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ABSTRACT

Dissolved organic matter (DOM) comprises of both synthetic and natural organic
compounds such as pharmaceuticals, pesticides, natural organic matter (NOM),
foundin the environment. Most of the DOM pollute drinking water sources, which
inevitably end up in water distributed to communities for consumption. There are
several methods that are currently employed in water treatment plants to eliminate
DOM from drinking water, but the removal efficiencies are not of required standard.
The existence of NOM in drinking water is undesirable because it decreases the
aesthetic merit of water. Moreover, NOM can resultin the generation of disinfection
by-products (DBPs) when itreacts with chlorine-based disinfectants. Pesticides are
also a major concern as they contribute to drinking water pollution. Water pollution
resulting from organic materials such as pesticides have been linked to several

adversative effects on the environmentand human health.

This work is divided into two parts, with both aimed to evaluate a
photocatalysis-coagulationintegrated process for the removal of DOM in water. The
first part of the study focussed on the photocatalytic-coagulation of a herbicide,
mecoprop using titanium dioxide (TiOz2) as a photocatalyst and ferric sulphate
(Fe2(S0a4)3) as a coagulant, under Ultraviolet-C (UVC) irradiation. The aim was to
facilitate simultaneous removal of mecoprop, background organic matter and
turbidity, as well as the removal and recovery of TiO2 nanoparticles (NPs) from
surface water. Jar tests were performed to optimize the coagulation conditions
([Fez2(S0O4)3] and pH). Subsequently, oxidative degradation experiments were
conducted with UVC radiation in a bench scale collimated beam system. Control
tests were performed, where removal of mecoprop was evaluated under photolysis,
catalysis and coagulation, respectively. Furthermore, the combination of UV-
coagulation, UV-TiO2, TiO2-coagulation were employed for the removal of mecoprop
from surface water samples. Up to 88% removal of mecoprop was achieved by
direct photolysis at a maximum UV fluence of 8000 cm?.mJ-1. Comparatively,
photocatalysis with TiO2, displayed complete degradation of mecoprop at UV fluence

of 4500 cm?mJtand TiO2 concentration of 100 mg/L. However, when
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photocatalysis (UV-TiO2) and coagulation (Fe3*) were combined, a maximum
degradation rate constant of 0.0034 cm2.mJ-1 was obtained. This was followed by
the UV-Fe3* process, with a rate constant of 0.0031 cm2.mJ-l. The improved
mecoprop removal in the photocatalysis-coagulation was due to the synergy
between a Fenton-like process (UV/Fe3*) and photolysis (UV), which overall lead to
an improved production of hydroxyl radicals. However, the addition of TiOz2 into the
system improved the degradation rate by 0.0003 cm2.mJ1, which is negligible.
Therefore, the degradation of mecoprop could be performed without the

photocatalysis, but with the UV/Fe3* system alone.

The second part of the study entailed the photocatalytic-coagulation removal of
humic acid as a model NOM pollutantat a concentration of 10 mg/L, which is the
concentration that is usually recorded in natural water. Titanium dioxide was
modified by co-doping with varying concentrations of nitrogen and sulphur
(1 g,2q, 4 gofthiourea, denoted as 1NS-TiO2, 2NS-TiO2, 4NS-TiO2) to achieve a
visible light active catalyst. Coagulation experiments were performed using ferric
chloride (FeCls) to evaluate the recovery of NS-TiO2 nanoparticles and background
organic matter. Subsequently, coagulation and photocatalysis processes were
performed individually as controls and to optimize parameters such as coagulant
dose, pH and photocatalyst dose. The photocatalysis-coagulation process was
conducted underthe optimized conditions ([FeCls]= 30 mg/L, pH= 6, [2NS-TiO2]=
150 mg/L) undervisible lightirradiation (250 W). Optical differences were observed
between the doped and undoped TiO2. Consequently, the pristine TiO2 (3.19 eV)
band gap decreased when doped with nitrogen and sulphur and continued to
decrease further with an increase in dopant (LNS-TiO2 = 3.18 eV, 2NS-TiO2 = 2.55
eV and 4NS-TiO2 = 2.41 eV). The results demonstrate that the combined
photocatalysis-coagulation treatment process has a higher humic acid removal rate
than the photocatalysis, coagulation individual processes (photocatalysis-
coagulation ki = 0.0143 min-!, photocatalysis ki = 0.0066 min-, coagulation
ki = 0.0074 min1). In this case, both processes have been conclusively

demonstrated to work synergistically to degrade and remove humic acid.

vii



TABLE OF CONTENTS

Section Page
D 1Tod F= T = 1o o ISR [
91T [T = 1) S i
Publications and preSentationsS..........couer e i
ACKNOWIBAGEMENTS........eciiceie ettt e st e et e e e saeeaesseesseenneenseeneenns WY
Y 0111 = T SRR Vi
TabIE Of CONTENTS ..o ettt Vil
LIST O fIQUIES. ...ttt bttt n b e XVi
ES] 0 ] = 0] 1= SRS XVil
TSI 0 =T o] o] £V = (o o K PSSR XViii

viii



TABLE OF CONTENTS

Chapter Description Paqge
CHAPTER 1: INTRODUCTION ....oociiiiiiniirieienie st sse s snesneas 1
1.1, BACKGIOUNG ..ottt 1
1.2, Problem State@meENt ... ..o e 2
R TR 11 111 o> o o PSS 3

13.1 Degradation of NOM and herbicides using photocatalysis.............. 3

1.3.2 Photocatalysis-coagulation for water treatment............ccccceeeevvennne. 4
1.4, AIMOF the STUAY ..ot 5
1.5, ReSEArCh ODJECHVES......ccceiieieceere ettt nre e 6
1.6.  DisSSertation OULHNE.........couoiiiieiiereee ettt nne e 6
CHAPTER 2: LITERATURE REVIEW. ..ottt 11
2205 A | 0¥ 10 U i o S 11
2.2 The presence of organic matter in surface water...........cccoccvevveeieeieecveesnenn 11
2.3 WaAter TreAtMENT... ..o e 13
2.4  Removal of NOM and pesticides by coagulation and flocculation ................ 18
2.5 Advanced oxidation processes for degradation of organic pollutants in water

2.6
2.7

.................................................................................................................................. 19
251 Different classes of advanced oxidation processes..........c.cceeueuue. 22
25.2 Heterogeneous photocatalysSiS ........coccoveeieeieneeie e 24
Titanium dioxide as a photocatalyst for organic pollution mitigation............. 25
Strategies for improving TiO2 photocatalytic actiVity ..........ccccceeerererenenieenns 27
2.7.1 Coupling with carbon nanomaterials...........cccceevevveieceesceeseece e, 27
2.7.2 DY SENSILIZALION ....veiueeciieieeeeeie et ne 28
2.7.3 (Do} o110 1o N I @ 7 2SS 28
2.7.4 Metal doping Of TIO2......oiiiiieee e 29
2.7.5 Non-metal doping Of TIO2.......cccoieve i 30

iX



2.7.6 (@70 o (o] o110 o 1) N 1@ - 2SR 31

2.17.7 Metal, metal CO-dOPING.....cccoiirieiie e 31
2.7.8 Metal, nonmetal CO-dOPING.....cccecieieeieceere e 32
2.7.9 Nonmetal, nonmetal CoO-dOPING........cccererimrieriierereee e 32

2.7.10 Coagulation-photocatalysis coupled system for the removal of

dissolved organic matter from Water..........cccoooverenirieiene s 34

2.8  Chapter SUMMAINY .....ccceiieieciecie ettt et este e sreeae e e sreenesneenneennennes 36

CHAPTER 3 EXPERIMENTAL METHODOLOGY .....ccoceieecececeseeee e 51

3.1 T rgoTo [¥ Tox 1 To] o ISR 51

3.2 Materials and reagents ........ccccevveieieese e 51
3.3 Part 1 — Commercial TiO2-UVC-Coagulation for the removal of

[ pT=ToT0] o] (o] o HR PR 52

3.3.1 Coagulation of commercial TIO2........cccoeriiiriiirereeree e 52

3.3.2 Photocatalysis-coagulation removal of mecoprop under UVC

1 =0 [ =4[] o 1SR 53

3.3.3 LC-MS quantification of mecoprop herbicide ............ccccovevviieiennns 54

3.34 Degradation KINEUCS.........cceieierireresieese e 55

34 Part 2: NS-TiO2z-visible light-coagulation for the removal of humic

= ox o [ SR 55

34.1 Synthesis of nitrogen, sulphur co-doped titanium dioxide.............. 56

3.4.2 Analytical tECNNIQUES.......c.coeeeeeeeeceee e 56
3.4.2.1Field emission scanning electron microscopy and electron

dispersive X-ray SPECIIOSCOPY ....ccererirriereerieriesiesieeseeseeseesseseessessesaeas 56

3.4.2.2High resolution transmission electron microscope.................. 57

3.4.2.3Ultraviolet-visible spectroscopy-diffuse reflectance

SPECIOSCOPY ..ccieriiiiriiistie st 57
3.4.2.4Brunauer-Emmett-Teller analysis.........cccoccevvecvreerenieeieseennns 57
3.4.2.5X-ray DIffraCtion .........cccooeieiiiiiiieeeese e 57
3.4.2.6Fourier transform infrared...........ccccooeveninniniereee e 58

3.4.3 Degradation STUAIES..........ccceeiiieere e 58
3.4.3.1Preparation of stock solutions of humic acid.............cccceeueenee. 58

X



3.4.3.2Co0agulation Of NS-TiO2 .......cccccvriierieir e 58

3.4.3.3The removal of humic acid by treatment with a photocatalysis-

coagulation hybrid SyStem..........ccccevieie e 59
3.4.3.4Total Organic Carbon (TOC) analysis......c.cccceeereneneneneenenn 60
3.4.3.5Fluorescence excitation emission matrices analysis.............. 60

CHAPTER 4: AN INTEGRATED PHOTOCATALYSIS-COAGULATION SYSTEM

FOR THE REMOVAL OF A PESTICIDE UNDER UVC IRRADIATION.....cccuee...... 63
st R [0 1 70 1o [ U o 1 [0 AU U TR O R R URURRRRRRRRTN 63
4.2 MaterialS AN MEIN OGS ... 63
4.3  RESUIS AN QISCUSSION....cooe et e et e e e e e e e e e e e e e eeaaeeeeaaa 63

43.1 Optimization of coagulation-flocculation conditions for the recovery

TR TN G21) Y 63

4.3.2 Removal of mecoprop by photocatalysis-coagulation hybrid
PIOCESS ..eiiitiiecteee ettt ettt e e st e e s te e e st e e esee e e seeeesnseeessseeeesneeensneeensneeeas 68
4.3.3 TOC removal during photocatalysis-coagulation.............cc.cceceeennens 76
4.4 Chapter SUMMAIY .....c.ecieeiieeitee et esieessteeste et e saeesseessaeesseessteesseeenseesseesnseessessnseesns 77

CHAPTER 5 : THE REMOVAL OF HUMIC ACID BY A PHOTOCATALYSIS-

COAGULATION HYBRID METHOD UNDER VISIBLE LIGHT IRRADIATION ....82

S0 A | oY (0o (Ui '] o SRR 82
5.2  Materials and MethOdS ... e 82
5.3 ReSUltS and DISCUSSION .....ccceeiuiiiiiiieiiesie e neas 82
53.1 Simultaneous removal of NS-TiO2 and HA by FeCls coagulation.83
5.3.2 Degradation of HA by NS-TiO2 samples.......ccccooriiniinininnieneenens 85
5.3.3 Degradation of humic acid from water by a photocatalysis-
coagulation hybrid SYSIEM ........cccooiriiiiieee e 90
5.3.4 Fluorescence emission excitation matrices, TOC and turbidity
MEASUTEIMENTS.....tiiiiiee ettt nr e s sbe e s e e e snree e e 93
5.35 Characterization of NS-TiO2........ccevuririeiiriresieeeeee e 99

Xi



5.3.5.10ptical properties Of NS-TiO2 ......ccccevvvervrieereeieeee e e 100

5.3.5.2ATR-FTIR analysis of NS-TiO2.......ccccceecvrirrerienienie e 101
5.3.5.3X-ray DIffraCtion .........cccoveeeiiiie e 102
5.3.54BET @NalYSIS.....cccoiiiiriiieieieresieeee s 103
5.3.5.5Morphological StUAIES .........cccccveieiieiecese e 104
S SO0 o Yo (U= o o SRS 109
CHAPTER 6 : CONCLUSION AND RECOMMENDATIONS.......ccoeoeiirieienienene 115
(G R [ 11 (0T U o (o o PSSP 115
6.2 Part 1: An integrated photocatalysis-coagulation system for the removal of a
pesticide (mecoprop) under UVC irradiation..........c.cccceveveveeienieeccieseesennens 115

6.3 Part 2: The removal of humic acid by a photocatalytic-coagulation hybrid
)T (= 1. PRSPPI 116
6.4 Recommendations to further the study:.........ccocviriiieniinnee e 117
APPENDIX ..ttt sttt et sttt e tenrennenre s 119
N e = N G S

Al.1: UVasa removal measurements for the effect of NS loadings on NS-TiO2
performance post treatment of HA by a photocatalytic-coagulation
YDA SYSIEM ... e 119

Al.2: UV2s4 removal measurements for the effect of catalyst dose on the removal of
HA post treatment with by a photocatalytic-coagulation hybrid
SYStEM USING NS-TIO2.....cciiiiiirieriereseree e 120

A1.3: UV2s4 removal measurements for the effect of pH on the removal of HA post

treatment with by a photocatalytic-coagulation hybrid system using
120NN S T 2SS 121

Xii



Al.4: UV2sa removal measurements for the effect of pollutantconcentration ([HA])
on the removal of HA post treatment with by a photocatalytic-
coagulation hybrid system using 2NS-TiO2.........ccceceevveceereenieenee. 122

Al1l5: UVzs4 removal measurements post treatment with by a photocatalytic-
coagulation hybrid system using 2NS-TiO2.........ccccceevivrveveeseeenne. 123

Al.6: LCMS quantitative measurements for mecoprop throughout photocatalysis-

coagulation hybrid process treatment............ccccceeveveevecceecceeseene, 126

Xiii



LIST OF FIGURES

Figure Description Page
Figure 2. 2: Schematic of destabilization by metal hydroxyl precipitate................... 16

Figure 2. 3: Advanced oxidation processes (AOPs) classification (heterogeneous

ANd NOMOQGENEOUS)....cvieiieieeiecie ettt ae e sre e nns 23

Figure 2.4: Schematic presenting the mechanism of TiO2 photocatalysis (oxidation

of 0rganic COMPOUNAS) ......ccccveviiiierieie e e 24
Figure 2. 5: Photocatalytic mechanism of Dye sensitized of TiO2 .........cccccecevvrenene 28
Figure 2. 6: Metal doping effeCct 0N TiO2.......ccciceeiiice i 30
Figure 2. 7: Nonmetal doping effect on TiO2 .......cccriiieiiiiienee e 31
Figure 3. 1: Jar teSt eXPEIMENT. ....ccuiiiiiiere e 52
Figure 3. 2: Lab scale photocatalysis experimental Set-up.........ccccceeveevcreeviecirenenne. 54

Figure 3. 3: Photoreactor used for the photocatalysis and photocatalysis-

coagulation eXPEeriMENTS........cciiriiriri e e 60

Figure 4. 1: Removal of TiO2 as indicated by reduction of turbidity as a function of
coagulantdosage (TiO2 = 20 to 100 mg/L, Fe2(SOa4)3 = 0to 0 2 mM,
oL =) F OO 65

Figure 4. 2: Zeta potential measurements for coagulation of TiO2 by ferric sulphate
(TiO2= 20 to 100 mg/L, Fe2(S04)3 =0 to 0 2 mM, pH =5)............ 65

Figure 4. 3: Turbidity removal during coagulation of varying concentrations of TiO2
suspensions using ferric sulphate (TiO2 = 20 to 100 mg/L, [Fe®*] =
0 0375 MM) .ottt sttt sresneenenneas 66

Figure 4. 4: UV2sa removal by ferric sulphate in the presence of TiO2 (TiO2 = 20-
100 mg/L, [Fe]=0012 MM to 0 2 mM, pH=5). ..o 67

Xiv



Figure 4. 5: UV2s4 removal post coagulation by ferric sulphate in the presence of
TiO2 (TiO2 = 20-100 mg/L, [Fe3] =0.0375 MM)....cccccceeerevrrererenee, 68

Figure 4. 6: Photocatalytic degradation of mecoprop over commercial TiO2 UVC light
irradiation (TiO2= 20 t0 100 Mg/L, pH =5). cocooiriiiirereiererereee, 70

Figure 4. 7: Adsorption of mecoprop onto TiO2 surface ([TiOz2 = 20 to 100 mg/L).71

Figure 4. 8: Coagulation, photolysis-coagulation, photocatalysis-coagulation of
mecoprop under UVC irradiation ([TiO2] = 20 to 100 mg/L, [Fe3'] =
0.0375 MM, PH = 5). oo eeeeeeetesees e 75

Figure 4. 9: DOC removal post photocatalysis-coagulation treatment, a) TiO2
(adsorption), UV/TiO2, UV-TiO2-Coagulation, b) UV and
CoagUIAtiON-UV ......c.eiiiiiie ettt 77

Figure5. 1: Measurementsof (a) Turbidity removal, (b) Zeta potential, and(c) UV 254
during coagulation of 2NS-TiO2 suspension (150 mg/L) in HA with
FeCls(pH =5, 6, 7, [Fe®*] =0.0925, 0.123, 0.185, 0.247 mM). ....84

Figure 5. 2: Photocatalytic degradation of HA by NS-TiO2 photocatalysts under
visible lightillumination, pH=5, photocatalyst dose = 150 mg/L....87

Figure 5. 3: Effect of the concentration of 2NS-TiO2 on the degradation of an
aqueous solution of HA (10 mg/L) under visible light irradiation
([2NS-TiO2] = 50, 100, 150, 200 mg/L), pH=5). cccccvverireiereine 88

Figure 5. 4: Influence of pH (pH = 5, 6, 7) on the photocatalytic degradation of HA
over 2NS-TiO2 (150 MO/L). it 89

Figure 5. 5: Degradation of different concentrations of humic acid (5, 10 20 mg/L) in
water by photocatalysis using 2NS-TiO2 under visible light
irradiation ([2NS-TiO2= 150 mg/L, PH5). .cccceeevieireereeeceeceee 90

Figure 5. 6: Removal of humic acid (10 mg/L) using the: a) Photocatalysis-
coagulation hybrid system (Photo-Coag), using 2NS-TiO2 ([2NS-
TiO2] = 150 mg/L, pH 5, 6 and 7), b) Photocatalysis-coagulation
hybrid system (Photo+Coag, Photo-Coag), and individual

XV



processes (coagulation (pH 6 and photocatalysis (pH 5)), 2NS-TiO2
([ZNS-TiO2] = 150 MG/L). covvrrerrereeeeseeeeeseesereeeeeeeeeeeeeeeeeeeseee e 92

Figure 5. 7: FEEM spectra for the removal of humic acid (10 mg/L) using the
photocatalysis-coagulation hybrid system with 2NSTiO2 (catalyst
concentration: 150 mg/L, pH 5, [FeCls] =30 mg/L).......ccccvevureuennee. 95

Figure 5. 8: TOC removal of HA following treatment with the photocatalysis-
coagulation process ([2NS-TiOz2]= 150 mg/L, pH 5, [FeCl3] = 30
A0 T TSP 96

Figure5. 9: Turbidity removal following treatmentwith photocatalysis combined with
coagulation (Photo-Coag at pH 6, Photo+Coag for 120 minutes),
[2NS-TiO2] = 150 MQ/L. wceoiiieieeeeee e 97

Figure 5. 10: Mechanism for the removal of HA by a photocatalysis-coagulation

YDA SYSIEM. ..o 99

Figure 5. 11: a) UV-Vis DRS spectra for undoped TiO2 and NS-TiO2 with varying N,
S loadings b) Corresponding Tauc plot for NS-TiO2 photocatalysts

=T [0 U] Lo (o] o T=To I 1@ 7 O 101
Figure 5.12: The ATR-FTIR spectra of TiO2 and NS-TiO2 nanostructures. ........ 102
Figure 5. 13: XRD spectra of TiO2 and 2NS-TiO2. ......ccccceevveieiieeiicie e 103

Figure 5. 14: Nitrogen adsorption-desorption isotherms for 2NS-TiO2 and TiO2. 104

Figure 5. 15: TEM images and patrticle size distribution curve for (a) 2NS-TiO2 and
b) TEM images and particle distribution curve for TiO2, HRTEM
images of (c) 2NS-TiO2 and (d) TiOz2, and SAED patterns for (e)

2NS-TiO2 and (f) TIO2 c.oovcueeerrieeeseeeres e e 106
Figure 5. 16: SEM images of (a) 2NS-TiO2 and (b) TiOz2.......ccceeeveveeicieveecee e 107
Figure 5. 17: EDX spectra for (a) undoped TiO2 and (b) 2NS-TiOz2. ......cccccvevvenene 108
Figure 5. 18: Elemental mapping images for 2NS-TiO2.......ccccccevveviieiieeiieecieecinens 109

XVi



LIST OF TABLES

Table Description Page
Table 2.1: Oxidation potentials of selected oxidants............cccccvevvvceriencecrncceeceeene 21

Table 4. 1: First order kinetics for the removal of mecoprop by photocatalysis

combined wWith COAgUIATION ..o 76

Table 5. 2: Degradation kinetics data for the removal of HA by the different

PrOCESSES ... uiieitiiecieee sttt e sttt e s ste e e sst e e s sbee e s sbe e e s nab e e e ssseesnsneeensneeennneeans 93
Table 5. 3: Pore size, pore volume and surface area of TiO2 and INS-TiOz....... 104
Table 5. 4: Elemental composition of INS-TIO2 ......ccccccvviiiiiiiiieiie e 108

XVii



LIST OF ABBREVIATIONS

AOP(s)
BET
DBP(s)
DNA
DOC
DOM
EDC(s)
FE-SEM
FTIR
GAC
GQD
HA
HAA

HRTEM

LC-MS
MCPP
MW

NPOC

NF

Advanced Oxidation Process(es)
Brunauer-Emmett-Teller

Disinfection by-product(s)

Deoxyribonucleic Acid

Dissolved Organic Carbon

Dissolved Organic Matter

Endocrine Disrupting Chemical(s)

Field Emission Scanning Electron Microscopy
Fourier Transform Infrared

Granular Activated Carbon

Graphene Quantum Dots

Humic Acid

Haloacetic Acids

High Resolution Transmission Electron Microscopy
lon Exchange

Liquid Chromatography Mass Spectroscopy
Mecoprop or 2-(2-methyl-4-chlorophenoxy)-propionic
Molecular Weight

Non-purgeable Organic Carbon

Nanofiltration

Xviii



NOM
NP(s)
OFE
OM

OoP
PACI
PFS
POP(s)
QD
RNA
THM(S)
TOC
uv
WWTP

XRD

Natural Organic Matter
Nanoparticle(s)

Ofloxacin

Organic Matter

Organic pollutants
Polyaluminium Chloride
Polyferric Sulphate
Persistent Organic Pollutants
Quantum Dots

Ribonucleic Acid
Trihalomethane(s)

Total Organic Carbon
Ultra-Violet

Wastewater Treatment Plant

X-ray Diffraction

XixX



CHAPTER 1:
INTRODUCTION

1.1. Background

Over the past decades, governmental and non-governmental organisations have
shown significantinterestin the detection and control of environmental agents such
as herbicides, pesticides and other organicandinorganic substancesthatendanger
human health and environmental sustainability [1]. This interest is driven mainly by
a rapid increase in the amounts of chemical substances released into freshwater
systems such as streams, dams, rivers and lakes. In addition to being suspected
chronic disease-causing agents, many of these water pollutants and/or their
degradation by-products have adverse effects on terrestrial and aquatic
environments [2]. Generally, water pollutants can be categorised into three main
groups, namely: microbial, inorganic, and organic pollutants. Organic pollutants are
the most common pollutantsfoundin drinking waterand are linked to multiple health
problems such as reproductive disorders, cancer, alteration of the immune system,
deterioration of neurobehavior, endocrine disturbance, genotoxicity, and increased
birth defects [3].

In natural soil and surface water, dissolved organic matter (DOM) is referred to as
natural organic matter (NOM) or synthetic organic matter [3]. The presence of
natural organic materials in drinking water during the disinfection stage has been
linked to the production of disinfection by-products (DBPs) [4]. Consequently, the
occurrence of DBPs in drinking water is associated with various negative health
impacts such as cancer of the bladder, spontaneous abortions, and birth defects [5].
However, NOM provides nutrition for microbial species, making it beneficial in
selected environments. Other organic pollutants that form part of DOM include
synthetic organic pollutants such as pesticides, pharmaceuticals, herbicides, and
paints [1]. Both pesticides and herbicides have been discovered in various water
sources including ground and surface water. The transportation of these organics
to areas outside theirintended application zone results in the accumulation of these

substances in the environmentwhere they are linked to various harmful effects [2].



Chapter 1: Introduction

1.2. Problem statement

NOM reacts with disinfectants during the disinfection step of the drinking water
treatment process to form DBPs [6]. DBPs have been found to be carcinogenic and
mutagenic. Additionally, similarorganic compounds of pharmaceutical and pesticide
origin also contribute to drinking water pollution. Pesticides and their by-products, in
particular, pass into the atmosphere, soil and water, allowing harmful compoundsto
accumulate and endanger human health and the environment [3]. Furthermore,
cumulative pesticides lead to biodiversity loss. The pesticides remain in the soil and
pollute land and surface water as most pesticides are barely degradable.
Additionally, numerous pesticides have been reported as endocrine disrupting
chemicals (EDCs), suggesting their ability to alter the normal functioning of both
animal and human endocrine systems [1]. EDCs increase the occurrence of breast
cancer, growth pattern irregularities, childhood neurodevelopment delays, and

fluctuations in immune function [2,3].

Conventional watertreatment processes (mainly coagulation andflocculation) have,
to a limited extent, been effectively applied in the removal of NOM from water. In
addition, several reports have confirmed the poor removal of pesticides by
coagulation-flocculation processes [7]. Current water treatment regimes do not
effectivelyremove NOM and herbicidesin drinking watersources. Therefore, a need
exists to develop more effective and advanced water treatment technologies
targeted at improving the quality of drinking water.

An advanced oxidation process (AOP) namely, photocatalysis hasbeen extensively
explored in the degradation of a varied range of organic, inorganic and microbial
pollutants in water. Despite its ability to completely mineralise organic pollutants,
incomplete degradation is a common concept that could generate potentially toxic
by-products [8]. AOPs can and have been coupled to achieve complete
mineralisation or eventual removal of organic pollutants. One of the most often
utilised semiconductors for photocatalytic degradation of organic molecules is
titanium dioxide. However, owing to its band gap of 3.2 eV, activation can only be
via UV irradiation [9]. Modifications such as nonmetal doping can ensure activation

in the visible lightrange [10]. Moreover, most of the photocatalysts are employed in
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the form of a powder, thus making their recovery, and recycling problematic and
ultimatelyleadingand contributing to secondary pollution. The removal of a powdery
photocatalyst product after treatment of water can be achieved by centrifugation;

however, such a process can be impractical, tedious and time consuming.

It is envisaged that the coupling of photocatalysis to the coagulation step could
improve the overall removal of organic pollutants. Such a hybrid process would
involve initial degradation of NOM by NS-TiO2 and herbicides (mecoprop) by
commercial TiO2, into less complex and easily removable by-products.
Subsequently, the degradation by-products could be removed by coagulation. This
work focussed on doping TiO2 nanoparticles (NPs) with nitrogen and sulphur to
adjust the band gap and thus developed a material that is active under visible light
illumination. Once the NPs were doped, photocatalysis was coupled with
coagulation to determine its efficiency in the removal of humic acid as well as the
recovery of NS-TiOz2 in surface water. Additionally, in another part of the study, the
removal of a herbicide, mecoprop via a photocatalysis-coagulation system using
commercial TiO2 was explored. The photocatalysis-coagulation hybrid system
offered numerous advantages such as enhanced properties for the elimination of
organic pollutants, the resultant by-products and recovery of the photocatalyst

nanoparticles.
1.3. Justification

The study covered the removal of NOM and a herbicide (mecoprop) via a
photocatalytic-coagulation hybrid water treatment process, and the benefits of the

hybrid system are discussed in the sections to follow:
1.3.1 Degradation of NOM and herbicides using photocatalysis

The efficiency of the degradation of a broad range of organic matter has been
demonstrated utilising heterogeneous photocatalysis by titanium dioxide. Titanium
dioxide has been widely studied for its excellent oxidative strength, good photo
durability, environmental friendliness, chemical inertness and relatively low cost
[12]. Rodriguez and colleagues reported on the successful elimination of ofloxacin

(OFX) from water by TiO2 photocatalysis [13]. Additionally, differentstudies on the
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degradation of organic compounds by TiO2 have been undertaken [8].In the recent
past, anion doping hasprovedto be efficientforband gap reduction and good visible
light photocatalytic activity has been observed over the resultant doped materials
[14]. For thisreason, consideration has been afforded to new preparation methods
for anion doped TiO2 and to understand the factors that are responsible for visible
lightactivity. Anion doping includes incorporation of elements such as nitrogen (N),
sulphur (S), fluorine (F), boron (B), and carbon (C) [15]. Yal¢in et al., [16] examined
the function of nonmetal (N, S, C) doping in TiO2 photocatalysis and concluded that
the reduction of the band gap arose from the influence of orbitals N 2p, C 2p, O 2p,
and S 3p to the Ti 3d states in TiO2 valence band (VB), as well as the occurrence
of midgap states induced by C and S inthe band gap states. Sathish andassociates
explored the degradation of methylene blue by NS-TiO2, compared to the
photodegradation performance of commercial TiO2, with NS-TiO2 showing higher
activity in the visible region as paralleled with commercial TiO2 [10]. Since TiO2
photocatalysishasprovento be an efficientmethodfor the removal of DOM in water,
it would be beneficial to explore anion doping to improve the visible lightactivity of
the TiO2. As a result, this work focused on exploring the efficiency of commercial
TiO2 and NS-TiO2 in the removal of organic compounds such as pesticides and

NOM under UVC and visible lightirradiation, respectively.
1.3.2 Photocatalysis-coagulation for water treatment

Coagulation-flocculation is a versatile method for eliminating a varied range of
pollutants from water, such as colloidal particles (organic and metal oxides) and
dissolved organic compounds [17]. This is achieved by destabilizing suspended
particles. However, organic pollutants are not completely removed from the water
bodies by coagulation. Combining photocatalysis and coagulation is an alternative
treatment regime that has a number of advantages. Combining the two methods in
the purification of drinking water has several advantages and these include: (i)
Removal of particle with simultaneous degradation of organic pollutants; (ii)
retrofitting of coagulation-based water treatment facilities; and (iii) design of a
compact facility for hazardous material emergency response [16]. The use of
nanoparticles for photocatalysis in water treatment may contribute to secondary

pollution. The difficulty in separating TiO2 NPs from aqueous suspensions by
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sedimentation, particularly in crystalline anatase form, is owing to the existence of
powerful repulsive forces that exist amongst the photocatalyst particles [18].
Although TiO2 NPs have been found to aggregate rapidly in water without
electrolytes, it should be noted thatthe aggregation of TiO2 NPs is affected by other
factors [19]. For example, NOM could hinder the aggregation of TiO2 NPs through
the formation of TiO2 NP-NOM complexes via repulsive interactions and
electrostatic attraction as well as van der Waals and steric interactions [18]. About
80% of commercial nanoparticles have been reported to have been successfully
removed by alum-based coagulation [20]. Several studies have reported successful

removal of TiO2 NPs by coagulation-flocculation processes [3,4,20].

Coagulation-flocculation has been applied and studied for the removal of TiO2 NPs.
Kagaya et al., [17] attained the separation of TiO2 from 100 mL of suspension by
addingaluminiumchloride solution. They achieved sedimentation of atleast 100 mg
of titanium dioxide in 100 mL of the suspensions. Wang et al., [19] investigated the
elimination of TiO2 nanoparticles from water by four types of coagulants: alum
(Al2(S0a)3), ferric chloride (FeCls), polyferric sulfate (PFS) ,and polyaluminium
chloride (PACI) The researchers concluded that PFS could achieve high removal
(~84%) of TiO2 NPs with pH reduction. These studies serve as proof that

coagulation is a viable method for the removal/separation of NPs in water.

The intention isto explore a treatment method that will remove DOM from water and
furtherrecover TiO2 NPs from water post treatment. Coagulation and photocatalysis
have both proven to be efficientin the removal of DOM and coagulation can be
explored for the recovery of TiO2 NPs. Combining the two treatment processes will

simultaneously remove DOM and recover the TiOz2.
1.4. Aim of the study

The aim of this study was to investigate the efficiency of a photocatalysis-
coagulation integrated water treatment process for the degradation and removal of

NOM and mecoprop using TiO2-P25 and NS-TiOz2, respectively.
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1.5. Research Objectives
Objectives of thisresearch study are as follows:
e Prepare and characterize TiO2 and NS-TiO2 nanoparticles.

e Evaluatethe performance of NS-TiO2in the photocatalytic-coagulation hybrid

system for the degradation/removal of NOM over visible-lightirradiation.

e Assess the performance of commercial TiO2 (P25) in a photocatalytic-
coagulation hybrid system in the degradation of mecoprop under UVC

irradiation

¢ Investigate the effects of pH, photocatalyst concentration, and irradiation

dose on the degradation kinetics of NOM and mecoprop.

e Optimize theamountof coagulantrequiredto successfully flocculate NS-TiOz2

and commercial TiOz2.
1.6. Dissertation outline

The balance of the dissertation is arranged as follows:

Chapter 2: This chapter is dedicated to an inclusive assessment of literature,
relating to water pollution by organic pollutants, conventional water treatment
methods and advanced oxidation processes (AOPs), and their implementation in
drinking water treatment. The literature review includes the removal of organic
pollutants by photocatalysis as well as the two-in-one photocatalysis-coagulation
system.

Chapter 3: Chapter 3 presents experimental procedures that provide details on the
preparation of photocatalysts and describes the experiments followed for the
photocatalytic-coagulation removal of NOM and mecoprop under UV/visible-LED
irradiation. A detailed description of instrumenttechniques, process of assessment
andexperimental set-up implemented for the execution of the research study is also
undertaken.
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Chapter 4: The chapter focuses on evaluating the degradation and removal of
mecoprop and/or its degradation by-products by a photocatalysis-coagulation

integrated system under UVC irradiation. Furthermore, this chapter discusses the
recovery of TiO2 NPs from water with ferric sulphate using coagulation process.

Chapter 5: Chapter 5, covers the characterization and analysis of NS-TiO2.
Furthermore, the efficiency of the photocatalytic-coagulation hybrid system is

evaluated in the degradation of NOM in water under visible light. The recovery
efficiencies of NS-TiOz by coagulation are also discussed.

Chapter 6: This chapter presents some concluding remarks on the key findings of
thisresearch. Lastly, recommendations for future work are also presented.
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CHAPTER 2:
LITERATURE REVIEW

2.1 Introduction

Water treatment plants utilise a series of processes to ensure adequate water
quality in compliance with the standards set by the government. It is important that
drinking water is safe for consumption by humans and animals, and for use in
various activities such as agriculture and manufacturing processes. Viruses and
bacteria are a few of many microorganisms that cause illnesses such a cholera,
polio, infectious hepatitis, typhoid, dysentery, which have led to death [1].
Agricultural runoff, which contains pesticides, herbicides, and a substantal
concentration of nutrients such as nitrogen and phosphorus, accelerates the rate of
eutrophication in receiving waters. The most noticeable impact of eutrophication is
the development of algal and phytoplankton blooms that decrease water clarity and
quality. Algal blooms restrict light penetration, which cause plant deaths in coastal
areas; they also decrease the success rate of predators, which sometimes rely on
lightto pursue and capture prey [2]. Furthermore, the microbial decomposition of
algal blooms when they die significantly deplete dissolved oxygen thus producing
an anoxic environment that is unable to sustain most organisms [3]. However,
organicpollutants (OP) are of greater concern in drinking watertreatment sincethey

are linked to the formation of health threatening by-products.
2.2 Thepresence of organic matter in surface water

Organic matter in natural water sources can be categorised into dissolved,
suspended, and particulate matter [4,5]. The dissolved organic matter (DOM) is a
combination of autochthonous (i.e., organic materials in the water column derived
from biological processes), allochthonous (i.e., vegetation and animal debris carried
into water bodies by runoff) and manmade or synthetic organic compounds
originating from industrial or agricultural activites such as pharmaceuticals,
pesticides, and cosmetics [6]. Particulate or dissolved matter are found in water or
wastewater such as dissolution of minerals, soil erosion, decomposition of

vegetation or industrial and domestic discharge, which may be found suspended in
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water in numerous forms such as bacteria, algae, viruses, and detritus [7,8].
Moreover, there are variations in the size of the particulate and dissolved organic
species, which has an effecton the degree of their dispersion in water. DOM found
in surface waters is referred to as natural organic matter (NOM), and it originates
from the decay of dead plants and animals in water bodies. NOM consists mainly of
humic substances of terrestrial origin such as fulvic acids of algal and/or
phytoplankton origin, carbohydrates, sugars, lipids, amino acids, proteins, phenols,

organic acids, alcohols and acetylated amino sugars constitute the rest of NOM [9].

Water pollution by synthetic organic compounds of agricultural origin is common to
an extent that pesticides are often detected in drinking water and wastewater. Due
to their widespread use as plant growth regulators, chlorophenoxy herbicides have
gained special attention. Mecoprop, which is an authorised British Standard
Institution (BSI) chlorophenoxy herbicide with a tradename (R, S)
2-(2-methyl-4-chlorophenoxy)-propionic acid) (also called MCPP), is commonly
used to manage leafy weeds in cereal fields, ornaments such as lawns (both in
residential and commercial formulations) and sports fields [10]. Owing to their
solubility and polar nature, chlorophenoxy herbicides like MCPP can effortlessly be
transferred to surface and ground waterways [11]. Furthermore, their toxicity is
recognized, and high-level exposure in animal studies has revealed their
hepatotoxicity and nephrotoxicity. Chlorophenoxy herbicides may cause human soft
tissue sarcoma, chronic liver injury, malignant lymphoma and non-Hodgkin’s

lymphoma [12].

Conventional water treatment methods such as coagulation-flocculation are usually
used to remove NOM or pesticides foundin wastewater or drinking water. However,
the removal rates are notimpressive. Elimination of dissolved organic matter is most
often achieved by improving coagulation-flocculation methods or by adding
processes such as filtration and nanofiltration (NF) or granular activated carbon [13].
Besides the dissolved organic matter passing through sewage and industrial waste
into the water body, great concentrations of inorganic pollutants and heavy metals
contaminate the water. These inorganic pollutants include non-biodegradable
compounds such as mineral acids, inorganic salts, and trace metals. Radioactive

materials occurring as isotopes, which originate from mining and ore processing,
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are some of the major culprits comprising inorganic pollutants [2]. However, this
chapter only focuses on methods designed for the treatment of organic pollutants,

and these are explored in more detail in Section 2. 3.
2.3  Water Treatment

Treatment of drinking water usually includes the removal of suspended colloidal
materials, contaminants such as bacteria, algae, fungi, viruses, minerals such as
iron and manganese and organic contaminants [14]. All these contaminants are a
concern, as they pose serious risks to human health. Several of the treatment
processes are designed to target specific contaminants, hence a series of them are
applied to treat drinking water in order to obtain safe water for distribution to the
communities. Raw water treated for drinking purposes can be abstracted from
ground or surface water. Different sources of raw water have different
characteristics and the adoption of a particular treatment regime is greatly
influenced by the type of source water involved [15]. To this end, the conventional
treatment process flow sheet has been modified over the years as more
contaminants are identified and their effect on public health are established. This
has also resulted in the redesign of some water treatment plants to enable the
elimination of these new and emerging contaminants [16]. Although plant redesign
remains an option, it is important to investigate the conditions of the site
(for design purposes), including the chemical and microbial nature of the water to
be treated. Compilation of a detailed risk assessment is key, as well as a report that
contains detailed laboratory or pilot scale results to measure the efficiency of the
procedure, and to optimize chemical doses [17]. The conventional treatment

flowsheetillustrated in Figure 2.1 provides a framework for a water treatment plant.
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Figure 2. 1. Conventional water treatment systems [18].

Other treatment processes (e.g., membrane filtration, ion exchange, adsorption on
activated carbon and advanced oxidation processes) that are regarded as
conventional methods are however not shown in Figure 2. 1. Typical conventional
water treatment flowsheetis designedto remove microbial contamination and some
colloidal particles to lower the turbidity of the water [18]. Suspended particles
prevent effective disinfectionandlowerthe aesthetic merit of the water. Coagulation
and flocculation are always included in water treatment to remove any suspended
particles before disinfection [19]. In recent water treatment practices, coagulation
andflocculation are stillas important, and even more so as theremoval of particulate
matter and organics has become increasingly important. The United States treat
water to a turbidity of 0.3 NTU today, down from 1.0 NTU in 1989. Similar
amendments have been adopted by many other developed countries [20].
Coagulation and flocculation procedures are wusually followed by the

sedimentation/clarification step.

Coagulation and flocculation play key roles in cheese making, biochemistry, and
rubber manufacturing [20]. In water treatment, the stability of a particle describes
the capability to remain as a distinct entity, or to avoid aggregation with other
particles in the aquatic environment [21]. Aggregation avoidance remains a

challenge in water treatment, and coagulation offers the most effective option for
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destabilising suspended particles in water. The process of coagulation is one of
destabilising suspended patrticles in water. This process is always coupled with
flocculation, which involves the aggregation of destabilised particles to form flocs
[20]. Interactions between the colloidsin the raw water and products of the chemical

coagulation should occur before flocculation to destabilise particles [15].

Colloid particles fall into two general classes, lipophilic and lyophilic, which are
described as hydrophobic and hydrophilic, respectively, in the field of water
treatment. However, a particle can be comprised of both classes, and there may be
an interchange of these states by a colloidal particle as it goes through different
treatment processes [21]. With respect to the suspended colloidal particles, the main
aim of the water treatment is to destabilise the charges of the suspended particles
to overcome the repulsive forces existing amongst the particles. If only particle
destabilisation is considered, the two main mechanisms of coagulation, which are
based on the concentration of the coagulant and pH, are: (i) neutralization of
charged particles by adsorption of positively charged parts of the coagulants; and
(i) and the enmeshment of colloidal particles in Al(OH)3 solids if alumis used as a
coagulant [20]. Aluminium or iron-based coagulants are the most often utilised
coagulants[8]. Destabilisation isachieved when a positively charged metal hydroxyl
precipitate adheres on sites on the surface of a suspended particle, rather than

attachingin a uniformmanner as indicated in Figure 2. 2 [15].
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Figure 2. 1: Schematic of destabilization by metal hydroxyl precipitate [22].

Coagulant chemicals are either organic or inorganic substances that promote
particle instability when the correct dose is added. When dissolved in water, most
coagulants are cationic, and include substances like lime, ferric salts, alum, and
cationic organic polymers [20]. Aggregation of colloids and small particles to form
filterable (flocs) or settleable particles is called flocculation [12]. Flocculation occurs
after the suspended particles destabilise in the zone of decaying mixing energy
subsequentto rapid mixing, or consequent to conveying flow turbulence [23]. In
some cases, this unintentional flocculation may be a passable flocculation process.
To improve interaction between destabilised particles and generate floc particles of
optimal density, size, and strength, a separate flocculation step is frequenty
incorporated in the treatment train. The flocs that are formed will increase in weight
and be drawn down by force of gravity, and this is where sedimentation is

introduced.

Sedimentation can be described as a process whereby sludge or suspended
particles settle (due to force of gravity) out of water in a settling tank during
treatment. Sedimentation is one of several prefiltration application techniques;
dissolved air flotation is also another technique. Procedures of separation between
solids and liquids are similarly referred to as clarification [24, 25]. Sedimentation
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provides some degree of purification; hence it is applied in most water treatment
works around the world. After the solids have settled, they are separated from the

water through filtration.

Solids are removed via filtration from surface water or wastewater after coagulation
and sedimentation [2]. In some cases, it may be requiredto use a softening process
when filtration is used, since filtration alone may not effectively remove dissolved
solids. For instance, anthracite filtration is employed in softening precipitation to
eliminate residual salts that persist after clarification, which results in the filtration of
a portion of the clarified water. An effective sand filtration system can reduce
turbidity levels in clarified water from 10 NTU to 1.0 NTU [26]. At this point, the
majority of the dissolved organic matter has been removed and disinfection can be

introduced to remove microorganisms before distribution.

The main aim of the disinfection processis to deactivate all harmful microorganisms
present in the water. The disinfection process does not kill microorganisms in the
water, it hinders their growth and reproduction rate. Several illnesses have been
linked to the presence of microorganisms in water, hence the importance of the
disinfection process. Sterilization isinterrelated to disinfection; however, sterilization
destroys both harmful and non-harmful microorganisms. For this reason,

disinfection is more appropriate for water treatment [27].

In water treatment, several disinfection techniquesare used. Chlorine disinfectionis
most commonly used for huge quantities of water; however, its use in smaller
quantities is less prevalent. Ultraviolet irradiation and ozone are the most common
disinfection methods used in private supplies[28]. Chlorine gas is usually used as
both primary and secondary disinfection. The advantages of using chlorine gas for
disinfection isthatit is cheaper than ultraviolet (UV) or ozone disinfection treatment
methods and it is highly effective in deactivating a wide range of pathogens.
Moreover, residual chlorine serves as a long-lasting disinfectant even after
distribution [18]. Ozone disinfects by destroying the cell walls of pathogenic
microorganisms present in the water, and this results in the disintegration and

destruction of the microorganism [2]. UV causes disinfection by changing the
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genetic make-up of a microorganism by breaking bondsin the deoxyribonucleic acid
(DNA), ribonucleic acid (RNA) or proteins [10, 29].

2.4 Removal of NOM and pesticides by coagulation and flocculation

In the treatment of wastewater and drinking water, coagulation is a commonly used
conventional method. The use of coagulation in the elimination of NOM from
drinking water sources has gained significant consideration from scientists around
the world due to its ability to minimise the development of disinfection by-products
(DBPs). Nevertheless, increased variation of NOM in water (in terms of both
concentration and composition) has led to a significantdecline in the performance
of traditional coagulation methods. The coagulation process is substantially more
effective at eliminating high molecular weightorganics than it is at removing lower
molecular weight fractions. The inconstant composition of NOM poses significant
challenges to the conventional techniques. A higher charge density is usually
observed for the hydrophobic portion of NOM, than the hydrophilic portion, making
it easier to coagulate [30]. As a result, there is a need to improve coagulaton
processes by increasing operating conditions (coagulantdose and pH), generating
more effective inorganic or organic coagulants, and integrating coagulation with

other processes [20].

Besides the coagulation-flocculation processes, other procedures such as
membrane filtration, advanced oxidation processes (AOPs), and biological and ion
exchange (IE) processes were explored for the removal of NOM [29]. When
ozonation is employed in conjunction with other treatment methods, NOM s
degraded and low molecular weight molecules are formed, which are then
adsorbable by granular activated carbon (GAC). However, adsorption of these
smaller fragments onto GAC is usually hindered by their increased mobility and
polarity [31].

Inorganic coagulants are considered ineffective in the removal/degradation of
herbicides and pesticides from drinking water and wastewater [12]. Most of these
agricultural pollutants are chemically stable and therefore not easily degradable
species. Herbicidesand pesticides belongto a group of persistent organic pollutants
(POPs), and are they are not removed to desired regulatory levels by conventional
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wastewater treatment plants (WWTP). Basic water treatment procedures such as
coagulation-flocculation, chemical precipitation and biological oxidation have been
only partially successful in the removal of a small selection of pesticides. Mitlner et
al., [12] have established that hydrophobic pesticides do not form complexes with
humicsubstance, which can be partially removed by coagulation. Adams et. al, [30].
has also established low removal efficiencies of pesticides by coagulants, proving
that the sole use of coagulation is not efficientin the removal of pesticides from

water

Advanced oxidation techniques are one of the alternative treatment options for
removing NOM and pesticides. AOPs are a type of oxidation processes centred on
the in situ production of extremely reactive and oxidizing radicals (mostly hydroxyl
radicals, *OH), which react with organic pollutants, leading to gradual degradation
of the pollutants [32]. AOPs have been used to remove numerous pesticides and
herbicides, according to extensive research that has been conducted [33, 34]. The
UV treatment , Fenton process (H202 and Fe2*), UV-H202 process, ozonation (O3),
photo-Fenton and heterogeneous photocatalysis employing TiO2 have all been
investigated among the many suggested AOPs [35]. Some of these AOPs are
discussed in Section 2.5, with special attention being paid to heterogeneous
photocatalysis

2.5 Advanced oxidation processes for degradation of organic pollutants in
water

Advanced oxidation processes use the powerful oxidative property of the hydroxyl
radical (OH+) to degrade organic compounds [36]. All AOPs comprise of two
mechanisms for organic pollutant degradation, namely: production of reactive
oxidative species in situ and oxidant reactions with target pollutants [32]. The
mechanisms of radical production are influenced by water quality and system design
and are dependenton process-specific characteristics. Other factors (radical mass
transfer in surface-based AOPs, hydrodynamics) contribute to the efficient
elimination of pollutants in addition to radical scavenging [27]. Other important
radical species involved in AOPs include sulfate and superoxide radicals, which

have a lower oxidation potential compared to the hydroxyl radical .
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Generally, the hydroxyl radical has a greater oxidation potential (2.8 V) than
common oxidants such as ozone (2.07 V) and hydrogen peroxide (1.8 V)
(Table 2.1); this meansthat the hydroxyl radical can oxidize target compounds more
rapidly than other oxidants [37]. In the event of mineralization, the interaction
between organic pollutants and HO® radical generate smaller organic compounds
that are easy to remove or are transformed to carbon dioxide, water, and inorganic
salts [35]. Advanced oxidation processes have many benefits over conventional
techniques, including transforming organic compounds into CO2 and H20, no
production of sludge and other post-treatment is rarely required for further removal

of organic compounds.
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Table 2.1: Oxidation potentials of selected oxidants [37]

OXIDANT

Fluorine

Hydroxyl radical
Sulfate radical
Atomic oxygen
Ozone

Hydrogen peroxide
Hypochlorous acid
Chlorine

Chlorine dioxide

Bromide

OXIDATION POTENTIAL (V)

3.03

2.80

2.60

2.42

2.07

1.77

1.49

1.36

1.27

1.09

Hydrogen and oxygen atoms make up hydroxyl radicals, making them extremely

reactive and allowing them to easily abstract hydrogen atoms from other molecules

to generate water molecules [38]. Various organic, inorganic and microbial

pollutants can be oxidized by hydroxyl radicals. Hydroxyl radicals oxidize organic

compounds via three main mechanisms, namely:

(i) removal of a hydrogen atom from an aliphatic carbon

(i) electrophilic addition to aromatic carbons

(i)  electron transfer (An organic substituent provides an electron to HO")

The H-atom abstraction taking place in saturated compounds is mostly from C-H

bonds, and this results in the generation of an organic radical as illustrated in Eq.

2.1 [39]. The H-abstraction method includes significant separation of charges in the
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transition state and requires more energy than the *OH radical formation reactions.
For the electrophilic addition to the aromatic carbons, the OH radical is more likely
to attack and abstract a hydrogen from a tertiary ratherthan a primary carbon. There
is a low probability of the electrophilic addition of the OH radicals onto the saturated
carbons occurring due to the C-atom's electron deficiency; therefore, preferential

addition of the OH radical to the C-atom occursin unsaturated bonds (Eq. 2.2).

Adding OH radicals to the aromatic ring takes place through a short-lived
pi-complex, which is in equilibrium with the initial reactants and thereafter develops
into a sigma-complex in which the OH is attached to a specific C-atom (Eq. 2.3)
[40]. The electron transferreaction of the hydroxyl radical may involve both inorganic
and organic compounds. In both cases, the primary step is the formation of a two,
three electron-bonded radical-adduct followed by electron transfer [41].
Subsequently, these organic radicals undergo a series of oxidative interactions
resultingin the degradation of the organic molecule. Apart from the hydroxyl radical,
more than a few other radicals such as superoxide, ozonide, sulfate and
hydroperoxyl radicals also participate in the degradation of the organic
contaminants. However, hydroperoxyl radicals have lower oxidation potential

compared to the hydroxyl radical [42].

‘OH + R-H - [R-H*-OHY -» ‘R + H20 [2.1]
‘OH + H2C=CHR - [HO--CH2---CH—-R] » HOCH2—"CH [2.2]
OH
"{)_H. *OH H
— — H
- complex o= complex
[2.3]

2.5.1 Different classes of advanced oxidation processes

Advanced oxidation processes are classified as either homogeneous or
heterogeneous processes. Homogeneous processes are further classified into
those that require energy and those that do not. Homogeneous AOPs refer to

processes that exclude the use of a solid catalyst such as TiO2 (Figure 2. 3) [43].
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Ultraviolet (UV) or ultrasonic energy is used to drive homogeneous AOPs for the
elimination of arange of pollutants fromwastewater. More often, ultraviolet radiation
is employed in combination with other oxidants such as UV-Os, UV-H202, UV-Os-
H202, UV-Fe?*-H202 (photo-Fenton) [37]. For example, UV-O3 was observed to be
more efficientthan direct UV photolysis and ozonation in the removal of carbofuran,
a very toxic carbamate pesticide [44]. A comparative analysis of Fenton and
photo-Fenton processes has revealed that photo-Fenton are better at mitigating

organic pollution than TiO2 photocatalysis [45, 46].

Heterogeneous AOPs involve the addition of a catalyst, which may be metal oxides,
sulphides, halides or nonmetal, to facilitate the degradation reactions [35]. By
comparison with homogeneous AOPs, heterogeneous AOPs are more convenient
for catalyst separation and recovery from treated water. The most studied
heterogeneous AOPs are photocatalytic ozonation (UV-TiO2-Oz), catalytic

ozonation (Fe?*-Os, TiO2-O3), and heterogeneous photocatalysis [47].

Heterogeneous photocatalysis has recently gained popularity for degrading organic
contaminants that are resistant to oxidation by other standard AOPs. The next sub-
section (Subsection 2.4.2) introduces and provides a detailed overview of

heterogeneous photocatalysis.

AQPs
Homogeneous Heterogeneous
| ) L
| [ ]
Without Radiation With Radiation Without Radiation With Radiation
O, (in alkaline medium); O/UV; EI““:"-men: Ti0,f0,/UV;
Oy/H,0,. OyH,O,/UV; O, fsolid catalyst; | HLO,fsolid
H,O,/catalyst | H.O./UV; H.Os/s0lid catalyst catalyst/UV;
{Ea!‘ﬂ] }"ﬁ{' "A"L“t H'\D\flfﬂ ta]}is[m‘f‘: {Cﬂml}-'lif wel U-.,lllﬁﬂ'l.id cala l}'slﬁfu V.
sidation). e peroxidation).
peXiiCRHED} Oyfsonication;
H O fsomication.

Figure 2. 2: Advanced oxidation processes (AOPs) classification [48].
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2.5.2 Heterogeneous photocatalysis

Photocatalysis is one of the most promising heterogeneous AOPs in the removal/
degradation of a variety of organic, inorganic and microbial pollutants. As a typical
AOP, the creation of the hydroxyl radicals transpires in the company of an energy
source (e.g., lightyand a lightharvesting material (photocatalyst) [49]. Positive holes
result from the excitation of electrons in the valance to the conduction band of a
semiconductor, and this is only possible if a semiconductor is irradiated with a
photon of energy larger than its band gap energy [17]. Reduction of an electron
acceptor such as oxygen is possible in the conduction band to produce the
superoxide radical [17]. Meanwhile, in the valence band, oxidation of suitable
electron donors such as the hydroxide ion or water, can take place to yield hydroxyl
radicals. As a result, the superoxide and hydroxyl radicals can oxidize pollutants on
the exterior of the photocatalyst (Figure 2. 4) [50]. Alternatively, the recombination
of electrons and holes leads to a dispersion of the inputenergy as light. This results

in inadequate radical production which, leads to poor photocatalytic activity [51].

0,

Reduction
O,+e Oy
0,

hv, 400 nm
OH-

Oxidation
OH-+h* *OH

Organic

Compounds €O, +H,0

Figure 2.3: Schematic presenting the mechanism of TiOz2 photocatalysis (oxidation

of organic compounds) [4].
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The position of the redox potential of the organic substrate in relation to the standard
electrode and the valence band of the substrate in question determines the redox
potential required to oxidize it [52]. If the organic substrate's redox potential is lower
than that of the photogenerated hole, it may reduce h* to form an organic substrate
cation radical (S**). Following that, the organic substrate cation radical (S™)
undergoes a faster reaction than back electron transfer, culminating in the creation
of a product. Water or absorbed OH ions may reduce the holes, resulting in the
generation of HO+ and/or other radicals, allowing organic molecules to be oxidized
(Figure 2. 3) [53]. Since the TiO2 semiconductor conductivity band is virtually
isoenergetic with the potential for oxygen reduction, the O2 molecule has the ability
to scavenge the electron from the TiO2 semiconductor conductivity band, creating a
superoxide radical (02™) [54]. Photocatalytic activity inclines to be repressed in the
absence of oxygen. Under ambient conditions, the photocatalytic decontamination
rate is affected by the steady-state oxygen concentration as well as back-electron

transfer from active species on photocatalytic surfaces [4].
2.6 Titanium dioxide as a photocatalyst for organic pollution mitigation

Since its commercial manufacturing, titanium dioxide (TiO2) has been broadly used
as a pigment and as a component of sunscreens, paints, ointments, and
toothpastes. Water splitting on a TiO2 electrode was studied during the early 1970s
by Fujishima and Honda [55]. Since then, tremendous effort has gone into
researching TiO2, which hasresultedin a deal of potential applicationsranging from
photocatalysis and photovoltaics to sensors and photo/electrochromics [56]. TiO2
exists in three natural forms, namely: rutile, anatase, and brookite [34]. Anatase is
stable at low temperature and rutile is more common in high temperature
preparations. In the near UV band (350/400 nm), rutile absorbs almost no light.
Chemically stable and abundantly available as a photocatalyst for oxidation

reactions, the anatase form of titanium dioxide is a popular choice [43].

Amongst many semiconductors, TiO2 is an excellent photocatalyst. The main
advantages of TiO2, which make it a suitable material for many photocatalytic
applications, are its chemical stability in acidic and basic environments, nontoxicity,

low cost, and high oxidation potential [57]. The unique properties of TiO2 lend
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themselves to various applications such as decontamination, water purification, air
purification, UV protection ,and antibacterial activity [57]. The TiO2 semiconductor
photocatalyst acts as a powerful oxidizing agent when exposed to UV light,
minimizing the amount of activation energy required for the disintegration of organic
and inorganic molecules [37]. In general, when the surface of TiOz2 is illuminated,
holes result in the valence band (VB) and electrons in the conduction band (CB),
respectively (Eq. 2.4). The amountof energy that photons must supply to promote
electrons is determined by the band gap of the semiconductor material in question
[40]. The band gap of a semiconductor is outlined as the energy variation between
the electrons in the uppermost permissible energy level inthe valence bandand the

lowest permissible energy level in the conduction band [4].

Titanium dioxide (anatase) has a band gap energy (Eg) of 3.2 eV and can be
activated by photonsin the UV range of the sun spectrum with a wavelength of 388
nm [38]. A donor molecule (D) near the TiO2 surface can be rapidly oxidized by the
photoinduced hole (Eq. 2.5). Additionally, an acceptor molecule (A), may also be
reduced in the conduction band by an electron (Eq. 2.6). An interaction between
electron oxidation action and water produces a hydroxyl radical (+*OH) due to the
hole's considerable oxidation power (Eq. 2.7) [58]. Oxygen acts as an electron
acceptor when adsorbed to the surface of TiO2, and this leads to the production of
asuperoxideion.The superoxideion is a highlyreactive particle capable of oxidizing
organic material (Eqg. 2.8) [55]. This mechanismwas illustrated earlier in Figure 2.
4.

TiO2 + hv — h*+ e- [2.4]
D + h* — D* [2.5]
A+ e — A [2.6]
H20 + h* — OHs + H* [2.7]
02 + e —» 02° [2.8]

Some of the drawbacks of using TiO2 as a photocatalyst include low adsorption of

pollutants, wide bandgap, fast electron hole recombination, difficult recovery of the
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catalyst, and the agglomeration of suspended TiO2 powder at high loading, all of
which limit TiO2 practical application in water treatment [59]. The strategies that are
employed to address these drawbacks are discussed in the sections that follow.
Special emphasis is placed on addressing the challenges associated with poor
visible lightabsorption and recovery of TiO2 NPs, as a subject that is at the core of

this research study.
2.7  Strategies for improving TiO2 photocatalytic activity

Some of the strategies for improving TiO2 such as dye sensitization, incorporation
of carbon materials, metal and nonmetal doping are discussed in the below
subsections. These strategies include the improvements of bandgap reduction of
TiO2 for activation in the visible lightrange and resolving problems related to filtering

and recovering the photocatalyst.
2.7.1 Coupling with carbon nanomaterials

Carbon comes in a variety of shapes and sizes, each with its own set of
microtextures (or morphologies). Diamond, black carbon, carbon nanotubes,
fullerenes, and graphene are only a few examples of carbon allotropes. Due to its
widespread applicabilityin energy andthe environment, grapheneis one of the most
investigated nanomaterials [55]. Recently, the advanced properties of graphene
quantumdots (GQDs) have made these carbon nanomaterials very popularin the
field of photocatalysis. Due to their excellent quantum confinement, graphene
quantum dots are far more appealing as peroxidase mimetic catalysts than
semiconductive quantum dots and organic dyes in terms of great photostability and
low toxicity [64]. Hydrothermal techniques of GQD production commonly endow
GQDs with functional groups such as carboxyl and hydroxyl groups, which aidinthe
formation of bonds with TiO2 [55]. Fast electron transfer in the interfacial region of
the GQDs/TiO2 composite structure is facilitated by this bonding, which prevents
carrier recombination [21]. Despite these advantages, GQDs' absorption band is

primarily in the UV range, limiting their solar energy activation [54].
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2.7.2 Dye sensitization

The TiO2 photocatalyst primarily absorbs UV light, the wavelength of which is less
than 400 nm [60]. As part of the endeavor to develop a visible light active TiO2
photocatalysts, adsorbing and supporting various photosensitizing dyes was
explored. In this approach, solar lightis used to excite dye molecules anchored on
TiO2 and create electrons that are transported to the TiO2 conduction band. The
electrons in the TiO2 conduction band are then transferred to electron acceptors,
resulting in a range of redox reactions [61]. During this process, an electron is
absorbed from a dye molecule or an adsorbate in order to reduce the dye molecule
back to its original state (Figure 2. 5) [62]. However, the photosensitizing dyes in

these systems are generally thermally and/or photochemically unstable [63].
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Figure 2. 4. Photocatalytic mechanism of dye sensitized of TiO2[71].
2.7.3Doping of TiO2

Over the past few years, huge efforts have been directed towards extending the
light absorption of TiO2. lon doping is a new method for improving adsorption
efficiency and photocatalytic activity. Doping may alter the chemical composition of
TiO2. The optical properties can be altered by substituting the metal, which is the

titaniumion and the nonmetal, which is the oxygen atom [64]. More importantly, it is
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desirable to retain the integrity of the host photocatalyst crystal structure while

enhancing the electrical structure.

Incorporating ions into the TiO2 matrix results in the introduction of new energy
levels into the TiO2 band structure. In addition to trapping electrons/holes and
removing carriers from bands, the new energy levels allow for additional carriers to
diffuse to the surface [63]. That is, the objective of doping is fairly straightforward,
namely:to adjust the large band gap and electronic structure of TiO2to enhance its
optical properties for visible light harvesting, to optimize each stage of the charge
kinetics in order to prevent significant photogenerated carrier recombination and
increase interface and surface properties [64]. Self-doping, nonmetal doping,
transitional metal doping, and rare earth metal doping are all examples of TiO2
doping [65]. Doping of TiO2 can either be by a single metal, nonmetal or rare earth
metal. Also, co-doping with two metals or two nonmetals or either a metal and a
nonmetal is possible. To expand the responsiveness of TiO2 to visible light,
monodoping with 3d transitional metal ions has been widely researched [66]. While
this method was able to reduce the band gap of TiO2 to some degree, it also suffers
from the presence of a carrier recombination centre and the creation of highly
localized d states within the band gap, which greatly reduces carrier mobility [45].
Co-doping with two or more external atoms passivates the bands of impurities and
minimizes the rising of recombination centre by increasing the solubility limit of
dopants [67] In consequence, co-doping of TiO2 can significantly enhance its

photocatalytic properties.
2.7.4 Metal doping of TiO2

Metal and nonmetal doping of TiO2 are the two types of chemical doping. A particular
amountof metal ions, such as Cr3*, Fe3* Ru?*, V°*,Ce**, and La3* is introduced into
the TiOz2 lattice in the metal doping process [68]. Several studies suggestthat metal
doping has a bathochromic response on the edge of the TiO2 absorption band
because the outer Ti 3d orbitals overlap with the outer metal d orbitals. This band
gap shift improves the visible light activity of TiO2 subject on the type and
concentration of metal dopant [60]. Doping TiO2 with metal improves both the

lifetime of electron/hole pairs generated by photolysis, as well as the rate at which
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electron/hole pairs can be transferred, which precedes to an enhancementin the
photocatalytic activity of doped TiOz [69]. Metal doping is also capable of effectively
extending the adsorption edge into the visible region and lowering the band gap in
TiO2. Metal doping, on the other hand, has various disadvantages, including
electron trapping by metal centres and the introduction of electron/hole
recombination sites [70]. Figure 2. 6 illustrates the activation mechanism of metal
doped TiOz.
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Figure 2. 5: Metal doping effect on TiO2.
2.7.5Non-metal doping of TiO2

Nonmetal doping is another method for modifying TiO2, and it is achieved by the
substitution orinterstitial addition on lattice oxygen of the TiO2 by nonmetal elements
[71]. Asahietal., [72] reported an improvementin the degradation of methylene blue
and gaseous acetaldehyde by nitrogen doped TiOz2 under visible light irradiation.
Since then, a lot of effort has gone into researching nonmetal doped TiO2
photocatalysts like N, B, C, F, S, and P [17]. In the titania lattice, sulfur or nitrogen
would be able to substitute for oxygen or titanium. As a consequence, it has been
shown that S 3p states mixed with the valance band help to decrease the band gap
[73]. N doping in TiO2 does not lower the band gap, but rather allows the
development of localized midgap states above the valence band, which improves
the material's visible light sensitivity and photoactivity, according to recent
experimental and theoretical research (Figure 2. 7) [74]. Additionally, sulfur doped
TiO2 has attracted considerable attention because increasing quantities of S can
reduce the band gap and lead to high absorption under visible light [75].
Umebayashi et al., [76] reported that sulfur only decreases the band gap of TiO2 by

0.9 eV. However, more significant decrease in TiO2 band gap was achieved by
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Tachikawa et al., [77] and Bacsa et al., [78] and the calculated band gaps were 2.7
and 2.65 eV, respectively. Szatmary et al., [79] concluded the possibility of visible
lightactivation of S-doped TiO2. During the research, they discovered that sulphur
is substituted for oxygen as an anion in the TiO2 matrix. In the TiO2 lattice, however,

Ohno et al., [80] discovered that S atoms were integrated and substituted Ti** ions.
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Figure 2. 6: Nonmetal doping effecton TiOz2.
2.7.6 Co-doping of TiO2

There has been interestin co-doping TiO2 with differentelementsin order to improve
its photocatalytic performance under visible light illumination. Co-doping TiO2
involves introducing either two metals or two nonmetals, or a nonmetal and a metal
into the TiO2 lattice. The different methods of co-doping have different effects on
improving the performance of TiOz2 and each method will be discussed in detail in
the succeeding sections.

2.7.7 Metal, metal co-doping

Several transition metal ion dopants were found to improve the photodegradation of
a selection of organic pollutants. AI3* doping of rutile crystals boosted photo
efficiency, whereas Cr3* doping allowed the photo-response to be extended to the
visible region [32]. A combination of Al3*and Cr3* doping has been used to improve
both the visible and the UV responses of rutile [14]. Recent work on the co-doping
of TiO2 with Fe and Mn was carried out by Lin et al., [81]and they observed lower
photocatalytic performance in all the co-doped TiOz2 thin films compared to undoped
TiOz2 thin films under visible light irradiation. A doping ion's position for interfacial

charge transfer or as recombination centres was a determinant of photocatalytic
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efficiency in this case. A decrease in distance between trapping sites as a result of
a surge in the number of doping ions, leads to an increase in the rate of

recombination.
2.7.8 Metal, nonmetal co-doping

Metal and nonmetal co-doping of TiO2 with N/Fe [82], V/N [83], and C/V [84] has
been studied. Co-doping TiO2 with a nonmetal and a metal ion can occur via two
mechanisms. In the first mechanism, both metal and nonmetal are doped into the
TiOz2 lattice, resulting in the development of impurity energy levels within the TiO2
band gap, which increases visible light absorption and hence leads to increased
photocatalytic activity [85]. In the second mechanism, the metal acts as a doping
energy level substitution atthe Ti position in the lattice, whereas nonmetallic species
could exist as surface species capable of absorbing visible light [86]. By co-doping

of metal and nonmetal ions, photocatalytic efficiency is increased significantly.
2.7.9 Nonmetal, nonmetal co-doping

Another option is co-doping TiO2 with two nonmetals. TiO2 co-doped with suitable
nonmetal ions has been shown to have much greater photocatalytic activity than
mono-doped photocatalysts in several studies. The occurrence of synergistic effects
between the doping elements explains this phenomenon, which promotes visible
light absorption while also enabling photogenerated electron/hole pair separation
efficiency [69]. After preparing and analysing the effect of co-doping TiO2 with boron
and sulphur, Sun etal., [72] observed an improvement in visible lightresponse and

photocatalytic performance of the TiOz.

TiO2 semiconductors have the Ti 3d orbitals dominating the conduction band and
the O 2p orbitals dominating the valence band, according to semiconductor band
theory [69]. The negative energy levels of the 2p orbitals of nonmetals such as C,
P, N, and S are greater than those of the 2p orbital of the O As a result, incomplete
substitution of impurity dopants C, P, N, S, and other nonmetals with lattice oxygen
would follow in the development of additional energy bands above the TiO2 valence
band, improving the TiO2 photocatalytic activity in visible light [69]. In the TiO2

framework, nonmetal ions are doped to produce 2p orbital energy levels that help
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synthesize new energy states within the bandgap of TiO2 [55]. As these two dopants
have similar structural characteristics, NF co-doped TiO2 was explored as a visible
light photocatalyst. The synergetic benefits of co-doping were determined to be due
to N doping, which improved visible light response, and F doping, which delayed
charge separation [87]. Additionally, it was proposed that co-doping N, S was
capable of decreasing the band gap in anodically generated TiO2 and enhancing
the photocatalytic properties that it exhibited [54]. Massoudinejad et al., [88]
reported a decrease in the band gap of TiO2 after doping with nitrogen and sulphur
(from 3.17 to 2.77 eV) and thusimproved activation of the catalyst by visible light.
Another study by Asiri et al., [89] showed thatthe prepared S and N doped TiO2 co-
doped was highly active as a photocatalyst for successful photodegradation of

colorants such as eosin, and rhodamine B under visible lightirradiation.

The following is an explanation of the difference between metal and nonmetal
doping: Metal dopingionscan presenttraps for electrons, lowering the electron/hole
recombination rate, while nonmetal doping ions can increase TiOz2 absorption in the
visible light range [72]. Since nonmetal co-doping of TiO2 has shown interesting
benefits in the improvement of visible light activation of TiO2.This work focused on
the design and development of nitrogen and sulphur co-doped TiO2 for the
degradation of NOM in water under visible lightirradiation.

2.7.10 Charaterisation techniques for photocatalysts

2.7.10.1 Field emission scanning electron microscopy and electron

dispersive X-ray spectroscopy

In a typical analysis, an electron beamis focused on a sample's surface in scanning
electron microscopes, creating images of the sample. When electrons interact with
atoms in a sample, a variety of signals are generated, each of which comprises of

information regarding the sample's surface topography and composition [94].
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2.7.10.2 High resolution transmission electron microscope

Transmission electron microscopy is a technique of creating images by using an

electron beam that passes through a specimen [95].
2.7.10.3 Ultraviolet-visible spectroscopy-diffuse reflectance

As a powerful analytical technique, UV-vis spectroscopy can be utilised to evaluate
the optical properties of solids and liquids (transmittance, reflectance, and
absorbance) [95].

2.7.104 Brunauer-Emmett-Teller analysis

By measuring nitrogen adsorption as a function of relative pressure, Brunauer
Emmett Teller (BET) analysis gives an accurate specific surface area evaluation of
materials [95].

2.7.105 X-ray diffraction

X-ray crystallography is an experimental science thatuses an X-ray beam to diffract
in a variety of ways according to the crystalline structure to determine the atomic

and molecular structure of a crystal [96].
2.7.10.6 Fourier transform infrared

Infrared is a powerful identification tool for functional groups due to similar
adsorption frequencies observed for the different groups present in different

molecules [97].

2.7.11 Coagulation-photocatalysis coupled system for the removal of

dissolved organic matter from water

Natural organic matter (NOM) is a combination of high molecular weight (MW)
compounds, such as extracellular polymers and biopolymers, and low MW
chemicals originating from the decomposition of organic material that is commonly
found in surface water supplies and landscape water bodies [90]. Presently, the
purification of water and wastewater usually involves a phase of coagulation, which

is recommended for the efficient removal of NOM by the U.S Environmental
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Protection Agency [98]. Combining coagulation with advanced water purification
procedures such as adsorption, oxidation, or membrane filtration can result in a
higher NOM removal rate [28].

In coagulation-flocculation, NOM is predominantly removed, in particular the
hydrophobic fraction, which usually contains more aromatic components and is of a
larger molecular size than the hydrophilic fraction Coagulation-flocculation also
allows DBPs to be reduced by physically removing organic precursor material [19].
On the other hand, is ineffective, eliminating just 60-70% of NOM under optimum
treatment circumstances [28]. The hydrophilic component of humic substances,
which can also induce the synthesis of DBPs, makes up the majority of the residual
organic matter (about 30 to 40 percent) following coagulation [19]. Since existing
water treatment processes have proven to be inefficientin the removal of this part
of the humic substances or other organic pollutants such as pesticides, the
development of advanced treatment methods for tackling such pollutants is

therefore important

The efficacy of heterogeneous photocatalysis such as titanium dioxide when used
in combination with ultraviolet (UV) in the removal of NOM from raw and drinking
water (real water) has been demonstrated [91]. Furthermore, the coagulation-
flocculation cycle is commonly employed to reduce DBP formation by producing
flocs, and heterogeneous photocatalysis provides superior protection against DBP
production in drinking water delivery systems by mineralising organic contaminants
[16]. The portion of organics that is notremoved by coagulation can be mineralised

through oxidation by photocatalysis [44].

The combination of coagulation and photocatalysis work in a synergistic manner to
mineralise and remove organic pollutants. The combination of photocatalysis and
coagulation is a cost-effective solution because it can be easily retrofitted into the
current treatment plan. Another advantage of this hybrid treatment method relates
to the simultaneous removal of TiO2 via coagulation post treatment, which ensures

minimal secondary pollution due to the presence of nanopatrticles [92].

Titanium dioxide NPs are used widely for a variety of applications, and this has

resulted in their disposal into water bodies such as rivers, lakes, dams or aquifers
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thus posing a significantthreat to human and animal health [36]. Many treatment
approaches, including as adsorption, coagulation, and membrane filtration, have
been investigated to remove NPs from aquatic environments in order to control the
health and environmental concerns caused by them. The recovery of suspended
nanosized photocatalysts from vast quantities of reaction solutions by filtration and
centrifugation is hard, time-consuming, and expensive, which makes these
photocatalysts impractical for industrial use [22]. A strategy for addressing this
problem involves introducing magnetic nanoparticles such as Fe3O4 NPs, to the
nanosized photocatalystmatrix. When magnetic nanoparticles are incorporated into
TiO2, the photocatalyst can be efficiently recycled by utilizing an external magnetic
field [64]. However, Fe304 can act as recombination centres, which decrease the

oxidation efficiency of the catalyst [66].

Several studies have confirmed that nanoparticles such as TiOz, and ZnO can be
recovered by coagulation and the removal is mainly through the destabilisation
mechanism. For example, Wang et al., [93] investigated the use of PFS and FeCls
inthe removal of TiO2 NPs. The TiO2 removal rate by FeClswas slightly greater than
that of PFS, but its working pH range is narrow. A study by Honda et al., [76]
examined the coagulation and removal of TiO2 nanoparticles from groundwater and
surface water with three different coagulants (ferrous sulfate ferric chloride, and
ferric sulfate). TiO2 nanoparticles have been found to outclass ferric chloride in the
coagulation of nano-TiO2 spiked surface water. Sun et al., [31] investigated the
elimination of silver nanoparticles using Al2(SO4)3, PFS, PAC, and FeCls as
coagulants. The bridging effect of the hydrolysis product of FeCls was discovered to
destabilise silver NPs. From the evidence presented here, the removal of
nanoparticles by coagulation-flocculation is a plausible method in this regard. Ferric
coagulants seem to be the best performing coagulant for the removal of

nanoparticles for water.
2.8 Chapter summary

The pollution of drinking water sources by organic pollutants is a matter of concem
as this may lead to multiple detrimental effects on the environmentand human

health. Such effects include birth defects, cancer of the bladder, spontaneous
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abortions, growth pattern irregularities, childhood neurodevelopment delays,
fluctuations inimmune function. Furthermore, the presence of DOM puts a strain on
conventional water treatment methods as most of the treatments do not remove
DOM completely or to the required levels. Coagulation and flocculation processes
have been reported to remove NOM, but not pesticides. Attempts have been made
to design and develop techniques for the mitigation of organic pollutantsin water,
more specifically NOM and pesticides. Heterogeneous photocatalysis is one of the
AOPs that have attracted attention over the years due to their ability to completely
oxidize organic pollutants in water. In photocatalysis, TiO2 has been widely studied
due to its numerous benefits. However, the disadvantages relating to the utilization
of TiO2 as a photocatalyst include fast recombination rate, NP aggregation and
restricted activation in the UV range and recovery problems. Several modification
strategies targeted at enhancing the activity of TiO2 have been reported in the
literature, andthese include dye sensitization of TiO2 as well as metal and non-metal
doping (mono and co-doping). The strategy that was adopted in this research study
was co-doping TiO2 with nonmetal ions to enhance the visible light adsorption of
TiO2. However, TiO2 NPs have been reported to contribute to secondary pollution
and for this reason, recovery measures should be put in place after treatment.
Several studies have explored coagulation as a method of choice for the recovery

of NPs, and the process has proven to be successful in thatregard.

Considering both photocatalysis and coagulation, and their ability to remove DOM
from water and the possible recovery of TiOz via coagulation, combining the two
processes would be advantageous. The individual processes are envisaged to work
in a synergistic mannerto remove DOM. For instance, portions of DOM that cannot
be removed be coagulation would be degraded by photocatalysis. Furthermore, the
advantage of TiO2 recovery makes the photocatalysis-coagulation combined

process worth exploring.

This work explored the efficiency of combining coagulation with photocatalysis for
the degradation of a pesticide (mecoprop) and NOM using commercial TiO2 and
nitrogen, sulphur co-doped TiO2 under UV and visible light, respectively.
Furthermore, the efficacy of the combined system will be evaluated for the removal

of TiO2/NS-TiO2 NPs via coagulation-flocculation processes.
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CHAPTER 3
EXPERIMENTAL METHODOLOGY

3.1 Introduction

The study was divided into two parts: namely: 1) Developmentand application ofan
integrated commercial TiO2 photocatalysis-coagulation system for the removal of a
mecoprop under UVC irradiation, 2) The removal of humic acid by a NS-TiO2
photocatalysis-coagulation system under visible lightirradiation. The first part of the
work was donein the United Kingdomatthe Cranfield Water Science Institute. While
the second part was done in South Africa at the Institute of Nanotechnology and
Water Sustainability iNanoWS). This chapter outlines the experimental procedures

that were followed for the execution of both parts of the study.
3.2 Materials and reagents

Reagents used in the UK study were as follows: Mecoprop (99.5% purity) was
purchased from Sigma Aldrich (UK), LCMS grade methanol (>99.9%) and
ammonium formate (299.0%) were purchased from Fisher Scientific
(Loughborough, UK). Titanium dioxide (Aeroxide® TiO2 P25 Degussa) was
purchased from Lawrence Industries (Tamworth, UK), ferric sulphate (Ferripol XL,
13% wi/v) was purchased from Huntsman Tioxide Europe. Ultra-pure (UP) water
was produced using a Purelab Option-S7/15 system (Elga process water,
Buckinghamshire, UK). The surface water was collected from the Chicheley Brook
stream at Cranfield University (UK) (characterized non-purgeable organic carbon
(NPOC) concentration of 7.30 mg L1, UV2sa measurement of 0.12 cm1, turbidity
measurementof 1.53 NTU) and stored in the dark at 4 °C. All the reagents used for
the second part of the study were as follows: NaOH (=298%), titanium (IV) butoxide
(297.0%) formic acid (99.9%) thiourea (299.0%), sulphuric acid (95-99%), butanol
(99.4%), and humic acid were purchased from Sigma Aldrich (South Africa) of
analytical grade. These reagents were used as received without any further

purification.
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3.3 Part 1-Commercial TiO2-UVC-Coagulation for the removal of

mecoprop

This section details the experimental procedures followed for investigating the
removal of mecoprop using a photocatalysis-coagulation hybrid system. This
includes coagulation experiments for commercial TiO2 removal evaluation,
degradation experiments of mecoprop from natural water samples, control

experiments, instrumentdescriptions and water sample analysis procedures.
3.3.1 Coagulation of commercial TiO2

Commercial TiO2 (P25) suspensions in water (20, 40, 60, 80, 100 mg/L) were
sonicated and stirred for 5 minutes. The jar test procedure was as follows: 1)
dispersion of TiO2 NPs in solution by sonication, 2) Coagulant (ferric sulphate) was
dosed immediately into the jars (jars filled with TiOz2 solutions)at 0.0125 (0.7), 0.025
(1.4), 0.0375 (2.1), 0.05 (2.8), 0.1 (5.6), 0.15 (8.4), 0.2 (11.2) mM (mg/L) as [Fe] at
the start of the rapid mix phase (250 rpm for 1 minute). This was followed by slow
mixing at 45rpm for 15 minutes. Finally, a 30 minute period of non-mixing was
allowedfor settlement of the flocs. The jar test apparatus used in these experiments
Is displayed in Figure 3. 1. Samples (5 mL) were taken at the end of the
sedimentation and the turbidity (Thermo Scientific Orion AQUAfast®AQ3010), zeta
potential (Malvern zetasizer, UK) and UV2s4 (PerkinElmer, LAMBDA 650 ultraviolet-

visible) were measured.

Figure 3. 1: Jar test experiment.
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3.3.2 Photocatalysis-coagulation removal of mecoprop under UVC

irradiation

All experiments were carried out in a Wedeco AG quasi-collimated beam setup
(Herford, Germany), which was equipped with four30 W low pressure Hg lamps that
emit monochromatic light at 254 nm (Figure 3. 2). To maintain consistent light
output, a 30-minute warmup period was permitted. Varying concentrations of
commercial TiO2 (20, 40, 60, 80, 100 mg/L) were added to the test solution. The
solution was sonicated for 5 minutes to ensure equal distribution of the TiO2 NPsin
the solution. Test solutions of the pesticide (10 pg/L) were prepared by spiking

surface water with MCPP.

The test solution (250 mL) was placed in a petri dish (Petri dish factor, PF=1, water
depth= 2 cm) situated 22 cm from the source of light. The oxidation results reported
herein are represented as C/Co (final concentration divided by initial concentration)
vs UV fluence (UV dose over time). There is a tendency to report micropollutant
degradation as a function oftimein many studies, butthis does not take into account
the experimental setup, leading to a lower level of direct comparison between
studies [1]. Using UV fluence (rather than irradiation time) to rate a pollutants
degradation allows for better comparisons among different studies on pollutant
degradation. For this reason, the micropollutant degradation vs UV fluence
approach was adopted for this study. The irradiation time was converted to UV
fluence using Eq. 3.1:

UV Fluence =Fluence rate x Exposure time [3.1]

Subsequentto fast mixing for 1 minute and addition of the catalyst, the coagulant
(Fe2(S04)3) was added to the test solution. The mixture was then exposed to UV
irradiation with an intensity of 67.5 W.m? for 20 minutes under slow mixing
conditions. Thereafter, the suspension was allowed to settle for 10 minutes [2, 3]. A
number of control experiments were conducted: removal of mecoprop by photolysis
underUVC irradiation, removal under TiO2 mediated photocatalysis,and removal of
mecoprop using coagulation with and without UV irradiation. Furthermore, the
influence of adsorption was evaluated by conducting the experiments in the

presence of TiO2 under dark conditions. Prior to quantitative analysis for mecoprop
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and DOC, the samples were filtered through Millex-HA 0.45 m syringe filters to
isolate TiOz2 particles. An amountof 1.5 mL was sampled after 10 fluencesforMCPP
quantification and 20 mL for DOC analysis atthe end of each degradation treatment.
All experiments were conducted at the optimum pH of 5 (adjusted by addition of 0.1
M NaOH, 0.1 M H2S04) as evidenced by the coagulation tests DOC was measured
inthe non-purgeable organic carbon (NPOC) mode, usinga Shimadzu 5000-A TOC

analyser, Japan.

Figure 3. 2: Lab scale photocatalysis experimental set-up.
3.3.3 LC-MS quantification of mecoprop herbicide

An ammonium formate solution (0.01% w/v) used for the LC-MS analysis was
prepared by dissolving a 2 mM solution of ammonium formate in ultrapure water
(2:1). The herbicide was identified and quantified using a Sciex, Exion MS liquid
chromatograph-Sciex QTRAP 6500* mass spectrometer. The flow rate was
0.4 mL.min-tandthe sample injection volume was 10 L [4]. Priorto each sequence,
a new calibration curve was created, which displayed satisfactory linearity between

concentrations of 0 and 20 pg/L (r? > 0 99). After every 10 samples, standards in
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the concentration range of 1 — 20 pug/L were analysed to guarantee that the data

produced was of high quality. All of the experiments were done in duplicates.

3.3.4 Degradation kinetics

The rate of pesticide degradation by UV-TiO2 was calculated using the
Langmuir-Hinshelwood model. This model divides the kinetics observed from the
removal of contaminants into components for reaction (oxidation) and adsorption

Eq. 3.2 is a basic description of the Langmuir-Hinshelwood model:
r =d [P)/dt = kr K[P) 1+K [P] [3.2]

The rate of pollutantdegradation (P)is represented by r, K represents the adsorption
coefficientof P, kr the reaction rate constant, and Po is the initial concentration of

compound P.
Integration of Eq. 3.2 gives Eq. 3.3:
In[Po]/[P]+ K ([P]o - [P]) = kr Kt [3.3]

This equation is the summation of the zero and first order rate equations. The
contribution of the equation to the overall response is determined by the pollutants
initial concentration. Since the contaminants being extracted in drinking water
treatment are usually at very low concentrations, Po is typically very high,and Eq.
3.3 can be transformed to Eq. 3.4 as follows:

In[Plo- [P] = kr Kt = Kt [3.4]

Where k' is apparent constant of the pseudo first order rate constant. A plot of
In[P]Jo/[P] vst leads to a straightlinein which the slope reflects the apparent constant
of first order (k') [3]

3.4  Part 2: NS-TiO2-visible light-coagulation for the removal of humic acid

In thissub section, experimental procedures for the preparation and characterisation
of photocatalysts (TiO2 and NS-TiO2) are detailed as well as model humic acid

solution preparation. Further, an analysis of the process for degrading humic acid,
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a description of the instrumentation utilised in the process of degradation, and a
description of the experimental method for recovering NS-TiO2 following the

coagulation process is explained.
3.4.1 Synthesis of nitrogen, sulphur co-doped titanium dioxide

The procedure for the preparation of nitrogen, sulphur co-doped titanium dioxide
(NSTiO2) was adopted from work done by Mamba et al., [5]. Typically, a mixture of
titanium (IV) butoxide (10 mL) dissolved in butanol (20 mL) was sonicated for 30
minutes. Thereafter, solutions of thiourea (1 g, 2 g, 4 g) were dissolved in formic
acid (15 mL) was added dropwise to the mixture under stirring conditions. The
resultant mixture was left to stir for an additional 2 hrs after the addition of the
thiourea solution. Subsequently, a white to yellowish precipitate formed. The pure
TiO2 photocatalyst was prepared using the same approach, but this time without
adding thiourea. In both cases, the NS-TiO2 and TiO2 products were washed with
ethanol (50 mL x 3) and thereafter dried at 100 °C for 12 hrs. This was followed by
milling and calcination of the resultant solid at 400 °C for 3 hrs. Prior to application,
the solid NS-TiO2 and TiOz2 photocatalysts were stored at room temperature in glass

vials.
3.4.2 Analytical techniques

The characterization of the prepared photocatalysts was done using Field Emission
Scanning Electron Microscope and Energy Dispersive X-ray Spectroscopy (FE-
SEM EDX), Ultra-Violet Visible Diffuse reflectance spectroscopy (UV-Vis DRS),
Brunauer-Emmett-Teller (BET), X-ray Diffraction (XRD), Transmission Electron

Microscope (TEM), and Fourier Transformer Infrared (FTIR).

34.2.1 Field emission scanning electron microscopy and electron

dispersive X-ray spectroscopy

The surface morphology of the produced photocatalysts was studied using field
emission scanning electron microscopy and electron dispersive x-ray spectroscopy.
The material was placed onto glass slides with double-sided carbon tape and gold

coating before being loaded into the Field Emission Scanning Electron Microscope
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(FE-SEM, Joel JSM-7800F SEM Field Emission Electron Microscope, Japan). The
elemental composition of the photocatalyst was determined using an energy
dispersive X-ray spectrophotometer coupled with the SEM Joel JSM-7800D SEM.

3.4.2.2 High resolution transmission electron microscope

The surface morphology of the produced photocatalyst was examined using a high-
resolution transmission electron microscope (HRTEM). To analyse the prepared
photocatalyst, ethanol was used to disperse a small portion of the sample and a
droplet of the dispersion was placed on a copper grid and permitted to dry prior to
analysis. The analysis was undertaken using a Jeol JEM 2100 Transmission

Electron Microscope, Japan.

34.23 Ultraviolet-visible spectroscopy-diffuse reflectance

spectroscopy

The optical properties of the prepared photocatalysts were determined using a
PerkinElmer, LAMBDA 650 ultraviolet-visible spectroscopy-diffuse reflectance
spectrophotometer (UV-Vis-DRS) fitted with an integrating sphere . For baseline
correction, a BaSOa4 standard was employed as a reference sample. To perform the
analysis, the photocatalyst was mounted onto the sample holder and placed in the

instrument (range 250 nm to 800 nm).
3424 Brunauer-Emmett-Teller analysis

The surface area of the photocatalysts were determined using the BET method on
an AUTOSORB-IQ-MP, USA. The photocatalyst samples was degassed under

vacuum at 200 °C for 4 hrs to eliminate moisture and other solvents.
3.4.25 X-ray Diffraction

X-ray diffraction (XRD) was used to gain insightinto the mineral phases of NS-TiOz,
the degree of crystallinity and the average size of the NS-TiOz2 crystallites. Powder
XRD measurements were recorded on a PAnalytical XPERT/PRO diffractometer
using Ni filtered CuKa radiation (A = 1 5406 A) at 45 kV/40 mA. The diffraction
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measurements were conducted at room temperature in a Bragg-Brentano

geometry.
3426 Fourier transform infrared

FTIR was utilised to identify the functional groups present in the prepared
photocatalyst. Samples were analysed as KBr pellets. In a ratio of 1:20, the sample
was mixed with KBr, ground and pressed to form the pellet that was then mounted
and analysed on the FTIR sample holder. The analyses were undertaken on a

PerkinEImer Spectrum 100 FT-IR spectrophotometer.
3.4.3 Degradation studies
3431 Preparation of stock solutions of humic acid

A solution containing humic acid 10 mg/L was prepared from a stock solution of 100
mg/L humic acid. Humic acid stock solution was prepared by dispersing 100 mg of
humic acid in Milli-Q water (1 L) [7]. Dilutions of 10 mg/L were prepared from the
stock solution as test solution that would be used in the degradation experiments.
The pH of the stock solution wasaltered to 10 usinga 0.1 M NaOH solution followed
by 20 minutes of stirring. Lastly, the stock solution was stored at 4 °C prior to each

experiment.
3.4.3.2 Coagulation of NS-TiO2

A laboratory procedure that simulates coagulation-flocculation describedin Section
3.5.1 with differing FeCls doses was adopted (15, 20, 30, 40 mg/L) NS-TiO2
suspensions (150 mg/L) were sonicated and stirred for 5 minutesandadded to each
jar, stirred, and the settling of solids was observed. The water in the degradation
tests was treated with the lowest dosage ( [FeCls]= 30 mg/L of chemicals that
provided adequate settling. Turbidity of the water was measured to determine the
extent of removal of suspended particles in the solutions. Furthermore, UV2sa

(LAMBDA 650 from Perkin Elmer) was measured to evaluate the relationship
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between humic acid removal in the presence of NS-TiO2. Zeta potential (Malvern

zetasizer, UK) of the resultant solutions was measured to optimize coagulantdose

3.4.3.3 The removal of humic acid by treatment with a

photocatalysis-coagulation hybrid system

The NS-TiO2 samples with varying N and S loadings were investigated for the
degradation of humic acid. The photocatalyst (50, 100, 150, 200 mg/L) was added
to the humic acid solution (10 mg/L) in a beaker. Prior to irradiation, the
photocatalyst-humic acid mixture was agitated in the dark for 15 minutes to allow
adsorption desorption equilibrium. This was followed by addition of the coagulant
(FeClzs), and fast mixing for 1 minute. Thereafter, the mixture was exposed to visible
lightirradiation (250 W), with slow mixing for 15 minutes. Subsequently, a settling
period of 30 minutes was allowed in the absence of light and agitation [8, 9]. For
comparison, an experiment was performed where photocatalysis was done first for
120 minutes followed by the coagulation process. Humic acid degradation was
monitored by drawing (20 mL) aliquots at 20 minutes intervals. Filtration through a
0.45 pm glass fibre syringefilter followed to separate the photocatalyst from the test
solution. Thereafter, the samples were analysed using TOC (Teledyne Tekmar TOC
Fusion Analyser Ohio, USA), FEEM (Horiba Aqualog spectrometer) and UV-Vis
(LAMBDA 650 from Perkin Elmer). In addition to the photocatalysis-coagulation
experiments, HA removal by photolysis, NS-TiOz2 in the dark, coagulation-adsorption

and coagulation-photolysis, was investigated as controls. The apparatus used to
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conduct these photodegradation-coagulation experimental set-up displayed in

Figure 3. 3.

Figure 3. 3: Photoreactor used for the photocatalysis and photocatalysis-

coagulation experiments.
3434 Total Organic Carbon (TOC) analysis

Analyses of total organic carbon (TOC) were performed, using a Teledyne Tekmar
TOC Fusion Analyser (Ohio, USA), following degradation studies to quantify the
amount of organic carbon in the samples. Standard solutions were prepared by
dissolving 1 mg/L, 5 mg/L, 10 mg/L, 20 mg/L, and 30 mg/L potassium hydrogen
phthalate (KHP)in de-ionized water.

3435 Fluorescence excitation emission matrices (FEEM) analysis

In this method (FEEM), humic and non-humic substances are identified and
differentiated according to their sources. This procedure is commonly used to
distinguish among humic compounds (fulvic acids, humic acids, and humin) and
other NOM constituents [4]. In addition to the UV/Vis spectrophotometer, a Horiba
Aqualog, JobinYvon spectrometer was used for humic acid characterisation.
Fluorescence EEMs, absorbance spectra, and simulated synchronous scans at
A= 60 nm, were obtained using afluorescence spectrometer in the wavelength range

200-600 nm at 2 nm excitation intervals, and 250-600 nm at 3 nm emission interval
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CHAPTER 4:
AN INTEGRATED PHOTOCATALYSIS-COAGULATION SYSTEMFOR THE
REMOVAL OF A PESTICIDE UNDER UVC IRRADIATION

41 Introduction

This chapter gives detailed discussions of experimental results following the
investigation of 1) the removal of commercial TiO2 by coagulation-flocculation
processes usingferricsulphate, 2) the performance of the integrated photocatalysis-

coagulation system for the removal of mecoprop under UVC irradiation.
4.2 Materials and methods

The details on the materials and methods employed are as discussed in

Chapter 3, Section 3 2 of the experimental methodology.
4.3 Results and discussion

This section covers detailed discussions based on the results obtained for the
investigation of the removal of mecoprop by a photocatalytic-coagulation hybrid
system. The first aspect involved is the optimisation of the reaction conditions of the
coagulation-flocculation step used in the recovery of the TiO2 photocatalyst. Once
optimised, these conditionswere then adopted and tested in the actual experiments
involving the photocatalytic degradation of mecoprop from an aqueous medium. In
the last step, the removal of mecoprop using the photocatalysis-coagulation hybrd
process was evaluated under UVC irradiation. A detailed presentation and
discussion of the results thatemanated from these three stages is undertaken in the

subsections that follow.

4.3.1 Optimization of coagulation-flocculation conditions for the recovery of
TiO2 (P25)

This section presents the experimental data and discussions following the
investigation of the elimination of TiO2-P25 from water by coagulation-flocculation
process using ferric sulphate. As illustrated in Figure 4. 1, the turbidity of the raw

water was foundto be 3 NTU in the absence of a coagulant. However, the turbidity
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increased from 50 to 233 NTU when TiO2-P25 was varied between 20 and 100
mg/L. The turbidity levels observed following the addition of the TiO2-P25 were
reduced after the addition of the coagulant((Fe2(S0a4)3) (Figure 4. 1). Thisis evident
from the observation of a rapid decrease in the measured turbidity after coagulation
with 0.0125 mM [Fe] (decrease from 233 to 25 NTU at 100 mg/L of TiO2). When the
coagulant dose was increased from 0. 0125 mM to 0. 0500 mM, the turbidity
decreased to between 2.5 and 5 NTU for the different TiO2 doses. However, the
lowest residual turbidity was observed for the system where no TiO2 was added.
This serves as evidence of the need to recover the TiO2 NPs from water after

treatment and removal of organic pollutants.

The addition of ferric sulphate coagulant contributes to the destabilisation of TiO2
NPs via the neutralisation of the negative TiO2 charges by the hydrolysed Fe3*[1].
Once the TiO2 NP were destabilised, they agglomerated to form flocs, which
eventually settled out of solution to enable their easy removal [2]. Removal of the
flocs significantly reduced the turbidity of the solution, which signified the success
of the coagulation process. Furthermore, the effectiveness of the coagulation
process was evaluated by monitoring the change in the system’s zeta potential at
increased coagulantdose. Evidently, the zeta potential became more positive and
reached 0 mV when the Fe3* hydrolysis material was adsorbed onto the surface of
the NPs or NOM. The TiO2 nanoparticles were destabilised at coagulantdoses of
between 0.0375 and 0.0500 mM [Fe] (Figure 4 1). Under these conditions, the
surface charge of TiO2 was near neutral and the nanoparticles aggregated owing to
the reduced electrostatic repulsion amongst the nanoparticles [3]. Additionally, as
the coagulantdose increased, the zeta potential also increased. Notably, when the
coagulantdose was increased to above 0.1000 mM [Fe], the system became more
positive within the zeta potential thus increasing from 3 to 5 mV. However, the
increased positive charge failed to have an impact on the removal of TiO2 from the
water thus indicating that particle re-stabilisation had not occurred. From
Figure 4. 1, an optimal coagulantdose of 0.0375 mM [Fe], that is in agreementwith
the obtained zeta potential (Figure 4. 2), was achieved. The zeta potential was
foundtobe above 0 mV (over coagulated)at coagulation dosages exceeding0.0375
mM [Fe].
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Figure 4. 1. Removal of TiO2 as indicated by reduction of turbidity as a function of
coagulantdosage (TiO2 = 20 to 100 mg/L, Fe2(SO4)3 =0 to 0 2 mM, pH =5).
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Figure 4. 2: Zeta potential measurements for coagulation of TiO2 by ferric sulphate
(TiO2 =20 to 100 mg/L, Fe2(SO4)3=0to 0 2 mM, pH = 5).

Furthermore, coagulation-flocculation experiments were conducted at pH 4, 5 and

6 to examine the influence of pH on the TiO2 surface charge and its subsequent

removal by coagulation. When the coagulation pH was increased to above 5, an
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improvementin the residual turbidity was noted indicating better removal of the TiO2
(Figure 4. 3). Titanium dioxide NPs have a positive surface charge at pH values
between 2.5 to 4. Conversely, atpH 5 to 7.3, the TiO2 NPs have a negative surface
charge [4]. The lower removal rates obtained for TiO2 at pH values lowerthan 5 are

attributed to the repulsive forces that occur between the Fe3*and the TiO2 NPs [5].

Suspension turbidity (NTU)

0 . , . , . , . , .
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Figure 4. 3: Turbidity removal during coagulation of varying concentrations of TiO2

suspensions using ferric sulphate (TiO2 = 20 to 100 mg/L, [Fe3*] = 0 0375 mM).

The effectof TiO2 on the removal of NOM by coagulation-flocculation was evaluated,
and the results thereof follow. Removal of UV2s4 absorbing organic matter (OM) was
not affected by the presence of TiO2 duringthe coagulation process illustrated in
Figure 4. 4. This removal profile was similar to the one observed for turbidity,
whereby a rapid decrease in the UV2s4 absorbing organic matter was observed
(decreased from 0.1300 to 0.0300 cml) following treatment with an Fe
concentration of 0.0125 mM. Subsequently, a slight reduction in UV2s4 was
observed when the coagulant dosage was increased from 0.0125 mM to 0.0375
mM. No furtherremoval was observed beyond the Fe dosage of 0.0500 mM. Two
mechanisms were postulated for the removal of OM in the combined

TiO2-coagulation process, namely: 1) removal by coagulation; and 2) removal by
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adsorption onto the TiOz. Differenttypes of organic matter (e.g., fulvic acids, humic
acids, and non-humic substances) have been shown to adsorb onto the surface of
TiO2 NPs and thereafter extracted from water following the settling of TiO2 NPs [6].
Previous studies have shown that the physicochemical properties of NOM, such as
molecular weight distribution and hydrophobic and hydrophilic properties, have a

significantimpacton the interaction of NOM with NPs.
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Figure 4. 4: UV2s4 removal by ferric sulphate in the presence of TiO2 (TiO2 =
20-100 mg/L, [Fe]= 0012 mM to 0 2 mM, pH=5).

Removal of OM by coagulation is one of the most effective methods in water
treatment [7]. Accordingto Yan et al., [8] peak NOM removal happensundervaguely
acidic conditions for coagulants that are not pre-hydrolysed such as alum and ferric
salts (pH < 6.0) [8]. This coincides with the results presented in
Figure 4. 5, where the best OM removal by ferric sulphate was achieved at pH 5.
However, for the pH that was used in these tests (pH 5), both the TiO2 surface and
OM are negatively charged [3,6] (Figure 4. 3), thus reducing the opportunities for
adsorption. Since no difference was observed in the removal of UV2s4 absorbing

NOM in the presence of various concentrations of TiO2 