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Abstract

Emerging contaminants pose health threats to flora and fauna even at trace level
concentrations. Among these pollutants, estrogenic steroidal hormones such as estrone
(E1), 17B-estradiol (E2), estriol (E3) and 17a-ethynylestradiol (EE2) are known to
cause endocrine disruption, especially in aquatic systems. The successful treatment of
these chemicals in water requires advanced oxidation processes (AOPs) in addition to
the conventional treatment methods. Photocatalysis by TiOz2 that utilises free radicals
for the photodegradation of organic pollutants is an AOP that has attracted recent

research interest.

TiO2 photocatalysis face challenges such as its inability to degrade pollutants under
visible light irradiation, the requirement for suitable immobilisation techniques for
catalyst reuse and the need for appropriate methods to transmit light over long
distances including under water. Each of the aforementioned shortcomings should be

addressed for TiO:2 to be successfully applied.

This study focusses on addressing the challenges to effectively degrade estrogenic
steroidal hormones using TiO2 photocatalysis. Commercial Aeroxide P25 TiO2 was
modified with gold nanoparticles to achieve visible light photocatalytic activity. Au-
Ti02 photocatalysts were synthesised using deposition-precipitation (DP) method and
characterised using thermogravimetric analysis (TGA), X-ray diffraction (XRD),
Raman spectroscopy, UV-Vis spectroscopy, scanning electron microscopy (SEM),
inductively coupled plasma mass spectrometer (ICP-MS), zeta potential and particle

size analysis.



The performance of the new catalysts was compared to that of commercial P25 TiO2
under different LED light sources: UVA, cool white and green. For the degradation of
El, E2, E3 and EE2, 0 — 8 wt.% gold loadings to P25 TiO2 were studied, where 4 wt.%
Au-TiO2 was found to provide the fastest degradation rate of the pollutants. The
catalysts’ performance decreased for the light sources in the order, UVA > cool white
> green light. Photocatalysis of E1 (1 mg I"") was found to follow pseudo 1% order
kinetics. E1 degradation was significantly more efficient by using 4 wt.% Au-TiO2
than P25 TiO2 under UVA (k= 0.28 £ 0.01 min™! vs. 0.01 min™') and cool white light
(k=2.44+0.36 h' vs. 0.06 £ 0.01 h"). The photocatalytic activity under visible light
decreased in the order: 4 wt.% Au-TiO2 > 8 wt.% Au-TiO2> 2 wt.% Au-TiO2 > 1 wt.%
Au-TiO2 > P25 TiOz. The enhanced activity of the Au-TiO2 catalysts was attributed
to the gold nanoparticles acting as electron sinks to minimise electron-hole
recombination under UVA and due to increased absorption of light in the 500-600 nm

wavelength as a result of localised surface plasmon resonance (LSPR).

The stability of the catalysts for reuse is an important factor for consideration in
photocatalysis. This was studied by reusing the catalysts over three cycles, for the
photodegradation of E1. After three cycles of photocatalysis, the activity did not
diminish by any significant amount (< 3%), showing the reusability of the
photocatalysts. The detection and identification of photodegradation by products is
important to understand the degradation mechanism of the pollutants. The
photodegradation by-products of E1 were identified using QTOF-LC-MS and a
possible degradation pathway was proposed. Four E1 by-products were identified, of
which one was lumiestrone and the other three were hydroxylated forms of El. In

addition, the photoproducts were also degraded with further photocatalysis.



The constituents of water influence the rate of photodegradation of pollutants. The
photocatalytic rate of E1 were studied using three different water matrices — ultrapure
water (UPW), synthetic waste water (SWW) and wastewater effluent from membrane
bio-reactor (WW). The photodegradation rate of E1 decreased for the water matrices
in the order, UPW > SWW = WW. This may be due to the negative effects of the

constituents present in wastewater.

The recycling of photocatalysts is a major challenge faced by TiO2 suspended
catalysts, since the costs of separating the catalysts from the water is not economical.
The immobilisation of the catalysts onto different substrates is considered as an
alternative, in the expense of lost catalyst surface area. Here, the photocatalysts were
coated onto glass beads using a simple dip coating technique followed by drying,
calcination and washing with water to remove any loosely bonded catalysts. The
immobilised catalysts proved to be capable of photodegrading EE2. The catalysts were

easily reused by removing the glass beads, washing and drying them in furnace.

Transmitting light over long distances and underwater currently restricts the
application of TiO2 photocatalysis to the surface layer of water. This study addresses
this limitation with: (i) a novel modified air-clad optical fibre and (ii) a flexible
waterproof LED strip, reactor systems. The silica core of the air-clad fibres were
capable of transmitting UVA and white light emission whilst the higher numerical
aperture of the air-clad fibres compared to the conventional fibres enabled higher
transmitted powers, effectively translating into significantly lower energy
consumption. Efficient side emission of light from the optical fibres was obtained by
collapsing the air-holes of an air-clad optical fibre using a fusion splicer. The optical

fibre utilised photocatalytic reactor system efficiently removed the pollutants under



UVA, where 4 wt.% Au-TiO2 showed enhanced activity compared to P25 TiOz. The
rate of photodegradation for both the catalysts was found to follow pseudo 1* order
kinetics. EE2 #12 under UVA were 1.26 h and 0.78 h, in the presence of P25 TiO2 and
the gold modified catalysts, respectively. The catalysts as well as the fibres were found
to be stable for multiple reaction cycles with small loss of activity at the end of each
cycle (6% decrease in degradation efficiency was noted after three cycles). A white
light waterproof LED strip reactor showed good removal efficiency for the pollutant
E3 in the presence of Au-TiO2 photocatalysts, following pseudo 1° order kinetics with
k=0.13 h'! and t;> = 4.62 h. No degradation of the pollutants was observed in the
absence of the catalysts (photolysis). There was no change in the E3 concentration
after the initial adsorption under darkness in the presence of P25 TiO2, since it is
inactive under visible light. Thus, air-clad optical fibres and the flexible waterproof

LED strips are promising modes of light transmittance for photocatalysis.
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Chapter 1: Introduction

1.1 Research background

Endocrine disrupting chemicals (EDCs) are considered a threat to many living
organisms. EDCs are exogenous chemicals that alter the functions of endogenous
hormones to cause adverse effects, especially in reproductive health (Frontistis ef al.,
2015; Roig et al., 2013). EDCs can be present in the environment at trace
concentrations but can still cause significant damage (Snyder et al., 2003). Wastewater
treatment plants remain the main mode through which EDCs reach the environment
(Fredj et al., 2015; Snyder et al., 2003) and so aquatic life are particularly affected.
EDCs consist of natural and synthetic hormones, pharmaceutical and personal care
products (PPCPs), pesticides and some metals (Westerhoff et al., 2005). EDCs are
resistant to biodegradation, hence their complete removal by conventional water
treatment facilities is difficult (Grover et al, 2011; Johnson and Sumpter, 2001;
Khanal et al., 2006). Hence, the successful removal of EDCs from wastewater requires

new biological, chemical and/or physical treatment techniques (Oller ef al., 2011).
1.1.1 Estrogenic steroidal hormones

Estrogenic steroidal hormones include E1, E2, E3 and EE2. The chemical structures
of these hormones are depicted in Figure 1.1. They are known as major cause of
endocrine activity in waterways (Onda et al., 2003). The occurrence of these hormones
in wastewater, ground water, surface water and in drinking water has been reported
(D'Ascenzo et al., 2003; Fine et al., 2003; Klein, 2012; Wang et al., 2008a). E1, E2
and E3 are naturally occurring (endogenous) estrogens, while EE2 is used as an active

ingredient in oral contraceptive pills.



E3 EE2

Figure 1.1. Chemical structures of estrogenic steroidal hormones. The atomic

numbering scheme is shown in the structure of E2.

1.1.2 Photodegradation

AOPs that degrade potent chemicals by free radical oxidation (Wang and Xu, 2012)
have been implemented relatively recently. The main AOPs are photolysis,
photocatalysis, ozonation (Qiang et al., 2013), -electrochemical oxidation
(Murugananthan et al., 2007), sonolysis (Suri et al., 2007), ferrate (Jiang et al., 2005)

and fenton oxidation (Brienza et al., 2014).

Photodegradation is a promising technology that uses light for the removal of EDCs
and consists of photolysis where molecules undergo decomposition as a result of the
absorption of light energy and photocatalysis which is the transformation of a
compound by a catalyst that is activated by light energy (Macwan et al., 2011). TiOz,

Zn0O (Behnajady et al., 2006; Subash et al., 2013), WOs (Liu et al., 2012b), ZnS



(Sharma et al., 2012; Torres-Martinez et al., 2001), SnO2 (Wu et al., 2009a; Zhang et
al.,2011a), FeCl3s (Wang et al., 2007), Fe203 (Niu et al., 2010; Valenzuela ef al., 2002)

and B12WOs (Zhang and Zhu, 2012) are some of the commonly used photocatalysts.

TiOz2 1s a particularly attractive photocatalyst due to its high activity, chemical and
photo stability and commercial availability (Schneider ef al., 2014). The band gap
energy of TiO2 (3.2 eV for anatase) requires UV light for activation, which is only
about 4% of the incident solar radiation (Dette et al., 2014). Modification of TiO2 to
lower the band gap and enable visible light absorption are therefore attracting

significant research interest.

1.1.3 Visible light photocatalysis

Noble metals (Ag, Au, Pt, Pd and Ru) can enhance the UV light activity of TiO2 while
introducing a notable visible light response (Yan ef al., 2013). Gold is favoured due
to its non-toxicity, stability and biocompatibility (Ayati et al., 2014). Though bulk
gold has low activity, in nanoparticulate form gold absorbs visible light around 550
nm due to its localized surface plasmon resonance (LSPR) (Tanaka ez al., 2012). LSPR
is the collective oscillations of the conduction electrons induced by electromagnetic
irradiation (Wu et al., 2008). Under UV irradiation, some electrons from the TiO2
conduction band (CB) cross to gold nanoparticles on the TiO2 surface; electron-hole
recombination rates are reduced as a consequence (Chen et al., 2012). Under visible
light irradiation, electrons that gain sufficient energy to overcome the Schottky barrier
can cross to the CB of TiO, hence leading to the visible light activity of the catalyst
(Lin et al., 2015b). In addition, some of the hot electrons in gold also move to the gold

surface to form free radicals, which in turn degrade the pollutants (Lin et al., 2015b).



Au-TiO2 has been found to show photocatalytic activity for the production of Hz
(Priebe et al., 2015), reduction of NOx (Nguyen et al., 2008), oxidation of CO (Li et
al., 2006) and for the removal of pollutants from water, for example, azo-dye
degradation (Arabatzis ef al., 2003) and the removal of p-nitrophenol (Ismail et al.,
2012). A detailed review of the use of Au-TiO: for the removal of pollutants from

water can be found elsewhere (Ayati et al., 2014).

1.1.4 Immobilisation of photocatalysts

A significant issue with suspended photocatalyst particles is the difficulty of
separating the catalyst from water once treatment is finished. Therefore, efficient
catalyst immobilisation techniques are required if photocatalysis is to be applied in the
commercial scale. Immobilisation of catalysts on different substrates such as glass
(Liu et al., 2012a), quartz (He et al., 2016; Tanizaki et al., 2002), ceramic (Zhao et al.,
2009a), alloy (Coleman et al., 2000), inner wall of the reactor (Du et al., 2008) or
membranes (Dzinun et al., 2015; Nakashima et al., 2003; Zhao et al., 2016) has been
studied. Nevertheless, one of the major disadvantages of these methods is the inability
of the light to penetrate throughout the reactor, restricting the placement of the

catalysts to close to the surface of the water (Peill and Hoffmann, 1996).

1.1.5 Optical fibres for photocatalysis

Optical fibres allow light to be transmitted long distances with minimal loss,
potentially making bench studies practical in real environments. Catalysts could either
be immobilised onto the fibres (Lin et al., 2015a; Lin et al., 2017; Sun et al., 2000) or
the light emitted by the fibres could be cast to the catalysts coated on another surface

(Denny et al., 2009; Lin and Valsaraj, 2005). However, end emission from the fibres



is insufficient to activate large surface areas of the catalysts. A few studies have used
side emitting optical fibres to address the aforementioned issues. On the other hand,
most of the light in these fibres propagates in the forward direction, hence resulting in
only a small portion of side emission, which may be insufficient for satisfactory
photocatalytic activity. In addition, the light cannot be transmitted for long distances
as a result of the loss due to side emission. Therefore, new techniques to attain

selective side emission from optical fibres are required.

1.2 Research questions, objectives and scope

The major objective of this research is the development, characterisation and use of
TiO2 based visible light active photocatalysts (immobilised or in slurry form) for the
abatement of the EDCs — E1, E2, E3 and EE2 under different light sources and water

matrices and the identification of by-products.

In detail, the main research objectives of this study are to,

1. Synthesise Au-TiO2 photocatalysts and examine their characteristics.

2. Develop detection techniques for EDCs using QTOF-LC-MS and LC-MS-QQQ.

3. Immobilise the photocatalysts onto glass beads and study their photocatalytic
ability.

4. Measure the photocatalytic efficiency of the as prepared catalysts for the
degradation of EDCs (e.g. E1, E2, E3 and EE2) under UVA, visible and green
light.

5. Study the influence of different water matrices (UPW, SWW and WW) on the

photodegradation of E1 and E2.
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6. Identify the by-products of the pollutants and propose possible degradation
pathways.

7. Modify air-clad optical fibres to achieve side emission of light and use the fibres
to transmit light to underwater photocatalytic reactors for the abatement of EE2.

8. Utilise flexible waterproof white light LED strip for the successful light

transmittance underwater enabling photocatalytic degradation of E3.

1.3 Overview of the thesis

To achieve the aforementioned objectives, the thesis is divided into seven chapters. A

summary of these chapters is as follows:

Chapter I outlines the study, including a background of the research problem, the key

objectives and the scope of this project.

Chapter 2 provides a comprehensive literature review describing the EDCs studied,
the use of TiO2 based visible light photocatalysts for the degradation of these EDCs,
Au-TiO2 photocatalyst synthesis techniques, the factors affecting photodegradation of
estrogenic hormones and the formation of intermediates. Different catalyst
immobilisation techniques as well as the use of optical fibres in photocatalysis are

discussed.

Chapter 3 includes the chemicals and materials used in the experiments, the equipment
used for photocatalyst characterisation, experimental setups utilised for
photodegradation studies and the details of the techniques used to analyse the water

matrices and the pollutants.

Chapter 4 describes the synthesis and characterisation of gold modified TiO2

photocatalysts.
11



Chapter 5 investigates the use of P25 TiO2 and Au-TiOz for the photocatalytic removal
of E1 in different water matrices under UV A, cool white and green LEDs and elucidate

possible degradation intermediates to propose possible degradation mechanism of E1.

Chapter 6 includes the use of modified air-clad optical fibres and flexible waterproof
LED strips to enable underwater light transfer for the photocatalysis of E3 and EE2 in

the presence of P25 TiO2 and Au-TiO2 photocatalysts.

Chapter 7 draws the major conclusions of this study and provides recommendations

for future research.
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Chapter 2: Literature Review

This review provides an overview of TiO2 based photocatalysts for the degradation of
estrogenic hormones under different conditions together with an examination of the
factors that influence the removal efficiency of the pollutants and the possible
degradation mechanisms and pathways. Different methods of Au-TiO2 preparation,
immobilisation techniques and the use of optical fibres as a mode of light transfer for

photocatalysis are discussed.

2.1 Introduction

The known EDCs, E1, E2, E3 and EE2 are major contributors of estrogenicity in
aqueous systems (Onda et al., 2003) and are the focus of this study. These hormones
have similar chemical structures to each other (Figure 1.1) and are distinguished by
their substitution at C16 and C17. E1, E2, and E3 have carbonyl or hydroxyl group
substituents, while the synthetic EE2 contains an ethynyl substituent. The estrogens
have low vapour pressures in the order of 9 x 10"* to 3 x 10 Pa (Table 2.1) and have

relatively low water solubility and are reasonably hydrophobic.
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Table 2.1. Physicochemical properties of estrogenic endocrine disrupting steroidal hormones.

Compound CAS Chemical MW Water solubility Vapour pK. log Kow log Ko Potency by
number Formula 1 at 20 °C (mg I'") pressure (Pa)* YES assay!
(g mol™)
El 53-16-7 CisH»0, 270.4 30* 3x10°® 10.34+0.05 3.13-3.43¢ 3.1-3.5% 0.38
E2 50-28-2 CisH240, 272.4 132 3x10°® 10.46+0.03 2.69-4.0* 2.78-3.4* 1
E3 50-27-1 CisH2403 288.4 13b 9x10°13 10.38+0.02 2.81° 3.5%(calc.) 0.0024
EE2 50-63-6 C20H240, 296.4 4.7-192 6x107 10.40+0.01 3.67-4.2* 3.8% (calc.) 1.19

#Johnson and Harvey (2002)

bJiirgens et al. (1999); Hanselman et al. (2003)
“Lai et al. (2000)

dRutishauser et al. (2004)

Kow: Octanol-water partition coefficient

Koc: Organic carbon normalized partition coefficient



The yeast estrogen screen (YES) assay is widely used for measuring biological
potencies of estrogenic chemicals (Table 2.1). EE2 and E2 are the most potent among
the four hormones discussed here while E3 has the lowest estrogenicity (Rutishauser
et al., 2004). In comparison, bisphenol A, a well-known EDC, has a potency of
estrogenic activity, as measured by YES, 1/15,000 that of E2 (Ying ef al., 2004). In
the European Union’s “first watch list for emerging water pollutants”, E2 and EE2
have been included, to be monitored across the EU for up to four years (Directive,
2013). Table 2.2 shows concentration data for estrogenic steroidal hormones in the

influents and effluents of STPs from various countries.

A few studies have been carried out on the endocrine disrupting effects of the
estrogenic hormones E1, E2, E3 and EE2 among other EDCs in Australian waters
(Gadd et al., 2010; Game et al., 2006; Scott et al., 2014; Uraipong et al., 2017). A
survey by Uraipong et al. (2017) found EE2 concentrations between 15 and 29 ng 1!
EE2 in South Creek, NSW, at sites upstream and downstream of the municipal STPs.
An assessment of endocrine activity in Australian rivers found that E1, E2 and EE2

exceeded their predicted no-effect concentration a number of times (Scott et al., 2014).
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Table 2.2. Concentrations and removal efficiency of major estrogenic hormones in different STPs.

Compound Influent (ng ') Effluent (ngl') Removal (%) STP Reference
El 44 17 61 6 STPs, Rome, Italy D'Ascenzo et al. (2003)
20.17-60 5.85-10.58 78-92 STP, Horsham, England Zhang and Zhou (2008)
64.51-116.06 8.6-22.4 81-86 4 STPs, Midlands, England Ifelebuegu (2011)
10.2-34.9 8.3-14.0 49.5 STP, Harbin, China Zhang et al. (2011b)
50-51 10-12 76.5-80 2 STPs, Sfax and Sousse, Tunisia Belhaj et al. (2015)
<5-7 2 STPS, QLD, Australia Leusch et al. (2010)
E2 11 1.6 85 6 STPs, Rome, Italy D'Ascenzo et al. (2003)
26.4-51 2.05-8.92 69-90 STP, Horsham, England Zhang and Zhou (2008)
15.67-82.55 0.9-3.9 83-97 4 STPs, Midlands, England Ifelebuegu (2011)
46.6-93.0 8.7-32.4 69.3 STP, Harbin, China Zhang et al. (2011b)
10.8-19 n.d.-4 79->92 2 STPs, Sfax and Sousse, Tunisia Belhaj et al. (2015)
<5 2 STPS, QLD, Australia Leusch et al. (2010)
E3 72 2.3 97 6 STPs, Rome, Italy D'Ascenzo et al. (2003)
49.8-216.9 n.d.-15.8 94.4 STP, Harbin, China Zhang et al. (2011b)
98-102 n.d.-15 85.5->97.5 2 STPs, Sfax and Sousse, Tunisia Belhaj et al. (2015)
<5 2 STPS, QLD, Australia Leusch et al. (2010)
EE2 n.d.-10 n.d. ~100% STP, Horsham, England Zhang and Zhou (2008)
n.d.-1.54 n.d.-0.5 41-58 4 STPs, Midlands, England Ifelebuegu (2011)
n.d.-11.53 n.d. n.d. STP, Harbin, China Zhang et al. (2011b)
25-45 n.d.-10 77.5->84 2 STPs, Sfax and Sousse, Tunisia Belhaj et al. (2015)
<5 2 STPS, QLD, Australia Leusch et al. (2010)

n.d.: not detected.



Many conventional water treatment technologies may remove a proportion of EDCs
(Grover et al., 2011; Johnson and Sumpter, 2001). For instance, in a municipal STP
in Galicia, Spain, Carballa et al. (2004) found that the overall removal efficiency of
E2 was around 65%, while the concentration of E1 was increased due to the partial
oxidation of E2. Similarly Liu ef al. (2015) observed that around 38% of E1 and 75%
of E2 and E3 were removed in municipal STPs. Hence new biological, chemical or
physical treatment methods are needed to enhance wastewater EDCs removal (Oller

etal.,2011).

AOPs that degrade potent chemicals by free radical oxidation (Wang and Xu, 2012)
have been implemented relatively recently. The main AOPs are photolysis,
photocatalysis, ozonation (Qiang et al., 2013), electrochemical oxidation
(Murugananthan et al., 2007), sonolysis (Suri et al., 2007), ferrate (Jiang et al., 2005)

and fenton oxidation (Brienza et al., 2014).

Photodegradation is a promising technology that uses light energy for the removal of
EDCs and consists of photolysis and photocatalysis. TiO2, ZnO (Behnajady et al.,
2006; Subash et al., 2013), WO3 (Liu et al., 2012b), ZnS (Sharma et al., 2012; Torres-
Martinez et al., 2001), SnO2 (Wu et al., 2009a; Zhang et al., 2011a), FeCls (Wang et
al., 2007), Fe203 (Niu et al., 2010; Valenzuela et al., 2002) and Bi2WOg (Zhang and
Zhu, 2012) are some of the common photocatalysts used. Though TiOz is an efficient
catalyst under UV irradiation, it is inactive under visible light, which is only about 4
% of the sunlight. Therefore, there is a need to develop visible light active catalysts.
Several methods have been used to modify TiO2 with metal, non-metal or through the

combination of both, to attain visible light activity. Modification with novel metals
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have shown to introduce visible light activity in TiO2, with gold emerging as an

attractive option.

2.2 Photodegradation of estrogenic steroidal hormones

2.2.1 Photolysis

Photolysis is a process in which molecules undergo decomposition as a result of the
absorption of light energy. Different sources of light may be utilised but UV
disinfection lamps remain common. There are two types of photolysis, namely direct
photolysis where the direct absorption of photons leads to degradation of pollutants,
and indirect photolysis which occurs in the presence of photosensitisers. Photolysis is
an economic mode of removing estrogenic steroidal hormones, especially under
natural sunlight, but the removal rates are reported to be low. For instance 40-75 days
were required for 50% degradation of E1, E2, E3 and EE2 (Fonseca et al., 2011) under
direct solar irradiation. Most of the bench scale studies showed an increase in
photolysis efficiency in the order: sunlight, UVA, UVB and UVC. For example,
91.6% photodegradation of EE2 was achieved in 30 min under UVC light (Zhang et
al., 2010). Table 2.3 outlines the use of photolysis for the removal of estrogenic

steroidal hormones under different light sources and conditions.
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Table 2.3. Photolytic removal of estrogenic steroidal hormones.

Compound Water type Light source Co (mgl!) % Removal Kinetic data Reference
EE2 Distilled 30 W, A =254 nm 1.6-20.0 - Pseudo 1% order, k = 0.03032- Liu et al. (2003a)
0.00864 min'!
EE2 Distilled 250 W, X >313 nm, 38000 Lux 2.5-15 - k=0.0726 min’! Liu et al. (2003b)
El, E2 Distilled 30 W, A =254 nm, 1500 uyW cm? 10 - Pseudo 1% order, kg; = 0.0119 min™!,  Liu and Liu (2004)
kE2= 0.0173 min‘l
E2, EE2 Distilled 1 kW, A=200-300nm; 4x 15W, - <5% with 15 W lamp; 2" order. kgp=1.41 £0.33 x 10'° M-~ Rosenfeldt and Linden
A =254 nm 17.7% (E2), 21.6% Ysl ke =1.08+ 023 x 10'°°M st (2004)
(EE2) with 1 kW
El, E2, E3, Milli-Q, 1.1 kW, L =290-700 nm, 765 W 0.001- - kg1 =0.15£0.005 h'!, kpp=0.02 + Lin and Reinhard (2005)
EE2 river m? 0.002 0.002 h'!, kg3 = 0.02 £ 0.003 h'!, kgg»
=0.02+0.002 h!
EE2 Sea 16 x 25 W, A =300 nm; Sunlight 8.0 - 1%t order, 0.019 h'! Zuo et al. (2006)
E2, EE2 Distilled 1 kW, A =200-300 nm, 4000- E2: 1362 Estrogenicity removal: ~ Pseudo 1% order Rosenfeldt et al. (2007))
5000 mJ cm™ EE2: 1482 E2:99%, EE2: 95%
EE2 Distilled 150 W, A =238-579 nm - - k=7.1 £ 1.6 m?einstein’’ Canonica et al. (2008)
EE2 River Sunlight, 270 W m~ 10-40 - 1%t order, k = 0.007 h'! Matamoros et al. (2009)
E2 Distilled A =290-720 nm, 650 W m? 0.272 47.6% (6 h) Pseudo 1% order, k = 0.05 h'! Leech et al. (2009)
El Distilled 1000 W, A =290-700 nm, 100 5+0.05 TOC removal (6 h) = Pseudo 1% order, k = 0.0132 min’! Chowdhury et al. (2010)
mW cm?, 17%
EE2 Distilled 30 W, A =254 nm 0.61 91.6% in 30 min Pseudo 1% order, k = 0.091 min™! Zhang et al. (2010)
E2 Distilled 1000 W, A = 300-400 nm, 100 0.005 46% E2in 10 h 1%t order, k = 0.0652 + 0.0033 h'! Chowdhury et al. (2011)

mW c¢cm?, 5.3 x 107 einsteinm 2 s!
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Compound Water type Light source Co (mglY) % Removal Kinetic data Reference
El Acetonitrile 7 UVC lamps 27.04 100% E1 to - Trudeau et al. (2011)
lumiestrone in 5 min
El Distilled 1500 W, A = 300-800 nm, - 50% in 8 h 1t order, k = 0.090 + 0.006 h! Caupos et al. (2011)
250 W m™
El, E2, E3, Distilled Sunlight, 5.4 kWh m™ day! 10 50% removal in days: - Fonseca et al. (2011)
EE2 E1=55,E2=60,E3 =
40, EE2 =175

El, EE2 Distilled (a), UVB, 133 uW cm™ 5x10% - Pseudo 1% order, Atkinson et al. (2011)

river (b), a: kgpa= 0.013 h'!, kg = 0.208 h'l;

lake () b: kega= 0.001 b, key = 0.085 b

C: kEE2= 0.010 h_l, kEl =(0.004 h_l

El, E2, Distilled Solar simulator , A < 300 nm, 0.01 53% net yield of ke =29 x 103!, kpp=2.5x 10°s!,  Whidbey et al. (2012)
EE2 765 W m lumiestrone from E1 Kep=2.6 x 105 57!
El, E2, E3, STPeffluent UV - 33.3%- 73.9% - Huang et al. (2013)
EE2
EE2 Lake Sunlight 11.1x10° - Pseudo 1% order, k = 0.0301 h! Zuo et al. (2013)
E3 Distilled Sunlight; 150 W, A > 300 nm 1.153 - Pseudo 1% order, k = 0.187 h*! Chen et al. (2013)
EE2 Distilled (a), 430 W, A =295-780 nm 3x10* - 1%t order, k,= 0.04 £ 0.02 h'!, Grzybowski and

sea (b), river ky=0.06 £ 0.02 h'l, ke=0.11+0.03 Szydlowski (2014)

(©
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2.2.2 Photocatalysis

Photocatalysis can be used to overcome the disadvantages of photolysis, especially the
slow rate of degradation. Photocatalysis is the transformation of a compound by a
catalyst that is activated by light energy (Macwan et al., 2011). The catalyst takes part
in the reaction to increase the rate of reaction but remains unchanged by the end
(Ohtani, 2010). The photocatalysis material must be able to absorb light and have a
surface capable of interacting with the substances to be catalysed. In most cases, the
photocatalyst consists of small particles of a semiconductor material and thus have a
reasonably large surface area and possess electrons occupying a valance band (VB)
with unoccupied higher energy electronic states CB. The energy difference between
these two bands (the band gap) must be appropriately tuned to allow absorption of
visible or UV light by the photocatalyst. Figure 2.1 shows the UV-visible absorption
spectrum to P25 Ti0Oz2, which absorbs strongly in the UV region. In comparison, of E1,
E2, E3 and EE2 absorb only in a narrow region at very short wavelengths (Figure 2.1)

(also a region where there are very few solar photons at the Earth’s surface).
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Figure 2.1. UV-visible absorbance spectra of E1, E2, E3 and EE2 (left axis) and P25

Ti02 (right axis). Data collected by the authors.

Upon absorption of photons by the photocatalyst, electrons (e”) are transferred from
the VB to the CB leaving holes (h") in the VB (Eq. 1). Hydroxyl radicals are produced
by the reaction between the h™ and the H20 molecules adsorbed on the catalyst surface
(Eq. 2). The target compounds that are adsorbed on the catalyst surface can react with
the e or the h" formed (Eq. 3), while recombination of these charged carriers is also
possible. CB electrons also produce superoxide radical anions (O2*") by reacting with

02 (Eq. 4).

2.2.2.1. Titanium dioxide

Ti0O2 remains the best catalyst choice due to its chemical and photo stability, ability to
degrade a diverse range of chemicals, cheap commercial availability, capacity to
function at ambient conditions, and low toxicity (Xu et al., 2014a). Among the mineral
forms of TiO2; anatase, rutile and brookite; the former is regarded as a better
photocatalyst due to the bulk transport of excitons to the surface (Luttrell ef al., 2014).
P25 (~85% anatase and 15% rutile; 21 nm average primary particle size) is the most
commonly utilised commercial TiO2 (Jovic et al., 2015; Macwan et al., 2011).
However, only a small proportion of solar light has energy greater than the band gap
energy of TiO2 (anatase: 3.2 eV) (Fujishima et al., 2008; Marschall and Wang, 2014).
Therefore, doping procedures have been explored to lower the band gap, enabling
visible wavelengths to be utilised. Table 2.4 outlines the use of TiO2 photocatalysts
for the removal of estrogenic steroidal hormones. TiO2 photocatalytic reaction

processes are as follows, where h" denotes a ‘hole” formed by a missing electron and
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Pad is the pollutant adsorbed on the catalyst surface (Nakata and Fujishima, 2012;

Ribeiro et al., 2015):

TiO2 + hv. ——> TiO2 (e + h") (1)
TiO2 (h") + H.0O —> TiO2 + *OH + H' (2)
TiO2 (h") + P ——> TiO2 + Pag®" 3)
TiO2(¢) + 02 ——>3> TiO2 + O2* (4)
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Table 2.4. Photocatalytic removal of estrogenic steroidal hormones by TiOx.

Compound Catalyst Light source Co(ugl” % Removal Kinetics Reference
D
E2 P25 immobilised on Ti- 150 W, A <300 136.2- 98% (3.5 h) Pseudo 1* order, k =0.0157 Coleman et al.
6Al-4V alloy nm, 8 x 108 817.2 min’! (2000)
einstein s cm
El, E2, EE2  TiO: film on quartz 2x20W,A=359 100 90% E1 and EE2 (30 min), 10% of  kg; = 0.058 min’!, kg, = 0.015 Tanizaki et al.
beads (d =2 mm) nm, 1.4 mW cm E2 (2 h) min!, kggz = 0.05 min'! (2002)
E2 TiO2-PTFE mesh sheets 2x 15 W,A=359 90 98% (1h) 1%t order, kr1 = 0.033 min!; kg, Nakashima et al.
nm, 0.24 mW cm? =0.050 min! (2002)
E2 P25 200 W, A =365 272.4 <99% (30 min) 1% order Ohko et al.
nm, 6 mW cm? (2002)
El, E2 Ti02 immobilized to 8 x 15 W black- 250 E1: 98% (distilled water, 16 min), 1%t order, : kg1 =0.12 min"!, kgo  Nakashima et al.
PTFE mesh light (BL) 90% (sewage effluent, 4 min) =0.15 min’! (2003)
El,E2, EE2  Coating of Ti with TiO. 125 W UVA 10 100% removal: E1: 60 min, E2: 55 1% order, kg; = 0.086 min!, kg  Coleman et al.
min, EE2: 50 min =0.106 min’!, kggx = 0.086 (2004)
min-!
E2, E3, EE2  P25,2% Ag, Pt doping 15 W BL, A=300- 817.2, - 1% order, k = 0.12-0.18 min’! Coleman et al.
400 nm 865.2, (2005b)
889.2
E2,E3, EE2 P25 film in quartz coil 125 W MP Hg 817.2, - 1% order, kgp=0.174 min!, kg Coleman et al.
lamp 865.2, =0.156 min’!, kggo = 0.231 (2005a)
889.2 min-!
El, E2, EE2  TiO: immobilised on 4 W, L=365nm, 270.4, - 1% order, kg; = 0.0043 min™, Mizuguchi et al.
glass beads 600 mW cm? 2724, kg2 = 0.0042 min™!, kgg, = (2006)
296.4 0.0045 min’!
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Compound Catalyst Light source Co(ugl % Removal Kinetics Reference
)
E2 P25 film in quartz coil 20 W, A=254nm, 800 - 1st order, k=0.218 min’! Coleman et al.
74 p einstein s 1! (2007)
E2, EE2 P25 A=365nm, 1.1 500 ~100% (60 min) Kapp = ~10-70 min! Karpova et al.
mW cm (2007)
El, E2 P25 R1: 150 W, A= 0.5 R1: 72% E1, 95% E2 in 2 h; R2: Pseudo 1% order, R1: kg = Zhang et al.
238-579 nm; R2: 99% E1, E2 in 2h 0.85h!, kpp=0.82h'; R2: kg1 (2007)
15 W, A =253 nm =27h" kg,=2.5h"!
E2 P25 8 W, A=365-370 5000 - - Mai et al. (2008)
nm
El,E2, EE2  TiO2 Sunlight 0.5-100  50% E1,55%E2in2h st order, k = 0.01 h! Zhang and Zhou
(2008)
El, E2, E3, P25 8 W, A=300-420 946.4, UVA: El, E2, E3, EE2 =49, 20, 1% order Puma ef al.
EE2 nm, ; 8 W, A= 953.4, 25, ~0% in 180 min. UVC: El= (2010)
0, — 0
253.7 nm 1009.4, 98%, E2, E3, EE2 = 60%
1037.4
El1, E2, E3 P25 immobilised by 6 W, A=365 nm, 0.0276, 95% (100 min) 1%t order, kg = 0.0441 min™!, Zhang et al.
dip-coating 2.8x 10 *einstein ~ 0.0147, kg2 = 0.0507 min’! (2012¢)
m?s’! 0.0134
El, E2, EE2 P25, Hombikat UV 100, 150 W, A > 280 85-300 EE2/P25: 95% (10 min), 95% (90 1%t order Frontistis et al.
Kronos vlp 7000, 7001, nm min- WW); EE2/ Kronos: 95% (25 (2012b)

7100, 7101

min); EE2/Hombikat: 95% (120

min- WW); P25/E2: 100% (90 min-

WW). Other/E2 maximum 80%
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Compound Catalyst Light source Co(ugl % Removal Kinetics Reference
)
El, E2, E3, P25 6W BL, A=365nm 0.100 - 1%t order, kg; = 0.0272 min™!, Zhang et al.
EE2 kg2 = 0.0269 min™!, kg = (2012b)
0.0242 min’!
E2, EE2 P25, Hombikat UV 9 W, A=350-400  50-900 E2/P25: 95% (15 min). - Frontistis et al.
100, Tronox AK1 nm, 2.81 x 10™* EE2/photolysis: 55% (90 min) (2012a)
einstein min™! EE2/sonophotocatalysis: 90%
(4min)
EE2 P25 A=254nm, 1.3 x  3500- Photolysis: 60 = 12% (30 min), Pseudo 1% order, kyyc= 0.03 Nasuhoglu et al.
1073 einstein min™ 5000 P25: 92 + 7% (30 min). min’!, kyverioa= 0.106 min’! (2012)
1—1
El P25, ZnO 18 W, A: 320-400  27-600 95% (10 min) I order, ZnO: k=0.362 min~ Han et al. (2012)
nm, 0.2 W m?; 1 P25: k=0.177 min™!
Sunlight
EE2 A: P25, B: 0.5% 150 W, 2> 280 100-300  Photolysis: 6% (60 min). 90% - Dimitroula et al.
Pt/Ti0,,J:0.5% Pt nm, 13.1 x 103 W removal with A =40-50 min, B = (2012)
(0.12%Na)/TiO- m? 30min , J =30 min
El TiO2-Tytanpol (T1), 700 W, A =254 50,000 - Ist order, kt; = 0.0045 min™, Czech and
TiO2-Sigma (T2), nm, kro=0.0024 min™!, k3= Rubinowska
Hombikat (T3), TiO,- 2 mW cm2 0.0054 min’!, k4= 0.0075 (2013)
S21 Sigma (T4) min-!
El TiO: hybridized 20 W, A =254 nm - - 1%t order, kre= 0.069 min'!, kps  Xu et al. (2014b)
magnetic Fe;O4 =0.029 min’!
E2 P25 8 W, L =365 nm 1000 90% (64 W UV + PVDF) - Lopez Fernandez
etal. (2014)
EE2 P25 8 W, A =365 nm, 1000 100% (30 min) Pseudo 1% order, k = 0.151 Li and Sun
475 uW c¢cm? min’! (2014)
E2 (1) P25, (ii) ECT-1023t, 450 W, L =280- 1000 UV/cat: (i) 98%, (i) 77%, (iii) - Mboula et al.
(1i1)) N-TiOq, (iv) 4wt% 400 nm; L =200 27%, (iv) 48%, solar/cat: 1) 86%, (2015)
(GO)- TiO: nm - 30 pm
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Compound Catalyst Light source Co(ugl % Removal Kinetics Reference
)
(i1) 40%, (iii) 23%, (iv) 59% in 60
min
EE2 TiOz/ WO; 400 W solar 10,000 Ti0: 35% (4 h), TiO2/WO3: 45% Pseudo 1% order, kqpp = 0.0059  Oliveira et al.
(W/Ti=12%) deposited  simulator, 130 (4 h) min’! (2015)
on electrodes mW cm?
E2, EE2 TiO; nanotubes Sunlight 544.8, ~95% (180-240 min) - Kim et al. (2015)
592.8




2.2.2.2 Other photocatalysts

Some other commonly used photocatalysts for the abatement of E1, E2, E3 and EE2
are included in Table 2.5. ZnO is the second-most commonly studied photocatalyst
after TiO2. Some researchers observed increased activity for Zn-based catalysts
compared to TiO:2 but these catalysts could lose their activity as a result of dissolution
and contaminate water through the release of free Zn ions. For instance, Han et al.
(2012) compared the efficiency of P25 and ZnO for the removal of E1 both under
UVA and solar light (Table 2.4) and reported up to three times higher degradation rate
in the presence of ZnO. On the other hand, 52% dissolution of ZnO in 60 min, calls
into question its sustainability. A combination of FeCl3 and NaNO: as photocatalyst
resulted in intermediates that did not possess any estrogenicity, with an E2 degradation
of 86.6% and 99.9% in a day and a month, respectively (Wang et al., 2007). Li et al.
(2010) found that Fe(Ill)-ethylenediamine-N,N'-disuccinic acid (Fe(II[)-EDDS)
exhibited good photoactivity for the degradation of E2 at higher pH values and
suggested that this complex could be utilised in natural waters. Pan ef al. (2014) tested
a novel catalyst TiO2-doped low-silica X zeolite for the degradation of EE2 (Table

2.5) and observed an enhancement factor of 2.3.
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Table 2.5 Photocatalytic removal of estrogenic steroidal hormones by non-TiO: catalysts.

Compound  Catalyst Light source Co(mgl!) % Removal Kinetics Reference

E2,E3, EE2 FeCl3/NaNOy, 18 uM FeCl; +  Mimicked sunlight, 4.032 86.6% in 1 day, 99.9% - Wang et al. (2007)
18 uM NaNO; 12000-15000 Lux in 30 days

E2 Fe(IIT)-EDDS: Fe(ClO4); + 4x15W,L=300- 1.362 - - Lietal (2010)
S,S-ethylene diamine-N,N- 500 nm
disuccinic acid mixed in 1:1

El ZnO coated on glass to form 2x9W,A=365nm, 0.5 87% in 360 min Pseudo 1* order, k = 0.58 Liu et al. (2012a)
nanorod arrays 5.7Wm™? min*!

EE2 Zn0, 500 mg I'! 150 W, A > 280 nm, 0.5 100% EE2, 32% 1% order, Frontistis et al.

0.0131 Wm™2, estrogenicity in 40 min | = 0 41 min"! (2012¢)

EE2 ZnO immobilized on glass, 4 150 W, A>280 nm 0.1 80% in 90 min Kapp = 0.0173 min’! Koutantou et al.
gl! (2013)

EE2 Ag/ZnO hollow sphere, 0.5g 8 W, A=254nm, 145 2.7 ~100% for Ag/ZnO, Pseudo 1% order, kyv/ zno= Lietal (2014)
I'', P25 W m™2 53% for ZnO in 50 min  0.013 min’!, kagzno= 0.067

min“, kUv/pzs =0.017 min"
EE2 TiO,-doped low-silica X A =254 nm 10 UV: 60%, UV/TiOx: Pseudo 1% order, kapp = Pan et al. (2014)

zeolite (TiO-LSX), 0.1- 0.5 g
1-1

90% (60 min), TiO,-
LSX efficiency: 2.3 x
TiO;

0.045 min' (0.1 g 1!
catalyst)




2.2.3. Photodegradation coupled with other advanced oxidation processes

AOPs such as H202, O3 and Fenton reagent can be combined with photolysis and/or
photocatalysis to improve the degradation efficiency of EDCs (Table 2.6). Most of the
studies showed an enhancement in ozonation in the presence of UV but a recent pilot
scale study by PeSoutova et al. (2014) indicated a drop in the degradation rate of E1,
E2, E3 and EE2 under O3/UV and O3/H202/UV compared to O3 on its own. The
authors attributed the decline in removal rate to the presence of *OH scavengers such

as CO3% and HCOs'.

The UV/H20: process has proved to be highly effective compared to utilising
photolysis or H20:2 alone. For example, degradation of six EDCs under UV/H202 was
45-197 times that of UV and 11-53 times better than using H20O:> alone (Zhang and Li,
2014). The addition of H202 to TiO2 photocatalysts increased the rate of degradation
of pollutants. Mizuguchi et al. (2006) evaluated the influence of H202 (1.32 mM) on
the photodegradation of E1, E2 and EE2 (1 uM) with TiO2 immobilised on glass beads
and found that the estrogens were degraded faster in the presence of H2O2 compared
to using only TiO2 (Table 2.4). An increase in the degradation rate of E1 and E2 with
increased concentrations of H2O2 was observed. H20:2 acted as an electron acceptor
limiting e - h" recombination and as a scavenger of VB holes at high concentration

(Zhang et al., 2007).

The photo-Fenton process employs Fe** or Fe’" along with H2O> and a light source
and portrays better activity than the dark-Fenton method through the production of
additional *OH radicals. For example E1, E2 and EE2 were completely removed
within 5 to 10 min when a simulated solar light photo-Fenton process was used

(Frontistis et al., 2011b).
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Table 2.6. Photodegradation of estrogenic steroidal hormones by UV/O3, UV/H20:2 and photo-Fenton reaction.

Compound Method Conditions Light source Co(ugl') % Removal Kinetics Reference
E2 0;/UV pH 6.25, 03 15.89 15 W, L =254 nm 2.72x10*  ~100% E2 in 45 min - Irmak et al. (2005)
umol min™!
El,E2,E3  O3/H,0,/UV Secondary effluent, Oz: 230 W, A =254 nm El1:1.95 99.4% E1, 98.2% E2, - Pesoutova et al.
EE2 H,O0,=1:1.6, pH 7.4 E2:2.88 98.7% E3, 99.6% EE2 (2014)
E3:2.52
EE2: 3.59
E2, EE2 UV/H,0, Milli-Q or river water, 4 x 15 W, A=253.7 E2:0.2 - Pseudo 1% order Chen et al. (2007)
10 ppm H>0, nm,2000 mJ cm2 EE2: 1
EE2 UV/H,0; 5 mg I'' H,0, 30 W, A=254 nm, 15.093 2000 95% estrogenicity Pseudo 1% order, kyy=0.2753  Zhang et al. (2010)
Wm™ removal in 40 min min!, kuvi2o2= 0.4187 min’!
El, E2, UV/H,0, Wastewater effluent, 700 W 0.4 90% E2, EE2 - Hansen and
EE2 Andersen (2012)
EE2 UV/H,0, H0,=5 mg I'! 14 W, A =254 nm, 154 650 90% removal (30 min), Pseudo 1% order, kyv=0.0075 Li et al (2013)
IJ,W cm? > 99% (60 mln) min", kuvmz02= 0.0630 min’!
El,E2,E3 UV/Hy0, H»0,=0.018 mol I'!, 75 W, A =253.7nm, 0.069 0.15 97% E1, 92% E2,95%  Pseudo 1% order, kg1 = 0.282 Zhang and Li
EE2 pH 7 mW cm 2 EE2,94% E3in2min  min’!, kep= 0.637 min',, k;z=  (2014)
0.463 min’!, kggp = 0.73 min™!
El, E2, E3, Nanofiltration/ 100 mg "' HyO,, A =254 nm 1000 >74% removal Pseudo 1% order Pereira et al.
EE2 UV/H,0:; surface water (2012)
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Compound Method Conditions Light source Co(ugl') % Removal Kinetics Reference

EE2 UV/H,0,, Secondary effluent, 11 W, 7.15 peinstein s'; 100 100% in 15 min of - Frontistis et al.
Fe?" in FeSO4-7H,O 150 W solar simulator, UVC/H,03; 86% in 60 (2015)

Solar/Fe** 0.174 peinstein s™! min of solar/Fe?*

E2 Photo-Fenton 10 mol "' Fe(IlI), 250 W, A>313 nm, 1.7 x 5012 75.2% in 160 min 1% order, reaction rate = 0.157  Feng et al. (2005)
1000 mol I H,O2, pH  10° lux mol 1" min™!
3

E2 Photo-Fenton 5 g 1! a-FeOOHR, Fe 2x15W,A=365nm, 03 272 86.4% in 8 h - Zhao and Hu
05g1",9.7mMH,0, mW cm? (2008)

El, E2, Photo-Fenton  Secondary effluent, 5 150 W solar simulator 200 100% in 5-10 min kg1 =11.1 min™!, kgy = 6.67 Frontistis et al.

EE2 mg 1! Fe**, 17.2 mg I'! min™', kggo = 100 min’! (2011b)
H202

E2 Photo-Fenton =~ Wastewater 3x30W,A=365nm 1510 100% in 5-10 min 1% order, k = 0.161 min"! in Brienza et al.

H,0,/Fe(Il)

(2014)




2.3 Factors affecting photodegradation

The efficiency of photodegradation of estrogenic steroidal hormones depends on many
factors such as the physico-chemical properties and initial concentrations of the
pollutants, the light source, photon flux, type and loading of catalysts, and aqueous
composition including the presence and type of dissolved organic matter (DOM), pH

and temperature.

2.3.1 Photolysis

2.3.1.1. Light source and intensity

Photolysis experiments are conducted under various light sources emitting different
wavelengths either monochromatic or polychromatic. Most common sources are
UVC, UVB, UVA, simulated solar light and natural sunlight. The degradation
efficiency of steroid hormones increased as the wavelength of the source moved from
visible to UV as a result of an increase in photon flux and due to the strong absorption
of photons by the estrogenic hormones under UVC (Figure 2.1) (Puma et al., 2010).
However, the light sources did not have the same effect on all the estrogens. For
instance, E1, E2 and EE2 were removed at a similar rate during photocatalysis, while
the photolytic degradation efficiency under UV A irradiation followed the order EE2
> El > E2 (Coleman et al., 2004). Liu et al. (2003a) observed (Table 2.3) that a high
pressure (HP) Hg lamp (A > 365 nm) did not lead to photodegradation of EE2, while
a significant amount of removal occurred in the presence of a UV disinfection lamp (A
=254 nm). This was attributed to the fact that EE2 has absorption peaks around 254
nm, whereas its absorption above 350 nm is virtually zero (Figure 2.1). On the other

hand, Rosenfeldt and Linden (2004) concluded that a low pressure (LP) UV (A = 254
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nm) was inefficient in the estrogenic activity removal of E2 and EE2, while medium
pressure (MP) UV (A = 200-300 nm) proved to be effective even under lower
fluorescence. The absorption spectrum of E2 and EE2 is 240-330 nm (Mazellier et al.,
2008); hence their overlap with natural sunlight is narrow, requiring longer periods of

exposure for degradation (Figure 2.1).

An increase in light intensity (/) generally results in an increase in the removal
efficiency, though the change in rate constant varies depending on the type of

pollutants and the range of light intensity (Table 2.7a).

2.3.1.2 Solution matrix

Photodegradation of pollutants depends on the type of water matrices used, with key
factors being the source of water (e.g. river water, STP effluent), presence of DOM,
initial concentration of the pollutants (Co) and solution pH. Firstly, if the water
composition is considered, the removal efficiency tends to drop as the complexity of
the matrix is increased. For instance, Trudeau et al. (2011) found that E1 was
transformed into lumiestrone under aerobic conditions in acetonitrile, while a slower
degradation was observed in sewage water due to the drop in UVB penetration through
wastewater. On the other hand, the study by Lin and Reinhard (2005) showed that the
photolysis rates were faster in river water compared to that in Milli-Q water due to
photosensitisation by DOM in river water. Similar results were reported for EE2 in
natural water, with an enhancement factor of 6.1 for the rate constant compared to that
in Milli-Q water (Canonica et al., 2008). Matamoros et al. (2009) used Milli-Q water,
river water and seawater as media for EE2 photolysis and attained similar
photodegradation rates. Rosenfeldt et al. (2007) observed that the UV fluorescence
needed for 90% loss of estrogenicity of EE2 in the presence of H20:2 in deionised water
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was less than that required in natural water. Therefore it is possible that most of the
laboratory studies conducted in deionised water could either underestimate or

overestimate the actual rate of removal.

The presence of DOM has shown both positive and negative effects on
photodegradation depending on its constituents (Table 2.7b). Photolysis rates
generally increased in the presence of DOM such as humic acid (HA) and Suwannee
river fulvic acid, because of an increase in free radicals that can oxidise the EDCs.
However, the rate of increase is much lower at high DOM concentrations due to the
scavenging of oxygen species and a drop in the light transmittance through the
solution. Whidbey et al. (2012) attributed the drop in E1 photolysis to Suwannee River
Fulvic Acid acting as an inner filter. The inhibition of E3 photolysis under elevated
light intensity was attributed to the photoactivated HA species being more efficient

free radical quenchers than the parent HA (Chen et al., 2013).

The rate of photolytic degradation generally declines with increasing initial
concentration (Co) of the pollutants. It is noteworthy that the EDCs typically exist in
the ng I'' range or less in most environmental water matrices, while laboratory studies
are conducted mostly at elevated levels ranging from ng I'! to mg 1! (Tables 2.3 — 2.6).
Hence, these results have to be extrapolated to real waterways with some degree of
uncertainty. Chen et al. (2013) observed that the rate constant of E3 photodegradation
rose with decreasing Co, hence predicting that the removal of E3 would be even faster
in waterways due to their lower concentration. Similarly an increase in removal rate
with decreasing Co for E1, E2 and EE2 was observed in pg 1! to mg I'! range by
Chowdhury et al. (2010), Liu and Liu (2004), Liu et al. (2003a), Liu et al. (2003b)

and Zhang et al. (2010).
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The pH of water affects photolysis rates of E1, E2, E3 and EE2 where the photolysis
rate are low under acidic conditions, increasing gradually up to pH 9 and sharply above
pH 9. The gradual increase is attributed to the increase in OH™ concentration, which in
turn creates more *OH radicals for photolysis. Greater removal efficiency is observed
above the pK. (Table 2.1) values of the estrogens, where more of the pollutants turn
from neutral to being negatively charged. Therefore, these compounds undergo
electrophilic attack by reactive oxygen species resulting in further degradation. The
above trend was observed by Chen et al. (2013) for E3 photodegradation, which
slightly increased with a rise in pH from 6.0 to 8.0, and rapidly increased for pH
between 8.0 and 10.0. A few other studies in the range of pH 2-9 stated pH 7-8 as the
optimum (Table 2.7c), since the rate of EDC removal plateaued in that region
(Chowdhury et al., 2010; Liu et al., 2003b) although higher photolysis rates might be

expected above the pK. of the hormones.

Table 2.7 (a) Effect of light intensity (/) on photolysis rate constant (k).

Compound 7 (W m?) Effect of ‘I’ Reference

El 250-1000 kal Chowdhury et al. (2010)
E2 250-1000 ko I°° Chowdhury et al. (2011)
EE2 2.456-15.09 In k= 2.05 In(J) - 6.593 Zhang et al. (2010)

‘oa’: directly proportional

(b) Effect of dissolved organic matter (DOM) on photolysis rates.

Compound Type of DOM Effect of DOM Reference

E2 15 mg I'"HA + Leech et al. (2009)

El 10mg1'DOM  + Caupos et al. (2011)

E2 0-10mg I"HA  + Chowdhury et al. (2011)
El, E2, 10 g 1! fulvic - (E1) Whidbey et al. (2012)
EE2 acid + (E2, EE2)
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E3 5mgl'HA + (Weak sun) Chen et al. (2013)

- (Intense sun)

‘+’: DOM increases photolysis rate; ‘-’: DOM decreases photolysis rate.

(c) Effect of pH on the photolysis rates of estrogenic compounds.

Pollutant pH range Optimum pH Reference
EE2 4-9 7 Liu et al. (2003b)
El, E2 2-8 6- 8 Liu and Liu (2004)
E2 3-9 7 Chowdhury et al. (2010)
E3 6- 10 8- 10 Chen et al. (2013)

2.3.2 Photocatalysis

2.3.2.1 Light source and intensity

Light sources have been shown to have an impact on photocatalysis as well as
photolysis. Most of the TiO2 photocatalytic experiments with estrogenic hormones
were conducted using UV sources, with only limited studies being reported with
simulated or natural sunlight. The increase in TiO2 absorptivity and subsequent
activity at wavelengths shorter than 400 nm agrees with the results obtained by
Coleman et al. (2007) where UVA photocatalysis produced better results in
comparison to a solar lamp, while UVC/P25 provided the most efficient removal of
E2, E3 and EE2. Therefore, though solar photocatalysis is a possible mode of

eradicating EDCs, UVC photocatalysis remains most effective.

The photocatalysis rate generally increases in proportion to the light intensity at low
intensity, due to the increased production of oxidising species. Increase in the removal
rate of EE2 with increasing light intensity has been reported (Dimitroula et al., 2012;

Frontistis et al., 2012a). The influence of light intensity on rate becomes less with
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increasing intensity, due to recombination reactions or as a result of bimolecular
combination of *OH radicals. At high light intensity, the rate is independent of

intensity as mass transfer becomes the rate limiting step (Coleman et al., 2005a).
2.3.2.2 Catalyst loading

Optimum catalyst loadings varied between 0.05 and 1 g 1! across different studies
(Table 2.8). An increase in the removal rate with increased loading at low to moderate
loading is attributed to the rise in availability of active sites. At higher loadings, light
penetration can decrease and light scattering can become significant. Agglomeration
and sedimentation of catalyst can also become problematic at higher loadings (So et
al., 2002; Zhang et al., 2007). Zhang et al. (2007) observed that when TiO:2
concentration was increased from 0.5 to 2 g 1!, the degradation of E1 and E2 increased,
though a further increase in catalyst concentration to 4 g 1! did not affect the
degradation kinetics. The optimum catalyst loading also varies depending on the water

matrices (Frontistis ef al., 2012b).

Table 2.8. The optimum catalyst loading for the removal of estrogenic hormones

during photocatalysis.

Compound TiO; Matrix Optimum Reference
loading loading
(48] e
El, E2 0.5-4.0 Ultra-pure water 1.0 Zhang et al. (2007)
El 0.01-1.0 Deionized water 0.5 Han et al. (2012)
E2 0.1-2.0 Milli-Q water 0.5 Mai et al. (2008)
EE2 0.25-0.5 Ultra-pure water 0.5 Frontistis ef al. (2012a)
0.5-0.75 Wastewater 0.75
EE2 0.025-0.25 Ultra-pure water 0.05 Frontistis ef al. (2012b)
0.05-1.5 Wastewater 0.15
EE2 0.125-1.0  Wastewater 1.0 Dimitroula et al. (2012)
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2.3.2.3 Catalyst doping

Extensive research has been undertaken to improve the activity of photocatalysts
through different modes of doping with metals and non-metals. Doping can reduce the
incidence of recombination of electrons and holes generated during photocatalysis and
also lower the band gap. Though doping has resulted in enhanced removal of many
organic pollutants, significant improvements are yet to be observed for estrogenic

steroidal hormones compared to P25 alone.

By coating P25 as a thin film to the inner wall of the reactor followed by the deposition
of Ag and Pt (Table 2.4), Coleman et al. (2005b) tested the impact of doping on E2,
E3 and EE2 photodegradation. They observed no notable improvements in the
removal efficiency from doping. It was suggested that since the EDCs were in a
relatively low concentration (0.8-2.3 mg 1), the holes and hydroxyl radicals that
existed before doping were sufficient and a further increase in these reactive species
due to doping was of no importance. Dimitroula et al. (2012) prepared TiOz2 catalysts
with different dopants (Table 2.4) to examine the removal efficiency of EE2 (along
with Bisphenol A and phenol) in secondary treated wastewater. The highest activity
for EE2 removal was observed with 0.5% Pt/TiO2 (B) and 0.5% Pt (0.12%Na)/Ti02
(J), while P25 (A) also showed relatively similar activity. A 90% conversion of EE2
was attained in 30 min, whereas it took P25 40 to 50 min to achieve the same level of
treatment. On the other hand, the addition of Ag and K had a negative impact. Xu et
al. (2014b) synthesised a TiO2 hybridised film on magnetic Fe3Ou particles via a liquid
phase deposition method (Table 2.4) to study the selective removal of E1 under UV
light. This new catalyst displayed more selectivity towards El at decreasing

concentrations, implying that it could be used to remove E1 at low concentrations,
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from a mixture consisting of high concentrations of non-target compounds. They
observed that their new catalyst had an apparent rate constant 6 times higher compared

to TiO2 when the non-target pollutants in the system were 10 times greater than E1.

Different types of TiOz2 catalysts also result in varied degradation efficiencies. Mboula
et al. (2015) tested the efficiency of various TiO:2 based catalysts (Table 2.4) for E2
removal under UV and simulated solar irradiation, where P25 exhibited the best
activity, though its removal efficiency dropped from 98% in UV to 86% under
simulated solar light. A nanocrystalline TiO2 (ECT-1023t) followed a similar trend as
P25; efficiency remained almost the same for N-TiO2 and a reduced graphene oxide-
Ti02 composite (GO-Ti0O2) presented a significant rise in removal efficiency from

48% under UV to 59% under simulated solar light.

2.3.2.4 Solution matrices

The factors that influence photolysis are also applicable to photocatalysis, although
there are additional factors that affect photocatalysis. One of the few drawbacks of
most of the photocatalysts is their activity towards non-target chemicals. With
increasing water complexity, the probability of the hydroxyl radicals being lost due to
oxidation of non-target compounds rises. In addition, the active sites of the catalysts
become covered by these non-target chemicals, reducing the effective catalyst surface
area available for the target pollutants (Katz et al., 2015). Frontistis et al. (2012a)
reported that the photodegradation rate of EE2 in the presence of P25 decreased for
different water matrices in the order: ultrapure water > drinking water > 1:1 mixture
of ultrapure water and wastewater > wastewater. The trend was explained as due to
the consumption of oxidising agents by the increasing amount of organic matter and
the scavenging of *OH radicals by HCO3", CI" and SO4*.
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In a study of the DOM effect, Zhang et al. (2007) assessed the impact of HAs (0.01-
10 mg 1I'") on the photocatalysis of E1 and E2 with P25. The EDC photodegradation
rate increased with increasing HA concentration due to its photosensitising effect. In
a separate study, polar compounds (PC), midpolar compounds (MPC) and nonpolar
compounds (NPC) were all found to inhibit the rate of removal of E1, E2 and E3.
Interestingly, inclusion of large molecular weight compounds such as humic or fulvic
acids gave a temporary increase in the estrogenic activity of the water before the
concentrations of the EDCs fell below detectable levels (Zhang et al., 2012b). This
unusual phenomenon can be explained by consideration of the masking effect of the
macromolecules. That is, the large molecules absorb the estrogenic compounds and
mask their activity. After time, the macromolecules are broken down by the
photocatalytic process and release the estrogenic molecules, resulting in a temporary
increase in the estrogenic activity. Adsorption of inorganic ions such as HPO4>~, NH4",
and HCO3;™ on the catalyst surface also had an adverse effect on eliminating
estrogenicity in SWW, though their influence in secondary effluent was insignificant

compared to the inhibition caused by DOM.

The concentrations of estrogenic hormones range from ng I'! or less to pug 1! in surface
water and wastewater, and it appears that an increase in initial EDC concentration at
low levels does not affect the rate of removal (Frontistis et al., 2012a; Zhang et al.,
2007; Zhang and Zhou, 2008). On the other hand, at higher pollutant concentrations,
the removal efficiency generally increases with a rise in Co, due to high probability of
the EDC being attacked by the oxidising species, especially during the initial stage of
the reaction when the competition with the intermediates is less (Dimitroula et al.,

2012; Frontistis et al., 2012a; Frontistis et al., 2012b). A different trend was reported
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by Coleman ef al. (2005a), where the rate of E2 photocatalysis increased with Co (0.1
to 3 uM) and plateaued at high concentration, due to the catalyst surfaces becoming

saturated with E2.

The activity of photocatalysts is also influenced by the pH of water. TiOz2 is amphoteric
and has a point of zero charge (PZC) at pH 6.5 (Rincon and Pulgarin, 2004), hence
remaining positively charged in acidic conditions while being negative in alkaline
conditions. As noted in Section 2.3.1.2, the estrogenic steroidal hormones bear
negative charge under alkaline medium due to their pKq being ~10.4. Therefore, the
pollutants and the catalyst may repel each other leading to a drop in photodegradation
efficacy. Coleman et al. (2000) examined E2 photocatalysis using immobilized TiO2
in the range pH 1-12. The rate of removal increased up to pH 7, followed by a drop
until pH 10, and then increased again up to pH 12. The rise in pH led to more OH",
hence an increase in *OH. The ionisation of the E2 phenol group to phenoxide at pH
10 led to more competition for OH", and at the same time OH" repulsion resulted
through the deprotonation of surface-bound hydroxyl groups. The increase up to pH
12 was attributed to a different mechanism. An unprotonated hydroxy radical O™ can
react with the phenoxide ion to produce a neutral phenoxy radical PhO, which can
then react directly at the TiO2 surface without any repulsive effect. Similarly Zhang et
al. (2007) tested the effect of pH between 2 and 10 on El and E2 removal under
UV/P25 and observed a rise in rate constant up till pH 7.6 as a result of the formation
of more *OH; but above pH 7.6, the rate constant decreased due to the repellence

between pollutants and the catalyst.
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2.4 Photodegradation Kinetics

Based on the available literature, the photodegradation of estrogenic steroidal
hormones using photocatalysis follows mostly 1* order or pseudo - 1* order kinetics
(Tables 2.3 — 2.6), and the reaction rate () can be derived using the Langmuir-

Hinshelwood (L-H) model:

. KC
r=k 1+KC )

Where £ is the reaction rate constant, C is the concentration of substrate and K is the
adsorption coefficient. As the concentration of the steroidal hormones in surface water
and wastewater is very low (ng I'! or less to ug I'") and their adsorption onto the surface
of the catalyst is considered negligible, KC << 1. Therefore,

r =kKC = kgppC (6)

where kapp is the apparent reaction rate constant.

Pseudo-1* order kinetics 1s described as:

c
In (C—) = —kt 7)
where £ is the pseudo - 1% order degradation rate constant.

The half-life (#:/2) of the reactants is:

n2

b= 2 ®)

The rate of photodegradation depends on various factors as discussed earlier. In
addition, sampling and analytical techniques could also lead to differences in kinetic
data. Most studies found the photodegradation rate to decrease in the order of E1 >
EE2 > E2 > E3 for both photolysis and TiO2 photocatalysis (Table 2.9). For example,
Coleman et al. (2005a) observed the highest photolytic and photocatalytic degradation

44



rate for EE2 followed by E2 and the slowest rate for E3. The rapid removal of EE2
was attributed to its instability due to the presence of the ethynyl group, which strongly
absorbs UV light. On the other hand, the addition of OH groups may make the phenolic
rings more stable, resulting in a considerable drop in the removal rate of E2 and a
significant decrease for E3. However, EE2 is more resistant to biodegradation than E1
and E2 due to the presence of the ethynyl group at C17 (Clouzot et al., 2008; Zuo et
al., 2013). Therefore, the removal rate of steroidal hormones in natural water depends
on the synergetic effect of both photodegradation and biodegradation. Different trends
have been reported for these processes. For example, slightly higher removal constants
were reported for E1 and E2 compared to EE2 in a photocatalytic reactor membrane
pilot system (Benotti et al., 2009). The removal of EDCs was considered to be due
only to photodegradation, since the pre-chlorinated river water was circulated for two

days before measuring the initial EDC concentrations.

Table 2.9. Hormones in decreasing order of degradation rate constant and/ or

increasing ti/2.

Photolysis TiO: photocatalysis
Hormones Reference Hormones Reference
El1>E2 Liu and Liu (2004) E1>E2 Zhang et al. (2007)
E1> EE2 Atkinson ef al. (2011) El=E2 Zhang and Zhou (2008)
EE2> E2 Rosenfeldt and Linden (2004) El=E2 Nakashima et al. (2003)
El1> EE2>E2 Whidbey et al. (2012) E1> EE2> E2 Tanizaki et al. (2002)
EE2> E2> E3 Coleman ef al. (2005a) El= EE2> E2 Coleman ef al. (2004)
E1>E2>E3 Zhang et al. (2012c) EE2> E2>E3 Coleman et al. (2005a)
E1> EE2= E3= E2 Lin and Reinhard (2005) E1> E2> E3 Zhang et al. (2012b)
E3>E1>E2>EE2 Fonseca et al. (2011) E1>EE2> E2>E3 Puma ef al. (2010)
EE2>E1>E2 Coleman et al. (2004) E1> E2> EE2 Benotti ez al. (2009)
E2>E1> E3 Zhang et al. (2012c)
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2.5 Formation of intermediates and degradation pathways

It is evident from the discussion above that the removal of EDCs depends on treatment
conditions; hence there is no universal reaction pathway for their photo
transformation. Major challenges exist in identifying intermediates and the
degradation mechanism/s. The detection and quantification of degradation products is
challenging due to their low ambient concentrations and the complexity of the solution
matrix (Chen ef al., 2009). Therefore, most studies have been conducted at elevated
concentrations of these estrogenic compounds. On the other hand, advances in
analytical techniques have led to the identification of photoproducts to a certain extent.
For example, a photoelectrochemical sensor with a high selectivity towards E2, was
developed recently with a limit of detection of 33 fM for E2 (Fan ef al., 2014). The
most commonly employed techniques for the analysis of EDCs at low concentrations
are GC-MS, GC-MS/MS, LC-MS, LC-MS/MS or other similar hyphenated
instruments (de Witte et al., 2011; Liu et al., 2011; Ribeiro et al., 2015). A comparison
of such techniques was provided by Grover ef al. (2009). Detailed reviews of the
analytical techniques used for the identification of the intermediates formed during
AOPs can be found elsewhere (Briciu et al., 2009; de Witte et al., 2011; Kozlowska-

Tylingo et al., 2010)

E1 has been shown to convert into the photoproduct lumiestrone (estra-1,3,5(10)-trien-
17-one,3-hydroxy-,(13a)-(9CI)), the 13 a-epimer form of E1 (Trudeau et al. (2011)
within 5 min under illumination (Figure Al). Total degradation of E1 and then of
lumiestrone was observed after further illumination. Whidbey et al. (2012) tested the
direct photolysis of E1 in a solar simulator and observed a notable peak corresponding

to lumiestrone under HPLC/UV with a 53% net yield of lumiestrone. Caupos et al.
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(2011) identified photoproducts of E1 (Figure 2.2) with or without DOM in water,
under simulated solar light. A photoproduct formed in the absence of DOM was
assigned the structure S2-1 (Figure 2.2), a tautomer of El. A further four
photoproducts were attributed to the presence of DOM, since the products were not
detected when the experiments were conducted in pure water. The photoproducts were
formed by hydroxylation on C2 (S2-2), C4 (S2-3), C6 (52-4) and C9 (S2-5) positions
of E1 (Figure 2.2). When conducting photodegradation experiments on E1 in a solar
simulator, Chowdhury et al. (2010) observed a substantial difference between the
percentage degradation (98.6+1%) and complete mineralisation efficiency (27£1.1%)
and indicated that though E1 was quickly degraded, intermediates were more difficult
to degrade further. Phenylacetic acid was the key intermediate. As the light intensities
were varied, the maximum concentration of intermediates and the time taken to attain
those concentrations differed. Overall, though the aforementioned studies show that
E1 forms photoproducts during photolysis, many of the resultant intermediates still

retain moderate estrogenic activity, especially in the case of lumiestrone.
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S2-5

Figure 2.2. Proposed chemical structures of E1 photoproducts. Redrawn from Caupos

etal. (2011).

Overall, estrogenic activity has been attributed to the interaction of the phenolic
moiety with estrogen receptors (Brzozowski ef al., 1997; Mboula et al., 2015). Some
intermediates possess estrogenicity and are difficult to be degraded further. For
example, the photoproduct of E1, lumiestrone, displayed moderate estrogenicity and
was quite resistant to further oxidation. Different degradation mechanisms have been
reported for E2 but most studies reported the formation of a common intermediate,
10€-17B-dihydroxy-1,4-estradien-3-one, by the oxidation of the phenol moiety of E2
to a quinone-like moiety (Mai et al., 2008; Mboula et al., 2015; Ohko et al., 2002). E1
was also identified as an intermediate of E2 photodegradation (Mazellier et al., 2008).
Similar degradation mechanisms to that of E2 were reported for EE2 (Mai et al., 2008;

Sun et al., 2010).

2.6 Au-TiO; nanocomposites

Research involving noble metals and TiO2 composites has attracted much interest

recently, especially the use of Ag, Au and Pt. In particular, gold is an attractive option
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due to its non-toxicity, stability and biocompatibility (Ayati et al., 2014). Most
importantly Au nanoparticles strongly absorb light in the range 520-560 nm
wavelength due to localised surface plasmon resonance (LSPR), hence enhancing the
visible light activity of photocatalysts (Hidalgo et al., 2009; Primo et al., 2011; Silva

et al.,2011; Sonawane and Dongare, 2006; Wu et al., 2009¢c).

Though bulk Au has low reactivity, studies have shown that it acts as a catalyst in
nanoparticulate form. This phenomenon was first reported by Haruta et al. (1987) for
the oxidation of carbon monoxide. Gold nanocatalysts are useful for the production of
Ha (Priebe et al., 2015), reduction of NOx (Nguyen ef al., 2008), oxidation of CO and
in water treatment, for instance azo-dye degradation (Arabatzis et al., 2003) and

removal of p-nitrophenol (Ismail ef al., 2012).

The addition of gold to TiO2 enhances its photoactivity in the abatement of water
contaminants. Data for model compounds such as methylene blue and methylene
orange are shown in Table 2.10. On the other hand, negative effects of Au doping on
Ti02 has also been reported (Carneiro et al., 2009). Therefore, the activity of Au-TiO2
depends on the preparation techniques employed. In terms of catalyst synthesis, the
conditions used such as pH, preparation, drying and calcination temperatures, the type
of Au precursor, the type of TiO2 used (e.g. anatase, rutile or P25) and the percentage
of Au doping can all influence the activity. The aforementioned factors can affect the
particle size of Au, which has significant impact on photocatalysis. An increase in size
generally leads to a decrease in activity and Au particles above 20 nm become very

less active (Primo et al., 2011).
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Table 2.10. Photocatalysis using Au-TiO: catalysts Reproduced from Ayati ef al. (2014)

Catalyst Pollutant Catalyst synthesis method Light Removal conditions Reference
Au/TiO; Methyl Orange Impregnation, DP uv Loading: 0.1-8 wt%, Tian et al. (2008)
calcination: 200-500 °C
Au/TiO; Methyl Orange DP uv pH :2, loading: 0.25-1.5 wt% Oros-Ruiz et al. (2012)
Au/TiO, Methyl Orange - uv, - Hou et al. (2011)
Visible
Au/TiO; Methyl Orange Photodeposition uv Khan et al. (2012)
Au/TiO; Methylene Blue DP uv Calcination: 500-700 °C Haugen et al. (2011)
Au/TiO, Methylene Blue Sol-Gel uv pH =5.98, loading: 0.5 wt% Liand Li (2001)
Au/TiO; Methylene Blue DP uv Loading: 0.25-1 wt% Wang et al. (2012)
Au/TiO, Methylene Blue DP uv Loading: 0.25-5 wt% Wang et al. (2008b)
Au/TiO; Acid Red 1 DP uv pH: 3-10, loading: 0-20 wt% Mrowetz et al. (2007)
Au/TiO; Acid Red 88 DP Visible pH: 7, loading: 8 wt%, Sathishkumar et al. (2008)
calcination: 250 °C, Co: 1x107-
9x10°M,
Au-TiOy: 0.6- 2.7 gl!
Au/TiO, Orange 16 DP uv pH: 3-12, loading: 1-2.5 wt%, Hsiao et al. (2011)
Co: 20—-120 puM, Catalyst: 0-3.5
gl .
Au/TiO; Tartazine Photodeposition uv, pH=7 Rupa et al. (2009)
Visible
Au/TiO; Phenol Sol-gel uv Calcination: 120—400 °C Su et al. (2012)
Au/TiO; Phenol DP, photodeposition uv Loading: 0.5-1.5 wt% Hidalgo et al. (2009)
Au/TiO; Phenol Photodeposition uv Loading: 0.5-2 wt% Hidalgo et al. (2011)
Au/TiO; Phenol DP uv Loading: 0.5-5 wt% Zhao et al. (2011)



IS

Catalyst Pollutant Catalyst synthesis method Light Removal conditions Reference
Au/TiO, 4-Chlorophenol Sol-gel uv Loading: 0.05-1.5 wt% Wongwisate ef al. (2011)
Au/TiO; 4-Chlorophenol DP, photodeposition, colloidal uv Loading: 0.25-1.5 wt%, Oros-Ruiz et al. (2011)
deposition Au particle size: 6-12 nm
Au/TiO; 4-Chlorophenol DP uv Loading: 0.42-0.55 wt% Orlov et al. (2006)
Au/TiO; 4-Chlorophenol DP uv Loading: 0-5.5 wt% Orlov et al. (2004)
Au/TiO; 2,6-di-tert-butyl phenol ~ DP - - Cheneviere et al. (2010)
Au/TiO, 2,3,6-trimethyl phenol DP - - Cheneviere et al. (2010)
Au/TiO, MTBE DP uv Loading: 0.42—-0.55 wt% Orlov et al. (2006)
Au/TiO; MTBE DP uv Loading: 0.5-5.5 wt% Orlov et al. (2007)
Au/TiO; 3,4-dichlorophenylurea ~ DP uv Loading: 0.83 wt%, Chusaksri ef al. (2011)
calcination: 623-973 °C
Au/TiO; Sulforhodamine-B Impregnation uv Zhu et al. (2009)
Au/TiO; 1,4-dioxane uv Loading: 1 wt% Min et al. (2009)
Au/TiO; L-asparagine, L- uv Loading: 2.7 wt% Dolamic and Biiergi (2011)
glutamic acid
Au/TiO; nanotube  Acid Orange 7 — uv - Paramasivam ef al. (2008)
Au/TiO; nanotube  Acid Red G, Methylene  — uv - (Zhang et al., 2012a)
Blue
Au/TiO; nanotube ~ Methyl Orange Photodeposition uv Zhao et al. (2009b)
Au/TiO; nanofibers Methylene Blue Solar Thomas and Yoon (2012)
Au nanotube/ TiO,  Acid Orange 7 Eletrodeposition Visible Loading: 2.5-10 wt% Luo et al. (2011)
nanotube
Au nanotube/ TiO,  Cr (VI) Eletrodeposition Visible Loading: 2.5-10 wt% Luo et al. (2011)
nanotube
Au/TiO; thin film Phenol Sol—gel Sun Loading: 1-2 wt%, Sonawane and Dongare (2006)

calcination: 275-500 °C




2.6.1. Preparation methods of Au-TiO>

The activity of Au based catalysts strongly depends on the preparation methods used.
Several techniques such as anion adsorption, cation adsorption, incipient wetness
impregnation (Bowker et al., 2007), photodeposition, deposition-precipitation, co-
precipitation and chemical vapour deposition have been developed to enhance the
performance of Au-TiO2. Among these methods DP remains by far the best, since

smaller Au nanoparticles (2-3 nm) could be synthesised.

2.6.1.1 Anion adsorption

The catalysts were prepared at pH 2, lower than the isoelectric point of TiO2, which
was around pH 7 (Fernandez-Ibafiez et al., 2003). The detailed synthesis of Au-TiO2
by anion adsorption is outlined in Zanella et al. (2002). In summary, 1g of TiO2 was
added to 100 ml of 4.2 x 10° M HAuCls aqueous solution (to obtain 8 wt.% Au
theoretical loading) thermostated at 80 °C, stirred for 15 h, centrifuged, washed with

water, dried and calcined at 300 °C.

2.6.1.2 Cation adsorption

The precursor complex [Au(ethanediamine)2]** (100 ml, 4.2 x 10~ M) was added to
1g TiO2 and the pH is adjusted to pH 10.3 (above the isoelectric point of TiOz2) through
the addition of ethanediamine drops. Stirring and the steps that follow were similar to

those of anion adsorption (Block and Bailar, 1951; Zanella et al., 2002).

2.6.1.3 Incipient wetness impregnation

The gold precursor solution HAuCls was added to the TiOz2 support, where the volume

of HAuCls4 was equal to the pore volume of TiO2, so as to fill the pores with the
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solution via capillary action. The volatile components were removed by drying
followed by calcination. For instance, Bowker et al. (2007) prepared Au/TiO2 by
adding 1.25 ml (0.08g/ml) HAuCl4.3H20, followed by the addition of 1.43ml (1M)
NaxCOs while stirring. Then the mixture was washed on vacuum filter 5 times (with
14ml Na2COs + 100ml H20) and was washed 5 times with 100ml water. The catalysts
were dried overnight at room temperature and at 120 °C for 2 h and finally the samples

were calcined at 400 °C for 2 h.

The catalysts synthesised through this method displayed poor activity as a result of
poisoning and sintering of Au particles due to the presence of chloride ions. Also, this
method did not result in high dispersion of Au particles, thus reducing the catalyst
efficiency (Wolf and Schiith, 2002). Modified impregnation techniques have also been
reported with improved catalyst activity. For example, Li et al. (2006) utilised a
procedure in which Au(OH)3 was deposited within TiOz pores, hence eliminating the

problematic CI ions.

2.6.1.4 Coprecipitation

The method developed by Haruta ez al. (1989) is as follows: HAuCls aqueous solution
and a metal nitrate solution were added to Na>COs while stirring. The precipitate

obtained was washed and dried under vacuum and calcined at 400 °C for 4 h in air.
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2.6.1.5 Chemical Vapour Deposition

Pre-treatment

Vacuum *
pump X

K B

Pressure
gauge

Liquid N2 trap Precursor TiOz2 reaction vessel

Figure 2.3. Schematic diagram of chemical vapour deposition. Redrawn from

Okumura et al. (1997).

Okumura et al. (1997) developed Au/TiOz catalysts by using the chemical vapour
deposition method as shown in Figure 2.3. In summary, the volatile precursor
(CH3)2Au(CH3COCH2COCH3) is heated from 28 to 45 °C fixed temperature, which
in turns evaporates the Au precursor gradually, that gets absorbed onto TiO2 surface
in the reaction vessel kept at 33 °C. The as prepared catalysts are calcined at 200 °C to

remove the organic ligands.

2.6.1.6 Photodeposition

A suitable light source (e.g. 300W Xe lamp) was used to irradiate the TiOz2 solution,
hence generating electrons and holes. The Au precursor (HAuCl4) added to the
solution will be reduced by the electrons formed, resulting in Au metal deposition on
TiO2 surface, while the holes are scavenged by an alcohol (e.g. methanol,
isopropanol). The Au-TiO: catalyst was obtained by stirring the system for a fixed
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time (e.g. 2 h) followed by filtration and drying (Hidalgo et al., 2009; Priebe ef al.,
2015). However the Au particles produced by this method was relatively larger in size

(10- 30nm) (Primo et al., 2011).

2.6.1.7 Deposition- Precipitation (DP)

DP is the most commonly utilised method for the preparation of Au-TiO2 due to its
benefits such as the formation of smaller Au nanoparticles (2-3 nm), higher yield,
higher Au loading, formation of active catalysts and reproducibility (Hammer et al.,
2007; Primo et al., 2011). The DP procedure is discussed in detail in Section 4.2.2.
Briefly, NaOH was added drop wise to bring the pH of HAuCl4 solution thermostated
at 80 °C to pH 8, then TiO: is added, stirred for 4 h, washed 4 times, dried and calcined
at 300 °C for 4h (Haruta, 1997). The above synthesis could also be carried out with

urea in place of NaOH (Zanella et al., 2002).

2.6.2 Factors affecting Au-TiO; catalyst activity

2.6.2.1 Catalyst preparation method

The preparation methods as discussed above affect the efficiency of the Au/TiO2
catalyst mainly through factors such as the gold particle size and the interaction
between the TiO2 support and gold. Zanella et al. (2002) studied different methods of
preparation such as DP with NaOH, DP with urea, incipient wetness impregnation,
anion adsorption and cation adsorption. The results DP urea method was the most
efficient method with smaller Au particle size (~2 nm), higher yield (~100%) and
higher Au loading. Meanwhile, Au-TiO2 synthesised by anion adsorption resulted in
low Au loading (~1.5 wt.%) with the average Au particle size of 4 nm. On the other

hand, though cation adsorption led to smaller Au particle size (2 nm), Au loading did
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not surpass 2 wt.%. In terms of incipient wetness impregnation, a significant amount
of Au was lost while washing, with only about 0.9 wt.% of Au remaining regardless
of initial concentration of Au. Therefore, though this result suggests a strong

interaction between TiO2 and Au, higher loading could not be achieved.

2.6.2.2 Preparation conditions

Using DP with NaOH, Zanella ef al. (2002) found that the pH of DP solution, the
initial concentration of Au precursor, DP time, the addition of magnesium citrate and
calcination temperature all had an influence on Au nanoparticle size and loading. For
a theoretical addition of 8 wt.% Au, higher loading of 3.3 wt.% with smaller Au
particle size of 1.4 nm was formed at pH 7, while pH 8 resulted in 1.8 wt.% with 1.8
nm Au NPs. A marginal rise of 1.8 to 2.4 wt.% in Au loading was observed with an
increase of DP time from 1 to 16h, with a drop in particle size from 1.8 to 1.5 nm. The
addition of magnesium citrate enhanced Au loading, with lower particle size, due to
the avoidance of sintering in calcination. Also studies have found that calcination
temperatures between 200 °C (Ide et al., 2013) and 400 °C (Wu et al., 2009¢) as ideal,
while further increase in temperature led to both sintering of gold and in the transition
of anatase to rutile. For instance, Tian et al (2008) reported an increase in
photodegradation rate of methylene orange with an increase in Au-TiO2 calcination
temperature from 100 to 300 °C, though the removal efficiency dropped with further

increase in temperature.

2.6.2.3 Level of gold loading

Various studies have reported different optimum Au loadings (Table 2.10). The values

differ depending on the target compounds, catalyst preparation methods and
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experimental conditions used. For instance, Orlov et al. (2007) found out that for an
Au loading 0 - 5.5 at.%, the optimum photodegradation of methyl tert-butyl ether was
achieved at 0.55 at.% Au loading, with a three times enhancement compared to that
of the unmodified TiO2. The authors attributed this increase in activity to the smaller
particle size of Au < 3 nm, below which Au may not be metallic and to the electron
transfer from semiconducting Au to the CB of titania. In another study, Oros-Ruiz et
al. (2011) observed that 0.5 wt.% Au loading provided the best results for 4-
Chlorophenol with an 80% rise in photodegradation compared to commercial TiOz, in
the range 0 - 1.5 wt.% Au content prepared by DP method. However, 1.5 wt.% Au

loading had a negative impact on photocatalysis.

It can be concluded that the activity of Au/Ti0O:2 increases up to a certain Au loading
beyond which it decreases. Also the amount of Au loading has an impact on its particle
size, where the loading which gives the smallest particle size is generally desired. An
increase in Au loading also reduces the effective surface area available for
photocatalysis, leads to aggregation of Au particles, blocks the TiO2 pores, reduces
the penetration of light and acts as e-h recombination centres, thus reducing the overall

activity (Wu et al., 2009c; Zhu et al., 2012).

2.6.2.4 Gold nanoparticle size

Small Au nanoparticles (<20 nm) on TiO2 surfaces yield photoactive catalysts, with
the optimum Au size being <5 nm (Haruta, 1997). The Au particle size can be
controlled as described in Section 2.6.1. An increase in Au nanoparticle size has
similar disadvantages to that of elevated Au loadings, especially through the blocking
the active sites of TiO2 support (Tian et al., 2008). However, Kowalska et al. (2009)
reported effective visible light photocatalysis of 2-propanol under Au/TiO2 with Au
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nanoparticle size of 30 - 60 nm, while observing negligible visible activity for Au-P25
fine particulates. The authors attributed this trend to the higher photoabsorption ability

of larger Au nanoparticles in a wider wavelength range.

2.7 Immobilisation of catalysts

2.7.1 Suspended vs. immobilised catalysts

Most photocatalytic systems for estrogenic steroidal hormones have utilised
suspended photocatalysts while a few have used immobilised catalysts (Tables 2.4 and
2.5). Both approaches have strengths and weaknesses. Suspended systems are more
efficient compared to immobilised systems based on the same quantity of catalyst.
This is mainly due to the dispersed catalyst particles having considerably higher
available surface area, which in turn allows for better mass transfer processes. The
main drawback of suspended systems is the economically unfeasible recovery of the
suspended catalysts from the slurry after the completion of the photodegradation

process.

In the immobilised mode the catalyst is generally supported on a surface, for example,
by coating on materials such as glass (Mizuguchi et al., 2006), ceramic, metal
(Coleman et al., 2000), quartz (Tanizaki et al., 2002) or polytetrafluoro ethylene
(PTFE) (Nakashima et al., 2003). The advantage of this mode is the elimination of a
catalyst recovery stage, making it a commercially viable application, although its
catalytic efficiency is less than that of the suspended mode. In addition, immobilisation
also has some other limitations, such as the loss of catalytic activity during their

addition onto the support, fouling and/or deactivation due to the blockage of the
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catalyst surface with pollutants or their transformation products, and leaching of the

catalysts into the aqueous medium with time.

2.7.2 Photocatalyst supports

Different types of anchors are used to immobilise TiO2 photocatalysts as discussed in
Section 2.7.1. Here, the most commonly used substrates are briefly discussed. A
detailed review of the types of supports used for immobilisation of TiO2 along with
the various techniques used for immobilising the catalysts could be found elsewhere

(Shan et al., 2010).

2.7.2.1 Glass

Borosilicate glass is the most commonly used anchor for TiO2 based photocatalysts
due to a number of reasons: Glass can handle high calcination temperatures, which is
required for successful TiO: catalyst synthesis. Glass is inert, hence avoids any
reaction with the catalysts or the pollutants. They are also transparent thus allows
efficient light transfer. The shape/structure of the glass is determined based on the type
of the photoreactor and/or the light sources used. Few such common shapes include
glass beads (Denny et al., 2009), glass tubes, reactor walls (Coleman et al., 2007),

glass plates/slides (Zainal et al., 2005) and rings (Lizama ef al., 2001).

Coleman et al. (2007) prepared two types of immobilised TiO2 catalysts, one using a
sol-gel method and the other by coating the inner wall of the reactor with P25. The
efficiency of the above systems was compared for the removal of E2, E3 and EE2. For
example, the P25 coated reactor was 2.5 times more efficient compared to the one
prepared by the sol-gel technique in removing E3 due to the higher activity of P25.

However, the authors noted immobilisation using the sol-gel method as the most
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suitable type for commercial applications since TiO2 could not be easily removed from
the reactor. Similarly, immobilisation of P25 on a hollow glass cylinder by a dip
coating method proved to be an efficient method in removing 95% of E1, E2 and E3

in 100 min under UVA (Zhang et al., 2012c).

A few recent studies using ZnO immobilised systems have also demonstrated
considerable activities (Table 2.5). For example, ZnO nanorod arrays grown on glass
substrate removed 87% of E1 in 6 h (Liu ef al., 2012a). Koutantou ef al. (2013)
reported 80% degradation of EE2 in 90 min with ZnO immobilized onto glass plates

by heat attachment, but Zn leaching was also detected.

2.7.2.2 Other TiO; supports

Activated carbon is another commonly used anchor to immobilise TiO2 catalysts (EI-
Sheikh et al., 2007). The main advantages of activated carbon is the availability of
high surface area, which enhances photocatalytic activity, by providing good
interaction between the catalyst and the pollutants. However, the high adsorption
ability of activated carbon may hinder the diffusion of the pollutants to the catalyst,

thus slowing down the photocatalysis process (El-Sheikh ef al., 2007).

Polymer based supports have also been studied (Damodar and Swaminathan, 2008;
Lei et al., 2012). Such polymers include polyethylene films, polystyrene beads, PVC
among others. They are an attractive choice due to their inertness, stability and

affordability (Fabiyi and Skelton, 2000).

2.8 Optical Fibres for photocatalysis

Optical fibres are thin (um diameter) glass/polymer fibres that are used to transmit

light over long distances (up to thousands of km). The propagation of light through
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optical fibres is based on total internal reflection that takes place at the
boundary/interface of two mediums when the light passes from a medium with high
refractive index towards a medium with low refractive index, if the angle of incidence
is greater than the critical angle. Total internal reflection is achieved in optical fibres
as the core is made of high index material covered by a material (known as cladding)
that has low index. Generally, the optical fibre is coated with an optically inactive
protective material. Acceptance angle of a fibre is the maximum angle at which the
light can enter the fibre for transmittance along the fibre instead of passing through

the sidewalls.

The use of optical fibres in TiO2 photocatalysis started in the 1970s (Marinangeli and
Ollis, 1977). Optical fibres allow the light to be transmitted to longer distances with
minimum loss, potentially making bench studies practical in real environments. The
catalysts could either be immobilised onto the fibres (Lin et al., 2015a; Lin et al., 2017,
Sun et al., 2000) or the light emitted by the fibres could be cast to the catalysts coated
on another surface (Denny et al., 2009; Lin and Valsaraj, 2005). However, end
emission from the fibres is insufficient to activate large surface areas of the catalysts.
A few studies have used side emitting optical fibres to address the aforementioned
issues. On the other hand, most of the light in these fibres propagates in the forward
direction, hence resulting in only a small portion of side emission, which may be
insufficient for excellent photocatalytic activity. In addition, the light cannot be
transmitted for longer distance as a result of the loss due to side emission. Therefore,
new techniques to attain sufficient side emission from optical fibres is required. Novel
engineered air-clad optical fibres that provide efficient side emission of light is used

in this work.
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2.9 Summary

Estrogenic steroidal hormones are a group of EDCs known to induce adverse effects
on living organisms even at trace levels. TiO2 remains the best choice of catalyst for
the removal of the EDCs under UV light, mainly due to its superior activity, chemical
and photo stability, cheap commercial availability, capacity to function at ambient
conditions and low toxicity. However, sunlight contains only a small percentage of
UV (~ 4%), thus visible light active photocatalysts are attractive candidates to
facilitate efficient processes. This study utilises gold modified TiOz2 catalysts to attain
visible light activity. The research also investigates the changes in photodegradation
rates of the pollutants under different light sources and water matrices and identifies

degradation by-products.

Suspended catalysts prove to be more efficient in the photocatalytic removal of EDCs
compared to immobilised catalysts but the latter are considered more suitable for
commercial scale applications. Therefore, TiO2 catalysts immobilised onto
borosilicate glass beads are examined in this work. Another challenge faced by the
existing photocatalysis technologies is the limitation of light sources that may be used
underwater efficiently. Therefore, this research uses a novel technique to modify air-
clad optical fibres to transmit light efficiently underwater. The use of waterproof LED

strips have also been investigated.
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Chapter 3: Materials and methods

3.1 Introduction

This chapter presents the chemicals and materials used for conducting experiments,

the equipment used in evaluating the experimental results and the experimental setups.
3.2 Experimental materials

3.2.1 Chemicals

The chemicals used along with their purity (if specified) and their suppliers are listed

in Table 3.1.

Table 3.1. List of chemicals and materials.

Compound Supplier Purity (%)
Acetonitrile Sigma-Aldrich UHPLC- MS

Estriol Sigma-Aldrich >97%

Estrone Sigma-Aldrich >99%

Gold granules AGS Metals 99.99%
Hydrochloric acid (36%) RCI Labscan

Hydrofluoric acid (48%) Sigma-Aldrich

Methanol Fisher Scientific Optima LC/MS grade
Nitric acid (70%) RCI Labscan

Paint stripper Bunnings warehouse

Potassium permanganate BDH

Rhodamine B Ajax Chemicals

Sodium hydroxide Chem-Supply

Sodium thiosulfate pentahydrate Ajax chemicals

TiO2 (Aeroxide P25) Sigma-Aldrich >99.5%

Ultrapure water (Milli-Q) Merck Millipore 18.2 MQ, 3 ppb TOC
17B-Estradiol Sigma-Aldrich >98%
17a-Ethynylestradiol Sigma-Aldrich >98%

64



Aeroxide P25 TiO;

Aeroxide P25 TiO2 nanopowder (> 99.5%, 21 nm primary particle size (TEM) was

used to synthesise the gold modified photocatalysts. P25 TiO2 is a mixture of 80%

anatase and 20% rutile with a specific surface area of 35 - 65 m? g'! (BET).

3.2.2 Synthetic wastewater

Details of the chemicals used in the preparation of SWW are listed in Table 3.2 below:

Table 3.2. Constituents of synthetic wastewater.

Compound Concentration Fraction  Supplier Purity
(mg I) of (%)
organics
Beef extract 1.8 0.065 Chem-Supply -
Peptone 2.7 0.138 Chem-Supply -
Humic acid 4.2 0.082 Fluka 80
Tannic acid 4.2 0.237 Sigma-Aldrich 99
Sodium lignin sulfonate 2.4 0.067 Aldrich -
Sodium lauryl sulphate  0.94 0.042 APS -
Arabic gum powder 4.7 0.213 Sigma-Aldrich -
Arabic acid
(polysaccharide) 5.0 0.156 Sigma -
(NH4)2SO4 7.1 0 Unilab 98.5
K2HPO4 7.0 0 Unilab 99
NH4HCOs3 19.8 0 Unilab 98
MgS04.7H20 0.71 0 Sigma >99.5
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3.3 Characterisation techniques

3.3.1 X-ray Diffractometer

Powder XRD patterns were collected using a Bruker D8 Discover diffractometer using
Cu Ka radiation, in the scattering angle 20 range 15 - 90°. Approximately 0.5 g powder

samples were placed on the sample holders for XRD analysis.

3.3.2 Raman Spectrometer

Raman spectra were collected using a Renishaw inVia spectrometer (Gloucestershire,

UK) with a 17 mW Renishaw He - Ne 633 nm laser and CCD array detector.

3.3.3 UV-Vis Spectrometer

UV-visible absorbance spectra of the pollutants and the catalyst solutions were
collected using a Shimadzu 1700 UV-Vis spectrophotometer operating in the

wavelength range 190 - 800 nm.

3.3.4 Scanning Electron Microscope and Energy Dispersive X-ray Spectroscopy

The morphology and elemental composition of the catalysts were examined using a
Zeiss Supra 55VP SEM (10 kV) and an Oxford energy dispersive X-ray spectroscopy
(EDS) system, respectively. SEM/EDS samples were prepared by adding a droplet of
sonicated catalyst (in ethanol) onto a silicon wafer which was placed on a carbon tape,

followed by drying in air.

3.3.5 Inductively coupled plasma mass spectrometry

An Agilent 7900 ICP-MS was used to measure the gold loadings in the catalysts. Gold

in the catalysts was digested using aqua regia (5 ml, 1:3 HNO3: HCI) at reflux (120
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°C) for 3 h. The resultant mixture was centrifuged; the supernatant was diluted, filtered

with 0.2 PTFE syringe filter and gold concentration was measured by the I[CP-MS.

3.3.6 Zetasizer

A Malvern Nano ZS zetasizer (Malvern Instruments Limited, UK) was used in the
determination of zeta potential and hydrodynamic particle size of the nanocatalysts.
The catalyst solutions of 100 mg 1! concentration were prepared by sonicating the
catalyst powders in Milli-Q water. The pH values were adjusted using 0.1 to 1 M
HNO3 or NaOH as required. Measurements were repeated three times and the average

values are reported. The standard deviations were less than 5%.

3.3.7 Thermogravimetric Analyser

Thermogravimetric analysis (TGA) was carried out using SDT Q600 (TA
Instruments), in which the catalysts (~5 mg) in alumina crucibles were heated in

nitrogen gas (25 ml min™!) from 60 °C to 600 °C at 10 °C min™.

3.3.8 Light Microscope

The cross section of the air-clad fibres before and after collapsing the holes were

imaged using Zeiss optical microscope.
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3.3.9 Fusion splicer

Figure 3.1. A fusion splicer that provides the electric arc required for collapsing the

air-cladding.

A FiTel S175 single-fibre fusion splicer (Figure 3.1), which uses a controllable electric
arc to melt the glass, was utilised to collapse the air holes. The optimum arc power

and arc duration were found through trial and error method.
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3.4 Experimental setup for photodegradation studies

3.4.1 Photoreactor for slurry system

r Enclosure ( DC Power supply
——

\ \

&———— Heat sink

() «—— UVA/Visible/
Green LED

<— Reactor vessel

[ 7 Pollutant +

~
//\/ . Catalyst in water

Magnetic stirring
rod

Magnetic stirrer

Figure 3.2. Photoreactor for suspended photocatalysis system.

A cylindrical reactor vessel (capacity 900 ml) was used to contain E1 solutions (500
ml, 1000 pg I'") loaded with 50 mg 1! of catalyst. The slurry was stirred using a
magnetic stirrer. An 11W UV LED (A =365 nm), cool white (A > 410 nm) or green (A
=523 nm) LED (LED Engin) that consisted of a heat sink and connected to a direct
current (DC) power supply was placed 5 cm above the liquid surface of the reactor
and homogenous mixing was ensured by magnetic stirring. The slurry reactor system

is shown in Figure 3.2.
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3.4.2 Modified air-clad optical fibre photocatalytic reactor setup

ouT L
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Storage
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glass beads

L Air-cladding
collapsed
region

Figure 3.6. Modified air-clad optical fibre photocatalytic reactor setup.

The optical fibre reactor setup is shown in Figure 3.6. An acrylic column with a 12
mm inner diameter and 55 mm in height was used as the reactor. Catalyst-coated glass
beads were placed in the reactor, and the modified optical fibres were immersed into
the reactor surrounded by the catalyst coated beads. Both the ends of the fibre were
hand-cleaved with ceramic tiles to ensure a flat end face so that the fibre could be
coupled with the LED for efficient transmission of light and provide a good end
emission. Photodegradation studies were conducted using one of the two light sources:

11 WUVA (4=365nm) or cool white (1 >410 nm) LEDs (LED Engin). The emission
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spectra of the lamps are provided in Figures 3.3 - 3.4. The light source was isolated
from the reactor to ensure that the light received by the catalysts was transmitted solely
through the fibre. The reactor was flushed with ultrapure water prior to starting the
experiment. A total volume of /=200 ml EE2 solution was circulated (using Watson-
Marlow peristaltic pump) through the reactor for 30 min in the dark to attain
adsorption-desorption equilibrium. Measurements under darkness were conducted for
2 h to find the equilibrium time and 30 min was chosen, since the concentrations of
the pollutants did not change after the first 20 minutes. Samples were withdrawn at
specified intervals, filtered through 0.20 PTFE syringe filter and then analysed in

LC/MS-QQQ.

3.4.3 Waterproof LED strip reactor setup.

Figure 3.7. Flexible, waterproof, 12 V cool white LED strip (50 mA per section and

there are three LEDs in each section, 1000 mA m™', 850 Im m™).

Flexible, waterproof, cool white LED strips (Figure 3.7) with the dimensions 1000
mm (L) x 10 mm (W), consisting of 60 (5050-SMD type) LEDs were obtained from
Jaycar Electronics, Australia with the following specifications: 12 V DC, 50 mA per
section”' (3 LEDs per section, each section is 5 cm long), 1000 mA m™!, 850 Im m'.
The LED strips were [P67 rated, where IP stands for ingress protection. The first IP
number refers to the protection against solid objects, normally dust. Number ‘0’
indicates no protection while number ‘6’ means full protection against dust. The

second IP number stands for the protection level against liquids, where ‘0’ means no
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protection while ‘7’ indicates protection for immersion between 15 cm to 1 m
underwater for 30 min. Although the aforementioned waterproof LED strips can be
used underwater it is recommended they be immersed under water for a limited time.
Under the experimental conditions used here, the LED strip was found to remain

waterproof for periods of 6 h.

DC Power
supply

“—Reactor

Immersible
LED

'3

Figure 3.8. Waterproof LED strip photocatalytic reactor setup.

The waterproof LED strip reactor setup is shown in Figure 3.8. An acrylic column
with ¢ = 16 mm inner diameter and height # = 300 mm was used as a batch reactor.
The aqueous E3 solution (Co = 100 ug I'!, V=45 ml) was filled in the reactor, along

with the photocatalyst (m = 5 mg). Continuous mixing of the reactor contents was
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ensured through air-sparging. A total of 15 LEDs (3 sections of the strip) were used
for photocatalysis, while the unused LEDs in the strip were covered by aluminium
foil. Progress in the photodegradation of E3 was analysed using an LC/MS-QQQ

method similar to that used for EE2.

3.5 Analytical techniques for water matrices

3.5.1 Organic Carbon Analyser

Dissolved organic carbon (DOC) and inorganic carbon (IC) were measured by a

Multi N/C 3100 Analytikjena total organic carbon (TOC) analyser.
3.5.2 Ion Chromatography

Anions CI, Br, NO2, NOs and SO4* concentrations were measured by ion
chromatography (Metrohm 790 Personal IC) consisting of a Metrosep A sup 5-150
(150 mm x 4 mm, 5 pm) column. Na2CO3 (3.2 mmol I') and NaHCO3 (1.0 mmol 1)

in MilliQ water was used as the mobile phase with a flow rate of 0.7 ml min™'.

3.5.3 Ultra-high performance liquid Chromatography-Quadrupole Time-Of-

Flight-Mass Spectrometer

Quadrupole time-of-flight liquid chromatography-mass spectrometry (QTOF-LC-MS,
Agilent 6510), equipped with an Agilent 1290 ultra-high performance liquid
chromatography (UHPLC) system, binary pump and Agilent Poroshell 120 EC-Cis
column (2.7 um, 4.6 mm x 50 mm) was used for the quantitative analysis of E1. The
mobile phase A was Milli-Q water with 0.1% v/v formic acid and mobile phase B was
methanol with 0.1% v/v formic acid. The flow rate was 0.35 ml min™! and the injection

volume was 20 pl. The elution gradient was initiated with 95% A and 5% B for 3 min,
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then 10% A and 90% B for the next 4 min followed by 1% A and 99% B for another
2 min, before returning to the initial conditions for the final 4 min. The analytes were

filtered using 0.20 um PTFE syringe filters before injection.

3.5.4 Triple Quadrupole Liquid Chromatograph Mass Spectrometer

A Shimadzu 8060 triple quadrupole liquid chromatography-mass spectrometer (LC-
MS-QQQ) consisting of a Shimadzu UHPLC system with binary pump and an Agilent
Poroshell 120 EC-C18 column (2.7 um, 4.6 mm x 50 mm) was used to detect EE2 and
E3. Electrospray ionisation (ESI) technique was used to produce ions. The MS was
operated in negative ion mode. The mobile phases were, A: Milli-Q water and B:
methanol. The flow rate was 0.35 ml min! and the injection volume was 1 ul. The
elution gradient was: 95% A and 5% B for 3 min, 10% A and 90% B for the next 4
min followed by 1% A and 99% B for another 2 min and 95% A and 5% B for the
final 4 min. 0.20 pm PTFE syringe filters were used to filter the analytes before

injection.

3.6 Auxiliary laboratory equipment

PO4+* (as P) and chemical oxygen demand (COD) were analysed using a DR 3900
Hach (Germany) spectrophotometer. Hach COD Reactor (100 — 150 °C) was used to
heat the COD sample vials. Stuart (UK) vortex mixer was used to mix the reagents.
An Agilent 4100 microwave plasma - atomic emission spectroscopy (MP-AES) was
used to measure Na, K, Mg, Ca, Fe and Al. Turbidity was measured using a 2100P
portable Hach turbidimeter. Alkalinity was determined by titration with 0.01M H2SO4
solution. pH readings were obtained using Hach pH meter. The pH meter was

calibrated using three buffer solutions with pH 4.01, 7.01 and 10.01.
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A heating magnetic stirrer (Velp Scientifica) was used to stir the Au-TiO:z catalyst
mixture thermostated at 80 °C during catalyst synthesis. Centrifugation of the mixtures
was carried out using a Sigma 2-16KL (Germany) centrifuge at 10,000 rpm. Catalysts
were dried in a Labec (Australia) oven and calcined using a Labec (Australia) muffle
furnace. Powersonic UB-405 digital ultrasonic bath was used to disperse the catalyst
in solution by sonication, prior to the photocatalysis experiments. ABJ 120-4NM -
Kern & Sohn analytical balance was used to weigh the chemicals. The LEDs used as
light source for photocatalysis experiments were powered by Skytronic adjustable DC
power supply (0 - 10 A, 0-30 V). A magnetic stirrer (Industrial Equipment & Control
PTY LTD, Australia) was used to continuously mix the photocatalytic reactor

contents.
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Chapter 4: Synthesis and characterisation of gold modified

TiO:2 photocatalysts

4.1 Introduction

Advanced oxidation processes (AOPs) use free radicals and are effective in the
abatement of EDCs. Photodegradation by photolysis and photocatalysis are considered
to be efficient AOPs for the removal of trace level EDCs. TiO: is an attractive
photocatalyst due to its high activity, chemical and photo stability and commercial
availability (Schneider ef al., 2014). The band gap energy of TiO2 (3.2 eV for anatase)
requires UV light for activation, which is only about 4% of the incident solar radiation
(Dette et al., 2014). The modification of TiOz2 to lower the band gap hence enabling

visible light absorption is therefore attracting significant research interest.

A few studies have shown the effect of modified TiO2 materials on the degradation of
steroidal hormones (Sornalingam et al., 2016). TiO2 composites with noble metals
(e.g., silver, gold and platinum) have been examined with gold emerging as an
attractive option due to its non-toxicity, stability and biocompatibility (Ayati et al.,
2014). Bulk gold has low reactivity but this can be significantly increased when used
in nanoparticulate form (Haruta, 1997). Gold nanoparticles may also absorb visible
light to enhance the activity of photocatalysts (Hidalgo et al., 2009). Au-TiOz2 has been
found to show photocatalytic activity for the production of Hz (Priebe et al., 2015),
reduction of NOx (Nguyen et al., 2008), oxidation of CO (Li et al., 2006) and for the
removal of pollutants from water, for example, azo-dye degradation (Arabatzis ef al.,
2003) and removal of p-nitrophenol (Ismail et al., 2012). A detailed review of the use

of Au-TiOz2 for the removal of pollutants from water may be found elsewhere (Ayati
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et al., 2014). On the other hand, the de-activating effects of Au upon addition to TiO2
have also been reported, indicating that the activity of Au-TiO:2 depends on the

preparation techniques and conditions employed (Carneiro ef al., 2009).

This chapter describes the synthesis and characterisation of gold modified TiO:2
photocatalysts. A gold precursor solution was prepared in the laboratory and
deposition-precipitation (DP) method was used for Au-TiO:2 synthesis. Photocatalyst
nanoparticles with different levels of gold loadings on the commercial P25 TiO2 were
prepared. The catalysts were characterised using TGA, XRD, Raman spectroscopy,

UV-Vis spectroscopy, SEM, ICP-MS, zeta potential and particle size analysis.

4.2 Catalyst preparation

4.2.1 Tetrachloroauric acid preparation

\

KMnO4 (s)

f S &

7 S
T Trap
Hotplate/Stirrer Na25:20:3 (aq)

Figure 4.1. Preparation method for HAuCls solution. Reproduced with permission

from King et al. (2015).
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An aqueous solution of tetrachloroauric acid (HAuCl4) was prepared using the method
of King et al. (2015) as depicted in Figure 4.1. Briefly, chlorine gas produced by
mixing aqueous hydrochloric acid (14 ml, 36%) with potassium permanganate (3.0 g)

was bubbled through water containing gold pellets (~300 g) at 50 °C.

4.2.2 Au-TiO: synthesis

Figure 4.2. Synthesis of Au-TiO:2 photocatalysts by deposition-precipitation method.

Au-TiO2 was prepared by a DP method described by Haruta (1997) (Figure 4.2).
Briefly, 100 ml of aqueous HAuCl4 solution (26.25 uM to 4.2 mM) at 80 °C was
readjusted to pH 7 by the dropwise addition of aqueous sodium hydroxide (1 M). P25
TiO2 (1.0 g) was added and the pH was adjusted to pH 7. The mixture was stirred for
4 h at 80 °C and then centrifuged at 10,000 rpm for 10 min. The resultant solid was
washed with ultrapure water several times, dried in an oven at 60 °C for 24 h and then

calcined at 300 °C for 4 h.
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4.3 Results and discussion

4.3.1 Calcination temperature - Thermogravimetric analysis

S ——P25TiO,
£ 95 ——2 wt.% Au TiO,
g —— 4 wt.% AuTiO,
90 —
200 400 600

Temperature (°C)
Figure 4.3. TGA of catalyst powders.

TGA experiments using uncalcined catalysts showed mass losses of ~2% across a
temperature range of 60 to 600 °C (Figure 4.3). These losses are assigned to the
removal of small amounts of adsorbed or interstitial water (Nafria ef al., 2013) and/or

chloride (from AuCls’) (Bond and Thompson, 1999). No significant weight loss was

observed above 300 °C at which the catalysts were calcined.
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4.3.2 Powder X-ray Diffraction
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Figure 4.4. Powder XRD patterns of a) P25 TiOz, b) uncalcined 8 wt.% Au-TiO2 and
c) calcined 8 wt.% Au-TiO2. * indicates anatase peaks, * indicates rutile peaks and

dashed vertical lines indicate the 26 angles corresponding to Au.

P25 TiO2 showed peaks for only anatase (~80%) and rutile (~20%) (Figure 4.4) (Tellez
et al., 2012). Peaks matching metallic gold at 38.2°, 44.4°, 64.6° and 77.6° (Pany et
al., 2014; Tian et al., 2009) were detected for 8 wt.% Au-TiO2 powders calcined at
300 °C for 4 h, while no peaks related to gold were observed in samples prior to
calcination. We attribute this to gold remaining as Au*" ions in the uncalcined
materials, which subsequently form Au’ on TiO: surfaces upon calcination. The
similar diffraction peaks for Au-TiO2 and P25 TiO2 indicates that the addition of the

gold does not significantly change the TiO2 crystal structure. Peaks corresponding to
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gold were not unambiguously detected by XRD at the lower levels of gold loading

(0.05% to 4%).

4.3.3 Raman Spectroscopy
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Figure 4.5. Raman spectra of catalysts with different Au loading.

Raman spectra of the catalysts are shown in Figure 4.5. The peaks at 143, 196, 397,
514 and 637 cm™! were assigned to the anatase component (Ohsaka et al., 1978; Su et
al., 2008). Peaks at 517 and 638 cm’!, which are reported for rutile (Arabatzis et al.,
2003), were not apparent although XRD data confirms its presence. An increase in Au
loading gave broader anatase peaks (Figure 4.5 inset) that shifted marginally to higher
wavenumber indicating that the addition of gold introduced defects in the structure,
which may enhance photocatalytic activity by entrapping photoelectrons and limiting

electron-hole recombination (Li et al., 2007).
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4.3.4 UV-Vis Spectroscopy
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Figure 4.6. UV-Visible absorption spectra of P25 TiO2, 8 wt.% Au-TiO: and estrone.
The insert shows the broad absorption peak between 500 and 650 nm for 8 wz.% Au-

Ti0x.

The activity of a photocatalyst depends on its ability to absorb photons to produce free
radicals. The absorbance wavelength of P25 TiO2 is below 400 nm (Figure 4.6), hence
portraying good activity under UV, while being inactive under visible irradiation. The
addition of gold to TiO:2 resulted in an absorption band between 500 and 600 nm
(Figure 4.6 insert) due to surface plasmon resonance of gold nanoparticles on the TiO2

surface (Lin ef al., 2015b). Detailed discussions can be found in Section 5.3.
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4.3.5 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

Figure 4.7. SEM images of a) P25 TiO2, b) 2 wt.% Au-TiOz and c) 8 wt.% Au-TiO2

and d) EDS of 8 wt.% Au-TiOsx.

SEM images reveal spherical gold nanoparticles on the surface of the spheroidal
shaped TiO2 nanoparticles (Figure 4.7a-c). The EDS of 8 wt.% Au-TiO: indicates the
presence of Ti, O and Au (Figure 4.7d) and the absence of chloride ions (present in
the gold precursor solution), which can inhibit photodegradation by surface blockage

or through scavenging of hydroxyl radicals (Katz et al., 2015).

4.3.6 Inductively coupled plasma mass spectrometry

The gold loadings obtained by the DP method were measured using EDS as well as
ICP-MS. The results show that the measured amount of gold on TiOz is similar to

the theoretical loadings (Table 4.1).
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Table 4.1. Average gold loadings on TiO2 measured by EDS and ICP-MS. The
measurements were repeated twice and the average is reported. The standard

deviation was less than 5%.

. ) Actual Au loading
Catalyst Theoretl(c::: :}1)1 loading (wt. %)
" EDS ICP-MS
P25 TiO2 0 0 0
1 wt.% Au-TiO2 1 0.8 0.9
2 wt.% Au-TiO2 2 2.46 2.04
4 wt.% Au-TiO2 4 3.58 3.86
8 wt.% Au-TiO2 8 8.08 8.38
4.3.7 Zeta potential and hydrodynamic particle size
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Figure 4.8. Average hydrodynamic particle size and zeta potential values of catalyst
solutions for different pH values. The readings were repeated three times and the

standard deviation was less than 5%.
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The deposition of Au nanoparticles onto P25 TiO2 did not considerably change the
PZC nor the hydrodynamic particle size (Figure 4.8). The zeta potential values were
greater than +30mV for pH < 5 and less than -30 mV for pH > 8. The suspension
becomes stable due to electrostatic repulsion between particles if the zeta potential is
above 30 mV or below -30 mV (Chalasani and Vasudevan, 2013). A PZC of ~6.8 for
P25 TiO2 was recorded which is similar to the value of 6.5 reported by Rincoén and
Pulgarin (2004). The zeta potential of 1 wt.% Au-TiO2 was slightly lower than that of
P25 TiOz. At pH values away from the PZC, the hydrodynamic particle size was small
(100-400 nm). The largest hydrodynamic particle size (~7 pm) was obtained for pH
values close to the PZC. At PZC, the particles have no charge, therefore the repulsion
between particles is negligible. Thus, the particles form aggregates which results in
large hydrodynamic particle sizes. The results obtained agree with the results reported
in the literature (Jiang et al., 2009; Suttiponparnit ef al., 2011). The photodegradation
experiments in this study were performed at pH 6-8 and some aggregation of the

catalysts was expected.

4.4. Conclusions

Gold modified TiO2 photocatalysts were synthesised using a DP method. Different
amounts of aqueous HAuCls solutions were added to P25 TiO: to attain 0 to 8 wt.%
gold loadings. The catalysts were characterised using XRD, Raman spectroscopy, UV-

Vis spectroscopy, SEM, ICP-MS, zeta potential and particle size analysis and TGA.

Similar XRD peaks corresponding to anatase and rutile for Au-TiO2 and P25 TiO2
indicate that the addition of the gold does not significantly change the TiO2 crystal
structure. The absence of peaks corresponding to gold for uncalcined Au-TiO:2 and the

detection of peaks matching metallic gold after calcination reveals that the Au*" in the
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uncalcined materials subsequently forms Au® on TiO: surface upon calcination. In the
Raman spectra, anatase peaks became broader with increased gold loadings indicating
that the addition of gold introduced defects in the structure, which may enhance
photocatalytic activity by entrapping photoelectrons and limiting electron-hole

recombination.

The UV-vis spectrum of P25 TiO2 shows absorption below 400 nm, while the Au-
Ti0z2 catalysts showed a wide absorption band between 500 — 600 nm due to surface
plasmon resonance of gold nanoparticles on the TiO:2 surface, which is a key
contributor to the Au-TiO2’s visible light photocatalytic activity. SEM images
revealed spherical gold nanoparticles on the surface of the spheroidal shaped TiO2
nanoparticles, though agglomeration of gold nanoparticles were observed at high gold
loading (8 wt.%). Both EDS and ICP-MS results showed that the actual gold loadings
were close to the theoretical loadings. The PZC of both P25 TiO2 and Au-TiO: were
found to be ~6.8. The largest hydrodynamic particle size was obtained for pH values
close to the PZC. A small weight loss (~2 %) in TGA was recorded for the uncalcined
catalysts in the temperature 60 — 600 °C. The loss in weight could be attributed to the

removal of interstitial water and/or chloride.
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Chapter 5: Enhanced photocatalysis of estrone and 17f-
estradiol in water using Au-TiO: catalysts under UVA and

visible LEDs

5.1 Introduction

EDCs that can cause damage to living organisms are of increasing concern. EDCs
interfere with the normal functions of natural hormones (Garcia-Reyero et al., 2001)
and may cause adverse effects even at trace level concentrations (< 1 pg 1) (Snyder
et al., 2003). It is well known that natural and synthetic hormones enter the
environment from STP effluents (Grover et al., 2011). In particular, steroidal
estrogens have been identified as the main contributor to estrogenicity in STP effluents

(Desbrow et al., 1998).

E1 (Figure 1.1) is a natural mammalian estrogenic steroidal hormone that reaches
STPs primarily through human and animal waste. Conventional water treatment
facilities generally do not completely remove El, mainly due to its resistance to
biodegradation (Johnson and Sumpter, 2001). In some cases, an increase in the
concentration of E1 after treatment has been reported due to the formation of E1 as a
degradation by-product of the even more potent E2 and/or the deconjugation of El

sulfonide (Carballa et al., 2004; Johnson and Sumpter, 2001).
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Figure 5.1. Proposed photocatalytic degradation mechanisms of E1 by Au-TiO2 under

a) UV light, and b) visible light (Lin et al., 2015b; Sornalingam et al., 2018).

AOPs that use free radicals are useful for the effective removal of EDCs. Au-TiO2
photocatalysts are excellent for the abatement of EDCs due to Au-TiO2’s activity
under both UV and visible light. The photocatalytic mechanism of Au-TiO: varies
depending on the light source. Upon UV irradiation, electrons in TiO:2 are transferred
from the VB to the CB generating holes in the VB (Figure 5.1a). Electrons may
migrate to the gold nanoparticles on TiO:2 surface to produce electron-hole separation

(i.e., the gold nanoparticles act as electron sinks) (Chen et al., 2012; Silva et al., 2011,
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Tan et al., 2016). Surface-adsorbed water molecules may combine with holes to
produce hydroxyl radicals, while CB electrons may react with molecular oxygen to
form superoxide radical anions. These radical species can then degrade E1 via

intermediates to form CO2 and H20.

Visible light irradiation is insufficient to overcome the band gap of TiO2. However,
electrons in gold nanoparticles can be excited, typically at wavelengths ~500-600 nm
(Wu et al., 2009b). Electrons with sufficient energy to overcome the Schottky barrier
may cross to the CB of TiO2 to reduce molecular oxygen adsorbed on the TiOz2 surface.
Gold nanoparticles that lose electrons may oxidise surface adsorbed organic species
(Figure 5.1b) (Kowalska et al., 2010). The Schottky barrier also prevents the low
energy electrons from readily passing between Au and TiO:2, hence reducing electron-
hole recombination. Some electrons in gold nanoparticles that gain high kinetic energy
(hot electrons) move to the gold surface to form Oz~ radicals by reducing molecular
oxygen which in turn degrade the pollutants adsorbed on the gold nanoparticles’

surface (Lin et al., 2015b).

The occurrence of E1 in wastewater, surface water and even in drinking water has
been reported (Belhaj et al., 2015; Conley et al., 2017; D'Ascenzo et al., 2003; Fine et
al., 2003; Wang et al., 2008a). The efficiency of E1 removal by photodegradation
varies depending on the water matrix (Silva ef al., 2016). Positive and negative effects
are imparted by the components within the water matrix to the abatement of EDCs.
Higher E1 photolysis rates have been observed with river water compared to purified
water (Lin and Reinhard, 2005), where the faster degradation was attributed to the
photosensitisation effect of the DOM present in river water. Similarly, HA in water

has been shown to increase E1 photocatalytic removal rates (Zhang et al., 2007). Most
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photocatalysts are not target specific; therefore as the complexity of the water matrix
increases more free radicals are lost in degrading non-target chemicals along with a
loss in the effective catalyst surface area due to surface blockage (Katz et al., 2015).
For example, EE2 photocatalytic rates decreased for water matrices in the order:

ultrapure water > drinking water > wastewater (Frontistis et al., 2012a).

Here gold modified TiO2 nanoparticles were utilised to degrade the estrogenic
hormone E1. In this context, Coleman et al. (2005b) reported that the addition of silver
or platinum to Ti0O2 had an insignificant effect on the photodegradation rates of natural
and synthetic hormones. Similarly, Dimitroula et al. (2012) reported that P25 TiO2
was more active compared to Pt-TiOz in degrading phenol, Bisphenol A and EE2. In
the current work, significant enhancement in the photodegradation rate of E1 was
achieved using gold-modified TiO2 photocatalysts compared to P25 TiO2. The
improvements were observed under UV, white and green light irradiation.
Degradation by-products of E1 for TiO2 photocatalysis were examined for the first
time (by QTOF-LC-MS). The influences of different water matrices in El

photodegradation were studied using UPW, SWW and WW.

5.2 Experimental setup

Three different water matrices, UPW, SWW and WW were used in the
photodegradation studies. UPW was acquired from Milli-Q water system. SWW was
prepared using the chemicals as presented in earlier Table 3.2 (Johir et al., 2016). The
as-prepared SWW was filtered using 1.2 pm glass fibre filter to remove any
undissolved or particulate constituents. WW effluent from membrane bioreactor was

obtained from Central Park, Sydney and was used as received. Both SWW and WW
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were refrigerated at 4 °C and used within 5 days. The characteristics of the water

matrices are provided in Table 5.1.

Table 5.1. A comparison of physicochemical characteristics of different water.

Parameter Ultrapure Synthetic Wastewater
water wastewater
pH 6.30 7.41 7.55
Conductivity (uS cm™) 0.055 56.3 621.0
DOC (mg 1) 0.003 5.40 8.04
IC (mg 1) - 3.71 39.23
Turbidity (NTU) 0.15 1.79 0.40
UVas4 (cm™) - 0.325 0.191
Alkalinity (mg CaCO3 1) - 6.0 27.5
COD (mgI'") 0.5 23.6 26.2
Dissolved oxygen, DO (mg 1) 7.9 8.5 5.2
ClI' (mg 1) - 1.47 32.68
Br (mg 1) - 0.65 0.54
NOs (mg 1) - 0.34 35.30
NO2 (mg 1) - 0.04 -
PO4* (as P) (mg 1) - 3.82 0.21
SO4* (mg I'") - 6.95 33.03
Na (mg 1) - 3.04 103.88
K (mg I') - 2.25 21.82
Ca (mg 1) - 0.18 19.99
Mg (mg 1) - 0.15 4.95
Fe (mg 1) - 0.08 0.10
Al (mg 1) - - 0.05
- Not detected

A 1 g1 stock solution of E1 was prepared in methanol and shielded from light using
amber glass bottle and aluminium foil and refrigerated at 4 °C. The desired
concentration of E1 aqueous solutions (1000 pg I"') were made through dilution of the

stock. Higher initial concentrations of E1 compared to its presence in environmental

94



matrices (ng "' to pug I'") were selected to ensure accuracy in using the QTOF-LC-MS

and to allow sufficient timeframes for degradation, especially under UV light.

The reactor setup used in this study is depicted in Figure 3.2. A cylindrical reactor
vessel was filled with 500 ml of 1000 pg I'! E1 solution consisting of 50 mg I'! of
catalyst and stirred for 30 min under darkness to achieve adsorption-desorption
equilibrium. Preliminary studies were conducted (up to 2 h) to determine the time
required to reach adsorption-desorption equilibrium under darkness. The EI1
concentration did not change after 30 min for all the catalysts used, therefore 30 min
was chosen for equilibrium experiments. An 11 W UV LED (A = 365 nm) (LED
Engin) connected to a heat sink was placed 5 cm above the liquid surface of the reactor
and homogenous mixing was ensured by magnetic stirring. Similar experiments were
conducted under cool white (A > 410 nm) and green (A =523 nm) LEDs (LED Engin).
Spectral powers vs. wavelength distributions of the lamps are shown in Figures 3.3 -
3.5. The light intensities of the lamps were measured at 5 cm to be 27 mW cm™ for
UVA LED (measured by UV-Optometer, SUSS MicroTec at A =365 nm) and 260 pW
cm™ and 170 uW cm? for cool white (at A = 450 nm) and green (at L = 525 nm) LEDs

respectively (measured by Newport 2832C power meter).

The concentrations of El at different times obtained through experiments were fitted
to pseudo - 1% order kinetics as follows: C/Co= e-¥, where Co (ug 1) and C: (ug 1)
are the concentrations of E1 before irradiation and at a given time ¢ (min or h) since
turning the light source on, respectively; k is the pseudo - 1* order rate constant (min
Uor h'!). The half-life ;2 (min or h) of E1 was calculated using the equation t72 =

(In2)/k.
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5.3 Photodegradation of estrone

Figure 5.2 shows data obtained for the photodegradation of E1 in UPW under different
conditions. Direct photolytic degradation of E1 under any of the light sources was
negligible due to the lack of absorption of photons by E1 (Figure 4.6) in agreement
with previous work (Han et al., 2012) although Puma et al. (2010) reported significant
removal of E1 using a UVA light source (300- 420 nm), which might be due to some

absorbance by E1 near 300 nm.
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Figure 5.2. Plots for the photodegradation of E1 (1000 pg 1", 500 ml) using different
catalysts (50 mg 1'!) and different light sources*. (a) E1 concentration vs. time using
UVA LED, (b) 1* order kinetic data under UVA LED. (¢) E1 concentration vs. time
using “cool white” LED, (d) 1* order kinetic data under “cool white” LED. (e) El

concentration vs. time using green LED, (f) 1 order kinetic data under green LED.
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Negative x-axis indicates the period of dark adsorption. *Spectra for the LEDs are

available in Figures 3.3 to 3.5. Each experiment was repeated three times.

Initial adsorption of E1 onto the catalyst surface in the absence of light was up to 9%
(Figure 5.2). It was found that the photocatalytic degradation of E1 followed pseudo -
1* order kinetics model. The rate constants, and ti2 for E1 photodegradation under

different light sources in the presence of different catalysts are presented in Table 5.2.
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Table 5.2. Pseudo 1* order kinetic data for E1 photodegradation in the presence of different catalysts and light sources.

UVA Cool white Green
Catalyst k (min™) R? lz k (h) R? tiz(h) k(b R? t12 (h)
(min)
P25 TiO: 0.01£0.00  0.96:0.04 692 0.06£0.01  0.95£0.04 13.13.4 ; ; ;
1 Wt.% Au-TiO2 0.08+0.01  0.97+0.04 942 0.14+0.01 0.99+0.00 4.9+0.4 0.08£0.01 0.90+0.04  8.9+40.9
2 wt.% Au-TiO2 0.06£0.01  0.970.00 1341 1814036 0.98+0.01  0.4+0.1 0.36+0.00 0.95£0.00  1.90.0
4wWt% Au-TiO2 0.28+0.01  0.98+0.00 240 2443036 0.97+0.03  0.3+0.0 0.72£0.01 0.93+0.02  1.040.0
8 wt.% Au-TiO2 0.19£0.02  0.10+0.00 440 1.30£0.18 0.98+0.02  0.5+0.1 0.46+0.03 0.97£0.01  1.5+0.1




The activity of a photocatalyst depends on its ability to absorb photons to produce free
radicals. The absorbance wavelength of P25 TiOz is shorter than 400 nm (Figure 4.6),
hence displaying good activity under UV, while being inactive under visible
irradiation. This is reflected in the degradation of E1, where 26% loss was observed
under UV A in 30 min, while it took 4 h to attain similar results under cool white light
and no loss in E1 was found in 4 h under green LED. The slower yet noticeable
degradation rate under white light source could have resulted from the small

percentage of UVA emitted by the light source (Serra et al., 2015).

All of the gold modified TiO2 catalysts (1 - 8 wt.% Au) showed activity superior to
that of P25 TiO2, under all the three different light sources utilised. The improvement
in activity under UVA is due to gold nanoparticles acting as electron sinks to minimise
electron-hole recombination. For example, the best performing catalyst (4 wt.% Au-
TiO2) resulted in kg1 0.28 min™!, while for P25 it was only 0.01 min"! under UVA
irradiation. With regard to visible light activity, the addition of gold to TiO2 resulted
in an absorption band between 500 and 600 nm (Figure 4.6) due to surface plasmon
resonance of gold nanoparticles on the TiO2 surface (Lin et al, 2015b). This is
reflected in the results obtained using cool white and green light sources. Under cool
white light k& values were 0.06 = 0.01 h™! and 2.44 + 0.36 h! in the presence of P25
TiO2 and 4 wt.% Au-TiO2 respectively. Slower E1 degradation rates were obtained
under green light, where k was 0.72 +0.01 h'! in the presence of 4 wt.% Au-TiOz, with
virtually no change in E1 level for P25 TiOz. The relatively slower rates for gold
modified TiO2 under green light can be ascribed to the low light intensities of the green
LED (170 pW cm at 5 cm) compared to the white light LED (260 uW cm™ at 5 cm).

In addition, the removal rate increases with decreasing wavelengths of the light
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sources as the energy of the photons emitted by them increases. Therefore, El

degradation rate decreased in the order: UVA > cool white > green LED.

The gold loading on the TiO2 played a vital role in the photocatalytic activity. The
addition of gold (1 to 8 wt.% loading) substantially increased the performance of the
catalysts. Photocatalytic activity increased up to 4 wt.% gold loading followed by a
slight drop for 8 wt. % loading (Figure 5.2). Under UV A irradiation, gold nanoparticles
deposited on TiO2 surface trap increasing number of electrons (from Ti0O2) generated
by light, thus minimising the recombination of electrons and holes. Therefore, with
increasing gold loading (up to ~4%), electron-hole recombination is reduced. The
optimum gold loading was found to be 4 wt.% in this study. At 8 wt.% loading, gold
can provide sufficient recombination centres (Wu et al., 2009¢) to reduce the
photocatalytic activity. Gold nanoparticles at elevated levels may impose a screening
effect on the P25 TiOz, i.e., the contribution of gold as an electron sink may be less
than that of the adverse effect it poses on the loss of P25 TiO:2 surface area available

for the photocatalysis of the pollutants.

Uncalcined catalysts showed low activity compared to the ones calcined at 300 °C
(Figure 5.3). During calcination, ionic gold is reduced to metallic gold and deposits
on TiO2 surface, thus enhancing the photocatalytic activity (Oros-Ruiz ef al., 2013).
This is evident from the XRD results, in which the peaks corresponding to gold

appears only after calcination (Figure 4.4).
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Figure 5.3. Effect of calcination on the photocatalytic performance of 4 wt.% Au-TiO2

catalysts under green light LED. Each experiment was repeated three times.

5.4 Effect of catalyst loading

Previous studies on the removal of estrogenic hormones using TiO: utilised catalyst
loadings of 10 - 4000 mg 1! (Sornalingam et al., 2016). In the current study, four
catalyst loadings (25 mg I'!, 50 mg 1!, 75 mg 1! and 100 mg 1'!) were examined to
select a suitable loading for further experiments. The rate of photocatalysis of El
increased linearly as the catalyst concentration was increased (Figure 5.4), due to the
availability of more catalyst active sites for the pollutants. It is expected that high
catalyst loading will have a negative impact on removal efficiency due to the
aggregation of catalyst particles and a decrease in light penetration (Lea and Adesina,
1998). A loading of 50 mg 1! was chosen as an appropriate catalyst concentration to

allow monitoring of E1 degradation under UV light over a reasonable period.
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Figure 5.4. Effect of catalyst loading (25-100 mg I'") on photocatalytic performance
of 4 wt.% Au-TiOz catalysts under UVA LED for the photodegradation of E1 (1 mg I

!, 500 ml). Each experiment was repeated three times.

5.5 Stability of the catalysts

Two experiments were performed to examine the stability of the catalyst after several
cycles. First, the catalyst was recovered by centrifugation after each cycle, followed
by drying and weighing. Between 15-25% loss of catalyst (~25%) occurred as a result
of the recovery process, which was compensated for by reducing solution volume to
maintain the original catalyst loading (i.e. 50 mg 17!). After three cycles of
photocatalysis, the activity did not diminish by any significant amount (< 3% loss). In

the second set of experiments, all recovered catalyst (by centrifugation) from a
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previous cycle was immediately returned to a fresh solution of E1 (500 ml of 1 mg 1
1. After 18 min under UVA irradiation, 98%, 89% and 78% of E1 was degraded
during cycle 1, 2 and 3, respectively (Figure 5.5). While these data indicate a reduction

of the activity, they demonstrate the efficiency of photocatalysis for E1 degradation

over 3 cycles.
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Figure 5.5. Photocatalytic performance of 4 wt.% Au-TiOz catalysts under UVA LED

for the photodegradation of E1 (1 mg 1!, 500 ml) for three consecutive cycles.

The stability of the Au-TiO2 catalysts in terms of Au release to the solution was
monitored by analysing the solution (after centrifugation to remove the catalysts),
using ICP-MS. The gold content in the solution was found to be 0.13 + 0.06 % of the
total Au present in the catalyst, at the end of each cycle, showing good stability of the

photocatalysts. Each experiment was repeated three times.
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5.6 Effect of water matrices on estrone degradation

The influence of different water matrices (UPW, SWW and WW) on El
photodegradation was studied (a) in the absence of a TiOz catalyst, (b) using P25 TiOz,
and (c) with 4 wt.% Au-TiO2 photocatalyst. Photolysis (no TiO:2 catalyst) did not
degrade E1 during the experimental time tested under UVA (0.5h), cool white (2h)
and green (2h) LED light sources (Figure 5.6). Compared to P25 TiOz, the gold
modified catalyst showed enhanced photocatalytic activity for E1 removal in each of
the water matrices under all light sources. However, E1 degradation rate decreased in
the order: UPW > SWW = WW. For example, the complete removal of E1 using 4
wt.% Au-TiO2 under UVA lamp took 18 min in UPW, while 1.5 h was required in
SWW and WW (Figure 5.6 a-c). Similarly, under white light in 1 h, 93%, 34% and
29% of E1 degradation was achieved using 4 wt.% Au-TiO2 in UPW, SWW and WW
respectively, which was substantially higher than using P25 TiO2 achieving only 3%,

6% and 5%, respectively in 1 h (Figure 5.6 d-f).
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Figure 5.6. Change in E1 concentration vs. time for photodegradation in different
water matrices under different light sources. (a) E1 in UPW under UVA LED, (b) E1
in SWW under UVA LED, (c) E1 in WW under UVA LED, (d) E1 in UPW under
“cool white” LED, (e) E1 in SWW under “cool white” LED, (f) E1 in WW under “cool
white” LED, (g) E1 in UPW under green LED, (h) E1 in SWW under green LED, (i)
E1 in WW under green LED. (Negative x-axis indicates the period of dark adsorption).

Each experiment was repeated three times.

As the complexity of the water matrix (Table 5.1) increased, the removal efficiency of
the target compounds decreased. TiO2 catalysts are not target specific (Xu et al.,
2014b), therefore due to the absence of competitive chemicals in UPW, El

degradation rate was high. However, DOM present in SWW and WW competed with
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E1 for the catalyst surface and for hydroxyl radicals, thus reducing the E1 removal
efficiency (Katz et al., 2015; Nasuhoglu ef al., 2012). The WW used was an effluent
from the membrane bioreactor that had not gone through UV treatment and
chlorination. Therefore, the slightly slower E1 degradation rate in WW compared to
SWW could be attributed to the non-biodegradable compounds present in WW. In
addition, anions such as HCO3", SO4*" and CI" among others may act as hydroxyl
radical scavengers (Frontistis et al., 2012a; Katz et al., 2015). Even though studies
have shown enhanced photodegradation due to the photosensitisation effect of the
substances such as humic and fulvic acids (Zhang et al., 2007), the overall influence
of the components present in SWW and WW was found to reduce E1 photocatalysis

in this study.

The mineralisation of organic material during photodegradation was measured by the
TOC analyser. Methanol, which was used as the solvent for the E1 stock solution, was
the major contributor of TOC in the solution (0.5 ml methanol with initial TOC = 297
mg 1! in 500 ml solution). The initial TOC of E1 in the reactor was 0.8 mg 1"!. The
decline in TOC (4.6 = 1.2%) under dark conditions was due to the adsorption of
organics to the catalyst. The photocatalysts reduced the TOC further under UVA and
visible light (Figure 5.7). TOC removal by the catalysts (10-12 % TOC removal by
catalysts) under UVA irradiation decreased in the order: 4 wt.% Au-TiO2 > P25 TiO2
> photolysis (no catalyst). Under visible light, 4 wz.% Au-TiO: resulted in a small
amount of TOC removal (6.2%), while P25 TiO2 was inactive. The mineralisation rate
(Figure 5.7) was low compared to the photodegradation rate of E1 (Figure 5.2). The

low mineralisation was mainly due to the presence of methanol along with the
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formation of further intermediates of the parent compounds (both methanol and E1)

during photodegradation.

The effect of catalysts on the WW matrix during photodegradation was studied by
monitoring the change in TOC of the WW in the absence of E1. The initial TOC of
WW was 8.04 mg I"!. The change in TOC for the duration of the study by both UVA
(1h) and visible (2h) photolysis (no catalyst) was negligible. The adsorption of organic
molecules onto catalysts under darkness was 4.9 £ 1.2%. In terms of UVA
photocatalysis, P25 TiO2 and 4 wt.% Au-TiO:2 performed similarly with 6.5 % TOC
reduction in 1h. However, under visible irradiation, both 4 wt.% Au-TiO2 and P25

Ti102 had virtually no effect on mineralising WW in 1h.

80 mUVA

<

B Visible

[

<

N W A O &N I
< <

TOC removal (%)
[—]

[y
<

P25 TiO2 4 wt.% Au-TiO2

=

Figure 5.7. TOC removal percentage of E1 (1 mg I'") in water (500 ml) in the presence

of 0.5 ml methanol.

5.7 By-products of estrone photodegradation

Experiments were conducted to identify by-products, to aid in understanding the

photocatalytic mechanism. Previous studies have identified some of the photolytic by-
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products of E1 (Caupos et al., 2011; Trudeau et al., 2011; Whidbey et al., 2012), and
here we show the intermediates formed by photocatalysis of E1 by Au-TiO2. To
elucidate the E1 photoproducts, aliquots of the E1 aqueous solutions collected during
photocatalytic experiments were analysed using QTOF-LC-MS in negative and
positive ion modes. Total ion chromatograms (TICs) of the initial and photocatalysed
E1 solution in negative mode are shown in Figure 5.8a. The by-products were further
analysed in MS/MS mode to determine possible structures. The m/z of the parent
compound and the by-products, their retention time (RT), elemental composition and

their respective fragmentation ions are shown in Table 5.3.
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Figure 5.8. Total ion chromatograms of E1 and its photodegradation (4 wt.% Au-TiOz)
by-products under UVA LED using QTOF-LC-MS in a) negative ionization mode and

b) positive ionization mode.

Table 5.3. Details of QTOF-LC-MS analysis of E1 and its photodegradation by-

products.
Ionization Compound RT m/z MW  Fragmentation
mode (min) (Da)  jons (m/%)
Negative El 7.777 269 [M-H] 270 145
Lumiestrone 7.046 269 [M-HJ 270 145
Positive El 5.068 271 (MH") 270 253,197,172,
157,133
1- E1-OH 4.692 287 (MH") 286 269, 133
2- E1-OH 4.609 287 (MH") 286 269, 133
3-E1-OH 4510 287 (MH") 286 269, 133

The mass spectra showed that the concentration of E1 (m/z 269, RT 7.777 min)
decreased with increasing time of irradiation, though the rate of degradation varied
depending on the light source and catalyst used. As E1 was degraded, a by-product
(m/z 269, RT 7.046 min) was formed (Figure 5.8a). To further investigate this
intermediate, samples were analysed using selective ion monitoring (SIM) at m/z 269,
which showed only two peaks corresponding to E1 and its intermediate. The MS/MS
at negative mode for both E1 and its by-product resulted in the same main product ion
m/z 145, indicating that the photo-product could be an isomer of E1. This by-product
was identified as lumiestrone (the 13 a-epimer of E1) by comparison with literature
data (Caupos et al., 2011; Trudeau et al., 2011). Lumiestrone also possesses estrogenic
potency (Trudeau et al., 2011; Whidbey et al., 2012). The lumiestrone intermediate

was also degraded with further Au-TiO2 photocatalysis, demonstrating the ability of
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the photocatalysts to effectively remove E1 as well as its photoproduct, although the

lumiestrone by-product was also resistant to photodegradation (Figure 5.9).
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Figure 5.9. Chromatograms of E1 (1000 pg I'') and its photodegradation by-product
under UVA LED using a) P25 TiO2 b) 4 wt.% Au-TiOz catalysts. Mass spectra of E1
solution photocatalysed using 4 wt.% Au-TiO2 under UVA c¢) at 0 min irradiation and
retention time (RT) 7.777 min, d) at 5 min irradiation and RT 7.777 min and e) at 5

min irradiation and RT 7.046 min.

To detect other intermediates, a photocatalytic study was conducted with elevated E1
concentration (2.5 mg I'") and the irradiated samples were analysed in QTOF-LC-MS
in positive ion mode (Figure 5.8b). Three other intermediates were detected with
signals corresponding to m/z 287. These could be assigned to the addition of one

hydroxyl group to El at different positions. The by-products formed were further
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analysed using MS/MS, with their fragment ions shown in Table 5.3. Based on the
mass spectrometry results, a possible degradation mechanism of El is proposed

(Figure 5.10).

CH3/

Possible hydroxylated
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Lumiestrone
(MW =270)

Figure 5.10. Proposed mechanism for photodegradation of E1 by Au-TiO: catalysts.
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5.8 Photodegradation of 17p-estradiol
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Figure 5.11. Plots for the photodegradation of E2 (1000 ug 1!, 500 ml) using different
catalysts (50 mg I"") and different water matrices under different light sources. (a) E2
concentration vs. time in UPW using UVA LED, (b) E2 concentration vs. time in UPW
using “cool white” LED, (c) E2 concentration vs. time in WW using UVA LED, (d)

E2 concentration vs. time in WW using “cool white” LED.
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Similar to the photodegradation studies for E1 (1 mg I'"), the photocatalysis of E2 in
UPW and WW under UVA and cool white LEDs were conducted. The change in E2
concentration with time was analysed using QTOF-LC-MS. The photodegradation
rate of E2 (Figure 5.11) was similar to that of E1 under the same experimental
conditions. The photocatalysis of E2 was found to follow pseudo 1% order kinetics

(Table 5.4).

Table 5.4. Pseudo 1* order kinetic data for E2 photodegradation in the presence of

different catalysts, light sources and water matrices. a) in UPW, b) in WW.

a) UPW
Catalyst UVA Visible light
k(b R? tz(h) k() R? 1172 (h)
P25 TiO2 1.16 0.97 0.6

4 wt.% Au-TiO2  20.95 0.99 0.03 2.52 0.99 0.28

b) WW
Catalyst UVA Visible light

k (hh R? t1/2 (h) k(hh R? t1/2 (h)
P25 TiO2 079 099 088 B B B
4 wt.% Au-TiO2 1.42 0.96 0.49 1.38 0.99 0.5

5.9 Photodegradation by-products of 17p-estradiol

The formation of photo by-products of E2 by 4 wt.% Au-TiOxz catalysts were analysed
using QTOF-LC-MS in positive ion mode, with E2 m/z = 273.2 (the molecular weight
of E2 = 272.2 g mol"). Two reaction intermediates were detected with m/z 271.2 and
m/z 289.2 (Figure 5.12). The intermediates formed were further degraded by the
photocatalysts with increasing reaction time. The by-product with m/z 271.2 was

verified as E1 by comparing with a known E1 standard. This agrees with the previous
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literature where E1 concentration was found to increase due to the partial oxidation of
E2 (Carballa et al., 2004). The by-product with m/z 289.2 has a m/z 16 units greater

than the parent compound E2 (m/z 273.2). This indicates the addition of a hydroxyl

group, i.e., hydroxylated by-product of E2.
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Figure 5.12. Total ion chromatograms of E2 and its photodegradation by-products
(under UVA LED in the presence of 4 wt.% Au-TiOz2) obtained using QTOF-LC-MS

in positive ionization mode.

5.10 Conclusions

The Au-TiOz catalysts were more efficient than P25 TiO2 in removing E1 under UVA
and visible LEDs. This is attributed to gold nanoparticles acting as electron sinks to
minimise electron-hole recombination under UVA and due to increased absorption of
light in the 500-600 nm wavelength. The catalysts’ performance decreased for the light
sources in the order: UVA > cool white > green light. Photocatalysis of E1 followed
pseudo 1% order kinetics. E1 degradation was significantly more efficient by using 4

wt.% Au-TiO2 than P25 TiO2 under UVA (k= 0.28 £ 0.01 min™ vs. 0.01 min'') and
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under cool white light (k = 2.44 £ 0.36 h'! vs. 0.06 £ 0.01 h''). Under UVA
illumination, 93% E1 degradation was observed in 30 min with 4 wt. % Au-TiOz, while
P25 resulted in 26% of E1 removal. Under visible light P25 was inactive while 4 wt. %
Au-TiO2 degraded all the E1 in 2h. The photocatalytic activity under visible light
decreased in the order 4 wt.% Au-TiO2 > 8 wt.% Au-TiO2> 2 wt.% Au-TiO2> 1 wt.%

Au-TiO2 > P25 TiOx.

Four by-products were identified during the photocatalysis of E1, of which one was
identified as lumiestrone and the other three as hydroxylated forms of E1. For E2
photocatalysis, two intermediates - a hydroxylated from of E2 and E1 were detected.
In addition, the photoproducts of E1 and E2 were also degraded with further
irradiation. The photodegradation rate of E1 decreased for the water matrices in the
order, UPW > SWW = WW. This could be due to the negative effects of the
constituents present in wastewater. It can be concluded that 4 wt.% Au-TiO2
performed significantly better than P25 TiO2 under UVA and visible light in all of the

water matrices.
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Chapter 6: Photocatalysis of 17a-ethynylestradiol and estriol
using engineered immersible optical fibres and light emitting

diodes

6.1 Introduction

Of current global concern are the endocrine disrupting chemicals (EDCs) - exogenous
chemicals that alter the functions of the endogenous hormones, to cause adverse
effects especially in reproductive health (Frontistis et al., 2015; Roig et al., 2013) to
the animals and potential human (McLachlan, 2001). EDCs can be natural substances
such as estrone (E1) and estriol (E3) or synthetic chemicals such as alkylphenols and
17a-ethynylestradiol (EE2), although their biological potency can vary by several
orders of magnitude (Rutishauser et al., 2004). It is widely reported that the effluents
from the sewage treatment plants (STPs) are one of the key sources of EDCs
discharges to the natural aquatic environment (Lagana et al., 2004). Steroidal
hormones are resistant to biodegradation, hence their complete removal by
conventional water treatment facilities is difficult (Khanal et al., 2006). As a result,
advanced sewage treatment technology is widely researched, including those based on

adsorption and photocatalysis.

Photocatalysis under UV light irradiation has been widely researched. TiO:2 is
considered an attractive advanced oxidation process due to its high photocatalytic
activity under UV irradiation, commercial availability and photo-stability (Fox and
Dulay, 1993; Primo et al., 2011). However, only UV light, which is 3-5% in the
sunlight, can activate pure TiO2 (Frontistis et al., 2011a). Hence the use of visible light

for photocatalysis is of great interest, by using solar energy as the driving force hence
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making the process a green technology. Noble metals (Ag, Au, Pt, Pd and Ru) are
proved to be efficient in enhancing the UV light activity of TiO2 while introducing a
notable visible light response (Sornalingam et al., 2018; Yan et al., 2013). Gold is

favoured due to its non-toxicity, stability and biocompatibility (Ayati et al., 2014).

Under UVA irradiation, the electrons from the valence band of the TiO: catalyst
particles get excited and move to the conduction band leaving a hole in the valence
band. If H2O or adsorbed OH ™ ions reduce the hole, then HO® free radicals are formed,
which in turn oxidise the organic pollutants. The electron in the conduction band is
accepted by molecular oxygen to form Oz free radicals, which then forms "OH. The
enhanced photocatalytic performance of Au-TiO2 compared to P25 TiO2 under UVA
could be attributed to the following: Some electrons from TiO2 conduction band
crosses to gold nanoparticles on the TiO2 surface; therefore, electron-hole
recombination is reduced (Chen et al., 2012). On the other hand, for Au-TiO2 under
visible light, the electrons in Au nanoparticles that gain sufficient energy to overcome
the schottky barrier will cross to the conduction band of TiOz, thus leading to the
visible light activity of the catalyst (Lin ef al., 2015b). At nanoparticulate form
localised surface plasmons can be excited in gold by visible light ~ 4 = 520 nm (Jain
et al., 2008). The electrons that gain sufficient energy - excited by LSPR, will flow to

Ti02, enabling photocatalysis.

Photocatalysis studies in water treatment normally use a light source located outside
of the reactors. This results in significant loss of transmitted light before reaching the
photocatalysts thus limiting activity to the surface layer of the slurry (Peill and
Hoffmann, 1996). Here we examine the use of flexible, waterproof LED strips or

modified air-clad fibres to overcome the significant limitation of light penetration.
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Optical fibres are thin (um diameter) glass/polymer fibres that are used to transmit
light over long distances. The propagation of light through optical fibres is based on
total internal reflection that takes place at the boundary/interface of two mediums
when the light passes from a medium with high refractive index towards a medium
with low refractive index, if the angle of incidence is greater than the critical angle.
Total internal reflection is achieved in optical fibres as the core is made of high index
material covered by a material (known as cladding) that has low index. Generally, the

optical fibre is coated with an optically inactive protective material.

Multimode air-clad fibres (Canning, 2011; Windeler ef al., 1999) have a large surface
area, high numerical apertures (approaching 1) together with high spectral
transmission, which makes them attractive for low light collection (Aslund and
Canning, 2009) and suitable for carrying light underwater. Pure silica cores can resist
photo-darkening at shorter wavelengths (required for photocatalysis) compared to
conventional doped cores which photodarken with UV exposure. Emission from the
end of fibres alone is insufficient to activate large surface areas of the catalysts but
side-emitting fibres have been reported (Denny et al., 2009; Xu et al., 2008). However,
light cannot be transmitted for long distances due to the loss of light through sides of
the side-emitting fibres. Du ef al. (2008) reported that the relative light intensity
emitted from the side was quickly attenuated in the first 10 cm of the fibre. Uniform
side emission from fibres over longer distances (10 m) has been reported (Xu et al.,
2008) but most of the light in these fibres propagates in the forward direction, hence
resulting in only a small portion of side emission. Catalysts can be immobilised onto

fibres (Lin et al., 2015a; Lin et al., 2017; Sun et al., 2000) or the light emitted by the
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fibres can be projected onto catalysts coated on other surfaces (Denny et al., 2009; Lin

and Valsaraj, 2005).

In addition to optical fibres, LEDs present a cost-effective method to introduce light
into a reactor system. Immersible LED strips are now commercially available and have

not yet been reported as light sources in this context.

We examined the effectiveness of two new light delivery methods by measuring the
degradation of the estrogenic steroidal hormones EE2 and E3 (Figure 1.1) in reactors

equipped with optical fibres or LEDs.

6.2 Methodology

6.2.1 Preparation of Au-TiO: catalyst and immobilisation onto glass beads

An aqueous solution of tetrachloroauric acid (HAuCls) was prepared using the method
of King et al. (2015). Au-TiO2 nanoparticles were synthesised by a deposition-
precipitation method (DP) described by Haruta (1997). The detailed preparation
procedures and the material characterisations of the catalysts can be found in previous
work (Sornalingam et al., 2018). To immobilise the catalysts onto glass beads, the
surface of the beads was first etched in 5 v/v% HF solutions for 30 min and washed
thoroughly with ultrapure water. Then 50 ml of the catalyst slurry (10 mg 1) was
prepared by sonicating the catalyst powder in ultrapure water for 30 min. Next, the
glass beads were dipped into the catalyst suspension for 10 min to attain a catalyst
coating. The coated beads were dried at 110 °C for 4 h in an oven and then transferred
to a furnace for 1 h at 300 °C. The coating and drying cycles were repeated twice more

to achieve sufficient catalyst coating. Finally, the catalyst coated glass beads were
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thoroughly washed with ultrapure water to remove any loosely bonded catalyst

particles.

6.2.2 Modification of the optical fibres

The side-emission of light from a selected length (L = 5 cm) of the air-clad fibre was
achieved by collapsing the air holes at set intervals. Prior to collapsing the air-holes,
the outer polymer protective coating of the fibre was removed by wiping off with paint
stripper followed by cleaning with isopropyl alcohol. A FiTel S175 single-fibre fusion
splicer (Figure 3.1), which uses a controllable electric arc to melt the glass, was used
for collapsing the air cladding, after optimising arc power and duration. This approach
was chosen due to its simplicity, low cost, rapidity and high reliability. (Other
approaches could be used, e.g. a CO2 laser that offers a route to inscribe longer

collapsed regions).

6.2.3 Photodegradation experiments

A 1 g I'" EE2 and E3 stock solutions in methanol were prepared separately and
refrigerated at 4 °C (the bottle was covered in aluminium foil to avoid
photodegradation). The 200 ug I EE2 aqueous solutions were made from a dilution
of the stock for optical fibre related studies, while 100 pg 1I"! E3 solutions were made
for LED strip reactor. The optical fibre reactor setup is shown in Figure 3.6 and the

waterproof LED strip reactor setup is shown in Figure 3.8.

The initial concentration of the EDC was chosen based on the reactor setup, the
conditions, and the analytical techniques used. A loading of 1000 pug 1" was selected
for E1 and E2 in reactor 1 that utilised suspended catalysts that have high rates of
degradation due to the large surface area, thus resulting in notable degradation within

a reasonable timeframe (up to 4h). Reactor 2 (optical fibre) used immobilised catalysts
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with lower active surface area and less UV light reaching the catalyst, therefore a lower
concentration of 200 pg I'' was chosen for EE2 to achieve a reasonable degradation
within 4h. In reactor 3 (LED strip), the system used visible light (unlike the other
reactors that used UVA), resulting in slow degradation rates. Therefore a low

concentration of 100 pg I"' was chosen for E3 in reactor 3.

6.3 Results and discussion

6.3.1 Material characterisation

Figure 6.1. Air-clad optical fibre cross-section: a) Before collapsing the air-cladding,

and b) after collapsing the air-cladding.

Figure 6.1 shows the cross-section of the air-clad optical fibre before and after
applying the electric arc (arc power = 245 arbitrary unit, arc duration = 50 ms).
Without air cladding, the immersed silica core comes into contact with water in the
reactor, permitting light to escape through the sides of the fibre and illuminating the
photocatalysts. Fluorescence arising from aqueous Rhodamine B was used to detect
the light emission from the air-clad fibre before and after collapsing the air-rings

(Figure 6.2) (Rhodamine B absorbs UV irradiation and emits visible red light).
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Figure 6.2. a) End emission of light through air-clad optical fibre before modification,
b) side emission of light through the air-ring collapsed portions of the optical fibre in

Rhodamine B solution.

The light intensity at the far end of the fibre was measured (Newport 2832C power
meter) before and after collapsing the air-ring. The side emission intensity decreased
as more air-rings were collapsed, with no significant side emission observed after four
arcs under the conditions used in this work. Therefore, four arcs were chosen to get
the optimum amount of side emission. A 75+5% drop in the end emission intensity of

the fibre was obtained when four arcs were applied.
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Figure 6.3. SEM images of catalyst powders: a) P25 TiO2 and b) 4 wt.% Au-TiO2 and

catalysts immobilised onto glass beads: ¢) P25 TiO2 and d) 4 wt.% Au-TiOx.

The photocatalysts were observed using an SEM, Figure 6.3, which shows the surface
morphology of spheroidal shaped TiO:2 catalyst particles. Detailed SEM images of
catalysts could be found in our previous work (Sornalingam et al., 2018). The
successful immobilisation of the photocatalyst onto glass beads by dip-coating method

are shown in figure 6.3c-d.

6.3.2 Photodegradation of 17a-ethynylestradiol and estriol

6.3.2.1 Optical fibre reactor experiments

The air-clad optical fibres efficiently transmitted light from the light source to the
catalysts coated onto the glass beads, enabling the photodegradation of the pollutant
EE2 under UVA irradiation for both P25 TiO2 and 4 wt.% Au-TiO2 photocatalysts

(Figure 6.4). The EE2 removal rate in the presence of 4 wt.% Au-TiO2 was higher
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compared to using P25 TiOz (Figure 6.4a). The rate of photodegradation for both the
catalysts were found to follow pseudo first order kinetics (Figure 6.4b). EE2 ¢ were
1.26 h and 0.78 h, in the presence of P25 TiO2 and 4 wt.% Au-TiO2 catalysts
respectively (Table 6.1). No apparent loss in EE2 was noted under white light
irradiation for the duration of the experiment (2 h). P25 TiO2 was virtually inactive
under white light LED, since the photonic energy from white light irradiation was
insufficient to overcome the bandgap of TiOz. The visible light active Au-TiO2 (as
shown in our previous photocatalysis work on the removal of estrone (Sornalingam et
al., 2018)) failed to remove any EE2 in 2 h. This was attributed to the small amount

of the light transmitted and dispersed by the fibre.
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Figure 6.4. Plots for the photodegradation of EE2 (200 ug 1'') under UVA LED in
optical fibre reactor system, using P25 TiO2 and 4 wt.% Au-TiO2 photocatalysts
immobilised onto glass beads: (a) EE2 concentration vs. time, (b) Pseudo-first order

kinetic data. Each experiment was repeated three times.

Table 6.1. Pseudo-first order kinetic data for EE2 photodegradation in the presence of
immobilised P25 TiO2 and 4 wt.% Au-TiO:2 photocatalysts under UVA LED in optical

fibre reactor.
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Photocatalyst k(h) R? f112 (h)
P25 TiO2 0.55+0.07 098 1.26=+0.16
4 wt.% Au-TiO2 0.89 £0.11 099 0.78+0.09

6.3.2.2 Waterproof LED strip experiments

Photocatalysis experiments with E3 were conducted using cool white light waterproof
LED strip as the light source (Figure 3.7). No degradation of the pollutants were
observed under the white light LED irradiation in the absence of the catalysts
(photolysis). Under darkness 8.9 +3.9% and 45.5 +2.5% decrease in E3 concentration
was observed in the presence of P25 TiO2 and 4 wt.% Au-TiO2 due to adsorption.
There was no change in the E3 concentration after the adsorption under darkness, in
the presence of P25 TiOz, since it is inactive under visible light (Figure 6.5a). Au-TiO2
degraded E3 following pseudo-first order kinetics, with k= 0.13 h™' and ;2 =4.62 h

(Figure 6.5).
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Figure 6.5. Plots for the photodegradation of E3 (100 pg 1'") in immersible LED strip
reactor system, using P25 TiO:2 and 4 wt.% Au-TiO2 photocatalysts: (a) E3
concentration vs. time, (b) Pseudo-first order kinetic data. Each experiment was

repeated three times.
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6.3.3 Reusability of the optical fibres, catalyst coated glass beads and the LED

strip

The reusability of the optical fibres and the catalysts coated onto glass beads were
examined by reusing the catalysts and the fibres for up to three treatment cycles. The
catalyst coated beads were removed from the reactor after each run, washed with
ultrapure water and were calcined at 300 °C prior to reusing them. The optical fibre
coupled to the LED light source was kept intact for all the three cycles to avoid the
change in the intensity of the light that exited the fibre. However, the fibre was washed
by circulating ultrapure water through the reactor. The ability of the catalysts to
remove the pollutants decreased by ~ 6% after three cycles. Similar trend was
observed elsewhere (Tasbihi et al., 2007; Verma et al., 2014). This shows the stability
of the fibres and the catalysts. Similarly, the reusability of the waterproof LED reactor
system was tested for three treatment cycles. Here, the LED strip was removed from
the reactor, washed with ultrapure water and air dried before reuse. The removal rate

of E3 in the LED strip reactor did not change after three cycles (error ~ 3%).

For all the EDCs (E1, E2, E3 and EE2) the degradation efficiency did not change much
after three cycles when the recovered catalysts were calcined at 300 °C. For E1 and
E2, an approximately 3% drop in removal efficiency was observed while EE2 and E3
resulted in similar (up to 6%) drops after three cycles. When the catalysts were directly
reused without calcination, significant losses in catalyst performance were observed.
This was due to the degradation by-products remaining on the catalyst and competing

with the fresh EDC solution, thus decreasing the overall removal efficiency.

The dip coating method used in this study to immobilise the catalysts onto the glass

beads resulted in the formation of rings where the beads contacted each other and the

128



container surface. Some, cracks in the catalyst coating was also observed. Therefore,
when the glass beads were refilled into the reactor after each cycle, the amount of
catalyst exposed to the light emitted by the fibre varies, which may result in a change
in photodegradation rates too. Nevertheless, the results obtained after three cycles
show that the overall change in EE2 removal rates were not significantly affected by

this change.

6.4. Conclusions

P25 TiO2 and gold-modified TiO2 photocatalysts were successfully illuminated with
air-clad optical fibres coupled to high efficacy LEDs or with flexible waterproof LED
strips. These setups were effective at degrading EE2 and E3. The reactor setups
addressed a major challenge faced by suspended photocatalysis systems: the
introduction of light into reactor systems. Efficient side emission of light from the
optical fibres was obtained by collapsing the air-holes of an air-clad optical fibre using

a fusion splicer.

The optical fibre photocatalytic reactor system efficiently removed the pollutants
under UVA, where 4 wt.% Au-TiO2 showed enhanced activity compared to P25 TiOx.
The rate of photodegradation for both the catalysts followed pseudo first order
kinetics. EE2 #72 under UVA were 1.26 h and 0.78 h, in the presence of P25 TiO2 and
gold modified catalysts respectively. The catalysts, as well as the fibres were found to
be stable for three reaction cycles with a small loss of activity at the end of each cycle

(6% decrease in degradation efficiency was noted after three cycles).

A reactor using waterproof LED strips removed the pollutant E3 in the presence of 4

wt.% Au-TiO: photocatalysts, following pseudo first order kinetics with £ = 0.13 h’!
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and t12=4.62 h. No degradation of the pollutants were observed in the absence of the

catalysts (photolysis).

Overall, engineered air-clad optical fibres that enable selective side emission of light
and flexible waterproof LED strips are promising modes of light delivery for

underwater photocatalysis.
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Chapter 7: Conclusions and

recommendations
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Chapter 7: Conclusions and recommendations

7.1. Conclusions

The main objectives of this study were to synthesise and characterise gold modified
TiO2 photocatalysts designed to degrade the estrogenic steroidal endocrine disrupting
hormones E1, E2, E3 and EE2. The influence of different water matrices on the
photodegradation rate of these pollutants was studied. The degradation by-products
were examined using QTOF-LC-MS and a removal mechanism of E1 was proposed.
In addition, the photocatalysts were immobilised onto glass beads to address the
shortcomings of suspended reactor systems. The difficulty in transmitting light to the
site of contamination, a challenge in photocatalysis, was addressed by two techniques:
(1) a modified air-clad optical fibre and (ii) a flexible waterproof LED strip, reactor

systems.
7.1.1. Synthesis and characterisation of gold modified TiO: photocatalysts

Gold modified TiO2 photocatalysts were synthesised by a DP method. Different
amounts of aqueous HAuCls solutions were added to P25 TiOz to attain 0 to 8 wt.%
gold loadings. The catalysts were characterised using different techniques such as
TGA, XRD, Raman spectroscopy, UV-Vis spectroscopy, SEM, ICP-MS, zeta

potential and particle size analysis.

A small weight loss (~2 %) in TGA was recorded upon heating the uncalcined catalysts
in the temperature range 60 — 600 °C. The loss in weight could be attributed to the
removal of interstitial water and/or chloride. XRD peaks corresponding to anatase and
rutile for Au-TiO2 and P25 TiO:2 indicate that the addition of the gold does not

significantly change TiO2 crystal structure. The absence of peaks corresponding to
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gold for uncalcined Au-TiO2 and detection of peaks matching metallic gold after
calcination reveals that the Au®" ions in the uncalcined materials subsequently form
Au® on TiO: surface upon calcination. In Raman spectra, anatase peaks became
broader with increased gold loadings indicating that the addition of gold introduced
defects in the structure, which may enhance photocatalytic activity by entrapping

photoelectrons and limiting electron-hole recombination.

The UV-vis spectrum of P25 TiO2 showed absorbance of light with wavelength less
than 400 nm, while the Au-TiO: catalysts showed a wide absorption band between
500 — 600 nm due to surface plasmon resonance of gold nanoparticles on TiO2 surface,
which is a key contributor to the Au-TiO2’s visible light photocatalytic activity. SEM
images revealed spherical gold nanoparticles on the surface of the spheroidal shaped
Ti102 nanoparticles, though agglomeration of gold nanoparticles were observed at high
gold loading (8 wt.%). Both EDS and ICP-MS results showed that the actual gold
loadings were closer to the theoretical loadings. The PZC of both P25 TiO2 and Au-
Ti102 were found to be ~6.8. The largest hydrodynamic particle size was obtained for

pH values close to the PZC.

7.1.2. Enhanced photocatalysis of estrone and 17f-estradiol in water using Au-

TiO; catalysts under UVA and visible LEDs

The photodegradation of E1 in the presence of P25 TiO2 and Au-TiO2 was studied
under three different water matrices: UPW, SWW and WW, and using three types of
LEDs: UVA, cool white and green. Four catalyst loadings (25 mg 1", 50 mg I'!, 75 mg
I''and 100 mg I'") were examined to select a suitable loading for the photocatalytic
experiments. The rate of photocatalysis of El increased linearly as the catalyst
concentration was increased due to the availability of more catalyst active sites for the
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pollutants. A loading of 50 mg 1! was chosen as an appropriate catalyst concentration
to allow monitoring of E1 degradation under UV light over a reasonable period. After
three cycles of photocatalysis, the activity did not diminish by any significant amount

(97-100%), showing the reusability of the photocatalysts.

Au-TiOz catalysts were more efficient than P25 TiO2 in removing E1, under UVA and
visible LEDs, attributed to gold nanoparticles acting as electron sinks to minimise
electron-hole recombination under UVA and due to increased absorption of light in
the 500 - 600 nm wavelength. The catalysts’ performance decreased for the light
sources in the order: UVA > cool white > green light. Photocatalysis of E1 was found
to follow pseudo 1% order kinetics. E1 degradation was significantly more efficient by
using 4 wt.% Au-TiOz than P25 TiO2 under UVA (k= 0.28 £ 0.01 min™ vs. 0.01 min-
1) and under cool white light (k=2.44+0.36 h! vs. 0.06 + 0.01 h'!). The photocatalytic
activity under visible light decreased in the order 4 wt.% Au-TiO2 > 8 wt.% Au-TiO2

>2 wt.% Au-TiO2 > 1 wt.% Au-TiO2 > P25 TiOx.

Four by-products were identified during the photocatalysis of E1, of which one was
identified as lumiestrone and the other three as hydroxylated forms of E1. The
photoproducts were also degraded with further irradiation. The photodegradation rate
of E1 decreased for the water matrices in the order: UPW > SWW =~ WW. This could
be due to the negative effects of the constituents present in wastewater. It can be
concluded that 4 wt.% Au-TiO2 performed significantly better than P25 TiO2 under

UVA and visible light in all the water matrices.
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7.1.3. Photocatalysis of 17a-ethynylestradiol and estriol using engineered

immersible optical fibres and light emitting diodes

P25 TiO2 and gold-modified TiO2 photocatalysts were successfully illuminated with
air-clad optical fibres coupled to high efficacy LEDs or with flexible waterproof LED
strips. These setups were effective at degrading EE2 and E3. The reactor setups
addressed a major challenge faced by suspended photocatalysis systems: the
introduction of light into reactor systems. Efficient side emission of light from the
optical fibres was obtained by collapsing the air-holes of an air-clad optical fibre using

a fusion splicer.

The optical fibre photocatalytic reactor system efficiently removed the pollutants
under UVA, where 4 wt.% Au-TiO2 showed enhanced activity compared to P25 TiOx.
The rate of photodegradation for both the catalysts followed pseudo first order
kinetics. EE2 ¢72 under UVA were 1.26 h and 0.78 h, in the presence of P25 TiO2 and
gold modified catalysts respectively. The catalysts, as well as the fibres were found to
be stable for three reaction cycles with a small loss of activity at the end of each cycle

(6% decrease in degradation efficiency was noted after three cycles).

A reactor using waterproof LED strips removed the pollutant E3 in the presence of 4
wt.% Au-TiO: photocatalysts, following pseudo first order kinetics with k= 0.13 h!
and #12 = 4.62 h. No degradation of the pollutants was observed in the absence of the

catalysts (photolysis).

Overall, engineered air-clad optical fibres that enable selective side emission of light
and flexible waterproof LED strips are promising modes of light delivery for

underwater photocatalysis.
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7.2. Recommendations

Although major progress has been achieved in tackling the project objectives, there
are limitations due to limited time and resources. Below are some of the research

work which should be further exploited:

e Further investigation of parameters such as the effect of temperature, energy
consumption, reactor design and the development of inexpensive catalysts
should be considered.

e Visible light active photocatalysts were synthesised in this research and the
next phase of work would investigate the scaling-up of the production of these
doped TiO2 materials.

e The suspended catalysts used for photodegradation (discussed in Chapter 5)
showed high reusability with the separation of the catalysts from the slurry
after each cycle was carried out by gravity settling followed by centrifugation.
Further investigations are warranted into methods that enable easy separation
of the catalysts for their commercial application. In this context, immobilised
catalysts could overcome the economic issues associated with suspended
catalysts.

e Photocatalysts such as TiO2 are known to be non-selective towards target
pollutants. Therefore, even EDCs present at trace levels require a large
quantity of catalysts, due to TiO2’s activity towards most of the organics
present in aqueous systems. Work investigating target-specific catalysts would
be beneficial in this area.

e Detection, quantification and evaluation of estrogenic activity of EDCs and

their intermediates at low concentration remain a major challenge. In this study
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the photodegradation of estrogenic steroidal hormones was conducted under
controlled conditions using relatively higher EDC concentrations than
environmentally relevant; more realistic conditions should be investigated in
future experiments. Selective extraction methods together with highly
sensitive analytical techniques are required to fully explore the degradation
mechanisms.

A combination of novel treatment technologies should be tested for enhanced
removal efficiency. For example, membrane filtration and photodegradation
might be integrated by treating the concentrate from the membrane system
with photodegradation for a targeted approach.

The modified air-clad optical fibres are capable of transmitting light over long
distances from LED sources. Nonetheless, the use of sunlight via solar
concentrators needs to be tested.

Flexible waterproof LED strips are useful for underwater photodegradation.
However, they cannot be kept underwater for prolonged periods, hence

needing the development of LEDs with excellent water-resistant capability.
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Appendix

13-a-Estrone
or Lumiestrone

Nitroxide radical resulting
from biradical trapping

Figure Al. Proposed degradation pathway of E1 photolysis. Redrawn from Trudeau

etal (2011).
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