride ions and, thus, without formation of free chlorine and its potential toxic by-products (it
should be noted that if chloride ions are not present, other ions should be in order to make the

water ionically conductive) [77].

Li et al. (2011) [87] compared the E. coli cell surface damage after different disinfection
treatments by means of scanning electron microscopy (SEM) (Figure 2-7). They observed more
cell surface damage with the release of some intracellular materials after electrochemical
treatment, compared with that after ozonation, chlorination, and chloramination. In a recent study,
the subcellular mechanisms of E. coli inactivation by means of oxidants produced during
electrochemical disinfection using BDD anode in solutions containing chloride, sulfate, or
phosphate were investigated by Long et al. (2015) [88], as illustrated in Figure 2-8. They
concluded that in the presence of chloride, E. coli inactivation could be the result of damage to the
intracellular enzymatic systems. In sulfate solution, the cell inactivation was mainly induced by
damage to the cell membrane and the loss of certain key proteins such as K+ ion transport systems.
In phosphate-containing solution, mineralization of the organic components of the cell was mainly

responsible for the cell inactivation.
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Figure 2-7: SEM images of E. coli. (a) Untreated cells; (b) cells after 30 min electrolysis; (c)
cells after 60 min electrolysis; (d) cells after ozonation; (e) cells after chlorination; (f) cells after

monochloramination [87].
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CHAPTER 3

3. Fabrication and Characterization of
Photoelectrochemically-active Sb-doped Snx-W 00-
v%-0xide Anodes: Towards the Removal of

Organic Pollutants from Wastewater

3.1. Preface

The ineffectiveness of conventional wastewater treatment methods in the removal of
(bio)refractory or highly-concentrated organic compounds has manifested the urgent need for
alternative treatment techniques. Electrochemical technology has proved to be effective in the
removal of a wide variety organic compounds from wastewaters. The key part of the
electrochemical systems is the electrode (in this case anode) which governs selectivity and
efficiency of the process. The aim of this research was the development of photoelectrochemically-
active yet inexpensive mixed metal oxide anode coating materials using tin and tungsten as the
base elements for environmental applications: removal of organic compounds from wastewaters
and water disinfection. This chapter is a reproduction of the manuscript published in the journal

of Applied Surface Science, as:

S. Ghasemian, S. Omanovic. “Fabrication and characterization of photoelectrochemically-active
Sb-doped Snx-W(i00-x%-0xide anodes: Towards the removal of organic pollutants from

wastewater”, Appl. Surf. Sci. 416 (2017) 318-328.
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Abstract

Snx-W100-x)-oxide coatings (x = 0, 20, 40, 60, 80 and 100) doped with Sb (~ 3 at.%) were
formed on a Ti substrate by a thermal deposition method in order to evaluate their potential use as
electrodes for the photoelectrochemical oxidation of organic compounds. Surface
microstructure/morphology and chemical composition of the coatings, as well as their
photoelectrocatalytic activities were investigated using electrochemical and surface-
characterization techniques. It was found that the surface roughness of the coatings depends on
their composition, yielding an average value of R, = 1.1 = 0.5 um. The band gap energy was found
to be independent on the coating composition up to the relative W/Sn at. ratio of 4/6, yielding an
average value of 3.53 £ 0.05 eV (which corresponds to the band gap of doped SnO3), but then it
decreased for the three coatings with the highest W content, to an average value of 2.56 + 0.10 eV
(which corresponds to the value of pure WO3). All the coatings were found to be photoactive under
the anodic bias. Further, all the coatings were found to be photoelectrochemically active towards
the degradation of phenol red dye solution under UV light irradiation. The intrinsic

photoelectrocatalytic activity was found to be highest for the Sngos-W20v-0xide electrode coating.
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3.2. Introduction

One of the most serious environmental concerns of the 21st century is the increasing presence
of synthetic and naturally occurring chemicals in the aquatic environment [1, 2]. These compounds
include pharmaceuticals, hormones and phenolic organic contaminants which are prevalent in the
wastewater of a number of industries such as oil refining, textiles, pharmaceuticals, pulp and paper,
and plastics [3, 4], and have the potential to cause adverse ecological and/or human health effects.
Conventional treatment methods such as physical, chemical or biological processes are in certain
cases ineffective or insufficient in the removal or destruction of organics [5]. In recent decades,
more and more efforts have been put in developing new technologies for the treatment of persistent
organic contaminants [6, 7]. Ozonation and Advanced Oxidation Processes (AOPs) such as UV
and visible light irradiation-based oxidation (e.g. photocatalysis) and electrochemical methods are
among the most investigated techniques for the elimination of organic contaminants [8-10].
Electrochemical methods have proved to be effective for the treatment of organic-containing
wastewaters, especially when it is combined with the photochemical oxidation process [11-14].
These processes involve the generation of strong oxidants such as hydroxyl radicals (*OH),
because of the formation of electron-hole pairs in semiconductors upon photo-radiation, and
consequent oxidative decomposition of organic molecules. In addition, direct electrochemical
oxidation at the electrode surface (anode) is possible. The photo- and electrochemical technology
offers many advantages such as low cost, simplicity, versatility, modularity, ease of control,

environmental compatibility, and minimum waste production [15, 16].

Metal oxide materials are of great importance for environmental applications because of their
photoactivity (capability to generate charge carriers when exposed to photo-radiation),

electrochemical activity, and good stability [17]. Since the discovery of photoelectrochemical
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water splitting using TiO> electrodes [18], this semiconductor photocatalyst has been of particular
interest for wastewater purification as well as production of hydrogen as a renewable energy source
[19, 20]. Until now, TiO2 has been the most promising photocatalyst, because of its low cost, non-
toxicity and good stability under irradiation [21, 22]. However, the lack of visible light activity
due to its relatively wide band gap (3.2 eV) and low quantum efficiency, in addition to its low
electrocatalytic activity for the anodic oxidation of organics, limits its practical applications.
Therefore, more photo/electroactive metal oxide anode materials are needed. More closely, it is
desirable to decrease the bandgap to facilitate the production of photogenerated charge carriers,
while increasing (or at least maintaining) the electrochemical activity. In order to address the
above-mentioned drawbacks, doping of TiO> and other metal-oxide photoactive electrode
materials with a range of metals has been applied: anion-doping with N [23], C [24], S [25] and I
[26], and cation-doping with some transition metals such as Pt [27], Au [28], Ag [29], Mg [30],

Mn, Ru, Rh and Ir [31] to name but a few.

Sb-doped SnO; is considered as one of the most promising electrode materials for
electrochemical degradation of organic pollutants [32-34], while undpoed SnO> (n-type
semiconductor; Eq = 3.5 eV) cannot be used directly as an anode material due to its low
conductivity at room temperature [35]. Another approach in the development of more
(photo)electroactive anode materials is the use of coupled semiconductors such as SnO»-TiO2 [36,
37], WOs-TiO2 [38, 39], CeO>-TiO2 and ZrO»-TiO> [37], which allows the desirable matching of
their electronic band structure. It is generally accepted that the coupled systems offer higher
degradation rate and efficiency in organic wastewater treatment [36]. In recent years, multi-
component metal oxide semiconductors have also been extensively investigated for the effect of

composition on their band gap and thus, the photocatalytic activity [40-46]. The ternary and
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quaternary systems have shown enhanced solar-light response in addition to providing the
possibility of band gap tuning, due to their various morphologies [47]. Zhang et al. [20] thoroughly
reviewed the research and development of photoelectrocatalytic materials for environmental

applications in their feature article.

Because of the interesting properties of doped SnO: as an electroactive material [48, 49] and
WOs as a photoactive material [50, 51], these two materials were chosen as base electrode
materials for their possible use as anodes for the wastewater treatment and disinfection. In this
manuscript, we report results on the synthesis of antimony-doped tin-tungsten-oxide electrodes via
a thermal deposition method and their characterization by electrochemical, optical,
surface/structure techniques. Also, the effect of electrode composition on their photo- and
electrochemical activity for degradation of phenol red dye was investigated. Their performance as
anode materials for the oxidation of a pharmaceutical compound and for the water disinfection

will be presented in separate manuscripts.

3.3. Materials and Methods

3.3.1. Electrode Preparation

Sb-doped Snx-W 100-x)%-0x1de coatings (x = 0, 20, 40, 60, 80 and 100) were prepared on flat
titanium substrates employing a thermal method. First, stock solutions of tin, tungsten and
antimony salts were prepared by dissolving SnCl>.2H>0O (ACS reagent, > 98.0%, Sigma Aldrich),
NaaWO04.2H>O (Certified ACS, 100.0%, Fisher), and SbCl; (ACS reagent, > 99.0%, Sigma
Aldrich) salts in HC1 (37wt.%, Fisher) and water. All solutions were prepared using ultra-pure
deionized water (resistivity: 18.2 MQ cm). For each coating composition, a precursor solution with

a total metal content concentration of 0.3 M was prepared by mixing proper amounts of metal salt
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stock solutions and adding deionized water to yield a final volume of 15 mL. The proper amount
of each solution was calculated based on the desired composition of Sn and W in the coating

material (Sb content of 3 mol% was kept constant in all coating compositions).

Titanium substrates, which were used as the support for metal-oxide films, were 15.9 mm
diameter discs machined to a thickness of 2 mm for characterization experiments and 50 mm X
100 mm x 2 mm flat sheets for degradation experiments. Ti substrates were pretreated before the
deposition of coatings: they were first mechanically polished using 600-grit SiC sandpaper, then
washed ultrasonically in deionized water for 15 min, and then etched in a boiling solution of HCI
(37wt.%) and water (1:1, v/v) for 30 min. Lastly, the substrates were rinsed sequentially with

acetone, ethanol and deionized water and then dried with argon.

To form metal-oxide coatings, the precursor solution was applied onto the pretreated side of
Ti substrate by brushing. The substrate was then dried in an oven at 110°C for 5 min to evaporate
the solvent, and then placed into a preheated air furnace at atmospheric pressure and at 500°C for
15 min, followed by cooling in air at room temperature for 15 min. This process was repeated ten
times (10 coats were formed). After the last application, the electrodes were annealed at 500°C for

2 hours in order to complete the formation of metal oxides in the coatings [52].

3.3.2. Coating Characterization

The active surface area of the as-prepared electrode coatings was determined by
electrochemical measurements employing a ferricyanide/ferrocyanide redox reaction, in a three-
electrode cell using a computer-controlled Potentiostat (Metrohm / Eco Chemie Autolab
PGSTAT30). Graphite, separated from the working electrode compartment by a glass frit, served

as counter electrode. All the potentials were measured versus a Saturated Calomel Electrode (SCE)
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as reference. Electrochemical surface-area-determination experiments were carried out in 80 mL
of 1 mM potassium hexacyanoferrate (III) (K3Fe(CN)s, also known as potassium ferricynide; ~
99%, Sigma Aldrich) in 0.1 M KCI1 (= 99.0%, Fluka) at room temperature. The solution was
deoxygenated by purging argon for 1 hr before the experiments, but the solution was not
purged/stirred during the actual electrochemical experiment to ensure that the redox species were

transported towards/form the electrode surface by pure diffusion.

The surface roughness of the coatings was measured by a confocal microscope (Leica DCM8
3D) using EPI-150X objective lens. To obtain information on the surface microstructure and
elemental composition of the coatings, scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) was performed on the samples at different parts of the
surface using a Hitachi SU3500 scanning electron microscope. Transmission electron microscopy
(TEM) images were obtained using FEI Tecnai G F20 (200 kV) Cryo-STEM. X-ray photoelectron
spectroscopy (XPS) measurements were carried out using a Thermo Scientific K-Alpha
spectrometer equipped with an argon ion gun. The X-ray polychromatic source was AlKa (1486.6
eV). XPS survey scans of all samples were initially recorded to identify the elements present in
the coating materials and their high-resolution spectra were acquired subsequently. The spectra
were analysed using Avantage software (version 5.932) for data processing. Moreover, to examine
the crystalline structure and lattice parameters of the electrode coatings, X-ray diffraction (XRD)
analysis was performed employing a Bruker Discover D8-2D diffractometer with 0.5 mm dia.

collimated Cu Ka (1.54 A) radiation at room temperature in a standard 6—26 mode.

The optical band gap value for each coating composition was measured by photoluminescence
(PL) spectroscopy employing a 266-nm excitation laser and by UV/Vis spectrometry (Thermo

Scientific Evolution 300).
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3.3.3. Degradation of Phenol Red Dye

The photoelectrocatalytic activity of as-prepared coatings was tested for the degradation of
phenol red (PR) dye solution in a cylindrical batch reactor (Pyrex glass) under UV light irradiation
using a 10W UV lamp (GPH212T5L, Atlantic Ultraviolet Corp.) with the maximum emission at
254 nm. A 550-mL solution of 0.1 mM PR in 0.1 M potassium phosphate buffer (pH 7) was used
as the electrolyte. The temperature was set at 50°C at the beginning of experiments using a water
bath. Filtered air was bubbled into the solution during the experiments to provide oxygen as an
electron scavenger and for mixing. The working electrode was a 50 mm x 100 mm % 2 mm metal-
oxide coated Ti electrode (only one side was coated by the oxide, while the other side was covered
by an electrically insulating film). A 93 mm X 100 mm x 2 mm 316L stainless steel plate served
as the counter electrode (cathode). The working electrode was sonicated in deionized water for 15
min before the experiments. Both electrodes were placed vertically in the cell at a separation
distance of 5.5 cm, and the UV lamp was placed in between the two electrodes, in the middle of
the cell. SCE was used as a reference electrode. During 2-hour PR degradation experiments,
aliquots of 750 YL were taken from the solution at given intervals, diluted with 0.1 M potassium
phosphate buffer, and subsequently analyzed by UV-Vis spectroscopy to determine PR
concentration. Each experiment was performed at least 3 times. For comparison, photochemical

and electrochemical experiments were also performed.
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3.4. Results and Discussion

3.4.1. Surface Characterization

3.4.1.1. Scanning Electron Microscopy (SEM)

Figure 3-1 shows the SEM images displaying the microstructure of surfaces of as-prepared
Sb-doped Sn-W-oxide coatings of different compositions. The morphology of the surfaces is
typical of that for metal-oxide coatings [20], and it varies with changes in the coating composition.
For the two pure compositions, Sn-oxide (Figure 3-1a) and W-oxide (Figure 3-1f), the surface
displays a cauliflower-like morphology, while a cracked-mud morphology characterizes the mixed
compositions in Figure 3-1c, d and e. The images indicate that the total surface area of the samples
is larger than the corresponding geometric area, which will be discussed in more detail later in the
manuscript. An elemental composition analysis of the coatings was performed at different
locations on the surfaces using energy-dispersive X-ray spectroscopy (EDX). The results showed
a good agreement between the actual average metal composition of the coatings and the nominal
values (Table 3-1). An interesting finding was that Ti was also present in the coating, although it
was not present in the precursor solution. The presence of Ti in the coating is due to its dissolution
from the Ti substrate during the coating preparation method. Also, it has been proven that the affinity
of titanium for oxygen is larger than that of tin and tungsten, and it is thus expected that Ti would

diffuse towards the outer coating surface to form Ti-oxide [53].
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Table 3-1

Relative atomic percentage of Sn in Snx-W(100-x%-0xide coatings (excluding the contribution of
antimony, titanium and oxygen in the oxide film). Nominal values refer to the Sn content in the
metal precursor solution. EDX and XPS values refer to the measured concentration of Sn in the

surface of the coatings.

Sn content, at. %

Nominal EDX? XPSP
0 2 0
20 22 36
40 36 42
60 51 54
80 76 95
100 99 100

4SD value: £ 2
°SD value: + 5

3.4.1.2. Transmission Electron Microscopy (TEM)

Figure 3-2 represents TEM images of Snsov%-W20%-0xide. The ring electron diffraction pattern
shown in Figure 3-2a is an indicator of a polycrystalline nature of the material. Figure 3-2b shows
a TEM image taken in the bright field and demonstrates a nanostructured polycrystalline composite
with an average crystallite size of 20-30 nm. Furthermore, distinct lattice planes with random
orientations (Figure 3-2c) exhibit a high degree of crystallinity and isotropic behavior of the thin

film.
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100 1/nm

Figure 3-2: TEM images of Sngov-W200-0x1de: (a) electron diffraction pattern; (b) polycrystalline

structure; (c) lattice planes.

3.4.1.3. X-ray Photoelectron Spectroscopy (XPS)

To determine the chemical composition of the outer-most part of Sb-doped Sn-W-oxide
coatings, XPS analysis was performed. As an example, results for Snzo%-Wsow-oxide and Sngoo-
Waov-oxide coatings are shown in Figure 3-3. To identify all elements in the coating material,

general survey scans were first performed. Then, high-resolution binding energy spectra were recorded
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in the C 1s, O 1s, W 4f, Sn 3d and Sb 3d regions. All the binding energy values were calibrated with
respect to the peak of C 1s spectrum of adventitious carbon at 284.8 eV [54]. The typical doublet
W 4f peaks were observed in the high-resolution core level spectra of all samples except pure Sn-
oxide, as expected. As shown in Figure 3-3a, the W 4f7, and W 4fs/; photoelectron peaks are,
respectively, visible at around 35.6 and 37.7 eV for the Sn2¢e,-Wsov-oxide surface, and at 35.4 and
37.4 eV for the Sngov-W20%-0xide surface, which is in agreement with the literature [47, 55-57].
The high-resolution XPS spectra in the W 4f7» region can be deconvoluted into two peaks at 34.5
and 35.6 eV for the Snao%-Wso-0xide and into two peaks at 33.8 and 35.3 eV for the Sngoe,-W209%-
oxide coating, confirming the existence of W*" and W%, respectively [47, 55-57]. According to
the XPS results, the atomic ratio of W*/ W®" on the most-outer part of the oxide surface is 1:29
for Snao%-Wsow-oxide and 1:5 for Snsow-Wao%-oxide, indicating that WO3 is the predominant
chemical state of W at the outermost part of the oxide coating surface (similar results were obtained

for other coating compositions).

The XPS spectra in the Sn 3d region show binding energies of Sn 3ds» and Sn 3d3z, peaks at
486.8 and 495.3 eV for Snaow-Wsow-oxide, and at 486.5 and 494.9 eV for Sngoy-Waov-oxide,
respectively (Figure 3-3b). It is known that the Sn 3ds,» photoelectron peak is expected to appear
at 485 eV for pure Sn and within the range of 486.5-486.9 eV for Sn*' oxide [47, 54, 55]. The Sn
3d core level peaks in Figure 3-3b show that in our thermally-prepared samples, tin exists as Sn*"
(e.g. SnO») in the outermost part region of the coating. XPS analyses of all the coating in this work
suggest that the chemical oxidation states of W and Sn at the coating surface are not significantly
affected by the change in the coating composition.

The main O 1s photoelectron peaks for Snagw-Wsow-oxide and Sngow-Wao%-oxide coatings

were observed at 530.6 and 530.4 eV, respectively (Figure 3-3c). [55]. The O 1s peak for Sngoe-
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Waoe-oxide is shown in Figure 3-3c and can be deconvoluted into three components, the
deconvoluted peak at 530.5 + 0.1 (Peak A) is assigned to the oxygen in crystal lattice (O*"), while
the peaks at 531.9 + 0.2 (Peak B) and 533.5 + 0.2 (Peak C) can be assigned to the oxygen in
hydroxyl groups (O-H) and surface adsorbed oxygen (O ), respectively [56-58]. The result in
Figure 3-3c demonstrates that oxygen is present in the metal-oxide coatings mostly as oxygen in
the crystal lattice. The smaller peak observed at 540 = 0.2 eV (Peak D) in Figure 3-3c corresponds
to the Sb 3d3/2 transition [34, 47, 55], which can be attributed to Sb** (540.2 eV) as the main
oxidation state of antimony in the coatings [55].

Table 3-1 shows the chemical composition of the produced metal oxide coatings. Unlike EDX,
XPS penetrates only up to 10 nm below the surface. Thus, the data in the table show the relative
enrichment of the outer-most part of the oxide film with Sn. This is, most likely, due to the higher

affinity of Sn towards oxygen than that of W [53].
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Figure 3-3: XPS spectra of Sb-doped Sn-W-oxide coatings: (a) W 4f, (b) Sn 3d, and (c) O Is.
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3.4.14. X-ray Diffraction (XRD)

The crystallinity and phase behaviour of the prepared electrode coatings were studied by
means of XRD. The corresponding patterns of the electrode coatings with different composition
are shown in Figure 3-4 and the main diffraction peaks are labeled. The peaks at 26.6°, 33.9°,
38.0°, 51.9°, and 54.7° are attributed to the tetragonal cassiterite tin (IV) oxide (JCPDS no. 41-
1445, lattice constant a =b = 4.7382 &, ¢ = 3.1871 R). The small difference between the position
of some observed peaks and the characteristic peaks of pure SnO> is due to the presence of
antimony in the crystal of tin oxide. However, no diffraction peaks of antimony oxide (at 45.7°,
47.0° and 50.5°) are visible in XRD patterns except for the Wigoe,-oxide coating, which can be due
to the low doping level or the incorporation of doping ions into the SnO> crystal (i.e. solid solution)
[59, 60]. As seen in Figure 3-4, the intensity of SnO; peaks decreases with a decrease in the Sn-
oxide content in the coatings, while the intensity of Ti peaks increases, with some peaks appearing
only when W-oxide > 20% (e.g. reflections 002 and 102 of Ti at 38.2° and 52.9°, respectively).
The clearly visible metallic Ti peaks, as observed at 35.1°, 40.1°, 62.9°, 76.1° and 77.3°, come
from the titanium substrate, because of small thickness of the coatings. The main diffraction peaks
related to tungsten oxide are attributed to hexagonal WOs. A TiO; peak at 41.7° was also identified.

The peaks at 24.3°, 28.2°, and 70.7° correspond to hexagonal WO3 (JCPDS no. 33-1387).
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Figure 3-4: XRD patterns for the electrode coatings prepared with different Sn-W compositions.

3.4.1.5. True Surface Area and Surface Roughness

SEM images in Figure 3-1 show that the topography of oxide coatings is rough. This indicates
that the true electrochemically-active area of the metal-oxide coating is larger than its geometric
(projected) area, i.e. the surface roughness factor is larger than one. Considering that
(photo)electrochemical reactions are of heterogeneous nature, it is important to estimate the
surface roughness of the coatings and relatively compare their true surface areas in order to
determine the intrinsic activity of each coating composition. For the latter, the active surface area
of each (working) electrode was measured electrochemically, by cyclic voltammetry, using
ferricyanide/ferrocyanide redox couple in a three-electrode electrochemical cell, employing a well-
established method [34]. Table 3-2 shows the corresponding values, normalized with respect to
the pure Sn-oxide coating roughness (for convenience of relative comparison). With an increase

in the content of W in the coating composition, the relative true surface area of the coating
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decreases, but then it increases again for the pure W-oxide coating, which seems to be in agreement

with the visual inspection of the surface topography visible in SEM images in Figure 3-1.

Next, high definition confocal microscopy was used to determine the surface roughness of the
coatings. Figure 3-5 shows two representative results; Sngoo- W2o%-oxide (Figure 3-5a) and Snaov-
Wisoe,-oxide (Figure 3-5b). The images demonstrate that the surface with a lower W content is
rougher at the micro scale than that one with a higher W content. In order to quantify this, the
corresponding surface roughness of the coatings was determined and the values are outlined in
Table 3-2. The results show that the surface roughness of the samples decreased with increasing
the W content in the coating, but increased again for the pure W-oxide sample, which is in full
agreement with the trend obtained by electrochemical measurements of the relative true surface
area (Table 3-2). The data shows that with an increase in W content, the surface roughness
decreases, and then increases sharply for the pure W-oxide coating. The behaviour is very similar
to that one obtained from electrochemical measurements, and the agreement is more visible by

comparing the two normalized sets of data (Table 3-2).
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(b)

Figure 3-5: 3D images of (a) Sngo%-W20%-0xide (Ra = 1.45 um) and (b) Snz0%-Wsgow-oxide (Ra =

0.42 pm) coatings, obtained by high definition confocal microscopy, showing surface roughness.
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Table 3-2

Surface properties of Snx-Wi00-x%-0xide coatings. Values of active surface area have been

normalized with respect to the maximum surface area which was obtained for the pure Sn-oxide

coating.
C(I)\Irr?;::sr;?ilon clec trolj}?éﬁ?clflf}(}-ac five Surface Roughness ~ Normalized surface
(mol%) surface area (m) TS
Sn100%-Wov-Ox 1.00 2.73 1.00
Sngov-W20%-Ox 0.79 1.45 0.53
Sne0%-Wa0%-Ox 0.69 1.13 0.41
Sn409-Wie0%-Ox 0.38 0.89 0.33
Sn20%-Ws0%-Ox 0.23 0.42 0.15
Snov-W100%-Ox 0.60 1.63 0.60

3.4.1.6. Band Gap Determination

Since all the coating compositions produced are considered to be photoactive materials, the
corresponding band gap values were measured by two methods: photoluminescence (PL)
spectrometry with a 266-nm laser and UV-Vis spectroscopy. For each coating composition, two
samples were tested and each measurement was performed at least twice to ensure reproducibility.

The corresponding values are presented in Table 3-3.

The values obtained by PL evidence that the incorporation of W into the Sn-oxide coating up
to 40% does not produce any statistical difference in the bandgap energy. The values are slightly
lower than the values reported for pure Sb-doped SnO: films (3.85 £ 0.2 eV) [36, 61] and could
be explained by the existence of doping states within the SnO» forbidden gap. However, when W
is present in the coating at the 60% and larger quantity, the band gap energy decreased significantly

(Table 3-3), indicating that the Sn4o%-Weoo,-0xide’s optical properties are governed predominantly
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by the WO3 properties. The values for the W-rich oxides in Table 3 are close to those reported in

the literature for pure WO3 (2.65 + 1.5 e¢V) [50, 62].

Generally, the optical properties of semiconductors such as their band gaps (E,) have been
widely investigated by UV-Vis spectroscopy [63]. From the diffusive reflectance (R) data obtained
over the UV-Vis wavelength range of 190 to 1100 nm, the absorption coefficient (o) for each oxide

composition investigated in this work was calculated using the Kubelka-Munk function [63, 64]:

Y
)

—n (1)
Then, the band gap energy of the films was determined using the Tauc relation [65], which
expresses the dependence of the absorption coefficient, a (cm™), on the photon energy (hv):
ahv = A(hv — E))" )
where Av is incident photon energy (eV), 4 is a constant depending on the material and n
is an exponent which assumes values of 1/2, 2, 3/2 or 3, depending on the nature of the electronic
transition, corresponding to allowed direct, allowed indirect, forbidden direct and forbidden
indirect transitions, respectively [66]. Therefore, £, corresponds to the intercept on the /v axis of
a plot of (ahv)'" versus hv (Figure 3-6). Based on the literature, the value of n was selected to be
1/2 (allowed direct transition) for the Sn-oxide-rich coating compositions, and » = 2 (allowed
indirect transition) for the W-oxide-rich coating compositions [61, 62, 67]. The calculated band
gap values are presented in Table 3-3, and they are in agreement with the values already measured

by PL spectroscopy.
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Figure 3-6: Tauc plots of (ahv)? vs. hv for Snsov-W20%-0xide coating.

Table 3-3
Values of optical band gap energy measured for the thermally prepared Sb-doped Snx-W (100-x)%-

oxide coatings determined by photoluminescence (PL) spectroscopy and UV-Vis spectroscopy

Data presented as mean + standard deviation.

Band gap energy (eV)

Composition, mol% (nominal)
Photoluminesence (PL) UV-Vis spectroscopy

Sni00%-Wow-Ox 3.53+£0.06 3.53+£0.03
Sngovs- W20%-Ox 3.57 £0.07 3.58£0.25
Sneoos-W40%-Ox 3.20+£0.03 342 +£0.13
Sna00-We0%-Ox 2.54 +£0.02 2.32+0.10
Snao%-Wso%-Ox 2.55+0.03 2.43+0.18
Snove-W100%-Ox 2.50£0.02 2.66+0.11
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3.4.2. Photoelectrochemical Characterization

Photoelectrochemical characterization of Sb-doped Sn-W-oxide coatings was performed in a
standard three-electrode cell containing 0.1 M KH>POg buffer electrolyte (pH 7) under UV light
irradiation. The photocurrent is an indirect indication of water oxidation activity of a photoanode
[39]. Figure 3-7 shows representative linear polarization curves for the Sngov-W2oe-0xide coating
(a similar behaviour was obtained for other coating compositions). The current response in the
presence of light is higher in the potential region positive of -0.15 V, which evidences that the
Sngo-Wao%-0xide is photoactive. The difference between the current measured when the light was
turned on and that one when the light was turned off, represents the photocurrent. As Figure 3-7
shows, with an increase in anodic potential, the corresponding photocurrent increases, confirming

that the Sngov-W202-0xide is an n-type semiconductor.
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Figure 3-7: A typical experimental linear polarization curve for the Sngoe,-W20%-0xide electrode

recorded at a scan rate of 25 mV/s in 0.1 M KH2POj electrolyte at pH 7.
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To investigate the photoelectrochemical behaviour of the metal-oxide coatings more closely,
photocurrent measurements were made under potentiostatic conditions. Figure 3-8 shows
representative results for the Snow-Wioow-oxide, Sngow-Wao%-oxide and Snigoe-Woe-oxide
coatings. Upon switching the light on, the current instantly increases from the base value (dark),
and then gradually keeps increasing until the light is switched off; at this point, the current instantly
drops to the base (dark) value. Figure 3-8 shows that this behaviour is reproducible. Analysis of
the results performed under potentiostatic conditions confirmed that for all the coatings the
measured photocurrent increases with anodic potential, which is in accordance with the
potentiodynamic behaviour presented in Figure 3-7. Given that the metal-oxide coating is an n-
type semiconductor, this behaviour indicates that the increase in anodic potential also (i) increases
the driving force for the injection of the electrons from the donor level into the conducting band
of the semiconducting oxide and (ii) decreases the electron-hole recombination, thus ultimately

yielding a higher photocurrent.

Figure 3-9 shows the dependence of photocurrent on the coating composition. In order to
eliminate the influence of surface area on photocurrent, the raw photocurrent values were
normalized with respect to the coating true electrochemically-active surface area. The highest
photocurrent was measured for the Wioo%-oxide coating. This is to expect as the bandgap for this
oxide is the smallest among the coatings investigated in this work (Table 3-3). With an increase
in Sn content in the coating, the photocurrent drops down and reaches a minimum for the Snaov-
Weov-oxide coating, followed by an increase in photocurrent. However, comparing the trend in
Figure 3-9 to the bandgap energy values (Table 3-3), it is obvious that the latter is not the sole

factor that influences the photocurrent, but other physico-chemical properties of the metal-oxide
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coating, the coating/electrolyte and coating/substrate interface, should also be considered (e.g.

mobility of charge carriers, resistance of the coating/Ti_substrate interface for electron transfer,

oxide coating pore-size/shape and pore-size distribution).
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Figure 3-8: Chronoamperometry response of Sb-doped Snoy-Wioow-oxide (red), Sngov-W209%-

oxide (blue) and Snioo%-Wow-oxide (black) electrodes recorded in 0.1 M potassium phosphate

buffer (pH 7) in dark and under UV light irradiation and at 1.2 V. The current measured in dark

has been set as the background current, rendering the response in the figure as photocurrent.
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Figure 3-9: Photocurrent as a function of Sn-W-oxide composition. The photocurrent was
normalized with respect to the coating true electrochemically-active surface area. Electrolyte: 0.1

M potassium phosphate buffer (pH 7). E = 1.2 V. Error bars represent standard deviations.

3.4.3. Photoelectrocatalytic Characterization

The photoelectrocatalytic activity of the Sb-doped Sn-W-oxide coatings was evaluated by the
photoelectrochemical oxidation of a model organic compound, 0.1 mM phenol red (PR) dye
aqueous solution under UV light irradiation The mechanism of (photo)electrochemical oxidation
has already been established in the literature [68-70], and will thus not be discussed here. Figure
3-10 shows that for all the metal-oxide coating compositions, oxidation (degradation) of PR occurs
as evidenced by the concentration decrease with time; however, the kinetics of the oxidation
process depends largely on the coating composition. As can be seen, the degradation degree
obtained using Snioo%-Wo%-oxide and Sngov-W20v-0xide anodes was the highest among the anodes

investigated. However, given that the Sngoe,-W20%-0xide electrochemically-active area is 80% of
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the area of Snioov-Woe,-0xide coating (Table 3-2), it appears that the former coating is intrinsically

the most active photoelectrocatalyst for PR oxidation.
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Figure 3-10: Photoelectrocatalytic degradation of phenol red dye by Sb-doped Sn-W oxide

coatings. Current density: 20 mA/cm?.

The results for the photoelectrocatalytic (PEC) degradation of PR dye were compared with
those obtained from the electrochemical (EC) (in dark) and photocatalytic (PC) processes (Figure
3-11); it should be noted that the metal-oxide electrode in PC measurements was immersed in the
PR solution, but no external current was applied. As it can be seen in Figure 3-11, the PC
degradation of PR was negligible for all catalyst compositions used in this work (green bars). On
the other hand, the PEC degradation of PR resulted in a significant decrease in PR concentration,
at all metal-oxide anode compositions. The highest degradation degree was obtained for Sngoy-
Waoe,-oxide and Sniooe-Woe-0xide coatings. Another interesting observation is that the degree of
PR oxidation with PEC was higher than the sum of the two PC and EC degradation degrees,

demonstrating the presence of a synergy effect. However, when normalized for the anode true
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electrochemically-active surface area (Table 3-2), the highest degree of PR oxidation was obtained
for the Sngoy-W20%-0xide composition. If we look at the surface-area-normalized photocurrent
values in Figure 3-7, we can see that the highest photocurrent was obtained for pure W-oxide
coating. However, the next-highest photocurrent value was recorded for the Snzov-Wsgo%-oxide and
Snioo%-Wo%-oxide coatings. Given that Sn-oxide is an excellent electrochemically-active material
for anodic oxidation of organics (good electrocatalytic activity) and that W-oxide has the highest
photoactivity, it could be expected that, under the conditions applied, neither pure Sn-oxide nor
pure W-oxide would give the highest intrinsic photoelectrochemical activity in PR oxidation, but
it would be a mixed metal-oxide. As it appears, the Sngov-W20%-0xide appears to offer the highest
intrinsic photoelectrochemical activity in PR oxidation, at least under the experimental conditions

employed here.
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Figure 3-11: Comparison of the photocatalytic (PC), electrocatalytic (EC), and
photoelectrocatalytic (PEC) activities of different Sb-doped Sn-W-oxide coatings for the
degradation of phenol red dye. Degradation time: 120 min. Error bars are indicators of standard

deviations. Current density: 20 mA/cm?.
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3.5. Conclusions

Sb-doped Snx-W 100-x24-0xide coatings (x = 0, 20, 40, 60, 80 and 100) were fabricated on flat
titanium substrates by thermal decomposition of metal salts. The electrochemically active surface
area and the surface roughness of the coatings were found to be the coating-composition
dependant. The XPS results confirmed the existence of Sn?* (e.g. SnO2) and W' (e.g. WO3) as the
main oxidation states of the elements in the coatings, while antimony was found to be present as
Sb* and Sb**. The optical band gap decreased from 3.53 + 0.05 eV for pure Sn-oxide to 2.56 £
0.10 eV for pure W-oxide; however, this decrease occurred only when the content of W in the
oxide was greater or equal to 60%. All the coatings were found to be photoactive under the anodic
bias, indicating their n-type semiconductivity character. However, the corresponding photocurrent
was found not to follow the band-gap trend, indicating that other physico-chemical properties of
the metal-oxide coatings also influence the magnitude of photocurrent. Snigo%-Wo%-oxide and
Sngov-Wao%-oxide coated electrodes exhibited good apparent photoelectrocatalytic activity for the
degradation of phenol red dye under UV light irradiation (~ 90% after 2 hours), but the latter

coating was found to yield a higher intrinsic photoelectrocatalytic activity.
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CHAPTER 4

4. Electrochemical Disinfection of Water Using

Antimony-Doped Tin-Tungsten-Oxide Electrodes

4.1. Preface

The most prevalent method of disinfection in wastewater treatment, chlorination, is associated
with serious safety and ecotoxicological concerns, related to the storage and transportation of
dangerous chlorine as well as the generation of potentially toxic by-products. Electrochemical
disinfection is an environmentally-friendly process, easy to operate, and effective in inactivation
of a wide variety of microorganisms from bacteria to viruses and algae under safe operating
conditions. The overall performance and efficiency of an electrochemical process is strongly
dependent of the electrode material. In this research, the Sb-doped Sngov-W2ov-0xide/Ti anode
material which showed the highest intrinsic activity for degradation of phenol red dye in the study
presented in Chapter 3, was tested for electrochemical inactivation of bacteria in aqueous solutions
and the influence of solution chemistry and several operating factors on the efficacy of the process
were investigated. A manuscript has been prepared based on the results of this research and

submitted to Water Research journal for publication, as:

S. Ghasemian, B. Asadishad, S. Omanovic. N. Tufenkji. “Electrochemical disinfection of

bacteria-laden water using antimony-doped tin-tungsten oxide electrodes”.
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Abstract

Electrochemical disinfection has been shown to be an efficient method with a short-required
contact time for treatment of drinking water supplies, industrial raw water supplies, liquid
foodstuffs, and wastewater effluents. In the present work, the electrochemical disinfection of saline
water contaminated with bacteria was investigated in chloride-containing solutions using Sb-
doped Sngoe,-Waov-oxide anodes. The influence of current density, bacterial load, initial chloride
concentration, solution pH, and the type of bacteria (E. coli D21, E. coli O157:H7, and E. faecalis)
on disinfection efficacy was systematically examined. The impact of natural organic matter and a
hydroxyl radical scavenger on the disinfection process was also examined. The electrochemical
system was highly effective in bacterial inactivation for a 0.1 M NacCl solution contaminated with
~107 CFU/mL bacteria by applying a current density > 1 mA/cm?. 100% inactivation of E. coli
D21 was achieved with a contact time of less than 60 s and power consumption of 48 Wh/m?, by
applying a current density of 6 mA/cm? in a 0.1 M NaCl solution. Reactive chlorine species as
well as reactive oxygen species (e.g. hydroxyl radicals) generated in situ during the

electrochemical process were determined to be responsible for inactivation of bacteria.

4.2. Introduction

The elimination of pathogenic microorganisms, suspended or as attached biofilms, is a primary
step in the treatment of water from many different sources, such as raw water supply (Trussell
1998), ballast water (Nanayakkara 2010), drinking water reservoirs and water distribution systems
(Flemming 2002), process wash water in food processing plants (Lopez-Galvez et al. 2012),

brackish or industrial briny waters for use in food industry, swimming pools and drinking water
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(Feng et al. 2004, Martinez-Huitle and Brillas 2008), amongst many others. This is usually carried
out by adding chemicals such as chlorine, chlorine dioxide and ozone (Harper et al. 2001,
Rahmawati et al. 2010). The most common method, chlorination, is associated with some problems
such as transport and storage of chlorine (Kraft et al. 1999, Rajeshwar and Ibanez 1997), generation
of hazardous by-products such as trihalomethanes (THMs), haloacetic acids (HAAs), and N-
nitrosodimethylamine (NDMA) (A. Lawton and K. J. Robertson 1999, Gusmao et al. 2010, Mitch
et al. 2003), and the resistance of some pathogens including the bacteria Escherichia coli (E. coli)
and Campylobacter jejuni, enteric viruses such as rotavirus and calicivirus, and the parasites

Cryptosporidium and Giardia lamblia (Gusmao et al. 2010, Szewzyk et al. 2000).

Electrochemical (EC) disinfection has gained attention as a potential alternative to
conventional chlorination (Jeong et al. 2007, Lopez-Galvez et al. 2012) due to its environmental
compatibility, easy installation and operation, and effectiveness for inactivation of a wide variety
of microorganisms from bacteria to viruses and algae under mild pressures and temperature (Diao
et al. 2004, Drees et al. 2003, Long et al. 2015, Mascia et al. 2013). It has been demonstrated that
electrochemical technology can provide high disinfection efficiency for drinking water
(Matsunaga et al. 1992), raw water supply (Patermarakis and Fountoukidis 1990), liquid foodstuff
(Grahl and Mirkl 1996), and industrial and domestic wastewater effluents (Anglada et al. 2009,
Schmalz et al. 2009). The practice of cleaning water by passing an electric current had been
reported as early as the nineteenth century; however, only recently has this technology has come

into long-term practical use (Kraft 2008).

Electrochemical water treatment is a green and powerful technology with a two-stage
mechanism of action: (1) direct oxidation at the electrode surface, which is characterized by the

instantaneous killing of microbial cells (Jeong et al. 2007), and (2) indirect oxidation in the bulk
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solution by disinfecting species produced from water oxidation, such as hydroxyl radical (*OH),
atomic oxygen (*0), hydrogen peroxide (H20>), and ozone (O3) (Egs. (1-5)) (Liang et al. 2005,
Martinez-Huitle and Brillas 2008, Panizza and Cerisola 2005) classified as reactive oxygen species
(ROS), or by oxidants produced from the substances dissolved in the water, e. g., chloride is
oxidized to free chlorine, according to Eq. (6) (Anglada et al. 2009, Kraft 2008). Dissolved chlorine
is subsequently hydrolyzed to hypochlorous acid/hypochlorite ion and hydrochloric acid, in main
side reactions of anodic production of chlorine, as given in Egs. (7) and (8). In water treatment,
the overall concentration of dissolved chlorine after the chlorination process is termed active
chlorine, and is given by the summation of three species: free chlorine (Cl2), hypochlorous acid
(HCI10) and hypochlorite ion (C1O ). The mass distribution of these three main reactive chlorine

species (RCS) depends on the pH of the medium (Bergmann and Koparal 2005).

H,0 - HO®* + H* + e~ (4-1)
HO® - 0°*+H* +e~ (4-2)
20° = 0, (4-3)
2HO® - H,0, (4-4)
0, + 0° - 05 (4-5)
2C1™ - Cly + 2e~ (4-6)
Cl,+ H,0 - ClI” + HCIO + H* (4-7)
HCIO - ClO~ + H* (4-8)
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Other advantages of electrochemical disinfection are on-site generation of disinfectants with
controllable dose (Jeong et al. 2007) and relatively low energy requirement that allows the use of
green energy sources such as solar cells or fuel cells (Drogui et al. 2001, Ghernaout et al. 2008).
Overall, the high efficacy of electrochemical disinfection is attributed to the synergistic effects of
direct oxidation on the electrode surface (Grahl and Mirkl 1996, Matsunaga et al. 2000),
generation of the reactive intermediate species such as ROS or RCS with strong bactericidal
activity (Diao et al. 2004, Feng et al. 2004, Liang et al. 2005), and/or the electric field effect

(Butterfield et al. 1997, Grahl and Mérkl 1996).

The selection of an appropriate anode material is a key factor in electrocatalytic processes, as
it influences not only the efficiency of the process, but also the electrode selectivity (Feng et al.
2016). Common anode materials used in studies of electrochemical water disinfection are titanium
with active coatings based on metal oxides, which are known as Dimensionally Stable Anodes
(DSA®s) (Gusmio et al. 2010), platinum (Jeong et al. 2007) and boron-doped diamond (BDD)
electrodes (Lacasa et al. 2013, Long et al. 2015). DSA® type electrode materials include IrO»-
RuO; (Bergmann and Koparal 2005), TiO2-RuO: (Gusmao et al. 2010), SnO> (Watts et al. 2008),
and IrO>-Sb20s5-SnO» (Fang et al. 2006). These electrodes have shown higher efficiencies in the
production of free chlorine compared to Pt and diamond electrodes, which is of primary
importance in environmental applications of electrochemical technology in the presence of
chloride salts (Bergmann et al. 2008, Kraft 2008). In addition, diamond electrodes may further
oxidize hypochlorite to chlorate and perchlorate (Palmas et al. 2007) which are permissible in
potable water only at very low concentrations (Kraft 2008). Therefore, DSA® type electrodes are
more applicable for the electrochemical disinfection of water due to their higher efficiency in the

production of oxidizing species.
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The mechanism of electrochemical microbial inactivation is not completely understood.
Fundamentally, the vital physiological functions of bacteria are based on the cell membrane,
cytoplasm, and nucleic acids (DNA and RNA). Thus, damages to any of these subcellular
constituents of bacteria could potentially lead to the inactivation of bacteria. Diao et al. (Diao et
al. 2004) observed leakage of substantial intracellular materials from E. coli cells after
electrochemical treatment by DSA®s under scanning electron microscope. In another study, Jeong
et al. (Jeong et al. 2006) observed changes in the inner content and cell walls of E. coli as a result
of BDD disinfection. The work of Tanaka et al. (Tanaka et al. 2013) revealed lipid peroxidation in
the cell membranes of electrochemically disinfected bacteria in seawater using a Pt anode. Long
et al. (Long et al. 2015) investigated the subcellular mechanisms of E. coli inactivation during
BDD electrochemical disinfection in three electrolytes: in chloride solution, E. coli inactivation
was attributed to damage to the intracellular enzymatic systems; in sulfate solution, the elimination
of certain essential membrane proteins such as K™ ion transport systems mainly induced cell
inactivation; and in phosphate solution, mineralization of their organic intracellular components

was responsible for cell inactivation.

To the best of our knowledge, the performance of mixed metal oxide (MMO) electrodes
consisting of antimony-tin-tungsten-oxides in electrochemical inactivation of microorganisms has
not been investigated. In this context, the main objective of the present work was to examine the
potential of electrochemical disinfection of saline water employing antimony-doped tin-tungsten-
oxide electrode coatings (Sb-doped Sngow-W2ov-0xide) formed on a titanium substrate via a
thermal deposition method. This electrode was selected as it was found to have high intrinsic
electrocatalytic activity for oxidation of phenol red in a previous study (Ghasemian and Omanovic

2017). A non-pathogenic strain of E. coli was selected as a model bacterium, while pathogenic E.
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coli and Enterococcus faecalis (E. faecalis) were used to verify the inactivation efficiency of the
process. To examine the disinfection potential of the system, the electrochemical production of
free chlorine as well as process parameters such as current density, bacterial cell density, pH, and
the presence of natural organic matter (NOM) and a radical scavenger were systematically
investigated in chloride- and phosphate-containing solutions. Moreover, the energy requirement
to reach a specific level of bacterial inactivation (3.5-log and 7.4-log reductions) at each current

density was calculated.

4.3. Materials and Methods

4.3.1. Electrode Preparation

Sb-doped Sngoe,-Waow-oxide anode coatings were prepared on 50 mm x 100 mm x 2 mm flat
titanium substrates employing a thermal deposition method. The titanium sheets were pretreated
(polished, degreased and etched) before the deposition of the coatings. The metal salts used to
prepare the coating precursor solution were SnCl,.2H>O (ACS reagent, > 98.0%, Sigma Aldrich),
NaxWO04.2H,0 (Certified ACS, 100.0%, Fisher), and SbCl3 (ACS reagent, > 99.0%, Sigma
Aldrich). All solutions were prepared using ultra-pure deionized water (resistivity: 18.2 MQ cm).
The metal-oxide coatings were formed by brushing the coating solution onto the pretreated side of
Ti substrate (only one side of the Ti substrate was coated, while the other side was covered by an
insulating tape), drying in oven at 100°C for 10 min to evaporate the solvent, and then baking in
an air furnace at 500°C for 10 min. This process was repeated ten times and after the last coating
application, the electrodes were annealed at 500°C for 2 hours to complete the formation of metal

oxides in the coating.
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4.3.2. Bacterial Strains and Growth Conditions

The mutant of the E. coli K12 strain, D21, used in this study was obtained from the E. coli
Genetic Stock Center at Yale University (CGSC #5158). Results obtained with the model non-
pathogenic organism E. coli D21 were compared with those obtained using two pathogenic strains;
namely, E. coli O157:H7 ATCC 700927 (Gram-negative) and Enterococcus faecalis (E. faecalis)
ATCC 29212 (Gram-positive). Inoculums were taken from pure cultures maintained at -80°C in
Luria Bertani (LB) Broth (Fisher, BP1427), spread onto LB agar plates, and incubated at 37°C
overnight. For each experiment, a single colony from a fresh plate was used to inoculate 30 mL of
sterile LB broth. Cultures were grown at 37°C for 18 h in a shaking incubator set at 180 rpm. After
18 h of incubation, corresponding to the stationary phase, cells were harvested by centrifugation
at 5000g for 10 min (Multifuge X3R, Thermo Heraeus) at 20°C. The growth medium was
decanted and the bacterial pellet was resuspended in 0.1 M potassium phosphate buffer solution
(pH 7.1 £ 0.05) prepared from KH>PO4 salt (ACS Certified, Fisher) with 0.1 M NaCl (ACS
Certified, Fisher), which was used as the background electrolyte in this work, unless otherwise
stated. Centrifugation and resuspension were repeated one more time. The concentration of the
cell suspension was determined by measuring its optical density at 600 nm using a UV-Vis
spectrophotometer (Agilent 8453). To study the impact of initial bacterial load on disinfection,

bacterial suspensions were prepared at 10° and 107 colony forming units (CFU)/mL.

4.3.3. Electrochemical Reactor

The electrochemical reactor consisted of a 900-mL beaker (Pyrex glass) with a Teflon lid and
was placed in a water bath to keep the temperature constant at 25°C during the experiments. A

schematic diagram of the three-electrode batch electrochemical reactor is shown in Appendix as
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Figure A- 1. The working electrode was the prepared Sb-doped Sngow-Waoe-oxide film. An 80
mm X 100 mm X 2 mm curved stainless steel plate (316L) served as the counter electrode. Both
electrodes were placed vertically in the cell with 5.5 cm distance between them. Saturated calomel
electrode (SCE) was used as the reference. The electrodes were connected to a power source
providing constant current during experiments. The reactor medium was prepared using the
bacterial inoculum diluted in the electrolyte (0.1 M potassium phosphate buffer with 0.1 M NaCl),
yielding a 550-mL bacterial suspension with initial concentration of ~10” CFU/mL. The electrolyte
and all the solutions used in this work were sterilized using 0.45 pm pore filters (Corning 430625).
The temperature of the electrolyte was monitored using a thermometer. Filtered air was bubbled

into the solution during the experiments to provide mixing.

4.3.4. Disinfection Experiments

The coated electrode was sonicated in deionized water for 20 min before experiments to
remove residual contamination from the surface of the electrode. The reactor was operated in a
three-electrode mode and potentials were noted relative to SCE. The disinfection of bacterial
suspension was carried out at constant current densities of 0.2, 1, 2, 4, 6 and 10 mA/cm? with 10’
CFU/mL initial bacterial concentration. The voltage and temperature at each sampling time were
recorded. Before starting each electrochemical experiment, a 100 pL sample was taken from the
reactor with a sterile pipette to determine the initial concentration of bacteria. Also, samples were

collected during the runs at selected time intervals and were analyzed as described below.

4.3.5. Bacterial Sample Analysis

The drop plate method was used to estimate the concentration of viable bacteria in the samples
by enumerating the CFU grown on a LB agar plate (Herigstad et al. 2001). The samples taken from
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the bacterial suspension in the reactor were serially diluted down to 107 (with a factor of 10™") of
its initial concentration using the background electrolyte. Each dilution was thoroughly mixed,
from which the 10 uL drops were dispensed over the one-sixth of the surface of an agar plate which
was then incubated at 37°C for 14 h. After this time, CFU were counted and the average of the
total count of CFU over 3 drops at the countable dilution was determined to calculate the initial

concentration of bacteria. The viable cell density was initially 10’ CFU/mL in disinfection tests.

4.3.6. Modes of Disinfection Action

4.3.6.1. Adhesion of Microbial Cells onto Electrodes

Bacterial adhesion to the electrode surfaces and the culturability of the adhered cells was tested
by performing control experiments with electrodes in place but without applying the current
through the system. Furthermore, the viability of bacteria attached to the electrode surfaces was
evaluated using BacLight Live/Dead assay (Live/Dead BacLight, Molecular Probes) which
includes two DNA-binding stains: the green fluorescent stain, SYTO-9, and the red fluorescent
stain, propidium iodide (PI). In this method, bacterial inactivation is measured based on the loss
in membrane integrity of the cells (Boulos et al. 1999). Green fluorescing SYTO-9 is able to enter
all cells, so is an indication of live cells, whereas red fluorescing PI enters only cells with damaged
cytoplasmic membranes and is therefore an indication of non-viable cells (Asadishad et al. 2011,
Boulos et al. 1999). After disinfecting E. coli D21 suspension for 30 min (at a mild current density
of 2 mA/cm?), the working electrode was removed from the reactor and rinsed with the background
electrolyte to remove unattached cells. Then, the surface of the electrode was stained with
Live/Dead BacLight (Invitrogen) and imaged by fluorescence microscopy (IX-71, Olympus). The

same procedure was repeated for E. coli O157:H7 and E. faecalis.
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4.3.6.2. Influence of Solution Chemistry

The role of electrochemically-produced hydroxyl radicals in inactivation of E. coli was
investigated by adding methanol (0.1 M), a well-known hydroxyl radical scavenger into the reactor
medium (EI-Morsi et al. 2000, Page et al. 2011). The influence of NOM, ubiquitously present in
all freshwater systems (Cantwell et al. 2008), on electrochemical disinfection efficacy was also
investigated using Suwannee River NOM (SR-NOM, 2R101N, IHSS) at concentrations of 2 mg/L
and 10 mg/L. To prepare the experimental suspension, SR-NOM was added to the electrolyte, well-
mixed using a magnetic stir bar, and then the solution was filtered through a 0.45-um pore filter
before adding bacteria. The influence of chloride concentration on electrochemical disinfection
performance was investigated at a fixed current density of 2 mA/cm? by adding NaCl to the
solution at different concentrations of 0, 0.01, 0.05, and 0.1 M. The disinfecting ability of our
electrochemical system through generation of oxidants other than chlorine was tested by
conducting preliminary electrochemical experiments in chloride-free phosphate buffer solution.
Moreover, the effect of pH on inactivation rate was studied. All experiments were run at least three
times and after each experiment all the glassware and the reactor were cleaned with 10% bleach,

washed twice with tap water and detergent, and then autoclaved at 121°C for 20 min.

4.3.6.3. Determination of Active Chlorine Production

To evaluate the disinfecting role of oxidants produced in the presence of chloride in the
solution during the electrochemical process, the amount of dissolved chlorine in the solution was
determined as mg/L. Cl> by DPD (N,N-diethyl-p-phenylendiamine) colorimetric method (Clesceri
et al. 1989) from the magenta color produced as a result of the instantaneous reaction between

active chlorine species and DPD indicator. Aliquots of 2 mL of the treated solution were collected
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in a cuvette containing 100 pL of the phosphate buffer reagent for chlorine determination (RICCA,
5805-16) and 100 uL. DPD indicator (RICCA, 2655-16), and analyzed immediately by recording
the absorption spectra in the range of 400-800 nm using a UV-Vis spectrophotometer. The
concentration of free chlorine in samples was then calculated from the absorbance measured at
512 nm by using a calibration curve prepared previously with potassium permanganate solution as

recommended (Clesceri et al. 1989), to a minimum detectable chlorine concentration of 50 pg/L.

4.4. Results and Discussion

4.4.1. Role of Bacterial Adhesion onto Electrodes

Control experiments performed with the electrodes in place but at zero current showed no
observable decrease in E. coli D21 concentration in the reactor medium over a 60-min period (for
an initial loading of 10’ CFU/mL). This indicates that any observed decrease in bacterial load when
the current is applied can be attributed to the electrochemical process. Microscope imaging (at 20X
magnification) of the electrodes after 30 min of electrolysis at 2 mA/cm? showed no attached
bacteria for E. coli O157:H7. For E. coli D21, most of the attached cells on the electrode were
dead at the end of the test (as determined using the Live/Dead Baclight assay), whereas for E.
faecalis, the number of attached bacteria was less than for E. coli D21 but most of the attached
cells were live. The results show that the amount of cell adhesion to the electrodes and the extent
of their inactivation were dependent on the type of bacteria with the Gram-positive E. faecalis

being the most resistant and E. coli D21 the most susceptible to electrochemical disinfection.
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4.4.2. Influence of Current Density on Bacterial Inactivation

Figure 4-1 presents the influence of current density on changes in bacterial concentration
during the electrochemical treatment of E. coli-contaminated solutions containing 0.1 M NaCl (pH
7.1 £ 0.05). An increase in the current density from 0.2 to 1 mA/cm? resulted in more than 50%
decrease in logio-bacterial concentration after 20 min. Further increase in the current density led
to a complete inactivation of 10’ CFU/mL E. coli D21 within 5 min for 2 mA/cm?, 2 min for 4
mA/cm?, 1 min for 6 mA/cm?, and 1 min for 10 mA/cm? current density. The higher inactivation
rates were achieved by increasing the applied current density, which is consistent with previous
reports (Gomez-Lopez et al. 2013, Schmalz et al. 2009). At a higher current density, more
oxidizing species are generated at the anode surface to attack and kill microorganisms. However,
increase in the current density from 6 mA/cm? to 10 mA/cm? did not raise the inactivation rate
appreciably. This implication supports the statement reported elsewhere (Sarkka et al. 2008) that
after reaching a threshold value for current density, the energy will be mainly used to produce
oxygen and not oxidizing species. Based on the results of the control experiment mentioned above,
the decrease in the concentration of bacteria shown in Figure 4-1 was due to the inactivation of E.
coli cells, not due to the attachment of cells onto the electrode surface. Moreover, the fact that no
notable decrease in bacterial concentration was observed at the current density of 0.2 mA/cm?
implies that there is a threshold concentration for oxidants produced electrochemically, to cause

bactericidal effects (Bensalah and Abdel-Wahab 2013a, b).
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Figure 4-1: Influence of current density on bacterial inactivation during electrochemical treatment
of solutions containing initial concentration of ~10” CFU/mL E. coli D21 in 0.1 M NaCl + 0.1 M
potassium phosphate buffer (pH 7.1). Results represent mean value + SD (n = 3).

4.4.3. Effect of Interfering Species

4.4.3.1. Inhibitory Effect of Radical Scavengers on Bacterial Inactivation

Practical application of disinfection systems is linked with their ability to maintain the
disinfecting activity in the presence of radical scavengers such as bicarbonate, sulfate ions, halide
ions, or alcohols (Billany et al. 1996, Grebel et al. 2010, Liao et al. 2001). Therefore, the possibility
of their interference with disinfection activity must be considered for practical applications. We
investigated the effect of methanol as a hydroxyl radical scavenger on the bacterial survival at two
current densities of 2 and 4 mA/cm?. Control experiments showed that addition of 0.1 M methanol
had no effect on E. coli inactivation, when no current was applied (solid squares) under the

conditions used in this work (Figure 4-2a). E. coli inactivation was significantly retarded by
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addition of methanol when the current was flowing through the cell, leading to 80% and 19%
bacterial survival after 30 min at current densities of 2 and 4 mA/cm?, respectively (compare the
solid with open symbols in Figure 4-2a). Since methanol is a known hydroxyl radical scavenger,
thus reducing the potential formation of hydrogen peroxide, ozone and atomic oxygen (Egs. (2-
5)), this finding indicates that electrochemically-generated ROS play an essential role in the second
stage inactivation of bacteria, assuming the first stage can be attributed to the direct oxidation at

the electrode surface (Jeong et al. 2007).

4.4.3.2. Inhibitory Effect of Natural Organic Matter (NOM) on Bacterial

Inactivation

Water supplies that require disinfection may contain varying loads of natural organic matter
(NOM) that may impact treatment efficiency. Therefore, it is important to examine the effect of
NOM on the efficacy of the electrochemical disinfection process. Figure 4-2b shows the removal
of E. coli D21 in the absence and presence of 2 and 10 mg/L of SR-NOM as a function of time
during the electrochemical treatment in 0.1 M NaCl + 0.1 M potassium phosphate buffer
electrolyte. The contact time required to reach complete bacterial inactivation increased from 2
min in the absence of SR-NOM to 5 min and 15 min in the presence of 2 mg/L and 10 mg/L SR-
NOM, respectively. Thus, SR-NOM reduced the inactivation efficiency of the electrochemical
process. Overall, the strong inhibitory effect of organic matter on bacterial inactivation can be
attributed to a combination of several effects such as radical scavenging, inhibition of the catalytic
process by faster adsorption onto the catalyst sites and occupying them, and competition between
the organic compounds and the microorganisms for hydroxyl radicals (Gomes et al. 2009,
Rodrigues et al. 2007). It has also been found that humic substances offer protection against solar

(Gomes et al. 2009, Rodrigues et al. 2007) and UV (Cantwell et al. 2008, Muela et al. 2002)
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irradiation in photolytic or photocatalytic inactivation of bacteria (and also viruses (Templeton et
al. 2006)) and lengthen the survival of microorganisms, mainly due to the formation of a thin

coating on the surface of the cells presenting a blocking effect (Cantwell et al. 2008).
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Figure 4-2: Inhibitory effects of (a) a radical scavenger at zero current (m), 2 mA/cm? current
density without adding methanol (A), 2 mA/cm? current density with 0.1 M methanol (A), 4
mA/cm? current density without adding methanol (V), 4 mA/cm? current density with 0.1 M
methanol ('V); and (b) SR-NOM at 2 mA/cm? current density, on changes in the number of E. coli
D21 culturable cells in the reactor during the electrochemical treatment of 0.1 M NaCl + 0.1 M

potassium phosphate buffer solution (pH 7.1). Results represent mean value £ SD (n = 3).
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4.4.4. Role of Active Chlorine Oxidants

4.4.4.1. Influence of Current Density on Active Chlorine Production

The concentration of active chlorine species (dissolved Cl,, HOCI1 and CIO ) in the electrolyte
samples was determined using the DPD colorimetric method. It should be noted that, in addition
to chlorine, other possible oxidants (e.g. O3, H>O2, ClO;) generated in electrochemical disinfection
process can also react with DPD and contribute to the magenta color, and therefore the DPD test
results may in fact represent the total oxidizing potential of electrochemically produced oxidants
(Harp 2002, Schmalz et al. 2009). Figure 4-3a shows the electrochemical generation of active
chlorine at different constant current densities, obtained at fixed initial chloride concentration of
0.1 M and pH 7.1 £ 0.05 in the absence of bacteria. As shown in Figure 4-3a, no significant
concentration of active chlorine was detected in experiments at the current density of 1 mA/cm?.
The chlorine production increased significantly from ~ 0.5 mg/L up to 3.3 mg/L after 20 min, as
the current density was raised from 1 mA/cm? to 2 mA/cm?, and it remained relatively constant
with time. However, although further increase in current density to 4 and to 10 mA/cm? resulted
in an increase in the maximum amount of chlorine produced (Figure 4-3a), the amount of chlorine
decreased after 20 and 15 minutes, respectively. Having a relatively high concentration of ions,
the system is not expected to be in a mass transport controlling regime, but increasing the applied
current to higher values could shift the process to become limited by mass transport conditions
and/or chlorate (C1O3 ) production by possible side reactions occurring at the anode (Eq. (9)) or

in the aqueous solution (Eq. (10)), as expressed below (Fraga et al. 2009):
6ClO~ + 3H,0 — 2Cl05 + 6H* + 4Cl™ + 1.50, + 6e~ (4-9)

2HCLO + ClO™ - ClO3 + 2Cl™ + 2H* (4-10)
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However, due to the complexity of the method for determining the chlorate concentration, the

measurements were not performed in this work.
4.4.4.2. Effect of Chloride Concentration on Active Chlorine Production

To determine the amount of active chlorine produced during the electrochemical treatment,
the experiments were performed in the absence of bacteria. Figure 4-3b shows the effect of initial
chloride concentration on the electrochemical generation of active chlorine at 2 mA/cm? current
density. As expected, chlorine formation increased with the amount of NaCl added. This
observation that the significant production of active chlorine started at 0.1 M NaCl, is in agreement
with an earlier study regarding the requirement for a minimum chloride concentration for the
formation of active chlorine leading to an effective inactivation of bacteria (Bergmann and Koparal
2005). However, the formation of free chlorine even at very low concentration of NaCl (0.01 M)

was detected (Figure 4-3b).
4.4.4.3. Influence of pH on Active Chlorine Production

The influence of pH on active chlorine production was investigated by comparing the
electrochemical disinfection results obtained for solutions containing 0.1 M NaCl at pH 5.0 and
pH 9.0 conducted at 2 mA/cm? with results obtained at pH 7.1. The amount of active chlorine
produced during 60 min of electrolysis was measured at different time intervals, as shown in
Figure 4-3c. As can be seen, the free chlorine production decreased with increasing pH, and the
decrease was sharper going from pH 7.1 to 9.0; the amount of active chlorine produced at pH 9
was significantly lower than those measured at both pH 5.0 and pH 7.1 (Student’s t-test). However,
the amount of generated chlorine measured at pH 5.0 and pH 7.1 were not significantly different,

except at £ = 45 min. The decrease in chlorine production at high pH values can be attributed to
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the preferential adsorption of HO on the anode surface at basic conditions (Zanoni et al. 2004).
Furthermore, at lower pH, more hypochlorous acid is produced (Eq. (7)), whereas at higher pH
more hypochlorite ion is formed (Eq. (8)), which has lower oxidation potential than hypochlorous
acid (Sarkka et al. 2008). Moreover, it is believed that increased acidity decreases the scavenging
effect of potential radical scavengers (Lipczynska-Kochany et al. 1995). Thus, this system is

expected to exhibit higher disinfection efficiency at neutral or acidic conditions.
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Figure 4-3: Effects of (a) current density in 0.1 M NaCl (pH 7.1), (b) chloride concentration at the
current density of 2 mA/cm? (pH 7.1), and (c) solution pH at 0.1 M NaCl on active chlorine
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production during electrochemical water treatment in 0.1 M potassium phosphate buffer. Results

represent mean value = SD (n = 3). * p <0.05; ** p<0.01.

4.4.5. Effect of Chloride Concentration on Bacterial Inactivation

Figure 4-4 presents the influence of initial chloride concentration on the electrochemical
inactivation of 107 CFU/mL E. coli D21 at a fixed current density of 2 mA/cm?. The bactericidal
efficiency of the electrochemical process was improved by increasing the concentration of NaCl.
For the experiment performed in the absence of NaCl, complete bacterial inactivation was
achieved within 15 min of operation. Addition of 0.01 M and 0.05 M NaCl exhibited similar effects
on the bacterial inactivation rate and shortened the contact time required for complete inactivation
to 5 min. At the increased chloride concentration of 0.1 M, complete disinfection was achieved in
2 min. Increasing NaCl concentration results in an enhanced production of reactive oxidative

species and, thus, faster bacterial inactivation.
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Figure 4-4: Influence of NaCl concentration on the number of culturable cells in the reactor during
the electrochemical treatment of ~10” CFU/mL E. coli D21 at current density: 2 mA/cm? and in

0.1 M potassium phosphate buffer (pH 7.1). Results represent mean value £ SD (n = 3).

4.4.6. Effect of Initial Bacterial Load and Strain Type

The influence of initial bacterial cell density on the number of culturable cells in the reactor
for E. coli D21 is shown in Figure 4-5. As can be seen, the required contact time for complete
bacterial inactivation increased with bacterial load. At the current density of 0.2 mA/cm?, the
percentage of surviving cells of E. coli at an initial load of 10° and 10’ CFU/mL was found to be
30% and 88%, respectively, within 5 min of electrolysis. A similar trend was observed at the
applied current density of 1 mA/cm?. This finding that the percentage of surviving cells increased
with the initial bacterial density is in agreement with previous reports (Bekbolet 1997, Jeong et al.
2007). Besides the lower oxidants/bacteria ratio, higher coverage of the electrode surface by

bacterial cells due to electrostatic attraction between positively charged anode surface and
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negatively charged E. coli cells, in solutions with higher bacterial loads may cause a blocking
effect at the electrode surface retarding the electron transfer to the ions and thus lower production

of oxidative species.
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Figure 4-5: Effect of initial bacterial load on the percentage of culturable E. coli D21 cells during
electrochemical treatment of 0.1 M NaCl + 0.1 M potassium phosphate buffer solution (pH 7.1).

Results represent mean value + SD (n = 3).

Figure 4-6 shows the decay of the number of culturable cells in the reactor with time during
the electrochemical treatment of aqueous solutions containing 0.1 M NaCl contaminated with
different model bacteria; namely, E. coli D21, E. coli O157:H7 and E. faecalis. As can be seen,
total bacterial inactivation was achieved for all bacteria types. Although it appears that the
inactivation of E. coli D21 and E. coli O157:H7 was slightly faster than that of E. faecalis, the

differences are not statically significant, as determined by Student’s t-test. These experiments
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show that the electrochemical process is equally effective against the Gram+ and Gram- bacteria

tested here.
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Figure 4-6: Changes in the number of culturable cells with time for different bacteria strains during
the electrochemical treatment of 0.1 M NaCl + 0.1 M potassium phosphate buffer solution (pH

7.1). Results represent mean value + SD (n = 4).
4.4.7. Energy Consumption During the Electrochemical Disinfection

Process

Although higher current densities result in higher microbial inactivation, they are associated
with greater energy consumption. To understand the cost effectiveness of the process, the
performance of electrochemical disinfection was evaluated in terms of energy efficiency. The
process intrinsic energy (considering only the electrical energy) required to achieve a 3.5-log
reduction as well as complete inactivation (7.4-log reduction) of 10’ CFU/mL E. coli D21 was

calculated based on the required contact time, current density, and the resulting cell voltage (Table
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4-1). The maximum increase in the temperature of the reactor medium was less than 1°C in all
operations. By increasing the current density from 6 mA/cm? to 10 mA/cm?, the treatment time
required for complete removal of bacteria did not change, but the energy consumption increased
by 100%. This result confirms the statement above that after a certain threshold value for current
density, the additional energy input will mostly generate oxygen and not oxidative species. Thus,
the current density of 6 mA/cm? was the most efficient in terms of energy consumption to achieve
an equal E. coli inactivation, corresponding to an energy input of 48.18 Wh/m?® for complete
bacterial inactivation. This estimated value is considerably lower than that obtained by Lacasa et
al. (Lacasa et al. 2013) (88 Wh/m?) and Heim et al. (Heim et al. 2015) (250 Wh/m?) required to
completely inactivate 10°-107 CFU/mL and 10’-108 CFU/mL E. coli in water containing 30 g/L (~
0.5 M) and 20 g/L (~ 0.35 M) NaCl using BDD anodes, respectively. Also, these values are on the
same order of magnitude as values reported in the literature for inactivation of 10’ CFU/mL E. coli
in NaxSOs electrolyte using BDD anode (Li et al. 2010). The calculated values for energy
consumption listed in Table 4-1 represent promising results when compared to the 7 kJ/L (~ 1944
Wh/m?) UV energy used to reach a final concentration of 10 CFU/mL from an initial E. coli load
of 4.25 x 10° CFU/mL by photolysis, as reported by Gomes et al. (Gomes et al. 2009), and 4.2
kJ/L (~ 1167 Wh/m*) UV energy required to reduce the initial E. coli concentration of 107 to 90

CFU/mL by solar photocatalysis using TiO2, as shown by Sichel et al. (Sichel et al. 2007).
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Table 4-1

Calculated process intrinsic electrical energy consumption for 3.5-log removal and complete
inactivation (7.4-log reduction) of E. coli D21 with the initial concentration of 10’ CFU/mL during
the electrochemical treatment of 0.1 M NaCl + 0.1 M potassium phosphate buffer solution (pH

7.1). Data represent mean value + SD (n = 3).

Current density 3.5-log reduction 7.4-log reduction (complete inactivation)
(mA/cm? Voltage Time E35.00g Voltage Time E7 4108
(V) (min) (Wh/m3) (V) (min) (Wh/m3)
0.2 1.1 > 60 1.1 > 60
1 3.8 20 115.76 + 5.81 39 60 35545 + 21.60
2 4.1 2 2485 + 1.25 4.2 5 63.64 + 433
4 4.4 2 5333 <+ 2.15 4.4 2 5333 + 2.15
6 53 1 48.18 + 322 53 1 48.18 + 3.21
10 6.6 1 9924 <+ 2.57 6.6 1 9924 + 2.57

4.5. Conclusions

This study demonstrates the strong bactericidal activity of Sb-doped Sngoy-W2o%-oxide
anodes, which increased with increasing current density and NaCl concentration. This can be
explained by the advancing role of mediated oxidation processes carried out by the
electrogenerated oxidants including ROS and RCS in the inactivation of bacteria. It was found that
the electrochemically-generated ROS (e.g. hydroxyl radicals, hydrogen peroxide, ozone) and RCS
(e.g. Clo, HOCI, CIO ) were mainly responsible for inactivation of bacteria at high and low current
densities, respectively. It was also found that the presence of NOM and radical scavengers such as
methanol adversely affect E. coli inactivation by electrochemical treatment. Increasing the pH of
the solution also resulted in a lower bacterial inactivation rate. Moreover, the results showed that
the treatment efficacy was comparable for three different bacterial strains. The highest efficiency

for total electrochemical disinfection of E. coli D21 at an initial load of 107 CFU/mL was obtained
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at 6 mA/cm? current density with 0.1 M NaCl at pH 7.1 with a power consumption of 0.048
kWh/m?>. The study concludes that Sb-doped Snsow-Waow-oxide anodes are effective
electrocatalysts for production of powerful oxidants in aqueous solutions towards the efficient
disinfection of bacteria by electrochemical treatments. The potential production of disinfection by-
products such as trihalomethanes and haloacetic acids was not monitored in this preliminary proof-

of-concept work and should be considered for practical applications.
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CHAPTER 5

5. Photoelectrochemical Degradation of
Pharmaceutical Carbamazepine Using Sb-Doped

Sngoo,-Waoe,-Oxide Electrodes

5.1. Preface

The increased production and consumption of human and veterinary pharmaceuticals have led
to the widespread occurrence of these compounds and their metabolites/transformation products
in water resources. The emerging concerns over the potential negative impacts of these bioactive
compounds on the ecosystem and human health has sparked research on wastewater treatment. In
this study, the Sb-doped Snsgo%-W2o%-oxide/Ti anode material which had showed the highest
intrinsic activity for degradation of phenol red dye in the study presented in Chapter 3 and also
showed promising electrocatalytic activity for electrochemical inactivation of bacteria in the study
presented in Chapter 3, was tested for photoelectrocatalytic degradation of persistent
pharmaceutical, carbamazepine. A manuscript has been prepared based on the results of this
research and submitted to the journal of Separation and Purification Technology for publication,

as:

S. Ghasemian, D. Nasuhoglu, S. Omanovic, V. Yargeau. “Photoelectrochemical degradation of

pharmaceutical carbamazepine using Sb-doped Sngo%-W20%-0xide Electrodes”.
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Abstract

The continuous release of pharmaceutical compounds in the environment is of concern due to
their potential toxicological effects on living organisms, even at low concentrations. The
insufficient removal of bioactive contaminants such as pharmaceuticals by conventional
wastewater treatment processes has led scientists to investigate and develop efficient technologies
such as advanced oxidation processes (AOPs) to address the issue. The objective of the present
work was to study the applicability of thermally-prepared Sb-doped Sngov%-W20v-oxide thin film
coated electrodes for the photoelectrocatalytic degradation of a recalcitrant pharmaceutical
compound, carbamazepine (CBZ). The efficiency of photolytic and photocatalytic processes for
removal of CBZ were also evaluated for comparison. The formation of transformation products
was investigated and the results showed lower levels of transformation products in the water
treated by the photoelectrocatalytic method compared to the photolytic and photocatalytic
methods, by the end of 60-min treatment. This suggests a potentially lower overall toxicity of the
final solution treated by the photoelectrocatalytic method. An estimation of the energy
consumption to reach an order of magnitude reduction in the concentration of CBZ for each type
of process indicated a lower energy requirement for the photoelectrocatalytic method, with the

highest energy efficiency observed at the applied current density of 6 mA/cm?.

5.2. Introduction

Over recent decades, increased awareness of impact of organic contaminants on the
environment have stimulated research on wastewater treatment. The extensive production,
consumption, and resulting discharge of organic products such as pharmaceuticals into the

environment continuously deteriorate the quality of natural waters impacting the quality of



drinking water supplies. Most of the pharmaceutically-active compounds (PhACs) and/or their
bioactive metabolites enter water bodies via direct or indirect sources such as the indiscriminate
discharge of pharmaceutical industry and hospital effluents or the urban and agricultural runoff
[1]. These compounds are not fully eliminated during wastewater treatment and are consequently
discharged into receiving water bodies [2, 3]. Detection of pharmaceuticals in groundwater [4, 5]
and surface waters [6, 7], has been reported worldwide, in concentrations ranging from ng/L to
ug/L. The low concentration of pharmaceuticals in aquatic environment is due to dilution effects,
bio- and photodegradation, or sorption to sediments. Studies have shown that certain
pharmaceuticals may pose various risks for aquatic organisms at such low concentrations [8, 9].
Biological treatment is commonly used for the removal of organic contaminants but this approach
is not always suitable for the treatment of industrial wastewaters containing recalcitrant and toxic
compounds that are resistant to biodegradation or negatively impact biological treatments [10].
The major concerns related to presence of pharmaceutical compounds in the environment include
aquatic toxicity, development of antibiotic resistance in pathogenic bacteria, genotoxicity, and
endocrine disruption [11]. To prevent the potential harmful effects of these pollutants and protect
our drinking water resources, research efforts are being conducted to develop effective treatment

technologies for their elimination and the minimization of their residual biological activity.

In particular, carbamazepine (CBZ) is one of the most frequently detected pharmaceuticals in
wastewater treatment plant (WWTP) effluents [12, 13], surface water [14, 15], groundwater [16],
and even in drinking water [2]. Carbamazepine is a widely prescribed antiepileptic drug with an
estimated global consumption of 1,014 tons per year in 2008 [17]. The frequent occurrence of CBZ
in aquatic environment (often found at 1 to 2 pg/L [14]) is also linked to the high persistence of

the drug (practically non-biodegradable [18]) and inadequacy of the treatment methods applied in
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WWTPs, with removal efficiency usually below 10% [17]. In a classification scheme proposed by
Joss et al. (2006) [19] for biological degradation of pharmaceuticals, CBZ was classified in the
category “no removal”. Because of potential adverse effects of CBZ on aquatic life [12] and the
higher toxicity of some of its transformation products such as acridine [20], numerous efforts have
been made in recent years to prevent the release of CBZ and its transformation products in the
aquatic environment [17, 21]; however, there is still a need for the development of efficient
treatment technologies for the removal of CBZ and its potentially hazardous transformation

products.

Advanced oxidation processes (AOPs) have shown to be promising methods to remove many
toxic and bio-recalcitrant organic compounds from water [10, 22, 23]. AOPs are chemical
oxidation processes based on the in sifu generation of highly reactive and non-selective oxidizing
species such as hydroxyl radicals (*OH) with half-life of approximately 10 s [24]. These reactive
species react efficiently with refractory organic compounds such as CBZ [22], leading to the
destruction of the organic molecule. AOPs for water and wastewater treatment include
electrochemical oxidation, ozonation, photocatalysis, ultrasonic radiation, Fenton and photo-
Fenton processes, among which ozone-based techniques are the most commonly investigated
methods followed by ultraviolet (UV) radiation-based techniques [25]. Combined AOPs such as
photoelectrocatalysis, which combines electrochemical oxidation and UV irradiation, provide
higher efficiency for degradation of organic contaminants in aqueous solution [10, 26].
Photoelectrocatalysis offers several advantages such as modularity, portability, easy automation,
low specific footprint, and the possibility of treating highly concentrated and bio-refractory wastes.

Since the generation of oxidizing species such *OH radicals takes place at the anode surface, the
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nature of electrode materials is a key element in the photoelectrocatalytic treatment, governing the

efficiency, stability, cost, catalytic activity and selectivity of the system [27].

Semiconductors can be used as promising electrode materials due to their ability to efficiently
produce charge carriers (electron/hole pairs) by absorbing light [28, 29]. However, the main
limitation in the use of semiconductors in photocatalytic processes is the recombination of
photogenerated charge carriers (i. e. electrons/holes). To address this issue, many efforts have been
made to minimize the recombination of electron/holes by applying techniques such as coupling
semiconductors with the possibility of tuning their electronic band structures, or incorporating
noble metals into their matrix [29]. Previous studies have investigated the applications of TiO2
[30], RuO,-IrO; [31], ZnO [32], SnO2-Sb203/PbO; [33], Ti/PbO; [34] , SnO> [35], WOs [36],
Ti02-SnO; and Ti02-WO3 [37], and boron-doped diamond (BDD) [23, 34] as anode materials for

the removal of organic contaminants through catalytic advanced oxidation processes.

To our knowledge, antimony-doped tin-tungsten oxide anode material has not yet been
investigated for the elimination of organic pollutants from wastewaters. The aim of the present
study was to evaluate the effectiveness of Sb-doped Sngow-Waoe-oxide electrode coatings
synthesized via a thermal deposition method, as a photoelectrocatalyst for the removal of aqueous
CBZ. A range of Sn/W-oxide compositions had previously been produced and characterized by
our laboratory and evaluated for their capability for degradation of a model organic dye. Our results
showed that the Sb-doped Snso%-W2o%-0oxide composition exhibited the highest intrinsic
photoelectrocatalytic activity [38] and this composition was thus selected as the anode composition
in the current study. For comparison purposes, the photolytic, photocatalytic and
photoelectrocatalytic experiments were conducted to evaluate differences in the level of CBZ

removal, apparent degradation kinetics and formation of transformation products (TPs). The effect
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of current density on photoelectrocatalytic degradation efficiency was investigated, and the energy

consumption of each treatment strategy was also estimated.

5.3. Experimental

5.3.1. Electrode Preparation

Sb-doped Snsgov-W20%-0xide anode coatings were fabricated on 50 mm % 100 mm X 2 mm flat
titanium substrates via a thermal deposition method. The titanium substrates, which were used as
the support for metal-oxide films, were pretreated before the deposition of the coatings in the
following order: polishing using 600-grit SiC sandpaper, rinsing with acetone and sonicating in
deionized water, and then etching in a boiling solution of HCl (37wt.%, Fisher) and water (1:1,
v/v) for 45 min. For each coating, a coating precursor solution was prepared by adding metal salt
solutions of SnCl>x2H>0O (ACS reagent, > 98.0%, Sigma Aldrich), NaaWO4x2H>O (Certified
ACS, 100.0%, Fisher), and SbCls (ACS reagent, > 99.0%, Sigma Aldrich) in proper amounts to
yield a coating with a relative Sn/W molar composition of 80% Sn and 20% W. A small amount
of Sb (~3 mol%) was always present in the coating solution, however this amount is not reflected
in the coating abbreviation further in the text. All solutions in this work were prepared using Milli-
Q water (resistivity: 18.2 MQ.cm). To form a metal-oxide coating, the coating solution was painted
onto the pretreated side of the Ti substrate, dried in an oven at 100°C for 10 min to evaporate the
solvent, and then baked in an air furnace at 500°C for 10 min. This process was repeated ten times
to form a proper thickness of the coating. After the last application, the electrodes were annealed

at 500°C for 2 hours to complete the formation of metal oxides.
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5.3.2. Photoelectrochemical Reactor

The photoelectrochemical reactor consisted of a 900-mL cylindrical beaker made of Pyrex
glass with a Teflon lid to hold the cell components. The reactor was placed in a water bath to keep
the temperature constant at 25°C during experiments. A schematic diagram of the three-electrode
batch photoelectrochemical reactor is shown in Appendix as Figure A- 2. The Ti substrate coated
with Sb-doped Sngow-W200,-0xide thin film served as the working electrode (anode). Only one side
of the anode was coated with the oxide, while the other side was covered by an electrochemically
insulating tape. A 93 mm x 100 mm % 2 mm curved stainless steel plate (316L) served as the
counter electrode (cathode). The electrodes were placed vertically in the cell facing each and 5.5
cm apart. Saturated calomel electrode (SCE) was used as the reference electrode. The electrodes
were connected to a power source operated in the constant current mode during experiments. UV
light irradiation was supplied by a 10W UV lamp (GPH212T5L, Atlantic Ultraviolet Corp.) with
the maximum emission at 254 nm. The lamp was placed in the middle of the cell between the
working and counter electrodes. 0.1 M potassium phosphate buffer solution at pH 7, prepared from
KH>POy4 salt (ACS Certified, Fisher), was used as the supporting electrolyte. A thermometer was
used to monitor the temperature of the solution in the reactor during experiments. Filtered air was
blown into the reactor medium through a Pyrex gas dispersion tube (Fisher) to provide oxygen as
an electron scavenger (to promote the redox reactions) as well as for mixing. The reactor was fully

covered by aluminum foil to avoid exposure of the operator to UV light.

5.3.3. Degradation Experiments

A stock solution of 10 mg/L carbamazepine (Powder, Sigma Aldrich) in 0.1 M potassium

phosphate buffer (pH 7) was prepared. The solution was stirred for 24 hours and stored at 4°C to
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be used within 1-2 days. For each experiment, a certain volume of the stock solution was mixed
with the supporting electrolyte to yield a 550-mL solution of 0.2 mg/L CBZ in 0.1 M potassium
phosphate buffer. A freshly coated electrode was sonicated in deionized water for 20 min before
each experiment to remove residual contamination from the surface of the electrode. Photolysis
experiments were performed under UV irradiation. Photocatalysis experiments were performed
under UV light irradiation while the electrodes were placed inside the cell without being connected
to a power source. Furthermore, photoelectrocatalytic degradation experiments were performed
under UV light irradiation and by applying different constant current densities of 1, 2, 4, 6 and 10
mA/cm?. In each experiment, one sample was taken from the working solution before inserting the
electrodes into the solution (namely, at t < 0) and one sample was taken after placing the electrodes
inside the cell and before starting the experiment (at t = 0), to investigate the possible adsorption
of dissolved organic molecules onto the electrode surfaces. Aliquots of 500 pL were taken from
the solution at pre-determined intervals during the experiments over a 60-min period. The aliquots
were then diluted with a water-methanol mixture (90:10, v/v) by a factor of 2 and then analyzed
by Liquid Chromatography-High Resolution Mass Spectrometry (LC-HRMS) to determine the

concentration of CBZ in the solution. Each experiment was performed in duplicates or triplicates.

5.3.4. Analysis of Carbamazepine and Transformation Products (TPs)

The analysis was performed on an Accela 600 LC System (Thermo Scientific, Waltham MA,
USA) in tandem with an LTQ XL Orbitrap mass spectrometer. Both the LC and the MS systems
were controlled by the ThermoXcalibur 2.0 software (Thermo Scientific, San Jose CA, USA). A
0.2 um in-line filter unit followed by a guard column (5 mm % 2.1 mm ID; 1.8 um) was used prior
to the analytical column (50 mm x 2.1 mm ID; 1.8 pm CI18 Zorbax Eclipse Plus) (Agilent

Technologies, Santa Clara CA, USA). Separation of a 25 pL injection was conducted at 30°C with
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a binary buffer system composed of 2 mM ammonium formate and 0.1% formic acid in Mili-Q
water (Solvent A) and methanol 0.1% formic acid (Solvent B). A gradient elution at 0.25 mL/min
of A:B was conducted as follows; initial 90:10 (0-1 min), 65:35 (1-2 min), ramp to 60:40 (2-5

min), 0:100 (5-9 min) and hold at 100% B (9-12 min).

Detection of carbamazepine and its transformation products was performed using an
electrospray ionization source (ESI) in positive mode. Optimization of the instrument parameters
for quantification of carbamazepine was performed by direct infusion of a standard solution at 10
puL/min, while source optimization conditions were determined using infusion flow analysis.
Nitrogen was used as sheath, auxiliary and sweep gas, while helium was used as the collision gas.
Analysis was done on full scan mode at 30000 resolution for the FT-MS Orbitrap detector (m/z
50-500) while the ion trap was used to generate the MS2 spectra for confirmation of
carbamazepine. Post-acquisition data processing was carried out for the detection of
carbamazepine transformation products (TP) previously reported in the literature [20, 39-42]. The
mass accuracy windows was set at =10 ppm monoisotopic mass tolerance for molecular ion exact
mass (M)+ or (M+H)+. Due to the absence of internal standards to identify the TPs based on their
retention time, isomeric compounds could not be discriminated using a post-acquisition analysis

and these TPs were grouped together.

5.4. Results and Discussion

5.4.1. Photolytic vs. Photocatalytic Treatment: Degradation Efficiency and

Reaction Kinetics

The photolysis experiments were performed under UV light irradiation in the absence of

electrodes in the electrolyte, whereas the photocatalysis experiments were performed under UV
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irradiation in the presence of electrodes in the cell. In both cases, there was no current applied to
the cell. Comparison of the CBZ concentration in the electrolyte before and after inserting the
electrode into the solution revealed that the change in CBZ concentration in the solution due to a
possible adsorption of dissolved molecules onto the electrode surfaces was negligible (< 5%).
Figure 5-1 shows decay of carbamazepine concentration as a function of irradiation time. After
60 min of UV treatment, 75% and 83% of initial carbamazepine (0.2 mg/L) was removed by
photolysis and photocatalysis, respectively. However, the difference between the removal
percentage of the two processes was not statically significant (Student’s t-test, p > 0.05). For both
processes, the degradation was well-described by the pseudo-first-order reaction kinetics (R? >
0.98) over the whole 60-min treatment time. The corresponding apparent kinetic rate constants,
kapp, were equal to 0.022 min™ and 0.029 min™ for photolytic and photocatalytic degradation,

respectively (not significantly different, as per Student’s t-test, p > 0.05).
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Figure 5-1: Carbamazepine concentration as a function of treatment time during photolytic and
photocatalytic carbamazepine oxidation; [CBZ]o = 0.2 mg/L. Error bars represent the difference

between the mean value and upper/lower values of the range (n = 2).

5.4.2. Photoelectrocatalytic Degradation

Photoelectrocatalytic degradation experiments were carried on a 0.2 mg/L carbamazepine
solution in a three-electrode configuration at different current densities of 1, 2, 4, 6 and 10 mA/cm?
and constant light intensity. The dependence of the CBZ removal kinetics on the applied current
density is shown in Figure 5-2a. The kinetics of CBZ degradation increased with an increase in
applied current density up to 6 mA/cm? and then the degradation rate levelled off in the range of
6 to 10 mA/cm?. The initial increase in kinetics might be due to an increasing number of oxidative
species (e. g. hydroxyl radicals) formed at the electrode-electrolyte interface. However, after a
threshold value is reached, the extra energy provided by the increased current will unfavorably
serve to produce oxygen rather than additional oxidizing species [43]. In addition, mass transport

of CBZ to the electrode surface at high current densities might become a rate-determining-step,
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leading to a constant CBZ oxidation rate. It also worth noting that the apparent kinetics of CBZ
degradation depends not only on the current density, but also on the electrolyte volume to electrode
surface area ratio, which is the case for heterogeneous catalytic reactions. Thus, the time needed

to fully oxidize CBZ can conveniently be shortened by increasing the anode surface area.

The kinetic analysis revealed the pseudo-first-order kinetic (R’ > 0.98) for the initial
photoelectrocatalytic degradation of CBZ (within the first 5 min of degradation reaction) at
different current densities. The apparent photoelectrocatalytic degradation initial rate constants,
kapp, are summarized in Table 5-1. The positive effect of current density on k4, was pronounced,
indicating the beneficial impact of the increased current density on the degradation kinetics.
However, when the rate constant is normalized with respect to the current density, a decrease in
normalized initial apparent rate constant is obtained (Figure 5-2b). This indicates that with an
increase in current density, there is also an increased portion of current that is used for some
parallel processes. Given that only the CBZ concentration was monitored in these experiments, it
is possible that formation of CBZ transformation products were part of these parallel processes as

well as oxygen evolution.
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Figure 5-2: (a) Concentration decay over 60 min and (b) normalized apparent initial rate constant
with respect to the current density, for the photoelectrocatalytic degradation of carbamazepine at
different current densities using Sb-doped Sn80%-W20%-oxide coated anodes; [CBZ]0 = 0.2
mg/L. Error bars represent the difference between the mean value and upper/lower values of the

range (n = 3).
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Table 5-1

Apparent initial kinetic rate constants, k4pp, for photoelectrocatalytic degradation of carbamazepine
in potassium phosphate buffer (pH 7) at different current densities using Sb-doped Sngov-W20%-
oxide coated anodes; [CBZ]o = 0.2 mg/L. Data represent mean values + the difference between the

mean and upper/lower values of the range (n = 3).

Current density (mA /sz) Apparent rate constant,

kapp (min")
1 0.13 £+ 0.02
2 0.16 £ 0.05
4 026 £ 0.05
6 0.53 =+ 0.11
10 045 <+ 0.02

5.4.3. Identification of Transformation By-Products (TBPs)

To evaluate the applicability of the photoelectrocatalytic treatment method for the removal of
CBZ, the analysis of transformation products is necessary as they can be found at higher
concentrations and/or exhibit ecotoxicological activity than the parent compound [44]. Several
studies have demonstrated that some compounds produced from photodegradation of
carbamazepine may pose important risks to human health and the environment [45, 46]. Samples
collected for the different treatments investigated (photolysis, photocatalysis and
photoelectrocatalysis) were analyzed for the detection of transformation products of CBZ. In the
case of photoelectrocatalysis, only samples from experiments performed at the lowest and highest
current densities (1 and 10 mA/cm?) were analyzed. The CBZ transformation detected are

summarized in Table 5-2. None of the TPs were detected in the stock solution or at time 0.
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Table 5-2

List of carbamazepine transformation products detected.

Analyte Formula Ions Exact Reference(s)
mass
10,11-dihydro-10,11-epoxycarbamazepine CisHi2N2O2  [M+H]+ [39]
2-hydroxycarbamazepine CisHi2N2O2,  [M+H]+ 253.0977 [39, 41]
3-hydroxycarbamazepine CisHi2N2O2,  [M+H]+ [39, 41]
TP266 CisHioN2O3  [M+H]+ [41]
Clﬁ-(()i-ebenzadehyde)-(1H,3H)-qu1nazohne-2,4- CisHiN20s  [MAH]H 267.0770 20, 40]
TP223 C14HoNO2 [M+H]+ [41]
acridone-N-carbaldehyde C14sHoNO2 [M+H]+ 224.0712 [20]
9-carboxylic acid-acridine C14HoNO2 [M+H]+ [42]
9(10H)-acridone Ci3HoNO [M+H]+ [20, 42]
9-hydroxy-acridine Ci:HoNO [M+H]+ 196.0765 [20]
acridine Ci3HoN [M+H]+ 180.0814 [20]
acridine 9-carbaldehyde C14HoNO [M+H]+ 208.0757 [20]
TP251 CisHuN202,  [M]+ 251.0821 [41]
TP268 CisHi2N2Os  [M+H]J+  269.0926 [41]

For the treatment of CBZ solution by UV radiation (photolysis only), the TPs m/z 251.1 and
m/z 253.1 were detected in addition to carbamazepine (m/z 237.1) (Figure 5-3a). The detected TP
m/z 251.1 was reported as 1-(2-benzaldehyde)-4-hydro-(1H,3H)-quinazoline-2-one (BQM) [40]
and may be a mono-keto derivative of a hydroxylated compound [47]. The m/z 253.1 response
corresponds to 10,11-dihydro-10,11-epoxycarbamazepine [48]. In Figure 5-3a, the fact that the
TP m/z 253.1 remains unchanged after 30 min while carbamazepine (m/z 237.1) concentration
continue to decrease and the TP m/z 251.1 has already been degraded suggests that carbamazepine

is oxidized into other transformation products that were not investigated in this study.
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Figure 5-3b shows the transformation products formed during photocatalysis. In addition to
the products detected for photolysis, TPs m/z 196.1, m/z 180.1, m/z 224.1, and m/z 269.1 were
detected. The molecular ion identified at m/z 224.1 was considered to be 4-aldehyde-9-acridone,
according to Li et al. (2013) [49] and Hiibner et al. (2014) [50]. This compound was characterized
by two fragment ions of m/z 196.1 (loss of CO) and m/z 180.1 (loss of CO>) [51], well-known as
9(10H)-acridone and acridine, respectively. Acridine, a stable azaarene compound, is a highly
toxic compound with known mutagenic and carcinogenic activity [45]. Donner et al. (2013) [52]
demonstrated that the carbamazepine transformation products acridine and acridone were shown
to be significantly more toxic than the parent compound across three standardized ecotoxicity
assays using bacteria Vibrio fischeri, algae Pseudokirchneriella subcapitata, and cladoceran
Daphnia magna, with acridone reported to be less toxic than acridine across all three assays. The
molecular weights of some transformation products being greater than CBZ imply the addition of
oxygen into the molecular structure [47]. As can be seen in Figure 5-3b, the photocatalytic
degradation of CBZ led to the formation of transformation products, including acridine and
acridone which remain in solution even after 60 min of treatment. This observation indicates that
the photocatalytically-treated solution is potentially more toxic than the initial solution as it
contains compounds more toxic than CBZ. However, concentrations of these toxic TPs were not

determined.

The analysis of aliquots from photoelectrocatalytic degradation of carbamazepine at a current
density of 1 mA/cm? (Figure 5-3c), led to detection of the same TPs as those formed during
photolysis (Figure 5-3a). However, both m/z 251.1 and m/z 253.1 compounds first increased and
then decreased until disappearance after 20 min of photoelectrocatalysis. As shown in Figure 5-3d,

relatively more transformation products were detected during photoelectrocatalytic process carried
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out at a higher current density, 10 mA/cm?. The TP m/z 267.1 was identified as 1-(2-
benzaldehyde)-(1H,3H)-quinazoline-2,4-dione (BQD) [40] and formed as a result of oxidation of
hydroxy-groups of di-hydroxylated compound (CBZ + 20H, m/z 271.1) [36]. The TP m/z 208 was
identified as acridine 9-carbaldehyde [20], which is considered to have higher cytotoxicity than
carbamazepine. Furst et al. (1995) [53] demonstrated that this compound caused 40% death in
lymphocytes while carbamazepine had no effect on the viability of cells. As can be seen in Figure
5-3d, the transformation products were detectable in samples taken from the solution within 30 s
to 5 min of treatment, as carbamazepine concentration was constantly decreasing, confirming their
formation as the combined effects of UV-irradiation and the electrical current. However, acridine
and acridone as well as other products disappeared after 10 min of photoelectrocatalysis, implying
that they had higher transformation rates than production rates afterwards. The results showed
that the photoelectrocatalytic process at a current density of 10 mA/cm? led to an appreciable
reduction in the amount of detectable transformation products concurrently with reduction in
carbamazepine concentration when compared to photolytic and photocatalytic processes alone. It
is therefore probable to expect a lower toxic response for this case; however, cell or whole

organism based bioassays should be performed to verify this hypothesis.
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Figure 5-3: Carbamazepine transformation products for various treatment conditions (a)

photolysis, (b) photocatalysis, (c) photoelectrocatalysis at 1 mA/cm?, and (d) photoelectrocatalysis
at 10 mA/cm?. Anode: Sb-doped Snsov-Waov-oxide coated electrodes; [CBZ]0 = 0.2 mg/L; pH 7.
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5.4.4. Energy Consumption

To assess the cost-effectiveness and overall performance of an alternative treatment
technology, evaluation of the energy requirement of the process is necessary. In general, the energy
consumption of AOPs depends on experimental parameters including the nature and concentration
of the target contaminant, configuration of the reactor, and the type of the light source (if any)
[54]. In this work, the total energy consumption during a process was estimated as the sum of the
electrical energy used and the input power of the UV lamp. An estimate of the electrical energy
consumption per volume of treated solution (kWh/m?) was calculated using the following equation

[55]:

__ Current (A) x Time (h) x Cell Voltage (V)

E ical = 5-1
Electrical 1000 X Treated Volume (m3) (5-1)

Assuming the first-order CBZ degradation kinetics, the UV input energy (kWh/m?) was calculated

for all three processes using the following equation [54]:

__ Lamp Power (W) X Time (h)
1000 x Treated Volume (m3)

Eyy (5-2)

The E Eiecricar and E yy have been defined as the energy required to reach 90% removal or, in
other words, one order of magnitude reduction in the concentration of the pollutant. The treatment
time required to reach the desired level of degradation was obtained from the plot of log C/Cy
versus time (for photolysis and photocatalysis, the values were estimated by extrapolation). Figure
5-4 presents the total energy consumption for photolytic, photocatalytic, and photoelectrocatalytic
degradation of 0.2 mg/L carbamazepine to reach 90% removal. Results revealed that photolytic
and photocatalytic processes required much greater treatment time and energy input (32 and 24
kWh/m?, respectively) than the photoelectrocatalytic process to reach a certain degree of CBZ

removal. These results are similar to those obtained in another study to remove 90% of 0.01 mg/L
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carbamazepine by photochemical treatment employing UV light (22.7 kWh/m?) [56]. This
observation implies that the electrochemical oxidation played a more important role in removal of
the organic pollutant than the photochemical oxidation. The electrochemical oxidation is mainly
controlled by the transfer of electrons and the consequent production of charge carriers at the
electrode surface, whereas the photochemical oxidation is mainly controlled by the mass transport
of generated oxidants to the bulk solution. Since at high current densities the degradation reactions
become diffusion-limited, the contribution of photochemical energy (£ vy) to the oxidation of CBZ
decreases relative to the electrochemical energy (E gecricar) (Figure 5-4). In photoelectrocatalytic
processes, the total energy consumption decreased with increasing applied current density up to 6
mA/cm? as the required treatment time decreased. In other words, the photoelectrocatalytic process
with the current density of 6 mA/cm? had the lowest energy requirement and, thus, the highest
degradation efficiency for the removal of carbamazepine under the conditions of this work. These
results confirm the findings of the above-mentioned degradation kinetic analysis, and are
comparable with the energy requirement of UV/H20: processes for 90% removal of 0.01 mg/L

carbamazepine as reported in the literature [56, 57].
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Figure 5-4: Estimation of the energy consumption to reach 90% removal of carbamazepine by
different treatment processes; [CBZ]o = 0.2 mg/L. PEC 1 to 10 refer to photoelectrocatalytic
processes at current density of 1 to 10 mA/cm?. Error bars represent the difference between the

mean value and upper/lower values of the range (n = 3).
5.5. Conclusions

The Sb-doped Sngoe-Wao-0xide coated anode was found to be a good candidate for the
photoelectrocatalytic oxidation (removal) of carbamazepine (CBZ) present in an aqueous
electrolyte. The CBZ degradation rate increased with increasing applied current density, but then
levelled off after reaching a threshold value. Acridine and acridone, two transformation products
of CBZ with known ecotoxicological effects, were identified as TPs in water subjected to
photocatalytic and photoelectrocatalytic (at 10 mA/cm?) treatments but these compounds were
further oxidized (removed) in the photoelectrocatalytic process at longer treatment times, before
complete removal of CBZ was achieved, and within the 60-min treatment time. The UV-based

treatment processes in the absence of applied current, exhibited much lower efficiency for the
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removal of CBZ compared to the simultaneous use of UV irradiation and electrical current (the
photoelectrocatalytic process). During photoelectrocatalysis, the contribution of the
electrochemical oxidation to the removal of CBZ was found to be more significant than that of the
photochemical oxidation. Results demonstrated that the Sb-doped Sngow-W20%-0xide anode is a
promising photoelectrocatalyst for effective and energy-efficient degradation of CBZ in neutral
aqueous environment. The findings of this study also further demonstrate the importance of a
careful consideration of the formation of transformation products and residual toxicity while

assessing the potential of new treatment technologies for the removal of recalcitrant contaminants.
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CHAPTER 6

6. Summary and Conclusions

6.1. Summary

In this thesis, mixed metal oxide electrode coatings composed of antimony, tin and tungsten
oxides with different relative molar ratios of tin and tungsten as base elements (Snx-W 100-xymol%-
oxide; x =0, 20, 40, 60, 80 and 100) were formed on a titanium substrate via a thermal deposition
method, in order to find the bi-component composition of tin and tungsten oxides exhibiting the
highest photoelectrochemcial activity towards environmental water-treatment applications. The
reason that Sn and W were chosen was that SnO- is known to be an electroactive material but also
photoactive, while WOs3 is known to be photoactive and offer a lower band-gap energy that SnO,.
Doping with a small amount of antimony (~ 3 mol%) is done to increase the electrical conductivity
of SnO». The electrochemical, optical, and surface characterization of as-prepared coatings were
performed using several experimental techniques such as SEM, EDX, XPS, XRD, TEM, Confocal
Laser Scanning Microscopy (CLSM), Photoluminescence (PL) spectroscopy, and cyclic
voltammetry (CV); the corresponding surface roughness, surface microstructure and elemental
composition, crystallinity, and photocurrent production under UV light irradiation were
determined. Then, all prepared coatings with six different compositions were screened by
performing photochemical, electrochemical, and photoelectrochemical experiments for the
degradation of phenol red dye, as a model organic molecule. Based on the obtained results, the
coating composition with the greatest photoelectrochemical activity (Sb-doped Sngoe,-W2ov-0xide)

was selected to be used in further experiments.
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In the next step of the project, the selected coating composition (Sb-doped Sngoe,-Waoe-oxide)
was tested as an anode for electrochemical disinfection of water contaminated with bacteria. The
investigation of the effects of various experimental parameters such as current density, initial
population of bacteria, initial chloride concentration, pH, type of bacterial strain, the presence of
natural organic matter (NOM) and radical scavengers on the disinfecting ability of the
electrochemical system was undertaken. By calculating the estimated energy consumption under
different applied current densities, the optimum experimental conditions associated with the

highest energy efficiency were determined.

In the third part of the project, the selected Sb-doped Sngow-Waoe-0xide anode was tested as a
photoelectrocatalyst for the degradation of a pharmaceutical, carbamazepine. To evaluate the
performance of the photoelectrochemical system, photolytic experiments utilizing UV light as the
energy source (no electricity) and photocatalytic degradation experiments utilizing UV light with
the photocatalysts present in the reactor (no electricity) were also carried out for comparison
purposes. The kinetics of the degradation reactions were analyzed and the apparent rate constants,
kapp, were determined. The formation of transformation products during carbamazepine
degradation by different processes was investigated. The evaluation of the overall performance of
the three processes for carbamazepine degradation in terms of degradation rate and energy

consumption was performed.
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6.2.

Conclusions

The electrochemically active surface area and the surface roughness of the coatings were
found to be dependant on the coating composition.

Sn** (e.g. Sn0»), W (e.g. WO3) and Sb** (e.g. Sb203) were found to be the main oxidation
states of the elements in the coatings.

The optical band gap decreased from 3.53 = 0.05 eV for pure Sn-oxide to 2.56 = 0.10 eV
for pure W-oxide; however, this decrease occurred only when the content of W in the oxide
was greater or equal to 60%.

All the coatings showed an anodic photocurrent response under UV light irradiation,
indicating their n-type semiconductor behavior.

Snioo%-Wo%-oxide and Sngow-Waoo-oxide coated electrodes exhibited good apparent
photoelectrocatalytic activity for the degradation of phenol red dye under UV light
irradiation (~ 90% after 2 hours), however, considering the measured electrochemically-
active surface area of the electrodes, the Sb-doped Snso%-W20%-0xide coating was selected
as the best anode material possessing the highest intrinsic photoelectrocatalytic activity.
Sb-doped Sngoe-Wa0%-oxide anodes were demonstrated to be effective electrocatalysts for
inactivation of bacteria. The bacterial inactivation rate increased with increasing the
applied current density and NaCl concentration in the solution.

The electrochemically-generated ROS (e.g. hydroxyl radicals, hydrogen peroxide, ozone)
and RCS (e.g. Cl,, HOCI, CIO ) were mainly responsible for inactivation of bacteria at

high and low current densities, respectively.
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The presence of natural organic matter (NOM) and methanol as a radical scavenger
hindered the E. coli D21 inactivation by electrochemical treatment. Increasing the pH of
the solution also showed an adverse effect on the bacterial inactivation.

The highest efficiency for complete electrochemical disinfection of E. coli D21 with initial
concentration of 10’ CFU/mL was obtained at the current density of 6 mA/cm? and at 0.1
M NaCl concentration in potassium phosphate buffer (pH 7.1) within 60 seconds with a
power consumption of approximately 48 Wh/m®.

The Sb-doped Sngow-Waoe-oxide coated anodes were found to be promising
photoelectrocatalysts for the effective and energy-efficient degradation of carbamazepine
at 0.2 mg/L initial concentration in a natural solution.

The carbamazepine degradation rate increased with increasing the applied current density,
but then levelled off after a threshold value was reached (6 mA/cm? in our case).

Some highly toxic transformation products of carbamazepine, such as acridine and
acridone, were identified under photocatalytic and photoelectrocatalytic conditions.
However, during the photoelectrocatalysis, they disappeared by the time that the complete
removal of carbamazepine was reached.

Photolysis and photocatalysis processes utilizing UV light irradiation in the absence of
applied current, exhibited much lower efficiency for the removal of carbamazepine
compared to the photoelectrocatalysis process, which employs both UV irradiation and
electrical current at the same time.

In the photoelectrochemical treatment using the Sb-doped Sngov-W2ov-0xide anode, the
contribution of the electrochemical oxidation to the carbamazepine degradation was found

to be more significant than that of the photochemical oxidation.
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6.3.

Original Contributions to Knowledge

The work presented in this thesis is considered to have several original contributions to

knowledge, as listed below:

The development and characterization of antimony-doped tin-tungsten oxide (Sb-Sn-W-
oxide) thin films on titanium substrates as anode materials used for the degradation of
organic pollutants in wastewaters and water disinfection.

Promising disinfection results obtained from the electrochemical treatment of bacteria-
contaminated water using the antimony-doped tin-tungsten oxide anodes can furnish new
insights into the germicidal ability and energy-saving characteristics of electrochemical
processes for the inactivation of pathogenic microorganisms without the utilization of UV
light and without addition of chemical compounds in electrochemical water purification
technology.

Conducting a comparative study on the degradation of a persistent pharmaceutical,
demonstrating the advantages of photoelectrocatalytic treatment using a mixed metal oxide
anode over photolytic and photocatalytic methods in terms of potential toxicity of the final

solution as well as degradation and energy efficiency.
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6.4.

Recommendations for Future Works

Sb-doped Sn-W-oxide electrode coatings can be developed in the form of nanostructured
3D materials to investigate the influence of nano-sized structure on their
photoelectrochemical activity.

The effect of drying and annealing temperatures on the electrochemical, optical, and
surface characteristics of the coatings and consequently on their photo- and electrochemical
activity towards destruction of organics can be investigated.

The possible mechanisms of microbial inactivation during electrochemical disinfection
tests using Sb-doped Sn-W-oxide coated anodes can be studied.

The disinfecting ability of Sb-doped Sn-W-oxide anodes towards inactivation of viruses
and other pathogenic microorganisms can be evaluated.

The effect of several factors such as initial concentration of the organic compound, pH,
temperature, and the presence of interfering substances on the photochemical,
electrochemical, or photoelectrochemical degradation of organic pollutants using Sb-doped
Sn-W-oxide anodes can be investigated.

Complete identification and analysis of the intermediate and products of carbamazepine
transformation and assessment of the toxicity of the solution being treated at different
intervals during the treatment can be carried out.

The performance of the developed electrode materials in simultaneous degradation of

organic compounds and inactivation of microorganisms can be examined.
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Appendix
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Figure A- 1: Schematic diagram of the electrochemical reactor for disinfection experiments.
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Figure A- 2: Schematic diagram of the photoelectrochemical reactor for CBZ degradation

experiments.
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